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Liquid Crystals

(22,2°Z)-2,2"-(1,4-phenylene)bis(3-(3,4,5-
tris (dodecyloxy) phenyl)acrylonitrile)  (GDCS)  mol-
ecules self-assemble into supramolecular disks
consisting of a pair of molecules in a side-by-side dis-
position assisted by secondary bonding interactions
of the lateral polar cyano group, which, in turn, con-
stitute the hexagonal columnar LC structure. As dem-
onstrated on page 61 by Dongho Kim, Soo Young
Park, and co-workers, uniaxially aligned liquid crystal
(LC) and crystalline GDCS microwires with enhanced
fluorescence and semiconductivity are successfully
fabricated by using a micromolding in capillaries
(MIMIC) process.

Biomedical Applications

Mesoporous silica particles represent a novel,
highly versatile class of drug-delivery systems. On
page 106, Thomas Bein, Christoph Brauchle, and
co-workers utilize these materials as a host for the
incorporation of short oligonucleotides as model
gene therapeutics. The diffusion of a labelled oligo-
nucleotide through a nanometer-sized silica pore is
shown. Organic functionalization of the silica pore
system offers a means to control oligonucleotide
mobility and stability.

Organic Single Crystalline Lasers

On page 33, Jing Feng, Hong-Bo Sun, and co-workers
report the use of an interference ablation method to fabri-
cate an organic single-crystalline distributed feedback laser.
Organic single crystals are difficult to treat using traditional
fabrication methods because of their fragility and sensitivity
to organic solvents and this method resolves these difficul-
ties. The method may be applied to fabricate high-quality
organic devices based on the single-crystalline materials.

Adv. Funct. Mater. 2012, 22, 3 © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Advanced Materials has been bringing you the
best in materials research for over twenty years.

With its increased ISI Impact Factor of 10.857,
Advanced Materials is one of the most influential
journals in the field. Publishing every week,
Advanced Materials now brings you even more of
the latest results at the cutting edge of materials
science.

www.advmat.de

~small

A 24/2011
S SWILEY-VCH

aracteization o ytocompatible olypyrole Films
Nanoformulaions

Small is the very best interdisciplinary forum for
all experimental and theoretical aspects of
fundamental and applied research at the micro
and nano length scales.

With an ISI impact Factor of 7.333 and publish-
ing every two weeks in 2011 with papers online
in advance of print, Small is your first-choice
venue for top-quality communications, detailed
full papers, cutting-edge concepts, and in-depth
reviews of all things micro and nano.

www.small-journal.com

wileyonlinelibrary.com



EDITORIAL

D. Flanagan ....c.c.ccceevvreveveruvenen 12-13 More Fundamental Understanding In Materials Science

FEATURE ARTICLE

Nanostructures Crystal Morphology Control: In this
article, the syntheses of Au, Cu,O, and
M. H. Huang,* P.-H. Lin ............. 14-24 Ag,O nanocrystals with shape evolution

are described. As an example, the images
show submicrometer-sized Cu,O crystals
with cubic, truncated cubic, cuboctahe-
dral, truncated octahedral, octahedral,
and hexapod structures that can be syn-
thesized systematically. These crystals
with sharp faces are ideal for the examina-
tion of their facet-dependent properties.

Shape-Controlled Synthesis of
Polyhedral Nanocrystals and Their
Facet-Dependent Properties

FULL PAPERS

Photonic Crystals

Three-dimensional silicon photonic band
gap crystals with a diamond-like sym-
metry are fabricated by complementary
metal oxide—semiconductor compatible
methods. These “inverse woodpiles” con-
sist of two perpendicular sets of pores
etched consecutively after careful align-
ment. The crystals are analyzed in detail
regarding pore depth, radius, tapering,

J. M. van den Broek,* L. A. Woldering,
R. W. Tjerkstra, F. B. Segerink,
I. D. Setija, W. L. VOS....cccueuveuenns 25-31

Inverse-Woodpile Photonic Band Gap
Crystals with a Cubic Diamond-like
Structure Made from Single-Crystalline

Silicon shape, and alignment. Optical reflectivity
demonstrates that the crystals are of high
quality.

ILasers Distributed feedback lasing is produced

from high-mobility organic thin-film single
crystals.  High-quality 1D distributed
feedback resonators are constructed in
2,2"-bithiophene,5,5"-bis([1,1"-biphenyl]-4-yl)
(BP2T) single-crystalline thin-film mate-
rials by an extremely simple method —
laser interference ablation. This method
does not involve chemical solution and
avoids the need for good-quality end
facets of crystals.

H.-H. Fang, R. Ding, S.-Y. Lu, J. Yang,
X.-L. Zhang, R. Yang, J. Feng,*

Q.-D. Chen, ].-F. Song,

H-B. Sun® ..o 33-38

Distributed Feedback Lasers Based on
Thiophene/Phenylene Co-Oligomer
Single Crystals

4  www.afm-journal.de © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4-10
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The efficacy of covalently immobilized
Subtilisin A on the exploratory behavior,

Antifouling Coatings

I‘ #—Barnacle cyprid

Immabilized
__enTyme_

24h m 48h

settlement, and adhesion of the major 60| e ot o B0 potymer i) 4 M. Tasso, S. L. Conlan, A. S. Clare,*
marine fouling pest Balanus amphitrite I 5 i C. WerNers .......cooovoovveeeeveeeeeeesenns 39-47
is systematically tested. The coating is g
suggested as the first step towards the §o Active Enzyme Nanocoatings Affect
development of a nontoxic, clear anti- ) Settlement of Balanus amphitrite
fouling and fouling-release coating that : Barnacle Cyprids
could have uses within both medical £
fields and the marine industry. ll
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Perfluorophenyl-functionalized tetrathi- Organic Electronics I

enothiophene (DFP-TTA) exhibits n-
channel transport with a mobility as
high as 0.30 cm? V™' s! and an on-off
ratio of 1.8 x 107. The large TTA core
size and good solid state packing in
combination with optimum film growth
conditions enhance electron transport
in DFP-TTA thin-film transistors.

J. Youn, P.-Y. Huang, Y.-W. Huang,

M.-C. Chen,* Y.-J. Lin, H. Huang,

R. P. Ortiz, C. Stern, M.-C. Chung,

C.-Y. Feng, L.-H. Chen, A. Facchetti,*

T. J. Marks™® ...ccooveenneieccnen 48-60

Versatile o, w-Disubstituted
Tetrathienoacene Semiconductors for
High Performance Organic Thin-Film
Transistors

A new dicyanodistyrylbenzene-based
liquid-crystalline  material  [(2Z,2Z)-
2,2’-(1,4-phenylene)bis(3-(3,4,5-
tris(dodecyloxy) phenyl)acrylonitrile)
(GDCS)] shows intense green/yellow
fluorescence in the liquid/solid crystal
state. The aggregation-induced enhanced
emission and two-color luminescence
behaviors are promoted by intra- and
intermolecular actions, which are caused
by the dipolar cyanostilbene unit. The
aligned microwires of GDCS are fabri-
cated by micromolding in capillaries for
enhanced electrical conductivity.

Green emission

Liquid Crystals I

S.-J. Yoon, J. H. Kim, K. S. Kim,

J. W. Chung, B. Heinrich, F. Mathevet,
P. Kim, B. Donnio, A.-). Attias, D. Kim,*
S. Y. Park® ..o 61-69

Mesomorphic Organization and
Thermochromic Luminescence

of Dicyanodistyrylbenzene-Based
Phasmidic Molecular Disks: Uniaxially
Aligned Hexagonal Columnar Liquid
Crystals at Room Temperature with
Enhanced Fluorescence Emission and
Semiconductivity

The role of moisture in the switching
characteristics of oxide-based, gapless-
type atomic switches is clarified. A cer-
tain amount of residual water exists in
the oxide layer, forming a hydrogen-bond
network at grain boundaries. Its stability
has an impact on the ionization of Cu at
the anode interfaces and the migration of
Cu ions in the oxide layer, which plays a
major role in determining the operation
— important findings for the microscopic
understanding of the switching behavior
of oxide-based atomic switches.

Adv. Funct. Mater. 2012, 22, 4-10
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Atomic Switches I

T. Tsuruoka,* K. Terabe, T. Hasegawa,
I. Valov, R. Waser, M. Aono ............ 70-77

Effects of Moisture on the Switching
Characteristics of Oxide-Based,
Gapless-Type Atomic Switches
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Oxidizing Materials

C. Wu, K. Sullivan, S. Chowdhury,
G. Jian, L. Zhou,
M. R. Zachariah*......c.cccevvevnennen. 78-85

Encapsulation of Perchlorate Salts
within Metal Oxides for Application as
Nanoenergetic Oxidizers

High-oxygen-content strong oxidizers are encapsulated within mild oxidizer particles.
This approach enables the use of hygroscopic materials by stabilizing them within a
matrix. When mixed with nanoaluminum these formulations illicit very violent reac-
tions, which significantly outperform the single metal oxide system in both pressuriza-

tion rate and peak pressure.
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Pressured

I Solar Cells T=25°C Substrate heating and post-annealing
techniques are used to control the ori-
A. Ojala, A. Petersen, A. Fuchs, @ ; Substrate temperature entation of dye molecules in thermally
R. Lovrincic, C. Pélking, J. Trollmann, 5_1‘ —-25°C vacuum-deposited planar heterojunction
J. Hwang, C. Lennartz, H. Reichelt, E.z = 60°C merocyanine/Cg, solar cells. Favorable
H. W. Hoffken, A. Pucci, P. Erk, & molecular orientation at the heterointer-
T. Kirchartz, F. Wiirthner*............ 86-96 5... face substantially improves the exciton
Gl isoses dissociation efficiency, resulting in up to

Merocyanine/Cg, Planar Heterojunction é L 100% improvement of the fill factor.

Solar Cells: Effect of Dye Orientation
on Exciton Dissociation and Solar Cell
Performance

I Field-Effect Transistors

Y. Zhang, C. Kim, . Lin,
T-Q. NGUYEN™ w..ooovvveeesrrereeeenn. 97-105

Solution-Processed Ambipolar
Field-Effect Transistor Based on
Diketopyrrolopyrrole Functionalized
with Benzothiadiazole
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An inverter is fabricated from solution-
processed small molecules containing a
diketopyrrolopyrrole core (BTDPP2) using
a simple thermally evaporated electrode
pattern. The device architecture is com-
posed of two BTDPP2 ambipolar transis-
tors connected in parallel. The inverter
displays gain values exceeding 25 when
operated under both p-type and n-type
regimes.

Reprints:
cherth@wiley-vch.de

Copyright Permission:
Fax: (+49) 6201-606-332
Email: rights@wiley-vch.de
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Template-free SBA-15 type mesoporous
silica particles are loaded with siRNA and
dsDNA. The particles’ uptake capability
is controlled by an organic surface func-
tionalization and the dynamics of the
intact oligonucleotides inside the func-
tionalized nanochannels are determined.
The study demonstrates the potential
of mesoporous silica as an alternative
means for gene delivery. Such alternatives
are urgently needed since the delivery of
oligonucleotides to their target sites still
represents a major hurdle in the applica-
tion of gene therapy.

FULL PAPERS

Biomedical Applications

T. Lebold, A. Schlossbauer, K. Schneider,
L. Schermelleh, H. Leonhardt, T. Bein,*
C. Brauchle*.......ccoveeeevevenenn, 106-112

Controlling The Mobility Of
Oligonucleotides In The Nanochannels
Of Mesoporous Silica

A novel method for the fast, one-step Graphene I
growth of large-area, homogeneous,
high-quality epitaxial graphene (EG) on S. N. Yannopoulos,* A. Siokou,*

SiC(0001) is presented. An infrared CO,
laser (10.6 um) is used as the heating
source, enabling in situ patterning. A
number of experimental techniques, such
as scanning electron microscopy, X-ray
photoelectron spectroscopy, depth pro-
filing methods, and Raman spectroscopy,
are employed to present an in-depth anal-
ysis of the quantitative and qualitative
features of the EG grown by the current
method.

N. K. Nasikas, V. Dracopoulos, F. Ravani,
G. N. Papatheodorou ................. 113-120

CO,-Laser-Induced Growth of Epitaxial
Graphene on 6H-SiC(0001)

Uniform embryoid bodies (EBs) with
controlled sizes are formed in the pores
of an alginate inverse opal scaffold and
then recovered after disintegration of
the scaffold. The EBs maintain their
viability and undifferentiated state, and
they are able to differentiate into spe-
cific lineages upon stimulation.

Scaffolds I

Y. Zhang, Y. Xia* ..cccccceveeeririrnnennne 121-129
Formation of Embryoid Bodies with
Controlled Sizes and Maintained
Pluripotency in Three-Dimensional
Inverse Opal Scaffolds

Near infrared (NIR)-sensitive poly-
(pr-lactic-co-glycolic) acid (PLGA) micro-
capsules with programmed release
properties are generated by controlling
the capsule morphology. The effect of
PLGA microcapsule morphology on
their NIR responsiveness is illustrated.

Adv. Funct. Mater. 2012, 22, 4-10
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Drug Delivery I

M. H. Lee, K. C. Hribar, T. Brugarolas,
N. P. Kamat, J. A. Burdick,
D. LEE™ e 131-138

Harnessing Interfacial Phenomena

to Program the Release Properties

of Hollow Microcapsules
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Polymer Nanoparticles Sensitized triplet-triplet annihilation in multicomponent organic systems in solution
allows efficient up-conversion at the solar-irradiance power density, but loses efficiency
in the solid state. It is demonstrated that this limitation can be avoided by incorpo-
rating suitable dyes into polymer nanoparticles, which can be used for drop-cast films

or as dopants for solid matrices.

A. Monguzzi,* M. Frigoli, C. Larpent,
R. Tubino, F. Meinardi ............. 139-143

Low-Power-Photon Up-Conversion
in Dual-Dye-Loaded Polymer
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I Light-Emitting Diodes Au Charge-carrier balance and color purity is
y W €—MoO;  ;chieved in an arylated polyfluorene-based
L.-P. Lu, D. Kabra,* K. Johnson, /Awn:& EB, / blue-emitting light-emitting diode (LED)
R. H. Friend* .......cccccevuuimnnnnnn. 144-150 A,,,,,,,;,,,, é s by use of a macromolecular additive.
e ST ¥®2¥E3 This additive provides excellent control

Charge-Carrier Balance and Color Purity
in Polyfluorene Polymer Blends for Blue
Light-Emitting Diodes

<—ITO

over current density while keeping the
optical properties of emissive materials
intact. Luminance efficiency of up to
5.9 cd A" along with a pure blue emis-
sion is achieved in the blend instead of
1.2 cd A" in the homopolymer-based LED.

I Nanowires

N. Peranio,* E. Leister, W. Téllner,
O. Eibl, K. Nielsch.................... 151-156

Stoichiometry Controlled, Single-
Crystalline Bi,Te; Nanowires for
Transport in the Basal Plane
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Stoichiometric, single-crystalline Bi,Te,
nanowires with diameters of 50-80 nm
are grown by potential-pulsed electro-
chemical deposition in a nanostructured
Al,O; matrix. X-ray diffraction, electron
diffraction, and high-accuracy energy-
dispersive X-ray spectroscopy unam-
biguously prove that, for the first time,
single-crystalline, stoichiometric Bi,Te;
nanowires are grown that allow transport
in the basal plane without being affected
by grain boundaries.

I Organic Light-Emitting Diodes

S. Gambino, S.-C. Lo, Z. Liu,
P. L. Burn,*
I. D. W. Samuel*.......ccceeveuneee. 157-165

Charge Transport in a Highly
Phosphorescent Iridium(lIl) Complex-
Cored Dendrimer with Double
Dendrons

www.afm-journal.de

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

High phosphorescence efficiency can
be combined with non-dispersive
charge transport in doubly dendronized
iridium (1) complex-cored dendrimers for
organic light-emitting diodes. The double
dendrons give the macromolecule a more
spherical shape, reducing energetic dis-
order in the film and hence improving
charge transport, as well as increasing
photoluminescence quantum yield.

Adv. Funct. Mater. 2012, 22, 4-10



A new silica-protected calcination
process is developed for the synthesis
of mesoporous hollow spheres of small-
grain-size anatase TiO, with controllable
crystallinity, high surface area, and excel-
lent dispersity in water. The mesoporous
TiO, shells show significantly enhanced
photocatalytic activity towards degrada-
tion of organic molecules.

SO 0.

FULL PAPERS

Nanostructures

J. B. Joo, Q. Zhang, I. Lee, M. Dahl,
F. Zaera, Y. Yin™ ....ccoovvviiieiieens 166-174

Mesoporous Anatase Titania Hollow
Nanostructures though Silica-Protected
Calcination

To produce flexible organic electronics,
understanding the effects of strain on
the device performance is critical. A
comprehensive study of seven polymer
dielectrics with two organic semicon-
ductors is presented. The novel influ-
ence of both dielectric and organic
semiconductor structure is described.

Flexible Organic FET /
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Organic Field-Effect Transistors I

A. N. Sokolov, Y. Cao, O. B. Johnson,
Z.Bao® .., 175-183

Mechanistic Considerations of
Bending-Strain Effects within Organic
Semiconductors on Polymer Dielectrics

T sdearmen T
Magnetic memory materials can Magnetic-Memory Effect Magneto-Sensitive Materials I
remember a magnetic field strength, BroaraTiiR Reaiai
Hyer at which they were deformed o9 9 eanod H

recently. In cyclic, magneto-mechanical
tests, a linear correlation is found
between Hg and the magnetic field
strength, H,,, at which the magnetic
memory effect occurred. This correla-
tion impressively demonstrates excellent
magnetic memory properties.

M. Y. Razzaq, M. Behl,
A. Lendlein™ ......cccocevvvevieiiiene 184-191

Magnetic Memory Effect of
Nanocomposites

Field dependence of domain-switching
speeds is estimated over five orders of
magnitude at temperatures of 5.4-280 K
from domain-switching current tran-
sients in Pb(Zry4Tige)O; thin films.
By using Merz's equation and nuclea-
tion-rate limited models, an ultimate
domain-switching current density of
1.4 x 102 A cm™ and nucleation time of
0.47 ps at the highest field of 0.20 MV
cm! are extracted.

Adv. Funct. Mater. 2012, 22, 4-10
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Ferroelectric Switching I

A. Q. Jiang,* H. ). Lee, C. S. Hwang,*

Sub-Picosecond Processes of
Ferroelectric Domain Switching from
Field and Temperature Experiments

www.afm-journal.de 9
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P.-J. Kim, J.-H. Jeong, M. Jazbinsek,
S.-B. Choi, I.-H. Baek, J.-T. Kim,

F. Rotermund, H. Yun, Y. S. Lee,

P. Guinter, O-P. Kwon*............. 200-209

Highly Efficient Organic THz Generator
Pumped at Near-Infrared: Quinolinium
Single Crystals

FULL PAPERS
I Nonlinear Optics

Highly Efficient Organic
THz Generator )

Highly efficient ionic electro-optic quino-
linium single crystals with a high order
parameter and a large macroscopic
optical nonlinearity exhibit more than
three times higher THz generation effi-
ciency than benchmark organic phenolic
polyene crystals and are almost one
order of magnitude higher than inorganic
standard ZnTe crystals pumped by near-
infrared Ti:sapphire femtosecond laser
pulses at 836 nm.

I Light-Emitting Devices

A. Perumal,* M. Frébel, S. Gorantla,
T. Gemming, B. Liissem, J. Eckert,
K. LEO™ oo, 210-217

Novel Approach for Alternating Current
(AC)-Driven Organic Light-Emitting
Devices

Cathode
A@ Insulator
Insulator

— Anode

Glass Substrate

A novel approach for alternating current
(AC)-driven organic light-emitting devices,
which uses the concept of molecular
doping in organic semiconductors is
reported. Doped charge-transport layers
are used for generation of charge carriers
within the device. Bright luminance of up
to 1000 cdm~2 is observed under AC bias.
The luminance observed is attributed to
charge-carrier generation and recombi-
nation within the device without injec-
tion of charge carriers through external
electrodes.

I Nanostructures

H. Tang, G. Meng,* Q. Huang,*
Z. Zhang, Z. Huang,
C.ZNU i 218-224

Arrays of Cone-Shaped ZnO Nanorods
Decorated with Ag Nanopatrticles as 3D
Surface-Enhanced Raman Scattering
Substrates for Rapid Detection of Trace
Polychlorinated Biphenyls

www.afm-journal.de
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© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Small Ag nanoparticles and large Ag
spheres are simultaneously sputtered
uniformly onto the side surface and the
top ends of cone-shaped ZnO-nano-
rods fabricated by ZnO-seed-induced
electrodeposition, respectively. The as-
prepared 3D hybrid surface-enhanced
Raman spectroscopy substrate manifests
high detection sensitivity to rhodamine
and a detection limit as low as 107" v to
polychlorinated biphenyl 77—one of the
highly toxic persistent organic pollutants.

Adv. Funct. Mater. 2012, 22, 4-10
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More Fundamental Understanding In Materials Science

In his recent MaterialsViews.com
column (http://mvie.ws/t8hLq), Geoff
Ozin wonders what happened to fun-
damental research without the drive
towards immediate application:

Nowadays, in the area of materials
research, however, scientists have to
pin applications on their materials
which aren't ready for them. It’s not
enough to just study an interesting
material — now you must put it into
a solar cell (and probably not a very
good one because it takes years to
develop these things) or claim that
it is good for “drug delivery” or a
“sensor” or a “battery” or a “white
light emitting diode”.

We've noticed this trend too in the last
couple of years. Traditionally, Advanced
Functional Materials papers have included
lots of device data and applications
because the longer full paper format
allows room for going into additional
detail about a materials system than
a communication. However, it seems
like engineering device performance
increases is more and more becoming
the focus. Similarly, many more papers
promise immediate applications, when a
closer look reveals that there would still
be a lot of steps from lab to technology.

Is Prof. Ozin right? As a community, are
we in danger of losing touch with the fun-
damentals of materials science research?

One of the greatest strengths of mate-
rials science is its immense applicability.
Without this, the explosion in mate-
rials science research-and in research
funding—over the last decade would not
have been possible. The importance of
materials science research for creating
new, innovative, and practical solutions
to real-world problems should not be
ignored.

12  wileyonlinelibrary.com

But, in the long run, are we leaning too
far towards devices and applications,
incremental improvements, and device
engineering in favor of fundamental
research? And how will that affect the
development of materials science in
the next decade, as we try to develop
smarter, more efficient, more functional
materials?

This isn't to say that we should forgo
devices, applications, and the real-world
applicability that makes materials science
so interesting. But, maybe we can strive
for more of a balance between develop-
ment of new materials and systems and
their understanding.

The ideal result would combine both:
increased understanding of an interesting
materials science problem that could lead
to practical applications.

Therefore, in addition to being novel,
important, and of broad interest, I'd like
to propose an additional criterion for
Advanced Functional Materials for authors,
reviewers, and editors to consider:

WWILEY-VCH

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Does the reported research advance our fun-
damental understanding of the materials sci-
ence involved?

Or, if you prefer, Why does this interesting
material function the way it does?

A solar cell might not have the highest
reported efficiency to date, but what if
we learn something new about how the
chemistry and physics interact within
the cell? We might be years away from
optical computing, but finding out more
about the interactions between light and
matter may be another step towards that
goal.

I'd like to come back in a year and
say that, in 2012, Advanced Functional
Materials  published more high-risk
research and emphasized more funda-
mental understanding of materials sci-
ence. I'd be interested in hearing what
you think. You can send me an email at
materialsdave @wiley.com, or message me
on Twitter (twitter.com/materialsdave) or
Google+(profiles.google.com/materialsdave).

P.S. Advanced Healthcare Materials was
published as a special focus section in
Advanced Materials in 2011 and will be a
new journal from January 2012. Advanced

\

Daclppp—

Dave Flanagan

Adv. Funct. Mater. 2012, 22, 12-13
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ADVANCED
HEALTHCARE
MATERIALS

Healthcare Materialsis an interdisciplinary
forum for peer-reviewed papers on mate-
rials science aimed at promoting human
health, covering all aspects of materials
science in medicine and biotechnology.
It contains a mix of Communications,
Full Papers, Review Articles, Progress

Adv. Funct. Mater. 2012, 22, 12-13

Reports, Research News, and Essays
on cutting-edge research areas such as
biomaterials for drug-delivery systems,
cancer therapy, tissue engineering,
imaging, biosensors and diagnostic tools,
personalized medicine, bioelectronics,
and implantable devices. Find out more
at www.advhealthmat.de.

One more thing: As studies of light—
matter interactions continue to push
uncharted territory, Advanced
Materials is launching Advanced Optical
Materials, a new topical section dedi-
cated to breakthrough discoveries and

into

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

research

fundamental in photonics,
plasmonics, metamaterials, and all impor-
tant aspects of this burgeoning research
field.
Full papers, and Reviews. Look for the
first edition in Spring 2012. For more
information, visit www.advopticalmat.de.

It will include Communications,

wileyonlinelibrary.com
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Shape-Controlled Synthesis of Polyhedral Nanocrystals and
Their Facet-Dependent Properties

Michael H. Huang* and Po-Heng Lin

Growth of inorganic polyhedral nanocrystals with excellent morphology
control presents significant synthetic challenges, especially when the devel-
opment of synthetic schemes to make nanocrystals with systematic shape
evolution is desired. Nanocrystals with fine size and shape control facilitate
formation of their self-assembled packing structures and offer opportunities
for examination of their facet-dependent physical and chemical properties.
In this Feature Article, recent advances in the synthesis of nanocrystals with
systematic shape evolution are highlighted. The reaction conditions used to
achieve this morphology change offer insights into the growth mechanisms
of nanocrystals. A novel class of polyhedral core—shell heterostructures
fabricated using structurally well-defined nanocrystal cores is also presented.
Facet-dependent photocatalytic activity, molecular adsorption, and cata-
lytic and electrical properties of nanocrystals have been examined and are
discussed. Nanomaterials with enhanced properties and functionality may
be obtained through continuous efforts in the synthesis of nanocrystals with
well-defined structures and investigation of their plane-selective properties.

1. Introduction

Widespread interest and development in the growth of inor-
ganic nanostructures is associated with the possibility of
observing their size- and shape-dependent optical, electronic,
magnetic, and catalytic properties. A wide variety of methods
has been developed for the solution-phase synthesis of colloidal
nanoparticles with size, shape, and composition control.l™4 The
preparation of metal nanocrystals such as Au, Ag, Pd, Pt, and Fe
polyhedral nanoparticles with well-defined structures has been
reported.’1* Similarly, growth of nanocrystals with polyhedral
morphologies has been achieved for some semiconductors such
as Cu,0, PbS, and PbSe.'>?3] Review articles desribing syn-
thetic routes towards the growth of shape-controlled metal and
semiconductor nanocrystals and their property characterization
are available.?*2% The ability to synthesize metal and semicon-
ductor nanocrystals with good size and shape uniformity is not
only critical for their property characterization, the nanocrystals
may also readily form self-assembled superlattice structures
with novel collective properties.[®1>2%30-35] Targe supercrystals
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constructed from the regular assembly of
polyhedral nanocrystal building blocks can
also be fabricated by controlling the sol-
vent-evaporation conditions.36-38l

An interesting development in the
shape-controlled synthesis of metal and
semiconductor/metal oxide nanocrystals
is achieving their systematic shape evolu-
tion. With precise variation in the reac-
tion conditions, nanoparticles possessing
cubic crystal structures may grow into
cubic, octahedral, and rhombic dodecahe-
dral structures.'*1718323946] Their inter-
mediate structures such as cuboctahedral
structure and extended growth structures
such as hexapods can also be synthesized.
While individual particle shapes may
be more readily obtained, relatively few
nanocrystal systems have been demon-
strated to yield systematic shape evolution.
Thus, it remains challenging to expand the
range of nanocrystal compositions at this
level of morphology control. The ability to synthesize nanoc-
rystals with systematic shape evolution offers opportunities
to examine their facet-dependent properties with greater reli-
ability, because the nanoparticles are prepared under similar
solution conditions. Facet-dependent properties of nanocrystals
are interesting and potentially important in developing better
nanomaterials for various applications.

Another recent development in nanocrystal growth is the uti-
lization of polyhedral nanoparticles as cores for the formation
of core-shell heterostructures with structurally well-defined
shell morphology.*/-%! Triangular core-shell nanoplates have
also been synthesized.l*®>”] Due to a lattice mismatch problem,
these core—shell nanostructures are mostly limited to bimetallic
systems.’® Heterojunctions, rather than complete core-shell
structures, are frequently formed for metal-semiconductor!>*-¢’]
and oxide—chalcogenide systems.[®®73] Thus, the preparation
of these core—shell heterostructures with semiconductor com-
ponents represents a new and challenging direction for nano-
materials research. These types of heterostructures may pro-
vide enhanced functionality such as efficient charge-carrier
separation and allow facet-dependent property investigation.”#l
Recently, Au—Cu,O core—shell heterostructures with structur-
ally well-defined cores and shells have been fabricated using a
variety of gold-nanocrystal cores such as octahedra and rhombic
dodecahedra.’”>7% This represents one of the first metal-sem-
iconductor systems with both polyhedral core and shell com-
ponents. Cubic and octahedral Cu,O nanocrystals can also
serve as templates for the generation of Cu,0O-Cu,S core—shell
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cubes and octahedra with and without the incorporation of gold
nanocrystal cores.””]

In this Feature Article, metal and metal oxide nanocrystals
synthesized with systematic shape evolution are highlighted.
Some of the illustrated examples are taken from our own
research. Because nanoparticles with different morphologies
and surface facets are produced from essentially the same solu-
tion conditions, their syntheses offer unique opportunities to
consider factors affecting the particle shape. Time-dependent
microscopy investigation during the growth process provides
insights into the growth mechanisms of nanocrystals with
shape control. This mechanistic analysis is also presented.
Examples of bimetallic and metal-semiconductor core—shell
heterostructures with structurally well-defined cores and shells
are introduced next. Finally, the facet-dependent chemical and
physical properties of these polyhedral nanocrystals and core-
shell heterostructures are discussed. These include their photo-
catalytic, catalytic, electrical, and molecular adsorption proper-
ties. 144143527584 Dramatic differences in these properties have
been observed for nanocrystals with distinctly different surface
facets. Nanostructures with enhanced properties can be fabri-
cated through excellent control of nanocrystal morphologies.

2. Shape-Controlled Synthesis of Polyhedral
Nanocrystals

2.1. Metal Nanocrystals

Song et al. have prepared gold nanocrystals with shape evolu-
tion from octahedra to truncated octahedra, cuboctahedra, and
cubes by rapid reduction of HAuCl,-3H,0 in refluxing 1,5-pen-
tanediol and PVP, or poly(vinyl pyrrolidone).?”l Adjustment of
the added amount of AgNOj; resulted in the formation of these
gold nanocrystals with sizes of =100 nm. Yang et a. have used
a similar polyol synthesis approach to make silver nanocrystals
with shapes varying from cubes to cuboctahedra, truncated
octahedra, and octahedra.®! A solution of AgNO; and CuCl,
dissolved in 1,5-pentanediol and a separate solution of PVP
dissolved in 1,5-pentanediol were injected into a hot (=180 °C)
1,5-pentanediol solution in a flask at different rates. By col-
lecting products after different reaction times, cubes were first
synthesized, followed by nanocrystals with progressively larger
fractions of {111} facets. Park et al. have observed the shape
transformation of rhombic dodecahedral gold nanoparticles by
collecting samples at various reaction times.®®) A mixture of
HAuCl,, N,N-dimethylformamide (DMF), PVP, and water was
placed in a sealed vial and heated in an oil bath at 120 °C. DMF
served as both a solvent and a reducing agent. At lower water
content, rhombic dodecahedra were formed first. By increasing
the reaction time, rhombicuboctahedra and octahedra were
generated.

It is desirable to prepare gold nanocrystals in aqueous solu-
tion, because the particle surfaces can be readily modified,
including linkages to various biomolecules. We have used a
hydrothermal synthesis approach to make monodisperse octa-
hedral gold nanocrystals from an aqueous solution of HAuCl,,
trisodium citrate, and cetyltrimethylammonium bromide
(CTAB) surfactant.[) A [CTAB]/[HAuCl4] molar ratio of 60 was
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used. By heating the mixture at 110 °C for 6, 12, 24, 48, and
72 h, gold octahedra with approximate sizes of 30, 60, 90, 120,
and 150 nm can be obtained. These monodisperse gold octa-
hedra can spontaneously self-assemble into long-range ordered
packed structures upon water evaporation. High-quality gold
octahedra can be produced, but the reaction time is long.

By using a seed-mediated growth method, we have prepared
gold nanocrystals with systematic shape evolution from trun-
cated cubic to cubic, trisoctahedral, and rhombic dodecahedral
structures in aqueous solution for the first time.l3? These par-
ticle shapes are important for the subsequent fabrication of
core-shell heterostructures. Gold seed particles with sizes of a
few nm were first made by mixing a solution of HAuCl, and
cetyltrimethylammonium chloride (CTAC) surfactant with an
ice-cold NaBH, solution. The seed particle solution was then
added to a growth solution containing CTAC, water, HAuCl,,
NaBr, and ascorbic acid. A small amount of this solution was
then transferred to a second growth solution. After reaction
at room temperature for just 15 min, the desired nanocrystals
were formed in the final solution. The combination of using
CTAC surfactant and a very small amount of NaBr to control
the bromide concentration in the growth solution was found to
be critical to the formation of gold nanocubes. An increase in
the volume of ascorbic acid added to the growth solution ena-
bles this nanocrystal shape evolution from nanocubes to trisoc-
tahedra and finally rhombic dodecahedra. Figure 1 shows scan-
ning electron microscopy (SEM) images of these nanocrystals
viewed from two different orientations and the corresponding
drawings of the particles to illustrate this morphological evo-
lution process. A nanocube is bounded by six {100} facets. A
rhombic dodecahedral nanocrystal is bounded by twelve {110}
rhombic faces. A trisoctahedral gold nanocrystal has been
determined to expose mainly high-index {221} surfaces.[87:88
Nanocubes and rhombic dodecahedra with controlled sizes of
30-75 nm were synthesized by adjusting the volume of the seed
solution added to the growth solution.
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Figure 1. SEM images and the corresponding drawings showing the morphological evolution of the gold nanocrystals synthesized by varying the
amount of ascorbic acid added to the reaction solution. All scale bars represent 50 nm. Reproduced with permission.?3 Copyright 2010, American

Chemical Society.

Synthetic methods enabling a systematic shape evolution of
gold nanocrystals from cubic to octahedral and cubic to rhombic
dodecahedral structures have been demonstrated. It would be
nice to develop a simple method that connects octahedral and
rhombic dodecahedral structures. Recently, we have developed
a seed-mediated and iodide-assisted method for the synthesis of
monodisperse gold nanocrystals with systematic shape evolution
from rhombic dodecahedral to octahedral structures.? It turns
out that the procedure is very similar to that employed for the
synthesis of cubic to rhombic dodecahedral gold nanocrystals.
By progressively increasing the volume of KI used in a growth
solution while keeping the amount of added ascorbic acid con-
stant, nanocrystals with morphologies varying from rhombic
dodecahedral to rhombicuboctahedral, edge- and corner-trun-
cated octahedral, corner-truncated octahedral, and octahedral
structures were synthesized. Particle growth is complete in 15
min at room temperature. Figure 2 presents SEM images of the
products synthesized. The nanocrystals are monodisperse in

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

size and readily form self-assembled structures on substrates.
By simply adjusting the volume of gold-seed solution added to
a growth solution, particle sizes of the octahedral gold nano-
crystals can be tuned with average opposite corner-to-corner
distances of 42, 48, 54, 60, 68, 93, 107, and 125 nm. Thus, octa-
hedral gold nanocrystals can also be prepared over a large size
range without using the hydrothermal synthesis method.

2.2. Metal Oxide Nanocrystals

It is also desirable to synthesize metal oxide and chalcogenide
nanocrystals with similar systematic shape evolution. Materials
with a cubic crystal structure should be required. Again this sub-
section only focuses on nanomaterials with systematic shape
evolution. Yang et al. have prepared separate Pb and Te pre-
cursor solutions and injected the two solutions at different molar
ratios to control the nanocrystal morphology.*4 The Pb solution

Adv. Funct. Mater. 2012, 22, 14-24
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100 Am

100 nm

Figure 2. SEM images of the gold nanocrystals synthesized by progressively increasing the amount of added KI. a) Rhombic dodecahedra. b) Rhom-
bicuboctahedra. c) Edge- and corner-truncated octahedra. d,e) Corner-truncated octahedra self-assembled into two different orientions. f) Octahedra.

Reproduced with permission. [0l

contained lead acetate and oleic acid in trioctylphosphine (TOP)
or diphenyl ether, and the Te solution contained dissolved Te
powder in TOP. The two solutions heated to 250 °C were injected
and the mixture was maintained at 170-180 °C for 3—4 min. Ata
Pb:Te precursor molar ratio of 5:1, PbSe octahedra were obtained.
Changing the Pb:Te precursor molar ratio to 1:5 gave nanocubes.
At intermediate molar ratios, cuboctahedra were collected.

We have developed aqueous solution methods for the syn-
theses of cuprous oxide and silver oxide nanocrystals with sys-
tematic shape evolution from cubic to octahedral and hexapod
structures. A seed-mediated synthesis approach was first devel-
oped to grow monodisperse Cu,O nanocubes with progressive
increasing sizes of 40, 65, 100, 230, and 420 nm.['% Six vials of
aqueous solution of CuSO,, sodium dodecyl sulfate (SDS) sur-
factant, sodium ascorbate, and NaOH were prepared. The 40-nm
nanocubes formed in the second vial were added to the next vial
to grow into larger nanocubes, and the process was repeated.
Next, a direct method for the formation of cuprous oxide nanoc-
rystals with shape evolution from cubic to octahedral structures
was developed.*142 Perfectly cubic, truncated cubic, cubocta-
hedral, truncated octahedral, octahedral, and hexapod crystals
can be synthesized directly in an aqueous solution of CuCl,,
NaOH, SDS surfactant, and hydroxylamine (NH,OH-HCI)
reductant.*?l This particle morphology evolution is achieved by
simply increasing the volume of hydroxylamine added to the
reaction mixture. Products were collected after reaction at room
temperature for 2 h. It is expected that Cu(OH), precipitate and
Cu(OH),*" ions form readily upon the addition of NaOH and are
quickly reduced to Cu,O by NH,OH. Figure 3 gives the SEM
images of the Cu,O crystals. The hexapods represent a progres-
sive structural evolution beyond the octahedral structure with
each corner of an octahedron developing into a square pyramidal
branch enclosed by the {111} surfaces. The particle size distribu-
tion is fairly large, so it is still desirable to modify the reaction
conditions to improve the size homogeneity and reduce their
dimensions. The high morphological uniformity of these Cu,O0

Adv. Funct. Mater. 2012, 22, 14-24
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crystals is reflected by their X-ray diffraction (XRD) patterns.
Nanocubes show an exceptionally strong (200) reflection peak
and an extremely weak (111) reflection peak. The intensity of

Figure 3. SEM images of the Cu,O nanocrystals with various morphologies:
a) cubes, b) truncated cubes, c) cuboctahedra, d,e) truncated octahedra,
f) octahedra, g) short hexapods, and h) extended hexapods. Scale bar=1pum.
Repoduced with permission.[*sl Copyright 2009, American Chemical Society.
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the (111) peak increases progressively as nanocrystals with more
fractions of {111} faces are formed. The (111) peak dominates for
octahedra and hexapods.

Ag,0 has the same cuprite crystal structure as that of Cu,O.
Very few reports have described the synthesis of Ag,O crystals
with morphology control. The preparation of polyhedral Ag,O
nanocrystals is more challenging than it appears, because a simple
reaction of AgNO; and NaOH yields irregularly shaped particles.
We have successfully developed a facile method for the synthesis
of Ag,O crystals with systematic shape evolution from cubic to
edge- and corner-truncated cubic, rhombicuboctahedral, edge- and
corner-truncated octahedral, octahedral, and hexapod structures by
mixing AgNO3, NH,NO3, and NaOH at molar ratios of 1:2:11.8.143
By changing their molar ratios and AgNO; concentration in the
final solution, octapods and elongated hexapods can also be pre-
pared. Figure 4 summarizes the different reaction conditions
employed and the products formed. Systematic shape evolution

.“\5
Mot i
www.MaterialsViews.com

of the nanocrystals is achieved by progressively increasing the
volume of 0.1 M AgNO; solution added. A sufficient volume of
2.0 M NaOH solution (i.e., 22.5 to 180 uL depending on the par-
ticle shape) was first added to a mixture of AgNO; and NH,NO,
solution to promote the formation of Ag(NHs)," complex ions.
Further, the addition of NaOH leads to the formation of AgOH,
which can easily dehydrate to give Ag,O. This strategy enables the
growth of Ag,0 nanocrystals with a high degree of morphology
control. The following reactions take place to form Ag,O:

NH,NO; + NaOH — NH; + H,0 + Na* + NO;. 1)
AgNO, + 2NH; <> Ag(NH,)S + NO;y 2)
Ag (NH;); + NaOH < AgOH + 2NH; + Na* 3)
2AgOH < Ag,0 + H,0 (4)

Increasing AgNO; concentration

Mole ratios of

AgNO,:NH,NO,:NaOH = 1:2:41.8

Mole ratios of

Mole ratios of

AgNO; concentration

Decreasing

. R R4

<€

AgNO;:NH,NO;:NaOH = 1:2:11.8

Mole ratios of
AgNO;:NH,NO;:NaOH = 1:2:41.8

AgNO;:NH,NO,:NaOH = 1:2:11.8

Figure 4. Schematic summary of the different experimental conditions used to obtain Ag,O crystals with a variety of particle shapes. All scale bars

represent 100 nm. Reprinted with permission.*3
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2.3. Insights of the Growth Mechanisms
from the Synthesis of Nanocrystals with
Systematic Shape Evolution

Our series of work on the growth of Au,
Cu,0, and Ag,0 nanocrystals with system-
atic shape evolution offers interesting and
important insights into the growth mecha-
nisms of nanocrystals and factors governing
their morphology. For the synthesis of Au
nanocrystals with shape evolution from
cubic to trisoctahedral and rhombic dodeca-
hedral structures, the amount of surfactant
used has been kept constant. It is the vari-
ation of ascorbic acid that controls the final
geometries of the nanoparticles. For the
growth of rhombic dodecahedral to octahe-
dral Au nanocrystals, again the amount of
surfactant used was kept the same. Adjust-
ment of the volume of KI introduced resulted
in the particle shape evolution. Iodide with its lower reduction
potential can act as a reducing agent to modulate the precursor
reduction rate.*”! To make Cu,0 nanocrystals with shape varia-
tion from cubic to cuboctahedral, octahedral and hexapod struc-
tures, the amount of surfactant we used was also kept constant.
The gradual increase in the volume of NH,OH-HCI intro-
duced enables the transformation of nanocrystal morphology.
A typical notion in the literature links the formation of different
polyhedral nanocrystals to selective surfactant or polymer cap-
ping on certain crystal planes. Preferential halide ion adsorp-
tion on certain planes has also been suggested. Further crystal
growth on these planes is inhibited, but growth on other crystal
planes or along other directions is promoted. However, such
mechanism cannot explain why the use of the same amount of
surfactant and almost identical solution conditions still leads to
the growth of Au and Cu,0 nanocrystals exposing exclusively
{100}, {111}, and {110} surface planes for cubes, octahedra,
and rhombic dodecahedra, respectively. In the case of Ag,0
nanocrystal growth with shapes varying from cubic to octahe-
dral and hexapod structures, surfactant was not even added.
Tuning of the reduction rates through adjustment of the con-
centration of the reducing agent in the reaction mixture seem
to be the correct explanation for achieving the systematic shape
evolution of Au and Cu,0 nanocrystals in our studies. In the
growth of Au nanocrystals with shape evolution from cubic to
rhombic dodecahedral structures, the concentrations of bro-
mide and chloride ions in the solution are the same, so prefer-
ential adsorption of halide ions on certain crystal planes cannot
be the cause of this shape transformation.??l For the synthesis
of Ag,0 crystals with shape evolution, formation of Ag(NH;),"
species is critical since its reaction with NaOH has an equilib-
rium constant of just 0.34. Direct reaction between AgNO; and
NaOH has a large equilibrium constant (i.e., 5 x 10%). In this
sense, a slower reaction rate enables this particle shape evolu-
tion. These examples illustrate that although surfactant and
other capping molecules may frequently be needed in the syn-
thesis of nanocrystals for size and shape control, the control of
reduction rate or reaction rate (for precipitation reactions) may
be more critical and should be carefully considered in the expla-
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Figure 5. Selected TEM images of the intermediate nanostructures observed during the growth
of a) octahedral gold nanocrystals and b) Au—Pd core—shell heterostructures. Final products are
also shown. The scale bar is equal to 20 nm for panel (b). a) Reproduced with permission.[“%
b) Reproduced with permission.>2 Copyright 2010, American Chemical Society.

nation of growth mechanism and the design of experiments to
achieve particle shape control.

Another issue relating to the growth mechanism of poly-
hedral nanocrystals is how nanocrystals are actually formed.
R values have been used to describe the formation of particles
with particular shapes.®” R values typically refer the relative
growth rate along the [100] directions to that along the [111]
directions. Use of R values suggests that nucleation seed parti-
cles grow to their final sizes with a fair degree of maintenance
of their initial shapes. Through investigation of intermediate
structures formed during the growth of octahedral gold nano-
crystals at around room temperature, we found that twisted
or wormlike structures are produced at the very early stage
(see Figure 5a).1*%l These structures then concentrate toward
the center. The central portion becomes a single crystal and
grows in size by incorporating the surrounding twisted struc-
tures or particles. The initially formed single nanocrystals
(for example, at 4 min) then undergo a fairly long period of sur-
face reconstruction to evolve into their final octahedral shape.
A similar growth process with surrounding twisted structures
at the very early stage and a period of surface reconstruction
has been observed in the growth of Pd shells on cubic Au
cores and the formation of Au microplates (see Figure 5b).2%
Thus, such a growth mechanism of metal nanocrystals should
be general. Intermediate structures examined in the growth of
Cu,0 nanocrystals also suggest a long period of surface recon-
struction before establishing the final particle morphologies.*!!
The observations indicate that nanocrystals do not really grow
following relative growth rates along different directions, as
predicted by the R values.

3. Synthesis of Core—Shell Heterostructures

Many kinds of core-shell heterostructures including bimetallic,
metal-semiconductor, and semiconductor-semiconductor sys-
tems have been reported. However, few papers have described
the use of polyhedral nanocrystals as cores to make core—shell
heterostructures with controlled shell geometry. Almost all the
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studies on the growth of core—shell nanocrystals using polyhe-
dral cores involve bimetallic systems. This is because the crystal
packing structures (face-centered cubic unit cells for many
metals) and lattice matching are favorable. As an example, Yang
et al. have used Pt nanocubes for the overgrowth of Pd shells
with shell morphologies varying from cubic to cuboctahedral
and octahedral structures.*’”} Cubic Pt seeds were added to a
heated solution containing tetradecyltrimethylammonium bro-
mide (TTAB), ascorbic acid, and K,PdCl, to make the binary
metal nanocrystals. After the formation of cubic Pd shells, the
shell morphology can be altered by increasing the amount of
NO, added to form cuboctahedra and octahedra. In another
study, Tian et al. have synthesized Au@Pd nanocubes using
30-nm octahedral Au nanocrystals as the cores.[*¥l The Au cores
were added to a solution of H,PdCly, ascorbic acid, and CTAB.
We have recently reported the synthesis of tetrahexahedral
(THH) Au-Pd core-shell nanocrystals using gold nanocubes as
the cores.’?l The gold nanocubes were prepared by the seed-
mediated growth approach.’?l In a typical synthesis of the
Au-Pd core-shell nanocrystals, CTAC, deionized water, Au
nanocube solution, and H,PdCl, solution were introduced into
a sample vial. The vial was kept in a water bath set at 31 °C.
Then ascorbic acid was added and the mixture was stirred. The
solution color quickly turned brown and then gray by keeping
the vial undisturbed in the water bath for 30 min. The THH
nanocrystals were found to be bound by high-index {730}
facets. Interestingly, the same THH nanocrystals can be pre-
pared using rhombic dodecahedral and octahedral gold nanoc-
rystal cores of similar sizes (see Figure 6). It is important to
note that the cores and the shells are exactly oriented such that
their respective lattice planes are aligned along the same direc-
tions. Au and Pd have a lattice mismatch of 4.61%. As the con-
formal shell growth increases in thickness, lattice strain can
develop. The shell surface planes may become less regular on
the atomic scale and the THH morphology with all high-index
facets forms in response to the build-up of this lattice strain.

Figure 6. TEM images of single THH Au—Pd core-shell nanocrystals
synthesized using a) cubic, b) rhombic dodecahedral, and c) octahedral
gold nanocrystals as the structure-directing cores. Schematic drawings
are also provided. The smaller drawings show the exact viewing directions
corresponding to the respective TEM images. The lattice directions of the
cores match those of the shells in all the cases. Reprinted with permis-
sion.2 Copyright 2010, American Chemical Society.
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We have found that CTAC is important for the formation of the
THH Au-Pd nanocrystals. The role of chloride is likely related
to the oxidative etching of Pd surface for the emergence of
{730} faces via the following redox reaction:

2Pd + O, + 8Cl™ 4+ 4H* « 2PdCl}™ + 2H,0 (5)

For metal-semiconductor composites, heterojunctions,
rather than core—shell structures, are typically produced. Thus,
it is still quite challenging to form structurally well-defined
semiconductor shells enclosing polyhedral metal nanoparticle
cores. We have described the fabrication of Au—Cu,O core—shell
heterostructures using gold nanoplates, nanorods, octahedra,
and highly faceted nanoparticles as the structure-directing cores
for the overgrowth of Cu,O shells by a facile aqueous solution
approach.”l The gold nanoparticle cores guide the growth of
Cu,O shells with morphological and orientation control. In a
typical synthesis of the Au—Cu,0 core—shell heterostructures,
water, CuCl, solution, SDS surfactant, Au nano-core solution,
and NaOH were introduced into a sample vial in the order listed.
After adding NH,OH-HCI as the reducing agent, the solution
color became yellow and finally light brown by aging the mix-
ture for 2 h. By simply varying the amount of NH,OH - HCl used
in the reaction mixture, Au—Cu,0O core—shell structures with
systematic morphological evolution can be achieved. Figure 7
presents the SEM images of the heterostructures synthesized
by varying the volume of 0.2 v NH,0OH - HCI used from 0.15 to
0.25, 0.45, and 0.65 mL. Truncated cubes, cuboctahedra, trun-
cated octahedra, and octahedra were synthesized using octahe-
dral gold nanocrystal cores. Unusual stellated icosahedra were
obtained with the use of highly faceted particle cores. Each of the
twenty triangular faces of the particle develops into a triangular
pyramid. The stellated icosahedra are formed as a result of the
interpenetrated growth of truncated cubes. When penta-twinned
gold nanorods were used as cores to grow into core—shell struc-
tures, pentagonal prisms can be converted to form star columns
by increasing the volume of NH,OH - HCl added.

Cross-sectional TEM images reveal the exact orientation
relationship between the cores and the shells, such that the
{100} and {111} planes of Au and Cu,O are parallel to each
other. The lattice mismatch between the (111) planes of Au
and the (111) planes of Cu,O is about 4.5%, and 4.7% between
the (200) planes of Au and the (200) planes of Cu,0O. These lat-
tice mismatch percentages are considered rather large for epi-
taxial growth of core—shell structures. Despite the presence of
a significant mismatch between Au and Cu,O lattice planes,
Au—Cu,0 core—shell heterostructures with excellent interfacial
epitaxial growth can still be prepared. The (111) planes of Cu,0
were found to grow epitaxially on the {111} facets of gold for
most of the cases examined, while the (200) planes of Cu,0
can grow over the {200} facets of gold to form the interfaces.
In addition to the use of octahedral gold nanocrystal cores, we
have also reported the employment of rhombic dodecahedral
and highly edge- and corner-truncated octahedral gold nanoc-
rystal cores with entirely or significant {110} faces as the struc-
ture-directing cores for the fabrication of Au—Cu,0O core—shell
heterostructures.”®! By increasing the volume of reductant
added, Au-Cu,O face-raised cubes, cuboctahedra, and octa-
hedra were synthesized. Transmission electron microscopy
(TEM) characterization indicates a fixed core—shell orientation

Adv. Funct. Mater. 2012, 22, 14-24
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Figure 7. SEM images showing the systematic morphological evolution of the Au—Cu,O core-shell heterostructures. By gradually increasing the
volume of 0.2 M NH,OH-HCl used in the synthesis of Au—Cu,O core-shell heterostructures from 0.15 to 0.25, 0.45, and 0.65 mL, al) truncated cubes,
a2) cuboctahedra, a3) truncated octahedra, and a4) octahedra were synthesized using octahedral Au nanocrystal cores. b1) Stellated icosahedra were
prepared with the use of highly faceted particle cores and the addition of 0.15 mL of 0.2 M NH,OH-HCI. b2) Truncated stellated icosahedra were pro-
duced by adding 0.25 mL of NH,OH-HCI. For further suppression of the formation of the triangular faces, the same 0.25 mL of NH,OH-HCl was added,
but b3) 0.5 and b4) 0.75 mL of 1 m NaOH need to be used. c1-c4) Pentagonal prisms were converted to form star columns by increasing the volume
of NH,OH-HCl added, (i.e. 0.15, 0.25, 0.45, and 0.65 mL). Reproduced with permission.I”>] Copyright 2009, American Chemical Society.

relationship. The {100}, {110}, and {111} facets of the gold
cores align parallel to the corresponding faces of the Cu,O0
shells.

4. Facet-Dependent Properties

Metal and semiconductor nanocrystals and microcrystals
with well-defined facets have been demonstrated to exhibit
facet-dependent catalytic, photocatalytic, molecular adsorp-
tion and atom-deposition properties. These properties are all
related to their surface chemistry. Thus, the ability to con-
trol the morphology of polyhedral nanocrystals should allow
examinations of these important properties with greater cer-
tainty. Nanocrystals with enhanced properties may be selec-
tively prepared.

Somorjai et al. have synthesized cubic and cuboctahedral
Pt nanoparticles with average sizes of 12-14 nm using TTAB
surfactant and compared their activity toward benzene hydro-
genation.® The catalytic selectivity was found to be highly
shape-dependent. Both cyclohexane and cyclohexene product

Adv. Funct. Mater. 2012, 22, 14-24
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molecules were formed on cuboctahedral Pt nanoparticles, but
only cyclohexane was produced using cubic Pt nanocatalysts.
Choi et al. have used cubic, cuboctahedral, and octahedral
Cu,O crystals to exploit preferential adsorption of SDS sur-
factant on the {111} planes of Cu,O microcrystals through
the plane-selective deposition of gold nanoparticles.®l In the
presence of SDS, gold nanoparticles were found to exclusively
deposit on the {100} faces of the Cu,0O crystals. Preferential
adsorption of SDS on the {111} faces can effectively inhibit
nucleation of gold on these planes. It is likely that SDS being
a negatively charged surfactant interacts more strongly with
copper atom-terminated {111} surfaces of Cu,0. We have
recently shown that rhombic dodecahedral gold nanocrystals
are better and more sensitive substrates for surface-enhanced
Raman spectroscopic detection of thiophenol than gold
nanocubes and octahedra do.’!l This is attributed to stronger
molecular interactions of thiophenol with the {110} planes
of gold.

We have also demonstrated highly facet-dependent photo-
catalytic and electrical properties of Cu,0 nanocrystals. To see
the relative photocatalytic activities of different sharp-faced
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Figure 8. A plot of the extent of photodegradation of methyl orange
versus time for the various Cu,O nanostructures is shown. The blank
sample did not contain Cu,O crystals but only the methyl orange solu-
tion. A temperature change of the solution over this time period is also
given. Reproduced with permission.*?l Copyright 2009, American Chem-
ical Society.

Cu,0 nanostructures synthesized, methyl orange, a negatively
charged molecule, was used for the photodecomposition experi-
ments. Figure 8 gives a plot of the extent of photodegradation
of methyl orange versus time for the various Cu,O nanos-
tructures used.[*?] Octahedra and the extended hexapods with
entirely {111} facets exhibited moderately good photocatalytic
activity towards the photodegradation of methyl orange, while
perfect cubes with entirely {100} faces were practically not
active. The catalytic activity of the {111} faces is attributed to
the presence of surface copper atoms as revealed by the sur-
face plane models of Cu,0, making the {111} faces more posi-
tively charged. This facilitates adsorption of molecules carrying
negative charges such as methyl orange and SDS. The electri-
cally neutral or less-charged {100} faces cannot interact well
with charged molecules and are catalytically inactive. Remark-
ably, solutions containing positively charged molecules such as
methylene blue can repel crystals with {111} surfaces and make
a significant amount of the crystals floating to the top surface of
the solution after stirring the nanocrystal solutions for tens of
minutes. The cubes are insensitive to the molecular charge and
can stay in the solution. Similar behavior has
been observed for Ag,O nanocrystals with the
same cuprite crystal structure.*3] Electrostatic
repulsion force is believed to cause this effect
for the octahedra and hexapods. Interestingly,
Au—Cu,0O core-shell octahedra were found to
display a better photocatalytic activity toward
the photodegradation of methyl orange than
pristine Cu,O octahedra did, while sharp-
faced core—shell cubes bound by only {100}
faces were still inactive.”®7% The photocata-
Iytic enhancement is attributed to more effi-
cient charge separation of photogenerated
charge carriers with electrons migrating to
the gold cores. This investigation reveals

sd ==

wileyonlinelibrary.com

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

s
Mt oS
www.MaterialsViews.com

that photocatalytic enhancement of Au-Cu,0 core-shell het-
erostructures only occurs with Cu,O crystals exposing proper
surface facets.

Cu,0 nanocrystals have also been shown to exhibit strongly
facet-dependent electrical behavior, and that the gold nanoc-
rystal cores can further enhance the electrical conductivity of
the conductive facets.l”® Figure 9 offers the schematic drawing
of two oxide-free tungsten probes attached to a nanomanipu-
lator installed inside a scanning electron microscope making
contacts to a single Cu,0O nanocrystal for current-voltage (I-V)
measurements. In one set of measurements, pristine Cu,O
octahedra bound by {111} facets were found to be 1100 times
more conductive than pristine Cu,O cubes enclosed by {100}
faces, which are barely conductive. A 10 000-fold increase in
conductivity over a cube has been recorded for an octahedron.
Remarkably, core—shell octahedra are far more conductive than
pristine octahedra. As shown in Figure 9, a core—shell octa-
hedron quickly reaches a current of 1000 nA at 1.9 V, while it
needs an applied voltage of =5 V for a pristine octahedron to
get to this current value. The same facet-dependent electrical
behavior can still be observed on a single truncated octahedral
nanocrystal exposing both {111} and {100} facets. This example
illustrates the importance of shape control of nanocrystals and
core—shell heterostructures. Similar facet-dependent electrical
properties may be observable in other semiconductor nanocrys-
tals and should be measured when it is possible.

5. Conclusions

In this Feature Article, the growth of some metal and semicon-
ductor nanocrystals with systematic shape evolution is described.
Nanocrystals with cubic, cuboctahedral, truncated octahedral,
rhombic dodecahedral, hexapod, and other symmetrical struc-
tures have been synthesized. In particular, we have shown that
Au, Cu,0, and Ag,0 nanocrystals can be prepared with a high
degree of morphology control. The polyhedral Au nanocrystals
can also serve as structure-directing cores for the fabrication of
Au-Pd and Au—Cu,O core—shell heterostructures. Shape evolu-
tion of the Cu,O shells can be easily achieved. These studies
offer important insights into the growth mechanisms of nano-
crystals, because the solution conditions are almost the same in
the synthesis of these nanocrystals with systematic shape evo-
lution. Reaction or reduction rate, rather than plane-selective

i 1000
Slngle . gooF — Core-Shell Oct
Nanoparticle i — Pristine Oct

—— Core-Shell Cube
400 Pristine Cube

N30 1 2 3 4 5

Vgg V)

Probes

Figure 9. A chematic drawing for the electrical conductivity measurements of pristine Cu,O
and Au-Cu,O core-shell cubes and octahedra and the recorded I-V curves. Reproduced with
permission.”8 Copyright 2011, American Chemical Society.
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adsorption of surfactant molecules or halide ions, was found to
be the factor controlling the final particle morphology. Examina-
tion of intermediate products collected during particle growth
reveals the formation of extensive twisted or wormlike struc-
tures at the very early stage. These nanostructures then con-
centrate toward the center to form a single crystal. Continuous
incorporation of these external nanostructures, followed by
a substantial period of surface reconstruction, yields the final
product shape. This growth mechanism was found to be gen-
eral. Cu,0 nanocrystals exhibit highly facet-dependent photo-
catalytic activity and electrical conductivity. Octahedra exposing
{111} facets are photocatalytically active and electrically conduc-
tive, while nanocubes bound by {100} facets are inactive and
not conductive. Enhanced photocatalytic and electrical conduc-
tivity performance has been recorded for Au—Cu,0 core—shell
octahedra.

Despite the success in the shape-controlled synthesis of
nanocrystals, illustrated here, this high level of morphology
control is still quite challenging for many semiconductor sys-
tems with cubic crystal structures. Fabrication of metal-semi-
conductor and semiconductor—semiconductor core—shell het-
erostructures with both polyhedral core and shell morphology
remain a daunting task. However, we have seen that nanoc-
rystals with enhanced catalytic and electrical properties may
be obtained through excellent control of their surface facets
and shapes. For the discovery of new materials properties, we
need to continue our efforts in the shape-controlled synthesis
of nanocrystals of other compositions, particularly oxides and
chalcogenides. Their facet-dependent properties should be
measured. These nanocrystals should ultimately be important
for various applications with enhanced properties.
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Inverse-Woodpile Photonic Band Gap Crystals with a Cubic
Diamond-like Structure Made from Single-Crystalline

Silicon

J- M. van den Broek,* L. A. Woldering, R. W. Tjerkstra, F. B. Segerink, I. D. Setija,

and W. L. Vos

Three dimensional photonic band gap crystals with a cubic diamond-like
symmetry are fabricated. These so-called inverse-woodpile nanostructures
consist of two perpendicular sets of pores in single-crystal silicon wafers and
are made by means of complementary metal oxide—semiconductor (CMOS)-
compatible methods. Both sets of pores have high aspect ratios and are made
by deep reactive-ion etching. The mask for the first set of pores is defined in
chromium by means of deep UV scan-and-step technology. The mask for the
second set of pores is patterned using an ion beam and carefully placed at an
angle of 90° with an alignment precision of better than 30 nm. Crystals are
made with pore radii between 135-186 nm with lattice parameters a = 686
and c = 488 nm such that a/c = V/2; hence the structure is cubic. The crystals
are characterized using scanning electron microscopy and X-ray diffraction.
By milling away slices of crystal, the pores are analyzed in detail in both direc-
tions regarding depth, radius, tapering, shape, and alignment. Using optical
reflectivity it is demonstrated that the crystals have broad reflectivity peaks

in the near-infrared frequency range, which includes the telecommunication
range. The strong reflectivity confirms the high quality of the photonic crys-
tals. Furthermore the width of the reflectivity peaks agrees well with gaps in

interest for scientists and engineers
because they offer exciting ways to manip-
ulate photons.? Of particular interest are
three-dimensional (3D) photonic crystals
possessing a photonic band gap; a fre-
quency range where no photon modes
exist at all. Photonic band gap mate-
rials possess great potential to drastically
change the rate of spontaneous emission
and to achieve localization of light.’-
Control over spontaneous emission is
important for many applications, such as
miniature lasers,[® light-emitting diodes,”!
and solar cells.[®”]

Different types of 3D photonic crys-
tals have been conceived.'131 Of special
interest are those that potentially pro-
vide large 3D photonic band gaps. Such
structures offer ultimate control of light
in all three dimensions simultaneously
and therefore many research groups are
pursuing their fabrication.'*2% A prom-

calculated photonic band structures.

1. Introduction

Photonic crystals are metamaterials with periodic variations
of the dielectric function on length scales comparable to the
wavelength of light. These dielectric composites are of keen
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ising class of 3D photonic crystals has a

diamond-like symmetry.?!] Among these

diamond  structures, inverse-woodpile

photonic  crystals are of particular
interest!!% because of their conceptual ease of fabrication and
a broad photonic band gap that is robust to disorder and fab-
rication imperfections.?224 These crystals consist of two per-
pendicular arrays of cylindrical pores containing air in a high-
refractive-index material, see Figure 1A. The predicted band
gap of inverse-woodpile photonic crystals has a broad relative
bandwidth of more than 25%.'%232%] We have chosen single-
crystalline silicon as a high-refractive-index material since it is
conveniently available in high purity. Many techniques for the
fabrication of electronical and mechanical components in sil-
icon are available, which eases the integration of photonics and
electronics with silicon.?%]

Herein we report the fabrication and characterization of
inverse-woodpile photonic crystals in monocrystalline silicon.
The nanostructures consist of two separate sets of pores that
run in perpendicular directions; see Figure 1A for a schematic
illustration. Pores run along the x (first set) and z axis (second
set), and are aligned in such a way that the second pore set is
centered between the pores that run in the first direction, see
Figure 1B. Therefore, the resulting structure has a network
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axis using reactive-ion etching with a Bosch
process.?l The pores have a depth of 5550 +
130 nm and a radius at half-depth of 159 *
7 nm, which corresponds to a high aspect
ratio of 17.5 £ 1.2. We have managed to realize
nanostructures with even higher aspect ratios
up to 21.6, as shown in the inset of Figure 2A.
Near the top of the pores, some “scallops”
appear as remnants from the Bosch process.
The pores are smooth over a large depth of

e e e

5000 nm with a low tapering of 0.2 £ 0.1°,
which makes these structures highly suited
to optical applications such as photonic crys-

1,0
= os = 25@ tals. The pores are nearly identical over the
3 e 3° 205’6_ extent of the 2D array, which is important to
2 06F Bandgap | Doe 5 © reduce unwanted light scattering.*® There-
5 V2 RR c S fore, such 2D structures are excellent starting
= ] S os 2 points for the fabrication of 3D i
o z T =5 = points for the fabrication of 3D inverse-
2ol o4 D o, . [s 8 woodpile crystals.
ERA " i )
o - 4 To vary the center frequency and the
RYSRTYTIXUTZUR 005 020 055 0,30 bandwidth of the photonic gap, it is desir-
Wavevector R/a able to control the pore radii of the photonic

Figure 1. A) Schematicillustration of a cubic inverse-woodpile structure. The structure consists
of two perpendicular pore sets parallel to the x and z axis. This perspective view shows that the
pores overlap, thereby creating a topologically connected structure. B) Schematic drawing of
an inverse-woodpile photonic crystal viewed along the z axis. Each pore set forms a centered
rectangular lattice with lattice parameters a/c = V2 and Miller indices (hkl) = (110). The axes
of the cylinders running in the x direction are centered between rows of cylinders of the other
set. C) Dispersion relations of light calculated for an inverse-woodpile structure consisting of a
high-index material with €=12.1 (silicon) and air. The wavevector runs between high-symmetry
points in the first Brillouin zone as is shown in the inset. The band gap (gray bar) of a cubic
inverse-woodpile photonic crystal [(R/a) = 0.245 and a/c = /2] has a broad relative bandwidth
of 25.4%. D) Calculated frequency and relative band gap width versus normalized pore radius
(R/a). The band gap has a maximum width of 25.4% at a central frequency (a/A) = 0.581 for

(R/a) = 0.245.

topology which is favorable for the desired formation of a
photonic band gap.”’] The pores form a centered rectangular
lattice in which the lattice parameters a and ¢ have a ratio
a/c =2; this ensures that the 3D crystal structure is cubic with
a diamond-like symmetry. Each array of pores forms an (hkl) =
(110) face.

By varying the relative pore radius R/a, the volume fraction of
the constituent materials can be tuned and hence the photonic
interaction strength. For high-index materials with a dielectric
function of silicon, inverse-woodpile structures develop a band
gap as shown in Figure 1C. For (R/a) = 0.245 the photonic
band gap has a maximum width, as shown in Figure 1D. We
investigate whether it is feasible to consecutively etch pores in
two different, orthogonal directions in single-crystalline silicon
wafers by means of complementary metal oxide—semiconductor
(CMOS)-compatible methods such as reactive-ion etching.[?®]

2. Fabrication of 3D Structures From 2D
Structures

A scanning electron microscopy (SEM) image of a cleaved 2D
silicon photonic crystal is shown in Figure 2A. The structure
consists of the first set of pores that is etched parallel to the x

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

crystal.1%%] In the present study, we aimed
to make crystals with a band gap near A =
1550 nm, which is one of the wavelengths
used in telecommunication. For this we
need values for (a/A) = 0.581 and (R/a) =
0.245. We have managed to vary the pore
radii by controlling the etching procedure,
in particular the protective-step duration and
capacitively coupled plasma power (CCP).
By doing so, we have varied the value of R
between 135 + 7 and 186 = 9 nm, which
corresponds to (R/a) = 0.198-0.271, see
Appendix A in the Supporting Information.
This range of (R/a) was chosen because a width of the band
gap of at least 50% of the maximum width is maintained,
see Figure 1D.23 As a result of this control over pore radii,
the center of the band gap systematically shifts from (a/A) =
0.40-0.69, see Figure 1D, which is a favorably large tuning
range for optical applications.[3!32]

Figure 3A shows a photograph of part of a silicon wafer
with 12 identical patterns in the chromium mask on the sur-
face of the wafer. The large colorful squares are patterns with
dimensions of 4.0 x 4.0 mm?, which corresponds to approxi-
mately 5900 x 8300 unit cells. The squares can easily be seen
by the naked eye. Since the lattice parameters are equal for each
mask, the abundance of colors is caused by diffraction of dif-
ferent grating modes under illumination with white light.

After reactive-ion etching of the first set of pores, the chro-
mium mask was removed. For the next fabrication step the
2D photonic crystal was cleaved along the 2D (hk) = [10] direc-
tion of the crystal, which corresponds to a cleavage along the
xy plane. Figure 3B shows a photograph of a cleaved piece of
silicon of 10 X 20 mm? on which the blue segment of 4.0 x
2.5 mm? indicates where the pores were etched to form a 2D
photonic crystal. Even though the large 2D crystal has been
cleaved, it retains a large surface of some 5100 x 5900 uniform
unit cells.

Adv. Funct. Mater. 2012, 22, 25-31
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Figure 2. A) SEM image of a cross-section of a 2D photonic crystal in
silicon. Smooth pores in a pattern as shown in Figure 2B are etched along
the x axis. The depth of the pores is 5550 £ 130 nm and their radius is
159 + 7 nm; the aspect ratio is 17.5. The inset shows etched pores with
a high aspect ratio of 21.6. B) SEM image of a tilted 3D inverse-woodpile
photonic band gap crystal in silicon realized by reactive-ion etching. Both
the front and the top surfaces of an inverse-woodpile structure with pore
radii R = 145 £ 9 nm. The 3D inverse woodpile is surrounded by the
parental 2D crystal. C) The same structure tilted to show the front surface.
D) Zoom-in of the (x—y) face of the inverse woodpile structure. z-directed
pores etched perpendicular to the plane of the figure are clearly visible.
The white arrow marks a place where two perpendicular pores cross each
other. In all images the scale bar represents 2 um.

To confirm that the processed wafers remain as single-
crystalline silicon, we performed X-ray diffraction measurements
on both an etched and a pristine wafer. The two diffraction pat-
terns shown in Figure 4 reveal one sharp diffraction peak at a
diffraction angle of 26 = 69.23 £ 0.02°, which corresponds to the
(hkl) = 400 Bragg reflection. Using Bragg’s law (nA = 2d sin6) we
find the atomic lattice parameter to be d = 5.424 + 0.002 A, which
is in excellent agreement with the literature.** From the obser-
vation of only one narrow diffraction peak, we conclude that
both the silicon substrate and the silicon 2D photonic crystal are
single-crystalline. Moreover, it confirms the orientation of the
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Figure 3. A) Color photograph of part of a silicon wafer containing a
50-nm chromium mask before etching. Twelve identical patterns were
made in the chromium by deep UV scan-and-step lithography. The large
colored areas are patterns with dimensions of 4.0 mm x 4.0 mm that show
bright colors because of diffraction of different grating modes under white
light illumination. B) Color photo of a large etched silicon 2D photonic
crystal, cleaved to 4.0 x 2.5 mm?, which contains approximately 5100 x
5900 unit cells. The uniform blue luster is caused by surface grating, and
confirms that the high-quality crystal is uniform over its whole extent. The
chromium mask has already been removed from this structure.
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Figure 4. X-ray diffraction patterns of an etched (red) and a pristine

silicon wafer (blue). Both patterns show one very sharp diffraction peak

at 26 = 69.23° which is the (hkl) = (400) single-crystal Bragg diffraction
peak.

atomic crystal with respect to the photonic-crystal structure. An
advantageous feature of our fabrication method over many pre-
vious methods that employ deposition!3141% is that we realize
nanostructures in crystalline silicon of high purity and high
density instead of in a polycrystalline material. As a result, the
density of chemical impurities in our structures is much lower,
which serves to avoid spurious optical absorption. Moreover,
the high index medium in our crystals is 100% densified. Thus
the refractive index is maximal, which is favorable optimize
the photonic interaction strength, whereas the index is lower
in deposited structures.?Y Furthermore, the refractive index
is well-defined, which is useful for a physical interpretation of
experimental results and for the design of functional crystals.
After precisely aligning a second mask at 90° to a 2D array of
pores®] as shown in Figure 2A, we have managed to etch pores in
the z direction. Thereby we realized seven individual 3D inverse-
woodpile structures. An example is shown in Figure 2C, which
shows the (x—y) face or (hkl) = 110 face of the inverse woodpile.
On the left side of the picture we see several pores running in
the x direction that were used to carefully align the second mask.
The 3D crystal extends to over 5 X 7 pum?, which is limited by our
current mask-writing capabilities. By using e-beam or deep UV
scan-and-step lithography, the areal extents of the crystal could be
greatly increased. Nevertheless, the current crystal size is already
sufficiently large for successful optical experiments, see Section 4.
Figure 2B shows the same crystal in an oblique perspective to
show both (y—z) and (x—y) faces (110 and 110). We see that the
lattice parameters and orientations of the structures in both faces
are well matched. Indeed the lattice parameters for the (x—y) face
are a = 693 £ 22 nm and ¢ = 491 + 19 nm, very close to those for
the (y—2) face. The figure also clearly shows that all intended pores
have been etched, in other words, the patterns are complete.
Figure 2D shows a zoom-in of the (x-y) face of the 3D
crystal. It is clear that the second set of pores has been etched
in between the first set of pores, as intended (see Figure 1A).
Therefore, this result confirms our starting hypothesis that
etching a second set of pores is feasible through a structure that
consists of both pores and silicon; apparently, the air—silicon
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which confirms that our 3D structures are
truly cubic as intended.

One of the most challenging steps of our
fabrication route is to etch the second set
., of pores in the macroporous 2D crystals.
“a ] During this etching, the second pore set pen-
etrates the first pore set in multiple places.
Since this etching procedure is different

A x-directed pores
W z-directed pores |

-

o

2000

o

Figure 5. A) SEM of a 3D inverse-woodpile structure with pore radius R = 139 + 8 nm and
displacement Ay = 14 £ 11 nm. The 3D crystal is embedded in the large 2D crystal that was
defined by the first pattern. On the right side of the figure a part of the original shape of the
2D crystal is seen. A triangular-prism-shaped part of the crystal is removed to give a view of
a (100) plane in the photonic crystal. The structure that is etched in two directions possesses
a surface area of 10 x 11 unit cells, with a depth of at least seven unit cells. The inset shows
a magnified view of the (100) plane in a 3D inverse-woodpile structure. The white rhombic
window indicates the square lattice in which the pores penetrate the (100) plane. The scale bar
represents 2 um. B) Pore radius as a function of pore depth, measured on the sample that is
shown in Figure 5A. The pores running in the x direction were first etched and the second pore
set was etched in the z direction. Both pore sets have the same pore radius up to a depth of

3.1 um and thus equal tapering.

interfaces deflect the etching ions by only a small angle. We
conclude that structures as shown in Figure 2 are successfully
double-etched inverse-woodpile crystals.

In the ideal structure, the pores along the z axis are cen-
tered between the pores along the x axis. Positioning of the
two pore sets with respect to each other introduces the possi-
bility of unwanted structural displacements. From Figure 2B,
we derive that the set of z-directed pores is displaced by only
Ay =17 £ 12 nm from the first set of x-directed pores. In the
3D structure shown in Figure 5A, the displacement along the
y axis is only Ay = 14 + 11 nm. For at least seven individual
inverse-woodpile crystals the maximum displacement is Ay <
30 nm, which is an excellent alignment of the two pore sets, see
Appendix A in the Supporting Information. These are exciting
results, since it has previously been predicted that a photonic
band gap retains 90% of its width for a displacement of less
than 10%, or Ay < 69 nm for our lattice parameters.?*l Moreover,
these excellent alighments confirm that our method to pattern
nanostructures on two inclined planes is indeed successful.>*!

3. Internal Structure

To investigate the detailed structure inside our inverse-woodpile
crystals, we irreversibly opened several of the structures using
focused-ion-beam milling, and characterized the results using
SEM.Y In this way, we investigated the dimensions of the
pores as a function of depth, as well as the angular alignments
of the pore sets relative to each other. Both aspects are crucial
for the band gap of the photonic structure.l?’l

Figure 5A shows an inverse-woodpile structure (R =
139 £ 8 nm) of which we milled away part of the crystal. To this
end, we milled at an angle of 45° to both the x—y (110) and y—z
(110) faces. As a result, we obtained a (100) face of the crystal
that is viewed face-on in Figure 5A. In this face, the pattern of
pores is clearly square as illustrated with the rhombic window,

Depth [nm]

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

from etching bulk silicon,?*28 the result
could give rise to a different pore radius or
different pore shapes. In Figure 5B, the pore
radius of both pore sets visible in Figure 5A
is plotted versus the pore depth. The average
radius of the first set of x-directed pores is
R; =139 £ 8 nm, as determined at half pore
depth. The pore radius of the second set of
z-directed pores is measured to a maximum
depth of 3 um as limited by the focused ion
milling. The mean pore radius at a depth of
3 um is R, = 134 £ 9 nm, which corresponds
to an aspect ratio of >11.7. Thus, the radius
of both sets are very close within AR =
5 nm, as was designed. Moreover, Figure 5B
shows that the pore radius versus depth agrees very closely for
both pore sets. This is an important result that indicates that
the dimensions of the second pore set can be controlled with
high precision. Another important consequence of this result
is that the band-width of the photonic band gap is maintained.
Previously, it was calculated that the relative width of the band
gap remains more than (Aw/w) = 20% if the pore radii differ by
as much as 12 nm.?}l Therefore, we conclude that our fabrica-
tion accuracy is sufficient to maintain the broad gap.

In Figure 5B the radii of both pore sets are plotted as a func-
tion of depth. From this result we can determine the tapering
of the pores, that is, how conelike a pore is instead of purely
cylindrical. Tapering of the first pore set was determined
between a depth of 1 pm from the bottom and 1 um from the
top. In the bottom micron there was enhanced tapering, and
the upper micron was excluded due to the presence of etch scal-
lops?’l near the top. The latter is avoided in optical applications
by focusing light to the center of the pores, see Section 4. The
pores show the common behavior that the pore radii slightly
increase with depth, before decreasing.l?’! For the first pore set,
tapering is 7= 0.1 £ 0.2°. For the second pore set tapering was
determined to be 7= 0.1 + 0.2° for a depth between 1 pm from
the top to a depth of 3 um. In comparison with focused-ion-
beam milling?” the z-directed macropores etched through the
macroporous silicon (Figure 5B) have much lower tapering.
With ion milling we observed that the tapering of silicon and
gallium phosphide yield a similar tapering to that obtained in
bulk gallium phosphide was 8 + 4°.20 We propose that etching
ions are less prone to become deflected from side walls than
milling ions?Y and that the gaseous etching products are less
prone to become redeposited than ion-milling debris.?” Thus
it seems reasonable that the plasma-etching process yields
deeper pores with less tapering than does focused-ion-beam
milling. The tapering of the pores influences the effective size
of a photonic band gap.?¥! It has been calculated that at 7 =
0.125° tapering the band gap extends over 24.5 unit cells which
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is sufficient for most nanophotonic applications, since a 20%
wide gap corresponds to a minimum optical size of five cells.
Therefore, in our crystal the tapering of the pores is clearly suf-
ficiently low for band gap applications.

Apart from translational alignments, other fabrication errors
will also give rise to deviations of the angular misalignments.
There are three deviations from angular alignments that can
occur, as summarized in Appendix A in the Supporting Infor-
mation. Deviations of angular alignments may occur when
the 2D crystal is not placed perpendicular with respect to the
incoming ions during reactive-ion etching of the second pores.
From Figure 5A we determined the o angular alignment on
the (100) face for our crystal to be o << 1°. The angles 8 and
y were measured on the (110) face of the crystal, and are equal
to f<0.008 + 0.001° and y= 0.6 £ 0.2°. A relative width of the
photonic band gap of more than (Aw/w) = 21% remains if the
angular alignment of o is better than o < 5°. For an angular
alignment of f3 or y better than 8 or y < 0.6°, the structure
remains periodic over large extents in excess of 150 lattice spac-
ings c. Therefore, we conclude that all deviations of the angular
alignments are well within the margins.[?*]

4. Nanophotonic Functionality

To verify the nanophotonic functionality of our inverse woodpile
crystals, we have performed reflectivity measurements perpen-
dicular to the (x—y) face of the 3D crystal with polarized light
parallel to the x axis. Figure 6 shows the measured reflectivity
versus frequency measured on an inverse-woodpile crystal with
R; = 186 £ 9 nm and (R/a) = 0.271. A broad reflectivity peak
is observed between 6500-9000 cm™! with a high reflectivity of
62% centered at 7500 cm™! (or A = 1300 nm). This broad band
covers several telecommunication bands. This distinct peak was

Wavelength [nm]
2000 1500 1000

80

60

Reflectivity [%]

6000 800 10000 12000

Frequency [cm-1]

0 M
4000

Figure 6. Optical reflectivity as function of frequency for a crystal with R=
186 + 9 nm measured on the (y-z) plane with polarized light. A strong
reflectivity peak of 62% appears. The width of 2000 cm™ is in very good
agreement with the calculated stop gap I-Z direction (gray bar). The
hatched bar indicates the range of the calculated 3D photonic band gap.
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observed in the same frequency range for all polarizations over
the entire 3D crystal surface.?! The stop band corresponds to
the stop gap in the I-Z direction (gray bar in Figure 6), which
is part of the 3D photonic band gap.

The maximum reflectivity is likely limited by surface rough-
ness that scatters light in directions not collected by the objective.
This assertion is supported by the observation of a lower refle-
ctivity on crystal surfaces that were less well polished. The
finite thickness of the crystals could also reduce the reflectivity.
Nevertheless, peaks up to 80% have been observed on other
crystals.?Yl These strong peaks indicate that the crystals are suf-
ficiently extended to show clear photonic crystal behavior. More-
over, it confirms that little light is scattered away by unavoidable
deviations from perfect periodicity.3¥ The peak in Figure 6 is
broad with a full width at half maximum of 2000 cm™}, in good
agreement with the theoretical stop gap in the I-Z direction
(gray bar). The large relative width of (Aw/w) = 27% confirms
that the crystal interacts strongly with light. The band gap is the-
oretically expected between 6800 and 8670 cm™' (hatched gray
bar). Therefore, we conclude that our CMOS-compatible fabrica-
tion process is compatible with nanophotonic applications.

One of the main driving forces for the fabrication of photonic
crystals is the realization of advanced waveguides and cavities
inside the photonic crystals."># Therefore we briefly discuss
the prospects for such functionalities in inverse-woodpile crys-
tals. A waveguide can be made by choosing not to etch one (or
more) pores in the crystal. A preliminary experiment using
focused-ion-beam milling revealed a promising structure.®
Moreover, theoretical studies have confirmed that one absent
pore has waveguiding capabilities.’”] A cavity is expected to
appear at the intersection of two orthogonal waveguides that
each consist of an absent pore. Theoretical calculations showed
that near such an intersection light is confined within a small
volume of order A3.138

5. Conclusion

We have fabricated 3D photonic band gap crystals with a cubic
diamond-like symmetry in a two-step process. These so-called
inverse-woodpile nanostructures consist of two perpendicular
sets of pores. The photonic band gap crystals were made in
single-crystal silicon by using CMOS-compatible methods. Both
sets of pores were made by deep reactive-ion etching and have
high aspect ratios. The second set of pores etched in macro-
porous silicon have an aspectratio of >11.7. The mask for the first
set of pores was defined in chromium by means of deep UV
scan-and-step technology. The mask for the second set of pores
was also defined in chromium and carefully placed at an angle
of 90° with respect to the direction of the first set of pores. The
alignment precision of the second set of pores was better than
30 nm. The second mask was patterned using a focused ion
beam. We characterized the crystals using scanning electron
microscopy and X-ray diffraction. We have made crystals with
pore radii between 135 and 186 nm, with lattice parameters
a = 686 nm and ¢ = 488 nm. By milling away slices of crystal,
we analyzed the pores in both directions in detail regarding
depth, radius, tapering, shape, and alignment. We demonstrate
by means of optical reflectivity that our crystals have broad

wileyonlinelibrary.com 29

“
G
F
F
>
v
m
~




-
™
s
[
-l
wl
=
™

30 wileyonlinelibrary.com

<
m

ww.afm-journal.de

reflectivity peaks in the near-infrared frequency range which
includes the telecommunication range. The strong reflectivity
confirms the high quality of the crystals. The widths of the
reflectivity peaks agree well with the calculated photonic band
structures.

6. Experimental Section

We used single-crystal silicon wafers (p-type, <100> oriented, double
side polished) with a diameter of 200 mm that were coated with a 50
nm thick chromium layer. On each wafer 60 segments were patterned
with deep UV step-and-scan lithography (ASML PAS5500/700).B% The
mask we used contained a pattern consisting of a centered rectangular
lattice of circular pores with lattice parameters a = 686 nm, ¢ = 488 nm,
and diameter 290 nm. This pattern was chosen because of its predicted
broad band gap in the near-infrared.

The patterned wafer was cleaved into pieces of approximately
2 x 2 cm?. Each piece was mounted on a 100 mm p-type silicon dummy
wafer and placed in a reactive-ion-etching machine (Adixen Alcatel
AMST00SE). Arrays of pores were etched by an optimized reactive-
ion-etching process that yields deep nanopores, as described in detail
elsewhere.[?l In brief, the etching process is a deep reactive-ion etching
(DRIE) process based on the Bosch protocol.?84% This process consists
of two alternating steps, where the first step is an etching step using
62 sccm SFg and the second step uses 200 sccm C,4Fg to laminate the
pore walls with a polymer layer as protection. In earlier work we found
that increasing the time duration of the protective step reduces the
sidewall erosion.*l The time duration of the protective step was varied
between 2 and 3 s, and the duration of the etching step was 3 s. In
all experiments the number of lamination and etching steps was 180.
During the etching process the substrate temperature was kept at 10 °C,
and the inductively coupled plasma power (ICP) was set to 1500 W. We
find that increasing the capacitively coupled plasma power raises the
sidewall erosion.3®l We set the CCP to 160 or 200 W (10 ms on, 90 ms
off), see Table 1. By varying the protective-step duration and the CCP,
seven different etching experiments were successfully performed.

After etching the first set of pores, the chromium mask was removed
using a commercially available aqueous Cr etching solution (LSI
Selectipur®). To obtain a 3D structure, a mask was placed on the cross-
section of the 2D structure as described in detail elsewhere.?®! In brief,
a crystal was cleaved to approximately 0.5 x 0.5 X 7 mm3, rotated by
90° and glued in slots in a silicon holder wafer using photoresist (Olin
908/35). The 2D photonic crystal and the holder wafer were coated with
a 50-nm thick chromium layer using electron gun evaporation (Balzers
BAK 600). The desired pattern was written in the chromium with a
focused ion beam (FEI Nova 600 dual beam apparatus). In the future, the
second pattern could also be written by, for instance, e-beam or deep UV
step-and-scan lithography. The second mask had the same structure as
the first mask. The second pattern contained typically 12 x 12 unit cells,
and was limited by the practical settings of the ion-beam workstation.
The second set of pores was etched in the same way as the first set
of pores. The sample was released from the holder wafer by dissolving

Table 1. Summary of parameter settings used for etching.

Parameter Setting

Etching step 62 sccm 3 s SFg

Protective step 200 sccm 2-3 s C4Fg

CCP power 160-200 W (10 ms on, 90 ms off)
ICP power 1500 W

Total etch duration 180 cycles

Substrate temperature 10°C
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the photoresist with ethanol. The chromium mask was removed with
chromium etch in the same way as the first mask.

To characterize the samples, we cleaved 2D samples to obtain cross-
sections of the pores. The cross-sections were characterized with an SEM
(LEO 1550 high-resolution) instrument. Pore depth and pore radius at
half of the depth were measured. Data from up to 10 pores per image
were analyzed and averaged. The top view and side view of the 3D inverse-
woodpile structures were also characterized with SEM. In addition, we
sacrificed a few crystals to investigate the interior. To this end, several
inverse woodpile crystals were opened slice by slice by focused-ion-beam
milling to analyze the internal 3D structures using SEM, similar previous
reports,?¥l see Appendix A in the Supporting Information. The error
margins of all experiments are determined by the uncertainty in the
measurements and the calibration accuracy (2% relative) of the SEM.

In these first experiments the pure processing time for one individual
silicon bar containing eight equal crystals is 30 hours. For two silicon
bars with different pore radii the time was 52 hours. Since the processing
time per silicon bar decreases with an increasing number of samples, we
feel that it would be reasonable to further reduce the processing time by
making the crystals in larger batches.

Wide-angle X-ray diffraction analysis was performed on a powder
diffractometer (Nonius PDS120) equipped with a CPS120 detector, using
a mean wavelength of A = 1.54184 A from a Cu ko generator. The X-ray
beam was collimated to a spot of 0.5 x 0.5 mm? with a maximum flux of
2% 10% counts s7'. Both an etched and a pristine sample were studied to
compare possible effects of the etching.

Optical-reflectivity experiments were performed with a dedicated
reflectivity setup that employed a super continuum white-light source
(Fianium SC-450-2) combined with a Fourier-transform spectrometer
(Biorad FTS 6000). The polarized light beam was focused to a diameter
of 1 um*" on the crystal with a 74x reflecting objective with a numerical
aperture of 0.65 (Ealing). The polarization of the reflected light was
analyzed. The reflectivity was calibrated by measuring reference spectra
before and after the measurements with a gold mirror.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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ORGANIC SINGLE CRYSTALLINE LASERS

On page 33, Jing Feng, Hong-Bo Sun, and co-workers
report the use of an interference ablation method to
fabricate an organic single-crystalline distributed feedback
laser. Organic single crystals are difficult to treat using
traditional fabrication methods because of their fragility
and sensitivity to organic solvents and this method resolves
these difficulties. The method may be applied to fabricate
high-quality organic devices based on the single-crystalline

materials. e
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Distributed Feedback Lasers Based on Thiophene/

Phenylene Co-Oligomer Single Crystals

Hong-Hua Fang, Ran Ding, Shi-Yang Lu, Jie Yang, Xu-Lin Zhang, Rui Yang, Jing Feng,*

Qi-Dai Chen, Jun-Feng Song, and Hong-Bo Sun*

Organic crystals have great potential for the applications in laser devices.
This article presents an effective approach for fabrication of distributed
feedback single crystal lasers. With the laser interference ablation method,
high quality grating structures have been fabricated on the organic single-
crystalline thin film materials. The relationship between the depth, periodicity,
and laser fluence is discussed. The optical properties, such as photolumines-
cence, and diffractive properties are studied in detail. With the appropriate
period, strong laser emission has been observed from these devices. Dis-

without any serious luminescence effi-
ciency decrease.'”>] Notable achieve-
ments on the amplified spontaneous
emission (ASE) have been attained in
a large number of crystalline mate-
rials.e221 For a laser device, resonator
structure is necessary to apply the posi-
tive optical feedback, which may reduce
the lasing threshold significantly. Within
this framework, several attempts were

tributed feedback lasing is demonstrated from the laser interference ablated

organic single crystals for the first time.

1. Introduction

Organic solid state lasers have attracted considerable atten-
tions because they have the potential to be tunable, flexible,
biocompatible, and easily integrated into plastic optoelec-
tronics.'-8 Optically pumped laser has been reported in a very
broad range of conjugated polymers and oligomers. However,
for the electrically pumped organic lasers, there still exist many
challenging problems to be resolved.>*!1 One is that the
organic devices have been damaged before the injected current
reaches the expected threshold current density (kA/cm? range)
for electrically driven lasing due to the low charge carrier
mobilities of the disordered amorphous materials. In the view
of carrier transport and charge injection, single crystalline
organic semiconductors are recognized as potential building
blocks for electrically pumped organic lasers. The long-range
order and high chemical purity in crystals make them intrin-
sically excellent in charge-carrier transport properties, whose
mobility could be significantly increased by three orders or
more from their amorphous phase to the single-crystal phase
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made to construct a resonator for crystals.
Examples include the use of naturally
formed cleaved facet as Fabry-Pérot reso-
nator,123-24 or the microcavities fabricated
with electron-beam (EB) lithography and
reactive ion etching.?>-?”l With the help of these resonators,
the lasing threshold could be reduced to half or a fifth of the
values observed for the bulk crystals.

As counterpart of cavity resonators, diffractive resonators,
such as distributed feedback (DFB),[?8-32] are extensively inves-
tigated. They can be readily incorporated into planar organic
semiconductor waveguides and allow surface emission. These
kinds of resonators have witnessed the great success in the
polymer materials. A variety of fabrication schemes have
been demonstrated to construct the DFB cavities, such as UV
embossing, nanoimprint lithography, soft lithography, liquid
imprinting, micromolding. Unfortunately, most of these
methods are limited to organic crystals, because they are gener-
ally sensitive to solvent and the fragility makes them difficult
to handle. As a dry method, laser ablation has been reported
to process the organic materials. Although it has been used to
fabricate polymer/amorphous organic DFB lasers,?23%l organic
crystal DFB laser has not been reported, as far as we know.

In this work, we have achieved distributed feedback laser
based on the organic single-crystalline thin film materials.
Diffractive resonators in the high-quality thin film crystals
could be easily fabricated with a one-step, noncontact, and dry
method — ultraviolet (UV) laser interference ablation (LIA).
Different periodic gratings with optical quality could be directly
formed in the crystals by changing the incident angle of the
interference beam. With the help of the right periodic structures,
distributed feedback (DFB) resonators were constructed in the
crystals to provide the feedback. In particular, we observed laser
emission with threshold of Ey, = 25 uJ cm™2 in the distributed
feedback resonators. More important, this method avoids both
the dissolution of organic crystals and the need of good-quality
end facets. This is a crucial aspect for future implementations
of high-yield production.
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2. Experimental Design

Figure 1 shows the experimental setup for the fabricating the
DFB structures. Firstly, UV-curable adhesive NOAG61 resist
was spin-coated to form about 100 nm thickness film on the
cleaned substrate. Then, the grown crystal plates were trans-
ferred from the quartz tube onto the substrate. The crystals
were then adhered onto the substrate under the UV irradiation.
After that, the prepared samples were exposed to the interfer-
ence pattern of high power laser and their surfaces were struc-
tured by two-beam laser interference patterning to achieve
line-like patterns on the surface. Their depth and periodicity
are controlled by the laser fluence and the angle between the
interfering laser beams. Under the UV excitation, the fluores-
cence from the crystals is waveguided in the higher refractive
index organic thin film crystals and gets scattered by the peri-
odic corrugations. If the period of the corrugations is suitable,
the scattered light from each corrugation can combine through
constructive interference to create a “Bragg scattered” wave that
also propagates within the film but in a different direction. The
DFB lasing occurs when the wavelength A of the light satisfies
the Bragg expression,

ZneffA = mh (1)
where A is the periodicity of the grating, m is the order
bragg refection, and n.g is the effective refractive index of the
waveguide, which is a geometrical average of the refractive
indices of the layers of the waveguide and can be calculated
through a solution of the Helmholtz wave equation for a planar
multilayer structure.
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Figure 1. Schematics of experimental setup for the laser interference abla-
tion (LIA). A 10 ns pulsed Nd:YAG laser (Quanta-Ray, Spectra Physics)
with wavelength of 355 nm is used as the laser source. The primary laser
beam was split into two coherent light beams (beams 1 and 2). The inter-
ference between beam 1 and 2 formed a grating pattern on the crystal
surface. The main fabrication process for the crystals include: growth of
thin film single crystal, transfer the crystals onto the substrate, LIA.
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3. Results and Discussion

3.1. The Characteristic of Grown Thin-Film Crystals

Amongst organic molecular semiconductors thiophene/
phenylene co-oligomers are counted as promising materials
because of their unique optoelectronic properties.[434-3¢]
Herein, crystals of a high hole mobility (0.66 cm? V-1 s7)
co-oligomers,?”l  2,2"-bithiophene,5,5-bis([1,1’-biphenyl]-4-yl)
(BP2T, see its structural formula in inset of Figure 2a) was used.
The single crystals were grown by physical vapor transport in a
flowing stream of argon (Figure S1 in the Supporting Informa-
tion). This enabled the BP2T single crystals to grow as large as
5 mm x 5 mm with thickness varying from 200 nm to 10 um.
Figure 2a shows the photograph of a typical thin plate crystal
under the daylight. The smooth surface morphology shown
in the scanning electron microscopy (SEM) image (Figure 2c)
suggests the high quality of grown crystals. The slab planes
exhibit molecular-scale flatness with steps of about 2.58 nm
(approximately 1 step per 2-5 um), as confirmed by atomic
force microscope (AFM) observations presented in Figure 2d.
This step size is about half the lattice constant (Figure 2e) of
5.3 nm for c-axis of a BP2T crystal (i.e., the length of a single
molecule). In the crystals of BP2T, molecules stand nearly per-
pendicular to the bottom crystal plane (i.e., the ab-plane), which
was confirmed by the X-ray diffraction pattern (Figure S2 in the
Supporting Information). According to the Bragg equation we
can calculate that the thickness of one BP2T molecular layer
is 2.54 nm, which corresponds to the height of one step in the
AFM image. The emissions in the crystals, therefore, tend to be
propagated as a waveguide mode along the slab crystal plane.
As shown in the Figure 2b, orange fluorescence emitted only
from the edges of the crystal without any emission from inside
at all. This shows that the excellence of the waveguide proper-
ties of BP2T crystals. If the effective refractive index of the slab
crystal is periodically modulated, both distributed feedback and
output coupling of the waveguide mode could be supported by
Bragg scattering, then distributed feedback lasing may occur
from these structured crystals.

3.2. Fabrication of Grating on the Crystals

For the fabrication of grating on the crystal surface, the primary
laser beam (355 nm) was split into two coherent light beams.
Interference between the beams formed a grating pattern
(Figure 1) on the crystal surface. The period (d) of the grating
pattern is determined by the wavelength (A) of the light and
the half angle (6) between the two incident beams through the
relationship d = A/2sin (6). During laser interference patterning,
the high-energy nanosecond laser selectively ablates the crystal
surface. The crystal located at the bright fringes of the interfer-
ence pattern is “vaporized” and removed, while the materials
at the dark fringes remains unchanged, forming the grating
structures on the crystal surface. Figure 3a, b shows the scan-
ning electron microscopy (SEM) images of cross section of an
ablated crystal after direct laser interference ablation. The sur-
face ablation depth (Ah) was approximately 230 nm, that is,

Adv. Funct. Mater. 2012, 22, 33-38
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Figure 2. a) Global view of a BP2T single crystal under the daylight. Inset: chemical structure of BP2T. b) Fluorescence photograph of BP2T crystal
under the UV light irradiation. c) Scanning electron microscope image of BP2T crystal. The ab-plane parallels the substrate plane. d) The surface profile
investigated by the AFM; and their cross-section analyses. e) Crystal packing of BP2T.

much deeper than that of conventional DFB gratings fabricated
on the polymers.

Experiments show that the pulse energy must exceed a cer-
tain threshold to achieve the removal of the materials at the
bright interference fringes. Variations of the laser-beam inten-
sity and processing time will result in change of the duty circle
and depth of the gratings (Figure S3 in Supporting Informa-
tion). Figure 3c shows an AFM image of the grating structure
(period of about 800 nm). The modulation depth is deeper than
200 nm. The modulation depth could be controlled by adjusting
the laser-beam intensity. Figure 3d shows the ablation depth as
a function of the laser fluence. Each data point was obtained by
averaging the ablation depth over the whole measurement area
(5 um x 5 um). The insets show three profiles of the patterned
BP2T crystal, which can be found that the higher the laser flu-
ence, the smaller the width, as well as the depth. It should be
noted that the ablation threshold is dependent on the crystal-
lographic orientation. For example, the threshold is below
0.26 W/cm? when grating vector is parallel to the a-axis, while
the threshold is much higher than this value. By controlling the
laser fluence and processing time, well structured gratings can
be produced.

3.3. Optical Properties of Crystal Gratings

In order to study the ablation effect on the optical properties
of the crystals, the absorption spectra and photoluminescence
quantum vyield (QY) the crystals before and after ablation
processes were comparably investigated. The results of the
absorbance measurements are presented in the Supporting
Information, Figure S6. Using fluence 0.3 W/cm?, no signifi-
cant absorption changes are detected. The QY for the ablated

Adv. Funct. Mater. 2012, 22, 33-38
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and unablated crystals, determined with an integrating sphere,
are 55% and 59%, respectively. Considering the measurement
error, it shows that no evident decrease in QY during the abla-
tion process. Thus we conclude that the optical properties of
the crystal are not significantly harmed by the ablation process.
Figure 4a shows the spectrum detected at normal to the
waveguide plane of the crystal with and without the fabricated
gratings. It is clear that the presence of the grating structure
drastically modifies the spontaneous emission. Bragg-scattered
spontaneous emission from the BP2T crystal waveguide appears
as two relatively narrow features in the output spectrum below
threshold when collecting light scattered at the angle of normal
incidence. The dip corresponds to the optical stop band of the
one dimensional grating.

A He-Ne laser (633 nm) was employed to irradiate the grating
(period 800 nm, depth 200nm). Its wavelength does not exhibit
any absorption. The incident angle of the beam was adjusted to
have the maximum intensity of the first diffracted line. Figure 4b
present the diffraction pattern when illuminated under the
He—Ne laser. Two diffraction orders (0 and *1) can be clearly
seen on the screen. The zero-order transmitted (Ip) and the
first-order diffracted (I;) lines of the reading beam, were used
for the calculation of the diffraction efficiency (DE), DE = I,/Ij.
The sinusoidal phase grating model was adopted for the theo-
retical diffraction efficiency analysis.[*®l The experimental DE is
about 27%, which is about 80% of that of theory value (33.8%).
Under the white illumination, we can see the white spot in the
centre of the screen which corresponds to image of the grating
in zero order of spectrum (Figure 4c). Diffracted color patterns
are formed on the left and right, corresponding to a spectral
composition of the light. These excellent diffraction proper-
ties demonstrates the optical-quality of the fabricated gratings,
showing great potential for high quality DFB lasers.
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Figure 3. a) Image of thin film crystals fabricated with 800 nm period
grating. b) Enlarged SEM image of side view. c¢) AFM images for the
topographies of laser interference ablation of BP2T crystals with laser
fluences 0.4 Wcm™2. d) The ablation depth as a function of laser fluence.
The insets are AFM profile images for representative data points.

3.4. Lasing Performance

The device (crystal thickness 1 um, modulation depth 115 nm,
period 640 nm) was excited by the 400 nm femtosecond pump
beam and the emission was collected by an optical fiber con-
nected to a spectrograph (Figure 5a). The emission spectra
were then recorded as a function of increasing pump power.
As the excitation pump energy is increased above a critical
threshold, strong yellow—green emission consisting of two arc
lines can be observed. Figure 5b shows photographs of one
of the arc lines emitted from the device, which is at an angle
of 30° normal to the plane of the crystal. Most of the laser
energy is focused in the center area of the spot. The wave-
length emission is centered at 565 nm with full width at half
maximum (FWHM) of ~1.5 nm (Figure 6a). PL intensity of
emission of a device as a function of the incident laser energy
intensity is shown in Figure 6b. The threshold is determined
to 25 pJ/cm?, which is 3 times lower than that (~75 pJ/cm?) of
unablated crystal, and more lower that the uniformly ablated
crystal (described in the Supporting Information, Figure S7).

To further confirm that it is DFB lasing, we have calculated
the Bragg diffraction wavelength Agy,g,. The refractive indices
of BP2T thin crystals are estimated on the basis of both
the thin-film interference in the reflectance spectrum and
crystal thickness (details can be found in Figure S4 and S5,
Supporting Information). The calculation of n.y is based on
three-layer planar waveguide model, in which ngy, = 1.80,
nnoast = 1.56, Nquar; = 1.46, 1y, = 1. We obtain neg = 1.73 at
565 nm for TE; mode and the m = 4. This was in good agree-
ment with the observed lasing wavelength, considering meas-
urement error of the refractive indices and the thickness of
the crystal layer.

The lasing wave are simultaneously diffracted by the grating,
where the outcoupled angle of lasing wavelength is defined:

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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nerpA(sine + sin0)= 14/= 0,1, 2 )
Combination of Equation (1) and (2) yields an expression for 6:*°)

!

sin@—z— 1,0e[%. 5] (3)

Here, | is the diffracted order and m is the order bragg
refection. The observed emissions in the Figure 5b (at an angle
of 30° normal to the plane of the waveguide) is consistent with
the lasing beam /=1 or 3.

4, Conclusions

In summary, we have fabricated high quality distributed feed-
back resonators in organic single-crystalline thin film materials
for the first time. Strong lasing emissions have been observed
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Figure 4. a) The absorption (Abs), photoluminescence spectra (PL),
Bragg-scattered spontaneous emission (with grating) and amplified
spontaneous emission (ASE) spectra of BP2T crystals. The photolumi-
nescence spectra and the Bragg-scattered spontaneous emission are
detected at an angle normal to the plane of crystals. The FWHM for ASE
spectrum is 9 nm. Inset: Iridescence color caused by the diffraction of
the fabricated grating (800 nm period) in the crystal. Diffraction patterns
of the prepared grating (800 nm period) irradiated by He-Ne laser beam
(b) and white light (c).
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Figure 5. a) Experimental setup used for characterization of organic single
crystal lasers. Inset: AFM images of the DFB and the sketch of directions
of out-of-plane scattering for DFB structures of m = 4. b) Photographs of
the operating single crystal laser based on 1D DFB structure.

from these devices. The lasing threshold in DFB resonators is
reduced by a factor of 3 in comparison with the ASE threshold
value of the BP2T film. The laser interference ablation method
proved a dry, low-cost and single-step technique, consisting of
short-time exposure of high power laser, enables mass fabrica-
tion of high quality single-crystal lasers based on DFB mecha-
nisms for active photonic devices. The combination of high
gain and high mobility organic crystals with laser interference
ablation techniques is a promising approach to organic semi-
conductor lasers.

5. Experimental Section

Crystal Growth and Preparation: The materials of BP2T were purchased
from Lumtec Corp., and was used without further purified. The single
crystals were grown in a horizontal physical vapor transport apparatus.
A quartz boat loaded with the BP2T powder was put into the center of
a quartz tube, which was inserted into the high temperature zone of the
tube furnace. An initial sublimation temperature at about 380 °C was
employed, while deposition temperature was set at 340 °C. High-purity
nitrogen was adopted as carrier and to prevent the organic materials
from being oxidized, and the gas flowing rate was kept at 100 mL/min.
The grown single crystals were hanged inside the growth tubes, and
could be taken out with tweezers easily. Then the high quality crystals
were chosen and adhered onto the substrate on which there is a layer of
UV-curable adhesive NOA61 resist (~100 nm thickness).
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Figure 6. a) Measured spectra of the lasing emission of the laser at dif-
ferent pump fluence, showing a center wavelength of about 565 nm and a
linewidth of about 1.5 nm. b) Output intensity as a function of the pump
fluence, indicating a pump threshold of about 25 uj cm=.

Laser Inference Ablation: In the experiment, A Nd-YAG nanosecond-
pulsed laser (Quanta-Ray Lab, Spectra Physics) was employed as the
coherent light source for the interference ablation. 355 nm radiations
were used, which is the third harmonic of its fundamental wavelength
(1064 nm). The laser power could be adjusted through the controller of
the laser and is monitored by a high damage threshold power meter. An
electromechanical shutter controls the exposure time. The samples were
loaded on the stage and exposed to the pulsed interference pattern. All
the experiments are performed in an ambient atmosphere environment.
A beam expander was used in the experiment so as to achieve uniform
fluence in the central patterned area.

Lasing Characteristics: The second harmonic generation (400nm) of a
regenerative amplifier (Spitfire, Spectra Physics) was used as the pump
source. The spot size of the pump laser on the samples was estimated
to be about 1 mm in radius. The pump pulse energy is controlled by
sending the laser beam through an attenuator wheel. The emitted light
was detected by the optical fiber and then dispersed to the spectrometer
connected with CCD.

Instrumentation: SEM images were obtained from a Jeol-7500F
microscope. Samples were coated with approximately 5-10 nm of
gold before imaging. The film thicknesses for BP2T crystals were
measured using a profilometer (Dektak 150), atomic force microscope
(Nanoscope llla scanning probe microscope and Nanonavi), and the
previously described SEM instrument. X-ray diffraction was carried
out on a Rigaku R-AXIS RAPID diffractometer (D/max-rA, using Cu
Koo radiation of wavelength 1.542 A). Optical absorption data were

wileyonlinelibrary.com

37

dadvd T1TInd



-
™
s
[
-l
wl
=
™

38 wileyonlinelibrary.com

www.afm-journal.de

collected with a Shimadzu UV-3600 spectrophotometer equipped with
an integrating sphere (in order to eliminate the scattering effect). The
photoluminescence quantum yields of the crystals were measured in an
integrated sphere.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Active Enzyme Nanocoatings Affect Settlement

of Balanus amphitrite Barnacle Cyprids

Mariana Tasso, Sheelagh L. Conlan, Anthony S. Clare,*

Balanus amphitrite cyprids produce complex adhesive substances that enable
their attachment to surfaces and impart a strong detachment resistance from
most immersed substrata. The colonization of man-made structures by bar-
nacle cyprids and other marine organisms is a troublesome and costly phe-
nomenon, for which controlling strategies are actively sought. In this work,
we expand previous investigations about the susceptibility of cyprid adhe-
sives to unpurified proteases in solution by evaluating the interplay between
these secreted biomolecules and a surface-confined purified protease. The
strategy involved the covalent immobilization of the enzyme Subtilisin A to
maleic anhydride copolymer thin films through the spontaneous reaction of
anhydride moieties with lysine side chains. This enabled the production of
bioactive layers of tunable enzyme surface concentration and activity, which
were utilized to systematically evaluate the effect of the immobilized enzyme
on cyprid settlement and exploratory behavior. Surfaces of increasing enzyme
activity displayed a gradual decrease in cyprid settlement levels (approaching
inhibition) as well as an increase in post-settlement adhesion failure (evi-
denced by significant numbers of detached metamorphosed individuals).
High activities of the bound enzyme also affected pre-settlement behavior of
cyprids, reducing the velocity and total distance moved while increasing the
amount and speed of meander compared to the controls. The here-reported
low enzyme surface concentrations found to be remarkably effective at
reducing cyprid settlement hold promise for the use of immobilized enzymes

and Carsten Werner*

1. Introduction

Biofouling describes the undesirable accu-
mulation of organic material and organ-
isms, from unicellular to invertebrate
species, on man-made surfaces.l Bio-
fouling is a worldwide problem affecting
a multitude of industrial processes and
products, including food processing,
medical devices, membrane separation,
cooling systems, and ships’ hulls. In the
marine environment alone, more than
4000 species of marine organisms are rec-
ognized as responsible for biofouling.?
Marine biofouling has been attacked from
different fronts, from deterring organisms
as they settle using biocides!**! to more
elaborate and environmentally-friendly
options based on the principle of ‘non-
stick’ or ‘fouling-release’ surfaces, which
do not jeopardize marine life.*]

Several marine organisms use proteina-
ceous adhesives to attach to surfaces.®!
Proteolytic enzymes are effective agents
against settlement of marine bacteria,
algae and invertebrates, their proposed
mode-of-action being the enzymatic deg-
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radation of the proteinaceous components
of the adhesives.’1* To date, research has
focused on either the use of commercial
preparations of proteases, which include
up to 80% additives (such as sorbitol and calcium formate)!*
or the incorporation of pure or commercial preparations into
potential antifouling paints and coatings.[">1%) Where commer-
cial preparations are employed, biological results are compro-
mised by the spurious effects of non-enzymatic components
and, in general, by the limited knowledge of the actual surface
concentration and activity of the enzyme. Hence, it is difficult
to draw conclusions about the impact of the soluble or matrix-
incorporated enzyme on the observed biological response.
Balanus amphitrite is a sub-tropical sessile crustacean con-
sidered to be a serious pest due to its rapid colonization of
immersed man-made objects and its widespread geographical
distribution throughout the sub-tropics.l'”:!® Barnacle cypris
larvae explore a surface by ‘walking’ using their paired anten-
nules bearing the attachment discs. In this exploratory phase,
cyprids are capable of detaching, leaving behind deposits of
temporary adhesive “footprints'’! that subsequently act as
signaling molecules to induce the settlement of additional
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cyprids.'”! On finding a suitable surface, the commitment to
settlement is accompanied by the release of proteinaceous
cement (cyprid permanent cement) that embeds the paired
antennules and cures within one to three hours to form a dis-
crete matrix.'”l The attached individual subsequently metamor-
phoses and develops into the calcified adult barnacle.'’”] As an
adult, a third, discrete adhesive is produced, which is renewable
and has 90% protein content.'® The adult cement forms a thin
disc between the basis of the adult barnacle and the surface to
which it is attached.[*8!

Cyprid temporary adhesive, required for exploration and set-
tlement by the larvae, is composed primarily of protein!'>2% and
is sensitive to hydrolysis by proteolytic serine proteases.”!#
Aldred et al.”) demonstrated that the mode-of-action of Alca-
lase® (a commercial preparation containing the protease Sub-
tilisin A) in preventing cyprid settlement was to degrade the
proteinaceous temporary adhesive rather than deterring them
from settling. The degradation of footprints was observed by
atomic force microscopy: footprints disappeared entirely within
30 min of exposure to the enzyme. Conversely (as also observed
by Pettitt et al.l'*), cyprid permanent cement, while initially sus-
ceptible, became resistant to attack by Alcalase® within 15 h of
release onto the substratum.

In this work, we aim to determine the susceptibility of the
adhesives produced by Balanus amphitrite cyprids to the puri-
fied enzyme Subtilisin A bound to polymer nanocoatings. Sub-
tilisin A (or Subtilisin Carlsberg; EC 3.4.21.62) is a well-studied
serine protease with high specificity for the hydrolysis of pro-
teins in aqueous media.’!! The extracellular alkaline protease
is produced by Bacillus licheniformis, has an average molecular
weight of 27,280 Da, and comprises 274 amino acids.??l The
protease was covalently-bound to poly(ethylene-alt-maleic anhy-
dride) copolymer films via the spontaneous reaction of anhy-
dride moieties with the lysine amine groups of the protein.l*!
Previous work showed that these bioactive layers were effec-
tive at reducing the adhesion strength of spores of the green
alga Ulva linza and cells of the diatom Navicula perminuta in a
manner that correlated with the enzyme surface concentration
and activity.?l The present study differs from the work carried
out on algae in that the functional surfaces presented to bar-
nacle, Balanus amphitrite, cypris larvae were of reduced enzyme
content, activity and thickness. Nevertheless, the immobilized
enzyme was able to interfere with settlement of cyprids and
their permanent fixation to the surface, whereas algal attach-
ment was not prevented. As for algae, a correlation between the
protein content of the cyprid adhesive(s) and the efficacy of the
immobilized enzyme is indicated.

2. Results
2.1. Characterization of the Bioactive Nanocoatings

The maleic anhydride (MA) copolymer thin films that provide
a platform for the immobilization of the protease Subtilisin A
have been extensively characterized regarding their physico-
chemical properties, both in dry and swollen states.?>28 The
structure and properties of enzyme-containing MA copolymer

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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films were recently investigated as a function of the polymer
carrier features and of the enzyme concentration used during
the immobilization process.?324

In this work, enzyme-containing coatings were developed
that permitted a reduction in enzyme surface concentration and
activity (compared to those described previously!?*?#) by using
enzyme concentrations in solution from 0.01 to 3 mg ml™! for
enzyme immobilization to poly(ethylene-alt-maleic anhydride)
films. Scheme 1 depicts the layered structure of the bioactive
surfaces, shows the enzyme layer thickness as a function of
the enzyme concentration in solution ([Es]) used for immobi-
lization, and includes two AFM amplitude images of the coat-
ings of lowest and highest enzyme layer thickness. Figure 1
shows the activity and surface concentration of these bioactive
layers in relation to [Es] and to the incubation time in artifi-
cial seawater (ASW*). The activity of the immobilized catalyst
increased with the protein content on the surface and appeared
more depleted than the latter after 48 h incubation in ASW*
(e.g., for [Es] = 3 mg ml™!, the residual activity after incubation
is 14% whereas the residual protein content reaches 46% -if
the means are considered-; similarly for [Es] = 0.25 mg ml™}).
Absorbance spectroscopy measurements of the incubation
solutions after 48 h revealed the absence of active enzyme in
the media (lack of absorbance at 405 nm when in the presence
of 50 vol% 0.2 mM Suc-AAPF-pNA in PBS). Furthermore, the
determination of protein concentration via absorbance spec-
troscopy at 280 and 555 nm (back-calculation of the protein
content from the fluorophore concentration) yielded values
below 200 ng ml™, i.e. below the detection limit of the equip-
ment (NanoDrop ND-1000, Wilmington, Delaware, USA), sug-
gesting the decrease in activity is likely due to denaturation
processes occurring during incubation in salty media, and not
to leaching.

The thickness of the enzyme layer bound to PEMA films
(Scheme 1) displayed an increase as the [Es] increased, which is
consistent with the protein content data. Thickness was in the
range 1-4 nm, indicating the presence of a monolayer (mean
diameter of Subtilisin A is 4.5 nm).[?%]

Static water contact angle measurements of non-aged sam-
ples, confirmed the hydrophilicity of the enzyme-containing
nanolayers, with water contact angles of 30° £ 5° for the active
coatings and of 45° £ 8° for the denatured ones (PEMA control =
27° £ 5°). AFM measurements of non-aged samples yielded
RMS roughness values of 0.55 + 0.2 nm without statistical differ-
ences between active and denatured coatings (PEMA control =
0.61 +0.16 nm).

2.2. Cyprid Settlement Assay

2.2.1. Inhibitory and Antifouling Effect of Subtilisin A in Solution

The effect of 0, 0.5, 1, or 1.5 pg ml~! Subtilisin A in ‘Tropic
Marin' artificial seawater (ASW) on cyprid settlement onto
MA surfaces after 24 and 48 h is presented in Figure 2. PEMA
and poly(octadecene-alt-maleic anhydride) (POMA) films
without bound enzyme were considered for these assays. Set-
tlement was inhibited on POMA coatings at all [Es] and incu-
bation times tested. Settlement levels on PEMA coatings were

Adv. Funct. Mater. 2012, 22, 39-47
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Scheme 1. Right panel: Schematic representation of the bioactive surfaces utilized in this work showing the enzyme surface immobilization strategy.
Left panel: Thickness of Subtilisin A bound to PEMA films as a function of the enzyme concentration in solution used during immobilization. Values
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Figure 1. Activity (filled symbol) and surface concentration (unfilled
symbol) of Subtilisin A bound to PEMA films as a function of the enzyme
concentration in solution used during immobilization. Values (mean+SD)
with and without incubation in artificial seawater for 48 h are presented

particularly high in the absence of Subtilisin A in solution.
When exposed to 1 and 1.5 ug ml™! enzyme in solution, set-
tlement on PEMA coatings was significantly reduced at both
24 and 48 h compared to the control (p < 0.001), whereas for
0.5 ug ml~! enzyme, settlement was only significantly reduced
at 24 h (p £0.01). Based on the observed inhibitory character of
the POMA films (p = 0.82), the further evaluation of the bioac-
tive coatings with barnacle cyprids was restricted to the use of
PEMA as platform for enzyme immobilization.
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2.2.2. Antifouling Potential of Immobilized Subtilisin A

Barnacle cyprids of Balanus amphitrite were exposed to
bioactive PEMA coatings of increasing activity and to the
respective denatured controls for 24 and 48 h to determine
settlement levels of these organisms on the test surfaces.
The mean settlement of cyprids displayed a significant

100 :]24h
™48 h
80
L
—
E 60
£
@ T PEMA
g
= 40
(4]
(0]
=
20
POMA
0 Z S g B3
0 0.5 1 1.5 0 0.5 1 15

Concentration of enzyme in solution / pg mI”

Figure 2. Mean settlement of Balanus amphitrite cyprids to POMA and
PEMA films in the presence of 0 (control), 0.5, 1, and 1.5 pug ml™" Sub-
tilisin A in ‘Tropic Marin’ artificial seawater. Settlement is expressed as
a percentage of the total number of cyprids dispensed on each sample.
White bars show settlement after 24 h, dark bars after 48 h. N = 6; error
bars =+ 95% confidence error intervals.
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Figure 3. A) Mean settlement of barnacle cyprids onto PEMA active coatings of increasing activity and the corresponding denatured controls. Settle-
ment is expressed as a percentage of the total number of cyprids dispensed on each sample. Settlement on the control PEMA coating was 43 £ 9.5%
after 24 h and 63.6 + 7.5% after 48 h. B) Percentage of cyprids metamorphosed and thereafter detached for PEMA active coatings of increasing activity
and the corresponding denatured controls. The percentage of detached cyprids is calculated as the relative fraction of detached individuals to the total
number of settled on each surface. The percentage of detached cyprids onto the PEMA control was 0% after 24 and 48 h. White bars show settlement
after 24 h, dark bars after 48 h. N =12 (active coatings) or 6 (denatured coatings); error bars =+ 95% confidence error intervals.

(p = 0.036) trend with respect to increasing the enzyme sur-
face activity (Figure 3A). At both incubation times, the number
of settled cyprids decreased with increasing activity; the cut-
off activity for action being of the order of 50 [pNa] min™!
10%. The denatured coatings were extensively fouled at both
incubation times, with no significant differences observed
(p 2 0.121). Excluding the case of the coating of lowest activity,
a significant difference in settlement between active and dena-
tured coatings of the same enzyme surface concentration was
observed after both incubation times (p < 0.05), clearly high-
lighting the inhibitory effect displayed by the immobilized
active enzyme.

The active immobilized enzyme not only inhibited settle-
ment, but also caused a fraction of settled (and metamor-
phosed) cyprids to detach from the surface (Figure 3B). The
percentage of detached cyprids (relative to the total number
of settled individuals) on the active coatings was signifi-
cantly higher than on the denatured controls for the two
highest activities (p < 0.043). Attachment of cyprids to the
denatured coatings was strong: less than 1% of the attached
and metamorphosed cyprids subsequently detached from
these surfaces in clear opposition to the pattern observed
for the active surfaces. The number of detached individ-
uals from the active slides displayed an apparent increase
with increasing enzyme surface activity, but the differences
were not significant (p = 0.05). However, even at the lowest
activity tested (i.e. 1.3 [pNa] min~! 103), the relative number
of detached individuals was higher than from the PEMA
control (0% at both times). It was noteworthy that detached
juveniles had a normal basis and were found to behave as
normal without any sign of compromise in their health and
viability (95% surviving after 14 days incubation with some
being able to re-attach to glass surfaces during the course of
their maintenance).

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2.2.3. Comparison Between Immobilized Enzyme and Equivalent
Amount of Enzyme in Solution

The amount of enzyme immobilized on the coating having the
highest activity (i.e., 63 [pNa] min~! 10%) compares to 1 pug ml™!
of enzyme in solution. Although the amount of enzyme is the
same in both cases, the activity of the soluble enzyme is higher
(750 [pNa] min~! 10% than the activity of the immobilized
enzyme (essentially due to the random immobilization strategy
employed). Unlike previous observations with spores of the
green alga Ulva and the diatom Navicula,?* immobilizing the
enzyme did not enhance the antisettlement effect compared to
the equivalent amount of enzyme in solution at any of the con-
sidered incubation times (p > 0.05) (Figure 4).

2.2.4. Tracking

As shown in Figure 5A, surface-bound enzyme reduced the total
distance moved by cyprids, although only the sample of highest
activity was significantly different from the blank PEMA control
(p = 0.005). Similar effects were observed for the mean velocity
(Figure 5B, p < 0.001). The mean angular velocity of cyprids
increased significantly at the highest activity (Figure 5D, p =
0.000), as did their meander (Figure 5C, p = 0.000). The total
turn angle, however, was not significantly different between
treatments (data not shown, p = 0.326).

3. Discussion

Our reported study aimed at exploring the antifouling poten-
tial of a surface-confined purified protease against Balanus
amphitrite barnacle cyprids. The bioactive coatings tested
had a similar structure but lower enzyme surface concentra-
tion, thickness, and activity than those employed in previous

Adv. Funct. Mater. 2012, 22, 39-47
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investigations with marine algae.?!l Preliminary assays with
barnacle cyprids revealed that changing the surface activity
from 63 to 489 [pNa] min~' 10* (same activity range as tested
for algae) had no influence on cyprid settlement after 48 h
(see supporting information, Figure S1). This result prompted
us to lower the surface activity of the immobilized enzyme to
the range 1.3-63 [pNa] min~' 10%, hypothesizing a depend-
ence between surface activity and cyprid settlement could thus
be made evident. The resulting bioactive coatings were essen-
tially monolayers (thickness of the immobilized enzyme layer
between 1 and 4 nm; values in the range of the average diam-
eter of the enzyme molecule (4.5 nm)?)). The layers exhib-
ited an increase in enzyme surface concentration and activity
for increasing concentrations of the enzyme in solution used
during immobilization. Exposure of the bioactive layers to arti-
ficial seawater (ASW*) for 48 h decreased both activity and pro-
tein concentration on the surfaces. If any enzyme was released
from the surface into the supernatant, it was inactive and hence
did not contribute to the digestion of the adhesive substances
secreted by cyprids during exploration and settlement. Dena-
turation and autolysis processes might explain these findings,
which stress the need to further improve the stability of the
layers, e.g. by oriented immobilization strategies.

In the whole range of enzyme surface concentrations tested,
nanorough, hydrophilic bioactive layers were obtained whose
surface roughness and wettability were essentially independent
of the protein content on the surface. This invariance in sur- o 13 & 3 e
face roughness and wettability over a range of enzyme surface Activity / [pNa] min" 10°
acFlVlty is crucial jto narrowing the spectru.m of Varlablelg 35}_12:[ Figure 5. A) Total distance moved, B) velocity, C) meander, and
might affect cyprid settlement and adhesion strengthl!7*0- D) angular velocity for barnacle cyprids exposed to active and denatured
and to analyze the cyprid-surface interaction mainly in terms of enzyme coatings of different activities. Bars show means + 95% confi-
the activity of the immobilized enzyme. dence error. The line connects medians.

Meander/degreescm’10°

Angular velocity / degrees s 10°
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The evaluation of the effect of increasing concentrations of
enzyme in solution ([Es]) on cyprid settlement using MA coat-
ings revealed the highly-inhibitory character of POMA films
in contrast to the highly-inductive character of its counterpart
PEMA. The inhibition of settlement observed for POMA films
in the absence of enzyme seemed to have pre-determined the
results found at other [Es]. As these coatings were not leached
prior to the assays, the release of inhibitory compounds from
POMA coatings cannot be excluded. However, the leaching of
inhibitory compounds appears unlikely because the chemicals
used for the preparation of POMA surfaces were the same
as for PEMA surfaces (for which no sign of inhibition was
observed). The settlement inhibition found on POMA films
may instead be associated with other surface-related inhibitory
features, such as their more hydrophobic character and/or dif-
ferent surface charge density.?'-*¥ In a comparative assay using
immobilized Subtilisin A on POMA films, in both active and
denatured forms, plus POMA and acid-washed glass controls
(Figure 6), all tested POMA-based surfaces were inhibitory to
settlement regardless of whether the enzyme was immobilized
to the POMA surface or not, or whether the bound-enzyme was
active or not. As with the enzyme in solution, the settlement-
inhibitory properties of the POMA layer may still have been
‘recognizable’ by cyprids, even when an enzyme monolayer
(thickness = 2.7 + 0.4 nm) was immobilized onto it in either
active or denatured form. These observations illustrate the
‘determining’ effect of the polymer carrier used for immobiliza-
tion, not only on the properties of the bound catalyst but also
on the resulting biological response.

For PEMA films, barnacle settlement was found to be
dependent on [Es]. The strong inductive character of the PEMA
control ([Es] = 0) vanished at [Es] = 1 pug ml~}, revealing that rel-
atively low [Es] are effective at deterring settlement of barnacle
cyprids onto PEMA even after 48 h incubation. These find-
ings are in agreement with previous studies by Pettitt et al.'
showing that Alcalase® (a commercial preparation whose

[ 124h
601 ™W48h

40+

20+

Mean settlement / %

Immobilized enzyme

0 J—& N N

POMA  Active Denatured Glass
Surface

Figure 6. Mean settlement of barnacle cyprids onto conditioned POMA,
POMA + bound Subtilisin A with activity 59.2+ 11 [pNa] min~" 10 (Active),
its denatured control (Denatured), and acid-washed glass. Settlement is
expressed as a percentage of the total number of cyprids dispensed on
each sample. White bars show settlement after 24 h, dark bars after 48 h.
N = 6, error bars = + 95% confidence error intervals.
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active component is Subtilisin A) had a minimum inhibitory
concentration of 1.1 ug ml~! for barnacle cyprid settlement onto
polystyrene well plates. The enzyme in solution might degrade
the temporary adhesive used by cyprids during exploration,
hence making it difficult for them to commit to settlement.
The enzyme is also known to target the cyprid permanent
cement (prior to curing), as demonstrated by Aldred et al.”! for
Alcalase.

Compared to previous work carried out with marine algae
using immobilized Subtilisin A,?* enzyme surface concentra-
tions and activities that proved effective against barnacle cyprid
settlement were much lower, suggesting that cyprid adhesive(s)
is more sensitive to the immobilized protease. Subtilisin A
bound to PEMA films steadily decreased the number of settled
cyprids on the surfaces with increasing surface concentration
and activity. The denatured controls were all highly-fouled, set-
tlement effects therefore being dependent on the presence of
active enzyme. An enzyme surface activity of ca. 50 [pNa] min~!
10° reduced settlement levels to ca. 5%; any further increase
in surface activity had no further influence (see supporting
information). The activity levels of the bound enzyme that sig-
nificantly reduced cyprid settlement were substantially lower
than the levels needed for Ulva linza zoospores (ca. 300 [pNa]
min~t 10%)24 or for Navicula perminuta diatom cells. No clear
explanation for this difference in sensitivity can be offered
based on available knowledge of cyprid adhesives. The cyprid
‘temporary adhesive’, involved in exploratory behavior,*17:19-20
and the cyprid cement, which fixes the larva permanently to
the substratum, are proteinaceous.l'”] The temporary adhesive
is thought to comprise a glycoprotein—the settlement-inducing
protein complex—which has 15% N-linked glycans, very similar
to the 17% N-linked glycanl®! composition reported for Ulva
sp.. On the other hand, the adhesive secreted by Navicula is
largely polysaccharide with minor fractions of protein.l337] So
while a higher protein content could explain a greater sensitivity
of both cyprid adhesives to Subtilisin A compared to Navicula
adhesive, and of cyprid cement compared to Ulva adhesive, this
explanation is unlikely to hold for the comparison of cyprid
temporary adhesive to Ulva adhesive. Furthermore, recent work
from Barlow et al.?® on adult cement has shown around 50%
of the adhesive to be made up of amyloid-like -sheet proteins.
Subtilisin A is highly effective in breaking down amyloid(*?40]
and while the available evidence suggests that the cyprid per-
manent cement and adult cement differ,/*'#*1l the pronounced
effect of Subtilisin A on cyprid permanent adhesion may point
to amyloid content in cyprid cement.

Together with the reduction in cyprid settlement at increasing
enzyme activity, an increasing number of individuals failed
to permanently attach to the bioactive layers. Individuals that
committed to settlement, secreted adhesives, and initiated met-
amorphosis most likely had their adhesion strength weakened
by the surface-bound enzyme, which ultimately resulted in
their detachment. This observation was supported by the near
absence (<3%) of detached cyprids from the denatured controls.
Detached individuals had a shape indicative of late stage meta-
morphosis, suggesting that adhesive failure may have occurred
during the movements associated with molting the cyprid exu-
vium. The lack of macroroughness or topographic features that
could have strengthened the attachment of cyprids may have
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also facilitated adhesive failure.% These individuals were found
to have mostly (ca. 80%) flat bases, suggesting contact with the
surface during final stage metamorphosis (individuals that molt
in the water column show abnormal rounded bases (SLC per-
sonal observation)). Detached individuals behaved as normal
without any sign of compromise in their health or viability.

The enzyme-containing PEMA surfaces tested appear to
affect the consolidation of adhesion of barnacle cyprids to the
substrate without permanently interfering with earlier behav-
iors (i.e. commitment to settlement and metamorphosis) nor
with the viability after detachment. These facts point to the
non-biocidal character of the bioactive PEMA layers, a highly-
appreciated feature in environmentally-friendly strategies for
fouling control.

When comparing immobilized with soluble enzyme at equal
amount, a similar antifouling response was obtained although
the activity of the soluble enzyme is higher (ca. one order of
magnitude) than that of the immobilized enzyme. The localiza-
tion of the immobilized enzyme at the interface between adhe-
sive and surface might have counterbalanced its lower activity
levels when compared to equal amount of enzyme in solution.
Possibly, the time-scale of the settlement process in barnacle
cyprids is long enough to allow the kinetically less-favored
immobilized enzyme to act effectively on the secreted adhesives
and/or to hinder the mechanisms of recognition of substrate
ligands required for successful settlement to occur.

Finally, when evaluating the behavioral pattern of cyprids
exposed to the coatings of highest and lowest surface activity
(and the corresponding controls), the observed reduction in
total distance moved and velocity in all tested coatings com-
pared to the blank control (PEMA) suggests that this effect was,
at least in part, due to the presence of protein on the surface
(i-e. enzyme in active or denatured form). Mean angular velocity
and meander were significantly increased in the highest activity
coating compared to all other treatments, clearly showing that
cyprid behavior was affected by the bound enzyme. This differs
from the effect of soluble Alcalase reported by Aldred et al.,!
where relatively high concentrations of the commercial enzyme
preparation had no effect on behavior. The increase in meander
is usually due to increased searching behavior, but observations
by eye suggested that some cyprids altered their swimming
behavior adopting a corkscrew-like pattern, while others were
relatively inactive, which on balance may explain the reduced
‘total distance moved'. In either case, cyprids experiencing nat-
ural hydrodynamic conditions rather than the static conditions
of the settlement assays, would likely return to the plankton
and, as future adhesion is not compromised, could attach to a
more favorable surface.

4, Conclusions

The covalent immobilization of the protease Subtilisin A to
PEMA copolymer films provided a suitable platform for the
evaluation of the interplay between the bound enzyme and
the adhesive substances secreted by Balanus amphitrite bar-
nacle cyprids. The bound enzyme appeared to affect the con-
solidation of adhesion of cyprids to the bioactive layers in a
manner that depends upon the surface activity. The postulated
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mode-of-action is based on the proteolytic degradation of the
adhesive substances secreted upon attachment that eventually
results in the detachment of already metamorphosed individ-
uals without further effects on their health or viability. Changes
in the swimming behavioral pattern of cyprids exposed to
high activities of the bound enzyme were also demonstrated.
Since the strong effects observed on settlement and adhesion
strength of barnacle cyprids were gained by using low amounts
of immobilized enzyme, the present study may prove valuable
in the design of antifouling surfaces that seek to incorporate
active, non-biocidal agents.*?!

5. Experimental Section

Reagents: Poly(octadecene-alt-maleic anhydride) (POMA) (MW =
30,000-50,000) was purchased from Polysciences Inc. (Warrington,
USA). Poly(ethylene-alt-maleic anhydride) (PEMA) (MW = 125,000)
was purchased from Aldrich (Munich, Germany). Subtilisin Carlsberg,
or Subtilisin A (alkaline protease from Bacillus licheniformis; type VIII;
E.C. no.: 3.4.21.62), N-succinyl-Ala-Ala-Pro-Phe-pNa (Suc-AAPF-pNA),
citric acid, 5 M sodium hydroxide solution (for molecular biology),
phosphate buffered saline (PBS) tablets, and sodium bicarbonate
were purchased from Sigma-Aldrich (St. Louis, USA). Tetrahydrofuran,
sodium sulphate, and dimethylsulfoxide (DMSO) were obtained from
Fluka (Steinheim, Germany). Hydrogen peroxide solution (35 vol%, not
stabilized), calcium chloride, and magnesium chloride hexahydrate were
purchased from Merck (Darmstadt, Germany). Ammonium hydroxide
solution (28-30 wt%), toluene and acetone were obtained from Acros
Organics (Geel, Belgium). Potassium chloride and sodium chloride were
purchased from Riedel-de Haen (Seelze, Germany). Ethanol and paraffin
wax were obtained from VWR International (Fontenay sous Bois, France).
3-aminopropyldimethylethoxysilane (97 vol%) was obtained from ABCR
GmbH (Karlsruhe, Germany). 5-(and-6)-carboxytetramethylrhodamine,
succinimidyl ester (5(6)-TAMRA, SE) mixed isomers was acquired
from Invitrogen (Eugene, Oregon, USA). PD-10 desalting columns
packed with Sephadex G-25 medium were obtained from GE Healthcare
(Buckinghamshire, UK). Glass coverslips (hydrolytic class 1) were
purchased from Menzel-Glizer (Braunschweig, Germany). Ultrasonically
cleaned microscope Nexterion Glass B slides were obtained from
SCHOTT (Jena, Germany). The Petri dishes (Steriplan) employed in
the tracking experiments were from Duran Group (Mainz, Germany).
P 96-well plates (Rotilabo, F-profile) were obtained from Carl Roth
GmbH (Karlsruhe, Germany). Quadriperm dishes were from Greiner
Bio-One Ltd. (Stonehouse, UK). De-ionized double distilled water
was obtained from a Milli-Q Gradient A10 water purification system
(Millipore (Molsheim, France)). ‘Tropic Marin’ artificial seawater (ASW)
from Tropic Marine Centre (Chorleywood, UK) was used at pH 8.0 and
3.3 w/v% salinity in all biological assays. Unless otherwise stated, all
chemicals were of the highest available grades.

Preparation of Bioactive Nanocoatings: Poly(ethylene-alt-maleic
anhydride) (PEMA) and poly(octadecene-alt-maleic anhydride) (POMA)
copolymer thin films were prepared as previously described.l?%26l
Briefly, glass and silicon coverslips (for the characterization assays) or
ultrasonically cleaned microscope glass slides and glass dishes (for the
biological assays) were sonicated in water and ethanol for 30 min, then
oxidized in a mixture of water:hydrogen peroxide:tammonia (volume
ratio 5:1:1) at 70 °C for 10 min, dried at 120 °C for 1 h and subsequently
modified with 3-aminopropyldimethylethoxysilane by exposure to
the compound in vapor phase overnight. The aminosilane-modified
samples were thereafter rinsed in toluene, dried at 120 °C for 1 h
and spin-coated with PEMA (0.15 wt% in THF:acetone (weight ratio
2:1)) or POMA (0.08 wt% in THF) solutions. Stable covalent binding
of the maleic anhydride copolymer film was achieved by annealing at
120 °C for 2 h to generate imide bonds with the underlying aminosilane
layer.
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Covalent immobilization of Subtilisin A onto freshly prepared
PEMA copolymer films was carried out by exposing the polymer layers
to varying concentrations of the enzyme in solution ([Es]). Enzyme
immobilization proceeded as disclosed in previous work?>24 although
departing from much lower enzyme concentrations (Subtilisin A was
dissolved in PBS, pH = 8.6 (adjusted with T and 5 M sodium hydroxide
solutions) at concentrations between 0.01 and 3 mg ml™). The reduction
in the enzyme concentrations used for immobilization was motivated by
the lack of a settlement trend with regard to enzyme surface activity in the
same activity range considered for marine algae (Figure S1, Supporting
Information). After overnight exposure to the enzyme solution, samples
were rinsed 10 times with distilled water and were thereafter either used
for assays or denatured. Denaturation of the active enzyme-containing
coatings was achieved by heating the samples at 120 °C for 45 min.

Characterization of the Bioactive Nanocoatings: The characterization
of the bioactive coatings utilized in the biological assays with barnacle
cyprids followed Tasso et al.?32% and involved the determination of
immobilized protein amount, enzyme layer thickness, catalytic activity,
stability upon incubation in aqueous media (aging), and surface
roughness and wettability.

Briefly, the thickness of the immobilized enzyme layer was determined
by single-wavelength ellipsometry (SE400, Sentech Instruments GmbH,
Berlin, Germany) of freshly-prepared coatings (to avoid dehydration)
using a five-layer model approximation (silicon/silicon dioxide/maleic
anhydride bound to aminosilane/enzyme/air) and a refractive index
for the enzyme layer of 1.375[3 (N = samples per condition = 4; m =
measurements per sample = 6). The surface concentration (i.e. amount
of immobilized enzyme per unit area) of aged and non-aged coatings
was evaluated by confocal Laser Scanning Microscopy (cLSM) (TCS
SPS5, Leica Microsystems, Wetzlar, Germany) using immobilized TAMRA-
labeled Subtilisin A and the previously-determined surface concentration
of the highest surface concentration coating (0.24 + 0.03 pg.cm22%)
as scaling factor (N = 4; m = 3). The activity of the enzyme-containing
coatings was determined by following the conversion of the substrate
Suc-AAPF-pNA into peptides and phenylnitroaniline (pNa) through
absorbance spectroscopy (TECAN Magellan GENios, Tecan, Austria) at
405 nm (N =5; m = 1). The stability of the enzyme-containing coatings
was assessed by evaluating the residual activity and surface concentration
of the bioactive layers after incubation in artificial sea water (ASW*) for
48 h at room temperature (see a previous reportl?#l for the composition
of ASW*). Atomic Force Microscopy (AFM) (MFP-3D, Asylum Research,
Santa Barbara, USA; scan size = 4 um) in tapping mode was employed
to determine the surface root mean square (RMS) roughness of the
coatings as freshly-prepared (N = 2; m = 2). Static water contact angles
(OCA30, Dataphysics Instruments GmbH, Filderstadt, Germany) of
active and control coatings were measured in air using de-ionized water
and utilized as an indicator of the surface wettability (N = 4; m = 3).
All characterization experiments (except for AFM) were run twice on
independent sample batches.

Balanus amphitrite (syn. Amphibalanus amphitrite!*) cyprids: Adult,
brood stock barnacles, supplied by Duke University Marine Lab, were
maintained as per Hellio et al.**] Nauplii were cultured and grown to the
cyprid stage as per Hellio et al.[*l Cyprids were stored for 3 days at 6 +
1°Cin 0.2 um filtered natural seawater prior to all assays.

Settlement Assay: The settlement assays with barnacle cyprids
concentrated on the effects of both soluble and surface-bound enzyme
on cyprid settlement. The general methodology of the ‘barnacle drop
settlement assay’ was as described elsewhere.[*!! Enzyme immobilization
was performed in situ and immediately before the assays to ensure the
properties of the biolayers were as characterized.

Assays determining the effect of soluble enzyme used the base maleic
anhydride (MA) coatings exposed to the enzyme buffer (PBS; pH = 8.6)
overnight. Slides were then placed into Quadriperm dishes and exposed
to a 1.5 ml drop of 0, 0.5, 1 or 1.5 pug ml™" of active enzyme in ‘Tropic
Marin’ artificial seawater (ASW) with 40 cyprids in each drop. Dishes
were incubated in the dark at high humidity and at 28 °C. Settlement
and mortality were enumerated at 24 and 48 h.
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The assays with immobilized enzyme used freshly-prepared active and
denatured samples (as previously described). These slides were carefully
dipped into paraffin wax along each edge of the slide to confine cyprids
to the central area of enzyme immobilization. This resulted in 3 distinct
areas: the central area with immobilized enzyme, the interface wax-
immobilized enzyme, and the wax area itself. Twelve (active coatings)
or six (denatured and PEMA control coatings) replicates of each
concentration were thus produced. Surfaces were thereafter placed in
Quadriperm dishes and exposed to a 1.5 ml drop of ASW containing 40
cyprids. Dishes were treated as in the previous experiment. At the end of
each incubation period (24 and 48 h), the total number of settled cyprids
was determined and their location noted (i.e. central, interfacial or wax
area). Any individuals that had settled on the wax were excluded from
data analysis. Larvae that did not settle after the 48 h experimental period
were observed for signs of abnormal behavior. During the experiments,
a number of settled individuals were found to detach from the bioactive
surfaces after having partially or fully metamorphosed. These detached
individuals were carefully removed after the 48 h enumeration and
kept for 2 weeks in ASW with two weekly changes of water and feeding
(Tetraselmis suecica), at which time any dead individuals were noted.

Settlement results are presented as mean percent settlement (i.e.
mean number of settled cyprids expressed as a percentage of the total
number of dispensed cyprids) with 95% confidence intervals. Normality
of the distribution was assessed by means of an Anderson Darling
normality test (Minitab v15.1.0.0, Minitab Ltd., Coventry, UK). Settlement
data were analyzed for statistical differences using the Kruskal-Wallis
method and a post-hoc Dunn’s test (GraphPad Prism v5.0, GraphPad
Software, San Diego, USA).

Tracking Assay: Tracking using EthoVision 3.1 software (www.
noldus.com) was carried out as per Marechal et al.*’l Thirty 3-day-old
cyprids were tracked for 5 min each on active layers (activities 1.3 and
63 [pNa] min~' 10%) and the respective denatured and PEMA controls.
Total distance moved, linear velocity, meander, total turn angle and
angular velocity were analyzed. Normality of the data was evaluated using
Anderson Darling (Minitab). Normal data underwent a one-way ANOVA
followed by post-hoc Tukey's test (Minitab). Otherwise, a Kruskall Wallis
test was carried out with a post-hoc Dunn’s test (GraphPad Prism v5.0).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Versatile o,w-Disubstituted Tetrathienoacene
Semiconductors for High Performance Organic Thin-Film

Transistors

Jangdae Youn, Peng-Yi Huang, Yu-Wen Huang, Ming-Chou Chen,* Yu-Jou Lin,
Hui Huang, Rocio Ponce Ortiz, Charlotte Stern, Ming-Che Chung, Chieh-Yuan Feng,
Liang-Hsiang Chen, Antonio Facchetti,* and Tobin J. Marks*

Facile one-pot [1 + 1 + 2] and [2 + 1 + 1] syntheses of thieno[3,2-b]-
thieno[2’,3":4,5]thieno[2,3-d]thiophene (tetrathienoacene; TTA) semiconduc-
tors are described which enable the efficient realization of a new TTA-based
series for organic thin-film transistors (OTFTs). For the perfluorophenyl end-
functionalized derivative DFP-TTA, the molecular structure is determined by
single-crystal X-ray diffraction. This material exhibits n-channel transport with
a mobility as high as 0.30 cm?V-'s™! and a high on-off ratio of 1.8 x 10’. Thus,
DFP-TTA has one of the highest electron mobilities of any fused thiophene
semiconductor yet discovered. For the phenyl-substituted analogue, DP-TTA,
p-channel transport is observed with a mobility as high as 0.21 cm?v-'s™.
For the 2-benzothiazolyl (BS-) containing derivative, DBS-TTA, p-channel
transport is still exhibited with a hole mobility close to 2 x 103 cm?v-'s".
Within this family, carrier mobility magnitudes are strongly dependent on the
semiconductor growth conditions and the gate dielectric surface treatment.

1. Introduction

Organic semiconductors have attracted growing attention over
the past decade due to their potential application in organic
thin-film transistors (OTFTs) for low cost/printable electronics,
such as flexible displays, RF-ID components, and e-papers.['~12
Compared with well-known organic semiconductors, such
as pentacenes!’> !l and anthradithiophene derivatives, /1618l
fused-thiophenes!!®-2!l offer the attraction of relatively higher
ambient stability originating from large band gaps, and good

charge transport properties, reflecting
extensive molecular conjugation and
strong intermolecular SeeeS interactions
which promote close molecular packing.
Several fused thiophene derivatives have
already been demonstrated to have good
p-type charge transport performance
(Figure 1). For example, those with three
fused thiophene units, compounds 122
and 2,2% and those with four thiophene-
fused units, 3,11 4,24 5 125 and 6/2°] exhibit
hole mobilities up to 0.42, 0.89, 0.14,
0.06, 0.70, and 2.75 cm? V! 571, respec-
tively. Furthermore, five-ring fused pen-
tacene analogs 71* and 81?8 achieve hole
mobilities of 0.51, and 1.7 cm? V71 57}
respectively. Relative to p-type fused thi-
ophenes, the potential of n-type fused
thiophene-based semiconductors has not
been fully explored until recently, and
then only for a limited range of materials.?*-3! One approach
to realizing electron transport in organic semiconductors is
to functionalize p-type semiconductors with strong electron-
withdrawing substituents, such as perfluoroaryl,??! carbonyl®*!
groups. Previously we investigated perfluorophenyl substi-
tuted dithieno[2,3-b:3’,2"-d]thiophene (DFP-DTT; 9) and per-
fluorobenzoyl (C¢FsCO) substituted DTTs (FBB-DTT; 10 and
DFB-DTT; 11). All three of these new DTTs exhibit decent elec-
tron mobilities, as high as 0.07, 0.03, and 0.003 cm? V! 57}
respectively, for vapor-deposited films.
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Figure 1. Several examples of fused thiophene organic semiconductors.

Following a molecular design strategy analogous to
DTTs, the fused tetrathiophene-based tetrathienoacene
(TTA) system, end-functionalized with electron-withdrawing
groups, is investigated in this contribution to better under-
stand correlations between molecular structure and n-type
TFT performance (Figure 2). To the best of our knowledge,
the first example of a TTA-based small molecule semicon-
ductor with a p-channel mobility of 0.14 cm? V7! s7! was
reported by Y. Liu et al. in 2009.1% The second TTA, end-
capped with styrenyl groups, was reported by the same team
in 2010 with a mobility of 0.06 cm? V™! s71.[24 Recently a
dicyanomethylene substituted fused tetrathienoquinoid was
reported with a good mobility of 0.9 cm? V-1 s7! after solu-
tion processing.?* Since then, no other TTA-based small
molecules have been reported, due to synthetic difficulties
in accessing the tetrathiophene core, which was obtained
in only 15 ~ 26% overall yield from reaction of 3-bromothi-
ophene and 3-bromothieno[3,2-b]thiophene.[!’]

To address this issue, we report here facile “one-pot”
[1+1+2]and [2 + 1 + 1] syntheses of TTA. Compared to the
previous synthetic routes, this one-pot synthesis offers a more

DFP-TTA

DBTDT (8)

DP-TTA

DFB-DTT(11)

efficient route to obtain tetrathiophene cores at a low cost. Fur-
thermore, we show that TTA can also be generated in a reverse
[2 + 1 + 1] order, unprecedented in TTA chemistry. With the
help of electron-withdrawing groups, this TTA core is shown to
achieve good n-type charge transport in OTFT devices. The per-
fluorophenyl end-functionalized derivative DFP-TTA exhibits
n-channel transport with a mobility as high as 0.30 cm? V-1s7},
rendering it one of the highest performing n-type semiconduc-
tors among fused thiophenes reported to date. Two other TTA
derivatives are synthesized to better understand molecular
structure-device performance relationships. Phenyl-substituted
derivative DP-TTA and the 2-benzothiazolyl (BS-) containing
derivative DBS-TTA exhibit p-channel transport with mobilities
as high as 0.21 cm? V= s and 0.002 cm? V-! s71, respectively.
Materials properties such as crystal structure, HOMO-LUMO
localization/energetics, and film microstructure are discussed
and compared/contrasted with the DTT analogs (Figure S1).
In addition, film growth conditions including substrate tem-
perature, and dielectric surface treatment are investigated and
shown to strongly influence TFT device response in a readily
understandable way.

)
S S N
N f\ / \ / N
S S
v

DBS-TTA

Figure 2. Chemical structures of the tetrathienoacene (TTA) derivatives synthesized in this study.
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One pot [1 +1 + 2] Li s generated in situ from 3-bromothienothiophene,
m s s synthesized as shown in Scheme S1.37:38 Without

B 1.nBuli S * duct isolation, the crude mixture is subse-

Ts s X I\ ) product isolation, the crude mixture is subse

[\ 2.8, / 5. n-BuLi s s quently dilithiated with n-Buli and ring closure is
s 3. TsCl S 6. CuCl, achieved with CuCl, to afford TTA in >27% yield.
TTA An alternative/reversed one-pot [2 + 1 + 1] syn-

One pot[2 +1 + 1] Li thesis of TTA was also explored and offers a com-
_ 4 2/ \ s s parable yield (~22%).3% For comparison, TTA was

S Br_ 1. mBuli S Sspe 87 I\ /J \ / prepared following the known fused thiophene
\ / \ 2.8 \ 7\ 5. n-BuLi s S synthetic route in which 3-bromothiophene is
S 3. TsCl s 6. CuCl, A first ring-fused*” and then brominated to give

Scheme 1. One-pot [1+ 1+ 2] and [2 + 1 + 1] synthetic routes to the TTA core.

2. Results and Discussion

In this section we first describe the synthesis of the new semi-
conductors, followed by molecular characterization. Next, we
examine details of the solid state packing, and the microstruc-
ture of the vapor-deposited films based on X-ray diffraction data.
Finally, we discuss thin-film transistor characterization and cor-
relate the results with semiconductor film morphology, such as
crystalline domain size, surface coverage, and nucleation den-
sity at the semiconductor-dielectric interfacial region.

2.1. Synthesis

Since the key building block in this investigation is the
tetrathiophene-fused core, a one-pot [1 + 1 + 2] synthesis of
TTA was first explored. Our new approach originates from inex-
pensive, commercially available materials and dispenses with
the requirement of expensive bis(phenyl-sulfonyl)sulfide, which
is conventionally used in the fused-thiophene syntheses,**-3’]
and the results for TTA derivatives are much shorter synthetic
times with comparable yields. For this one-pot synthesis,
3-bromothiophene is first lithiated with »-Buli, followed
first by Sg and then by TsCl addition, as shown in Scheme 1.
Next, the mixture is treated with 3-lithiumthienothiophene,

Br

2,3,5,6-tetrabromothieno[3,2-bJthiophene, then double
ring-fused, following a known TTA synthetic
route,!l to afford tetrathienoacene in an total yield
of 16% (Scheme 2). Undoubtedly, the latter route is much more
time-consuming and labor-intensive compared to the one-pot
synthetic route developed here.

Since perfluorophenyl functionalization is likely to result in
good candidates for n-channel semiconductors, the synthesis of
CgFs-functionalized TTA (DFP-TTA) was explored and achieved
in a yield of 75% via Stille coupling (Scheme 3). For compar-
ison, DP-TTA was also prepared via Stille coupling and the yield
is comparable to the Suzuki coupling approach (Scheme 3).
More conjugated benzothiazolyl substituents, in addition to
contributing the electron-withdrawing capacity of the carbonyl
group (C = O), tend to form planar molecular structures,*?!
thus possibly resulting in lower-lying LUMOs, and hence pos-
sible n-channel transport. Therefore, 2-benzothiazolyl (BS-)
end-capped DBS-TTA was prepared and achieved in a yield of
~51% by refluxing 2-aminobenzenethiol with TTA-(COCI),. The
later was generated in situ by refluxing TTA-(COOH),*!! with
SOCl, in situ as shown in Scheme 4.

2.2. Semiconductor Thermal and Optical Properties

The three TTA-based materials synthesized in this study are
thermally stable and lack any detectable phase transitions at low

LDA/THF HSCH,CO,Et S 10% NaOH
14 \S — o ——————  \/ >
S N-Formylpiperidine K,CO4 s COOEt
82% 71%
B _S<_er N-BuLi/THF Br S___cHo
-
(—Z_X B — B,
COOH AcOH Br s 5 N-Formylpiperidine OHC s -
5% 85% 79%
HSCHZCOZEt coogt  10% NaOH s S.__COOH
——
/ \ / \ / I\ [ \ 1/
K2003 EtOOC HOOC™ g s
77% 97%
c S S
u
Quinol I\ \
uinoline s s

58%

Scheme 2. Synthesis of tetrathienoacene from 3-bromothiophene.
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m 1. n-BuLi, BuySnCl / THF

I N[ \_/

2. Ar-Br, Pd(PPh

s s ( 3)4
TTA

Scheme 3. Synthetic route to DFP-TTA and DP-TTA.

temperatures, indicating they are suitable for TFT fabrication.
As might be expected, the highest molecular weight compound,
DBS-TTA, exhibits the highest melting point and TGA weight
loss temperature. For DFP-TTA and DP-TTA, differential scan-
ning calorimetry (DSC) does not reveal obvious endothermic
features at temperatures below 280 °C. The thermogravimetric
analysis data indicate weight loss (5%) only on heating above
330 °C, as summarized in Table 1. Note that the present TTA
compounds have significantly higher melting points and higher
weight loss temperatures in comparison to their DTT analogs,
DFP-DTT, DP-DTT, and DBS-DTT (Figure S1). Interestingly, with
perfluorophenyl groups end-capping the TTA core, DFP-TTA has
a lower melting point and a lower weight loss temperature than
its nonfluorinated analogue, DP-TTA, and exhibits higher vola-
tility, doubtless due to the perfluoroaryl substituents.3031

The optical absorption spectra of the TTA compounds in
0-C¢H,Cl, are significantly red-shifted versus their DTT analogs
as shown in Figure 3, verifying the smaller band gaps of TTA com-
pounds than their DTT analogs. As expected, the benzothiazolyl-
substituted derivative, DBS-TTA, exhibits the smallest energy
gap among the compounds in this study, arguing that the

Scheme 4. Synthetic route to DBS-TTA.

s s =\ Rs
AW AYAW,
— S S
R =F; DFP-TTA
R =H; DP-TTA

delocalization extends from the TTA (or DTT) core to the two
benzothiazolyl substituents. Interestingly, derivatives with
C¢Fs- substituents exhibit slightly blue-shifted absorptions
versus those with C¢H5 substituents in both the TTA and DTT
series, as seen in DFP-TTA (A, ~ 384 nm) vs. DP-DTT (A, ~
389 nm) and DFP-DTT (A, ~ 367 nm) vs. DP-DTT (A, ~
373 nm). The HOMO-LUMO energy gaps calculated from the
onset of the optical absorption (2.6-3.1 eV) increase in the
order: DBS-TTA < DP-TTA < DFP-TTA as well as DBS-DTT <
DP-DTT < DFP-DTT, as shown in Table 1.

These results seem contradictory at first glance considering
well-known electron-withdrawing group (EWG) effects that
typically red-shift absorption maxima in optical spectra.[>->%
However, the present DPV and DFT studies (See more below)
reveal that the electron-withdrawing C¢F5 group lowers both the
HOMO and LUMO, also consistent with known EWG effects.
Moreover, the HOMO levels of DFP-TTA and DFP-DTT are low-
ered versus DP-TTA and DP-DTT with respect to their LUMOs.
Consequently, the energy gaps for C¢Fs- substituted deriva-
tives DFP-TTA and DFP-DTT become slightly larger, thereby
explaining the slightly blue-shifted absorption maxima.

o
S S.

cl I\ ] \ “

B S

TTA-(COCI),

Table 1. Thermal, optical, and electrochemical comparison of the properties of TTA and DTT compounds.

Compound DsC TGA UV-vis® Reduction Potential ~Oxidation Potential AEgap(eV)
Tm(°C) (°C, 5%) Amax (nm) )9 (V) (Optical)) (DPV)?

DFP-TTA 280 330 384 -1.66 1.46 2.93 3.12
DP-TTA 280°) 37 389 -1.94 1.15 2.87 3.09
DBS-TTA 442 443 426,451 —-1.48 1.35 2.60 2.83
DFP-DTT 258 270 367 -1.62 1.64 3.06 3.26
DP-DTT 290 394 373 -1.95 1.21 3.02 3.16
DBS-DTT 262 388 417,441 -1.46 1.47 2.69 2.93

Asee ref. 19; Din 0-CgH4Cly; Vby DPV in 0-CgH4C1, at 25 °C (using ferrocene/ferrocenium as internal standard, set at +0.60 V).
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Figure 3. Optical spectra of TTA compounds (solid lines) and DDT com-
pounds (dashed lines) in 0-CgH,Cl, solution.

The photooxidative stability of the present TTA derivatives was
investigated by monitoring the absorbance decay at 4., in aer-
ated CHCI; solutions exposed to white light (fluorescent lamp)
at room temperature. Under these conditions over the course of
3 days, no decomposition is observed for any of these com-
pounds, demonstrating the photo-oxidative stability of these
materials.

2.3. Electrochemical Characterization

Differential pulse voltammograms (DPVs) of the TTA com-
pounds were recorded in dichlorobenzene at 25 °C, and the
resulting reductive and oxidative potential data are summarized
in Table 1.°Y The electrochemically-derived HOMO levels of the
TTAs are significantly up-shifted versus their DTT analogs as
shown in Figure 4. More 7-electron delocalization is observed for
the fused-tetrathiophene TTA system than for the DTTs, and the
HOMO-LUMO energy gaps of the TTAs obtained from the DPV
data are smaller than those of their DTT analogs. For C¢Fs- sub-
stituted DFP-TTA, the electron affinity increases with the larger
number of fluoroaryl rings, and fluoroaryl substitution in DFP-
TTA strongly lowers both the HOMO and LUMO energies versus
those in DP-TTA. Similar trends are observed for DFP-DTT com-
pared to its nonfluorinated derivative DP-DTT. The DPV of DFP-
TTA exhibits an oxidative peak at +1.46 V and a reductive peak at
—1.66 V (using ferrocene/ferrocenium as the internal standard,
set at +0.60 V). For comparison, the oxidation and reduction
potentials of DP-TTA (E,, = +1.15 V, Eoq = —1.94 V) are shifted
to more negative values, which can be attributed to the electron-
withdrawing effects of the perfluorophenyl substituents. Similarly,
the benzothiazolyl substitution in compound DBS-TTA (E,, =
+1.35V, E,oq = —1.48 V) strongly shifts the HOMO and LUMO
energies to higher values compared to DP-TTA, and induces the
most extensive m-electron delocalization within the TTA series,
and also has the smallest band gap. The HOMO-LUMO energy
gaps obtained from the DPV data are 3.12 eV for DFP-TTA,
3.09 eV for DP-TTA, and 2.83 eV for DBS-TTA (assuming fer-
rocene/ferrocenium oxidation at 4.8 eV).233 Overall, the electro-
chemically-derived HOMO-LUMO energy gaps can be ranked in

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. The electrochemically-derived HOMO and LUMO energy levels
of TTA and DTT molecules.

the order DBS-TTA < DP-TTA < DFP-TTA (as well as DBS-DTT <
DP-DTT < DFP-DTT; Table 1, Figure 4), which is consistent with
the values obtained from optical spectroscopy.

It is interesting to highlight the different effects of the two
electron-deficient end-groups on the HOMO and LUMO ener-
gies. While the perfluorophenyl substituents lower both frontier
orbital energies due to almost identical contribution of the per-
fluorophenylunitstoboth HOMO and LUMO orbitals (Figure S2),
benzothianolyl substitution lowers the LUMO energy to a far
greater extent than the HOMO. Note that despite the fact that
both substituents are formally electron-withdrawing groups,
the nature of their effects differs substantially; for the perfluor-
ophenyl substituents a o-(-I) isomeric effect is expected versus a
m-mediated mesomeric (-M) electron-withdrawing effect for the
benzothianolyl substitution.™? These different effects explain
the rather different modulations of the frontier MO energies,
and may result in very different electrical behavior. Further-
more, if we analyze the theoretical charge distributions on both
neutral DFP-TTA and DBS-TTA molecules (see Figure S2 in
Supporting Information) we observe that the atoms bearing the
greatest negative charge in DBS-TTA are the nitrogen atoms,
with negative charges of —0.518 e. each. Furthermore, the sulfur
atoms in the benzothianolyl group bear a much less positive
charge than in the corresponding thiophene rings (Figure S2),
underscoring the electron-deficient character of the lateral sub-
stituent sulfur atoms. These two electron-deficient atoms are
involved to a greater extent in the LUMO (as evidenced in the
frontier orbital topologies in Figure S2) than in the HOMO,
which explains the unequal destabilization of both frontier
orbitals as discussed above. In contrast, the negative charge on
the electron-withdrawing perfluorophenyl substituents is local-
ized on the fluorine atoms, which are equally involved in both
the HOMO and LUMO topologies (Figure S2), in agreement
with the equal stabilization of both orbitals discussed above.

2.4. Semiconductor Solid State and Thin-Film Structure

Thin films of the new semiconductors were vapor-deposited
with the goal of investigating the thin-film microstructure
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and morphology for TFT device fabrication. The morphology/
TFT properties of the TTA films were investigated on doped Si
(gate)/SiO, (gate insulator) substrates with several different gate
dielectric surface treatments. Hexamethyldisilazane (HMDS)-
modified substrates were prepared by exposing the Si/SiO,
substrates to HMDS vapor for 7 days in a nitrogen atmosphere
to yield a trimethylsilyl-coated surface. Octadecyltrichlorosilane
(OTS)-modified substrates were fabricated by immersion of the
Si/SiO, substrates in 3.0 mM hexane solutions of the silane
reagent in air for 1 hour after 10 hours of solution aging under
55-60% of relative humidity. All substrates were characterized
by advancing aqueous contact angle measurements, which
indicate increasing hydrophobicity in the order: SiO, (28°) <
HMDS (95°) < OTS (104°). Additionally, the surface rough-
nesses were evaluated by tapping mode atomic force micro-
scopy (AFM), revealing a root-mean square (RMS) roughness
of 0.15 nm for SiO,, 0.20 nm for HMDS, and 0.35 nm for OTS.
All semiconductor films (~50 nm thick) were vapor-deposited
while maintaining the substrates at the temperatures (Tps) of
25, 50, and 110 °C, and with a film growth rate of 0.1 A/s. All
films were characterized by 6-26 X-ray diffraction (XRD) scans
and tapping mode AFM.

Before discussing the XRD results for the TTA films, it is
useful to begin by correlating film X-ray 6-26 scan data with
a compound of known crystal structure. This initial examina-
tion allows a much more thorough analysis of the molecular
ordering in the solid film. The perfluorinated TTA derivative
DFP-TTA crystallizes in the monoclinic space group P2,/c.
The unit cell packing viewed perpendicular to the molecular
stacking direction is illustrated in Figure 5B, and along the
c-axis in Figure 5C.

Similar to other fused thiophenes, the unit cell of DFP-TTA
exhibits a commonly observed herringbone packing motif with

10.2°

A

19.7A

DFP-TTA

www.afm-journal.de

cell parameters, a = 28.500 A, b = 3.9449 A, ¢ = 11.3467 A,
o =90.00°, B =91.014° y=90.00°, and Z = 2 (Figure 5). The
fluorinated phenyl moiety is slightly twisted from the plane
of the fused tetrathiophene core, with a dihedral angle of
10.2° (Figure 5B). The cofacial stacking distance between TTA
cores is 3.59 A (Figure 5B), and the shortest intermolecular
sulfuresssulfur contact is 3.58 A (Figure 5C). This planar mole-
cular structure, short packing distances, and high crystal den-
sity (2.086 gcm™3) suggest ideal conditions to achieve significant
charge transport in solid films. In general, DFP-DTTBY exhibits
a very similar crystal structure to DFP-TTA. This latter molecule
also has a typical herringbone packing with cell parameters, a =
11.7702 A, b=37.048 A, c=3.8830 A, o= 90.00°, B=90.000°, y=
90.00°, and Z = 4 (Figure S3) and the perfluorophenyl groups are
slightly twisted by 11.1° from the DTT core plane (Figure S3B).
The stacking distance between planar DTT cores is 3.60 A
(Figure S3B) with a shortest intermolecular sulfur-to-sulfur dis-
tance of 3.48 A (Figure S3C). In addition, the slipping angle of
the DFP-DTT stack is 68° similar to 65° in DFP-TTA. It is well
known that the herringbone motif is the result of pulling two
adjacent molecular stacks together with a roll angle in the oppo-
site direction.’> When the slipping angle is larger, the overlap
of the m-conjugated cores is substantially increased along the
stacking direction. Since their slipping angle is almost identical,
the degree of spacial overlap between adjacent z-conjugated
cores depends on the core sizes of molecules. The effect of the
greater core size in the DFP-TTA versus that in DFP-DTT is
reflected in more efficient charge transport properties for the
corresponding thin film transistors (see more below).

With the crystal structure data in hand, it is straightforward
to simulate the XRD powder pattern and therefore assign the
reflections observed in the thin film XRD measurements. Thus,
d spacings calculated from the XRD data, and the molecular

Figure 5. Crystal structure of DFP-TTA (A) molecular length of DFP-TTA=19.7 A, (B) slipping angle of adjacent TTA cores = 65°; cofacial distance between
TTA cores = 3.59 A; torsion angle between core and perfluorophenyl plane = 10.2° (C) the shortest intermolecular sulfur - sulfur distance = 3.58 A.
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Table 2. Film microstructural parameters for TTA and DTT molecular systems.

Compound Substrate 26 (°) d-spacing (A) Molecular length (A)
temperature (°C) Film XRD DFT calc. Single crystal data

DFP-TTA 25,50 4.3 20.7 19.8 19.7
DP-TTA 25,50 4.6 19.4 17.3 NA?
DBS-TTA 25,50,110 3.8 233 22.8 NA
DFP-DTT 25,50 4.7 18.8 17.5 17.4
DP-DTT 25,70 2.6 16.9 17.0 NA
DBS-DTT 25,70, 90 4.2 21.0 20.5 NA

4INot available

lengths computed from the geometry optimization and the
single-crystal structure analysis are summarized in Table 2.
Figure 6 shows a graphical comparison of the experimental
and simulated data, with a 20 scan of a DFP-TTA film grown
at Tp = 50 °C on an OTS-coated substrate, and a powder pat-
tern generated from the single-crystal data. The (h 0 0) reflec-
tion family is particularly pronounced, from (1 0 0) to (6 0 0).
The (1 0 0) reflection in the film XRD is observed at 26 = 4.25°,
corresponding to a d spacing of 20.7 A (Table 2), approximately
the length of the unit cell a axis. This indicates that the films
are highly textured and that DPF-TTA molecules in the films
are predominantly aligned with their long molecular axes along
the substrate normal; that is, film growth is favored in the a
direction. It is also apparent that higher deposition tempera-
tures (Tp) make this a-directional alignment even more favo-
rable, as indicated by sharpening and increased intensity of the
(h 0 0) reflections in the 6-20 scans of the corresponding films
of the same thickness (Figure S4, Supporting Information).

In general, both TTA and DTT molecular types appear to be
aligned approximately vertically at the semiconductor-dielectric
interface since none of the d spacings is smaller than molec-
ular lengths (Table 2). The slight estimated size difference
between TTA and DTT may reflect the intrinsic inaccuracies of
the method. This edge-on type molecular arrangement is well
known to promote optimum charge transport in organic TFT
devices. Over the entire Tp, range examined here, the TTA films
deposited on OTS substrates exhibit reflections having the
same 26 values (Figure S4). As the deposition temperature (Tp)
is increased, the peaks become sharper and their intensities
increase. The consistency in reflection positions indicates the
presence of a single polymorph and growth orientation across
the Tp range. The increase in relative intensity of the higher
order peaks on going from room temperature to higher growth
temperatures indicates enhanced long range order. The effect
of surface treatment is not as obvious as the effect of substrate
temperature on the XRD data (Figure S5).

2.5. Organic Thin Film Transistor Fabrication
and Characterization

Thin film transistors were fabricated in bottom gate-top con-
tact configurations. Highly doped p-type (100) silicon wafers
were used as gate electrodes as well as substrates, and 300 nm
thermally grown SiO, on the Si was used as the gate insulator.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Organic semiconductor thin films (50 nm) were vapor-deposited
onto the Si/SiO,, HMDS-treated, and OTS-treated substrates as
described previously. Then, 50 nm gold source and drain elec-
trodes were vapor-deposited at 2 X 107° Torr through a shadow
mask in a high vacuum deposition chamber. Devices were fabri-
cated with typical channel lengths of 100 um and a channel width
of 2000 um. Current-voltage (I-V) transfer and output plots were
measured for each device under vacuum and in air. To illustrate
the precision of each measurement, the reported data are an
average of at least five devices tested on different regions of the
semiconductor film. Key device performance parameters such as
field-effect carrier mobility (u), threshold voltage (Vy), and on-to-
off current ratio (I,,/I,g), were extracted using standard proce-
dures.® The results are summarized in Table 3.

DFP-TTA and DFP-DTT exhibit good n-type charge transport.
DFP-TTA exhibits electron mobility i, = 0.30 cm? V! s7! and
Lon/Iop= 2.9 X 107 for films grown on an OTS-coated substrate
at 25 °C (Figure 7A, B). DFP-DTT exhibits y. = 0.05 cm? V157!
and I,,/Ig= 10’ for films grown on an HMDS-coated substrate
at 25 °C.[»I The relatively low electron injection barriers evident
in the HOMO-LUMO energy diagram (Figure 4) doubtless con-
tribute to this high n-type charge transport. As discussed in the
single-crystal structural analysis, the differences in core sizes

2
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Figure 6. Comparison of the 6-26 XRD scan of a DFP-TTA film grown at 50 °C
on an OTS-coated substrate (A) with the simulated powder pattern (B).
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Table 3. TFT device performance of TTA materials in this study. E
3 -~
Vacuum Air -
Compound Substrate  Substrate  Carrier Mobility i Threshold lon/lof Mobility u Threshold lon/lof -
Temperature  Surface Sign (em? V1s7)?) Voltage (em?V's™) Voltage V; >
T5(°C)  Treatment Vi (V) ) v
25 Bare N (6.7£1.0) (7.7x103) 72414 (41£1.9) NA°) ;
x 107 x 10*
HMDS N 0.04 £0.01 (0.05) 56+7 (3.2£0.2) NA
x 108
oTs N 0.29+0.01 (0.30) 56+5  (1.8+1.5) NA
x 107
50 Bare N (7.6+00)  (76x1073) 4740  (5.3£0.0) NA
x 1073 x 107
HMDS N 0.05 £0.02 (0.08) 57+5 (2.8£1.1) NA
x 107
oTs N 0.03 4 0.00 (0.03) 4+2  (3.4+20) NA
x 10°
25 Bare P 0.04 +0.00 (0.04) —(19+0)  (1.5+0.0) 0.04+0.00 0.04 —(17+1)  (47%27)
x 108 x 10°
HMDS P 0.07 £ 0.00 (0.07) —(174£0)  (33+0.0) 0.08+0.01 0.09 —(18+2)  (1.3+02)
x 108 x 108
oTs P 0.1140.01 ©0.11) —(13+4) (43£40) 0.11£0.02 013 —(19+6)  (48%02)
x 107 x 108
50 Bare P 0.05+0.01 (0.06) —(19+4) (1.9+1.2) 0.04+0.00 0.05 —(1642) (13405
x 10° x 10°
HMDS P 0.10+0.00 (010)  —(10+1) (40%3.6) 0.10+0.01 on —(14+1)  (24%13)
x 108 x 108
oTs P 0.21+0.00 (0.21) —(22+0) (1.1£0.0) 0.16+0.05 019  —(25+13)  (1.1£1.0)
x 108 x 107
25 Bare P (23+04)  (28x10%) —(25+4) (83%82) (12+01) (1.3x10%) —(15£0)  (20+1.0)
x 107 x 103 x 10° x 102
SN
HMDS P (26+£04)  (3.0x10%) —(42+3) (3.7+24) (29+05) (3.4x10%) —(34+2)  (3.1+1.6)
s x10* x 10 x 10 x 103
- oTs P (414£09)  (5.0x10%) —(45+4) (5.7£19) (42406) (48x107) —(41+5)  (5.7%2.5)
“S x 10 x 10 x 104 x 10
S 50 Bare P (23+01)  (24x10%) —(31+2) (1.0+08) (1.0£01) (1.1x10%) —(10+4)  (2.6+0.2)
x 107 x 10* x 10° x 102
N“'S
HMDS P (67+21)  (85x10% —(42+6) (1.5£09) (68+05) (7.3x10%) —(39+4)  (27+1.6)
x 107 x10° x 10* x 10*
DBS-TTA oTs P (8.6+03)  (8.8x10%) —(44+11) (42+30) (7.3+08) (82x107) —(40+8)  (2.4%0.2)
x 107 x 10* x 10* x 10*
110 Bare P (5.0£03)  (55x10%) —(32+4) (1.3+04) (41+03) (44x10%) —(22+3)  (22+1.1)
x 107 x 10* x 10* x 10
HMDS P (1.6+0.1) (1.7x10%)  —(34+4) (41+1.8) (13+00) (1.4x103) —(36+1)  (5.8+29)
x 1073 x 10* x 103 x 103
oTs P (1.8+£05)  (1.9x10%) —(12£5) (5.9+2.6) (21£02) (23x10%) —(29+3)  (1.5+0.1)
x 1073 x 10* x 103 x 10*

AThe average values obtained for at least 5 devices; Y The maximum mobility recorded; 9Not active.

of DFP-DTT (Figure 5B) versus DFP-TTA (Figure S3B) can be  0.28 eV (Table S2). This factor, among others, likely contributes
correlated with the lower mobility of DFP-DTT. DFT calcula-  to the mobility differences in these two bis(perfluorophenyl)
tions predict the reorganization barrier for electron transportin  derivatives.

the case of DFP-DTT to be 0.33 eV, slightly greater than the In marked contrast to the above DFP-TTA and DFP-DTT
corresponding one for tetrathienoacene derivative DFP-TTA,  results, neither DBS-TTA nor DBS-DTT exhibit the anticipated
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Figure 7. Transfer and output plots of OTFT devices fabricated from TTA films grown on an OTS-coated substrate: (A) transfer plot; (B) output plot.
DFP-TTA, substrate temperature = 50 °C, tt = 0.30 cm? V™' s7!, V1 = 60 V, Io,/lop = 2.9 X 107 in vacuum. (C) transfer plot; (D) output plot. DP-TTA,
substrate temperature = 50 °C, t1 = 0.21 cm? V™' 57, Vy = =22V, I, /lg= 1.1 x 10 in vacuum (E) transfer plot; (F) output plot. DBS-TTA, substrate
temperature =110 °C. £ =1.9x 102 cm? V' 571, V3 = =5V, Io,,/lop= 4.7 x 10" in vacuum. Channel width = 2000 um, channel length = 100 um.
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n-type charge transport, despite having the lowest-lying LUMOs
in this series. Instead, they exhibit p-type charge transport. Thus,
DBS-TTA achieves y=0.0019 cm? V™' s and I, /I 4= 4.7 x 10*
on OTS-coated substrates for T, = 110 °C (Figure 7E, F),
and DBS-DTT exhibits 4 = 0.01 cm* V™! s7! and I,,,/Iy= 10° for
films grown on HMDS-coated substrates at 90 °C.2% To under-
stand the reversed polarity of the charge transport in these
perfluorophenyl and benzothianolyl derivatives, we optimized
the molecular geometries of the corresponding radical anions
using DFT computation, and their charge distributions are
shown in Figure S6. Upon injection of an electron into DBS-
TTA, 63% of the charge is localized in the external electron-
withdrawing groups while only 37% of the remaining charge
is delocalized over the conjugated tetrathienoacene skeleton. In
contrast, the negative charge on DFP-TTA is more uniformly
distributed, with the external electron-withdrawing substituents
bearing ca. 44% of the charge and the central conjugated fused

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

unit the remaining 56%. The more evenly delocalized charge
in the perfluorophenyl derivative likely stabilizes the injected
charge to a greater extend, thus facilitating electron transport
even though the DBS-TTA LUMO energy is lower in energy.
These contrasting results can be ascribed to the different nature
(o-inductive vs. m-mesomeric) of the two electron-withdrawing
substituents, as discussed above. The situation for the DBS-
TTA radical cation is very different, and we find that the posi-
tive charge is evenly distributed, with ca. 47% located in the
external substituent groups and the remaining 53% on the
conjugated tetrathienoacene core (Figure S6), probably favoring
hole transport within the thin film. The theoretical calculations
also show that DBS-TTA has the smallest reorganization energy
within the series (Table S2), with the reorganization energy for
hole transport less than that for electron transport (0.214 eV
vs. 0.282 eV, respectively). Note that the present results for
DBS-TTA and DBS-DTT are in accord with other observations

Adv. Funct. Mater. 2012, 22, 48-60
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that appending electron-withdrawing thiazole units to oligothi-
ophene skeletons seldom enhances electron mobility.””! In fact,
as shown here for DBS-TTA vs. DP-TTA, lower hole mobilities
are usually obtained versus the corresponding oligothiophenes.

As expected from the HOMO-LUMO energy diagram (Figure 4),
DP-TTA and DP-DTT exhibit good p-type charge transport. Since
the work function of the gold electrode is about —5.0 eV, these
materials have the lowest hole injection barrier in the series:
DFP-TTA (0.66 eV) < DBS-TTA (0.55 eV) < DP-TTA (0.35 V) and
DFP-DTT (0.84 eV) < DBS-DTT (0.61 eV) < DP-DTT (0.47 eV).
As a result, DP-TTA exhibits g = 0.21 cm? V™! s™' and I,,,/I,5=
1.1 x 10° on OTS-coated substrates at 50 °C (Figure 7C, D).
Note that DP-DTT grown at 70 °C exhibits = 0.42 cm? V157!
and I,,/I,7= 5 X 10° on OTS-coated substrates.[??!

The effect of substrate temperature and surface treatment are
also well reflected in the device performance. As the film crys-
tallinity is enhanced by increasing the substrate temperature,
the device performance is substantially enhanced. For DP-TTA
devices, the parameters y = 0.11 cm?V~! s7! and I,,/I,7= 2.8 X
107 for room temperature growth change to = 0.21 cm? V' s7!
and I,,/I,¢= 1.1 x 10° for films grown at 50 °C on OTS-coated
substrates. For DBS-TTA devices, tt=5.0 X 10~ cm? V-1 s7! and
Ioy/Io= 3.8 x 10* for room temperature growth changes to u =
1.9x 107 em? V™' st and I,,,/I,5= 4.7 x 10* for 110 °C growth
on OTS-coated substrates.

Organic self-assembled monolayer (SAM) treatment of gate
dielectric surfaces is known to enhance TFT performance by
minimizing surface charge traps and by increasing the micro-
structural order of semiconductor growth.’® Thus, growth on
HMDS and OTS SAM-treated Si/SiO, substrates yields signifi-
cantly enhanced device performance than on bare Si/SiO, sub-
strates. OTS surface treatment particularly enhances OTFT per-
formance versus the other treatments for the TTA semiconduc-
tors. For example, DFP-TTA devices exhibit tt=0.30 cm? V-1 7!
and I,/Ig = 2.9 x 107 on OTS for 25 °C growth, but u =
0.05 cm? V! 57! and I,,/I,g = 3.1 x 10° on HMDS, compared
to 4 =0.0077 cm* V' 57! and I,,,/I,g= 2.7 x 10* on bare SiO,.
DP-TTA and DBS-TTA OTFTs follow the same pattern. One pos-
sible explanation for the superior device performance on OTS
SAMs versus HMDS SAMs is the high structural quality of the
OTS SAMs. If long alkyl chains in OTS molecules are tightly
packed and vertically aligned, the SAM has order approaching
in-plane crystallinity which enhances the interconnectivity of
initial semiconductor film growth as well as the film
crystallinity.>-*" To understand the origin of these device per-
formance variations induced by substrate temperature during
semiconductor growth and dielectric surface treatment, the sur-
face morphology of semiconductor films was next examined by
tapping mode AFM.

2.6. Semiconductor Film Morphology and TFT Performance

The surface morphology of organic semiconductor thin films
is often used to evaluate crystalline microstructure based
on grain sizes. The highest carrier mobilities are generally
obtained for films having the appropriate balance of large grain
size and space-filling grain connectivity. AFM images of the
TTA films clearly reflect the influence of surface morphology
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on device performance. The most distinctive effect on surface
morphology is substrate temperature (Tp; Figures S7, S8, S9).
As the substrate temperature is increased, semiconductor
molecules diffuse more rapidly, and are captured in islands
facilitating grain growth. Therefore, films deposited at higher
temperatures exhibit larger grain sizes. For example, 50 nm
thick DFP-TTA films have small ball-shaped grains with dia-
meters of 100 nm — 200 nm for room temperature growth and
become web-like 2-3 um long wire meshes in films grown at
50 °C (Figure S7). DP-TTA films exhibit the largest grain sizes
in the series. While small gains with 100-200 nm diameters
grow at room temperature, the grains grow in pentacene-like
ordered crystalline structuresl®%* with 2-3 um diameters as
the substrate temperature is increased to 50 °C (Figure S8).
DBS-TTA exhibits relatively small grains compared to DFP-
TTA and DP-TTA, reflecting the highest molecular weight and
melting temperature in the series. These grains evolve from
small facets with 20-40 nm diameters to 200-300 nm wide balls
at 110 °C growth temperature (Figure S9). XRD data shown in
Figure S4 verify that the crystallinity increases along with these
film morphology changes. TFT parameters summarized in
Table 3 indicate corresponding device performance enhancement
as well.

While bulk film morphology evolution satisfactorily
explains the effects of substrate temperature on semicon-
ductor film crystallinity, it does not correlate well with
dielectric surface treatment. Thus, 50 nm thick TTA film mor-
phologies do not vary greatly for the three different types of
substrates. Even the XRD data do not exhibit significant dif-
ferences related to surface treatment (Figure S5). If the bulk
film morphologies are similar, the key factors defining device
performance on these three substrates may involve variations
in the interface microstructure. To investigate possible differ-
ences in molecular level interface microstructure, the surface
morphologies of the TTA semiconductor films having sub-
monolayer thicknesses were next investigated on these three
substrates.

AFM images of sub-monolayer TTA films grown on the
different substrates clearly explain the origin of the device
performance differences as a function of dielectric surface
treatment (Figure 8). In general, TTA semiconductors grow in
large, widely spaced domains on bare Si/SiO, along with large
empty boundary regions. On the other hand, these materials
form small grains with greater nucleation densities on HMDS
and OTS SAMs, resulting in tightly integrated film structures.
The most densely populated small grains grow on OTS-coated
Si/SiO, and the SAM plays an important role in modulating
charge transport. DFP-TTA forms the most densly populated
film structure on the OTS SAM (Figure 8A). This tightly inte-
grated initial semiconductor film growth structure achieves
the highest n-type device performance on OTS SAM-deposited
gates. Note that DP-TTA films exhibit smaller, but densely pop-
ulated grains on OTS SAMs compared with the HMDS SAMs
and the bare SiO, surface (Figure 8B). DBS-TTA also exhibits
the same trend with widely dispersed grain patches on bare
SiO, (Figure 8C). In contrast, DBS-TTA forms webs of micro-
wire structures on HMDS and OTS SAMs. However, the wire
diameters are much smaller on OTS SAMs than on HMDS
SAMs. These tightly integrated initial semiconductor layers
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Figure 8. Sub-monolayer (1.5 nm) film morphologies of TTA films on the three different Si/SiO, substrates indicated. A. DFP-TTA grown at 25 °C,
B. DP-TTA grown at 50 °C, C. DBS-TTA grown at 110 °C (tapping mode, topography, 10 um x 10 um).

composed of small but highly crystalline grains must have
enhanced charge transport on OTS SAMs to achieve the best
device performance among the substrates examined here. In
short, interface semiconductor film microstructures, very dif-
ferent from bulk film morphologies, indicate that the superior
device performance for growth on OTS SAMs originates from
well-connected as well as highly crystalline initial semicon-
ductor film growth in the dielectric-semiconductor interfacial
region.

3. Conclusions

In this contribution, we established that tetrathiophenes
with proper electron-withdrawing functional groups offer

wileyonlinelibrary.com
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considerable potential as versatile n-type organic semiconduc-
tors. The TTA building block can now be obtained via an effi-
cient one-pot synthetic route and the first TTA-based n-channel
molecule is one result of this study. Enlarged TTA cores are
effective in reducing the bandgap and introducing n-type prop-
erties. Solid-state packing motifs revealed in single crystal
analysis, substrate temperature dependence of film growth,
and semiconductor-gate dielectric interface morphology are
all shown to be critically importanct factors in optimizing TFT
performance. We believe the newly designed one-pot synthetic
routes offer a scalable way to produce practical building blocks
for n-type organic semiconductors, and are now currently
pursuing these molecular design strategies further by incor-
porating other building blocks into perfluorophenyl-function-
alized molecular structures.
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Mesomorphic Organization and Thermochromic
Luminescence of Dicyanodistyrylbenzene-Based Phasmidic
Molecular Disks: Uniaxially Aligned Hexagonal Columnar
Liquid Crystals at Room Temperature with Enhanced
Fluorescence Emission and Semiconductivity

Seong-Jun Yoon, Jong H. Kim, Kil Suk Kim, Jong Won Chung, Benoit Heinrich, Fabrice Mathevet,

Pyosang Kim, Bertrand Donnio, André-Jean Attias, Dongho Kim,

A new dicyanodistyrylbenzene-based phasmidic molecule, (2Z,2'Z)-2,2’-(1,4-
phenylene)bis(3-(3,4,5-tris(dodecyloxy) phenyl)acrylonitrile), GDCS, is reported,
which forms a hexagonal columnar liquid crystal (LC) phase at room temperature
(RT). GDCS molecules self-assemble into supramolecular disks consisting of a
pair of molecules in a side-by-side disposition assisted by secondary bonding
interactions of the lateral polar cyano group, which, in turn, constitute the hexag-
onal columnar LC structure. GDCS shows very intense green/yellow fluorescence
in liquid/solid crystalline states, respectively, in contrast to the total absence of
fluorescence emission in the isotropic melt state according to the characteristic
aggregation-induced enhanced emission (AIEE) behavior. The AIEE and two-color
luminescence thermochromism of GDCS are attributed to the peculiar intra- and
intermolecular interactions of dipolar cyanostilbene units. It was found that the
intramolecular planarization and restricted molecular motion associated with a
specific stacking situation in the liquid/solid crystalline phases are responsible
for the AIEE phenomenon. The origin of the two-color luminescence was elu-
cidated to be due to the interdisk stacking alteration in a given column driven

by the specific local dipole coupling between molecular disks. These stacking
changes, in turn, resulted in the different degree of excited-state dimeric coupling
to give different emission colors. To understand the complicated photophysical
properties of GDCS, temperature-dependent steady-state and time-resolved PL
measurements have been comprehensively carried out. Uniaxially aligned and
highly fluorescent LC and crystalline microwires of GDCS are fabricated by using
the micromolding in capillaries (MIMIC) method. Significantly enhanced electrical
conductivity (0.8 x 10> S-cm~1/3.9 x 10~° S-cm™) of the aligned LC/crystal micro-
wires were obtained over that of multi-domain LC sample, because of the almost
perfect shear alignment of the LC material achieved in the MIMIC mold.

* and Soo Young Park*

1. Introduction

In the past years, molecular design of
conjugated organic materials has nor-
mally been limited to the rather simple
molecular orbital engineering of their pri-
mary chemical structure.l!! Recently, how-
ever, engineering of molecular stacking
arrangement in addition to molecular
orbital control is getting more important
related to the practical solid-state applica-
tions in optoelectronic devices.?3! There-
fore, intermolecular secondary bonding
interactions, such as 7mrm stacking,
hydrogen bonding, dipole interactions,
and van der Waals forces, which directly
control the molecular stacking to gen-
erate various supramolecular, mesomor-
phic, and crystalline organizations, are
drawing ever-increasing attention. Thus,
fine-tuning of the intermolecular inter-
action by rational molecular design is
an essential and promising approach to
control the optoelectronic characteristics
of functional molecular solids. In fact,
we could develop molecular stacking
engineering for the fluorescence modu-
lation of m-conjugated molecular crystals
by introducing a pair of dipolar cyano
groups into the conjugated distyrylben-
zene molecular structures (see Figure 1a
for the molecular structure of DCS).*!
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THF solution Liquid at120°C Liquid crystal Crystalline phase

Figure 1. a) Molecular structures of GDCS and DCS. b) Fluorescence
images of GDCS in THF solution, liquid state at 120 °C, LC state at 30 °C,
and crystalline state under 365 nm UV light, respectively.

Highly fluorescent molecular crystals of DCS derivatives
uniquely showed piezochromic, thermochromic, and solvent-
induced luminescence switching, attributed to the different
modes of local dipole coupling (antiparallel or head-to-tail
coupling of CN dipoles) augmented by various reconfigurable
secondary bonding interactions including C-H---N and
C-H- - -O hydrogen bonds. In this work, we further aimed at
extending the molecular stacking engineering of DCS deriva-
tives to the liquid-crystalline state, which would pave the way
to the innovative applications in molecular electronics, particu-
larly by using the fluidic nature of the liquid-crystalline state to
fabricate a highly ordered and patterned molecular assembly.
In particular, highly fluorescent”! and semiconducting!®!%
liquid crystals (LCs) incorporating very unique and specific
intermolecular interaction of DCS units was targeted in this
work. To this end, we have considered introducing a phasmidic
mesogenic structure (e.g., polycatenar)!!!l into the DCS core to
enable mesomorphic organization into the highly functional
self-assembled architecture.

Briefly, we have synthesized a new DCS-based liquid-
crystalline material, (2Z,2'Z)-2,2’-(1,4-phenylene)bis(3-(3,4,5-
tris(dodecyloxy)phenyl)acrylonitrile), GDCS, which forms a
hexagonal columnar LC phase at room temperature (RT). Most
uniquely, GDCS exhibited very high fluorescence quantum
yields in the crystalline (@ = 0.45) and LC (@ = 0.25) states,
due to the characteristic aggregation-induced enhanced emis-
sion (AIEE) process, as well as thermochromic two-color lumi-
nescence switching. In this work, we have comprehensively
explored the structural, optical, and photophysical properties of
this highly fluorescent phasmidic LC molecule to gain a deep
insight into the structure—property relationship, as an extended
effort towards molecular stacking engineering. In addition,
we could fabricate uniaxially aligned LC microwires of GDCS,
which showed an enhanced electrical conductivity by using the
micromolding in capillaries (MIMIC) method.

2. Results and Discussion

We have designed the chemical structure of GDCS, which
adopts the hexacatenar platform with dicyanodistyrylbenzene

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) Pseudo focal-conic fan-shaped texture of GDCS observed by
POM in the Coly, phase at 40 °C on the cooling process. b) DSC trace of
GDCS on heating/cooling rate of 10 °C per minute.

core (Figure la). The terminal trisdodecyloxy fragments are
directly attached to the dicyanodistyrylbenzene core to facili-
tate a mesomorphic organization. GDCS was synthesized by
Knoevenagel reaction of 3,4,5-tris(dodecyloxy)benzaldehyde
and (4-cyanomethyl-phenyl)-acetonitrile in a good yield. Full
synthetic details, "H NMR and mass spectroscopy, and the ele-
mental analysis are described in the Experimental Section.

The mesomorphic properties of GDCS were investigated
using polarized optical microscopy (POM) and differential
scanning calorimetry (DSC). Typical pseudo focal-conic fan-
shaped texture of a hexagonal columnar (Col,) phase was
enantiotropically observed by POM, in both heating and
cooling cycles (Figure 2a). The phase-transition temperature
and related enthalpy values are depicted in the DSC trace
(Figure 2b). GDCS melts to the Col,, phase at about 17 °C and
isotropizes at about 64 °C at a heating rate of 10 °C per minute.
On cooling, the LC phase is maintained below RT until partial
crystallization occurs. This phase transition from the hexagonal
columnar LC to the crystalline phase at near RT appears kineti-
cally limited by the balance of noncovalent secondary bonding
interactions mediated by the compact phasmidic molecular
structure. Actually, the transformation of GDCS LC into the
crystalline phase over several hours at RT was observed, which

Adv. Funct. Mater. 2012, 22, 61-69
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accompanied a characteristic fluorescence color change from
green (Ay. = 538 nm) to yellow (A, = 558 nm) (Figure 1b).
This temporal mesomorphic property at RT is very unique and
certainly plays a beneficial role in the fabrication and application
of GDCS.

To gain further insight into the actual structure of mesomor-
phic organization of GDCS molecules bringing about two-color
luminescence switching, we have carefully analyzed the molec-
ular stacking structures using X-ray diffraction (XRD) meas-
urements. The XRD pattern of GDCS in the LC state shows a
distinct diffraction peak corresponding to the (100) reflection
of the Coly, structure with typical two-dimensional (2D) XRD
pattern of a Coly, phase (Figure 3a), as was similarly observed in
the related functional phasmidic compounds.'? In addition, the
(100) reflection peak was shifted to the small-angle region and
the intensity increased with decreasing temperature (see the
Supporting Information (SI) for the XRD patterns depending
on the temperature at the cooling process). The XRD data and
the structural information of GDCS in the LC phase are sum-
marized in Table 1. In order to propose a possible model for

liquid crystal
100
(a) G-phase
=
L
>
e
7]
c
[}
e
=
S S
o 5 10 15 20 25 30
2theta
(b) crystalline phase
Y-phase
3
L)
>
=
[72]
c
()]
ot
£
0 5 10 15 20 25 30
2theta

Figure 3. X-ray powder diffraction patterns of GDCS: a) Col,, phase. The
inset shows the 2D XRD pattern of GDCS oriented LC phase at 50 °C.
b) Crystalline phase.
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© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

Table 1. Structural data of GDCS from XRD experiments.

State T dobs deale hkl Lattice const.
[°q] [A] [A] [A]
60 30.4 30.4 100 a=35.1
50 30.7 30.7 100 a=355

Liquid crystal Coly,
40 31.4 31.4 100 a=36.2
30 32.0 32.0 100 a=37.0

the molecular organization within the columns of GDCS, the
molecular length of GDCS was calculated using the Gaussian
09 softwarel’?! (Figure 4a). According to the molecular length
and the cross-sectional area of a column (s = 1186 A?) in LC
state at 30 °C, we could deduce that a pair of GDCS molecules
were coupled to form a slice of a column (“molecular disk”),
driven by the specific secondary bonding interactions between
them.>® GDCS includes two large local dipole moments due
to the C=N units in their molecular structure. Among others,
the intermolecular head-to-tail coupling of local dipoles is oper-
ating for the formation of molecular disk, due to the spatial
restriction induced by phasmidic polycatenar structure (see
Figure 7 for the coupling scheme). We could verify that the
number of molecules per slice is about two, through the den-
sity calculation method based on the XRD data.'¥! The density
of GDCS in the LC state at 30 °C was calculated to be 0.46Z,
where Z is the number of molecules per unit cell. Then, the Z
value must be around 2, which means that a slice of column
is comprised of two molecules, if the density values of organic
mesomorphic materials are assumed to be close to 1 g cm™.
Like for other polycatenar LCs, hexacatenars in particular,!'?l the
columnar cross-section area of GDCS increased with decreasing

a=37.0A

(a) (b)

Liquid crystal (G-phase)

Crystalline phase (Y-phase)

Figure 4. a) Calculated optimized molecular structure of GDCS. b) Organ-
ization structure of hexagonal columnar phase of GDCS LC state at 30 °C.
c) Organization structure change during the crystallization process.
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Figure 5. a) Photos of GDCS in condensed state during the cooling process from 200 °C to RT under 365 nm UV light. b) PL wavelength maximum
shift behavior and c) PL intensity change behavior depending on the temperature at the cooling process.

temperature, as shown in Table 1, which is most likely due
to the relaxation of the inner columnar cores undulations,
resulting in the compensation of interfacial areas between cores
and chains.'® It is clearly shown that the proposed organiza-
tion structure in the LC state is well matched with the lattice
parameters of Col,, of GDCS, as illustrated in Figure 4b. It is to
be noted that the circular molecular disks (consisting of a pair
of GDCS molecule) in the G-phase (vide infra) are thus stacked
flat on each other in a column. The XRD pattern of GDCS
recorded at lower temperature (Y-phase, vide infra) contains sev-
eral peaks both in wide- and small-angle regions, indicative of
crystallization (Figure 3b). First, the stacking of molecular disks
in a column seems to get slanted, as can be deduced from the
diffraction peak shift in the small-angle region corresponding
to dygo (from 32.0 A to 22.1 A) (see Figure 4c for the organiza-
tion structure change). The newly generated diffraction peaks
in the wide-angle region (20 ~ 25 °) of the crystalline state XRD
pattern specifically indicate the intra-column inter-disk stacking
interactions, which are distinct from the LC state (vide infra for
the detailed discussion).

Like other dicyanodistyrylbenzene derivatives reported previ-
ously by us,®l GDCS exhibits a great increase of fluorescence
efficiency from the practically nonfluorescent THF solution
(@p = 1.1 x 107 to the strongly fluorescent LC (@p = 0.25)
and crystalline (@g = 0.45) phase due to the characteristic AIEE
process, as demonstrated in Figure 1b. In the emission spectra,
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the peak maximum of the crystalline phase is bathochromically
shifted to 558 nm with respect to that of solution at 479 nm.
Interestingly, GDCS exhibits remarkable thermochromic lumi-
nescence behavior in the condensed state. Figure 5a shows the
evolution of photoluminescence (PL) images of GDCS during
the cooling process from 200 °C to RT. The changes in PL
maximum wavelength and relative PL intensity as a function
of temperature are summarized in Figure 5b and Figure 5c
(see the SI for the PL spectra depending on the temperature).
These temperature-dependent PL changes in the whole range
of different condensed states can be interpreted by dividing
them into four distinct regions as follows. First, in the case
of a high-temperature liquid state (200 ~ 150 °C), which is to
be called nonfluorescent/N-phase, there appears no distinct
change in the PL intensity and PL maximum wavelength
(Amax = 492495 nm) as the temperature decreases. This is most
probably due to the dominance of a thermally activated non-
radiative decay process.'® Secondly, in the lower-temperature
liquid state (150 ~ 60 °C), denoted as planarization/P-phase, a
gradual bathochromic shift of PL maximum wavelength (A,
from 495 nm to 537 nm) with simultaneously increased PL
intensity was observed with decreasing temperature. In this
temperature range, it is most likely that the intramolecular
planarization is induced by deactivation of intramolecular tor-
sional motion via decreasing the thermal energy and increasing
the medium viscosity. Therefore, a substantial increase of the
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molecular conjugation effected by planarization is responsible
for the bathochromic shift and enhanced emission in this tem-
perature range. Thirdly, in the LC state (60 °C ~ RT) (green/G-
phase), GDCS revealed a gradually increasing PL intensity but
with constant PL maximum wavelength (A,,,, = 537-538 nm)
as the temperature decreases. The intramolecular planarization
and dimeric coupling to molecular disk is already complete in
this LC region to give an invariant PL maximum wavelength.
However, the relative rotational motions of the molecular disks
in a given column are still temperature dependent in this
liquid-crystalline G-phase. Consequently, with decreasing tem-
perature, enhanced emission characteristic was observed due
to the motional restriction of molecular disks (by reducing the
nonradiative decay constant, vide infra) implemented by the
formation of the well-ordered mesomorphic organization struc-
ture and the increased medium viscosity. Finally, the liquid-crys-
talline G-phase was transformed into a crystalline yellow/Y-p
hase at sufficiently low temperature or over several hours at RT
with PL maximum wavelength shift from 538 nm to 558 nm
and a remarkable increase of the PL intensity. The further PL
enhancement is originating from the complete restriction of
the molecular disks’ rotational motions, together with the favo-
rable intra-column inter-disk slanted stacking interactions, as
identified by XRD data (vide infra for the detailed discussion
about PL wavelength shift).

We have further investigated photophysical properties of
GDCS in different phases to explore the relaxation dynamics
of GDCS. Femtosecond fluorescence up-conversion and time-
correlated single-photon counting (TCSPC) measurements
were conducted. In THF solution, GDCS shows an ultrafast
deactivation process with an average fluorescence lifetime
(Tay) of 11.4 ps, which is well correlated with the nonfluores-
cent behavior (see the SI for the fluorescence spectrum and
decay profile). Figure 6 shows the fluorescence decay profiles of
GDCS in different condensed states depending on the tempera-
ture. At the temperature range from 130 °C to 30 °C (from the
liquid P-phase to the liquid-crystalline G-phase),!'”] the fluores-
cence decay time was gradually increased with decreasing tem-
perature (T,, from 0.126 ns to 0.907 ns), in accordance with the
fluorescence enhancement behavior. Subsequent crystallization
to crystalline Y-phase, however, the fluorescence lifetime 7,

14

crystallization

PL Intensity (a. u.)

20 25 30 35
Time (ns)

Figure 6. Fluorescence decay profiles of GDCS in condensed state
depending on the temperature at the cooling process from 130 °C to RT.
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Table 2. Emission properties of GDCS.

Phase T o Ty k/10° k®/10°
[ [ns] [s7'] [s7']

Solution RT 0.011 11.4x1073 0.96 87
130 0.028 0.126 0.23 7.7
120 0.032 0.140 0.23 6.9
110 0.040 0.142 0.28 6.8

P-phase

o 100 0.048 0.157 0.30 6.1

(liquid)
90 0.059 0.181 0.33 5.2
80 0.076 0.235 0.32 3.9
70 0.090 0.297 0.30 3.1
60 0.12 0.389 0.31 2.3

C-phase 50 0.16 0.496 033 17

(liquid

crystal) 40 0.21 0.710 0.30 1.1
30 0.25 0.907 0.28 0.82

Y-phase RT 0.45 13.1 0.034 0.042

(crystal)

3 Calculated using the crystalline state @ value as a reference; P)Calculated using
the following equations: k, = @/, k,, = (1-P) /T

was discontinuously increased to 13.1 ns. Such unique emis-
sion properties of GDCS in different condensed states are sum-
marized in Table 2. Both the steady-state and time-resolved PL
changes of GDCS in different condensed phases compared to
those in solution, as described above, are attributed to the for-
mation of specific supramolecular stacking architectures asso-
ciated with the unique electronic and geometric characteristics
of the dicyanodistyrylbenzene molecules. Actually, the dicyano-
distyrylbenzene molecule is known to assume twisted mole-
cular geometry in isolated state due to the steric factor of C=N
substituent,>¢l which allows a torsion-induced nonradiative
deactivation process. Therefore, a relatively higher nonradiative
rate constant (ky, = (1-@)/7p = 8.7 X 100 s71) than radiative
rate constant (k, = @g/7p = 9.6 x 10® s71) of GDCS in THF solu-
tion (see Table 2) is mainly a consequence of the nonplanarity
and torsional relaxation of GDCS molecule in the isolated
state. On the other hand, in the case of the crystalline Y-phase
of GDCS, the nonradiative rate constant (k,, = 4.2 x 107 s7) is
three orders of magnitude smaller than that in solution, while
the radiative rate constant (k, = 3.4 x 107 s7!) is only one order
of magnitude smaller than that in solution to give the peculiar
AIEE effect.’! As shown in Table 2, the PL quantum yield and
lifetime of GDCS condensed states (liquid P- and liquid-crystal-
line G- phases) are also gradually increased during the cooling
process. However, it is important to note that the nonradia-
tive rate constant (k,,) gradually decreases with temperature,
while the radiative rate constant (k;) remains unchanged. This
observation clearly indicates that the substantial reduction of
the nonradiative deactivation pathways is effected via intramo-
lecular planarization and reduced molecular motion in the P-
and G-phases of GDCS.

On the other hand, the liquid-crystalline G- to crystalline
Y-phase transition, which actually generated slanted stacking
of molecular disks and inter-disk ordering as evidenced by
the XRD study (vide supra), is originating from the additional
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Figure 7. Schematic representation of the hierarchical mesomorphic
organization of GDCS molecule concurrent with the intra- and intermo-
lecular actions related to the emission characteristics.

intermolecular electronic interaction other than the one for
making molecular disk. Most specifically, the slanted stacking of
molecular disks and their intra-column inter-disk crystallization
are simultaneously achieved by the antiparallel coupling of the
pairs of local dipoles located on different molecular disks (see
Figure 7 for the stacking alternation scheme). Consequently, dif-
ferent from P- and G- phases, the crystalline Y-phase of GDCS
uniquely shows strong characteristics of excited-state dimeric
coupling,!'® which can be inferred from the longer wavelength
and lifetime of the emission (Aey, max = 558 nm, 7,, = 13.1 ns).
It should also be noted that the radiative rate constant (k) of
crystalline Y-phase is only one eighth of the liquid-crystalline
G-phase, indicating the presence of inter-disk excitonic interac-
tions. Attributed to the even larger decrease of the nonradiative

Global Analysis (Triple Component Fitting) (b)

_—
Q
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Global Analysis (Triple Component Fitting)
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rate constant (k,,) (one twentieth via total confinement of
molecular motion), however, the fluorescence quantum yield
increases upon phase transition from G- to Y-phase (@p from
0.25 to 0.45).

To gain unambiguous insight into this G- to Y-phase transi-
tion, we have performed a global analysis with the whole tempo-
rally and spectrally resolved PL signals in the liquid-crystalline
G-phase and the crystalline Y-phase (Figure 8). In both cases,
three decay-associated spectra (DAS) were obtained, due to
the perturbation in the molecular stacking structures and
thus the imperfection of intermolecular electronic interaction
mode attributed to the soft mesogenic medium of long alkyl
chains. The liquid-crystalline G-phase of GDCS exhibits a pro-
nounced 500-nm-centered emission with a lifetime of 0.3 ns,
which originates from the individual planar GDCS molecular
disk without excited-state delocalization. Only a small portion
of GDCS molecular disks in the liquid-crystalline G-phase
showed rather weak intermolecular interactions, which are
responsible for the 520-nm-centered emission with a lifetime
of 1 ns and the 550-nm-centered emission with a lifetime of
6 ns. In its crystalline Y-phase, however, the 560-nm-centered
emission with a much longer lifetime of 17 ns is dominant,
suggesting a strongly coupled excimeric interaction between
the molecular disks. Although insignificant, the presence of
a 520-nm-centered emission with a lifetime of 0.3 ns and a
550-nm-centered emission with a lifetime of 4 ns, indicates a
loss of excited-state delocalization by some loose intermolecular
stacking components in the soft paraffinic medium even in the
Y-phase crystal.

Figure 7 comprehensively depicts the hierarchical meso-
morphic organization of the GDCS molecule together with the
characteristic PL behavior of the GDCS material. In the liquid
state, GDCS is assumed to be a molecular “torsion spring”
with a large nonradiative decay constant. With decreasing tem-
perature, GDCS gradually gains the molecular planarity due to
the restricted thermal energy, which brings about the substan-
tial reduction of the nonradiative decay channels and thus the
enhanced PL emission (liquid P-phase). Subsequently, a highly
fluorescent molecular disk consisting of a pair of GDCS mol-
ecules is spontaneously formed by the head-to-tail coupling of
polar cyano groups. In the liquid-crystalline G-phase, molecular
disks are closely packed to construct the hexagonal columns
(Coly,) with rather weak intra-column inter-disk interaction to
give out green emission. Finally, the slanted
stacking of molecular disks in a given column

liquid crystal —=—0.3ns crystalline phase
—e—1ns =
o | ‘
|
1 G-phase T

PL Intensity (a.u.)
PL Intensity (a.u.)

P

——o3ns|] and also the inter-disk crystallization are
__::;‘f‘s simultaneously driven by the inter-disk anti-

parallel coupling of local dipoles in different
disks to complete G- to Y- transition.

To fully exploit such LC properties of
GDCS, we have briefly investigated the
strategy for the actual device fabrication. In
general, a mechanical rubbing method is rou-
tinely applied for the realization of the uniaxial

400 450 500 550 600 650 700 400 450 500 550
Wavelength (nm)

Figure 8. Decay-associated PL spectra of GDCS in a) the LC state, and b) the crystalline state.
Insets show the fluorescence images of GDCS in the LC and the crystalline phase under 365

nm UV light, respectively.

Wavelength (nm)
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orientation of columnar LC materials.['%%12d]
Aiming at the uniaxial orientation and the
spatial pattering simultaneously, however, the
MIMIC method,*! one of soft lithography
techniques, has been employed herein to

600 650 700
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Figure 9. a) Schematic illustration of micromolding in capillaries for the alignment of the columnar LC material. b) Optical microscopy image of the
patterned GDCS LC microlines. Inset shows the fluorescence image under 365 nm UV light. c) AFM image of the patterned GDCS LC microlines.

fabricate aligned liquid-crystalline G- and crystalline Y-phase
microwires of GDCS.

Figure 9a shows a schematic illustration of the MIMIC
process for molding of the GDCS molecule. In the first place,
the GDCS molecule was heated to the liquid-crystalline G-phase
(T'=60 °C) and was introduced into the micrometer-sized rectan-
gular capillary channels, which were formed by the conformal
contact of a patterned poly(dimethylsiloxane) (PDMS, Sylgard
184, Dow Corning) mold and a glass substrate. After cooling
down to the RT and removal of the mold, we could obtain well-
aligned liquid-crystalline G-phase microwires of GDCS, as
shown in the optical microscopy image of Figure 9b, because
the MIMIC processes induced an almost perfect shear align-
ment of the LC material. The aligned liquid-crystalline G-phase
microwires of GDCS exhibited intense green fluorescence,
as shown in the inset photograph of Figure 9b. This G-phase
microwire of GDCS showed almost perfect birefringence under
cross-polarized condition, indicating that the aligned microwire
had a monodomain structure (see the SI for the POM image
with cross-polarization alternation). The atomic force micro-
scopy (AFM) image of this G-phase microwires clearly shows
the well-defined pattern morphology with the dimensions of
7.5 um width and 0.8 pm height (Figure 9c).

Current—voltage (I-V) measurements were carried out in
order to investigate the conductivity of GDCS in different phases
and also the alignment effect of the MIMIC process. We have
fabricated the gap-type bottom-contact planar two-electrode
(gold, thickness of 50 nm) device for the [-V measurement. For
the liquid-crystalline G-phase, a polydomain device of GDCS,
the spin-cast film was fabricated on the electrode-deposited
glass substrate from 1,2-dichloroethane solution of GDCS. By
annealing at 70 °C and cooling down to RT, the polydomain
structure of liquid-crystalline G-phase was spontaneously formed
on the device framework (see the SI for the image of the liquid-
crystalline G-phase polydomain). On the other hand, the uniaxi-
ally aligned G-phase microwires of GDCS were conveniently
coated across the electrode channel of the device by using the
MIMIC process. Figures 10a and b depict -V curves for GDCS
in different phases and alignments. It is shown that the electrical
conductivity increased from 0.2 X 10~ S cm™! in the polydomain
G-phase to 0.8 x 10 S cm™ in monodomain G-phase due to the
favorable alignment effect of GDCS LC via the MIMIC process.
After a phase transition from the liquid-crystalline G-phase to
the crystalline Y-phase of aligned GDCS microwires, the conduc-
tivity was even further enhanced to the value of 3.9 x 107> S cm™,
according to the increased intra-column inter-disk interactions
(Figure 10b). It is noteworthy that the uniaxial orientation and
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the spatial patterning of highly fluorescent RT LC material was
successfully achieved in this work by using the MIMIC process
to give a good semiconducting property comparable with one of
the well-known organic semiconductors, poly(3-hexylthiophene)
(P3HT) (0= 6.7 x 1075 S cm™).20

3. Conclusions

We have synthesized and fully characterized a novel dicyano-
distyrylbenzene-type LC molecule (GDCS) exhibiting highly
enhanced fluorescence emission in the RT liquid-crystalline

a
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Figure 10. a) /-V curve of the GDCS polydomain in the LC state. b) I-V
curves of the GDCS monodomain in the LC state (squares) and the crys-
talline state (triangles).
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G-phase (@ = 0.25) and crystalline Y-phase (@; = 0.45). The
hierarchical mesomorphic organizations and their state-
dependent PL behavior were thoroughly investigated on the
basis of structural, optical, and photophysical analyses. It was
found that the GDCS behaved much like a “torsion spring” mol-
ecule in the high-temperature liquid state (N- and P-phases),
while it formed dimeric “molecular disks” in the liquid-crys-
talline G-phase to generate a Col, structure. The crystalline
Y-phase was generated from liquid-crystalline G-phase by the
formation of intra-column inter-disk dipole coupling to give a
highly fluorescent and semiconducting state. Uniaxially aligned
GDCS microwires (both G- and Y- phases) showing enhanced
fluorescence and semi-conductivity were successfully fabricated
by using the MIMIC process. Based on their unique and useful
properties of luminescence and electrical conductivity, these
materials are expected to have potential applications in novel
functional optoelectronic devices.

4. Experimental Section

Material Synthesis: GDCS was synthesized according to the procedure
shown in Scheme S1 of the Supporting Information (SI). All chemicals
were purchased commercially, and used without further purification.

3,4,5-tris(dodecyloxy) benzaldehyde: K,CO; (2.81 g, 20.33 mmol)
and Kl (catalytic amount) were added to a solution of
3,4,5-trihydroxybenzaldehyde monohydrate (1.00 g, 5.81 mmol) in dry
DMF (20 mL), and the mixture was stirred at 80 °C. 1-Bromododecane
(5.62 mL, 23.24 mmol) was slowly dropped into the mixture. The reaction
lasted overnight. After cooling to RT, the mixture was poured into brine
and extracted with dichloromethane. The organic phase was dried over
MgSO, and the solvent was evaporated in vacuo. The product (3.26 g,
85%) was obtained by column chromatography using ethyl acetate and
n-hexane (1:10 v/v). "TH NMR (CDCI3) & [ppm]: 9.83 (s, 1H, -CHO), 7.08
(s, 2H, Ar-H), 4.04 (m, 6H, -OCH,), 1.79 (m, 6H, -CH,), 1.48 (m, 6H,
-CH,), 1.26 (m, 48H, -CH,), 0.88 (t, 9H, -CH3).

(22,2'Z)-2,2’-(1,4-phenylene) bis(3-(3,4,5-tris(dodecyloxy) phenyl)
acrylonitrile) (GDCS): The mixture of 3,4,5-tris(dodecyloxy) benzaldehyde
(1.00 g, 1.52 mmol) and (4-cyanomethyl-phenyl)-acetonitrile (0.12 g,
0.76 mmol) in tert-butyl alcohol (30 mL) was stirred at 50 °C. Potassium
tert-butoxide (0.17 g, 1.52 mmol) powder was dropped into the mixture
and stirred for 2 h. The resulting precipitate was filtered and purified
by column chromatography using dichloromethane. GDCS bulk powder
(0.82 g, 75%) was obtained by reprecipitation from chloroform and
methanol solution. 'TH NMR (CDCI3) & [ppm]: 7.72 (s, 4H, Ar-H), 7.47
(s, 2H, Vinyl-H) 7.18 (s, 4H, Ar-H), 4.05 (m, 12H, -OCH,), 1.79 (m, 12H,
-CH,), 1.49 (m, 12H, -CH,), 1.27 (m, 96H, -CH,), 0.88 (t, 18H, -CH3).
m/z (FAB MS) Calcd for CogHi6oN,Og, 1437.2276; Found, 1437.2274.
Anal. Calcd for CogHq69N,Og: C, 80.17; H, 11.21; N, 1.95; O, 6.67. Found:
C, 79.95; H, 11.32; N, 1.94; O, 6.68.

X-Ray, Thermal, Morphological Analysis and |-V measurements: The
oriented XRD patterns were recorded using a sealed-tube generator
(900 W) equipped with a pinhole Cu-Ko. (A = 1.542 A) parallel beamline
based on a home-mounted Kirkpatrick-Baez optics coupled with a HiStar
detector (Bruker AXS). A drop of the crude sample was deposited on
a silane-coated glass-slide, and cooled slowly from the isotopic phase.
The upper region of the drop was brought to the grazing incidence
with the X-ray beam. The sample temperature was controlled to within
+0.03 °C. The detector-sample distance was 109.1 mm. The pattern
was analyzed using homemade Image) plug-ins (¢ and 20 profiles).
XRD patterns were also obtained with two different experimental
set-ups. In all cases, a linear focalized monochromatic Cu-Ko,;, beam
(A = 1.5405 A) was obtained using a sealed-tube generator (900 W)
equipped with a bent quartz monochromator. In both cases, the crude
powder was filled in Lindemann capillaries of 1 mm diameter and 10 um
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wall-thickness. An initial set of diffraction patterns was recorded on an
image plate (scanned by STORM 820 from Molecular Dynamics with
50 um resolution); periodicities up to 80 A can be measured, and the
sample temperature controlled to within 0.3 °C from 20 to 350 °C. The
second set of diffraction patterns was recorded with a curved Inel CPS
120 counter gas-filled detector linked to a data acquisition computer;
periodicities up to 70 A can be measured, and the sample temperature
controlled to within £0.01 °C from 20 to 200 °C. Alternatively, X-ray
patterns were also recorded on image plate; periodicities up to 120 A
can be measured. The thermal properties were investigated using DSC
with TA Instruments and DSC-Q2000 instruments operated at various
scanning rates. AFM was performed with a PSIA instrument XE-150.
AFM image was recorded simultaneously in noncontact mode. The
|-V measurements of the devices were performed using an HP-4155A
(Hewlett Packard) semiconductor analyzer.

Characterization: '"TH NMR spectra were recorded on a Bruker,
Avance-300 (300 MHz) in CDCl; solution. Mass spectra were measured
using a JEOL, JMS-600W mass spectrometer. Elemental analyses
were carried out using a CE instruments, EA1110 elemental analyzer.
UV-visible absorption spectra were recorded on a Shimazu, UV-1650
PC spectrometer. Photoluminescence spectra were obtained using
a Varian, Cary Eclipse Fluorescence spectrophotometer. The relative
fluorescence quantum yield of the GDCS solution was measured using
9,10-diphenylanthracence (DPA) in benzene as a standard reference
(1 x 10 mol L', @ = 0.83). The absolute photoluminescence quantum
efficiency of the GDCS powder was measured using an integrating
sphere (Labsphere Co., 600 diameter). A continuous wave Xe-lamp
(500 W, Melles Griot Co.) was used as the excitation light source, and
a monochromator (Acton Research Co.) attached to a photomultiplier
tube (Hamamatsu) was used as the optical detector system. All of
the systems were calibrated using a tungsten-halogen standard lamp
and deuterium lamp (Ocean Optics LS-1-CAL and DH-2000-CAL,
respectively). @, was calculated based on the de Mello method."
Time-resolved fluorescence lifetime experiments were performed by
the time-correlated single photon counting (TCSPC) and femtosecond
fluorescence up-conversion technique. In the TCSPC system, as an
excitation light source, we used a mode-locked Ti:sapphire laser (Spectra
Physics, MaiTai BB), which provides ultrashort pulses (80 fs at full width
half maximum, fwhm) with high repetition rate (80 MHz). This high
repetition rate slows down to 1 MHz ~800 kHz by using homemade
pulse-picker. The pulse-picked output pulse was frequency-doubled
by a 1 mm thickness of a BBO crystal (EKSMA). The fluorescence
was collected by a microchannel plate photomultiplier (MCP-PMT,
Hamamatsu, R3809U-51) with a thermoelectric cooler (Hamamatsu,
C4878) connected to a TCSPC board (Becker&Hickel SPC-130). The
overall instrumental response function was about 25 ps (fwhm). A
vertically polarized pump pulse by a Glan-laser polarizer was irradiated
to samples, and a sheet polarizer, set at an angle complementary to
the magic angle (54.7°), was placed in the fluorescence collection path
to obtain polarization-independent fluorescence decays. In the case of
femtosecond fluorescence up-conversion apparatus the beam sources
were a mode-locked Ti:sapphire laser also used in TCSPC system. The
second harmonic of the fundamental generated by a 200-um thick BBO
crystal served as pump pulse. A residual fundamental pulse was used as
a gate pulse. The pump beam was focused onto a 500-um-thick quartz
cuvette containing sample solution using a 5-cm focal length plano-
convex lens with a magic angle (54.7°) in order to prevent polarization-
dependent signals. The cuvette was mounted on a motor-driven stage
and moved constantly back and forth to minimize photo-degradation.
Collection of the fluorescence and focusing into a 1-mm-thick BBO
crystal for frequency conversion was achieved by a reflecting microscope
objective lens (Coherent). The FWHM of the cross-correlation function
between the scattered pump pulse and the gate pulse is measured
to be ~310 fs. The average excitation power was kept at a level below
2 mW in order to minimize thermal lens effect. In this excitation intensity
regime the fluorescence dynamics was be independent of the excitation
intensity for all samples. Deconvolution fitting and global analyses are
performed by vfit software (version 2.02).
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Effects of Moisture on the Switching Characteristics
of Oxide-Based, Gapless-Type Atomic Switches

Tohru Tsuruoka,* Kazuya Terabe, Tsuyoshi Hasegawa, llia Valov, Rainer Waser,

and Masakazu Aono

Resistive switching memories based on the formation and dissolution of a
metal filament in a simple metal/oxide/metal structure are attractive because
of their potential high scalability, low-power consumption, and ease of
operation. From the standpoint of the operation mechanism, these types of
memory devices are referred to as gapless-type atomic switches or electro-
chemical metallization cells. It is well known that oxide materials can absorb
moisture from the ambient air, which causes shifts in the characteristics of
metal-oxide-semiconductor devices. However, the role of ambient moisture
on the operation of oxide-based atomic switches has not yet been clarified.

In this work, current-voltage measurements were performed as a function of
ambient water vapor pressure and temperature to reveal the effect of mois-
ture on the switching behavior of Cu/oxide/Pt atomic switches using different
oxide materials. The main findings are: i) the ionization of Cu at the anode
interface is likely to be attributed to chemical oxidation via residual water in
the oxide layer, ii) Cu ions migrate along grain boundaries in the oxide layer,
where a hydrogen-bond network might be formed by moisture absorption,
and iii) the stability of residual water has an impact on the ionization and
migration processes and plays a major role in determining the operation
voltages. These findings will be important in the microscopic understanding
of the switching behavior of oxide-based atomic switches and electrochemical

memory applications.!'?l The basic struc-

ture of the devices consists of a simple
metal-ion conductor-metal (MIM) cell,
in which a conductive ion layer is sand-
wiched between an electrochemically
active metal electrode (usually Cu or Ag)
and an inert metal electrode (for example,
Pt). Because its operation mechanism is
essentially identical to that of an “atomic
switch”, whose resistance across a nano-
meter gap is controlled by the formation
and annihilation of a metal bridge under
electrical bias,®! we call this MIM struc-
tured cell a “gapless-type atomic switch”.[*
On the basis of electrochemical deposition
and dissolution of metal on an inert for-
eign substrate, this type of the cell is also
referred to as an electrochemical metalli-
zation cell (ECM) or a programmable met-
allization cell.>®! In addition to the simple
structures, atomic switches have many
unique features, such as low ON resist-
ances, high ON/OFF resistance ratios,
excellent scalable potential, low power
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metallization cells.

1. Introduction

Currently, there is great technological interest in resistive
switching devices based on the formation and dissolution of
a metal filament in a thin layer for volatile and nonvolatile
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consumption, and ease of operation.’]
Among the various materials suitable
for application in an atomic switches
and ECM including sulfides,®°! chalco-
genide glasses, 1% and polymers,['Zl metal oxides are one of
the most promising materials because of their high compat-
ibility with the fabrication processes of complementary metal-
oxide-semiconductor devices. Resistive switching phenomena
have been reported for many MIM cells using a thin layer of
Ta,05,13, Si0,,1413), WO, 1%, 7r0,,17), HfO,,18 SrTio;!1), etc.
In these reports, an amorphous or polycrystalline oxide layer
was deposited by sputtering or pulsed laser deposition. The fab-
ricated cells exhibited bipolar switching behavior such that they
were SET from a high-resistance (OFF) state to a low-resistance
(ON) state at positive bias relative to the electrochemically active
electrode and RESET from the ON state to the OFF state at neg-
ative bias. The switching mechanism and device characteristics,
such as retention time and cycle endurance, have been investi-
gated for the respective cells. However, in the reported works,
different experimental conditions were used for the fabrication
processes as well as for the electrical measurements. There-
fore, one cannot make an appropriate comparison between the
results for different oxide materials from separate papers. To
understand the switching mechanism completely and to control
the function of atomic switches, it is important to know how
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the operation voltages depend on the structural and chemical
properties of each oxide material.

Oxide films deposited by sputtering typically exhibit nanopo-
rous structures with film densities lower than the bulk state.2
Such porous oxides can absorb moisture during ambient expo-
sure. The presence of moisture has a profound influence on the
performance of the device. Zhao et al. reported that the mois-
ture absorption deteriorates the permittivity of La,0; films,
which is a promising material to substitute SiO, as the gate
dielectric film.U It was also found that moisture plays a major
role in the operation of organic field-effect transistors using ion
conducting insulator membranes, and careful control of the
moisture is required for stable and consistent device behavior.?
Thus, it can be expected that the transport properties of metal
ions in thin oxide layers would be affected by moisture absorp-
tion, giving rise to shifts in the characteristics of the cells. How-
ever, despite many observations for oxide-based atomic switches
and ECMs, there has been no report of the moisture effect on
the switching behavior.

In a previous work, we proposed forming and switching
mechanisms in a Cu/Ta,O5/Pt atomic switch cell. The forming
and SET processes corresponded to the formation of a metal fil-
ament by inhomogeneous nucleation, and the RESET process
was attributed to the dissolution of a metal filament due to ther-
mochemical reactions assisted by Joule heating.[?3! The validity
of this switching model was demonstrated by the fact that the
temperature variations in the operation voltages and the ON
resistance of the cell could be explained in terms of classical
nucleation theory.?l Here, we clarify the role of moisture in the
operation of oxide-based atomic switches. To reveal the mate-
rial dependence on the switching operations, Ta,0Os and SiO,
were selected as the model oxides because they exhibited dis-
tinctly different behavior. MIM cells consisting of these oxide
layers with different thicknesses were fabricated under nearly
identical conditions, and their SET and RESET voltages were
measured as a function of ambient H,O pressure and tem-
perature. By comparing the results of the two cells, we draw a
microscopic picture of the migration of metal ions and discuss
the influence of moisture on the switching behavior.

2. Electrical Characterizations

Figure 1a and b shows the typical switching characteristics of
Cu/Ta,05/Pt and Cu/SiO,/Pt cells with an oxide layer thick-
ness of 15 and 17 nm, respectively, which were measured
under atmospheric conditions (relative humidity > 30%). Both
cells were SET at an initial positive bias sweep relative to the
Cu anode and RESET at a subsequent negative bias sweep,
as shown by the red curves. The first SET operation corre-
sponds to the forming process in which a metal filament is
formed between the electrodes by the electrochemical dissolu-
tion of Cu at the anode and inhomogeneous nucleation and
growth of Cu on the Pt cathode, as illustrated in the inset on
the lower right of Figure 1a.2}l The RESET operation is attrib-
uted to Joule-heating-assisted electrochemical dissolution of
the metal filament, followed by the diffusion of Cu ions due to
their own concentration gradient and the applied electric field.
The subsequent SET operation results in re-formation of the
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Figure 1. Typical forming (red curves) and subsequent switching (blue
curves) characteristics of the Cu/Ta,0s/Pt (a) and Cu/SiO,/Pt (b) cells
under atmospheric conditions. The inset of (a) schematically illustrates
the ON (right side) and OFF (left side) states of the cell.

metal filament on the remaining Cu precipitate. By repeating
the voltage sweep cycles, the SET and RESET voltages gradu-
ally decreased in magnitude and became almost constant, as
shown by the blue curves. The reduction in the SET voltage can
be explained by the fact that Cu ions are already present within
the oxide layer, and that the distance between the Cu anode and
the remaining Cu precipitate becomes smaller than the oxide-
layer thickness in the OFF state, as illustrated in the inset on
the lower left of Figure 1a. Another possible explanation for the
lowering of the SET voltage could be the formation of a fast
ion transport path during the forming process.'*l In either
case, the smaller bias voltages are enough to SET the cell after
the second sweep cycle. Figure 1 shows that both Cu/Ta,Os/
Pt and Cu/SiO,/Pt cells exhibited nonvolatile bipolar switching
behavior. However, the forming voltage of the Cu/SiO,/Pt cell
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Figure 2. Forming (open squares) and SET (open circles) voltages of Cu/
Ta,Os/Pt (black) and Cu/SiO,/Pt (gray) cells plotted as a function of the
oxide layer thickness. The dashed and dotted lines are a guide for the eye.

was significantly higher than that of the Cu/Ta,Os/Pt cell,
although their oxide layer thicknesses were about the same.
The SET and RESET voltages were also larger for the Cu/SiO,/
Pt cell than for the Cu/Ta,0s/Pt cell. This result indicates that
the operation voltages of the cells depend strongly on the oxide
material.

Figure 2 plots the forming (open circles) and SET (open
squares) voltages of the Cu/Ta,Os5/Pt and Cu/SiO,/Pt cells as
a function of the oxide layer thickness. The data were collected
from several cells for each layer thickness. The voltage ranges
in which the two voltages are distributed represent the statis-
tics in the cell-to-cell data. The forming voltages increased with
increasing oxide layer thickness. This might be because higher
bias voltages are needed to inject more Cu ions into a thicker
oxide layer to reach supersaturation for the first formation of
the metal filament under a constant voltage sweep condition.
If a constant bias voltage was applied, a longer forming time
would be required for a thicker oxide layer.””! The SET voltages,
however, changed little with the oxide layer thickness. This
can be attributed to the situation in which the SET and RESET
operations are repeated in a nearly constant gap between the
Cu anode and the remaining Cu precipitate on the Pt cathode.
The electrocrystallization process at the cathode may also deter-
mine the thickness-independent SET voltages.¥] Although the
SET voltages of the two cells somewhat overlapped, the SET
voltage range was higher for the Cu/SiO,/Pt cells than for the
Cu/Ta,0s/Pt cells. The forming voltages were more than two
times higher for the Cu/SiO,/Pt cells than for the Cu/Ta,Os/
Pt cells.

We found that the two cells showed a different switching
behavior with the variation of the ambient water-vapor pressure.
In Figure 3 the SET (open circles) and RESET (open diamonds)
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Figure 3. Variation in the SET (open circles) and RESET (open diamonds)
voltages of the Cu/Ta,Os/Pt (a) and Cu/SiO,/Pt (b) cells with a reduction
in the ambient pressure. The dotted lines are a guide to the eye.

voltages are plotted as a function of ambient pressure ranging
from atmosphere down to 107 Pa. In the Cu/Ta,Os/Pt cell,
both the SET and RESET voltages were nearly constant upon
varying the ambient H,O pressure, as seen in Figure 3a. How-
ever, the Cu/SiO,/Pt cell exhibited a two-fold increase in magni-
tude of those voltages with a reduction in the ambient pressure
(Figure 3b). When the cell was exposed to air again, the SET
and RESET voltages gradually returned to the original voltage
levels for approximately an hour. The different responses to the
pressure between the two cells were also observed in the cells
with thinner oxide layers. The data for the Cu/SiO,/Pt cells in
Figure 3 were obtained by evacuating the prober in which the
cell was set after the forming process was conducted in atmos-
phere. If the bias voltage was initially applied to the cells in
vacuum (after evacuating the prober first), the cell resistance
changed from the initial high-resistance state to a low-resist-
ance state at a bias voltage higher than 15 V and then never
exhibited any switching behavior. In contrast, the Cu/Ta,Os/Pt
cell always showed similar forming and subsequent switching
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Figure 4. Temperature dependence of the SET (open circles) and RESET
(open diamonds) voltages of the Cu/Ta,Os/Pt cells (a) and Cu/SiO,/Pt
cells (b), measured under vacuum conditions.

cycles regardless of the ambient H,O pressure (for comparison,
the data for the Cu/Ta,Os/Pt cells in Figure 3 were measured
upon evacuating after the forming was conducted in atmos-
phere). The origin of this difference in the initial switching
behaviors in vacuum will be discussed later.

After evacuating the prober to below 107 Pa, the SET and
RESET voltages were measured over a temperature range from
88 to 573 K. Typical results for cells with 7.5-nm-thick Ta,O5 and
8.5-nm-thick SiO, layers are plotted in Figure 4a and b, respec-
tively. The data for the Cu/SiO,/Pt cell could not be obtained at
low temperatures, due to instability of the switching behavior
at bias voltages higher than 7 V. A similar temperature depend-
ence was also obtained for the cells with thicker oxide layers.
Both the SET and RESET voltages decreased in magnitude with
increasing temperature. In a previous study, we found that the
temperature variation in the SET voltage of the Cu/Ta,Os/Pt
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cell could be explained by the migration speed of Cu ions in
the Ta,0Os layer and the ion concentration required for nuclea-
tion (or electrodeposition) of Cu.?*l The hopping conduction
model predicts that the migration speed of Cu ions increases
for high temperatures. This readily leads to supersaturation
for nucleation, resulting in low SET voltages. The ion concen-
tration required for spontaneous growth of Cu decreases with
increasing temperature, which also reduces the SET voltage at
high temperatures. The RESET voltage is determined by the
size of the metal filament formed at a given temperature and
its thermal stability against the surrounding temperature. The
ON resistance of the Cu/Ta,Os/Pt cell was found to increase
with increasing temperature, indicating that a narrower metal
filament is formed at higher temperatures.?* Thus, the RESET
voltage also becomes smaller with a rise in temperature. The
two cells exhibited a similar tendency in the temperature varia-
tions of the SET and RESET voltages, but the amount of those
voltages was larger for the Cu/SiO,/Pt cell than for the Cu/
Ta,05/Pt cell at any temperature.

3. Discussion

Based on the switching mechanism that we proposed in pre-
vious work,?>?* the experimental results observed in the
present study can be explained by three rate-limiting proc-
esses: the ionization of Cu at the anode interface, the migra-
tion of Cu ions in the oxide layer, and the ion concentration
required for the nucleation of Cu. The results of Figure 3 and
4 were obtained under vacuum conditions after performing
the forming and several subsequent switching cycles in atmos-
phere. Because an adequate amount of Cu ions required for
the reformation of the metal filament is already present in
the oxide layers, the ionization process at the anode interface
would not be the rate-limiting process for the observed varia-
tions in the SET voltage. On the other hand, the ON resistance
was nearly constant upon pressure reduction both for the Cu/
Ta,05/Pt and Cu/SiO,/Pt cells, as shown in Figure S1 in the
Supporting Information. The ON resistance reflects the size
of the metal filament formed and is determined by the level of
the supersaturation at which spontaneous growth of Cu occurs.
Higher supersaturation leads to the formation of a smaller
critical nucleus, but this nucleus grows a larger metal filament
by incorporating a number of Cu ions from the surroundings
with a high ion concentration, giving rise to a lower ON resist-
ance.? The almost constant ON resistances (Figure S1) indi-
cate that the supersaturation condition does not change much
with the pressure decrease. Under these circumstances, the
pressure dependence of the SET voltage could be determined
by the migration process of Cu ions in the oxide layer. From
Figure 3, it is expected that the migration speed of Cu ions is
almost identical in the Ta,Os layer but decreases in the SiO,
layer with a reduction in the ambient H,O pressure.

The migration of Cu ions is strongly influenced by the struc-
ture of the oxide layers. Ta,O5 and SiO, films sputtered at room
temperature generally have a nanoporous structure consisting
of piled, small grains, each of which exhibits an amorphous
nature.?2¢l These nanoporous oxide materials absorb moisture
during ambient exposure. As a result, water molecules adsorb
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to the surface of the grains (pores) and thin layers of hydrogen-
bonded water molecules might be formed at grain bounda-
ries (pore walls). In such structures, Cu ions are more likely
to migrate along the grain boundaries than inside the grains
under the action of bias voltages, which is analogous to proton
conduction in a hydrogen-bond network of polymer electrolyte
membranes, such as Nafion.””! Hence, the migration of Cu
ions in thin oxide layers should be affected by ambient mois-
ture. Recently, Zhao et al. calculated the Gibbs free-energy
change for the moisture absorption reaction of SiO, and high-
permittivity oxides in terms of thermodynamics.?®! They found
that most of the rare earth oxides showed larger moisture-
absorption-reaction rates compared to SiO,. The relative attrac-
tion of moisture to oxides can be gauged from their polarities.
Pauling’s electronegativity difference between O and Si is 1.7,
whereas the difference between O and Ta is 2.1.2% Therefore,
the metal-oxygen bonds in Ta,O5 are more polar (ionic) than
those in SiO,. The larger electronegativity difference for the
Ta—O bonds leads to a higher affinity for moisture absorption
of Ta,O5 than SiO,.

To examine the chemical states of moisture-related species
in Ta,Os and SiO, layers, Fourier-transform infrared (FT-IR)
absorption measurements were performed on relatively thick
(100 nm) films deposited under identical sputtering condi-
tions. Figure 5a and b show the FT-IR spectra of Ta,0s5 and SiO,
films, respectively, measured in a nitrogen atmosphere. For the
Ta,0s film, a very broad band extending from 3700 down to
~2600 cm™ can be assigned to contributions of stretching vibra-
tions of water molecules strongly bound to hydroxyl groups
and hydrogen-bonded water molecules.?® A small peak was
also observed at 3740 cm™, which is probably due to hydroxyl
groups. However, the SiO, film showed an asymmetric peak at
~3630 cm™! and a shoulder around 3400 cm™! with a tail on the
lower wavenumber side. According to Davis and Tomozawa,?!
the former can be attributed to the OH stretching vibration of
hydrogen-bonded silanol groups, and the latter corresponds
to a combination of stretching vibrations originating from
hydrogen-bonded water molecules and free water molecules,
respectively. No peak due to isolated surface silanols, which is
usually seen at 3747 cm™!,3%321 was observed. The FT-IR results
indicate that both the Ta,Os and SiO, films contain a certain
amount of residual water molecules although their bonding
states are slightly different.

The insets of Figure 5 show the spectral change in a wave-
number range from 4000 to 3000 cm~! upon evacuation of the
ambient. For the Ta,Os film, the spectral shape was almost
identical both in nitrogen (black curves) and vacuum (gray
curves) atmospheres (Figure 5a), suggesting that the residual
water in the Ta,Os film remains very stable under evacuation at
room temperature. This is consistent with the result of Oshio
et al., who found that desorption of residual water from sput-
tered TaO,, films takes place above 623 K in vacuum.?¥! In con-
trast, the SiO, film exhibited that the intensity of an absorbance
band between 3500 and 3100 cm™ decreases with a reduction
in pressure down to ~10% Pa, as indicated by the arrow in the
inset of Figure 5b. This means that a portion of the residual
water, probably hydrogen-bonded and free water molecules, in
the SiO, film easily desorbs with a pressure decrease. Similar
results were reported by Takeuchi et al., who investigated the
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Figure 5. FT-IR spectra of Ta,Os (a) and SiO, (b) films sputtered on an
Au-covered silicon substrate, measured in a nitrogen atmosphere. Spec-
tral features up to 1200 cm™' correspond to the fundamental vibrational
bands of two oxides. Peaks at 1630 and 1850 cm™ and a shoulder at
~1990 cm™' seen in (b) are attributed to combination/overtone bands of
the silica matrix. The insets show the spectral change in the absorbance
bands due to residual water-related species in nitrogen (black curves) and
vacuum (~10% Pa, gray curves) atmospheres.

adsorption states of water molecules on several oxide surfaces
by means of FT-IR and near-infrared (NIR) spectroscopy.
Their FT-IR spectra revealed that water molecules adsorbed on
SiO, surfaces were easily removed by evacuation compared to
TiO, and Al,O; surfaces. In combination with the analysis of
contributions of hydrogen-bonded water molecules in the NIR
region, Takeuchi et al. concluded that water molecules weakly
interact with SiO, surfaces by hydrogen bonds to silanol groups
but strongly interact with TiO, and Al,O; surfaces by intermo-
lecular hydrogen bonds. Because water molecules are strongly
polarized due to the high electronegativity of oxygen, they bind
more strongly with positively charged TiO, and Al,05 surfaces
with a larger isoelectric point. Stronger interactions with water
molecules of Ta,05 surfaces than SiO, surfaces is also expected,
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because of the larger isoelectric point of Ta,Os compared to
$i0,.13]

The presence of residual water can also affect the ioniza-
tion process of Cu at the anode interface. Based on the discus-
sion by Willis and Lang,’®! there are several possible mecha-
nisms for the ionization of Cu at the interface with oxides
under the application of positive bias. The first mechanism is
an “anodization-like” process in which Cu atoms are injected
directly into the oxide layer by the following dissolution reac-
tion Cu — Cu** + ze". The cation valence z is either 1 or 2.
The second mechanism is the oxidation of Cu atoms at the Cu/
oxide interface due to reduction of the oxide. As a result, Cu,O
is formed at the anode interface and Cu ions are injected from
the oxidized Cu. The third mechanism is the chemical oxida-
tion of Cu atoms via ambient gases such as H,0 and O, or via
out-gassing of the oxide. Exposure of Cu to moisture might lead
to the formation of Cu,0, CuO, and nonstoichiometric phases
(for example, Cu;0,) at the interface.l’”) In the latter two mech-
anisms, the oxidized Cu can act as a source of Cu ions, which
then are available for subsequent migration under the action
of electrical bias.® The anodization and the reduction of oxide
are independent on the ambient moisture in principle, but the
chemical oxidation is strongly influenced by the ambient mois-
ture and the presence of water or oxygen in the oxide layer.

The Cu/Ta,Os/Pt cell showed stable switching cycles after
forming both under atmospheric and vacuum conditions,
whereas the Cu/SiO,/Pt cell exhibited no switching behavior
after the transition to a low-resistance state in vacuum. These
different initial switching behaviors in vacuum seem to sug-
gest different ionization processes of Cu between the two
cells. Because the switching behavior of the Cu/Ta,05/Pt cell
is independent of the ambient H,0 pressure, the ionization at
the Cu/Ta,0s interface may be caused by either the anodiza-
tion or the reduction of oxide. In contrast, the ionization at the
Cu/SiO, interface can be attributed to chemical oxidation due
to the switching failure of the Cu/SiO,/Pt cell with decreasing
pressure. However, given that the residual water remains stable
in the Ta,0s layer but easily desorbs from the SiO, layer in
vacuum, it is reasonable to assume that Cu is ionized at both
interfaces by chemical oxidation via the residual water. The Cu/
Ta,Os/Pt cell always shows forming and subsequent switching
behavior, regardless of ambient H,0 pressure, because of the
high stability of the residual water in the Ta,Os layer. On the
other hand, the Cu/SiO,/Pt cell exhibits stable switching cycles
in atmosphere, just as the Cu/Ta,Os/Pt cell (Figure 1b). How-
ever, as the cell is subjected to vacuum, the chemical oxidation
is significantly inhibited due to a decrease in the amount of
the residual water, and the injection rate of Cu ions drastically
decreases. As a consequence, the formation of a metal filament
becomes difficult even at high bias voltages, and finally an irre-
versible resistive change occurs, which corresponds to electrical
breakdown commonly observed in amorphous oxide layers.*”!
Thus, under vacuum conditions, electrical breakdown occurs
before the metal filament is formed.

From the above discussions, we infer the moisture effect on
the switching kinetics of Ta,Os- and SiO,-based gapless-type
atomic switches, as illustrated in Figure 6. Sputtered, thin oxide
layers have a nanoporous structure in which small amorphous
grains with a size of a few nanometers are randomly piled up,
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Figure 6. Potential mechanism for the moisture effects on the ionization
of Cu and the migration of Cu ions in an oxide-based atomic switch (a).
Schematics (b) and (c) illustrate the bonding states of residual water
molecules at grain boundaries in Ta,Os and SiO, layers, respectively.

as shown in Figure 6a. In the Ta,Os layer, water molecules
bound to hydroxyl groups and strongly hydrogen-bonded to one
another adsorb on the surface of grains, forming a hydrogen-
bond network at grain boundaries, as illustrated in Figure 6b.
However, in the SiO, layer, water molecules are weakly bound to
silanol groups on the grain surface, as illustrated in Figure 6c.
When positive bias is applied to the Cu anode, Cu atoms are
first oxidized at the anode interface by chemical oxidation via
the residual water, and Cu ions are injected from the oxidized
Cu into the oxide layer by the dissolution reaction. This dis-
solution reaction is accompanied by counter charges that are
mainly electrons, but it can be influenced by the presence of
residual water molecules and mobile protons.’?”! Because the
first ionization energy of Cu is approximately one-third of its
second ionization energy and because the solid solubility of
higher ionized states of most metals is much lower than that
of the singly ionized state,*? singly ionized Cu ions, Cu*, are
primarily created. Then, they migrate along the grain bounda-
ries toward the Pt cathode by hopping mechanisms similar
to proton conduction in hydrated polymer electrolyte mem-
branes.*!l This migration eventually leads to supersaturation
on the Pt cathode (or a remaining Cu precipitate), and the
metal filament is formed between the electrodes by nucleation
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and subsequent growth of Cu. The residual water in the Ta,Os
layer is very stable due to strong hydrogen bonds and remains
unchanged even in vacuum, which has almost no influence on
the migration of Cu ions. Hence, the operation voltages of the
Cu/Ta,05/Pt cell are independent of the reduction in ambient
H,0 pressure. In the Cu/SiO,/Pt cell, the chemical oxidation
of Cu is inhibited by desorption of residual water, and there-
fore the injection of Cu ions into the SiO, layer is significantly
suppressed with decreasing ambient H,0O pressure. Moreover,
desorption of the residual water might result in partial defects
in the hydrogen-bond network at the grain boundaries and
reduces the migration speed of Cu ions. The reduction both in
the injection rate and migration speed of Cu ions should retard
the formation of the metal filament. Thus, the forming and
SET voltages of the Cu/SiO,/Pt cell increase with decreasing
ambient H,O pressure.

The moisture effect that we proposed here is applicable to
other oxide-based atomic switches and ECMs. However, it is
emphasized that the effect depends strongly on the fabrication
process of the cells as well as the structural and chemical prop-
erties of the oxide layers such as composition, density, crystal-
linity, polarity of the metal-oxygen bonds, and affinity for mois-
ture absorption. In fact, we also measured cells with Al,O; and
TiO, layers. The former showed no significant influence of the
moisture but the ON state was usually unstable, and the latter
also exhibited the valence charge mechanism (VCM),P! so that
it was difficult to distinguish between atomic switch (ECM) and
VCM behaviors. Careful investigations are required to clarify
the effects of moisture on the switching characteristics.

In Figure 4, the decrease in the SET voltage with a rise in
temperature is explained by an increase in the migration speed
of Cu ions and a lowering of the ion concentration required for
the nucleation of Cu, as described above. The SET and RESET
voltages of the Cu/Ta,Os/Pt cell decreased in magnitude more
rapidly than those of the Cu/SiO,/Pt cell. As a result, the Cu/
Ta,Os/Pt cell showed a transition from nonvolatile switching
to volatile switching, in which the cell is RESET with no nega-
tive bias application. In contrast, the Cu/SiO,/Pt cell retained
its nonvolatile switching even at high temperatures. The dif-
ferent switching behaviors with respect to temperature cannot
be solely explained by assuming that the migration speed
of Cu ions is lower in the SiO, layer than in the Ta,Os layer,
because a lower migration speed results only in an increase of
the SET voltages. This means that the temperature variation of
the ion concentration required for nucleation also depends on
the oxide material, but we cannot draw further conclusions at
this stage. It is necessary through future research to clarify the
mechanisms that determine the temperature variations in the
switching characteristics of different oxide materials.

4, Conclusions

The operational characteristics of Cu/Ta,O5/Pt and Cu/SiO,/
Pt cells were examined as a function of ambient water vapor
pressure and temperature, to reveal the effect of moisture on
the resistive switching behavior of gapless-type atomic switches
using oxide thin layers. After a forming process at higher posi-
tive bias to the Cu anode, both cells exhibited bipolar switching
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behavior in which they were SET at positive bias and RESET
at negative bias. The forming and SET voltages were always
higher for the Cu/Ta,0s/Pt cell than for the Cu/SiO,/Pt cell
under the identical bias sweep condition. The Cu/Ta,Os/Pt cell
exhibited stable switching behavior regardless of the ambient
H,0 pressure. In contrast, if the application of bias voltage to
the Cu/SiO,/Pt cell was started in vacuum, the cell showed no
resistive switching and only an electrical breakdown occurred
at high bias voltages. When the cells were subjected to vacuum
after forming in atmosphere, the SET and RESET voltages of
the Cu/Ta,Os5/Pt cell remained almost constant, while those
of the Cu/SiO,/Pt cell increased in magnitude. The ambient
H,0 pressure effect on the Cu/SiO,/Pt cells was reversible.
FT-IR measurements showed the presence of a certain amount
of residual water in both the Ta,Os and SiO, layers, which is
absorbed from the air ambient. It was found that the residual
water remained very stable in the Ta,Os layer but easily des-
orbed from the SiO, layer with a reduction in the ambient H,0
pressure. From the results obtained, we concluded that the
ionization of Cu at the anode interface is attributed to chem-
ical oxidation via residual water. The moisture absorption also
results in the formation of a hydrogen-bond network at grain
boundaries in the oxide layers, and Cu ions are likely to migrate
along the grain boundaries. Due to strong hydrogen bonds in
the Ta,Os layer, the operation voltages of the Cu/Ta,0s/Pt cell
are independent of the ambient H,O pressure. On the contrary,
the switching behavior of the Cu/SiO,/Pt cell is significantly
influenced by ambient conditions because residual water easily
desorbs from the SiO, layer. As the temperature was increased
up to approximately 600 K, the Cu/Ta,Os/Pt cell exhibited a
transition from nonvolatile switching to volatile switching,
whereas the Cu/SiO,/Pt cell retained its nonvolatile switching
behavior. The origin of the different switching behaviors with
temperature is still unclear. Further investigations are neces-
sary to obtain more detailed informations about the correlations
between the switching kinetics and the structural and chemical
properties of the oxide layer.

5. Experimental Section

The Cu/Ta,0s/Pt and Cu/SiO,/Pt cells were fabricated on quartz or
SiO,-covered silicon substrates. All of the layers were deposited at
room temperature by radio-frequency sputtering using metal masks
with different patterns. First, 10-nm-thick Ti and 50-nm-thick Pt layers
were deposited as the adhesion layer and the bottom electrode,
respectively, under an Ar pressure of 0.7 Pa. Then, a Ta,Os or SiO, layer
was deposited using polycrystalline targets with a 50-% Ar and 50-%
O, gas mixture. The sputtered oxide layers are amorphous in nature,
as confirmed by X-ray diffraction. Two different thicknesses of the oxide
layers were used (7.5 and 15 nm for Ta,Os, 8.5 and 17 nm for SiO,).
Finally, a 50-nm-thick Cu layer was deposited as the top electrode.
Each cell consisted of a cross-point structure with a junction area of
20 um x 20 um. Current-voltage (I-V) measurements were performed
using a home-made, high-vacuum prober that can operate over a wide
temperature range (88 ~ 600 K) and a semiconductor characterization
system (Keithley 4200SCS). A bias voltage was applied to the Cu electrode
and swept as indicated by the arrows and numbers in Figure 1 at a
constant voltage sweep rate of approximately 0.1 V s™'. The Pt electrode
was electrically grounded in all of the measurements. The current
compliance was set to 30 LA for the positive bias polarity to regulate the
ON-state current.
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FT-IR measurements were performed on 100-nm-thick films of Ta,Os
and SiO, that were sputtered on Au-covered silicon substrates under
identical conditions. IR absorption spectra were recorded in reflection
geometry with a 75° angle of incidence with p-polarized light (RAS
mode) using an FT-IR spectrometer (ThermoFisher Scientific Nicolet
6700, equipped with a MCT detector). The spectral resolution was
set at 8 cm™'. To minimize the influence of carbon dioxide and water
in air, the spectrometer was purged with dry nitrogen gas during the
measurements. The background of the obtained spectra was calibrated
with an Au-covered silicon substrate. The difference in the spectral shape
under nitrogen and vacuum atmospheric conditions were measured
in RAS mode using another FT-IR spectrometer (JASCO FT/IR-6300V,
equipped with a MCT detector) with a spectral resolution of 8 cm™.
To perform the measurements in vacuum, the sample chamber in the
spectrometer was evacuated down to ~10% Pa using a rotary pump.
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Encapsulation of Perchlorate Salts within Metal Oxides for

Application as Nanoenergetic Oxidizers

Chunwei Wu, Kyle Sullivan, Snehaunshu Chowdhury, Guogiang Jian, Lei Zhou,

and Michael R. Zachariah*

In this work, high-oxygen-content strong oxidizer perchlorate salts were suc-
cessfully incorporated into current nanothermite composite formulations.
The perchlorates were encapsulated within mild oxidizer particles through a
series of thermal decomposition, melting, phase segregation, and recrystal-
lization processes, which occurred within confined aerosol droplets. This
approach enables the use of hygroscopic materials by stabilizing them within
a matrix. Several samples, including Fe,0;/KCIO,, CuO/KCIO, and Fe,O3/
NH,CIO, composite oxidizer particles, have been created. The results show
that these composite systems significantly outperform the single metal oxide
system in both pressurization rate and peak pressure. The ignition tempera-
tures for these mixtures are significantly lower than those of the metal oxides
alone, and time-resolved mass spectrometry shows that O, release from the
oxidizer also occurs at a lower temperature and with high flux. The results
are consistent with O, release being the controlling factor in determining the
ignition temperature. High-speed imaging clearly shows a much more violent
reaction. The results suggest that a strategy of encapsulating a very strong
oxidizer, which may not be environmentally compatible, within a more stable
weak oxidizer offers the opportunity to both tune reactivity and employ mate-

nanoscale constituents that enable inti-
mate mixing of the fuel and oxide, whose
nanodimensional homogeneity results
in substantial enhancement in heat and
mass diffusion, and therefore in reactivity
and burn rate.>! It has been experimen-
tally observed that the activation energy
for nanoaluminum oxidization and for
the oxidizer decomposition is significantly
lower than the corresponding values for
their macroscopic counterparts,® and the
higher surface area of nanoaluminum pre-
sumably is at least partially responsible
for the higher reaction rate and facilitates
energy transfer”) Aumann et al. were
some of the first to see the enhanced per-
formance that nanoenergetic materials
could potentially deliver, with a 1000 x
increase in reactivity.®l It has been specu-
lated that this increase in reaction-propa-
gation rate is related to the mode of energy
transfer in a composite, which likely shifts
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rials that previously could not be considered.

1. Introduction

Nanothermite, a subset of metastable intermolecular compos-
ites (MIC), is a relatively new class of energetic materials (EMs)
that is finding applications in propellants and explosives, as
well as microscale energetic material applications and micro-
electromechanical systems (MEMS).['2] These solid-state redox
reaction systems have in common very rapid, exothermic and
self-propagating behavior. With respect to traditional inor-
ganic solid-state EMs, which are a mixture of fine powders of
oxidizer and reducing agent, nanothermite is characterized by
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from conductive to convective mode.1%

These results have been confirmed by fur-

ther studies by others who have shown

that the packing density is inversely cor-
related with reaction velocity and that intimacy of mixing is a
key variable.'!]

This latter point suggests that the manner of assembling the
fuel and oxidizer either through physical mixing, or through
direct assembly and microstructure manipulation, may yield
new and more controllable properties. This approach has lead
to, for example, self-assembled Al/Fe,O; nanotubes,! self-
assembled Al/CuO nanorods,'213 nanowired Al/CuO,?4 elec-
trostatically assembled Al/Fe,O; nanoparticles,!’®! and Al/SnO,
coating by atomic layer deposition (ALD).[1%]

While there is a wide variety of possible metal and oxi-
dizer combinations for thermite mixtures, aluminum (Al) is
most often the fuel choice, due to its availability, high reaction
enthalpy, low ignition temperature, high thermal conductivity,
and the passivation nature of its native oxide. Furthermore, the
high negative enthalpy of the oxide of aluminum (Al,O3) offers
many possible low-cost metal oxides as possible oxidizers,
including Fe,03;, CuO, MoOs3, Bi,O;, W03, and SnO,, etc."1718]

On the other hand, one can envision many other more
powerful oxidizer molecules; many of these are typically com-
posed of salts. For example, ammonium perchlorate (AP) is a
very labile species composed of the perchlorate ion ClO,~, with
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chlorine in an oxidation state of +7. The high oxygen content
and good thermal stability of perchlorates have made them
indispensible ingredients for the pyrotechnics industry and as
key ingredients in solid rocket propellants. For example, com-
posite solid rocket propellants typically contain 60 wt%-80 wt%
ammonium perchlorate (AP), together with a polymer binder
[e.g., polybutadiene acrylic acid acrylonitril terpolymer (PBAN),
hydroxyl-terminated polybutadiene (HTPB), nitramines, tetra-
zoles, and nitrourethanes] and metallic fuel like aluminum
powder.l') In microscale MEMS applications, perchlorates such
as Ca(ClOy),, KClO4 and NaClO, have been incorporated into
nanoporous silicon by impregnation or a vapor deposition tech-
nique.?% Among the various perchlorate salts, AP is the most
widely used today as it yields high heat and high oxygen con-
tent. Potassium perchlorate (PP) is also a good solid propellant
additive because of its fast burn rate and high caloric value.

Unfortunately, these oxidizers have not found application
in MIC formulations due to their highly hygroscopic nature,
which poses long -erm stability constraints on the nanofuel
(e.g., aluminum). Perchlorate release, due to its water solubility,
has raised many environmental concerns during manufacture,
transport, and launch operations.?!l

Ideally one would like to harness the oxidizer properties of
perchlorates, with the longevity and stability offered by tradi-
tional metal oxides. Herein we focus on developing a generic
strategy of encapsulation of the strong oxidizer within a rela-
tively mild and insoluble oxidizer. This strategy was previously
tested by us in the fabrication of a core-shell-structured Fe,05/
KMnO, which showed enhanced performance characteris-
tics.?Z In the current work, we describe a generic method to
produce composite-structure oxidizer particles, with several
powerful oxidizer perchlorates being successfully encapsu-
lated within common inorganic oxides such as Fe,O; and
CuO. The synthesis is realized via an aerosol-based spray
drying/pyrolysis method, by employing careful control of the
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precursor-decomposition and melting processes. The aerosol
technique enables formation of nanosized perchlorate particles
via a process of recrystallization out of solution phase within
an aerosol droplet, and simultaneous encapsulation of each
perchlorate particle with an oxide shell, which is derived from
the thermal decomposition of a metal nitrate precursor. The
resulting materials are tested for their combustion behavior
and compared with existing formulations.

2. Results and Discussion

2.1. Synthesis of Fe,0;/KClO,, CuO/KCIO, and
Fe,O3/NH,ClIO, Composite Oxidizer

Microstructure control of the composite particles was realized
by tuning the temperatures of the two furnaces that govern the
thermal decomposition of the metal nitrates and the melting
of the perchlorate. In a typical synthesis (e.g., Fe,03/KClO,), a
precursor aqueous solution of iron (i) nonahydrate and potas-
sium perchlorate was sprayed into aerosol droplets by an atom-
izer. The molar ratio of the starting components Fe/K was fixed
at 1:2, and the total salt precursor concentration was kept con-
stant at 5.0 wt%. The temperature of the first furnace (T;) was
set at 125 °C and the second (T)) at 550 °C.

Before or just entering the first furnace, water evaporation
from the droplet drives the crystallization or precipitation of
both iron nitrate and potassium perchlorate. Each aerosol
droplet may be considered as a microreactor containing a solid
mixture of the two starting component salts. In the first fur-
nace, iron nitrate (Taecomp(Fe(nos);) = 125 °C) decomposes to form
iron oxide while potassium perchlorate (T p kcio, = 525 °C)
remains a solid. From the TEM image in Figure 1 one can
clearly see the distinct core-shell morphology. This structure

e

Figure 1. TEM image (left) and EDS line scan analysis (right) of the composite Fe,03/KCIO, particles, revealing the elemental concentration profile of

Fe, O, K and Cl across the line, [Fe/K] =% in precursor solution.
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was confirmed by use of EDS line-scan analysis (Figure 1)
to identify the elemental profile of Fe, O, K, and Cl along the
selected line across the particles. Quite clearly we have cre-
ated a structure of a very strong oxidizer encapsulated within a
weak oxidizer shell.

While the mechanism of formation is unknown, we can
speculate on likely routes. In one case the drying droplet results
in a homogeneously dispersed solid particle containing the two
precursors. In the first furnace thermal decomposition of the
iron precursor leads to small iron oxide clusters within the solid
KClO, matrix. As the temperature is raised to the melting point
of KCIO,, i.e., in the second furnace, the solid matrix becomes
molten and liquidlike. At this point the iron oxide clusters
become mobile, and begin to aggregate and coalesce at the exte-
rior of the aerosol particle due to surface-tension forces. As the
particles cool down, the molten KClO, recrystallizes to form a
solid core that is encapsulated by the exterior oxide shell.

A second possibility is that the core-shell structure is created
during the drying process and before the chemistry is initiated,
which results in a core-shell KClO,/Fe(NO;); structure. How-
ever the perchlorate is about 80 times less soluble than the iron
precursor (at room temperature), so one would expect that if
this was occurring the perchlorate would be on the outside,
where the evaporation of the solvent would cause the local con-
centration of the solute to be the highest and leading to precipi-
tation of the least soluble component first. In either case it is
clear from the figure that the perchlorate is in the interior, that
a near perfect phase separation has occurred, and that crystal-
lization of the perchlorate causes the shell to take on a non-
spherical shape.

In order to clarify the microstructure formation mecha-
nism, we conducted another similar experiment at lower
temperatures, i.e., T;/T, = 90 °C/90 °C, in which no decom-
position of iron nitrate or melting of perchlorate could occur.
Figure 2 exhibits the TEM image along with the EDS analysis of

! 300nm !
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the derived particles. It is quite clear that a core-shell structure
is formed during the drying/precipitation. However, in this case
considerably more iron can be found within the core of the par-
ticles and less potassium than in the previous case. This result
suggests that, despite the lower solubility of the perchlorate, a
net phase-separation process occurs during the droplet evapo-
ration process that creates the core-shell structure. Apparently
heating the particle to create the oxide and then subsequently
melt the perchlorate serves to further drive the phase-
separation process.

The copper oxide/potassium perchlorate (CuO/KClO,) com-
posite structure shown in Figure 3, was obtained at Ty/T, =
400 °C/550 °C. As in the iron example, the choice of tempera-
tures was governed by the decomposition and melting points.
In this example, as before, the nitrate has a much higher sol-
ubility than the perchlorate. While the structure is obviously
core-shell, crystallization of the perchlorate has clearly been
disrupted. Careful examination of the TEM image reveals small
CuO crystallites dispersed throughout, which could result from
the incomplete coalescence and aggregation of CuO primary
particles from the molten KClO, matrix. Possibly this result is
because in this case the reactor temperatures are very close to
each other, due to the relatively high decomposition tempera-
ture of the copper precursor. So in this case the material can be
best described as CuO-rich shell composite.

The influence of phase segregation on morphology is even
more prominent for the iron oxide/ammonium perchlorate
(JFe,03/NH,ClO,)] system, which was experimentally achieved
with T}/T, =125 °C/200 °C and is shown in Figure 4. EDS anal-
ysis indicates that the two components form a homogeneous
hollow shell. In this case both components behave similarly
as under conditions seen for spray pyrolysis, in which solvent
evaporation from the droplet leads to a hollow structure. In our
case the two solutes have solubilities that are similar (ca. sixfold
difference at room temperature).

* | Fe o]

m
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Figure 2. TEM image (left) and EDS line-scan analysis (right) of the composite Fe,03/KCIO, particles obtained at T;/T, = 90 °C/90 °C.
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Figure 3. TEM image (left) and EDS line scan analysis (right) of the composite CuO/KClO, particles, revealing the elemental concentration profile

of Cu, O, K, and Cl across the line, [Cu/K] = J4 in precursor solution.

2.2. Characterizations of Combustion Performance

The relative reactivity for stoichiometric (i.e., equivalence ratio
¢ = 1) mixtures of nano-Al with the oxidizers was measured
using the combustion cell. The pressure signals are shown for
the various synthesized oxidizers in Figure 5a along with CuO
nanopowder (=50 nm, Sigma-Aldrich) and Fe,O; nanopowder
(<50 nm, Sigma-Aldrich) as reference materials. All systems
except Fe,O; show a fast pressure rise which occurs on the
order of microseconds. The perchlorate materials, however,
exhibit much higher overpressures than the reference CuO
(purple curve) and Fe,O3 (light blue curve, barely seen on this
scale). Another qualitative comparison is with the Al/Bi,O;
system. Martirosyan et al.?)l demonstrated the highest pressure
pulse for Al/Bi,O; among reported thermite reactions, which
suggests that this extraordinary high pressure results from

' 300nm '

evaporation of the combustion product Bi, whose boiling point
is lower than the maximum reaction temperature. A pressuri-
zation rate of up to 650 GPa s™! (=94.3 psi us~!) was shown in
their study, which is considerably lower than that achieved in
our materials, without considering the larger sample mass/cell
volume ratio of their testing system (i.e., 500 mg/85 cm? vs.
25 mg/13 cm?). The peak pressure, rise time, and pressurization
rate are summarized in Table 1.

The corresponding optical emission for the same systems
is shown in Figure 5b. In this case, some obvious differences
were seen for the various systems. The oxidizers containing
CuO exhibited an intense optical rise and decay, whereas the
oxidizers with Fe,O; showed a much weaker optical signal with
a prolonged “tail”. In all cases, the timescale of optical emission
was several hundred microseconds, much longer than the rise
time of the pressure signal.

[Fe

3
1

Figure 4. TEM image (left) and EDS line-scan analysis (right) of the composite Fe,O;/NH,CIO, particles, revealing the elemental concentration profile

of Fe, O, N, and Cl across the line, [Fe/N] = J4 in precursor solution.
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Figure 5. a) Simultaneous pressure and b) optical traces for various thermites as measured during combustion in a constant-volume pressure cell.
All pressure traces show a rapid rise, with the synthesized perchlorate-included oxidizers significantly outperforming the reference materials CuO and
Fe,0s. The optical traces for CuO-containing mixtures show an intense rise to a peak, followed by decay. The Fe,0s-containing mixtures, on the other
hand, exhibit less-intense optical signals, and a “tail” lasting several hundred microseconds. All thermites were weighed stoichiometrically, assuming
complete conversion to Al,O3. The elemental molar ratio in the synthesized oxidizers is [Cu/K] = [Fe/K] = [Fe/N] = 1/2.

We have recently argued that the pressurization occurs as a
result of rapid oxidizer decomposition to release gaseous spe-
cies, which can occur well before significant optical emission
can be measure.?!! In oxidizers like CuO and Fe,O;, the gas
is largely O,, however, the kinetics of the O, release differ due
to the individual decomposition mechanisms. CuO can rapidly
release O,, whereas Fe,0; cannot, due to the formation of FeO,
which essentially traps O, in the condensed phase. In the cur-
rent work, the synthesized oxidizers show the same relative
behavior as an Al/CuO thermite; a rapid pressure signal fol-
lowed by a prolonged optical signal. Therefore, we argue that the
perchlorates burn by similar mechanisms. The mixture ignites,
and the exothermic reaction rapidly drives the decomposition

Table 1. Measurements of the peak pressure and rise time for thermites
prepared with the perchlorate-included systems relative to commercially
available CuO. The pressurization rate is an accepted indicator of rela-
tive reactivity, and the results show a large enhancement in the reactivity
for all synthesized oxidizers. All oxidizers were mixed with Al, and were
prepared stoichiometrically assuming complete conversion to Al,Os.
The elemental molar ratio in the synthesized oxidizers is [Cu/K] = [Fe/K]
= [Fe/N] = 1/2. Typically a 25 mg sample was loaded in a 13 mL cell for
the measurement.

Oxidizer (w/Al, p=1) P Rise Time Pressurization Rate
[psi] [us] [psips™l

(CuO+KCIOy) 534 1.5 356

(Fe,05+KClO,) 495 24 206

(Fe,03+NH,ClO,) 389 33 117

CuO (ref)) 98 10.4 9.4

Fe,O; (ref) 13 800 0.017

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of the oxidizer to pressurize the system, then the remainder of
the fuel continues to burn in a pressurized, oxygenated envi-
ronment. In the case of a perchlorate, several other gaseous
species (K, Cl, N,, etc.) can form during the decomposition,
and the formation of these gaseous species can greatly enhance
the peak pressure, while also aiding in the convective energy
transport throughout the thermites.

Direct comparison of the combustion of Al/(CuO+KClO,)
and Al/(Fe,03+KClO,) shows that the CuO system has a
higher pressurization rate by about a factor of two, which
is consistent with the idea that CuO decomposition contrib-
utes to the pressurization more than Fe,O; does.?’! By com-
paring the optical signals between the two systems, we see
qualitative differences in the results. For the CuO system, the
optical emission rises and falls, with a burn time (at full-width
half-maximum) of =190 us. In fact, both Al/CuO and Al/
(CuO+KClO,) have similar burn times, which suggests that
in both cases the burning is rate-limited by the aluminum
fuel. For the Fe,0; system, however, the observed plateau in
the optical emission suggests that the combustion occurs in
two steps. We speculate that some of the oxidizer in the Fe,0;
remains trapped as FeO, and thus the combustion ultimately
is rate-limited by the oxidizer. The assighment of a burning
time is somewhat ambiguous due to the plateau seen in the
optical emission, however, it is characteristically longer than
the CuO systems.

The reactivity of the MIC mixture could be tailored by varying
the constituent content in the composite oxidizer particles. In
particular, the metal oxide was thickened by increasing the ratio
of the metal oxide precursor during the process of aerosol syn-
thesis. This was done for both CuO+KClO, and Fe,0;+KClO,,
and the pressure measurements are compared in Table 2. Not

Adv. Funct. Mater. 2012, 22, 78-85
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Table 2. Effect of changing the relative amount of metal oxide/perchlorate
on thermite reactivity. Typically a 25 mg sample was loaded in a 13 mL
cell for the measurement.

Oxidizer (w/Al, p=1) Molar ratio Prnax Pressurization rate
[psil [psius']
(CuO+KClOy) [Cu/Kl=1/2 534 356
(CuO+KCIOy) [Cu/K]=2/1 279 112
(Fe,05+KCIO,) [Fe/K]=1/2 495 206
(Fe,05+KCIO,) [Fe/K] = 2/1 240 97

surprisingly, the pressurization rate decreases as the less reactive
metal oxide is thickened, and provides a simple method for
tuning the thermite reactivity.

Experiments were conducted at high heating rates (=5 x
105 K s71) on 70-um diameter platinum wires to measure the
ignition temperature of the thermites formulated with nanoa-
luminum and the synthesized composite oxidizer mixture.
Based on the average of three repeated shots,the measured igni-
tion temperatures of Al/(Fe,03+KClO,) and Al/(CuO+KClO,)
thermite are 1105 K and 1087 K, respectively, which are
significantly lower than that of their corresponding single
metal oxide thermite, i.e., >1500 K of Al/Fe,03, >1200 K
of Al/CuO.

(roM+E0ZR )/ IV

(roN+ONI)/1Iv

(swond/Iv

Figure 6. Sequential snapshots of Al/(Fe,0;+KCIO,), Al/(CuO+KClO,4), and Al/CuO (com-
mercial) burning on fast-heating wire, as captured by high-speed video camera. The labeled

numbers are time elapsed (us) after triggering.
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Figure 6 gives sequential snapshots of Al/(Fe,03+KClO,) and
Al/(CuO+KClO,4) burning on a wire under fast heating captured by
the high-speed digital camera. Both of the perchlorate-containing
thermites show much more violent reaction than that of Al/CuO
(commercial) as obviously seen from the images; this indicates
much faster energy release and pressurization rate for the per-
chlorate-containing thermites.

Our previous work showed that a clear correlation exists
between O, release from the oxidizer and the overall reactivity
of the formulated nano-thermite, i.e., high thermite reactivity
can be reasonably attributed to the strong oxygen release of
the oxidizer.” In this work, time-resolved mass spectrom-
etry was conducted to study the O, release of the synthesized
perchlorate-encapsulated composite oxidizer. O, peak intensity
as a function of time obtained from flash heating along with
a comparison of commercial Fe,O; nanopowder and synthe-
sized (Fe,0;+KClO,) was plotted and shown in Figure 7. Not
surprisingly, much higher O, signal intensity was observed
from Fe,0;+KClO, than from commercial Fe,O; nanopowder.
Clearly, quick release of abundant oxygen contributed to the
high reactivity in our current thermite. Further, the onset tem-
perature of O, release from Fe,0;+KClO, (=1045 K) is much
lower than that of commercial Fe,O; nanopowder (=1524 K),
but close to that of KCIO, (<1070 K), which suggests that the
dominant source of O, is the perchlorate. Similar results were
also observed from CuO+KClO, and Fe,03;+NH,ClO, samples,
which further confirmed the origin of the O,.

3. Conclusion

Water-soluble and hygroscopic perchlo-
rate salts, including KCIO, and NH,CIO,
were successfully encapsulated by common
metal oxides by using an aerosol synthesis
approach. The unique microstructures of the
composite oxidizer particles were character-
ized and structure evolution mechanisms
discussed. Thermite samples formulated with
nanofuel and synthesized oxidizers show a
higher pressurization rate and peak pressure,
a lower ignition temperature, and a faster
and more intense O, release. High-speed
imaging clearly shows a much more violent
reaction than for traditional thermites. The
results imply that a strategy of incorporating
a very strong oxidizer within a milder oxi-
dizer offers many advantages in controlling
reactivity and enabling the use of a material
that, due to long-term compatibility, would
not normally be considered.

4. Experimental Section

Materials: ~ Iron (1)  nitrate
(Fe(NO3)3-9H,0, > 98%), cupric nitrate trihydrate
(Cu(NO;3),:3H,0, > 98%), ammonium perchlorate
(NH4CIO,, 99.8%), potassium perchlorate (KClO,, =
99.5%), and reference CuO (=50 nm) and Fe,0,

nonahydrate
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Figure 7. Temporal profile of oxygen release upon heating the synthe-
sized composite oxidizer Fe,0;+KClIO, and commercial Fe,O3; nano-
powder. The heating pulse time was 3.0 ms.

(<50 nm) nanopowders were all purchased from Sigma-Aldrich and were
used as received. The aluminum nanopowders used in the combustion
test were obtained from the Argonide Corporation, and are designated
as 50 nm ALEX by the supplier. The aluminum was found to be 70 wt%
active as measured by thermogravimetric analysis (TGA).

Aerosol Spray Drying and Pyrolysis: The composite oxidizer particles
were fabricated via a one-step, two-furnace temperature strategy in
an aerosol setup, the scheme of which is shown in Figure 8. Aerosol
droplets containing the dissolved precursors were generated by using
a home-built pressure atomizer. The geometric mean diameter of the
generated droplet, as measured by a laser aerosol spectrometer, is about
1 um. Droplets were passed through a diffusion dryer to remove most
of the solvent, and then into tube furnaces to thermally decompose
the included precursor salts and further densify the particle structure.

Oxidein
perchlorate matrix
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Normal residence times were =1 second for a total gas flow rate of
3.5 L min~'. Product particles were collected on a 0.4 um pore Millipore
HTTP membrane filter (housed in a stainless-steel holder and covered
by a heating tape to prevent recondensation of solvent vapor. Typical
product yields exceeded 50%.

Thermite Sample Preparation: The MIC sample powders were prepared
by first weighing out the fuel and oxidizer and adding the contents to
a ceramic crucible. Approximately 10 mL of hexane was then added,
and the mixture was sonicated in an ultrasonicating bath for 20 min to
ensure intimate mixing. The hexane was then allowed to evaporate in
air and then the samples were placed in a furnace at 100 °C for a few
minutes to remove any remaining hexane. The powder was then very
gently broken apart with a spatula until the consistency for each sample
was that of a loose powder.

Simultaneous Pressure and Optical Characterization of Reactivity: The
reactivity of MICs is typically reported as a relative value, due to the
current lack of fundamental understanding of the reaction mechanism.
Two common methods for measuring the reactivity of MICs are to
combust the sample and measure the linear burning rate, and also
to combust the material in a constant-volume cell and measure the
pressurization rate. The flame velocity and pressurization rate have
been shown to correlate with each other, however, the correlation is
not quantitative. In this work, the pressurization rate from combustion
in a small volume cell has been used to characterize the reactivity of
the burning material. Since this is a relative measurement, a reference
oxidizer (CuO) is shown with the data as a comparison. In a typical
pressurization rate measurement in our experiment, a fixed mass
(25 mg) of the sample powder was placed inside a constant-volume
(=13 mL) pressure cell, and a nichrome wire coupled to an external
power supply was placed in contact with the top of the powder, which
served as an ignition source through resistive heating of the wire. A
piezoelectric pressure sensor was employed in series with an in-line
charge amplifier and a signal conditioner, and the resultant voltage trace
upon ignition was captured by a digital oscilloscope. The pressurization
rate (dP/dt) was calculated by converting the voltage rise to pressure
(1 mV = 0.237 psi), and dividing by the rise time in microseconds.
Three repeated shots were performed for each sample for the average
pressurization rate. The optical emission was simultaneously collected
using a lens tube assembly, containing a planoconvex lens (f= 50 mm),
and a photodetector to collect the broadband emission.

Time-Resolved Mass-Spectrometry Measurement of the Oxygen Release
of the Oxidizers: The recently developed temperature-jump/time-of-
flight mass spectrometer (T-Jump/TOFMS) was used to characterize
the reactivity of the nanocomposites. Typically, the T-jJump filament (Pt
wire, length =12 mm, diameter =76 um) was coated with a thin layer of
sample powder (< 0.03 mg) which could be heated up to ca. 1800 K at a
heating rate =5 x 105 K s7. The filament was replaced after each heating
event. From the current and voltage trace, a resistivity measurement
can be obtained and related to the instantaneous temperature of the

COxide (exterior)/
perchlorate (interior)

S'uﬁ;;?el Tube furnace Tube furnace Fllier E
(T4) (T2)
Vacuum
Atomizer pump

Figure 8. Aerosol spray drying/pyrolysis system for the fabrication of composite oxidizer particles.
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filament, which can be mapped against the mass spectra. Time-resolved
mass spectra combined with temperature information were then used
for characterization of nanocomposite thermite reactions. A detailed
experimental description of T-Jump/TOFMS can be found in our
previous papers.[2>26]

Simultaneous Fast-Heated Ignition Wire Test and High-Speed Imaging:
The T-Jump technique was coupled with a photomultiplier tube (PMT)
setup for the measurement of the optical emission. The ignition
temperature of the thermite sample reaction was obtained from the
correlated emission signal with temperature profile of the T-Jump
filament. The experiments used the same T-Jump wire in the T-jJump/
TOFMS except for those performed at atmospheric pressure. A detailed
experimental description can be found in our previous papers.[>2¢ High-
speed digital video imaging of sample burning was conducted with a
Vision Research Phantom® v9.1 digital camera, which has a maximum
resolution of 1632 x 1200 and maximum frame rate of 153846 fps at
96 x 8 resolutions.
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Merocyanine/Cg, Planar Heterojunction Solar Cells: Effect
of Dye Orientation on Exciton Dissociation and Solar Cell
Performance
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Antti Ojala, Andreas Petersen, Andreas Fuchs, Robert Lovrincic, Carl Polking,
Jens Trollmann, Jaehyung Hwang, Christian Lennartz, Helmut Reichelt,
Hans Wolfgang Hdffken, Annemarie Pucci, Peter Erk, Thomas Kirchartz,
and Frank Wiirthner*

1. Introduction

In this study the charge dissociation at the donor/acceptor heterointerface of ) )
Progress in the field of organic photo-

thermally evaporated planar heterojunction merocyanine/Cg, organic solar
cells is investigated. Deposition of the donor material on a heated substrate
as well as post-annealing of the complete devices at temperatures above

the glass transition temperature of the donor material results in a twofold
increase of the fill factor. An analytical model employing an electric-field-
dependent exciton dissociation mechanism reveals that geminate recombi-
nation is limiting the performance of as-deposited cells. Fourier-transform
infrared ellipsometry shows that, at temperatures above the glass transition
temperature of the donor material, the orientation of the dye molecules in the
donor films undergoes changes upon annealing. Based on this finding, the
influence of the dye molecules’ orientations on the charge-transfer state ener-
gies is calculated by quantum mechanical/molecular mechanics methods.
The results of these detailed studies provide new insight into the exciton
dissociation process in organic photovoltaic devices, and thus valuable

voltaics (OPV) has been rapid in recent
years and cell efficiencies approaching
8%l have been reported. However, to
further increase the efficiency beyond
10%, which is generally considered as the
watershed for a wider commercialization
of the concept, a deeper understanding
of the correlation between molecular
level processes and the cell performance
is needed.”! One of the key processes in
OPV cells and also the major difference
compared to inorganic techniques con-
cerns the formation of free charge car-
riers. In organic solar cells the absorption
of a photon leads to the formation of a
strongly bound electron-hole pair, known
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as an exciton. Since the built-in electric

field of the device is insufficient to dis-

sociate the excitons, they have to travel to
a heterointerface between donor (D) and acceptor (A) compo-
nents where the local energy level offset supports the dissocia-
tion. According to studies with polymer/fullerene blends, the
dissociation of an exciton into free electron-hole pair takes
place via an intermediate charge transfer (CT) state (D*/A") in
which the electron and hole are located on the lowest unoccu-
pied molecular orbital (LUMO) of an acceptor molecule and on
the highest occupied molecular orbital (HOMO) of the adjacent
donor molecule, respectively.®! At this point, the closely bound
electron—hole pair is assumed to experience a strong Coulomb
binding and can either dissociate into free charges or gemi-
nately recombine back to the ground state.* Several studies
have identified geminate recombination as one of the main loss
mechanism in OPV.3%! 1t is widely accepted that a sufficient
energy offset AE ymo = Erumo® — ELumo” between the LUMO
levels of donor and acceptor materials is needed to provide the
driving force for the CT-state dissociation.’*3® On the other
hand, the open circuit voltage Vo of the organic planar and
bulk heterojunction solar cells has been shown to be ultimately
limited by the HOMO/LUMO energy level offset at the inter-
face of donor and acceptor molecules.”) Therefore, AE; yyo has
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to be optimized in order to maximize Vo and at the same time
provide a sufficient driving force for the CT-state dissociation.

In polymer/fullerenel® bulk heterojunction (BHJ) devices and
planar heterojunction (PHJ) phthalocyanine (Pc)/dicyanovinyl-ter-
thiophene (DCV)™ and Pc/fullerenel’ cells, an efficient CT-state
dissociation has been observed for an energy offset of ~0.4 eV.
However, very recently, Gong et al.'% demonstrated modest OPV
performance with a poly(3-hexylthiophene) (P3HT)/12-(3,6,-
dimethoxy-fluoren-9-ylidene)-12 H-dibenzo[b,h]fluorine ~ blend,
which shows a LUMO level offset of only 0.12 eV.

The current-voltage (J-V) characteristics of PHJ solar cells
often deviate from an ideal diode behavior which results in low
fill factor (FF). This behavior has been attributed mainly to the
following reasons: i) imbalanced charge carrier mobilities and
a high series resistance,!'!l ii) low effective electric field at the
heterointerface,!'?l and iii) accumulation of charges at the elec-
trodes due to interface trapping.[’l The low FF can be signifi-
cantly improved by inducing crystallization!'? or doping of the
semiconductors!" and thus improve the transport properties
of the devices. Molecular orientation at the heterointerface may
also play a significant role in the exciton dissociation process as
recently discussed in theoretical studies with pentacene/Cg"”!
and P3HT/Cg ' interfaces.'”] Additionally, depending on the
alignment of the molecules’ dipole moment at the heterointer-
face with respect to the applied field, the charge dissociation
might be either supported or hindered.[¢18]

Interestingly, with highly dipolar merocyanine dyes excel-
lent results have recently been obtained in both solution and
vacuum deposited bulk heterojunction (BHJ) solar cells.*l This
was achieved, despite the relatively narrow band gap (~2.1 eV),
owing to exceptionally high V¢ (1.0 V) and Js¢c values (up to
almost 12 mA cm™2), whereas low FF of < 40% for solution-
processed and <50% for vacuum-processed devices pinpoint
the drawback that needs to be further analyzed.!'*"

In this study, we investigate PHJ and BH] merocyanine/Cg,
solar cells deposited by thermal evaporation. Current—voltage (J-V)
characteristics of as-deposited devices show a strong depend-
ence on the applied voltage. The application of thermal treatment
steps during the fabrication process significantly diminishes
this voltage dependence. We show that the origin of the low FF
of the as-deposited cells is the initially low exciton dissociation
efficiency at the D/A heterointerface. It dramatically improves
during post-annealing above the glass transition temperature of
the merocyanine dye. An ellipsometric analysis reveals that the
preferred orientation of the donor molecules undergoes a change
upon annealing. Based on this result, two heterointerface models
are simulated and their charge transfer (CT) exciton energies are
calculated. These results support the experimental observation
that the orientation of the dye molecules at the heterointerface
has a significant influence on the exciton dissociation efficiency.

2. Results and Discussion
2.1. Energy-Level Diagram

The molecular structures of the employed donor and acceptor
materials and the energy level diagram of the PH]J cells are
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Figure 1. Energy level diagram and molecular structures of the donor
(ID583) and acceptor (Cgp) materials.

depicted in Figure 1. The HOMO level of ID583 was obtained
from a cyclic voltammetric (CV) measurement and the LUMO
position was estimated by adding the optical band gap [An.x
(as-deposited thin film) = 605 nm] to the HOMO energy. The
HOMO and LUMO values of ID583 are —5.81 and —3.76 eV,
respectively. A commonly used HOMO value for Cgy (obtained
by ultraviolet photoelectron spectroscopic (UPS) analysis)
is —6.4 eVI7<20 whilst different values for the LUMO level
have been proposed.?°#2!] In this study, a value of —4.1 eVI2!P!
(obtained by an inverse photoemission spectroscopic method)
is assumed as the LUMO level of Cg,. The energy levels for
MoOj3, Bphen, and Ag are taken from literature.??

2.2. Device Characteristics

The device architecture of planar heterojunction (PHJ) cells
comprises: ITO/MoO; (5 nm)/ID583 (7-28 nm)/Cg (35 nm)/
Bphen (5 nm)/Ag (100 nm) where the ID583 layer thickness
was varied in steps of 7 nm from 7-28 nm. Figure 2a depicts
the J-V characteristics of the illuminated PHJ cells with four
different donor layer thicknesses. Table 1 summarizes their
key device parameters. At negative applied voltage (V < 0 V),
all cells with different thickness of the donor layer show a very
similar and well saturated photocurrent indicating an efficient
extraction of free charge carriers. The high leakage current of
the 7 nm donor film device at the high reverse voltage region
(V < -0.4 V) is attributed to the low parallel resistance of the
cell. When biased in forward direction (V> 0 V), the cells with
the 14, 21, and 28 nm donor layers show a kink after which the
photocurrent starts to decline linearly, until just before the open
circuit voltage (Voc) condition a second kink appears due to the
exponential increase of the diode current. The formation of the
kinks adversely affects the performance of the devices featuring
a donor layer thickness of 14, 21, and 28 nm. Their FFs have
been measured to be 52, 39, and 28%, respectively. The kinks
are not observed, however, in the J-V curve of the thinnest cells
(7 nm donor layer) which yields the highest fill factor (FF) of
69%. Notably, the exceptionally high V¢ (1.04-1.07 V) and the
short circuit current (Jsc) are not affected by the kinks. The best
Jsc (5.4 mA cm™) is observed for the cells with a donor layer
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Figure 2. J-V characteristics of the PHJ cells prepared at substrate temperatures of a) 25 °C and b) 60 °C with four different ID583 layer thicknesses.
c) Dependence of the FF of PH] devices with 21 nm thick donor layers on the post-annealing temperature. The glass-transition temperature (T,) of
ID583 is illustrated by the dashed line. The solid lines are to guide the eye. d) Forward dark J-V characteristics of the PH) cells (21 nm donor film) after
different heat treatments. Series resistance (Rs) is estimated by the slope (dV/d]) at voltage range close to V=2 V.

thicknesses of 21 nm. However, due to the rapidly decreasing
FF upon increasing the layer thickness, the cells with the thin-
nest (7 nm) donor layers give the highest power conversion effi-
ciency (PCE) of 3.2%.

Figure 2b shows the J-V characteristics of PHJ cells deposited
on a preheated (60 °C) substrate. Interestingly, these devices do
not exhibit similar kinks as the cells prepared at 25 °C. There-
fore, the FF of the cells with the 14, 21, and 28 nm donor layers
is significantly improved to 72, 70, and 64%, respectively. The
enhancement of the FF is especially high for the thickest cell

Table 1. Key device characteristics of the PH) and BH) devices.

that showed a 2.2-fold increase compared to a corresponding as-
deposited device. Preheating of the substrate does not influence
the Vo (1.04 V) but Jsc is slightly reduced, which is attributed to
the lower absorption strength of the ID583 films evaporated on
a preheated substrate (see the Supporting Information). How-
ever, due to the significantly improved FF, the optimal donor
layer thickness is increased from 7 to 21 nm, which yielded a
PCE of 3.9%, which is among the highest values achieved to
date for vacuum-deposited PHJ devices.!'?>23]

Additionally, completely manufactured PH]J cells with a 21 nm
thick donor layer were tempered on a hot plate
at 50, 60, 70, 80, and 100 °C for 5 min. Inter-
estingly, post-annealing of the cells at temper-

Fabrication temp.  Cell type ~ Donor layer thickness Jsc FF Voc PCE atures of 50, 60 and 70 °C has a negligible or
°q] [nm] [mA cm™?] %] V] (%] even slightly negative influence on cell perform-
25 PH 7 45 69 1.04 3.2 ance while annealing the cells at 80 °C almost
25 PH) 14 50 52 1.06 28 doubles the FF from 37 to 70% (Figure 2c).

The reason for the significantly improved FF
» PH) 2 >4 3 1.07 23 is the disappearance of the kinks in the -V
» PH) 28 50 2 1.07 1.5 characteristics (Figure 2b). The Vi of the post-
807 PH] 21 45 70 1.04 33 annealed (80 °C) devices is 1.04 V but due to a
600 PH 1 52 70 1.06 39 reduced Jsc (4.5mA cm2), PCE (3.3%) remained
25 BH) 289 75 55 1.00 a1 below the value obtained on a preheated sub-

?Post-annealed; ®Heated substrate; 91D583:Cq, (40:60 weight ratio) layer.
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strate. Post-annealing of ID583 neat films at
80 °C reduces the absorption strength and
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shifts the maximum to slightly smaller wavelength (A,,,, = 595 nm)
compared to the as-deposited film (A, = 605 nm). The
decreased Jsc of the post-annealed devices is mainly attributed
to the reduced absorption strength. However, possible changes
in the thermally instable Bphen layer (T, = 62 °C)*! or the
exciton diffusion length of the ID583 layer cannot be excluded.
Increasing the temperature to 100 °C does not further improve
the device performance; instead a small decline was observed
in all cell parameters compared to post-annealing at 80 °C.

2.3. Dye and Film Properties

In order to understand the behavior of the PH]J devices, espe-
cially the sudden improvement of the FFs after post-annealing
at 80 °C, we applied different analytical methods. First, the
thermal properties of a ID583 powder sample were analyzed
by differential scanning calorimetric (DSC) method (see the
Supporting Information). Heating of an amorphous sample of
ID583 (prepared by fast cooling from the melt) reveals an endo-
thermic step in the base line at 77 °C, which is attributed to the
glass transition temperature (T;) of the material. Additionally,
an exothermic crystallization peak and endothermic melting
characteristics have been observed at 141 and 221 °C, respec-
tively. Hence the T, is observed at the same temperature region
where the post-annealing significantly improves the FF of the
PH]J devices (see Figure 2c).

Changes of the film morphology were investigated by atomic
force microscopy (AFM). Two samples with 21 nm ID583 neat
films were evaporated on ITO/MoOjs (5 nm) covered glass slides
at substrate temperatures of 25 and 60 °C. The ID583 films
deposited at 25 °C show a root-mean-square (RMS) roughness
of 0.84 nm whereas the films deposited at 60 °C have a sig-
nificantly lower roughness of 0.62 nm (for AFM figures see the
Supporting Information). Additionally, X-ray powder diffraction
(XRPD) patterns were recorded for ID583 neat films prepared
at 25 and 60 °C or post-annealed at 80 °C (see the Supporting
Information). No coherent reflections arising from the ID583
layers have been observed. This, together with the AFM results
(decreasing roughness at elevated deposition temperatures),
suggests that the films are X-ray amorphous.

In a recent study on small molecule PHJ solar cells anoma-
lous J-V characteristics were attributed to imbalanced charge
carrier mobilities between the donor and acceptor layers.!'!]
This possibility in our devices was explored by measuring the
hole mobilities of the ID583 hole-only devices prepared under
different thermal conditions and by applying a space-charge-
limited-current (SCLC) model (see the Supporting Informa-
tion).?>] The hole mobility of the devices fabricated at 25 °C is
6 x 107% cm? V! 571, whereas the deposition at 60 °C or post-
annealing at 80°C yields only 2 x 107° and 6 x 107 cm? V™' 57,
respectively. The previously reported electron mobility of Cg is
approximately 107 cm? V= s7L.126l Obviously, the decrease in
hole mobilities with increased deposition temperature or with
thermal annealing cannot explain the cause of the improved
FFs in our PHJ devices. Consistently with the experimental hole
mobilities, also the series resistance (Rgs) of the PH]J cells with
a 21 nm thick ID583 layer gets worse after the thermal treat-
ments (Figure 2d). Devices prepared at 25 °C show the lowest
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Rs of 0.86 © cm? whilst the highest Rg of 1.5 Q cm? is observed
for the post-annealed (80 °C) devices. Depositing the cells at
60 °C results in an intermediate value (Rg = 1.1 Q cm?). Note,
that FFs of the devices prepared at 25 and 60 °C or post-
annealed at 80 °C were 39, 70, and 70%, respectively.

2.4. Analytical Electric Field Dependent CT-State
Dissociation Model

As discussed above and depicted in Figure 2a, the onset of the
kinks in the J-V characteristics of the as-deposited PH]J cells
gradually shifts to lower applied voltages with increasing donor
layer thickness. By calculating the inverse of the slopes between
the kinks and plotting them against the corresponding donor
layer thicknesses, a linear correlation is observed (see the Sup-
porting Information). This correlation is directly reflected in
the FF of the devices which also linearly declines as the device
thickness increases. These findings strongly suggest that the
photocurrent at voltages around the maximum power point
(mpp) depends on the effective electric field that can be approx-
imated by

(V= W)

d M
where d = dgoner + dacceptor 1S the total cell thickness. The applied
and the built-in voltage are labeled V and Vj;, respectively. In
previous studies, the strong field dependence has been attrib-
uted to a high series resistancel!!l or to a low exciton dissocia-
tion efficiency at the D/A heterointerface.l'

Since it was found that the hole mobility and thus the charge
transport properties of the donor material did not improve and
even slightly decline during thermal treatment, the Rg cannot
be the cause of the low FF and high field dependency of the
as-deposited (substrate temperature T = 25 °C) PHJ cells. Fur-
thermore, the field dependency cannot be attributed to non-
geminate recombination since we have a planar heterojunction
structure. In order to analyze the charge dissociation efficiency
at the heterointerface, a field-dependent CT-state dissociation
model has been used to describe the illuminated J-V charac-
teristics of the as-deposited devices. Within the frame of this
model the current is given by

J(V) = oo (V) = Jgnoo( V) o)

where Jgaricexp(V) is the measured current of the not illuminated
cell and the voltage dependent photocurrent is given by

]photo( V) = p( V)]photo.sat (3)

Here Jphotosat i the saturation value of the photocurrent and

Fel=

p(V) denotes the voltage dependent CT-state dissociation prob-

ability which can be calculated from the CT-state dissociation
rate kgis(V) and its recombination rate k¢

kdiss ( V) _ 1
kdiss(v) + kf -

p(v) = e

kgiss (V) (4)

This expression assumes a finite lifetime of the CT-state

T = k¢! with respect to recombination and was introduced by
Braun.*”l The CT-state dissociation rate is expressed as/*®!
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where kgiss o is the dissociation rate at zero field, kg and T are
the Boltzmann constant and the temperature, respectively, and
1 is the distance over which the electric field is acting on the
CT-state. This distance is the difference between the initial
electron-hole pair separation in the CT-state and the distance at
which the two charge carriers can be considered free. We use r,
as a fitting parameter. A more detailed discussion of the model
will be published elsewhere.2®!

Using the loss ratio kg/ky;ss and the separation distance r, as
free parameters, the exciton dissociation model is fitted to the
J-V characteristics of the illuminated as-deposited PH]J cells.
Figure 3 shows the excellent agreement of the model and the
experimental data. The parameters used in the simulation are
given in the Supporting Information. The well saturated cur-
rent densities at the applied voltage region of V < 0, imply an
efficient CT-state dissociation in all devices. However, when
the direction of the applied electric field is reversed (V > 0),
the CT-state separation probability p(V) decreases notably.
For cells with a nominal donor layer thickness of 14 nm and
at V=0.5V, the model predicts a separation probability of p =
89% while the cells with a 21 nm donor layer only reach about
76%, at the same value of the applied voltage V. Further-
more, when the nominal donor layer thickness increases to
28 nm, the predicted probability for the CT-state dissociation
at V= 0.5 V is only 62%. Since the internal field decreases
with increasing cell thickness, the concurrent decrease of the
field-assisted separation probability is a strong indication of
the photocurrent being controlled by a geminate recombina-
tion process. Thus, the formation of kinks around the mpp
of the as-deposited solar cells may be attributed to the high
recombination rates of the geminately bound electron—hole
pairs (CT-states).
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Figure 3. Experimental (symbols) and simulated (solid lines) J-V char-
acteristics of PH) cells with different donor layer thicknesses. The simu-
lated curves are calculated according to Equation 3 using the parameters
shown in the Supporting Information.
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Figure 4. Measured ellipsometric parameters (symbols) ¥ and A for an
as-deposited and annealed film on MoOj;/SiO,/Si substrates, and the
corresponding modeled spectra (continuous lines). The 1D583 films
(thicknesses around 30 nm) were modeled as optically uniaxial (see the
Supporting Information for details).

2.5. Molecular Orientations as Deduced from Infrared
Spectroscopic Ellipsometry

The XRPD measurements indicate that the amorphous ID583
neat films did not crystallize upon evaporation at elevated sub-
strate temperatures or at post-annealing above the T, of the
dye. However, it is well known that organic films may possess
different degrees of order, although the size of the ordered
regions is too small to give coherent reflections in XRPD
(X-ray amorphous). Therefore, we have performed infrared
spectroscopic ellipsometry (IRSE) analysis for two types of
samples: thin films of ID583 (28 nm) evaporated on Si/SiO,/
MoO; with and without post-annealing at 80 °C for 5 min. In
all cases the thicknesses of the MoO; and the natural Si oxide
have been found to be around 3 nm. Figure 4 shows the ellip-
sometric parameters obtained from both sample types at an
angle of incidence of 6 = 60° (see the Supporting Information
for results at 8 = 75°) and the corresponding modeled spectra
(see the Supporting Information for details on the IRSE mode-
ling). Already the raw data reveal clear indications for a change
of molecular orientation upon annealing. Thus, the peak at
2209 cm™! (ve_y) is a dip-down in W for the annealed film and a
dip-up for the as-deposited film, corresponding to out-of-plane
and in-plane vibrations, respectively.??] For a precise determi-
nation of the structural change in the film upon annealing,
the accordance between the modeled dielectric function and
the DFT (BP86/SV(P) level of theory) predicted absorption
intensities was optimized by rotating a basis molecule set (and
thereby the dipole moments) relative to the substrate. For each
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Figure 5. In-plane (ip) and out-of-plane (oop) contributions of &, and the
absorption peaks calculated by DFT. Fitting of DFT (BP86/SV(P) level of
theory) based intensities to the experimental results was performed by
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orientation a figure of merit (rating) was computed, and the
orientation with best rating is then regarded as the preferred
orientation of the molecules (see the Supporting Information
for details). The optimization process was performed on three
pronounced peaks at 1555 (d¢_p), 1678 (Vc_o),

and 2209 cm™ (vc_y). Figure 5 shows the @)
experimentally derived imaginary parts ¢,
of the dielectric functions for the two direc-
tion components of each sample in com-
parison to DFT intensity predictions for the
optimized orientations of the molecule. As
can be seen in Figure 6, the result indicates
that in the as-deposited film the molecules
are preferably standing with their long axis
perpendicular to the substrate surface, and
undergo a tilt of 45° upon annealing at
80 °C. This change is certainly driven by a
higher packing density for the tilted orien-
tation. As no peaks were observed in X-ray
diffraction measurements for both annealed
and non-annealed films, it can be concluded
that the films are X-ray amorphous but the
molecules tend to align their long molecular
axes along certain directions, namely along
the surface normal in as-deposited films and
along 45° relative to the surface normal after
annealing.
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2.6. Computations of the CT-State Energies at the
ID583 /Cg Interface

The kinks disappear and the fill factors significantly improve
when substrate heating is applied or the devices are post-
annealed at 80 °C which is just above the T, (77 °C) of the dye.
The fact that the post-annealing below the T, has negligible
influence on the device performance strongly suggests that the
reorientation of the dyes, as shown by the IRSE spectroscopic
analysis, is the key for the improved device performance. In a
recent theoreticall™® study with pentacene/Cq, PH]J cells, it was
observed that changes on the relative orientation of the quad-
rupolar donor molecule at the D/A interface have a significant
influence on the charge dissociation energetics. Exposing the
negatively charged n-plane of the pentacene to the Cg interface
was found to give an additional driving force for the exciton dis-
sociation. Unlike pentacene, ID583 contains a donor-acceptor
m-conjugated molecular scaffold with a permanent ground state
dipole moment (7.1 D along the long and 5.5 D along the short
axis of the molecule on BP86/TZVP level of theory).’] Upon
optical excitation of such push-pull chromophores the electron
density is even further displaced toward the acceptor part of
the dye leading to even larger dipole moments in the excited
state.3!l Therefore, the relative orientation of molecules close
to or at the D/A interface can have a significant impact on sta-
bilization of the electron-hole pair and its dissociation at the
interface.["”]

To assess the influence of the dyes’ orientation on the sta-
bilization of the electron-hole pair in the ID583/Cq cells, two
model interfaces were built using the crystal structures of Cg
and ID583. In order to create meaningful interface structures,
the preferred orientations from the IRSE study were compared
with the single crystal structure of ID583 (Figure 6c). It is
obvious that the perpendicular orientation of the long molec-
ular axis of ID583 in the as-deposited films and the tilted (45°)
arrangement after annealing match very well with the lattice

Figure 6. Schematics of the dye molecules’ orientations before (a) and after (b) annealing at
80 °C deduced from the ellipsometric analysis. c) A brick wall packing motif in the single crystal
structure of ID583. The shortest atom-to-m-plane distances are also shown. Schematics of the
interfaces 1D583[01-1]:C4o[001] (d) and 1D583[-110]:C40[001] (e).

wileyonlinelibrary.com

“
G
F
F
>
v
m
~




-
™
s
[
-l
wl
=
™

92  wileyonlinelibrary.com

Table 2. Energy of the CT-state for different bimolecular 1D583/Cq
interface configurations.

Interface Exposed side  E(CT) AGs;—>CT Configuration
of the dye [eV] [eV]?

[-110]:[001] Acceptor 1.54 -0.51 2A

[-110]:[001] Donor 1.95 -0.10 2D

[01-1]:[001] Acceptor 1.35 -0.70 1A

[01-1]:[001] Donor 1.61 —0.45 1D

AThe driving force between the measured optical gap (S1) of ID583 (2.05 eV) and
the calculated energy of the CT-state.

planes [01-1] and [-110], respectively. Therefore, the interface
models ([01-1]:[001] and [-110]:[001]) were constructed by posi-
tioning the Cgqy plane [001] over the dye layers. The distances
between the layers were optimized using the Dreiding-force
field®? (Figure 6). All other degrees of freedom (intramolecular
relaxation, translation and rotation of the molecules) were
kept fixed. Note, that the space group of the crystal structure
of ID583 is centrosymmetric P-1 having two molecules with
antiparallel orientation of the long molecular axis in the unit
cell. We expect the antiparallel orientation of ID583 also to be
found at the interface of the planar heterojunction. Therefore,
two different types of interfaces with clearly distinct contacts
between the merocyanine and fullerene components must be
considered: One where the acceptor part (indane) of the ID583
dye molecule is exposed to the Cg, surface (in the following
called A configurations) and one where the dyes’ donor part
(indoline) is exposed (in the following called D configurations).
A detailed description of the simulations can be found in the
Supporting Information.

The energy of the charge transfer exciton for the different
bimolecular (ID583/Cyg) interface configurations is shown in
Table 2. Figure 7 demonstrates the energy-level diagram of the
ID583/Cg, interface with energy levels of the different electron—
hole pairs at the perpendicular and tilted interfaces. The energy
levels of the electron—hole pairs are given relative to the HOMO
energy of ID583. As expected, the energy of the CT-state criti-
cally depends on the interface geometry as well as on the ori-
entation of ID583 towards the Cgy surface. It is interesting to
note that, irrespective of the interface geometry, the CT-state is
lower in energy when the (partially negatively charged) indane
acceptor group of the dye is exposed to the Cg4, surface (con-
figurations 1A and 2A). Due to the antiparallel orientation, the
neighboring ID583 molecules of the bimolecular complexes
1A and 2A (which define the local polarization field) are ori-
ented such that the indoline group is exposed to the Cg, sur-
face. Therefore, the CT-state is stabilized by the positive partial
charge of the indoline group of the neighboring ID583 mole-
cules. Furthermore, due to the fact that the CT-state is gener-
ated by an electron transfer from the S;-state of ID583 to the
LUMO of Cg, the electron density distribution of the ID583 S;-
state crucially influences the energy of the CT-state. Therefore,
when the vectors of the transition dipole moment of the S, —
S; transition in ID583 and the transition dipole moment of the
S;(ID583) — CT excitation are oriented parallel, the electron
density distribution is closer to the interface and the CT-state is
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Figure 7. Energy level diagram of the ID583/Cq interface with energy
levels of the different electron-hole pairs at the perpendicular (second
column) and tilted (third column) interfaces. D configurations refer to
orientations where the dyes’ donor subunit is in contact to Cg, A configu-
rations refer to orientations where the dyes’ acceptor subunit is in contact
to Cgo. The energy levels of the electron—hole pairs are obtained by adding
the energy of the CT-state E(CT) (see Table 2) to the HOMO of ID583.

already preformed in the S;-state of ID583. Hence, the CT-state
at the interface can be formed more easily due to the kinetic
reasons.

As can be seen in Table 2, the driving force for the forma-
tion of the CT-state, which is defined as the energy differ-
ence between the optical gap and the energy of the CT-state
(AGg1,cr = Ecr—Eopy), is negative for all interface configurations
and relative orientations. Therefore, in principle the generation
of a CT-state is possible for all four molecular orientations.

It is known from Marcus theory that the rate of charge
transfer depends on the driving force.*¥l The highest rates are
realized when AGg;_,cr is equal to the negative reorganization
energy A of the system. The estimated A is 0.3-0.5 eV so that
the highest charge transfer rates occur at configurations 2A and
1D.3* Note that 2A corresponds to the low energy CT-state at
the tilted interface whereas 1D is the high energy CT-state at
the perpendicular interface (see Figure 7). Therefore, the elec-
tron—hole pair is expected to stay on the bimolecular ID583/Cq,
complex 2A in the tilted case whereas the hole hops to the bimo-
lecular complex 1A in the perpendicular case. The energy dif-
ference of 0.26 eV between the bimolecular complex 1D and 1A
prevents the hole from hopping back to the other ID583 so that
1A acts as a trap state at the perpendicular interface. The rate
of an electron leaving the interface can be approximated from
the energy distance between the CT-state and the transport level
(LUMO) of Cgy (AEcriumo®). Using the Marcus formula and
assuming a reorganization energy A of 0.4 eV and a transfer
integral of 0.050 eV, the rate for the electron hopping from the
Cgo molecule in configuration 2A to the bulk Cg is 400 times
higher (3 x 10'° Hz vs. 8 x 107 Hz) than the respective rate for
the configuration 1A, which is due to the high AEcrymo® of
0.4 eV. Note that it can be assumed that the LUMO level of the
Cgo molecules close to the interface is different from the respec-
tive bulk level so that the electron does not need to perform
the energetic jump of 0.4 eV in one step but could reach the
bulk LUMO level in several smaller steps.["®! Since this effect is
expected to be similar for both interfaces, the dissociation rate
of the CT-state at the tilted interface remains higher than the
respective rate at the perpendicular interface. This shows that

Adv. Funct. Mater. 2012, 22, 86-96



s
Mt oS
www.MaterialsViews.com

the high energetic stabilization of the CT-state 1A (which is the
global minimum of all calculated interface excitons) makes its
dissociation at the perpendicular interface very unlikely. Due to
the absence of an energetic trap and the lower stabilization of
the exciton at the tilted interface, it is expected to show a higher
exciton dissociation rate compared to the perpendicular orien-
tation, as indicated by the CT-state dissociation simulations.
Summarizing the theoretical discussion, we have demonstrated
that the CT-state is stabilized when the neighboring molecules
are oriented such that the positive end of ID583 is exposed
to the interface. Furthermore, the exciton dissociation rate is
higher when the energy difference between the interface and
bulk energy level is smaller. The calculated changes of the CT-
state energies, caused by the change of the molecular orienta-
tion, also agree with our CT-state dissociation model. It predicts
that the driving force for the CT-state dissociation has to be
increased by at least 0.1 eV in order to account for the observed
device behavior.[?®! Our results are also in accordance with pre-
vious findings on merocyanine dye sensitized solar cells (DSC)
which suggest that the electron injection efficiency improves
if the electron accepting part of the push-pull chromophores,
e.g. cyano groups, are closely located at the titanium dioxide
(TiO,) surface.l! Likewise, in our ID583/Cyg, devices, the tilted
orientation, in which the two cyano groups of the ID583 are
closest to the Cg surface, yields the highest CT-state dissocia-
tion efficiency.

2.7. Bulk Heterojunction Cells

As a comparison, we also fabricated bulk heterojunction (BHJ)
cells featuring following layer structure: ITO/MoO; (5 nm)/
ID583:Cg (7-28 nm)/Cgp (35 nm)/BPhen (5 nm)/Ag (100 nm).
The active layer thickness (ID583:Cq, 40:60 weight ratio) was
varied from 7-28 nm in steps of 7 nm. Figure 8 shows that the
J-V characteristics of these devices do not show similar kinks
as has been observed for the PHJ cells. Instead, even with the
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Figure 8. llluminated J—V characteristics of BH| devices with different
1D583:Cg layer thicknesses.
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active layer thicknesses of 28 nm, the devices exhibit high FFs
of 55%. Although the open circuit voltage Voc = 1.00 V is lower
than for the PH]J cells, the PCE (4.1%) is slightly increased due
to a significantly increased Jsc (7.5 mA cm™2) (for more results
of devices, see the Supporting Information).

It is intriguing that the J-V characteristics of the BHJ cells
resemble that of the heat-treated PHJ devices. This is explained
by the different heterointerface structures of PHJ and BH]J
devices. It can be assumed that the interface structure of BH]J
blends is random, which leads to broad distribution of energeti-
cally different pathways for excitons to dissociate. Due to the
energetically heterogeneous landscape a significant number
of excitons are able to dissociate into free charges even at low
effective electric field strength. In contrast, in the PHJ devices,
the interface structure is expected to be more ordered leading
to energetically homogenous surrounding which, depending
of the dyes’ relative orientation, either supports or hinders the
exciton dissociation.

3. Conclusion

We have shown that by evaporating the dye film on a heated
substrate or by post-annealing the complete devices above the
glass transition temperature (T;) of the donor material, we can
significantly improve the FF of merocyanine/Cq PH]J solar
cells. By employing a field dependent charge transfer (CT) state
dissociation model, we show that the low FF of the as-deposited
cells is a result of the poor exciton dissociation efficiency at the
D/A heterointerface which is significantly improved after the
heat treatments. Although, we observe no coherent reflections
in the XRPD study, the utilization of an IRSE spectroscopic anal-
ysis demonstrated that the preferred orientation of the dye mol-
ecules in the donor film changes upon post-annealing at 80 °C.
Based on this finding, we simulated two D/A heterointerface
models and estimated their CT-state energies via QM/MM
calculations. The computations suggest that the exciton dis-
sociation rate is higher in post-annealed devices compared to
as-deposited cells. Hereby, we argue that the low exciton disso-
ciation efficiency of as-deposited devices is a result of the unfa-
vorable molecular orientation at the heterointerface together
with an insufficient driving force (LUMO(D)-LUMO(A) offset
is ~0.3 eV). However, post-annealing the devices above the T,
of the donor material changes the interface structure, facilitates
the CT-state dissociation, and thus leads to a two-fold increase
of the FF. Furthermore, the kinks cannot be observed in the J-V
characteristics of the BH] devices deposited at 25 °C; instead
the curves resemble heat treated PH]J cells. This is due to the
random orientation of the dyes at the heterointerface in BH]J
devices which is expected to result in energetically favorable
pathways for a significant number of excitons to dissociate.
Our comprehensive study suggests that push—pull chromo-
phores can be beneficial for exciton dissociation at the planar
and bulk heterojunction interface if they are oriented in a
proper way with respect to the acceptor manifold. This finding
hints that by carefully tailoring the molecular structure and/
or the film morphology, the energy level alignment at the het-
erojunction can be further optimized. This is important, espe-
cially since dyes with pronounced charge redistributions upon
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electronic excitation, e.g., in particular dipolar merocyanines
(D-A),T but also quadrupolar squaraines and diketopyrrolopyr-
roles (D-A-D),’®3] or dicyanovinyloligothiophenes (A-D-A)18l
are increasingly utilized in organic small-molecule planar and
bulk heterojunction solar cells.

4. Experimental Section

Synthesis: Merocyanine dye ID583 (1-propyl-2-[2-(3,3-trimethyl-1,3-
dihydro-indol-2-ylidene)-ethylidene]-3-dicyanovinyl-indan-1-one) was
synthesized by refluxing a mixture of methylene base (8.05 g, 0.04 mol),
3-dicyanovinylindan-1-one (7.76 g, 0.04 mol) and orthoformic ethyl
ester (8.88 g, 0.06 mol) for 2 h in ethanol. After cooling, the crystallized
product was filtered and washed with ethanol. Finally, the product was
purified by recrystallizing it from dimethylformamide. Yield: 14.0 g
(0.034 mol, 85%), green solid. Mp. 219-221°C. 'H NMR (CDCls,
360 MHz, 8): 9.05 (d, J = 13.6 Hz, TH), 8.57 (m, TH), 8.08 (d, J = 14.0
Hz, 1H), 7.72 (m, TH), 7.59 (m, 2H), 7.36 (m, 2H), 7.25 (m, 1H),
7.07 (m, TH), 4.04 (t, J = 7.2 Hz, 2H), 1.96 (m, 2H), 1.81 (s, 6H), 1.09
(t, ] =7.2 Hz, 3H). UV—vis (CH;Cl): Ama (€) =575 nm (66500 M~ cm~).
Elemental analysis (%) calcd. for C;;H,3N30: C, 80.0; H, 5.7; N, 10.4; O,
4.0. Found: C, 80.1; H, 5.8; N, 10.4; O, 4.1.

Cyclic Voltammetry (CV): The CV measurement of ID583 was
performed on a commercial electrochemical analyzer (EC epsilon; BAS
Instrument, UK) in a three electrode single-compartment cell under
argon. Dichloromethane (HPLC grade; J. T. Baker) was dried over
calcium hydride and degassed prior to use. The supporting electrolyte
tetrabutylammonium hexafluorophosphate (TBAHFP) was synthesized
according to a published method.’?) The measurements were carried
out under exclusion of air and moisture at a concentration of 107 m
with ferrocene (—5.15 eV) as internal standard for the calibration of
the potential; working electrode: Pt disc; reference electrode: Ag/AgCl;
auxiliary electrode: Pt wire.

Atomic Force Microscopy (AFM): The AFM experiments (Dimension 5000
Microscope, Veeco Instruments) were performed on two different 21-nm-thick
ID583 films evaporated on ITO substrates at substrate temperatures of
25 and 60 °C. The measurements were carried out in the tapping mode using
silicon cantilevers with a nominal force constant of 42 N/m and a tip radius
of ~7 nm from Olympus, type OMCL-AC160TS (Tokyo, Japan) at a resonance
frequency of about 320 kHz. The scan rate was kept at 0.7 Hz, while the tip-
sample forces were carefully minimized to avoid artifacts.

Differential ~ Scanning Calorimetry (DSC): The glass transition
temperature of 1D583 was measured using Q2000 (TA-instruments)
differential scanning calorimeter. ID583 powder (5.4 mg) was heated/
cooled at rate 20 K min~" in aluminum pan under nitrogen atmosphere.

Single-Crystal Analysis: Red block crystals of ID583 were grown by
slow evaporation of a dichloromethane solution of this dye at room
temperature. The diffraction data were collected at 103 K with a
Bruker AXS CCD detector, using graphite-monochromated Cu Ko (A =
1.51478 A) radiation. The structure was solved by a direct method and
refined on F? using the full matrix least square method in SHELXTL
program package.¥ All non-hydrogen atoms were anisotropically
refined and hydrogen atoms were placed on idealized positions. The unit
cell of the analyzed crystal is a = 9.2930(10) A, b = 9.6240(11) A, ¢ =
12.6184(13) A, o = 104.859(5)°, B = 97.120(4)°, and 7= 90.374(5)°. The
space group is P-1 with Z = 2. A total amount of 2067 reflections was
collected with 1651 unique reflections in the range from 3.65-57.29° (26).
The R1 and wR1 of the refinement are 0.0354 and 0.0832, respectively.
The goodness of the fit (GooF) for the solution is 1.065. Crystallographic
data (excluding structure factors) for the structure reported in this
paper are available at the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-834686. Copies of the data can be
obtained free of charge from www.ccdc.cam.ac.uk/conts/retrieving.html
or on application to the Director.

Device Fabrication: The same materials were used in all planar
heterojunction (PHJ) and bulk heterojunction (BHJ) cells throughout
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this work. The commercial MoO3; (Merck), Cgo (CreaPhys, 2 x sublimed),
4,7-diphenyl-1,10-phenanthroline (Bphen; Fluka) and the synthesized
ID583 dye were used as received. The solar cells were manufactured
in a high vacuum (typically 2 X 107 mbar) chamber (Lesker Ltd) on
prestructured indium tin oxide (ITO) substrates with an active cell area
of 4 mm?2. Prior to transferring the ITO substrates into the chamber
they were cleaned in UV/O; oven for 15 min. All PH] devices were
fabricated according to following steps: first a MoO; film (5 nm +£10%)
was evaporated on the ITO substrate, followed by a 7, 14, 21, or 28 nm
(£10%) thick ID583 donor layer. After the 1D583 film, a Cq acceptor layer
(35 nm £10%) and a Bphen buffer film (5 nm +£10%) were deposited
before preparation of the silver cathode (100 nm +10%). The evaporation
rate of all organic materials was 1.0 A s~ whereas the MoO; and Ag
layers were deposited at rates of 0.8 and 4 A s, respectively. Compared
to the PHJ cells, the following changes were made in fabrication of the
BH) devices: the 1D583 layers were replaced with 1D583:Cqo (40:60 wt
ratio) mixed layers with thicknesses of 7, 14, 21, and 28 nm (+£10%),
followed by a 25 nm (£10%) thick Cg layer. Some of the PHJ devices
were prepared on a heated substrate or post-annealed after fabrication.
When substrate heating was applied, the substrate was first heated with
a copper block heater to 60 °C before evaporation of the ID583 layer
after which the substrate was cooled below 30 °C until the successive
layers were deposited. Post-annealing of the cells was carried out such
that the complete devices were heated directly after fabrication on a hot
plate at 50, 60, 70, 80, and 100 °C for 5 min in nitrogen atmosphere. The
current-voltage (J-V) characteristics of the cells were measured under
AM 1.5G simulated illumination (Xe lamp) in ambient air and controlled
by a Keithley 2425 source measurement unit. The light intensity
(100 mW cm™2) was adjusted by a calibrated Si reference cell.

Infrared Spectroscopic Ellipsometry (IRSE): Ellipsometry measures the
complex reflectance ratio p = r,/ r, = tan('¥) exp(i4), where r, and r, are
the reflection coefficients for light polarized parallel and perpendicular
to the plane of incidence and ¥ and A are the standard ellipsometric
parameters.[!] By modeling the obtained values for ¥ and A, a best-fit
parameterized description of the dielectric function can be achieved,
including optical anisotropy.l*2l IRSE measurements at different angles
of incidence were performed with a Woollam IR-VASE ellipsometer.
The modeling was done using the WVASE-32 software package, which
appropriately considers the layered structure of the samples. The
anisotropic dielectric function can then provide information on crystal
orientation and structural disorder of the film.[}l For polycrystalline thin
films and amorphous films with a substrate-induced preferred orientation
of the molecules, an effective uniaxial anisotropy can be expected with
vibrations parallel (in-plane) and perpendicular (out-of-plane) to the
substrate surface,*l even if the single molecules are orientated with an
angle off the surface normal.

To obtain the orientation of the molecules with regard to the substrate,
the experimentally observed vibrational modes were compared to density
functional theory (DFT) calculations (SV(P)/BP86 level of theory)! of
vibrational eigenvalues and eigenvectors for a single molecule; DFT yields
peak positions of vibrational modes and the directions of dipole moments
relative to the molecule for each normal mode. Further information on
the calculation of vibrational frequencies can be found in the Supporting
Information. We developed a software tool that optimizes the accordance
between DFT based vibration spectra and the experimental anisotropic
dielectric function by varying the orientation of a molecule relative to
the substrate.*l In that way, by combining DFT results, which give us
the orientation of the dipole moments with respect to the molecule, and
ellipsometry results, which give us the orientation of the dipole moments
with respect to the substrate surface, we can reliably determine the
orientation of the molecules with respect to the substrate surface.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Solution-Processed Ambipolar Field-Effect Transistor
Based on Diketopyrrolopyrrole Functionalized with

Benzothiadiazole

Yuan Zhang, Chunki Kim, Jason Lin, and Thuc-Quyen Nguyen*

Ambipolar charge transport in a solution-processed small molecule 4,7-bis{2-
[2,5-bis(2-ethylhexyl)-3-(5-hexyl-2,2":5",2"-terthiophene-5"-yl)-pyrrolo[3,4-c]
pyrrolo-1,4-dione-6-yl]-thiophene-5-yl}-2,1,3-benzothiadiazole (BTDPP2)
transistor has been investigated and shows a balanced field-effect mobility of
electrons and holes of up to ~102 cm? V' s7. Using low-work-function top
electrodes such as Ba, the electron injection barrier is largely reduced. The
observed ambipolar transport can be enhanced over one order of magni-
tude compared to devices using Al or Au electrodes. The field-effect mobility
increases upon thermal annealing at 150 °C due to the formation of large
crystalline domains, as shown by atomic force microscopy and X-ray diffrac-
tion. Organic inverter circuits based on BTDPP2 ambipolar transistors display

a gain of over 25.

1. Introduction

Organic field-effect transistors (OFETs) have potential
applications in large-area displays, sensors, radiofrequency iden-
tification tags, and logic circuits with low-cost processability,
and high flexibility.'-%l OFETs using a bottom gate structure
generally display hole transport only. This can be attributable
to the trapping of the electrons by the hydroxyl group from the
SiO, gate dielectrics.’l Treatment of SiO, gate dielectric surfaces
with organic self-assembled monolayers leads to improved per-
formance in n-type OFETS fabricated from thermally evaporated
small molecules or solution-processed polymer semiconducting
layers.®l Using a trap-free polymer gate dielectric layer, electron
transport in conducting polymers has been observed, revealing
a comparable field-effect mobility as holes.I) However, for cer-
tain types of applications, ambipolar transport is required. For
example, complimentary metal-oxide-semiconductor (CMOS)
ambipolar transistors are preferable to increase the noise
margin for logic circuits.'% Furthermore for light-emitting
transistors,11"13] ambipolar transport is required so that the
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electric potential and the light emission
zone can be controlled by the applied gate
voltage.l'*!

Recently, several solution-processed
polymer-based OFETs using a regular
bottom-gate structure with hole mobili-
ties of ~107' cm™ V7! s7! have been
reported.">™'% The charge-carrier mobility
can be improved by tuning the inter-
molecular interactions between the nearest
neighboring molecules,?” which can be
achieved using fused aromatic rings such
as thienothiophene, cyclopentanedithi-
ophene, and naphthodithiophene.?1=23] [t
is believed that the fused aromatic struc-
tures enhance m—m stacking and hence
induce higher molecular ordering, which
drastically improves charge transport.') However, conjugated
polymers suffer batch-to-batch variation in terms of molecular
weight and polydispersity that affect solar cell performance and
field-effect mobility.[*42°]

Recently a family of soluble small organic molecules
containing a diketopyrrolopyrrole (DPP) core have been
synthesized.?-33 DPP-based materials have been used in
solution-processable organic solar cells showing a power
conversion efficiency (PCE) up to 5.2%.2% OFETs fabricated
from soluble DPP materials show hole mobility of ~1072 cm?
V71 LB Incorporating fused aromatic ring moieties, the
crystallinity of this type of materials can be well controlled by
choosing appropriate solvents or thermal annealing, leading
to desired film morphologies.13’! To the best of our knowledge,
ambipolar transport based on this class of materials has not
been observed previously.

Here, we report a newly synthesized bis-DPP compound,
4,7-bis{2-[2,5-bis(2-ethylhexyl)-3-(5-hexyl-2,2":5",2”-terthiophe
ne-5"-yl)-pyrrolo[3,4-c]pyrrolo-1,4-dione-6-yl]-thiophene-5-yl}-
2,1,3-benzothiadiazole (BTDPP2), with two electron-accepting
units (DPP and benzothiadiazole, BT). The chemical structure
of BTDPP2 is shown in Figure la. Detailed synthetic proce-
dures can be found in the Experimental Section. The benzothi-
adiazole group strongly increases the electron affinity, leading
to n-channel transport characteristics. We observe balanced car-
rier mobilities up to 1073 cm? V! s7! using a bottom-gate, top
electrode device architecture (Figure 1b) with appropriate top
contacts. Various top electrodes with work function (@) from
5.1 eV (Au) to 2.7 eV (Ba) were compared to examine the effect
of the injection barrier on the ambipolar transport. Using a
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Figure 1. a) Chemical structure of BTDPP2. b) FET device structure.

low-work-function Ba contact (@, ~ 2.7 eV), the drain-source
currents of holes and electrons are both enhanced by more
than one order of magnitude compared to OFETs with Al and
Au contacts. Both the hole and electron mobilities increase
from 107 to 1073 cm? V™! 57! with increased the annealing tem-
perature up to 150 °C. Atomic force microscopy (AFM) shows
a transition of the BTDPP2 film morphology from a fiber-
like (as-cast) to crystalline-like features (above 200 °C). X-ray
diffraction (XRD) measurements on BTDPP2 films prove the
formation of crystalline and close intermolecular packing upon
thermal annealing. Organic complementary inverters using
BTDPP ambipolar OFETs show effective inversion of the input
signals operating in both the first and third quadrants. Gains
exceeding 25 have been achieved as a result of balanced trans-
port properties.

2. Results and Discussion

We first study the effect of thermal annealing on BTDPP2
film morphology and on the charge transport in OFET devices
utilizing gold top contact. BIDPP2 films were annealed for
30 min at different temperatures inside a nitrogen glovebox.
Figure 2a shows the saturation drain current with V3 = +60 V
as a function of gate bias upon various annealing temperatures
(T). We observe the lowest drain current (I4) from the as-cast
BTDPP2 films. The current increases with increasing annealing
temperature up to 150 °C. This enhancement holds both for
the hole and electron currents, while the leakage currents are

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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nearly unchanged. With further increase in
annealing temperature to 200 °C, I3 dramati-
cally drops below that of the device annealed
at 120 °C. Vy(min), defined by the gate voltage
for the crossover point of the minimal drain
current under electron accumulation, slightly
shifts towards a lower voltage when annealed
due to the change of the fixed charges at the
interface. In contrast, the OFET operated
in the hole-accumulation regime shows a
random variation of V,(min). Mobilities were

g
calculated using the standard FET equation

@ under saturation regime (Equation 1),

2L (dJTd)Z "

Msat = WC; dVg

where [, stands for the field-effect mobility at
saturation regime, C; for the area capacitance
of the gate dielectrics, and L/W for channel
width to length ratio, the saturation mobility
U, of BTDPP2 is calculated and plotted as a
function of annealing T (Figure 2b).
The pg,, of the hole and electron are both
in the range of ~10™* to 107 cm? V! s7L.
Except for the devices annealed at 150 °C, the
hole FET mobility of 4 x 107* cm? V' 57! is
almost the same for the as-cast and annealed
films and it is lower than that of the electron
mobility by a factor of two. The FET mobility
is almost constant when T < 120 °C, suggesting that the film
morphology does not change when annealed at such tempera-
tures. The sharp increase of g up to 2.1 X 1073 cm? V! 571
when annealing temperature increases from 120 °C to 150 °C
may indicate an improved film morphology and/or molecular
packing. Under different annealing temperatures, all BTDPP2
transistors demonstrate balanced hole and electron carrier
mobilities.

To further understand the transport results observed
above, AFM was employed to probe change in surface mor-
phology as a functional of thermal annealing temperature.
Topographic images of the as-cast and annealed films are
shown in Figure 3 with a scan size of 2 pm X 2 um. The as-
cast film exhibits continuous fiber-like features, similar to
what has been observed on other DPP derivatives.?¥ Upon
thermal annealing, the fiber-like structures gradually evolve
into a particle-like structures showing sharper boundaries.
Compared to the recently reported morphology of 2,5-di-n-
hexyl-3,6-bis(5”-n-hexyl[2,2’;5",2” |terthiophen-5-yl) pyrrolo[3,-
4-c]pyrrole-1,4-dione (DHT6DPPC6) films,3¥ which displays
large crystalline domains upon annealing at 150 °C, large
crystalline domains of BTDPP2 films were only observed at
higher annealing temperatures (240 °C). The average size of
these domains is around 0.2 um x 1 um. Figure 3f shows the
surface roughness as a function of annealing temperature. The
roughness of the as-cast film decreases from 3.3 nm to 0.5 nm
when annealed at 150 °C and inversely increases to 2.5 nm
when T = 240 °C where large crystalline domains are formed.
The highest mobility value is observed from films with small

Adv. Funct. Mater. 2012, 22, 97-105
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Figure 2. a) Saturation transfer characteristics of BTDPP2 FETs upon
different annealing temperature using Au top contact. b) BTDPP2 carrier
mobility as a function of annealing temperature.
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domains and low surface roughness (150 °C). Large domain
formation at 240 °C lead to discontinuous grain boundaries,
which are detrimental to charge transport, and hence the car-
rier mobility decreases from 2.1 x 1073 to 1.0 x 107* cm? V! 57!
for holes and from 2.1 x 1073 to 3.5 x 10™* cm? V! s7! for
electrons.

From AFM images, one can only probe the surface mor-
phology. To probe change in the internal morphology as a
function of annealing temperature, we performed XRD with
the normal-to-surface mode and extracted the intermolecular
spacing (d-spacing) of BTDPP2 films. Figure 4a shows the
XRD spectra of as-cast and thermal annealed BTDPP2 films.
There is no XRD peak observed for the as-cast film. The
20 XRD peak appears at 6.2 degrees for the BTDPP2 film
annealed at 120 °C, which shifts to 6.33 degrees for films
annealed at 150 °C and further to 4.63 degrees when annealed
at 200 °C, and 240 °C, respectively, implying that the intermo-
lecular spacing becomes closer. The intensity of the XRD sig-
nals increases with increasing annealing temperature, indica-
tive of the enhanced film crystallinity. For the films annealed
at 120 °C and 150 °C, the XRD peak intensities are quite weak,
indicating a disorder structure consistent with AFM images
shown in Figure 3a—c. The d-spacing was calculated using
Bragg’'s law, A = 2d sin6, where 1 is the X-ray wavelength,
and plotted in Figure 4b for various annealing conditions.
When annealed at 150 °C, the d-spacing abruptly decreases
from 16.5 A to 13.95 A and remains nearly unchanged at
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higher annealing temperatures. This result helps explain why
thermal annealing at 150 °C leads to highest hole and elec-
tron mobilities.

Next, we explore the use of low-work-function metal
electrodes on the OFET performance. One of the advantages
of applying bottom-gate, top-electrode device geometry is the
great flexibility to utilize different metal contacts by which
the injection barriers can be tuned. The OFET transfer curves
using Au (@, =5.0 eV), Al (@, =4.3 eV), Ca (@, =3.0eV), and
Ba (@, = 2.7 eV) contacts are compared in Figure 5. Figure 5a
shows the electron current I at low drain bias Vj. Clearly I4
increases when the work function is lowered. This is attributed
to the reduced electron injection barrier of Ba and Ca, leading
to an Ohmic contact with the LUMO of BTDPP2 (3.7 eV from
cyclic voltammetry). Surprisingly, the transfer characteristics of
Ba OFETs display a more ambipolar feature compared to those
with Au and Al contacts. To further understand this obser-
vation, the electron and hole currents in the saturation regime
are compared in Figures 5b and 5c¢ with, V3 =£60 V. Under the
same carrier concentration induced by the gate dielectrics, the
lowered electron injection barrier with Ba or Ca contacts results
in higher drain currents in the first quadrant. Interestingly, the
hole current in the third quadrant using Ba electrode is also
much higher, leading to symmetric transfer characteristics.
Under a large drain bias, the strong electric field leads to a
pronounced Schottky barrier lowering and hence facilitates the
carrier injection both for the electrons and holes. In contrast
to unipolar OFETS, the electric potential in ambipolar OFETs
reaches a minimum at some point far from either the drain or
source electrodes as the gate bias approaches that applied to
the drain. Thus, the drain current at saturation regime actually
comprised of both types of charge carriers, similar to a p—n
junction. Using low-work-function contacts, the enhancement
of the electron injection upon high drain bias helps attract
more holes injected from the counterpart electrode. This is
the main reason that the drain current of the Ba devices under
both the hole and electron accumulations is large compared to
the devices using Al or Au electrodes. The carrier mobility with
different top electrodes is summarized in Table 1. BTDPP2
demonstrates balanced saturation FET mobilities ranging from
10~ to roughly 1 x 102 cm? V! s7L. The difference between
the hole and electron mobility is low and insensitive to the elec-
trode used. Utilizing a low-work-function Ba contact facilitates
electron injection into BTDPP2 increasing not only the elec-
tron, but hole mobility when operating the OFETs in the satu-
ration regime. The hole and electron mobilities are enhanced
by one order of magnitude compared to those using Au or Al
electrodes.

In inorganic FETs, the threshold voltage Vy, refers to the
onset of strong inversion. Below Vjy,, since the conduction
channel is totally depleted, there should ideally be no current
flowing from the drain to the source.’% In contrast, organic
FETs work in accumulation and the current in an inver-
sion regime is hardly attainable.’”) Thus, defining the Vy, in
organic FETs is difficult as already addressed by Horowitz.13®
Although classical MOSFET equations are good approxima-
tions for describing the Vy;, in OFETS, these equations neglect
the dependence of the carrier mobility by the carrier concen-
tration and electric fields.’”) To examine the Vy, of BTDPP2
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by impedance analysis agrees well with the
results extracted directly from the transfer
characteristics (Figure 5) under saturation
regime using the following equation:

— = Vg(min) — Vy, (2)

where V,(min) is the gate voltage for inflec-
tion point of Ij. The relatively low Vy, and
equivalent mobility both demonstrate well-
balanced, ambipolar transport in BTDPP2
transistors.

Lower electron injection barriers observed
using Ba electrodes should result in low
contact resistance (Rc). Rc in an OFET
describes the potential drop across the con-
tacts, which causes a voltage loss for an
effective voltage on transport channel from
the fully applied drain—source bias.*"! In a
staggered, bottom-gate configuration, the
charge accumulation regime is formed
opposite to the top drain—source contacts
and it is found that R- shows a weaker

dependence on the injection barrier than
in the coplanar geometry.*!l Next, we study

125 0m = el 1 the contact resistance and channel length
N ° dependence of the BTDPP2 charge transport
? 25} 1 atalow drain-source bias of V3=11V (linear
6.3 nm ] regime). The OFET transfer curves using a
£ 20t 1 Ba/Al top contact are shown in Figure 6a
0.0 nm = using various channel lengths. The applied
n% 15} Y 4 {1 drain bias of 11 V is much lower than the
No— gate bias to ensure that the majority of car-
1.0 L L 1 " " riers in the conduction channel are electrons

0 50 100 150 200 250

Annealing Temp. (°C)

Figure 3. 2 um X 2 um AFM topographic images of BTDPP2 films prepared at different condi-
tions: a) as-cast, annealed at b) 120 °C, c) 150 °C, d) 200 °C, and e) 240 °C. f) RMS film rough-

ness versus annealing temperature.

OFETs, impedance measurements were performed on the
metal-insulator-semiconductor (MIS) diode prepared by the
same active layers. For this measurement, charge carriers in
BTDPP2 films were accumulated or depleted by sweeping
the gate voltage (V,) leading to a different bulk capacitance,
C. Under a certain V,, C is minimized when the charge car-
riers are entirely depleted. This given V, is a fingerprint of
flat-band condition and can be considered the Vy,. Figure 5d
shows the C of the BTDPP2 MIS diode as a function of gate
bias. Using Ba and Ca top contact, C strongly decreases with
the gate bias from 10 V to 6 V, giving rise to a minimal value
of 0.73 nF for C when V, = Vy, = 5 V. Conversely, using Au
contact the capacitance exhibits less pronounced changes and
the value of C at large positive bias lags behind that of devices
using Ba and Ca contacts. This can be explained by the dif-
ficulty of electron injection from Au, as compared to that
from low-work-function metals. As a result the charge accu-
mulation is weaker. Importantly, the Vy, of ~5 V determined

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and the OFETs operate in a unipolar mode.
At high Rc, one can observe a strong sup-
pression and even sign reversal of the drain
current at the linear regime. From Figure 6a,
with V3 = 11 V, the drain current clearly
increases as the gate bias exceeds 40 V. It
also scales with the channel length ranging from 40 to 100 um.
This is a the signature of an Ohmic contact for electron injection
and thus the R for the electron injection is small. Linear elec-
tron current using Al or Au top electrode is hardly attained
with large channel lengths. When applying a large enough
drain voltage (60 V), the devices using Al contacts show elec-
tron transport with a large channel length (100 um) while
the overall magnitude is much lower than the Ba devices, by
roughly one order of magnitude (I3 = 1077 A when V, = 60V,
see Figure 1S, Supporting Information). From Figure 6a, the
hole current under linear regime using Ba contacts is not
measurable for different channel lengths. This is because the
hole injection barrier under linear regime is still quite high due
to the low horizontal electric field. Hence, the holes can not be
easily injected over a relatively large energetic barrier consid-
ering the difference between the Ba work function (2.7 eV) and
the highest occupied molecular orbital (HOMO) of BTDPP2
(~5.0 eV from cyclic voltammetry). Figures 6b and 6¢ show the
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Figure 4. a) XRD patterns of as-spun and annealed BTDPP2 films.
b) d-spacing of the molecular packing for the RMS film roughness as a
function of annealing temperature.

ambipolar transfer curves with V== 60 V for the electron and
hole accumulation, respectively. The drain bias is high enough
to overcome the hole injection barrier and the transfer curves
exhibit a transition at £30 V, a signal of the ambipolar behavior.
Using Equation 1 and the OFET formula in the linear regime
expressed by Equation 3,

L dh

Hin = Sy cvg dv, (3)

where Ly, is the FET mobility at linear regime, the electron and
hole mobility are calculated and plotted as a function of channel
length L (Figure 6d). Generally, if the Rc is the cause of the
voltage drop in an OFET, the linear mobility exhibits an asymp-
totic dependence on L. The mobility should greatly increase
with larger L and gradually saturate at certain channel length,
where the bulk resistance dominates the total channel resist-
ance. The higher FET mobility with a larger L is ascribed to the
larger bulk resistance as proportional to L and the Rc becomes
less dominant. From Figure 6d, this trend is invisible and the
carrier mobility increases only from 8 x 107 cm? V' s7! to
1.6 x 102 cm? V7! 571, when L is increases from 40 to 100 pm.
This further confirms that Rc in the Ba electrode devices is
negligible.

Lastly, due to the balanced carrier mobilities observed in
BTDPP2, we attempt to fabricate organic inverters based on
two identical BTDPP2 OFETs. The equivalent circuit dia-
gram is shown in the inset of Figure 7a. A highly n-doped
Si gate electrode serves for the input voltage V;, and one of
two OFET drain electrodes is grounded while the other is
constantly biased at the control voltage, denoted as Vyq. The
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a) linear regime, b) ambipolar regime under electron accumulation, and
c) ambipolar regime under hole accumulation. d) Capacitance of BTDPP2
MIS as a function of the gate bias.

two source electrodes are shorted for the output voltage V.
Owing to the tunable channel conductivity of both the elec-
trons and holes, one of the merits of ambipolar over unipolar
inverters is that the device can be effectively operated in the
first and the third quadrants,*? greatly simplifying practical
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Table 1. Comparison of BTDPP2 FET mobility with different top contacts
(e = elecron, h = hole).

Electrode Win(e) (cm?2VTsT) () (em?2 Vs pg(h) (em? Vs
Al 4x107* 3x107* 1.3x1073

Au 5.6x107* 1x10°3 1.4x1073

Ca 3.3%x107° 4,7x1073 N/A

Ba 7x1073 8.1x1073 9.5% 1073

CMOS circuits. From Figure 7a we find that V,, can be effi-
ciently inverted from a low voltage of £10 V to high voltage
of £80 V as a function of Vi, with both positive and negative
signs. The inversion of the input voltage is found to be £50V,
half of the control Vg4 (£100 V), nearly ideal for ambipolar
inverters. With different Vg4, which equals the maximum
of Vi, the voltage inversion always occurs at Vgq/2. These
results strongly suggest that the carrier mobility and turn-on
voltages in BTDPP2 OFETs are equivalent. The AC response
of the BTDPP2 inverters is also characterized by different
wave functions with an AC magnitude of 10 V (peak to valley)
(Figure S2, Supporting Information). The output signals
display a 90 degree phase shift compared to the input sine
or triangle signals at low frequencies (50 Hz). Using dV,,/
dV,,, the inverter gain, defined as how fast an input voltage
can be inverted are shown in Figure 7b. Noticeably, the
gains exceed 25 at both the first and third quadrants, facili-
tated from the balanced charge transport in BTDPP2 OFETs.
These values are competitive to organic inverters based on
high-mobility polymers and thermally evaporated crystalline
small molecules.[*344

3. Conclusion

In summary, solution-processable ambipolar transistors fab-
ricated from DPP-based small molecules show field-effect
hole and electron mobilities of up to 1.6 x 1072 cm? V! s7!
and 1.5 X 1072 cm? V7! s71, respectively. Balanced transport
behavior in this DPP material is confirmed by equivalent elec-
tron and hole mobilities, which is independent of the work
function of the top electrodes. Thermal annealing enhances
the charge transport by improving film morphology and
smoothness, with an optimal OFET performance obtained
after annealing at 150 °C. Large crystalline domains are
observed for annealing temperatures above 200 °C, hindering
the charge transport due to the formation of discontinuous
grain boundaries. Closer intermolecular packing of BTDPP2
films occurs when T = 150 °C, which further explains the
enhanced carrier mobility. Using low work function Ba con-
tacts, the electron injection is greatly enhanced, leading to an
improvement of both the electron and hole currents at satu-
ration regime. Organic inverters based on BTDPP2 OFETs
exhibit competitive gains in excess of 25 at both the first and
third quadrants, facilitated by the balanced transport proper-
ties of BTDPP2. Thus, it is possible to design solution-proc-
essed molecules with balanced electron and hole mobilities
using the donor—acceptor building-block approach.
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4. Experimental Section

Material Synthesis: 5-hexyl-2,2’-bithiophene-5"-boronic acid pinacol
ester and 2,1,3-benzothiadiazole-4,7-bis(boronic acid pinacol ester)
were purchased from Sigma-Aldrich Chemical Co. and used as received.
Other chemicals and solvents were used as received from commercial
sources if there was no description. The synthesis of BTDPP2 is shown
in Scheme 1.

Adv. Funct. Mater. 2012, 22, 97-105



'A\
M“h\)iié

www.MaterialsViews.com

(@) = I — '
60 FET1 o il
-l V‘"_[: i i :

2 A0 V
o =

S8 A ]
2§

=4
60[ H w=F ]
80[ —] i
4100 50 0 50 100
Vi (V)

(b) '

25} E
— 20+ |
S
8 451 _
£
8 10} 1

5 J

ol

-100 50 0 50 100

Vi (V)
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Conditions: i) 2,1,3-Bnezothiadiazole-4,7-bis(boronic acid piancol
ester), Pd,(dba);, HP(tBu);BF,, K;PO, THF; ii) NBS, Chloroform;
iii) 5’-Hexyl-2,2’-bithiophene-5-boronic acid pinacol ester, Pd,(dba)s,
HP(tBu);BF,, K;PO,, THF.

2,5-Bis(ethylhexyl)-3-(5-bromo-thiophene-2-yl)-6- (thiophene-2-yl)-
pyrrolo[3,4-c]pyrrole-1,4-dione, 1: To a solution of 2,5-bis(2-ethylhexyl)-
3,6-di(thiophene-2-yl)-pyrrolo[3,4-c]pyrrole-1,4-dione (2.3 g, 7.8 mmol)’

www.afm-journal.de

in 55 mL of chloroform, N-bromosuccinimde (NBS) (0.92 g, 5.2 mmol)
was added. The reaction solution was stirred for 5 hours at room
temperature in the dark. After adding more chloroform, solution was
washed with waster and dried over magnesium sulfate. After solvent
was removed under reduced pressure, the crude product was purified
by column chromatography on a silica gell with chloroform/hexane
from 1/1 to 2/1 (v/v) to afford 1 (1.5 g, 50%). '"H NMR (400 MHz,
CDCls, 6): 8.89 (d, 1H, J =2.8 Hz), 8.62 (d, TH, J =3.6 Hz), 7.63 (d, 1H,
J=48hz),7.26 (d, 1H, = 4.0 Hz), 7.21 (d, TH, J = 3.6 Hz), 3.88-4.05
(m, 4H), 1.84 (bs, 2H), 1.20 =1.36 (m, 16H), 0.82-0.89 (m, 12 H).
4,7-Bis{5-[2,5-bis(2-ethylhexyl)- 6- (thiophene-2-yl)-pyrrolo[3,4-c]pyrrole-
1,4-dione-3-yljthiophene-2-yl}-2, 1, 3-benzothiadiazole, 2: To a mixture
of 2,1,3-benzothiadiazole-4,7-bis(boronic acid pinacol ester) (0.23 g,
0.60 mmol), 1 (0.90g, 1.5 mmol), tri(dibenzylidene-acetone)palladium(0)
(Pdy(dba);) (0.027 g, 0.030 mmol), tri-tert-butylphosphonium
tetrafluoroborate (0.052 g, 0.18 mmol), and potassium phosphate
(1.0 g, 4.8 mmol), a degassed THF/water (20 mL/2 mL) was added.
After stirring under argon at 50 °C overnight, the reaction mixture was
poured into water. The crude product was extracted by chloroform
and dried over magnesium sulfate. After evaporate solvent, the crude
product was purified by column chromatography on a silica gel with
from pure chloroform to 1% acetone in chloroform to afford 2 (0.5 g,
71%). "H NMR (400 MHz, CDCly, 8): 9.13 (d, 2H, J = 4 Hz), 8.96 (d, 2H,
J=4Hz), 8.17 (d, 2H, ) = 3.6 Hz), 8.01 (s, 2H), 7.63 (d, 2H, J = 5.2 Hz),
7.29 (d, 2H, J = 4Hz), 4.04-4.16 (m, 8H), 2.00 (bs, 2H), 1.90 (bs, 2H),
1.25-1.46 (m, 32H), 0.86-0.98 (m, 24H).
4,7-Bis{5-[2,5-bis(2-ethylhexyl)-6-(5-bromo-thiophene-2-yl)-pyrrolo[3,4-c]
pyrrole-1,4-dione-3-yljthiophene-2-yl}-2,1,3-benzothiadiazole, 3: NBS (0.16 g,
0.88 mmol) was added to a solution of 2 (0.50 g, 0.42 mmol) in 40 mL of
chloroform. The solution was stirred overnight in the dark. The solution
was diluted with additional chloroform and washed with water. After
evaporate solvent under reduced pressure, the crude product was purified
by column chromatography on a silica gel with chloroform/hexane from
5/1 to 20/1 (v/v) to yield 3 (0.35 g, 62%). "H NMR (400 MHz, CDCl5, &):
9.11 (d, 2H, J = 2.8 Hz), 8.70 (d, 2H, J = 4.0 Hz), 8.07 (d, 2H, J = 4.0 Hz),
7.89 (d, 2H), 7.17 (d, 2H, J = 4.0 Hz), 3.85-4.14 (m, 8H), 1.97 (bs, 2H),
1.86 (bs, 2H), 1.28-1.44 (m, 32H), 0.87-0.97 (m, 24H).
4,7-Bis{2-[2,5-bis(2-ethylhexyl)-6-(5-hexyl-2,2:5', 2" -terthiophene-5"-yl)-
pyrrolo[3,4-c]pyrrolo-1,4-dione-3-yl]-thiophene-5-yl}-2, 1, 3-benzothiadiazole, 4:
Degassed THF /water (10 mL/1 mL) was added to a mixture of 3 (0.35 g,
0.26 mmol), 5-hexyl-2,2"-bithiophene-5"-boronic acid pinacol ester (0.24 g,
0.64 mmol), Pd,(dba); (0.012 g, 0.013 mmol), tri-tert-butylphosphonium
tetrafluoroborate (0.023 g, 0.79 mmol), and potassium phosphate (0.44 g,

Scheme 1. Synthetic Route for 4 (BTDPP2).
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2.1 mmol). After stirring overnight under argon at 60 °C, the reaction
mixture was poured into water. The crude product was extracted with
chloroform and purified by column chromatography on a silica gel with
from chloroform/hexane 5/1 (v/v) to pure chloroform to obtain 4 (0.22 g,
50%). "H NMR (400 MHz, CDCl;, 8): 9.03 (s, 2H), 8.97 (s, 2H), 7.90 (s,
2H), 7.71 (s, 2H), 7.06 (d, 2H, J = 3.6 Hz), 6.98 (d, 2H, ] = 4.0 Hz), 6.88
(d, 2H, J=3.2 Hz), 6.84 (d, 2H, | = 3.6 Hz), 6.58 (d, 2H, ] = 3.2 Hz), 3.78—
4.05 (m, 8H), 2.68 (t, 4H, | = 7.2 Hz), 1.82-1.98 (m, 4H), 1.61 (m, 4H),
1.21-1.50 (m, 44H), 0.86-1.02 (m, 30H). Anal. Calcd. for CgsH;1,NO,Sg
(%): C, 67.26; H, 6.73; N, 5.01 Found: C, 66.78; H, 6.69; N, 5.11.

Device Fabrication and Characterization: N** Si wavers from Silicon
Quest International were used for the bottom gate electrode with 150 nm
of SiO, layer as the gate dielectric, leading to a capacitance of ~2.3 x 107™*
F m=2. Prior to casting the BTDPP2 active layer, the substrates were
sonicated sequently with acetone, and propan-2-ol, 2-propanol and
then baked on a hotplate at 140 °C for 1 hour. Following with 30 min of
UV-ozone treatment, the substrates were then transferred into a nitrogen
purged glove box and passivated with diluted octadecyltrichlorosilane
solution in hexane (0.1% vol). BTDPP2 was dissolved in chloroform at
a concentration of 6 mg mL and stirred on a hotplate at 60 °C. Filtered
through a PTFE filter with 0.45 um pore size, the films were deposited
from BTDPP2 solution at a spin-speed of 2000 RPM resulting in ~50 nm
film thickness. Finally 90 nm Au, or Al top contacts were thermally
evaporated under a vacuum lower than 5 x 1077 torr through a shadow
mask (2 mm channel width and 40~100 pm channel length). For low work
function metals, 5 nm Ba or Ca was evaporated and immediately capped
with 100 nm of Al. The samples were tested in a LakeShore probe station
under 10® mBa. A Keithley 4200 semiconductor parametric analyzer
was used for the OFET and inverter characterizations. Impedance of the
metal-insulator—semiconductor diodes was recorded using a Solartron SI
1260 impedance/gain-phase analyzer. The capacitance was obtained by
sweeping the gate voltage while keeping the top electrode grounded.

For morphological studies the same BTDPP2 films were used to the
OFET active layers. The tapping mode AFM images were captured by a Veeco
MultiMode® 8 scanning probe microscope under nitrogen atmosphere.
Thin-film XRD spectra were measured on device architectures of Si/SiO,/
BTDPP2 using an X'Pert Phillips Material Research diffractometer. Samples
were scanned at 45 kV and 40 mA with a scanning rate of 0.004 degree per
second, and Cu Ko, radiation (wavelength A = 1.5405 A). In the 26-w scan
configurations each film was scanned from 4 to 30 26.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Controlling The Mobility Of Oligonucleotides In The
Nanochannels Of Mesoporous Silica

Timo Lebold, Axel Schlossbauer, Katrin Schneider, Lothar Schermelleh,
Heinrich Leonhardt, Thomas Bein,* and Christoph Brduchle*

Oligonucleotides used in gene therapy and silencing are fragile compounds
that degrade easily in biological environments. Porous biocompatible carrier
particles may provide a useful strategy to deliver these therapeutics to their
target sites. Development of appropriate delivery vehicles, however, requires
a better understanding of the oligonucleotide-host interactions and the oli-
gonucleotide dynamics inside carrier particles. We investigated template-free
SBA-15 type mesoporous silica particles and report their loading character-
istics with siRNA depending on the surface functionalization of their porous
network. We show that the siRNA uptake capability of the particles can be
controlled by the composition of the functional groups. Fluorescence recovery
after photobleaching measurements revealed size-dependent mobility of
siRNA and double-stranded DNA oligonucleotides within the functionalized
silica particles and provided evidence for the stability of the oligonucleotides
inside the pores. Hence, our study demonstrates the potential of mesoporous
silica particles as a means for alternative gene delivery in nanomedicine.

1. Introduction

Within the last decade gene therapy, gene silencing and RNA
interference (RNAi) methods have attracted increasing interest.
However, the fragile oligonucleotides utilized in gene therapy
and RNA interference are easily degraded and therefore
require robust delivery strategies in order to reach their target
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site within the cell. In gene therapy, for
example, the DNA needs to be transported
into the cell nucleus, either actively or
indirectly due to the disassembly of the
nuclear envelope during mitosis, whereas
siRNAs used in post-transcriptional gene-
silencing only need to be delivered to the
cytosol.'3] Consequently, very different
target sites need to be addressed to achieve
a safe and efficient delivery of the fragile
oligonucleotides.[*¢l

Mesoporous silica, including the M41S
materials introduced by the Mobil com-
pany”# or Santa Barbara Amorphous
(SBA) type materials,>!% represents a
versatile class of porous nanomaterials.
These materials break the long-standing
pore size constraint of zeolites by offering
pore sizes ranging from about 2-30 nm.
Moreover, their specifications such as pore
diameter, surface properties, and topolo-
gies can be tailor-made according to individual requirements.
Various applications for mesoporous silica materials have been
suggested, such as molecular sieves,'!! catalysis,[!? chromatog-
raphy, " stabilization of conducting nanoscale wires'*-16 and
novel drug-delivery systems.['7-2]

Recently, the potential of mesoporous silica nanoparticles
with a diameter of about 100 nm for the delivery of siRNA into
mammalian cells was highlighted.??! In the present study we
utilized SBA-15 type mesoporous silica particles with nanom-
eter-sized template-free pores to carry potential gene therapeu-
tics inside their porous network. By varying the chemical nature
of the organic pore functionalizations, the loading behavior of
the particles with siRNA can be tuned. We used fluorescence
recovery after photobleaching (FRAP)?-% to investigate the
dynamics of siRNA and short double-stranded DNA sequences
inside the particles. Moreover, we show that the observed
double-stranded oligonucleotides remain intact inside the car-
rier particles.

2. Results and Discussion

Four different modifications of SBA-15 materials were syn-
thesized: (i) unfunctionalized (UN), functionalized with
(ii) 10 mol% cyanopropyl (CP), (iii) 8 mol% aminopropyl +
2 mol% cyanopropyl (APCP), and (iv) 5 mol% aminopropyl +
5 mol% phenyl (APPh). Prior to the loading experiments, the
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organic template was extracted from the SBA-15 materials (i-iv)
and the template free materials resulted as white solid powders
(for details see Materials and Methods).

Scanning electron microscopy (SEM) microscopy images of
the SBA-15 materials revealed spherically shaped micrometer-
sized particles that show a clear tendency to aggregate inde-
pendent of their functionality. Moreover, in all samples fused
aggregates can be observed that consist of two or more indi-
vidual spherical particles (Figure 1a).

Figure 1b displays a schematic of an SBA-15 particle and
cross-sections through a pore for the differently functionalized
particles.

Nitrogen sorption isotherms of the different samples con-
firmed the porosity of the materials (Figure 1c). Accordingly, all
synthesized SBA-15 materials contain a porous network that is
accessible from the outside. Furthermore, the introduction of
organic functionalizations leads to a reduction of the mean pore
size by 0.7-1.7 nm compared to an unfunctionalized sample as
seen by the resulting pore size distributions (Figure 1d, see also
below).

One-dimensional X-ray diffractograms of the different synthe-
sized SBA-15 materials indicate the mesoporous nature of the
particles (Figure 1e). The XRD data further show that the intro-
duction of functional groups leads to an increase in the 26 value
and thus to a reduction of the pore-to-pore distance compared to
unfunctionalized SBA-15 (see Supporting Information (SI)).

The utilized oligonucleotides (siRNA and dsDNA) were
labeled with a green (ATT0O532) and a red excitable (ATTOG647N)
fluorescent dye at the 3" and 5" ends of the opposite strands,
respectively (Figure 1f). With the dye pair being located on the
same side of the double-strand, its stability can be tested through
Forster Resonance Energy Transfer (FRET): upon excitation with
green light, energy transfer will take place from the red emitting
ATTO532 (donor) to the ATTO647N (acceptor) dye and its far-
red fluorescence can be monitored. Since FRET is only effective
within a distance of both dyes of about 2-10 nm, a denatured
oligonucleotide does not yield a FRET signal (see SI).

Table 1 summarizes the data extracted from nitrogen sorp-
tion and XRD measurements. The term “pore-to-pore dis-
tance” used in combination with XRD data is not identical to
the term “pore size” used for discussing nitrogen sorption data,
since with X-ray diffractometry only the distance between the
different layers (one center of a pore to the center of the adja-
cent pore) can be calculated and no direct conclusion about
the wall thickness can be drawn (see SI). In contrast, nitrogen
sorption methods directly yield the pore sizes. Both techniques
clearly show that the introduction of functional groups leads
to a reduction of the pore dimensions. With a reduction of the
mean pore size from 8.9 nm (UN) to 7.8 nm (APPh), the pore-
to-pore distance also shrinks from 13.5 nm (UN) to 10.7 nm
(APPh). The differences in the BET surface areas result from
the co-condensation of TEOS with the different functionalized
organo-silanes, all having a specific influence on the condensa-
tion of the silica backbone and on the remaining pore volume.
This behavior has already been reported in other articles, espe-
cially for aminopropyltriethoxysilane.[30-32

Figure 2 shows images obtained with confocal laser scanning
microscopy of the four differently functionalized SBA-15 mate-
rials suspended inside the buffered labeled-siRNA solution.
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Figure 1. Characterization of the SBA-15 particles and utilized oligonu-
cleotides. a) Scanning electron microscopy images of unfunctionalized
(UN), cyanopropyl-functionalized (CP), aminopropyl/cyanopropyl-func-
tionalized (APCP) and aminopropyl/phenyl-functionalized (APPh) SBA-15
particles. The synthesized particles are micrometer-sized, spherically
shaped and tend to aggregate. b) Schematic of an SBA-15 particle and
cross-sections through a pore for the differently functionalized particles.
c) Nitrogen sorption isotherms of UN (black rectangles), CP (purple dia-
monds, 200 cm?/g offset), APCP (blue triangles, 400 cm?/g offset) and
APPh (red dots, 600 cm?/g offset). d) Pore size distribution for UN (black
rectangles), CP (purple diamonds), APCP (blue triangles) and APPh (red
dots). e) 1D XRD diffractograms for UN (black), APPh (red), CP (purple),
and APCP (blue) SBA-15 particles. The introduction of functional groups
results in a higher 26 value and thus a smaller pore-to-pore distance.
f) Schematic of an ATTO532 and ATTO647N labeled oligonucleotide
double-strand. 20 bp siRNA as well as 20, 60, and 90 bp dsDNA sequences
were loaded into the SBA-15 particles. The dye labels are situated on the
same side of the opposite strands and thus allow for testing oligonucle-
otide stability by Forster resonance energy transfer (FRET).
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Table 1. Nitrogen sorption and 1D-X-ray diffractometry (XRD) data. The
mean pore size, the BET surfacel*’l and the mean pore volume were
calculated from nitrogen sorption data. Additionally, the pore-to-pore
distances obtained from X-ray diffractograms are listed (see Sl).

Nitrogen sorption XRD

Mean pore size BET surface Mean pore Pore-to-pore

[nm] [m%g™] volume [cm®g™"]  distance [nm]
UN 8.9 700 1.80 13.5
CcpP 8.2 580 1.27 11.0
APCP 7.2 815 1.33 1.1
APPh 7.8 680 133 10.7

The several micrometer-large mesoporous particles are seen as
spherically shaped objects that occasionally aggregate. In con-
focal mid-sections of APPh particles the siRNA fluorescence
can be clearly detected inside the particle indicating that the
particles were successfully loaded with siRNA (Figure 2a). Since
the confinement of the pore and the specific interaction with
different functional groups can influence the extinction coeffi-
cient of the dye label significantly, only the relative amounts of
siRNA incorporated inside the particles are evaluated here. For
example, in APCP particles only about 75% of the amount of
siRNA detected inside the APPh particles is observed indicated
by a lower signal-to-noise ratio (Figure 2b). The observed varia-
tions in the fluorescence intensities cannot be simply due to a

fluorescence intensity (a.u.)

Figure 2. Loading characteristics of functionalized mesoporous SBA-15
particles. Confocal mid-sections of SBA-15 particles dissolved in a buff-
ered solution containing fluorescently labeled siRNA and particles func-
tionalized with a) aminopropyl and phenyl (APPh), b) aminopropyl and
cyanopropyl (APCP), c) cyanopropyl (CP), or d) unfunctionalized par-
ticles (UN). The images were acquired by exciting the ATTO532 label
and detecting the ATTO647N FRET fluorescence signal, thus only stable
siRNA can be seen. While fluorescence of the labeled siRNA can be
detected inside the APPh and APCP particles, CP and UN particles remain
unloaded. Only weak fluorescence in the surrounding solution can be
detected. The length and intensity scale bars apply to all panels (a—d).
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different quenching or enhancement of the fluorophore bright-
ness through the different functional groups in the samples,
since the free label dyes do not show significant fluorescence
intensity fluctuations inside the four different samples (data
not shown). Consequently, the observed variations must result
from a different amount of incorporated siRNA. In contrast, CP
and UN particles do not take up detectable amounts of siRNA
(Figure 2c and d), even though the nitrogen sorption data of
Table 1 clearly show that all four particle types are accessible
and open to an exchange with the surrounding environment.
With the utilized confocal microscopy setup concentrations of
siRNA down to about 1078 molL™! in solution can be detected.

The pore sizes calculated from nitrogen sorption of the dif-
ferent samples range from 7.2 nm (APCP), 7.8 nm (APPh),
8.2 nm (CP) to 8.9 nm (UN) (see Table 1). However, the overall
loading behavior cannot be explained by a simple pore-size
effect. The pore sizes of the CP and UN SBA-15 materials are
even slightly larger than those with functionalizations that do
allow siRNA incorporation. We thus attribute the observed
behavior to an unfavorable interaction of the particle surfaces
with the negatively charged siRNA. All investigated SBA-15
materials possess hydroxyl groups on their surface that may be
partially deprotonated. These (deprotonated) hydroxyl groups
and the cyanopropyl groups seem to repel the siRNA because
of their negative charge density. In contrast, the aminopropyl-
functionality attached to the pore walls of the APCP and APPh
particles seems to favor siRNA uptake, which may result from
hydrogen bonding between the negatively charged siRNA and
the (protonated) amino groups. Taking these considerations
into account, the increased loading capacity of APPh silica par-
ticles compared to the APCP particles could also result from the
electrostatic repulsion between the negatively charged siRNA
and the cyanopropyl-groups. Additionally, recent work from
Mellaerts et al.?¥l demonstrates that variations in the electro-
static interactions between a guest molecule, such as the drug
itraconazole, and the pore walls, e.g., by adapting the water con-
tent inside the pores, lead to a different drug release rate and
thus also different drug dynamics inside the SBA-15 network.
A comparison with purely aminopropyl-functionalized SBA-15
particles was not possible, as the corresponding synthesis
solution did not yield a mesoporous powder but an undefined
gelated structure.

Notably, the successful loading of APPh and APCP par-
ticles was detected by the FRET signal of closely positioned
ATTO532 and ATTOG647N fluorophores. This clearly indicates
that the siRNAs were present as double-stranded hybrid mole-
cules, which is essential within the therapeutic context of gene
silencing by RNA interference. Control measurements under
denaturing conditions show a complete loss of FRET signal
(see SI). No significant loss of siRNA fluorescence inside the
APPh and APCP particles was observed within 48 h, demon-
strating long-term stability of siRNAs inside the particles as
well as inside the surrounding buffered solution.

The above results provide evidence that aminopropyl-con-
taining functionalities favor siRNA uptake into the mesoporous
materials. We next aimed to characterize the mobility of oligo-
nucleotides inside functionalized SBA-15 particles. We there-
fore applied fluorescence recovery after photobleaching (FRAP)
and kinetic modeling to determine the diffusion constants of
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Figure 3. FRAP recovery curves and mean diffusion coefficients for the different oligonucleotides inside the functionalized SBA-15 particles. a) Recovery
kinetics of the 20 bp siRNA molecules inside APCP functionalized particles (green) and inside APPh functionalized particles (black). b) APPh func-
tionalized particles loaded with 20 bp DNA (red), 60 bp DNA (blue) and 90 bp DNA (black). ¢, d) Results of the kinetic modeling with diffusion coef-
ficients (Df,,,l) and (D,,,,) determined for the two mobile populations in each sample. ) siRNA inside APCP particles (green) and inside APPh particles
(black). d) APPh particles loaded with 20 bp DNA (red), 60 bp DNA (blue) and 90 bp DNA (black). The error bars indicate standard deviation (a, b)

and standard error (c, d).

(i) the 20 bp siRNA oligonucleotides inside APPh and APCP
particles and (ii) DNA double-strands of different length (20, 60
and 90 bp) inside APPh particles. The utilized double-stranded
labeled oligonucleotides have an estimated length of about
7 nm (20 bp), 21 nm (60 bp) and 31 nm (90 bp). All sequences
were randomly chosen, however, it was ascertained that they
do not form large hairpins or bubbles that might additionally
affect diffusion. The measurements started 3 h after incubation
of the particles with the oligonucleotide solution and DNA sta-
bility was again confirmed through FRET.

For FRAP experiments small circular regions of interest
(ROIs) were bleached by a high intensity laser beam to result
in a bleach spot with a diameter of about 2 pym. The bleaching
sites were randomly chosen inside the particle, either centrally
or closer to the edges. Fluorescence recovery was observed for
10 —15 min. Mean curves were calculated for the siRNA and the
DNA sequences in the differently functionalized particles by
averaging the recovery kinetics of at least 10 bleach spots each
(Figure 3a, b).

We first measured the mobility of siRNA inside APCP
and APPh particles (Figure 3a) and found significantly faster
recovery kinetics of siRNAs inside the cyanopropyl-containing
particles despite of their smaller pore size (see Table 1). As dis-
cussed for Figure 2 this may be due to an increased repulsive
interaction between the siRNA and the cyanopropyl groups
compared to the phenyl groups. A similar slowdown of the dif-
fusing species upon insertion of phenyl groups was observed
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in a recent study.’ It is important to note that the apparent

standard deviations displayed in Figure 3a and b do not reflect
the error in determining the mean fluorescence intensity,
but originate from the inherent heterogeneity of the different
mesoporous particles. Such heterogeneities are typical for these
mesoporous silica materials due to the existence of adsorption
sites, dead ends and structural defects.’>°] The effective dia-
meter of the circular bleaching ROI in the FRAP experiments
was about 2 um. Heterogeneities occurring within this length-
scale might account for some of the variability of recovery
kinetics observed for different bleaching sites. Detailed diffu-
sion studies of molecules in mesoporous hosts have demon-
strated that heterogeneities due to structural variations indeed
occur on such a length-scale.*’]

Figure 3b displays mean recovery curves for the 20 bp (red),
60 bp (blue) and 90 bp (black) dsDNA sequences diffusing
inside APPh SBA-15 particles. The results clearly demonstrate
a size-dependent decrease of dsDNA mobility. In neither case
full recovery was observed, indicating a distinct immobile frac-
tion of molecules present inside the particles.l*% It is important
to note that bleaching only implies that the fluorescent label
attached to the DNA gets irreversibly inactivated and thus the
DNA becomes invisible. However, the dsDNA is still present
and, due to its immobility, may block the adsorption sites
inside the particle, preventing new fluorescent oligonucleotides
from diffusing to these sites. In contrast, bleached mobile DNA
molecules should be able to diffuse out of the particle. The data
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shown in Figure 3b clearly indicate that the fraction of immo-
bile molecules increases significantly with increasing length of
the DNA double-strand. This could be explained by stronger
adsorption of longer dsDNA inside the porous network due to
an increased negative charge.

Next, the mean fluorescence recovery curves were fitted to
a diffusion model in order to extract diffusion coefficients and
thereby quantify the mobility of the oligonucleotides inside the
mesoporous particles. In order to describe the data adequately a
model assuming two different diffusion coefficients was neces-
sary (see exemplary data in the Supporting Information). The
utilized model for the fluorescence recovery curve f(t) is given
in Equation 1.

fH)=1—¢+ ¢ exp (’Z‘szas:) [Io (2m{m ) + L (zzD{m, )]

+ e(d) exp (_Zt[t’slum ) [IO _Zl’islow + I ( _Zt]islom )]

(moem (=) [ ()« 1 (*42)])
= fopua®+ 0 [f00 () = for ()] 0

with tp = w?/4D and thus the two diffusion coefficients
(Dfast) and (Dyjop). The superposition parameter 6 indicates
the relative contributions of the two populations. The values
of ¢ (bleached fraction) and  (full width at half maximum
of the bleach spot) were extracted from the experimental data
(for details of the modeling see Supporting Information). Mod-
eling the mean fluorescence recovery curves of Figure 3a and b
according to Eq. 1 yielded the two mean diffusion coefficients
(Dfas) and (D) for the mobile populations in each sample
(see Figure 3c and d). The mean diffusion coefficients obtained
from siRNA inside APCP particles (green) and inside APPh par-
ticles (black) are displayed in Figure 3c, whereas the data for 20
bp DNA (red), 60 bp DNA (blue) and 90 bp DNA (black) dif-
fusing inside APPh particles are displayed in Figure 3d. The cal-
culated values of (Dg;5;) and (Ds,) are listed in Table 2. The
recovery kinetics of the 90 bp double-stranded DNA are too slow
to be fitted accurately by the utilized model. Thus, only an upper
limit for the mean diffusion coefficients could be determined.
The mean diffusion coefficient of the faster diffusing popula-
tion (Dy,y) can be attributed to oligonucleotide molecules dif-
fusing inside the mesoporous channels of the SBA-15 particles.
The determined diffusion coefficients (see
Table 2) lie within the range of those known
for diffusion dynamics of organic molecules
such as dyes or drugs inside mesoporous
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the highly charged oligonucleotides with the channel walls that
could influence the diffusion coefficients would not be included
in this case.

Regarding the second slow diffusing population, it was previ-
ously shown that the presence of binding sites can be detected as
an “effective diffusion coefficient”.l**] This effective diffusion thus
refers to a slowing down of the initially unhindered diffusion due
to binding events. However, this would not necessarily explain a
distinct second population, but a general decrease in the observed
mean diffusion coefficient. Interestingly, ( D,,,,) does not show a
clear trend for the different samples in contrast to (D) . If the
oligonucleotides degraded, resulting in the presence of shorter
labeled fragments, one would expect to find fragments with
higher dynamics compared to the intact double-strands. We
thus attribute the observation of a slow diffusion coefficient not
to the existence of a distinct second slow diffusing population,
but rather to a manifestation of the inherent heterogeneity of the
samples resulting in a variation of the diffusion coefficients.3°!

3. Conclusion

In conclusion, this study shows that the loading behavior of
oligonucleotides into SBA-15 particles critically depends on the
surface functionalization. Unfunctionalized and cyanopropyl-
functionalized SBA-15 could not be loaded with siRNA. We
attribute this behavior to an unfavorable repulsive interaction
of the negatively charged siRNA with the negative charge den-
sity of these functional groups. However, when adjusting the
surface polarity of the particles by coating the channels with
aminopropyl groups, the repulsive interactions get reduced,
further hydrogen bonding sites and favorable Coulombic
interactions are introduced and thus the particles become
accessible for siRNA and can be loaded. Moreover, the SBA-15
particles could be loaded with DNA double-strands, ranging
from 20 up to a double-strand sequence of 90 bp in length.
The stretched-out 90 bp oligonucleotide double-strands have a
length of about 31 nm including the labels. This is a striking
observation, since the pore sizes of the mesoporous silica
samples only range from about 7-9 nm. The fact that fairly
long DNA sequences can be loaded into mesoporous silica

Table 2. Calculated mean diffusion coefficients for the fast and slow diffusing populations
(tstandard error of the mean).

materials, which is in the range of hundreds
to thousands nm?/s,343641 and slightly above

APPh APCP
[nm?/s] [nm?/s]

those found for intraparticle diffusion in zeo-  siRNA
lites.*?] The siRNA is significantly slower in
the phenyl-containing particles and the DNA
diffusion slows down with increasing double-
strand length. A quantitative model for the
relationship between the mean diffusion coef-
ficients (Dy,y) and the length of the dsDNA
is beyond the scope of this publication. The
real situation could only be approximated by
the Stokes—Einstein equation!! for an ellip-
soid moving lengthwise inside the pore.
However, effects such as the interaction of

20 bp DNA

60 bp DNA

90 bp DNA

(D) =57 51024175102 (Djast) =3.4%10° + 5.9 102

(Dstow) =3.7 %102+ 1.2 10 (Dyjon) = 1.8 %107 + 4.9 % 10"

(Drsi) ~ 6.9 4102413 % 102
(Dsfow) =1.1 %102+ 1.7 % 10 —
(D) = 4.6 %102+ 1.6 % 102
(Dyjow) =1.3 % 102+ 2.6 % 10' —
(Dpast) < 1.9 1024+ 9.1 % 10"
(Dston)

Dijou) <8.9 % 10" + 1.4 % 10" —

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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opens up numerous potential applications in drug-delivery.
Importantly, for all oligonucleotide sequences studied here,
their stability inside the mesoporous materials could be
proven by FRET. Our study also demonstrates that the diffu-
sion dynamics of siRNA inside the template-extracted particles
could be tuned through adding functional groups. The experi-
ments show that the diffusion dynamics of the DNA critically
depend on their length and that long DNA sequences show a
higher tendency to get immobilized at adsorption sites inside
the porous network.

Understanding the principles that govern oligonucleotide
dynamics inside the channels of mesoporous silica is of great
importance for the design of successful drug carriers with con-
trolled retarded release of a drug over a prolonged period of
time. Thus, our study shows that mesoporous silica materials
are a versatile platform for siRNA delivery and that they enable
alternative strategies for gene therapy.

4. Experimental Section

Preparation of Template-Free SBA-15 Particles: The large-pore SBA-15
spherical particles were synthesized following a procedure generally
introduced by Katiyar et al.[*l and later used by Schlossbauer et al.l8! for
producing mesoporous silica spheres as a matrix for biofunctionalization.
The surfactant Pluronic P123 (3.0 g, poly(ethylene oxide),o-poly(propylene
oxide)o-poly(ethylene oxide),o) was dissolved in hydrochloric acid
(60 mL, 1.5 molL™). Cetyltrimethyl ammonium bromide (CTAB, 0.6 g)
was used as a co-surfactant in combination with 1,3,5-trimethylbenzene
(TMB, 0.3 g) as a swelling agent to increase the pore diameter. CTAB
and TMB were mixed with 25 mL of distilled water. After combining
the aqueous solution with the acidic solution, ethanol (pure, 20 mL)
was added under stirring. Subsequently, tetraethyl orthosilicate (TEOS,
10 mL) was added dropwise. The resulting mixture was stirred vigorously
(500 rpm) at 35 °C for 45 min before being transferred into an autoclave
(Parr Instrument Company) for hydrothermal treatment at 75 °C for
12 hours under static conditions. Subsequently, the mixture was treated
at 125 °C for 12 h. The resulting white powder was filtered out, washed
with distilled water (100 mL) and ethanol (pure, 100 mL) and dried at
60 °C for another 12 h. For the synthesis of functionalized silica particles,
a certain molar fraction (up to 10 mol%) of the silica source (TEOS)
was replaced with a functionalized silica source. The functionalized silica
precursors were: H,NC3HSi(OC,Hs); for aminopropyl-, CgHsSi(OC,Hs)3
for phenyl- and CNC3HgSi(OC,Hs)3 for cyanopropyl-functionalization.
Four different modifications of SBA-15 materials were synthesized:
(i) unfunctionalized (UN), functionalized with (ii) 10 mol% cyanopropyl
(CP), (i) & mol% aminopropyl + 2 mol% cyanopropyl (APCP), and
(iv) 5 mol% aminopropyl + 5 mol% phenyl (APPh).

Extraction of the organic template from the SBA-15 materials was
performed by heating 1 g of the white powder twice under reflux at
90 °C for 30 min in 100 mL of a solution containing concentrated
hydrochloric acid (10 mL) and ethanol (90 mL). The SBA-15 material
was separated by filtration and washed with ethanol (100 mL) after each
extraction step. The template-extracted samples were obtained as white
solid powders.

Particle Characterization: The four different SBA-15 samples were
characterized with scanning electron microscopy (SEM), nitrogen
sorption and 1D X-ray diffractometry. SEM micrographs were recorded
on a JEOL JSM-6500F scanning electron microscope. Nitrogen sorption
measurements were performed on a Quantachrome Nova 4000e
instrument. The structure of the SBA-15 powders was determined
by using a Scintag XDS 2000 powder diffractometer in 6/0 Bragg-
Brentano scattering geometry. From the obtained X-ray diffractograms
the pore-to-pore distances were calculated (for details see Supporting
Information).
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Particle Loading with siRNA: First, the loading behavior of the
particles with siRNA was examined. For this purpose, the differently
functionalized SBA-15 powders obtained after surfactant removal were
dissolved in PBS buffer (pH = 7.4) and labeled siRNA (20 bp) was
added at a concentration of 107> molL™" to each of the different SBA-15
samples. Then the samples were incubated for 3 h at room temperature
in order to give the siRNA sufficient time to access the particles (control
experiments showed that no increase of siRNA-dye-fluorescence could be
observed inside the SBA-15 particles after that time). The particles were
then microscopically investigated in a sample chamber immersed in the
buffered siRNA solution. The following double-labelled siRNA double-
strand was used: 5 GGA CUC CAG UGG UAA UCU AC ATTO647N 3’; 3’
CCU GAG GUC ACC AUU AGA UG ATTO532 5’ (IBA GmbH, Géttingen,
Germany). The double-strand sequence was randomly chosen.

Microscopy Setup: The different oligonucleotide SBA-15 samples
were measured on a LSM510 confocal laser scanning microscope
(Carl Zeiss AG) as follows: only the green fluorescent dye label was
excited with a He-Ne-laser emitting at 543 nm through a 40x/1.3 NA
oil-immersion objective (Zeiss Plan Neofluar) The fluorescence was
filtered by a beamsplitter (HFT, UV/488/543/633) in combination with a
long-pass filter (LP 650) in order to detect the FRET fluorescence signal
from the red fluorescent dye label. The FRET signal was detected with a
photomultiplier.

Fluorescence Recovery after Photobleaching (FRAP) Measurements: The
utilized confocal setup is identical to the setup introduced above with
the following additional settings for the FRAP measurements: integration
time per frame: 983 ms/frame; a new frame was recorded every
4 s; 10 scans before bleaching; circular bleaching region of 10 pixels in
diameter. The bleaching sites were chosen randomly amongst different
particles and also within the particle (either centrally or closer to the
edges). For each sample at least 10 bleaching spots were analyzed.
Individual recovery curves were extracted for each bleaching event
and then averaged. The method of data evaluation in order to obtain
fluorescence recovery curves is explained in detail in the Supporting
Information.

DNA Sequences for FRAP Measurements: The following DNA double-
strand sequences were used: 5° GGA CGC CAG GGG GAA GCG AC
ATTO647N 3’; 3' CCT GCG GTC CCC CTT CGC TG ATTO532 5’ for the
20bp DNA, 5" GGA CGC CAG GGG GAA GCG ACG GAC GCC AGG
ATTO532 3’; 3’ CCT GCG GTC CCC CTT CGC TGC CTG CGG TCC
ATTO647N 5’ for the 30 bp DNA, 5° GGA CGC CAG GGG GAA GCG
ACG GAC GCC AGG CTG ATT TGA AGC TTA TGA CTT ATT GGA CCT
ATTO532 3’; 3’ CCT GCG GTC CCC CTT CGC CTC CTG CGG TCC GAC
TAA ACT TCG AAT ACT GAA TAA CCT GGA ATTO647N 5’ for the 60 bp
DNA and 5" GGA CGC CAG GGG GAA GCG ACG GAC GCC AGG CTG
ATT TGA AGC TTA TGA CTT ATT GGA CCT ATC TCT GAC ATA TTA TAC
TAG GCT GTG TTT ATTO532 3’; 3’ CCT GCG GTC CCC CTT CGC TGC
CTG CGG TCC GAC TAA ACT TCG AAT ACT GAA TAA CCT GGA TAG
AGA CTG TAT AAT ATG ATC CGA CAC AAA ATTO647N 5’ for the 90 bp
DNA (IBA GmbH, Géttingen, Germany). The procedures for loading the
SBA-15 particles were identical to those for siRNA.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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CO,-Laser-Induced Growth of Epitaxial Graphene

on 6H-SiC(0001)

Spyros N. Yannopoulos,* Angeliki Siokou,* Nektarios K. Nasikas, Vassilios Dracopoulos,

Fotini Ravani, and George N. Papatheodorou

The thermal decomposition of SiC surface provides, perhaps, the most
promising method for the epitaxial growth of graphene on a material useful
in the electronics platform. Currently, efforts are focused on a reliable method
for the growth of large-area, low-strain epitaxial graphene that is still lacking.
Here, a novel method for the fast, single-step epitaxial growth of large-area
homogeneous graphene film on the surface of SiC(0001) using an infrared
CO, laser (10.6 um) as the heating source is reported. Apart from enabling
extreme heating and cooling rates, which can control the stacking order of
epitaxial graphene, this method is cost-effective in that it does not neces-
sitate SiC pre-treatment and/or high vacuum, it operates at low temperature
and proceeds in the second time scale, thus providing a green solution to EG
fabrication and a means to engineering graphene patterns on SiC by focused
laser beams. Uniform, low—strain graphene film is demonstrated by scanning
electron microscopy, X-ray photoelectron spectroscopy, secondary ion-mass
spectroscopy, and Raman spectroscopy. Scalability to industrial level of the

method described here appears to be realistic, in view of the high rate of CO,-

laser-induced graphene growth and the lack of strict sample—environment

the most promising method for large-
area, high-quality graphene production is
the thermal decomposition of SiC due to
Si sublimation, which leads to the growth
of or epitaxial graphene (EG);!® a method
known since the seventies.”! The main
advantage of this method is that graphene
grows directly on a material useful in the
electronics platform. The epitaxial growth
method has itself several variants, it can
proceed under ultrahigh vacuum (UHYV)
at ~1200 °C,Ml in the presence of inert
gasses at ambient pressure or low vacuum
and high temperature (~1550 °C),®l and
under other confinement controlled sub-
limation conditions of SiC.l Recently,
EG was grown on SiC by molecular beam
epitaxy.l’! Graphene grows on both the Si-
terminated (0001) and the C-terminated
(0001) face (faster growth rate) of the SiC
wafer, albeit with different electronic prop-

conditions.

1. Introduction

Although graphene has been known for long time,!*? the isola-
tion of free-standing monolayers®®! triggered extensive investiga-
tions over the last few years exploring its outstanding electronic,
mechanical and thermal properties.>* Three basic methods
have been employed for graphene production, as reviewed
recently.”) Chemical vapor deposition (CVD) of hydrocarbons
and epitaxial growth on transition metals’ surfaces such as Ni or
Cu has been successfully used for large area graphene growth.!
Mechanical cleavage of graphene (MCG) from highly oriented
pyrolitic graphite (HOPG) produces high-quality, small-size,
graphene monolayers (MLs),® whose potential for electronics
applications is still unclear, although being useful for studying
fundamental properties of two-dimensional crystals. Perhaps
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erties. Finally, other methods employ exfo-
liation of graphite oxide to form graphene
oxide, which can be reduced to become
electrically active.[1”]

The above methods for EG growth employ high-temperature
induction furnaces where the whole SiC wafer area is exposed
to heat. Although EG produced in this way can be patterned
using nanolithography methods*1112l in order to be compatible
with semiconductors technology, more convenient methods that
make use of in situ patterning of graphene would be more valu-
able for the scale-up of the EG growth on an industrial scale.
Along this direction, few studies have pointed out the possi-
bility for simultaneous synthesis and patterning of graphene
using laser beams.['>!4 In a recent investigation, EG was grown
on the Si-face of SiC by the UV laser line (248 nm) of an KF
excimer pulsed laser.’¥l The surface-induced laser decompo-
sition of the Si surface led to spatially controlled and scalable
EG synthesis. The substrate was held at room temperature and
the operation was carried in a vacuum chamber (107° Torr).
Using the visible (532 nm) line of a solid-state laser to increase
local heating, rapid printing of graphene patterns on nickel
foil were achieved by means of CVD in a CH,/H, environ-
ment.['l The substrate was held at room temperature and the
graphene growth rate was estimated to be orders of magni-
tude faster than that of conventional CVD. Finally, in the pre-
graphene era, it was observed that irradiation of polycrystalline
SiC with a pulsed near-infrared Nd:YAG laser (1064 nm) yields
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“crystallized” graphite on the SiC surface.["”] The graphitic struc-
ture of the irradiated area (~500 um?) was confirmed by Raman
scattering. Unfortunately, the spectra obtained at that time were
not extended above 1800 cm™ and the typical graphene spec-
tral features were not examined. From the above brief survey, it
becomes clear that the use of focused laser beams, apart from
enabling patterning, offer viable solutions to lower the graphene
growth temperature down to ambient as well as to speed-up the
growth process.

In the present article we demonstrate a novel facile method
for the single-step, fast production of large-area, homogeneous
EG on the SiC(0001) using a continuous-wave infrared CO,
laser (10.6 wm) as a heating source. The process does not
require high-vacuum or strict sample-chamber conditions;
it takes place under Ar gas flow at atmospheric pressure and
temperature. The present method offers a number of advan-
tages in relation not only to conventional EG growth methods
but also compared with the UV-laser-assisted EG growth.[!3]
i) Ambient growth of EG; UHV or high vacuum is not neces-
sary. ii) The CO, laser beam can induce EG growth within the
second time scale, depending on laser power, over a large area
(~3-4 mm?). iii) Irradiation takes place at one SiC face (0001 in
the present case), while graphene grows epitaxially at the oppo-
site side (polished Si-face). As a result, the Si-face smoothness
is preserved. This geometry (Scheme 1) enables the feasibility
of writing graphene patterns on a SiC(0001) surface in contact
with a substrate. iv) The cooling rate, which is essential for the
uniformity of the stresses that develop on EG, can be as high as
~600 K s7! The fast cooling rate might also affect the stacking
order or stacking faults of Si-face EG, which is the dominant
factor affecting carrier mobility.®'!] v) No pre-treatment (e.g.,
H, etching, and so on) of SiC surface is needed to obtain high-
quality graphene, in contrast to the vast majority of the previous
studies.

Au coated focusing

CO, laser beam mirror

>~

4 I Optical

VA

m/ Pyrometer
SiC y
wafer SiC 7 Quartz
|
tube
5 mm
EG on SiC Copper Jet

@

i

HAr gas flow

Scheme 1. Schematic diagram of the CO,-laser induced epitaxial growth
of graphene on SiC wafers.
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The formation of few layer EG on SiC and its features were
investigated by scanning electron microscopy (SEM), X-ray
photoelectron spectroscopy (XPS), secondary ion-mass spec-
troscopy (SIMS), and Raman scattering.

2. Results and Discussion

Graphene was grown on SiC (0001) using the set-up shown
in Scheme 1. The set-up is a modification of an experimental
arrangement developed previously for melting refractive
ceramics in controlled gas atmosphere at temperatures above
2000 K.l Figure 1a shows a representative microscopy
image of EG on 6H- SiC(0001). The image covers partly the
surface of non-irradiated SiC (grey area), the irradiated area
(1) and the border between the two regions (2). Actually, both
the grey area (SiC) and the border region (2) correspond to
the 6H-SiC(0001) surface, which was not directly illumi-
nated and was thus exposed to lower temperature due to the
power density distribution of the heating CO, laser beam.
At the non-irradiated area SiC undergoes milder annealing
during the heating procedure, which causes purification
from surface contamination and limited silicon desorption.
As a result, wide, highly uniform, atomically flat terraces
emerge.

The first stages of graphene layer formation on these flat
terraces are quite clear in Figure 1d, which is an enlargement
of the border area. Graphene grows initially at the terrace step
edges where the large continuous terraces are found, extending
parallel to the step edges. Graphene nucleation and growth is
highly dependent on the SiC surface morphology. This type of
growth has been previously observed for films grown under
900 mbar of argon on 6H-SiC(0001).117

Enlargement of the irradiated area is shown at low and high
magnification in Figure 1b and ¢, respectively. Similar char-
acteristics to that observed on graphene films on SiCl'”! and
Nil'® substrates are evident from these images. The terraces
are not observable any longer, while the whole area is covered
by the EG layers. The change of the image contrast from light
to dark grey (or black) is directly correlated with the number
of graphene layers on the substrate.'8! The lighter grey areas
indicate thinner graphene film where the secondary electrons
can more efficiently escape from the SiC substrate as compared
with the darker ones.

Typical XPS Cls and Si2s spectra collected from the homo-
geneous large area of EG are shown in Figure 2. The Si2s
photopeak from the SiC substrate appears at binding energy
151.4 eV in agreement with literature values.') The spectrum
does not contain components attributable to silica (SiO,) or
silicon oxycarbide (SiC,0,) which could be located at the inter-
face between the SiC substrate and the EG overlayer. The Cls
spectrum is analyzed into four components, at binding ener-
gies 283.5, 284.5, 285.5 and 287.2 eV originating from C atoms
in the bulk SiC substrate, in the aromatic rings (sp? bonding) of
the EG layer, in configurations with sp? bonding hybridization
and in surface C=0 species, respectively.?” The peak at 285.5 eV
has also been attributed to the first carbon layer grown on top
of the SiC(0001) substrate forming strong covalent bonds with
the latter and thus lacking the graphene electronic properties.

Adv. Funct. Mater. 2012, 22, 113-120
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Figure 1. a) SEM image showing the formation of epitaxial graphene (dark area, 1) on 6H-SiC(0001) (grey area); b,c) detail from the irradiated area at
high magnification; d) close view of the borders (2) between the EG and SiC.
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Figure 2. XPS core level spectra of Si2s (bottom) and Cls (top) of the EG/
SiC sample (the non-irradiated area of SiC is covered with a gold mask).
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This acts as a buffer layer, enabling the first graphene layer, to
behave electronically like an isolated graphene sheet.?!]

Assuming that the graphene—SiC sample can be described as
a semiinfinite SiC substrate with a uniform graphene overlayer
of thickness d, the latter can be calculated from the total Cls
peak intensities using the equation: d = AIn[(Igg Csic/ IsicCrg)+1]-
A is the Cl1s electrons inelastic mean free path, assumed to be
the same in SiC and in graphene; its values are reported else-
where.??] I and Ig;c are the intensities (areas) of the C1s signal
from the EG overlayer and the SiC substrate, respectively, while
Csic and Cyg are the corresponding carbon atomic densities in
each material.?3l The intensity ratio between the EG Cls and
the SiC C1s lines was found to be Izc/Isic = 3.4. For this ratio,
the EG thickness is ~2.5 £ 0.5 nm, which, considering the thick-
ness of a graphene layer to be equal to the interlayer distance
in the graphitic structure (0.34 nm), corresponds to 5.5-8.5
monolayers. The relatively large error margin in this calculation
emerges due to the uncertainty in the inelastic mean free path
values and also because the estimate is based on a simple model
of a bulk-terminated substrate. It is worth mentioning that the
XPS signal is averaged over an area of ~2 mm? on which, the
EG layer is considered to be homogenous.

Dynamic SIMS was used for depth profile measurements of
the irradiated samples. Figure 3 shows the depth distribution
of amu 12, 41, and 28 recorded in the positive mode and repre-
senting 2C*, 2%Si'2C*, and 28Si* or 12C'°0O* species, respectively.
The inset in Figure 3, is a chemical image of the sample. It
shows five craters in the dark area (crater size ~158 pm). These
are the spots where repeated depth profile measurements
took place. All spots produced similar profiles ascertaining
the homogeneity of the irradiated area in depth. An additional
depth profile figure from a different area of the sample is pro-
vided in the Supporting Information.
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Figure 3. Dynamic SIMS depth profile analysis of the irradiated area of
the SiC sample. Inset: Chemical image of the irradiated SiC sample. The
grey colored area represents amu 16 (1°07) and the black domain shows
amu '2C". The square craters are the sputtered spots on the sample.

The large signal of amu 28 in the initial steps of the procedure
is attributed to surface species of oxidized carbon (2C'°0*) due
to surface contamination.?*! It is observed that up to a depth of
about 3 nm the signals of Si and SiC are close to the detection
limit while that of carbon is considerably high and homogenous
in depth. After the first 3 nm (i.e., ~9 ML of EG) the intensity
of the Si-containing species starts to increase, indicating that
the EG/SiC interface is reached. A certain plateau (bulk SiC) is
attained after a depth of about 5.5-6 nm. When approaching the
SiC substrate, the intensity of amu 12 increases as well, due to
the higher sputter yield of carbon in the SiC matrix as compared
to that in graphite.””! From this profile the thickness of the EG
layer appears to be in good agreement with the value estimated
by XPS for the same sample. Details about SIMS measurements
and depth calibration are given in the Supporting Information.

Raman spectra were recorded from several EG samples pre-
pared in this work. Representative Raman spectra from various
points of the SiC irradiated area are shown in Figure 4. For one
of the samples the irradiated area of ~3 mm? was scanned sys-
tematically and Raman spectra measurements for over 100 dif-
ferent points were obtained (see Supporting Information). Data
collected from the borders of the irradiated spot exhibit strong
peaks arising from the second order Raman spectrum of SiC,
on which the G-band of EG is superimposed (see Figure 4a).
Comparing the relative intensities of the G peak and the SiC
bands with corresponding spectra in previous studies our spectra
could be interpreted as indicating the presence of 1 or 2 ML of
EG at the borders of the illuminated area. For Raman spectra
recorded from points located well within the spot, the SiC bands
are much weaker than the graphene bands and hence are prac-
tically invisible; see lower spectrum in Figure 4b. A line scan
performed at the periphery of the irradiated area revealed rather
sharp limits between these two types of Raman spectra. Practi-
cally, spectra as that shown in Figure 4a are recorded from a thin
belt of about 10 um in thickness around the irradiated area. This
finding demonstrates homogeneous heating of the irradiated
area with negligible lateral heat flow to the surrounding area.
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Figure 4. Representative Raman spectra of EG on SiC(0001) recorded
(a) from the borders of the irradiated area and (b) from the irradiated
spot. The upper spectrum in (b) was recorded with a macro-Raman
set-up from a macroscopic sample area ~10° um?.

Extensive reviews on Raman scattering in MCG and EG
have appeared over the last few years providing the means of
characterizing the properties of graphene though the energy
and width of certain Raman bands.22% In brief, three main
bands dominate Raman spectra of graphene: The G-band
(~1582 cm™!), present to all sp? carbon networks corresponds to
the in-plane, doubly degenerate E,, phonon at the center of the
Brillouin zone. The defect-induced D-band (dispersive mode
in the range 1300-1370 cm™) arises from the breathing mode
of the sp? rings and becomes Raman active in the presence of
defects. The 2D band (the second order of D-band, sometimes
referred to as the G” band) originates from a double resonance
process, being also dispersive; its presence in the Raman spec-
trum does not require the presence of the D band. A number
of Raman studies have concentrated on EG,%3¢ which in com-
bination with other techniques have provided information on
graphene quality and phenomenological correlations between
spectral Raman features and graphene properties. Combina-
tions of the D, G, and 2D peak parameters have led to five main
criteria which provide information on (a) disorder and crystal-
lite size (D/G intensity ratio), (b) number of graphene ML (2D
band shape and 2D/G ratio), (c) layer stacking order (2D band
shape, i.e. single or multiple lines), (d) stresses (G band shift;
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shape and Raman shift of 2D band), and (e) carrier mobility
(2D band width).22%1 The analysis of our Raman spectra will
proceed alongside the aforementioned phenomenological
correlations/observations.

a) In the vast majority of our Raman spectra, recorded well
inside the irradiated area, (see Supporting Information) a very
low D/G area ratio (~0.05) was found indicating rather large
crystallite size L, and thus high-quality graphene. Using the
expression given by Cancado et al.’”] which relates crystallite
size with D/G area ratio we obtain L, ~ 182 nm for the 441.6 nm
excitation energy. This value indicates EG quality comparable
with that reported elsewhere.333¢ At the borders of the illumi-
nated spot the D/G area ratio is of about 0.1, which is, however,
much smaller than that reported in studies of furnace grown
EG.BU Furthermore, CO,-laser-induced grown EG exhibits
much lower disorder than UV-laser-synthesized EG, where the
D/G area is of about unity.!*!

b) For monolayer MCG there is consensus that the 2D/G
intensity ratio assumes values near 4 (the ratio decreases
with the number of MLs) and the 2D band shape is a single
Lorentzian with full width at half maximum I'2D) < 30 cm™,
which broadens appreciably so as four Lorentzians are needed
for a correct fitting for bilayer MCG.*® In general, the 2D/G
ratio in EG is much lower than that in MCG; values around
0.5 or 2 are frequently reported.>*! However, this ratio is not
considered as a valuable indicator of the number of MLs in EG.
Our Raman spectra spanning the whole illuminated area show
consistently 2D/G>1.5.

Controversial findings have been reported concerning the
use of the 2D band-shape for estimating the number of MLs
in EG. Faugeras et al.’? studied EG grown on 4H-SiC(0001)
reporting that the 2D peak is single Lorentzian, irrespective of
the number of layers; the number of layers affects only its width.
They reported I'(2D) ~60 cm™! and ~80 cm™ for few-layer (up
to 10) and multi-layer (90 layers) EG, respectively. Rohrl et al.3%
studied EG grown on 6H-SiC(0001) reporting that the 2D
band is single Lorentzian for graphene ML, while it turns to a
broader and asymmetric band composed of four Lorentzians for
the bilayer and to even broader line for few (6) layer graphene.
Single Lorentzian 2D band with I(2D) ~60 cm™ and 95 cm™
for ML and bilayer graphene grown on 6H-SiC(0001) was
reported by Ni et al.B!l A more detailed investigation of mono-
layer and bilayer EG grown 6H-SiC(0001) and a tri-layer grown
on 4H-SiC(0001) was undertaken by Lee et al.?¥l They found
that I2D) ~46, 64, and 74 cm™ for the monolayer, bilayer and
trilayer, respectively. The authors noted that up to 14 ML of EG,
the 2D band does not develop any shoulder or asymmetry but it
is poorly fitted by a single Lorentzian even for the bilayer which
needs four Lorentzians for a satisfactory fitting. Lee et al.33!
found a correlation between the inverse number, N, of MLs
and the width of the 2D band, i.e., [(2D) = (-45N"! + 88) cm™.
The relation was derived for (Si-face) SiC(0001) EG while the
data for SiC(0001) do not follow any systematic trend with N.
A large number of Raman spectra recorded with the 441.6 nm
excitation energy in this study showed that I(2D) ~50 cm™,
although at few points I'(2D) was found narrower, i.e., of about
40 cm™. According to the above relation between I2D) and N
the EG grown by the method of the current work would nomi-
nally consist of N ~ 2 or lower, which is certainly lower than
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the XPS and SIMS result. This finding shows that Raman scat-
tering does not still provide an accurate determination of EG
graphene MLs.

) Attempts to study the number of ML in graphene have up
to now focused on samples with AB Bernal stacking, and this is
mainly the case of MCG. When graphene layers are randomly
rotated (turbostratic graphene) a single Lorentzian line can ade-
quately fit the 2D band due to the decreasing inter-layer inter-
actions. Similarities between EG on SiC(0001) and turbostratic
graphite were noticed in view of the single Lorentzian, wide 2D
band.l?’! It has also been stated that EG is characterized by dis-
ordered stacking only when grown on C-face and not on the Si-
face SiC(0001). (18] UV-laser-grown EG was found to exhibit large
I2D), i.e. ~60 cm™! for the ML and ~75 cm™ for 2-3 ML.I3I
Our results, i.e., the fact that the 2D band for all Raman spectra
is a single Lorentzian line, demonstrate that few-layer EG with
disordered stacking or stacking faults can also be produced on
SiC(0001). The origin of this effect is still speculative; however,
we suggest that the extremely faster heating and cooling rates
offered by the method employed here, in comparison with the
furnace treated graphenes, might provide a rational explanation
for the emergence of non-Bernal stacking. This stems as an
important result given that the existence of rotational stacking
faults has been shown to provide EG grown on SiC electronic
properties similar to those of the isolated single graphene
layer.39:40]

d) A great deal of controversy can be found also in the litera-
ture regarding the use of the frequency of the G- and 2D-band
and its shift in relation to that of MCG monolayers, in the
determination of stresses in EG grown on SiC. While Faugeras
et al.B% reported that the G-band energy (1582 cm™) is the same
for MCG, graphite and EG grown on SiC(0001), other works for
EG on 6H-SiC(0001) showed that @(G) can be higher, i.e., ®(G)
~1608,13% 1597, and 159183 cm™. According to Rohrl et al.l3%
®(G) red-shifts with increasing number of graphene layers
tending to the graphite value. As regards the 2D band, contra-
dictory results appear also: @(2D) was found to be almost fixed
in the interval 26552665 cm™ (for 632.8 nm excitation);??
®(2D) decreases with increasing the number of EG layers;13%
®(2D) increases by ~40 cm™! from the monolayer to the tri-
layer;**l and @(2D) increases by ~21 cm™ from the monolayer
to the bilayer, both being lower than the ®(2D) of MCG.BU
Compressive strain and in few cases electron/hole doping have
been considered in most of the above studies to account for the
differences of ®(G) and ®w(2D) between EG and MCG.

In our measurements we find that ®(G) = 1582+ 1 cm™! and
®(2D) = 2745 £+ 3 cm™! (for 441.6 nm laser energy) for all Raman
spectra recorded from a large area of EG. This finding points
to a very uniform distribution of strain along the whole area
where EG has grown. To confirm this we present in Figure 4b
the Raman spectrum recorded with the aid of a macro-Raman
set-up using the excitation line 514.5 nm. This is to our knowl-
edge the first Raman spectrum from a really macroscopic EG
scattering area (10° um?). The sample was scanned at few
various, not overlapping, points exhibiting indistinguishable
Raman spectra. The 2D band is red-shifted, relative to the value
obtained with the 441.6 nm laser line, owing to its dispersive
nature to @(2D) = 2705 cm™!, while its width is similar, I(2D)
~45 cm™}, to the other values recorded from a limited spatial

wileyonlinelibrary.com

117

“
G
F
F
>
v
m
~




-
™
s
[
-l
wl
=
™

118  wileyonlinelibrary.com

s
3
g
B
3
-
f =
3
B
a
(1]

region. The most striking result is that its band-shape can be
excellently fitted by a single Lorentzian. These findings dem-
onstrate that the present EG preparation method yields very
homogeneous EG as regards the developed strain. Finally, it is
instructive to note that a large shift of @(2D) of about 30 cm™!
for 1 ML and 2-3 ML EG is reported for UV-laser-synthesized
EG.[BI

In a detailed spatially resolved Raman study?®* of EG grown
on 6H-SiC(0001) it was found that EG strain varies substantially
between various points few um apart, i.e., the 2D frequency can
vary by ~65 cm™. The strain was significant to cause shifts
of the 2D band by ~25 cm™ even for points located 600 nm
apart. This shows that furnace produced EG can be highly non-
uniform at the um scale. Robinson et al.3* categorized EG as
high strain or low strain when the 2D band energy is higher
or lower, respectively, than the corresponding band in bulk
graphite; while EG would be strain free when @(2D) approaches
that of MCG. Their study showed that high and low strain areas
coexist at comparable fractions. Considering that (at 514.5 nm
excitation) @(2D) ~ 2687 cm™! for free standing monolayers of
MCG,?® and ®(2D) ~ 2726 cm™ for bulk graphite, it can
be concluded that our w(2D) ~ 2705 cm™! supports that the
CO,-grown EG on SiC(0001), apart from being uniform at the
macro-scale, experiences also very low-strain. Finally, compres-
sive strain, which is usually adopted to account for EG Raman
band shifts, would affect (shift) simultaneously the G and 2D
bands with a shift ratio of about 1/2.5.1] The absence of shift
for the G-band renders the hypothesis of strain in the CO,-laser
synthesized EG questionable. Apart from compressive strain,
charge doping from the substrate, and/or doping emerging
from oxygen/water in the atmosphere, can account for the blue-
shift of the 2D band. The finding by Lee et al.*®l that w(2D)
does not red-shift substantially after transferring EG from SiC
to SiO, substrates led to the conclusion that SiC does not exert
any appreciable strain on EG. Therefore, in the present case we
cannot exclude the possibility that the small shift (18 cm™) of
the 2D band, between EG and MCG (for 514.5 nm) could origi-
nate from doping (carriers provided by SiC).

e) A remarkable correlation was proposed between the car-
rier mobility and I(2D) in EG grown on SiC(0001).3°! (2D)
was considered to be affected by the stacking order of graphene
layers. Narrow single Lorentzian 2D bands (I'(2D) < 40 cm™)
originate from rotationally faulted multilayer EG. Broad, asym-
metric 2D-band shapes were interpreted as originating from
the simultaneous contribution of both rotationally faulted and
Bernal stacked. Comparing I'(2D) and carrier mobility data, it
was found that sample regions with narrow I'(2D) exhibit high
carrier mobilities, while in samples areas where Bernal stacking
also contributes to I'(2D) the mobility is severely lower.3% The
correlation holds only for uniform sample areas exhibiting less
than 10% variation in I'(2D). Our findings show that EG grown
on SiC(0001) by CO, laser heating can be considered as uni-
form based on the negligible (much less than 10%) spatial varia-
tion of I'(2D) over large areas. However, although our 2D bands
can be satisfactorily fitted by a single Lorentzian, the width is
higher than the corresponding bandsreported previously*”! in
the regime where rotational faults dominate. It would thus be
unsafe to draw any conclusion of carrier mobility in the EG
grown by the current method simply based on I'(2D), especially
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considering that areas in the scattering volume, which contain
EG grown on the edges of the terraces (with different curva-
ture) can also contribute to the 2D-band broadening.*!

3. Conclusions

In summary, we presented a novel method for the fast, one-
step epitaxial growth of large-area homogeneous graphene on
SiC(0001). The use of a CO, laser as the heating source pro-
vides flexibility in growing uniform, low—strain graphene film
composed of few monolayers. The method is quite simple and
cost-effective in that it does not necessitate SiC pretreatment
and/or high vacuum, it operates at low temperature and pro-
ceeds in the second time scale, thus providing a green solution
to EG fabrication and a means to engineering graphene pat-
terns on SiC by focused laser beams. The very high heating rate
achieved by CO,-laser heating seems to have beneficial results
in avoiding the different Si desorption rates from adjacent SiC
steps,*?l while the corresponding ultrafast cooling rate influ-
ences the stacking order of EG on SiC(0001). Work underway is
focused on controlling EG thickness by changing illumination
time and/or laser power density.

4. Experimental Section

Epitaxial Graphene Synthesis on G6H-SiC(0001): Graphene was
grown on 260 um thick n-doped 6H-SiC wafers, Si-face polished with
orientation 0°, 20" with respect to the ideal (0001) plane. Rectangular
strips (~5 x 10 mm?) cut from the wafer, were washed with HF solution
and rinsed with ethanol. The SiC strip was placed on top of an opening
of a small copper metal support where Ar gas was flowing through,
thus creating an inert gas blanket around the sample at atmospheric
pressure. The laser beam was focused with a gold coated concave
mirror on the C-terminated (0001) face (unpolished wafer side) of
the SiC strip producing a visible elliptical trace with short and long
axes of ~1.5 and ~2.5 mm, respectively (Figure S1 in the Supporting
Information). The temperature of the spot was monitored with a two-
color optical pyrometer (model OS 3722, Omega Engineering Inc.). In
a series of experiments different percentages of the CO, laser power
were utilized and the sample was irradiated at different time intervals
reaching temperatures up to ~2400 K. The modification of the SiC
surfaces became (visually) detectable at temperature above ~2000 K
and at exposure times of few seconds. However, it was found by various
experiments that a rather uniform modification of the SiC surfaces
occurs when about 40% of the maximum CO, laser power was utilized
and the irradiation lasted for ~10 s. The laser power was preset at this
level with the beam blocked and the illumination of the C-face of the
SiC wafer was sudden. Under these conditions, the illuminated volume
reaches the maximum temperature of ~2400 K with a heating rate of
~600 K s7'. At the end of the heating procedure the illuminated SiC
surface became slightly blackish as shown in Figure S1. The spot on the
reverse surface (Si-face) of the SiC strip was rather uniform and smooth
and was the subject of our studies. Raman scattering and XPS showed
no evidence of graphitic material on the C-face of the SiC wafer. This
can be attributed to the fact that the atmospheric O, partial pressure is
significantly higher on the C-face of SiC-which is directly exposed to the
CO, laser beam—in comparison to that of the Si-face.

EG Characterization by SEM, XPS and SIMS: Scanning electron
microscopy was carried out with a high-resolution field-emission SEM
instrument (Zeiss SUPRA 35VP) operated at 15 kV. XPS measurements
were carried out in an ultrahigh vacuum chamber equipped with a SPECS
LHS-10 hemi-spherical electron analyzer and a dual X-ray anode, using
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the unmonchromatized Mg K, (1253.6 eV) line. The analyzer operated
at the constant pass energy mode, E, = 36 eV giving a full width at half
maximum of 1.1 eV for the main Cls XPS peak. The XPS core level
spectra were analyzed using a fitting routine, which can decompose
each spectrum into individual mixed Gaussian-Lorentzian peaks after a
Shirley background subtraction. Regarding the measurement errors, for
the XPS core level peaks we estimate that errors in peak positions are of
about +0.05 eV for a good signal to noise ratio. For the photoemission
measurements the sample was wrapped by a gold foil mask covering
all the untreated SiC substrate and having an opening with diameter
~1.5 mm to expose about 60% of the treated sample area. A drawing
of the sample is shown in Scheme S1. Dynamic SIMS were performed
at the Millbrook MiniSIMS spectrometer using a liquid gallium ion gun
(E = 6 keV). The mass analyzer was a quadruple filter with mass range
of 2-300 Da.

Raman Spectroscopy: The overall area where the EG growth took
place was monitored by micro-Raman spectroscopy. The sample was
mounted on the calibrated XY stage of the microscope and consecutive
measurements were performed at selected points of the square grid
superimposed on the image shown in Figure S1. Over a hundred of
Raman spectra of EG were systematically measured from different
points from the sample shown. Raman measurements were repeated
in few other samples prepared in a similar way. The majority of the
spectra were collected with the Labram HR800 (Jobin-Yvon) micro-
Raman system equipped with a He-Cd laser operating at 441.6 nm.
Circumstantially, Raman spectra were recorded with the 514.5 nm laser
line using the T64000 (Jobin-Yvon) Raman spectrometer in the micro-
and macro-configurations. Microscope objectives with magnifications
100x and 50x were used to focus the light onto a ~1 and ~3 um spots,
respectively. In the macro-Raman measurements, the light was incident
on the EG surface at an angle of ~60° in relation to the normal of the
SiC wafer and the scattered light was collected at right angle. The thus
formed laser spot area on the EG surface was of about 10° um? covering
a large fraction of the sample area. The large penetration depth of the
laser line at this configuration is responsible for the SiC modes appearing
around the G-band spectral range. Furthermore, in selected areas 5 to
10 consecutive spectra were recorded every ~5-10 um on a line. The
uniformity (homomorphism) — as regards the energy and the shape of
the G and 2D bands — of the measured spectra for selected points on
the grid is evident from Figure S3. The figure contains representative
spectra — out of the over 100 spectra measured — along four lines, A, B,
C, and D as marked in Figure S1. For each line, the three spectra shown
were recorded from areas near the borders and around middle of the
illuminated spot. The second order Raman bands of SiC is evident in all
spectra recorded from the edges of the EG spot. Representative Raman
spectra recorded with the 514.5 nm laser are shown in Figure S4, where
the first order Raman spectrum of SiC is shown at wavenumbers below
1000 cm™".

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Formation of Embryoid Bodies with Controlled Sizes and
Maintained Pluripotency in Three-Dimensional Inverse

Opal Scaffolds

Yu Zhang and Younan Xia*

Embryoid bodies (EBs) are aggregates of cells derived from embryonic stem
(ES) cells, which can serve as a good model system to investigate molecular
and cellular interactions in the earliest stages of embryo development. Cur-
rent methods for producing EBs mainly rely on the use of hanging drops or
suspensions in non-tissue culture treated plates, microwells, and spinner
flasks. The capability of these methods is limited in terms of size uniformity
and distribution as well as scalability. Here, a new platform based on three-
dimensional alginate inverse opal scaffolds with uniform pores is presented,

simple and scalable, the resulting EBs are
often polydispersed in terms of size and
shape.

It has been shown that differentiation
of ES cells is sensitive to a number of
parameters; one of them is the size of the
EBs. The size of the EBs influences cell-
cell interactions, ECM deposition, as well
as diffusion of soluble growth factors.!"”!
For example, cardiogenesis was enhanced

where uniform EBs with controllable sizes could be produced in the pores
and then recovered after disintegration of the scaffolds. The size of the EBs
could be readily controlled by varying the culture time and/or by using scaf-
folds with different pore sizes. The EBs maintained their viability and undiffer-
entiated state, and they were able to differentiate into specific lineages upon

stimulation.

1. Introduction

Embryonic stem (ES) cells hold great potential for therapeutic
applications because of their unique capability in terms of
unlimited self-renewal and differentiation into a rich variety of
cell lineages including osteoblasts,?! neural cells,?* endothe-
lial cells,P! cardiomyocytes,®”] and pancreatic islet cells,®
among others. The differentiation of ES cells in vivo is regu-
lated by a number of parameters, such as direct interactions
with the surrounding cells, extracellular matrices (ECMs), and
soluble growth factors.’! During early embryo development, ES
cells aggregate into a cluster, in which the cells then gradually
migrate and differentiate into different germ layers.'% Signifi-
cantly, this feature could be partially conserved and recapitu-
lated in vitro by assembling ES cells into embryoid bodies (EBs)
prior to the actual fate direction.12 A commonly used method
for the formation of EBs involves plating a suspension of the
ES cells on a non-tissue culture treated substrate in the absence
of self-renewing factors.1213] The ES cells and their small clus-
ters would clump together to produce larger aggregates with
increasing sizes over time. Although this culture technique is
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in large EBs (~450 um in size) while
small EBs (~150 um) favored endothelial
cell differentiation.l!®l In this regard, it
is highly desired to work with EBs with
uniform and precisely controlled sizes in
an effort to better direct them to differ-
entiate into specific lineages. To solve the
problems associated with the traditional
suspension culture technique, a variety
of new methods has been developed for
generating EBs. Among them, the hanging-drop method allows
one to control the EB sizel'78 but the culture is labor intensive
and thus not scalable. The approach based on microwell arrays
shows advantages in controlling the size and shape of EBs.['>1]
However, the number of EBs that could be obtained from an
array of microwells is rather limited due to the involvement of a
two-dimensional setting.

Recently, inverse opal scaffolds have been developed for
tissue-engineering applications.2-2%l Inverse opal scaffolds have
three major unique features: the three-dimensional (3D) setting,
the involvement of pores with remarkably uniform and yet con-
trollable sizes, and the presence of small windows connecting
adjacent pores. Thanks to the high uniformity and interconnec-
tivity, the diffusion of oxygen/nutrients and the distribution of
cells after seeding could be significantly enhanced, as compared
to other types of 3D scaffolds with non-uniform pore sizes and
structures.?*l Inverse opal scaffolds based on hydrogels have
been explored for the culture of hepatocytes and the formation
of uniform 3D liver tissue spheroids has also been demon-
strated.”®) On the other hand, Zhang et al. recently proposed an
intriguing idea to grow human ES cells in crosslinked alginate—
chitosan scaffolds, where the cells could be recovered by phys-
ical disintegration of the scaffolds using a Ca?* chelatin solu-
tion.?®) Combining these ideas, here, we demonstrate that EBs
with controlled sizes could be obtained by seeding and growing
ES cells in crosslinked alginate inverse opal scaffolds with uni-
form pore sizes (Figure 1). The size distribution of the EBs is
narrow because (i) the inverse opal scaffold enabled uniform cell
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Figure 1. A schematic illustrating all major steps involved in the fabrication of EBs with a
3D inverse opal scaffold made of alginate: i) seeding of ES cells into the pores of a scaffold;
ii) proliferation of the cells under the confinement of the pores; iii) disintegration of the scaffold
with a PBS solution containing 100 mwm ethylenediaminetetraacetic acid (EDTA) and 100 mwm
K,HPO, for 10 min; and iv) separation of EBs from the debris of the disintegrated scaffold.

seeding at the initial stage, and (ii) the uniform pore structure
created a homogeneous microenvironment among different
pores, facilitating homogeneous growth for the EBs. The size
of resultant EBs could be readily controlled by varying the pore
size and/or the culture time; and the EBs could be efficiently
recovered by disintegration of the alginate scaffold. We also
demonstrated that, the EBs produced using
this technique maintained their undifferenti-
ated state and could readily differentiate into
bone and neural lineages.

2. Results and Discussion

The alginate inverse opal scaffolds were fab-
ricated by templating against cubic-close
packed (ccp) lattices of polystyrene micro-
spheres.[02224 Figure 2A shows the scan-
ning electron microscopy (SEM) image
of such a lattice infiltrated with alginate.
Figure 2B shows a magnified view, revealing
the microstructure associated with the freeze-
dried alginate. Figure 2C shows the typical
SEM image of a freeze-dried alginate inverse
opal scaffold after the polystyrene micro-
spheres had been selectively removed. It is
clear that the scaffold had a uniform pore
structure, and there were more than one
small windows connecting adjacent pores.
The latter feature is of great importance for
a 3D scaffold, as it ensures the formation of
open channels through the entire volume
of a scaffold, facilitating cell migration and/
or nutrient transport.?* Figure 2D shows a
transmission optical microscopy image of
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a single pore in a hydrated scaffold. When
the scaffold is immersed in water, the micro-
structures of freeze-dried alginate would
rehydrate to become a hydrogel. This feature
is also important as the alginate hydrogel
system could potentially prevent the seeded
cells from adhering to the walls of a scaffold.
As a result, most of the cells would form EBs
rather than attaching to and spreading on the
walls of a scaffold.B¥

The CE3 mouse ES cells we chose to work
with are well-suited for monitoring the for-
mation of EBs in the alginate inverse opal
scaffolds because they express green fluo-
rescent protein (GFP) under the B-actin pro-
moter and thus enable easy visualization of
the cells under a fluorescence microscope.
In a typical procedure, CE3 ES cells were
seeded into the alginate inverse opal scaf-
fold using a spinner flask to ensure a uni-
form distribution for the cells at the initial
time point. Right after seeding, the scaffold
with cells was subjected to optical imaging
(Figure S1 in the Supporting Information).
EBs with various sizes had formed and distributed uniformly
throughout the scaffold. It is interesting to note that each pore
could contain one large EB or multiple small EBs that would
fuse together later during culture (Figure S1, C). The good uni-
formity for seeding ensured the eventual development of uni-
form EBs in the scaffold.

|

!4;: Y

><q

Figure 2. A,B) SEM images of an opaline lattice of polystyrene microspheres (250 um in dia-
meter) filled with alginate and then freeze-dried. C) SEM image of an alginate inverse opal scaf-
fold after the polystyrene microspheres had been selectively removed. D) Optical microscopy
image of the alginate inverse opal scaffold after hydration. Scale bars: 100 um.
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Figure 3. Proliferation profiles of ES cells seeded in alginate inverse opal
scaffolds (I0Ss) and suspended in culture medium in the wells of tissue
culture plates (TCPs), as determined by DNA quantification.

After seeding, the cell/scaffold constructs were transferred
into the wells of a nontreated tissue culture plate and kept in
a stationary culture condition. We assessed the proliferation of
ES cells by quantifying the DNA contents. For
the total number of ES cells actually seeded
into the alginate inverse opal scaffold, it was
determined to be 6 x 10* cells per scaffold on
average. As a control, ES cells of the same
number were used for suspension culture in
the agar-coated tissue culture plates (TCPs). As
shown in Figure 3, the ES cells continued to
proliferate with a nearly linear relationship in
both cases during the entire culture period up
to 14 days, with the only difference being the
slightly higher growth rate for the cells in the
suspension culture. Such high proliferation
rate for the cells grown in the scaffolds
throughout the culture period could be attrib-
uted to the high connectivity of the inverse
opal scaffold system, as well as the nonadhe-
sive properties of the hydrogel material. Since
the formation of cell spheroids did not block
surface pores or the windows connecting the
adjacent pores, the oxygen/nutrients transport
could be kept at a high level throughout the
scaffold. In contrast, for inverse opal scaffolds
fabricated from a cell-adhesive material such
as poly(lactic-co-glycolic) acid (PLGA), the
stretching of cells might completely block the
surface pores or windows, thus limiting the
transport of oxygen/nutrients to the central
region of the scaffold.?

Figure 4A-D, shows superimposed images
containing fluorescence microscopy images
of EBs derived from CE3 cells (in green) and
transmission optical microscopy images of
the alginate scaffolds, during the course of
EB formation. At day 1 post seeding, some
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ES cells already began to form small aggregates with a size of
~50 um (Figure 4A). These small aggregates could be a result
of the proliferation of an anchored cluster of cells during the
seeding process or the aggregation of several anchored single
cells (or clusters of cells) in the same pore, which is common
in the presence of a surface (e.g., alginate hydrogel) nonadhe-
sive to cells.?! The EBs gradually grew in size over time. After
14 days of culturing, the size (~220 um) of the EBs had almost
reached the size of the pores (~250 um). The physical con-
finement imposed by the pores limited the EBs from further
growth, making it possible to control the maximum size of EBs
derived from a scaffold.

The alginate scaffolds were disintegrated in a solution con-
taining 100 mm EDTA and 100 mm K,HPO, to harvest the EBs.
The same solution was also used for effective disintegration of
crosslinked alginate-chitosan scaffolds with minimal toxicity
towards the cells.?! Although no chitosan was involved in the
current system, we could still disintegrate the CaCl,-crosslinked
alginate scaffolds in the presence of a chelator for Ca?" ions.
Upon the addition of the solution, the scaffolds began to fall
apart in a few minutes and could reach nearly complete disinte-
gration in less than 10 min. As a result, we were able to obtain
EBs with uniform and controllable sizes from the scaffolds after
the cells have been seeded and cultured for different periods

w— 50 um

Figure 4. Fluorescence optical microscopy images of CE3 cells cultured in an inverse opal scaf-
fold of alginate with a pore size of 250 um at day 1, 3, 7, and 14 post-seeding, clearly showing
the growth in size for the EB.
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percentages of EBs formed under both con-
ditions were similar at the initial time point
(day 1). However, starting at day 3 through to
day 14, the number of EBs did not vary much
when grown in the scaffolds. By contrast,
the number of EBs kept decreasing during
a 14-day culture period in suspension cul-
ture because of the continuous fusion of EBs
over time. This process did not happen in
the case of an inverse opal scaffold because
only those EBs in the same pore could fuse
together during the first few days. Starting
from day 3, most EBs only grew individually
in size because the wall of a scaffold could
effectively prevent the EBs in adjacent pores
from aggregating. This is confirmed by the
constant EB formation efficacy during day 3
to14 (Table 1 and Figure S2).

Not all the pores were involved in the
formation of EBs. Typically, this method
based on inverse opal scaffolds could reach
a maximum occupancy of ~70% (Table 1).
The occupancy percentage could not be cal-

culated at day 1 post seeding since there were
Figure 5. A-C) Optical microscopy images of EBs formed in the alginate inverse opal scaffolds multiple small EBs coexisting in a single
for 3, 7, and 14 days, respectively, and then harvested by disintegrating the scaffolds. D) EBs
formed on a traditional agar-coated Petri dish, showing a nonuniform distribution in size.
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pore, and the number of released EBs did not
represent the number of pores occupied. By

of time. For example, Figure 5A-C, shows transmission optical ] day 3, the small FjBS in a pore had merged
microscopy images of the EBs recovered from the scaffolds at 3, ~ Mto a single, larger EB, thus enabling more accurate calcula-
7, and 14 days post-seeding, respectively. The EBs obtained at o1 of the occupancy percentage (67.3%, 63.8%, and 62.2% at
these time points were roughly 100, 180, and 220 um, respec- day 3, 7, and 14, respectively). To compare the occupancy per-
tively, in size, and all of them showed a uniform size distribu- ~ centages of EBs in different locations of a scaffold, we obtained
tion. By contrast, when the EBs were formed using a traditional ~ 2 fluorescence microscopy image (Figure 6A) from EBs residing
method by culturing dissociated ES cells on nonadhesive, agar- in a vertical cross-section of the scaffold after 14 days of culture.
coated Petri dishes, there was a huge variation in size for the ~ 1he occupancy percentage of the EBs in each layer was counted
EBs (Figure 5D). from multiple sections, and no obvious difference was found.
The efficiency of EB formation (i.e., the number of formed It should be pointed out that all the EBs formed in the algi-
EBs divided by the initial number of seeded ES cells) in the —nate scaffolq did not conforrr.1 toa perf.ectlyf spherical shape,
alginate inverse opal scaffolds and in the suspension culture ~ With a portion of them taking an ellipsoidal shape. Most
were calculated and compared in Table 1 and Figure S2. The EBS residing close to the edge of the scaffold conformed to a

Table 1. The formation efficacy of EBs in the alginate inverse opal scaffolds (I0Ss) and in suspension culture in agar-coated tissue culture plates
(TCPs). Initial numbers of actual seeded ES cells were 6 x 10* per scaffold or per well in TCPs. In the table, EB# indicates the number of EBs formed,
N% indicates the formation efficacy of EBs (the ratio between the number of EBs formed at each time point and the initial number of ES cells),
and Ocp% indicates the occupancy percentage of the EBs in the scaffolds (the ratio between the number of EBs formed at each time point and the
number of pores in a scaffold, which was estimated to be ~2800).

Sample Day 1 Day 3 Day 7 Day 14
EB# N% EB# N% Ocp% EB# N% Ocp% EB# N% Ocp%
10Ss 1 2220 3.70 1878 3.13 67.1 1820 3.03 65.0 1610 2.68 57.5
2 2412 4.02 1934 3.22 69.1 1748 291 62.4 1838 3.06 65.5
3 2479 4.13 1844 3.07 65.9 1789 2.98 63.9 1778 2.96 63.5
Mean 2370 3.95 1885 3.14 67.3 1786 2.98 63.8 1742 2.90 62.2
TCPs 1 2348 3.91 1787 2.98 N/A 1520 2.53 N/A 1214 2.02 N/A
2 2635 4.39 1977 3.30 N/A 1448 241 N/A 1289 2.15 N/A
3 2705 4.51 1731 2.89 N/A 1372 2.29 N/A 1147 1.91 N/A
Mean 2563 3.99 1832 3.05 N/A 1447 2.56 N/A 1217 2.03 N/A
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A)

Figure 6. A) Fluorescence microscopy image showing the distribution of EBs in a vertical cross-
section of the scaffold. B) Transmission optical microscopy image showing an alginate inverse
opal scaffold. C) Fluorescence microscopy image showing the distribution of EBs in the surface
layer of the scaffold. D) Superimposed image of (B) and (C). The images were taken after the

CE3 ES cells had been cultured in the scaffold for 14 days.

spherical shape (Figure 6), while more EBs with an ellipsoidal
shape were found in the center of a scaffold (Figure 6A). Still,
some ellipsoidal EBs could reside by the edge, and spherical EBs
could exist in the center, as shown in the magnified views of
EBs residing in the surface layer of the scaffold (Figure 6B-D).
Therefore, we conclude that, although the inverse opal scaf-
folds have high interconnectivity and provide a higher degree
of nutrients/wastes diffusion, the residing EBs can sometimes
block the windows connecting to the adjacent pores, depending
on the exact positions of the residing EBs relative to the pores
and the windows. As a result, the deviation from a spherical
shape could be attributed to the differential cell growth rates
in EBs mainly caused by local rather than the overall nutrient
gradient in the entire scaffold construct.

The alginate scaffolds could not be dissolved completely
although they could be readily disintegrated into small pieces.
In general, there were some tiny pieces of debris left in the
sample. Therefore, a purification step is required to sort out
the EBs. Usually a simple sedimentation step was sufficient to
separate the slow-settling debris since the heavier EBs settled
more quickly to the bottom of the collection tube. For EBs with
sizes smaller than 50 um, however, repeated purification was
required to obtain pure samples.

In addition to varying culture time, the size of the EBs
could be controlled by varying the pore size of the scaffold. For
example, when alginate scaffolds with a pore size of 130 pm
were used, EBs with an average diameter of roughly 110 um
were obtained after 14 days of culture (Figure S3).

We further characterized the EBs by various staining
methods. To avoid possible interference with fluorescence

Adv. Funct. Mater. 2012, 22, 121-129

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

staining, we chose RW4, a ES cell line same
as CE3 except for the absence of GFP expres-
sion, for all these studies. We firstly per-
formed live/dead staining. Figure 7A shows
a typical confocal fluorescence image of a
sample, where live and dead cells are shown
in green and red, respectively. Nucleus
staining of the same sample is shown in
Figure 7B. Most (98.6%) of the cells in the EB
were determined to be viable by quantifying
cell viability in multiple, randomly chosen
samples. We also performed the same stain-
ings for EBs obtained from a control group
where they were obtained from suspension
culture (Figure 7C and D) and the viability
was 97.7%. We believe that the high viability
for the cells in the EBs grown in the alginate
scaffolds (comparable to suspension culture)
could be attributed to the high openness and
interconnectivity intrinsic to an inverse opal
scaffold, which could ensure a sufficient
transport of both oxygen and nutrients.[?

To test the cell spreading from the EBs,
the EBs recovered from scaffold disintegra-
tion were seeded individually into the wells
of a 6-well plate (Figure S4). The EB settled
down and adhered to the culture plate shortly
after seeding. Subsequently, cells migrated
out from the EB and proliferated on the sub-
strate. By 60 h post seeding, the spreading area reached ~16
times of the original EB, indicating fast and robust spreading
of the cells.

The undifferentiated state of the EBs is desired, so that they
can be further induced to differentiate into designated lineages.
We performed immunostaining of SSEA-4, which is a widely
used surface marker of pluripotent stem cells.33 As shown in
Figure 7E, the EBs maintained high expression of SSEA-4 in
nearly all the cells (96.4% positive), in comparison with the EBs
obtained from suspension culture (Figure 7F, 97.2% positive).
A SEM image (Figure S5) also reveals the spherical cell shape
which is the characteristic morphology of undifferentiated ES
cells.[26]

ES cells are pluripotent and thus can be induced to differen-
tiate into specific lineages. The pluripotency of the EBs formed
using alginate scaffolds were then assessed by inducing osteo-
genic (mesoderm) and neurogenic (ectoderm) differentiation
for the EBs. Osteoblasts were differentiated by culture EBs in an
osteogenic medium for 20 days.?2 We performed Alizarin Red
staining, which stains minerals, and immunostaining of osteo-
calcin, which is a common marker for bone-forming cells.?* It
was found that the cells were stained intensively with Alizarin
Red (Figure 8A, red color), and clusters of minerals could be
observed in a magnified view (Figure 8B). Osteocalcin staining
also confirmed the osteogenesis (Figure 8C and D). We have
demonstrated that EBs from CE3/RW4 ES cells have the poten-
tial to differentiate into mature neural lineage cells such as
neurons and oligodendrocytes.?8] To confirm this, we induced
the differentiation of the EBs into neural precursor cells by
applying a 4—/4+ retinoic acid treatment during the last 8 days
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Figure 7. Confocal fluorescence microscopy images of EBs after different stainings: A,C) live/
dead (green/red); B,D) nuclei (Hoechst 33342, blue); E,F) SSEA-4/nuclei (green/blue). The
EBs in (A,B,E) were obtained from cultures in the alginate inverse opal scaffolds, while those

in (C,D,F) were obtained from suspension culture.

in culture in alginate scaffolds.?#?% This treatment did not
change the formation kinetics of the EBs in alginate scaffolds,
as compared to normal culture conditions. Further neural dif-
ferentiation was conducted by culturing recovered EBs in neural
basal media containing a B27 supplement for two weeks.28!
Figure 8E and F shows fluorescence microscopy images of the
Tujl (B-III tubulin) staining. B-III tubulin is a structural pro-
tein expressed in neurons, and it contributes to microtubule

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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stability in neuronal cell bodies and axon.*
From the images, it is clear that the cells dif-
ferentiated and displayed a neuronal pheno-
type, as indicated by strong staining of Tujl
in both cell bodies and the extending axons.
Figure 8G and H show fluorescence micro-
scopy images of the O4 staining, which rec-
ognizes oligodendrocyte-specific glycolipid.>’!
The cells stained positive for O4 exhibited a
multipolar morphology, which was character-
istic of oligodendrocytes.

3. Conclusions

In summary, we have successfully devel-
oped an effective method for producing
uniform, spherical EBs using 3D alginate
inverse opal scaffolds. The sizes of the EBs
could be readily controlled by varying the
culture time and/or by using scaffolds with
different pore sizes. The EBs formed inside
the scaffolds could be recovered after disin-
tegrating the scaffolds. Our in vitro studies
demonstrated that the EBs produced using
this method conserved high cell viability and,
more importantly, the undifferentiated state.
Differentiation assays confirmed that the EBs
maintained their pluripotency, and they were
able to differentiate into bone and neural lin-
eages depending on the chemical stimuli. We
expect this technique for generating EBs to
be highly useful for tissue engineering and
stem-cell research.

4. Experimental Section

Materials: Polystyrene (M, ~ 350 000, Sigma-—
Aldrich, St. Louis, MO) and poly(vinyl alcohol)
(PVA, M, ~ 13 000-23 000, 98% hydrolyzed,
Sigma-Aldrich) were used to generate uniform
polystyrene microspheres using a fluidic device.
Alginate (Sigma—Aldrich) was used for fabrication of
the inverse opal scaffolds. Dichloromethane (DCM,
99.0% by vol.), ethanol (99.5%) and CaCl, were
purchased from Sigma—-Aldrich. The water used in
all experiments was obtained by filtering through a
set of Millipore cartridges (Epure, Dubuque, IA).

Preparation of Alginate Inverse Opal Scaffolds:
Uniform polystyrene microspheres were produced
using a fluidic device according to our previous
work,?”l and then assembled into cubic-close
packed (ccp) lattices. Briefly, an aqueous suspension of the polystyrene
microspheres (~1.5 wt%) was placed in a 50 mL centrifuge tube and
sonicated for 10 s. The tube was placed on an orbital shaker set to
80 rpm overnight at room temperature, allowing the water to evaporate.
The resultant ccp lattice was placed in an oven heated at 110 °C for
2 h to generate necks between adjacent polystyrene microspheres.
After cooling down to room temperature, the pellet of ccp lattice was
carefully harvested with a spatula, placed on a filter paper, wetted with a
mixture of ethanol and water (1:1 by vol.), and then infiltrated with a 4%
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(Labconco, Kansas City, MO) overnight. The pellet
containing freeze-dried alginate was placed in
ethanol for 3 h and then immersed in DCM for
5 h to remove all the polystyrene microspheres.
The alginate inverse opal scaffold was washed with
ethanol three times and equilibrated in a mixture
of DCM and ethanol (1:1 by vol.) for 30 min. The
alginate was crosslinked by immersing the sample
in the following two solutions: 2 wt% CaCl, in
ethanol for 30 min and 1 wt% CaCl, in water for
30 min. The alginate scaffold was finally washed
twice with DI water.

Culture of Embryonic Stem Cells within the
Scaffolds: We cultured the mouse ES cells using a
protocol similar to what was described previously.l?®l
RW4 and CE3 mouse ES cells were obtained from
Dr. Gottlieb at Washington University School of
Medicine and cultured in flasks coated with a 0.1%
gelatin solution. 1000 U mL™" leukemia inhibitory
factor (LIF, Millipore, Billerica, MA) and 10™* M
B-mercaptoethanol (BME, Invitrogen, Carlsbad, CA)
were added to maintain their undifferentiated state.
Cells were cultured in complete media consisting
of Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% new-born calf serum, 10%
fetal bovine serum (Invitrogen), and 0.3 mm of each
of the nucleosides (adenosine, guanosine, cytosine,
thymidine, and uridine, all from Sigma-Aldrich),
and passaged twice a week. Prior to seeding, the
scaffolds were sterilized with 70% ethanol overnight
on an orbital shaker, and washed with PBS three
times. A total of 2 x 10° cells were used to seed
each scaffold using a spinner flask at 60 rpm for
24 h in an incubator. The scaffolds were then
transferred into the wells (one scaffold per well) of
a 12-well plate (not treated for tissue culture, BD,
San Jose, CA), rinsed once with phosphate buffered
saline (PBS), and then filled with T mL of the culture
medium in each well. The actual number of ES cells
seeded into a scaffold was determined to be ~6 x
10* by DNA analysis (see below).

Recovery of Embryoid Bodies from the Scaffolds:
EBs formed inside the alginate scaffold were
recovered by disintegrating the scaffold with a
solution containing 100 mm EDTA and 100 mm
K,HPO, (Sigma-Aldrich) for 5-10 min, and then
washed with the culture medium to remove small
pieces of scaffold fragments when necessary.

Formation of Embryoid Bodies on a Two-
Dimensional Substrate: Undifferentiated mouse ES
cells were cultured in 100 mm Petri dishes coated
with a 0.1% agar solution (Sigma-Aldrich) with a
complete medium in the absence of LIF and BME.
The medium was changed every other day until the
EBs reached desired sizes.

Cell Proliferation Assay: Cell proliferations in
scaffolds and in suspension culture were measured
by quantifying the DNA contents. The DNAs
were extracted using the Wizard Genomic DNA
Purification Kit (Promega, Madison, WI), and were
quantified using the PicoGreen dsDNA reagent
(Invitrogen), according to the manufacturers’
instructions. The fluorescence intensity at 530 nm
was measured using a spectrophotometer (Infinite
200, TECAN, Durham, NC).
aqueous solution of alginate. After removing the excess alginate solution Calculation of EB Formation Efficacy and Occupation Percentage: At
with filter paper, the ccp lattice filled with alginate solution was frozen ~ days 1, 3, 7, and 14 post-seeding, EBs formed from CE3 ES cells in the
in a refrigerator (-20 °C) for 5 h, and then lyophilized in a freeze-dryer  alginate inverse opal scaffolds were freed by disintegrating the scaffolds,

dadvd Tind

Figure 8. Osteogenesis and neurogenesis of EBs isolated from the alginate scaffolds.
A,B) Alizarin red and C,D) osteocalcin staining indicating the differentiation of EBs into oste-
oblasts. E,F) Tuj1 and G,H) O4 staining showing the differentiation of EBs into neurons and
oligodendrocytes.
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and counted under a fluorescence microscope. At the same time points,
the numbers of EBs formed in the wells (agar-coated) of a tissue culture
plate were also counted. The formation efficacy of EBs is calculated
as the number of EBs formed at each time point divided by the initial
number of seeded ES cells (6 x 10* in both cases). To calculate the
occupation percentage of EBs in the scaffolds, the number of EBs were
divided by the number of pores in a scaffold. For a typical inverse opal
scaffold (250 um in pore size) with a dimension of 4 mm (diameter,
top surface) x 5 mm (diameter, bottom surface) x 1 mm (height), the
number of pores is estimated to be ~2800.

Osteogenic and Neurogenic Differentiations of the Embryoid Bodies: EBs
recovered from the disintegrated scaffold were placed in the wells of a
6-well plate (2-3 EBs per well). For osteogenic differentiation, the EBs
were cultured in a medium supplemented with 300 um L-ascorbic acid
and 10 mm B-glycerol phosphate (Sigma-Aldrich),?4 and the medium
was changed every other day during a three-week period. For neurogenic
differentiation, the medium was changed during the last 8 days prior to
scaffold disintegration, according to the 4—/4+ retinoic acid treatment
protocol.l?’l Briefly, the cells were cultured in the absence of LIF and
BME for 4 days. Retinoic acid (Sigma-Aldrich) was then added at a
concentration of 500 nv during the last 4 days of culture. After harvesting
EBs containing neuron precursor cells from disintegrated scaffolds and
plating them in the wells of a 6-well plate, they were further differentiated
by culturing with a neurobasal medium containing B27 supplement for
two weeks. 28]

Fluorescence Staining, Immunohistochemistry and Characterization: Live/
Dead assay (Invitrogen) was performed according to the manufacturer’s
instructions. Hoechst 33342 (Sigma-Aldrich) was used to counter-stain
the nuclei, as it can work for both live and dead cells. Undifferentiated
or differentiated EBs were fixed with a 3.7% formaldehyde solution
and washed three times with PBS. SSEA-4 (Millipore) was used as
the marker for undifferentiated ES cells, and the nuclei were stained
with 4’,6-diamidino-2-phenylindole (DAPI, Invitrogen). Alizarin Red
(Sigma—-Aldrich) was used to stain the mineral content after osteogenic
differentiation. A solution of 1% Alizarin Red in a mixture of ethanol and
water (1:50 by vol.) was prepared, and the pH was adjusted to 4.1-4.3
using 10% ammonium hydroxide. The cells were stained with Alizarin
Red for 5 min, and rinsed thoroughly with water. Osteocalcin was used as
a maker of osteoblasts for EBs cultured in an osteogenic medium, while
Tuj1 and O4 were used as markers of neurons and oligodengrocytes
for EBs differentiated in a neurogenic medium. Cells were blocked in
1% bovine serum albumin solution for 1 h, and permeabilized (when
necessary) in 0.1% Triton X-100 solution for 1 h. Primary antibodies
(Millipore) were used at a dilution of 1:100-500, and incubated at
4 °C overnight. After washing with PBS, the cells were incubated with
secondary antibodies (Invitrogen, 1:200 dilution) at room temperature
for 1 h, and rinsed with PBS.

When necessary, the cells were fixed in 3.7% formaldehyde, and cell/
scaffold constructs were embedded in O.C.T. compound (Tissue-Tek,
Ted Pella, Redding, CA) and frozen at —80 °C. Vertical sections with a
thickness of ~1 mm were obtained by manually cutting the frozen
samples, which were then subjected to fluorescence imaging.

Fluorescence was detected with an Olympus microscope with
Capture 2.90.1 (Olympus, Center Valley, PA), or a confocal laser scanning
microscope (CLSM, Carl Zeiss, Thornwood, NY). Images of Alizarin
Red staining were taken using a Nanozoomer virtual microscope
(Hamamatsu, Bridgewater, NJ).

Cell death was determined by quantifying the ratio between the
number of ethidium homo-dimer 1 positive nuclei and the total
number of cells as obtained from nucleus staining. The number of
SSEA-4 positive cells was determined by quantifying the ratio between
the number of SSEA-4 positive cells and the total number of cells as
obtained from nucleus staining.

Scanning Electron Microscopy: A scanning electron microscope (Nova
NanoSEM 2300, FEI, Hillsboro, OR) was used to characterize the
lattices of polystyrene microspheres, the alginate inverse opal scaffolds,
and the EBs. Prior to imaging, the EBs were fixed and dehydrated
through a graded ethanol series. The samples were sputter-coated
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with gold for 60-120 s. Images were taken at an accelerating voltage
of 5-10 kV.

Statistics: All the data were presented as mean * standard deviation.
For assays on cell proliferation and EB formation efficacy, three
individual samples in each group at each time point were counted. For
quantification of cell viability and SSEA-4 expression, at least ten EBs
randomly chosen from each group were examined. All the experiments
were performed in at least three independent replicates.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Harnessing Interfacial Phenomena to Program the Release
Properties of Hollow Microcapsules

Myung Han Lee, Kolin C. Hribar, Teresa Brugarolas, Neha P. Kamat, Jason A. Burdick,

and Daeyeon Lee*

Generally, these fabrication techniques

The generation of near-infrared (NIR)-sensitive microcapsules is presented lead to the formation of microcap-

and it is demonstrated that the release properties of these microcapsules

can be tailored by controlling their morphology. A biocompatible polymer,
poly(DL-lactic-co-glycolic)acid (PLGA) is used to form hollow microcapsules
from monodisperse water-in-oil-in-water (W/O/W) double emulsions. Both
the composition of PLGA and the oil phase of W/O/W double emulsions sig-
nificantly affect the morphology of the subsequently formed microcapsules.
PLGA microcapsules with vastly different morphologies, from spherical to
“snowman-like” capsules, are obtained due to changes in the solvent quality
of the oil phase during solvent removal. The adhesiveness of the PLGA-laden
interface plays a critical role in the formation of snowman-like microcapsules.
NIR-sensitive PLGA microcapsules are designed to have responsive proper-
ties by incorporating Au nanorods into the microcapsule shell, which enables
the triggered release of encapsulated materials. The effect of capsule mor-
phology on the NIR responsiveness and release properties of PLGA microcap-

sules is demonstrated.

1. Introduction

Hollow microcapsules containing an aqueous core covered by a
thin shell are useful for encapsulating, protecting and delivering
active ingredients such as drugs, nutrients, fragrances and living
cells.Microcapsules can be further engineered to actively release
encapsulated materials in response to external stimuli such
as pH,”l temperature, P! ultrasound,* and light,>~" providing
an effective way to locally release their payloads on demand.
Various methods of microcapsule generation, including self-
assembly of amphiphiles (e.g., diblock copolymers and phos-
pholipids) and layer-by-layer assembly of polymers, have
been used to prepare stimuli-responsive microcapsules.’813]
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sules that release one type of encapsu-
lated material upon the application of a
stimulus. For a number of applications,
however, it is highly desirable to design
and fabricate carriers that can deliver
multiple encapsulants, especially both
hydrophilic and hydrophobic species, in a
programmed fashion.'" For example, in
the area of drug delivery, there is a clear
demand for drug delivery systems that
can deliver multiple drugs of drastically
different solubility in a pre-determined
sequence.l’>1% Conventional methods of
microcapsule fabrication also suffer from
low encapsulation of active ingredients,
which can be a critical problem since a
number of pharmaceutical actives such as
enzymes and antibodies are prohibitively
expensive.[”]

In this study, we demonstrate the gen-
eration of near-infrared (NIR)-sensitive PLGA microcapsules
with release properties that can be programmed by controlling
the morphology of the microcapsules. More specifically, we fab-
ricate PLGA microcapsules that can release hydrophobic and
hydrophilic agents in a sequential fashion. PLGA microcap-
sules are fabricated by using a water-in-oil-in-water (W/O/W)
double emulsion as a template. The use of a microfluidic device
ensures high encapsulation efficiency (=100%) and also the
generation of highly monodisperse emulsions.821 We use a
commonly available, bioresorbable polymer, poly(DL-lactic-co-
glycolic)acid (PLGA), to stabilize double emulsions and form
microcapsules. This polymer has been widely used in various
biomedical applications and is also approved for use in thera-
peutic devices by the US Food and Drug Administration (FDA),
making it an ideal material to form microcapsules for future in
vivo studies. Although a previous study has shown that PLGA
microparticles with a hollow core can be generated from double
emulsions, the effect of the PLGA composition and effect of
the oil phase composition on the microcapsule morphology
has not been presented in detail.?223] Here, we show that var-
ying the composition of PLGA and that of the organic phase
of W/O/W double emulsions leads to the formation of PLGA
microcapsules with vastly different morphologies. The physical
mechanism contributing to the observed morphological differ-
ences of PLGA microcapsules is elucidated. By studying this
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composition-morphology relationship, we demonstrate that it
is possible to program the release properties of these PLGA
microcapsules by incorporating gold nanorods (AuNRs) and
controlling the capsule morphology.

2. Results and Discussion

2.1. Effect of PLGA and Oil-phase Compositions on the
Morphology of Microcapsules

Water-in-oil-in-water (W/O/W) double emulsions, used to pre-
pare PLGA microcapsules, are prepared using a glass-capillary
microfluidic device, as shown in Figure la. The inner phase
(W) is a phosphate buffered saline (PBS) solution and the outer
phase (W) is a 2 wt% poly(vinyl alcohol) (PVA) aqueous solu-
tion. The middle phase (O), which is immiscible with the inner
and outer aqueous phases, is a mixture of volatile organic sol-
vents, toluene and chloroform, containing PLGA. It is impor-
tant to note that no additional surface active agents are added
to the middle phase. The outer fluid hydrodynamically focuses
the inner and middle fluid streams into the collection channel,
leading to the formation of double emulsions with core-shell
structures. The generated double emulsions are collected into
a PBS solution in a glass Petri dish to match the osmolarity
of inner and outer aqueous phases. In the absence of PVA,
double emulsions generated using PBS as the outer phase

a.

Aqueous
solution

G 0o 0ol
YOO003
Q000
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100 pm
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undergo coalescence, illustrating the importance of PVA as a
stabilizer of the outer oil/water interface (see Figure S1 in Sup-
porting Information). Removal of the solvents from the oil layer
of W/O/W double emulsions leads to the formation of PLGA
microcapsules.

The composition of PLGA and that of the oil phase of W/O/W
double emulsions are found to have a significant influence on
the morphology of double emulsions during solvent removal.
PLGAs with a molar ratio of lactide to glycolide ranging from
50:50 to 100:0 (i.e., 50:50, 65:35, 75:25, 85:15, and 100:0) are
used to form microcapsules. PLGA 100:0 corresponds to the
homopolymer, poly(pt-lactic acid) (PLA). We also vary the com-
position of the oil phase by mixing chloroform and toluene at
different volumetric ratios. During solvent removal, we observe
that some double emulsions undergo a dewetting transition, as
seen in Figure 1b.2% Initially, the oil layer of W/O/W double
emulsions completely encapsulates a water droplet. As the sol-
vent mixture is removed, the inner water droplet partially sepa-
rates out of the oil droplet without coalescing with the outer
aqueous phase; this morphological change leads to the forma-
tion of an acorn-like configuration (partial engulfing). In con-
trast, double emulsions generated using a PLGA polymer with
a different lactide to glycolide composition and in a different
toluene to chloroform solvent mixture show a core-shell con-
figuration (complete engulfing) throughout the solvent removal
process as shown in Figure 1c. These trends are independent
of the polymer concentration (C,) above 0.6 wt% and the thick-
ness of the oil phase (h) in the range of 50 and 90 um. When
Cp < 0.6 wt%, less than 90% of double emul-
sions are stable; thus, all of our subsequent
experiments are performed by generating
double emulsions with oil shell thickness of
60-80 um and with a polymer concentration
in the range of 0.7 and 1.0 wt%.

We characterize the effect of PLGA com-
position (xj,cqqe) and that of the oil phase
composition (i.e., volume fraction of chlo-
roform, @uoroform) On the morphology of
double emulsions during solvent removal,
as shown in Figure 2 (movies showing the
morphological transitions are provided in the
Supporting Information). For double emul-
sions containing PLGA with compositions
of 50:50 and 65:35, a decrease in the volume
fraction of chloroform in the solvent mix-
ture leads to the dewetting of the oil phase
from the inner droplet (partial engulfing)
during solvent removal. Similar observa-
tions have been made in the formation of
polymersomes from amphiphilic diblock

Figure 1. a) Optical microscopy image of W/O/W double emulsions generated in a microflu-
idic device. b,c) The structural evolution of double emulsions generated with (b) PLGA 50:50
dissolved in a mixture of chloroform and toluene in a volume ratio of 2:3 and (c) PLGA 85:15
dissolved in pure chloroform during solvent evaporation. b) Double emulsions adopt partial
engulfing morphology during solvent removal. In contrast, the morphology of double emul-
sions in (c) does not change (i.e., complete engulfing). Some double emulsions (arrows) in the
rightmost image in (c) have become PLGA microcapsules due to solvent removal. The insets
show the schematic illustration of the morphology of double emulsion; light gray and dark gray

indicate oil containing PLGA and aqueous solution, respectively.
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copolymer containing double emulsions.?’
In contrast, double emulsions generated with
increased lactide content in the PLGA (PLGA
with 75:25, 85:15, and 100:0 composition)
maintain the core-shell structure (complete
engulfing) regardless of the composition of
solvent mixtures.

The difference in the density of the oil
phase and the inner aqueous phase does

Adv. Funct. Mater. 2012, 22, 131-138
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Figure 2. State diagram showing the morphology of double emul-
sions during solvent evaporation as functions of the volume fraction
of chloroform (Qenioroform) @nd the composition of PLGA (Xjaciide): (M)
complete engulfing and (A) partial engulfing. The shaded area indicates
the insoluble region of PLGA in solvent mixtures. In regime I, double
emulsions sediment upon collection into a vessel. In regime II, double
emulsions initially sediment because of the dense oil phase. After partial
removal of the solvents, these double emulsions float to the free water
surface and subsequently sediment. In Regime |11, double emulsions float
to the air/water interface upon collection.

not strongly correlate with the observed morphological trans-
formation. The state diagram in Figure 2 can be divided into
three regimes depending on the density of the oil phase. In
regime I, the solvent mixture is denser than water; thus,
double emulsions sediment upon collection into a vessel,
and the organic solvents are removed through dissolution
into the aqueous phase and subsequent evaporation. In
regime II, double emulsions initially sediment because of the
dense oil phase. After a short while (=60 min), these double
emulsions float to the free water surface and subsequently
sediment. This phenomenon is likely due to the fact that
the removal rate of chloroform is faster than that of toluene
(the solubility of chloroform in water (=8 g/L at 20 °C) is
higher than that of toluene (=0.5 g/L at 20 °C)). The prefer-
ential removal of chloroform while the double emulsions are
completely submerged leads to the reduction of the density
of the oil phase, making the overall double emulsions less
dense and resulting in floating emulsions. Subsequently, as
the oil phase becomes a solid polymer shell, double emul-
sions sediment due to the increased density. In regime III,
double emulsions float to the air/water interface upon collec-
tion because of the low density of the oil phase. The double
emulsions then sediment during solvent evaporation because
of the gradual increase in the density of the oil phase. From
these observations we determine that the morphology of the
double emulsions during solvent removal does not depend
on the density of the oil phase.

The three possible configurations of double emulsions that
we observe (such as complete engulfing, partial engulfing and
non-engulfing) have previously been theoretically described
using spreading coefficients, defined as

Adv. Funct. Mater. 2012, 22, 131-138
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51='ij—Y,'j—"{ik(i75j#k:o,i,m) (1)
where ¥, ¥j, and ¥ are the interfacial tensions between j—k, i,
and ik fluids of the three fluid phases.?*2% In our case, how-
ever, the morphology of double emulsions containing PLGA
cannot be rationalized by the spreading coefficients of the
three fluid phases. Interfacial tension between the two aqueous
phases is close to 0 (¥, ~ 0). The presence of PVA in the outer
phase ensures that the interfacial tension between the inner
aqueous phase and the middle oil phase is always greater than
that between the middle oil phase and the outer aqueous phase
(i-e, %m > %m)- The spreading coefficients, determined using
pendant drop tensiometry (Figure 3), thus lead to S; <0, S,> 0,
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Figure 3. Interfacial tension between an aqueous phase and an oil phase
containing PLGA (m). The oil phase in (a) is a chloroform/toluene (2v/3v)
mixture containing PLGA with the different compositions and in (b) is
pure chloroform containing PLGA with the different compositions. The
solid lines indicate the interfacial tension between PBS solution and oil
without PLGA. Open squares represent surface tension between a 2 wt%
PVA solution and PLGA containing oil phases.
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and S, < 0 (subscripts i, o, and m indicate the inner, outer, and
middle phases, respectively), regardless of the composition of
PLGA in the oil phase as shown in Figure 4. These spreading
coefficients correspond to the formation of two separated
droplets (non-engulfing). When the fraction of lactide content
in the PLGA increases from PLGA 50:50 to PLGA 100:0, the
spreading coefficients of double emulsions move further away
from the origin into the lower-right corner of the non-engulfing
quadrant (Figure 4). This trend does not agree with the experi-
mental results, which show that double emulsions containing
PLGA with greater lactide content have complete engulfing
morphology (see Figure 2). It is important to note that all
double emulsions generated in the absence of PLGA polymer
are converted into oil-in-water single emulsions immediately
after collection. In this case, the spreading coefficients are S; <
0, S, >0, and S, <0, corresponding to the non-engulfing con-
dition. These results indicate that the spreading coefficients do
not satisfactorily predict the morphology of double emulsions
and that the PLGA polymer in the middle phase is a critical
component in stabilizing the double emulsions.

Our hypothesis that PLGA plays a critical role in the stabi-
lization of double emulsions can also be verified by the fact
that PLGA lowers the surface tension between the oil and
water phases. Figure 3 shows the reduction of surface tension
between oil and water as a function of the composition of PLGA
in two different solvent mixtures. In both cases, it is clearly
seen that the increase in the fraction of glycolide content leads
to a larger reduction in surface tension. These results strongly
indicate that PLGA, which is a random copolymer of glycolide
and lactide, is surface active and that the surface activity of
PLGA strongly depends on its composition. Although the sur-
face activity of various diblock copolymers has been reported,
to the best of our knowledge, our study is the first to report
the surface activity of PLGA. Based on these observations, we
believe that W/O/W double emulsions containing PLGA are in

T [ T T I T
20 ~complete engulfing _

10 -

0

partial engulfing non-engulfing |

S, (mMN/m)

O

-20 -10 0 10 20
S, (mN/m)

Figure 4. Spreading coefficients (S, and S,) calculated for double emul-
sions generated using a chloroform/toluene (2v/3v) solution containing
random copolymer PLGA with the different compositions: (00) 50:50, (m)
65:35, (A) 75:25, (A) 85:15, and (¥) 100:0.
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Figure 5. Schematic illustration showing the formation of a snowman-
like capsule induced by the change in the solubility of polymer in the oil
phase and the subsequent formation of the adhesive polymer layer at
the two interfaces. a) Upon the formation of a W/O/W double emulsion,
PVA stabilizes the outer oil /water interface, and PLGA stabilizes both the
inner and outer water/oil interfaces, b) the solvent quality of the oil phase
reduces to fully solubilize PLGA due to the faster removal of chloroform,
c) the two oil/water interface covered with PLGA becomes adhesive initi-
ating the dewetting process, and d) the inner drop, covered with a solid
film of PLGA, protrudes out of the oil drop.

a kinetically stable state because of the adsorption of PLGA to
the inner water/oil interface.

The morphological evolution of double emulsions that leads
to the acorn-like structure (Figure 1b) is believed to be induced
by the change in the solvent quality of the oil phase and the
subsequent formation of adhesive interfaces as schematically
illustrated in Figure 5. For instance, in the case of a double
emulsion with PLGA 50:50 dissolved in a mixture of chloro-
form (a good solvent for both the lactide and glycolide) and
toluene (a poor solvent for glycolide and a good solvent for lac-
tide)l?” (Figure 1b), PLGA adheres to the inner and outer water/
oil interface upon the emulsion formation (Figure 5a). The
quality of the solvent in the oil phase becomes poor due to the
preferential removal of chloroform (Figure 5b). As this occurs,
the PLGA chains at the inner water/oil and outer oil/water
interfaces become adhesive and form a solid film (Figure 5c¢).
This adhesion process between the two interfaces protects
the inner drop from coalescing with the outer aqueous phase
as it protrudes out of the oil phase (Figure 5d). We note that
the formation of adhesive interfaces has been reported in high
melting point surfactant-stabilized single emulsions and, more
recently, in diblock copolymer-stabilized double emulsions.[?%2°]
The absence of the acorn-like structure in double emulsions
containing PLGA with the lactide fraction above 0.75 supports
this mechanism since the oil phase remains a good solvent for
the polymer throughout the solvent removal process.

2.2. Controlling the Release Properties of PLGA Microcapsules

Upon the removal of the solvents from the oil phase, double
emulsions are converted into stable polymer-shelled microcap-
sules with aqueous cores. To clearly observe the structure of
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the shell and the encapsulation capability of the microcapsules,
hydrophobic (red) and hydrophilic (green) fluorescent dyes
are added to the oil and inner water phases of W/O/W double
emulsions, respectively. The final structure of microcapsules
is strongly dependent on the morphology of double emulsions
during solvent removal, as shown in Figure 6. Double emul-
sions exhibiting complete engulfing morphology are converted
into microcapsules with a uniform polymer shell (Figure 6a),
as evidenced by the uniform distribution of the hydrophobic
dye in the PLGA shell (Figure 6b). This result also indicates
that a hydrophobic dye can be uniformly incorporated into the
PLGA shell. In contrast, double emulsions that have under-
gone the dewetting transition form microcapsules with a thick
patch in one region (Figure 6¢ and d). This effect is more evi-
dent when gold nanorods (AuNR) are added to the oil phase of
W/O/W double emulsions. Snowman-like microcapsules with a
round solid aggregate are formed after solvent removal (Figure
6e and f). The scanning electron microscopy (SEM) image
of dried samples (inset of Figure 6e) clearly shows that these
aggregates are solid (i.e., it does not undergo severe crumpling
upon drying). As will be discussed below, the incorporation of
AuNRs enables the generation of NIR-sensitive microcapsules

Figure 6. Optical (a,c,e) and confocal (b,d,f) microscope images of
polymer microcapsules generated using (a,b) a PLGA 75:25 dissolved
in pure chloroform and (c—f) a PLGA 50:50 dissolved in a mixture of
chloroform and toluene (2:3 by volume) phase. e,f) The middle phase
used for the double emulsion generation contains the AuNRs. For con-
focal microscopy, FITC-dextran (green) and Nile Red (red) are added to
the inner aqueous phase and middle oil phase, respectively. The insets
show the SEM images of polymer microcapsules after being completely
air-dried at room temperature.

Adv. Funct. Mater. 2012, 22, 131-138
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for triggered release of encapsulated materials through heating
of the polymer shells.

We investigate the possibility of triggering the release of encap-
sulated materials from PLGA microcapsules in response to an
external stimulus. Among many external stimuli, near-infrared
(NIR) light is an attractive means to trigger the release because
NIR is minimally absorbed by the body’s water and hemoglobin,
thus readily penetrates skin. It is also relatively straightforward
to localize the application of NIR light in vivo compared to
other stimuli such as heat and pH.>*% We use AuNRs, which
have been used as an NIR-absorbing material for light-triggered
release of encapsulated materials.}'=3% We add AuNRs to the oil
phase of W/O/W double emulsions and upon solvent evapora-
tion, generate AuNR/PLGA nanocomposite microcapsules.
FITC-dextran is encapsulated in the inner aqueous phase to
monitor the encapsulation and triggered release.

The morphology of AuNR/PLGA microcapsules has a signifi-
cant influence on the NIR sensitivity of these capsules. The appli-
cation of NIR light to neat PLGA microcapsules formed using
PLGA 50:50 in pure chloroform does not induce any changes
in the shape and the fluorescence intensity of the aqueous core
(Figure 7a), demonstrating the insensitivity of PLGA capsules to
NIR light. In contrast, AuNR/PLGA nanocomposite microcap-
sules with a homogeneous shell significantly deform and release
encapsulated FITC-dextran after NIR light exposure as shown in
Figure 7b. The fluorescence intensity profiles of NIR light irradi-
ated samples also clearly show that NIR induces essentially the
complete release of the encapsulated FITC-dextran, whereas little
release is detected from PLGA microcapsules without AuNR
(Figure 7c and d). Since AuNRs are known to generate heat upon
NIR light absorption, the mechanism of the triggered release is
likely the heating of PLGA shell above its glass transition tem-
perature (40-60 °C), which disrupts the integrity of the micro-
capsule as seen by the drastic change in the shape and size of
the irradiated samples. Neat PLGA microcapsules also undergo
similar deformation when they are heated above 48 °C (see the
Supporting Information, Figure S2), indicating that NIR irradia-
tion of AuNR/PLGA microcapsules increases the local tempera-
ture in the shell to at least 48 °C.

Snowman-like microcapsules formed using a chloroform/
toluene (2v/3v) mixture and containing PLGA 50:50 and
AuNRs show a completely different release behavior. After
20 min of NIR exposure, the size of the solid aggregate
decreases significantly, as shown in Figure 8. On a close inspec-
tion, small particles (less than 5 um in size) are found in solu-
tion (arrows in Figure 8), indicating that the solid aggregate on
the capsule surface transitioned into these particles due to the
elevated temperature during NIR light exposure. Microcapsules,
however, remain intact and retain the encapsulated molecules
in the aqueous core (Figure 8). We attribute this selective dis-
solution of the solid aggregate to the non-uniform distribution
of AuNRs in the shell of the snowman-like capsules; that is,
the majority of AuNRs are believed to have segregated into the
polymer aggregates, which is evident from the dark appearance
of the aggregate due to strong absorption of AuNRs. The fact
that toluene is a good solvent for PEG on the AuNR surface also
supports the hypothesis that AuNRs segregate into the toluene
rich domain during solvent removal and, eventually, are trapped
in the solid aggregates. These AuNRs cause local heating in the
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Figure 7. Optical (left) and fluorescent (right) images of FITC-dextran loaded capsules (a) without AuNRs and (b) with AuNRs before and after 20 min
NIR exposure. The nanocomposite capsules are generated using a chloroform solution containing PLGA 50:50 and AuNRs. c) Fluorescence intensity
profiles along the lines through the capsules in (b) and (d) average fluorescence intensity from over 20 microcapsules (error bars represent the standard
error of the mean). The release experiments are carried out within the three days of capsule preparation.

solid aggregates inducing its dissolution. The lack of AuNRs in
the thin shell of these snowman-like microcapsules prevents
the release of the encapsulated material, indicating that heating
must be local to cause changes in the membrane. Eventually,
the spontaneous degradation of these microcapsules due to the
hydrolysis of PLGA will release the encapsulated material.*®!
The degradation kinetics of PLGA shells is known to depend on
the PLGA composition, shell thickness and molecular weight
as well as the solution temperature and pH.5!

These results clearly demonstrate that it is possible to control
the release sequence of hydrophobic and hydrophilic species
from these PLGA microcapsules, depending on their prepara-
tion method and subsequent morphology. By creating uniform
spherical capsules, for example, a hydrophilic encapsulant can
be released using NIR light. Subsequently, a hydrophobic mol-
ecule encapsulated in the shell can be slowly released via the
hydrolysis of PLGA. In contrast, the release of a hydrophobic
species can be triggered first from snowman-like microcapsules
via NIR light irradiation. Due to their size, small particles (less
than 5 um) released from the polymer/AuNR aggregates are
likely to be more susceptible to cellular uptake compared to the
original microcapsules.?¥ Subsequently, a hydrophilic species
from the core can be released via the spontaneous hydrolytic
degradation of PLGA shell or by uniformly heating the local
environment above the glass transition temperature of PLGA
(Figure S2 in the Supporting Information).

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3. Conclusions

We have demonstrated that the composition of PLGA and that
of the solvent mixture have a significant influence on the final
structure of PLGA microcapsules generated from W/O/W double
emulsions. More importantly, we have shown that it is possible
to program the release properties of NIR-sensitive PLGA micro-
capsules by incorporating Au nanorods into the PLGA shell and
controlling the capsule morphology. This tunable morphology
is due to the surface activity of PLGA, which depends on the
composition of the copolymer, and the change in the solvent
quality of the oil phase during solvent removal. The ability of bio-
compatible PLGA microcapsules to load both hydrophobic and
hydrophilic materials in the shell and core, respectively, and sub-
sequently release these materials in a controlled sequence, pro-
vides a unique opportunity to employ these novel structures in
biomedical and pharmaceutical applications.

4. Experimental Section

Polymer Microcapsule Generation: Water-in-oil-in-water (W/O/W)
double emulsions are generated using a glass-capillary microfluidic
device, as described previously.'”3% Briefly, two circular capillary tubes
with inner and outer diameters of 0.58 mm and 1.0 mm (World Precision
Instrument Inc.) are tapered to desired diameters of 15-25 um for the
injection of an inner phase and 120-200 um for the collection of double
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Figure 8. Optical (left) and fluorescent (right) images of FITC-dextran
loaded capsules with AuNRs before and after 20 min NIR exposure. The
capsules are generated using a chloroform/toluene (2:3 v/v) solution con-
taining PLGA 50:50 and AuNRs. The release experiments are carried out
with capsules 3 days after generation of double emulsions. The arrows
indicate small particles dissolved from solid aggregate on the capsule
surface after NIR exposure.

emulsions using a micropipette puller (P-1000, Sutter Instrument Inc.)
and a microforge (Narishige MF-830). The circular capillary tube used for
the inner fluid is hydrophobically functionalized with octadecyltrichloro-
silane (OTS), enhancing the wettability of oil outside the capillary tube,
and facilitating the formation of double emulsions. The two tapered
capillaries are inserted into a square capillary with an inner dimension of
1.0 mm, and sealed with epoxy.

To fabricate double emulsions, three liquid phases are introduced
into a microfluidic device at independently controlled flow rates by three
syringe pumps (PHD, Harvard Apparatus). The inner water phase is a
pH 7.4 phosphate buffered saline solution (PBS, sigma P4417), which is
composed of 0.01 m phosphate buffer, 0.0027 m potassium chloride, and
0.137 m sodium chloride. The middle oil phase consists of 0.7-1.0 wt%
polymer dissolved in a mixture of chloroform and toluene. We use a random
copolymer of lactide and glycolide with different molar ratios ranging from
50:50 (Inherent Viscosity (1) = 0.41 dL g™' in hexafluoroisopropanol
(HFIP)), 65:35 (1), = 0.55-0.75 dL g™ in HFIP), 75:25 (1;=0.55-0.75 dL g’
in CHCl3), to 85:15 (n; = 0.66 dL g™' in CHCly) (PLGA, (poly(pL-lactic-
co-glycolic)acid, Durect Corp.) as well as a homopolymer (100:0; PLA,
(poly(pL-lactic acid), m; = 0.55-0.75 dL g in CHCls, Durect Corp). The
outer water phase is a 2 wt% PVA aqueous solution (PVA, 87-89%
hydrolyzed, average M, = 13 000-23 000, Aldrich). Generated double
emulsions flow into the collection tube, and then 20-30 drops containing
double emulsions are collected into a large pool of PBS (=15 mL) in a
glass Petri dish. This effectively lowers the concentration of PVA in the
continuous phase, leading to a decrease in the osmotic pressure difference
between the inner and outer aqueous phases. The polymer microcapsules
are generated from the double emulsions by evaporation of the volatile
solvent. For the generation of fluorescent microcapsules, two florescent
dyes, 0.02 wt% fluorescein isothiocyanate-dextran (FITC-dextran, M,, =
2000 K, sigma) and 0.02 wt% Nile Red (sigma) are added into the inner
and middle phases, respectively.

Microcapsule Characterization: All double emulsion generation is
monitored with a 10X objective using an inverted light microscope
(Nikon Diaphot 300) equipped with a high-speed camera (Phantom V7.1)
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capable of recording 13,000 frames per second at the frame resolution of
800 X 200 pixels. The evolution from double emulsions to microcapsules
by evaporation of the solvent are observed using an upright microscope
(Carl Zeiss Axio Plan Il) with a CCD camera (Qimaging Retiga 2000R
Fast 1394). Fluorescently labeled microcapsules containing FITC-dextran
and Nile Red are imaged using a confocal laser scanning microscope
(Olympus FluoView FV1000, Center Valley, PA). The scanning electron
microscope (SEM) images of air-dried microcapsules are taken using a
Quanta 600 FEG Mark Il at an acceleration voltage of 5 kV.

Nanorod Synthesis, Incorporation, and Characterization: Gold nanorods
(AuNRs) are synthesized using a seed-mediated technique, as described
previously.l*% Briefly, a seed solution is prepared through a mixture of
hexadecyltrimethylammonium bromide (CTAB), sodium borohydride,
and gold chloride. Small gold seeds then grow into nanorods by adding
CTAB, silver nitrate, ascorbic acid, and gold chloride to a seed solution.
The prepared AuNRs are PEGylated using poly(ethylene glycol)-
thiol, then re-dispersed in chloroform. The PEGylation enhances the
stabilization of AuNRs against aggregation in chloroform. The resulting
AuNRs have an average length of 32.5 + 3.0 nm and an average width
of 8.2 £ 1.0 nm (see Figure S3 in the Supporting Information). The
absorption spectra of the AuNR are taken using a Cary 5000 (Varian
Inc.) UV-Vis-NIR spectrophotometer to determine its plasmon
resonance band. The synthesized nanorod shows an absorption peak
of 770-800 nm, while PLGA polymer does not absorb the NIR light (see
Figure S3 in Supporting Information). The concentration of AuNRs in
chloroform is determined using a molar extinction coefficient of 4.4 x
10° M~' cm™. The PEGylated AuNRs are incorporated in the polymer
shell by suspending AuNRs (=107 molar) into the oil layer of double
emulsions. The prepared PLGA microcapsules with/without AuNRs
in an Eppendorf microtube are exposed to NIR laser with 1 W output
power at 808 nm, and, subsequently, a small aliquot is transferred
onto a microscope slide for optical/fluorescence microscopy. NIR-
triggered release experiments are performed within three days of
capsule preparation. We have confirmed that there is essentially no
release of the encapsulated species from PLGA microcapsules in three
days (Figure S4 in the Supporting Information). Thus, the effect of
PLCA degradation on the NIR-triggered release is negligible within the
timeframe of these studies.

Interfacial Tension Measurements: Interfacial tension between two
liquid phases is measured using the pendant drop method,*l using a
Ramé—Hart model 200 goniometer with DROPimage Advanced software.
Interfacial tensions are measured from the shape of a liquid droplet
created at the flat tipped stainless steel needle in the other liquid using a
micrometer syringe (GS-1200, Gilmont Instruments). The reproducibility
of interfacial tension measurements is within £1.0 mN m~".

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Low-Power-Photon Up-Conversion in Dual-Dye-Loaded

Polymer Nanoparticles

Angelo Monguzzi,*
and Francesco Meinardi

Sensitized triplet—triplet annihilation in multicomponent organic systems is
already demonstrated to be suitable for obtaining efficient up-conversion in
solution with excitation power densities comparable to solar irradiance, but
loses efficiency in the solid state. Here, it is demonstrated that it is possible
to reduce this limitation by incorporating a standard bicomponent system in
polymer nanoparticles. The confinement of all of the involved photophysical
processes in a nanometer-scale volume makes each nanoparticle a single and
isolated high-efficiency up-converting unit. As a consequence, these dual-
dye-loaded nanoparticles can be used to produce drop-cast films, as well as
dopants for polymeric matrices, preserving the performances of the starting

moieties in solution.

1. Introduction

People working on renewable energy sources have been trying
to up-convert the solar spectrum to recover the large number of
low-energy photons that are not exploited by photovoltaic devices
and in photocatalytic electrochemical cells for hydrogen pro-
duction.'> Indeed, this goal cannot be achieved by traditional
approaches, as second-harmonic generation or two-photon
absorption requires power densities several orders of magnitude
larger than solar irradiance.[’! In the last few years, a new strategy
to obtain up-conversion at low power and with non-coherent
radiation has been pursued.”-'% Tt is based on bicomponent
organic systems operating through the following sequence of
photophysical steps: i) absorption of light by a donor molecule,
producing singlet excited states; ii) intersystem crossing (ISC)
switching the excitation from singlet to triplet states; iii) energy
transfer (ET) towards the metastable triplet states of an acceptor
molecule; and iv) triplet-triplet annihilation (TTA) giving rise
to high-energy singlet excited states of the acceptor moiety,
leading to up-converted emission (see Figure S1E, Supporting

Dr. A. Monguzzi, Prof. R. Tubino, Prof. F. Meinardi
Dipartimento di Scienza dei Materiali

Universita Milano Bicocca

via R. Cozzi 53, 20125 Milano, Italy .
E-mail: angelo.monguzzi@mater.unimib.it K

Dr. M. Frigoli, Prof. C. Larpent E e
Institut Lavoisier UMR-CNRS 8180

Université de Versailles Versailles-Saint Quentin en Yvelines 45
Avenue des Etats-Unis, 78035 Versailles Cedex, France

DOI: 10.1002/adfm.201101709

Adv. Funct. Mater. 2012, 22, 139-143

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

 Michel Frigoli, Chantal Larpent, Riccardo Tubino,

Information).''21 In such a way, efficient

up-conversion has been demonstrated in
liquid systems at excitation power densi-
ties as low as 0.1 mW cm 2 Despite
these results, the fabrication of devices
suitable for practical applications appears
still far away, since it is quite difficult
to obtain high-efficiency solid-state sys-
tems. Indeed, the largest up-conversion
efficiency reported up to now for a rigid
polymeric matrix is as low as 0.02%.2%
Moreover, a direct comparison between
the performance of the same bicomponent
system in solution versus the solid state
shows that, in the latter, the up-conversion
efficiency drops by a factor of 100-1000.123]
The origin of this difference is the large molecular mobility in
solution, which strongly enhances the interaction probability
and, as a consequence, enhances both the ET and TTA proc-
esses. On the contrary, in rigid, polymeric co-doped films, the
lack of any relevant molecular mobility is only partially counter-
balanced by the ability of the excited states to migrate, because
of the rather-short exciton diffusion lengths. When consid-
ering crystalline systems, despite the fact that they are not very
appealing for the realization of low-cost devices, the situation is
not much better. Here, the typical exciton diffusion lengths may
be comparable with those of small molecules in low-viscosity
solvents, but the donor and acceptor moieties (usually metallo-
porphyrins and oligoacenes, respectively) tend to segregate into
two independent frameworks.

In this communication, we report an original approach to
incorporate bicomponent organic systems for high-efficiency
sensitized up-conversion in the solid state. We embedded a
proper combination of two donor-acceptor dyes within polymeric
nanoparticles (NPs) that acted as a container. Since each NP
behaves as a high-efficiency single and isolated up-converting
unit, they can be dispersed in a liquid solvent, used as a dopant
in polymeric matrices or employed to produce drop-cast films,
preserving their intrinsic efficiency and allowing the tuning of
the doped-material optical density. We want to underline that
the proposed approach is not peculiar of a specific colorant
or plastic host.?*32 Indeed, the idea of including interacting
species in nanometer-scale shells is, on the contrary, quite
general and easily adaptable for a large number of small mol-
ecules exploited in sensitized up-conversion and other photonic
applications. Moreover, as an additional but fundamental
benefit, the NPs were prepared to completely shield the dyes
from the external environment, and especially from oxygen,
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which is a quencher of all of the metastable triplets involved in
the up-conversion process.[3334

2. Results and Discussion

In order to demonstrate the validity of the proposed strategy,
we selected two among the best and most-investigated
dyes for sensitized up-conversion: Pt(II)octaethylprophyrin
(PtOEP), which acts as the light harvester and donor, and
9,10-diphenylanthracene (DPA), which acts as the energy
acceptor and final emitter (Figure 1a). These two dyes have been
embedded within cross-linked polystyrene-based nanoparticles
(NPs) of 16 nm diameter, obtained as a stable aqueous suspen-
sion by polymerization in an oil-water microemulsion stabilized
with a cationic surfactant (dodecyltrimethylammonium bro-
mide (DTAB)) (Figure 1b).3>3¢ The embedding process within
the NP core was obtained by swelling with a dichloromethane
(DCM) solution of DPA and PtOEP (50:1 molar ratio), followed
by evaporation of the solvent.’’*!l The average loading of
each NP was one PtOEP molecule and 50 DPA molecules (see
“NP Preparation and Doping” in the Experimental Section).

16 nm

Figure 1. a) Molecular structure of the compounds in the study.
b) Schematic representation of a dual-doped nanoparticle with PtOEP
(red sphere) and DPA (blue spheres), showing the shielding from the
external environment exerted by the NPs.
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Figure 2. UV-vis absorption spectrum of NPs,,, 25 umol of NP L™ (red
dotted line) and NP, (green dotted line) with an optical path of 0.1 cm.
The solid lines are the normalized photoluminescence (PL) spectra for
the NPs,, sample under excitation at 532 nm with a power density of
0.03 W cm™2. Laser stray-light has been removed for clarity.

The up-conversion effect was studied, as described in the
Experimental Section, by continuous-wave (CW) and time-
resolved photoluminescence measurements on dye-loaded NPs
in a colloidal aqueous suspension (NPg,g,, 25 mol of NPs per
litre) and drop-cast films (NPg,y,).

Figure 2 shows the absorption spectra for NPy, and NP,
(data regarding suspensions with different NP concentrations
are shown in Figure S2E, S3E and S4E, Supporting Infor-
mation). The absorption of the DPA and PtOEP in the NPs
was very similar to that in solution. This indicates that the
chromophores behave as monomeric species, suggesting that
the distances between the chromophores were large enough to
prevent the formation of dimeric species or 77 interactions
between the neighbouring chromophoric groups, in agreement
with a homogeneous dispersion of the dyes. The vibronic band
centered on 375 nm is due to the DPA Sy-S; allowed transi-
tion, while the narrow peak at 536 nm is the Q-band of the por-
phyrin. The large background detectable in the absorption spec-
trum of NP, was produced by the light scattering of the NPs
in the cast film. NPs of both samples, when excited at 532 nm
in the PtOEP Q-band, gave rise to a bright, up-converted emis-
sion at CW excitation intensities of less than 10 mW cm™2. The
same behavior was preserved in the cast film.

Time-resolved photoluminescence (PL) measurements
provided a description of the donor-acceptor ET process inside
the NPs. The decay of the residual PtOEP phosphorescence at
645 nm was clearly biexponential (Figure 3) with characteristic
lifetimes of 7; = 72.1 us and 7, = 8.9 us for NPg,,, and 7 =
63.7 us and 7, = 8.3 us for NPgy,,,. This biexponential decay sug-
gests that the PtOEP molecules were in two different local envi-
ronments within the NP. The slow PL component t; of about
70 us is comparable to the natural lifetime (7, = 65.0 us) of the
PtOEP phosphorescence measured in oxygen-free THF solution
(see Figure S5E, Supporting Information). Therefore, a fraction
of the PtOEP molecules does not seem to be able to transfer
its excitation to the DPA, probably because of the statistical
distribution of the dyes inside each NP. Consequently, the
red emission of the PtOEP was still observed. Optimizing the
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Figure 3. PL decay of the NP, luminescence at 645 nm (PtOEP emis-
sion) under an average excitation power density of 3 mW cm=2 at 200 Hz.
The decay follows a biexponential behavior, with characteristic lifetimes
of 7, = 71.2 us and 7, = 8.9 Uus. The inset shows the DPA PL during the
first 150 ps, where it is possible to appreciate the rise of the blue emis-
sion in NPggp.

concentration ratio of the DPA and PtOEP molecules per NP
and the NP dimensions could allow the fraction of PtOEP mol-
ecules that were not involved in the ET to be eliminated, or at
least to be strongly reduced.

The presence of PtOEP molecules decaying with their natural
lifetime underlines another relevant benefit of the dye embedding
in the NPs, namely the shielding from the external surroundings,
and, in particular, from molecular O,. It is known that O, is a
quencher of all of the phosphorescent emissions in organic mole-
cules, representing a major drawback for standard organic bicom-
ponent systems for up-conversion, which only work efficiently
in oxygen-free solutions (O, concentration below 1 ppm), thus
requiring sample preparation and manipulation in a glove-box.53!
As a consequence, their use is expensive, time consuming, and,
in summary, not very appealing. In contrast, the shield offered by
the NPs doesn't require any special care for sample preparation,
allowing efficient up-conversion in such adverse conditions as the
aqueous solutions used in the present work, or in air. It should
be noted that the protection from oxygen is not only provided by
the NP shell but also by the combination of the NPs and DTAB.
Indeed, DTAB could be removed by several dialyses and the
removal of surfactant could be easily followed by conductometry.
No fluorescence was detected from the dialysates, indicating that
the dyes remained in the cores of the NPs after dialysis. Once the
DTAB was removed, the suspension was still highly fluorescent.
However, once this suspension was drop-cast onto a glass slip,
the up-converted PL quickly disappeared.

Regarding the fast, red PL-decay component (7, = 8.9), this
arose from PtOEP molecules that were able to transfer their
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excitation to the DPA. Indeed, the up-converted PL was not
prompt, showing a rise time of 7, = 16.4 us (inset of Figure 3),
which suggests that the DPA molecules were indirectly excited
via ET from the PtOEP. In such a case, since the up-conversion
arises from a bimolecular process, the DPA rise time is
expected to be twice the decay time of the sensitizer emission.
The experimental value of the DPA rise time was in good agree-
ment with the expected value. The transfer efficiency (@gy) can
be evaluated from @gr = 1 — (Teyp/T).*® By considering 7., = 7,
and 7y = 7y, a @g value as high as 88% is obtained both for NPs
in solution and in the cast films. The relative concentrations of
PtOEP able (D) and unable (D) to transfer their excitation to the
DPA can be determined directly from the ratio between the fast-
and slow-component PL intensities at time ¢ = 0.5% In NPy,
D/(D’ + D) = 0.85, which means that only few donors do not
participate in the ET. Even considering this effect, the overall ET
efficiency is still rather large: @pr = 0.85 x 0.88 = 75%. Similar
findings were also obtained for suspensions with different NP
concentrations (see Supporting Information), showing that,
since the ET process was confined within each individual NP,
its efficiency did not depend on the NPs’ average separation dis-
tance. It should be noted that, since we performed time-resolved
experiments with pulsed excitation at low repetition rates,
the observed up-converted emission in these measurements
arose from NPs containing more than one donor, where it was
possible to excite more than one DPA with the same laser pulse
via ET. Of course, this implies that the up-conversion efficiency
was lower in the pulsed regime than under CW conditions (see
Figure S7E, Supporting Information).

The performances of the PtOEP/DPA-doped NPg,, and
NPgi,, were compared with those of the same dyes in a liquid
polystyrene solution (2 g, 5% in tetrahydrofuran (THF), 1 x 103 m
DPA and 1 x 10~* m PtOEP). Figure 4 shows the absolute DPA
PL intensity upon CW excitation of PtOEP as a function of the
absorbed photons per cm? in unit time (I). Two parameters
were evaluated: the excitation-power threshold (Iy) and the
up-conversion quantum yield (QY). For the NPs, the absorbed
flux was calculated by considering only the fraction of PtOEP

Qe
10°
log
103
102
ileL
100

PL int. (arb. units)

1 0151 0161 0171 018
Abs. Flux (ph*cm?s™)

Figure 4. PL intensity at 435 nm under CW excitation at 532 nm as a func-
tion of the absorbed photon density of NPg;, (green triangles), NPs,q,
(red circles) and a DPA (1 x 1073 m)/PtOEP (1 x 107* m) polystyrene:THF
solution (blue squares). For the NPs, the absorbed flux was calculated by
considering only the fraction of PtOEP involved in ET to DPA.
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involved in the ET to the DPA. The corresponding QY traces are
shown in Figure S6E, Supporting Information. Iy, corresponds
to the power at which the spontaneous decay rate of the excited
acceptor triplets equals the TTA rate. Above Iy, the overall effi-
ciency of the systems becomes constant, reaching its maximum
value.'" Therefore, Iy, determines if a system is suitable for
solar applications or not.

It is easy to demonstrate that below I, the up-converted PL
increases as the square of the exciting power, while above this
value the increase is only linear'! From an experimental point
of view, Iy, can be evaluated by plotting the up-converted PL as a
function of the excitation power in a log—log plot (as in Figure 4)
and looking at the excitation power at which the curves change
their slope from two to one. For the NP, sample (Figure 4, red
circles), the calculated slopes are very close to the expected ones,
being m, = 1.92 (quadratic versus L) and m, = 0.96 (linear versus
Iexo) for the low- and high-excitation-power-density regimes, respec-
tively (for the NP, sample, because of the strong light scattering,
the only regime carefully analyzable is the first one, where the
calculated slope is ny = 1.90).1 The corresponding Iy, is 1.5 x
10! ph cm™ s (5.6 mW cm™), not far from solar irradiance,
considering that the width of the PtOEP absorption peak around
530 nm is about 15 nm. The measured value is almost equal to that
of the prepared viscous solution (Figure 4, blue squares). These
findings confirm the effectiveness of sensitized up-conversion
within the NPs. As I, did not change by tuning the NP concentra-
tion in the suspension (Figure S4E, Supporting Information), this
demonstrates that each NP worked as a single up-converting unit.
NPg,sp and NPg;,,, show the same QY (3.7% and 3.0% respectively)
within experimental accuracy, the highest reported so far for up-
converting systems in a solid environment.*l Moreover, this value
is not far from that obtained for the dyes in the THF:polystyrene
solution (7.7%), without any dramatic efficiency drop moving from
the solution to the solid state.*>*]

The origin of the up-conversion QY difference in bulky rigid
polymeric matrices and in NPs is not completely clear. Besides
the oxygen shielding effect, we can draw some hypotheses:
i) the local environment in the NP affects the DPA electronic
structure and thus its intrinsic properties; ii) the interaction
with the host matrix is too small to strongly reduce non-radiative
mechanisms, determining the DPA triplet lifetime; iii) a latter
possibility under investigation is the formation of coherent
states delocalized on the whole DPA framework inside the NP.

3. Conclusions

In summary, sensitized photon up-conversion from 532 nm to
435 nm was successfully obtained in PtOEP/DPA-doped polymer
NPs in both an aqueous suspension and drop-cast films. The I,
was as low as a few mW ¢cm™2, approaching solar irradiance, and
the up-conversion efficiency of our solid samples was comparable
to that of the corresponding dye solution. The dyes embedded
within the NPs provided the crucial benefit of shielding both
the chromophores from the external environment, preventing
quenching by oxygen and suggesting a more-general employ-
ment of this material as a dye-protective shell. Finally, contrary
to solution standard samples, in which the relative dye concen-
tration is a crucial parameter, the observed kinetics were exactly
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the same for both NPg., and NPgy, (see Figure S2E, S3E,
and S4E, Supporting Information). Each NP worked as single
up-converting unit; thus, the obtained results offer the possibility
of tuning the average dye concentrations in every solid system
by varying the amount of embedded NPs, preventing typical con-
centration quenching effects such as self-absorption and allowing
the manipulation of the material's optical density.

4. Experimental Section

NP Preparation and Doping: An aqueous suspension of nanoparticles
(NPs) of 16 nm diameter was prepared by copolymerization in
a microemulsion stabilized with the cationic surfactant DTAB
(15 wt%) using a procedure described previously.®3’1 A microemulsion
was prepared by progressive addition of a mixture of monomers
(styrene/divinylbenzene/vinylbenzylchloride: 3.6/34.6/11.9 mmol) and
2,2-dimethoxy-2-phenylacetophenone (radical photoinitiator, 1.3 mmol)
to 220 g of a 15 wit% solution of DTAB in demineralized water, under
gentle magnetic stirring. The resulting microemulsion was degassed
with nitrogen for 30 min and the polymerization was then carried out
under white-light irradiation using two 60 W lamps, at room temperature
under nitrogen, for 24 h. Chromatographic analysis indicated complete
polymerization of all of the monomers. A stable, translucent, aqueous
suspension of halobenzyl-functionalized nanoparticles was obtained.
Cyclam-functionalized nanoparticles (NPs) were obtained by adding
1.30 g of cyclam (6.48 mmol) to 60 g of a crude suspension of the NPs.
The mixture was stirred at room temperature for one week. The excess
of cyclam was then removed by dialysis through a porous cellulose
membrane (molecular-weight cut-off (MWCO) = 12 000 g mol™') towards
an aqueous solution of DTAB (15 wt%). A stable, translucent aqueous
suspension of cyclam-functionalized nanoparticles (NPs) was obtained.

Cyclam-functionalized nanoparticles were used in order to provide
proper colloidal stability. The average particle diameter, deduced
from dynamic light scattering (DLS), was 16 nm (polydispersity index
(PDI) = 0.06); the particle content in the suspension was 4 wt%.
80 L of a DCM solution containing DPA ([DPA] = 38.58 mmol L") and
PtOEP ([PtOEP] = 0.79 mmol L") were added to 2 mL of an aqueous
suspension of the nanoparticles. The resulting mixture was stirred at
room temperature for 3 h in a capped sample tube. The tube was then
uncapped and the solution was stirred for an additional 12 h to allow
evaporation of the DCM. The suspension was filtered through a 0.2 um
MF-Millipore™ filter before use. The average numbers of molecules of
DPA (50) and PtOEP (1) encapsulated per particle were deduced from
the values of the absorbance of DPA at 374 nm (€=15 500 mol™' L cm™
in DCM)B®38 and of PtOEP at 380 nm (¢ = 290 000 mol™" L cm™ in
toluene) and 535 nm (=174 000 mol™" L cm™ in toluene).l*"]

In the mother solution, the concentration of NP was 31 umol L' and
the concentrations of DPA and PtOEP were: [DPA] = 1.55 mmol L™ in
solution, [PtOEP] = 0.031 mmol L™ in solution; [DPA] = 38.75 umol g™
of polymer, [PtOEP]=0.775 umol g~' of polymer; [DPA]=38.75 mmol L™" of
polymer, [PtOEP] = 0.775 mmol L' of polymer; [DPA] = 0.117 pug g~' of
polymer, [PtOEP] = 1.065 ng g™' of polymer.

Photophysical Studies: The optical-absorption measurements were
carried out using a Cary Varian 50 Spectrometer with a bandwidth of
1 nm and using quartz cuvettes with an optical path of 0.1 cm (for the
suspensions). For the steady-state PL measurements, a Coherent Verdi
TEMOO CW laser at 532 nm (2.33 eV) was used as the excitation source,
and a nitrogen-cooled charge coupled device (CCD) (Spex~2000) coupled
to a polychromator (Triax 190 from J-Horiba) with a bandwidth of 0.5 nm
was used for the signal detection. The time-resolved PL measurements
involved excitation at 532 nm (2.33 eV) using the Il harmonic of a
Nd:YAG laser (Laser-Export Co. LCS-DTL-374QT), and detection in
photon-counting mode using a Hamamatsu R943-02 photomultiplier
connected to an Ortec 9353 multichannel scaler. Overall, the time
resolution was better than 50 ns. Laser stray-light was reduced using a
532 nm notch filter. All of the measurements were performed at room
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temperature (RT), and were corrected for the instrumental spectral
response. None of the investigated samples showed any photoinduced
degradation at the excitation power investigated. The up-conversion QY
for the NP5, aqueous dispersion was measured using Rhodamine B as
a fluorescence standard (see Figure S6E, Supporting Information), while
for NPg;m, the yield was measured using an integrating sphere and the
method reported by de Mello et al.*’]

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Charge-Carrier Balance and Color Purity in Polyfluorene
Polymer Blends for Blue Light-Emitting Diodes

Li-Ping Lu, Dinesh Kabra,* Kerr Johnson, and Richard H. Friend*

A study of an efficient blue light-emitting diode based on a fluorescent aryl
polyfluorene (aryl-F8) homopolymer in an inverted device architecture is
presented, with ZnO and MoO; as electron- and hole-injecting electrodes,
respectively. Charge-carrier balance and color purity in these structures are
achieved by incorporating poly(9,9-dioctylfluorene-co-N-(4-butylphenyl)-
diphenylamine (TFB) into aryl-F8. TFB is known to be a hole-transporting
material but it is found to act as a hole trap on mixing with aryl-F8. Lumi-
nance efficiency of ~6 cd A~ and external quantum efficiency (EQE) of 3.1%
are obtained by adding a small amount (0.5% by weight) of TFB into aryl-F8.
Study of charge injection and transport in the single-carrier devices shows
that the addition of a small fraction of hole traps is necessary for charge-
carrier balance. Optical studies using UV-vis and fluorescence spectroscopic
measurements, photoluminescence quantum yield, and fluorescence decay
time measurements indicate that TFB does not affect the optical properties
of the aryl-F8, which is the emitting material in these devices. Luminance
efficiency of up to =11 c¢d A~' and EQE values of 5.7% are achieved in these
structures with the aid of improved out-coupling using index-matched

as ketones are an electron-withdrawing
group and have a low-lying lowest unoccu-
pied molecular orbital (LUMO).I% Overall,
it is difficult to obtain pure blue color in
polyfluorene-based diodes due to defects
as well as excimer formation!? and recently
the role of triplet states in green emission
has also been reported.”l A poly-spirobif-
luorene (spiro-F8) polymer was developed
to address this problem. In the spiro-F8
molecule, a sp*>hybridized carbon atom,
C-9, connects the two fluorene units and
results in a spiro-bridge. The two fluorene
planes are orthogonal to each other which
prohibits close-packing and therefore pre-
vents excimer formation, as the twisted
molecular structure makes n—7 stacking
virtually impossible. Spiro-F8 leads to
increased stability and stack-reduction in
comparison to F8, hence bathochromic
shifts caused by aggregation and ketone

144  wileyonlinelibrary.com

hemispheres.

1. Introduction

Since the discovery of electroluminescence from conjugated-
polymer-based diodes in the late 1980s,! polymer light-emit-
ting diodes (PLEDs) have been a research field of great interest
due to their potential use in display and lighting applications.
Amongst the three primary colors, blue is the most critical for
these applications as color purity, efficiency, and device stability
are still significant issues. Polyfluorenes (F8) are promising and
very well-studied blue light-emitting polymers due to their wide
band-gap and high photoluminescence quantum efficiency.2-
In previous studies, polyfluorene PLEDs have been reported to
show high injection barriers for holes due to their deep highest
occupied molecular orbital (HOMO) level.P’! Also, electron trans-
port is very often limited by traps which are caused by defects
or impurities during synthesis. During device operation, ketone
defects have been observed and these result in color impurity
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formation due to oxidation of the C-9

atom are thus suppressed.® The spiro-F8

homopolymer can reduce green emission

significantly as compared to pure F8but
device efficiency is still poor due to the high injection barrier
for holes since spiro-F8 also has a similarly deep HOMO level
of 59+ 0.2 eV.

Recently, Blom and co-workers showed that device efficiency
can be increased significantly by using modified spiro-F8 with
attached hole-transporting molecules.”) Similar approaches
were used previously in the case of F8-based PLEDs.[10-12]
This approach reduces the hole-injection barrier and improves
charge-carrier balance. However, such modification in chem-
ical structure needs careful design so that it does not obstruct
charge transport, nor produce any charge-transfer states which
can affect photoluminescence (PL) quantum yield. Herein we
use a new aryl-F8 polymer for our PLED studies (see the chem-
ical structure in Figure 1c); it showed high PL quantum effi-
ciency (PLQE) of 70%, which is greater than those of F8 (55 *
5%) and spiro-F8,13 a wide band-gap, and a deep HOMO level
at 5.9 eV (see Figure 1b and Figure 2). Aryl units attached to
polyfluorene prevent stacking of polymer chains and reduce
the chance of oxidation of the C-9 atom, as is the case with
polyfluorene with different functional groups!'l and spiro-FS8.
Also, with the introduction of the alkyl chains at carbon atoms
on the aryl units, the solubility of the polymer can be tuned
without changing the electronic structure of the polymer, as
seen for other polyfluorene polymers.[>13 Our previous studies
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Figure 1. a) Inverted hybrid light-emitting diode structure, b) visualization of band offsets at
the aryl-F8:TFB heterojunction. HOMO and LUMO correspond to the ionization potential and
the electron affinity, respectively. HOMO energies, with respect to vacuum level, were esti-
mated from cyclic voltammetry to be 5.3 eV (TFB) and 5.9 eV (aryl-F8). Chemical structures of

c) aryl-F8 and d) TFB.
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Figure 2. a) Absorption and fluorescence spectrum for aryl-F8 (blue line)
and TFB (black line) polymer films and b) fluorescence decay time of
TFB, aryl-F8, and aryl-F8:TFB blends on quartz substrate at an emission
wavelength of 465 nm. Excitation laser wavelength was 407 nm.
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on inverted structure devices (see Figure 1la)
demonstrated that MoO; provides ohmic hole
injection in deep HOMO level systems due to
formation of a p-doped surface layer.'®'”l For
the cathode, n-type metal oxide (ZnO) modi-
fied with Cs,CO; can provide promising elec-
tron-injecting properties similar to a Ca/Al
contact due to possible interfacial doping into
the polymer, as seen in other organic semicon-
ductor systems.['¥ Aryl-F8 is therefore a prom-
ising blue light-emitting polymer for PLEDs
in an inverted structure. However, electron
injection is expected to be more difficult then
hole injection, so these devices are likely to be
dominated by hole currents. By introducing
a small fraction of poly(9,9-dioctylfluorene-
co-N-(4-butylphenyl)-diphenylamine (TFB; see
chemical structure in Figure 1d), to aryl-F8
we can achieve better charge balance and also
reduced red-shifted emission on electrical
excitation. This molecular additive is known
to be a good hole-transporting material in
PLEDs, "l however we find it acts as a hole
trap on mixing with aryl-F8.

2 Vs avs

Ho

2. Results and Discussion
2.1. Aryl-F8 Polymer

The aryl-F8 polymer was procured from Cambridge Display
Technology, UK, with a molecular weight (M,) of 380k and a
polydispersity index (PDI) of 2.7. Electrochemistry measure-
ments ascertained the HOMO level to be at 5.9 eV with respect
to vacuum level. Atomic force microscope imaging of the
homopolymer film and blend showed very similar morphology
and there were no evident separate phases of Aryl-F8 and TFB
with rm.s. roughness below 5 nm (see Supporting Informa-
tion, Figure S1).

2.2. Optical Studies

We characterized the aryl-F8 polymer and blends of
aryl-F8, x:TFBy films (thickness = 30 nm, different weight frac-
tions of TFB additive in aryl-F8 from 0.1% to 1%) using UV-Vis
absorption, PL emission and fluorescence decay-time studies.
The absorption and fluorescence spectra for the homopolymer
and TFB are shown in Figure 2a. We note that emission
from TFB is red-shifted by comparison to the aryl-F8 so we
should expect to see emission from TFB upon exciton migra-
tion towards heterojunctions. Therefore, we carried out these
studies to understand the influence of TFB addition on the
optical properties of aryl-F8.

The UV-Vis absorption of the blend films illustrates that the
absorption intensity decreases with increased TFB ratio; however
the position of the absorption peak is not shifted and no new
spectral feature was observed as compared to the homopolymer
film prepared on quartz substrate. The fluorescence spectra
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also showed no changes between the aryl-F8 and aryl-
F8,xTFBy blends (see Figure S2a). Fluorescence spectra
showed clear vibronic peaks of electronic transitions with
almost constant energy separation of =150 meV, which is asso-
ciated with a C=C bond-stretching mode. These spectral studies
reveal that there are no new states being populated due to the
addition of small fractions of TFB to the homopolymer. We
also found that there is no difference in fluorescence spectra
between annealed and nonannealed aryl-F8, TFB, film blends
measured under high vacuum (10~° mbar), which confirms the
lack of B-phase formation that is seen in F8.% The PL quantum
yield of blend films also did not alter from the pure aryl-F8 film
and remained similar at 70 + 3%. Furthermore, the study of
the fluorescence decay time confirmed that the decay time is
not significantly influenced by the TFB additive in the aryl-F8
polymer, with similar decay times as shown in Figure 2b for
the aryl-F8 and aryl-F&TFB blends at an emission wavelength
of 465 nm. TFB is found to have a much longer decay time
than aryl-F8 and aryl-F8:TFB blends (see Figure 2b). Similar
decay times were also observed for the other vibronic peaks
(see Figure S2b—d) arising from the homopolymer and blends.
It is important to note that on mixing TFB with aryl-F8 we do
not see long-lived red-shifted exciplex emission, in agreement
with the absence of exciplex formation in F8: TFB blends with
very similar energy levels.?!) This observation further confirms
that emission is coming from bulk aryl-F8 in polymer blends
and excitons are not trapped at heterojunctions. These studies
indicate that the addition of a small fraction of TFB does not
change the optical properties of the aryl-F8 homopolymer.

2.3. Single-Carrier Devices

Single-carrier devices of aryl-F8 and aryl-F8, x:TFBy films were
prepared using similar work-function electrodes in a sandwich
configuration. The purpose of this study was to understand
charge transport along with the selection of the optimum
charge-injecting contacts to achieve the best charge-carrier bal-
ance in bipolar devices. Optimum charge-carrier balance results
in high efficiency and prevents efficiency roll-off in PLEDs.

2.3.1. Hole-Only Devices

To understand the influence of the TFB additive in aryl-F8 on
hole injection and transport, hole-only devices with aryl-F8 and
aryl-F8, . TFB, blends were fabricated by replacing the ZnO/
Cs,CO;3 layer with poly(3,4-ethylenedioxythiophene):poly(styre
nesulfonate) (PEDOT:PSS; see Figure 1a). Structures of ITO/
PEDOT:PSS/aryl-F8, x:TFBx/Mo0O;/Au support only hole injec-
tion from either of the contacts, so this set-up provides bulk
hole-conduction properties for aryl-F8,  TFB, films. J-V char-
acteristics of the homopolymer hole-only devices are shown in
Figure 3 (for blend see Figure S3)

We observed that MoO; provides ohmic hole injection in
aryl-F8 as the hole current from the MoO;/Au contact is five
orders of magnitude higher than the current injected from the
PEDOT:PSS side, as found in our previous work with a similar
HOMO-level polymer system.['l We found that the hole current
decreases significantly with increasing amount of TFB additive
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Figure 3. J-V characteristics for hole-only (ITO/PEDOT:PSS/aryl-F8/
MoOs/Au) (e, O) and electron-only (ITO/ZnO/Cs,CO;z/aryl-F8/Ca/Al) (m,
0) devices with a polymer layer thickness of 500 nm. Hole-only current
injected from the MoO3/Au (O) side was fitted using the Pool-Frenkel
enhanced SCLC model for Vo= 0.5 V.

in aryl-F8 (see Figure S3). To model these J-V characteristics,
we adopted the Mott—-Gurney space-charge-limited current
(SCLC)®?2l combined with field-dependent mobility!?*l and used a
simplified form of SCLC enhanced by the Pool-Frenkel model?4
which takes care of shallow traps, as illustrated by Equation (1):

J= gsmuo(v_dif") exp (BV(V = Vo)) M)

where ] is the current density, ¢, the dielectric constant, wo
the zero-field mobility, V the applied voltage, V; the built-in
voltage, d the thickness of the active layer, and 3 is a parameter
which describes the field-dependence effect.

The hole mobility and f values were obtained by fitting J-V
curves (see in Figure S3) using Equation 1 and are summa-
rized in Table 1. V, was 0.5 V, as extracted from the [-V curves
as the voltage at which the current starts to deviate from the
exponential diffusion current.?’] From the J-V measurements,
we observed that the current reduced by almost three orders
of magnitude when a small amount of TFB (0.1%) was added
to aryl-F8, but this tendency becomes less pronounced upon
TFB addition of up to 1%, with only a small further decrease.
A plausible interpretation might be that TFB has a HOMO level
of 5.3 eV,?l which is higher than that of aryl-F8 (5.9 eV) (see
Figure 1b) and so it introduces hole traps. We also note that

Table 1. Hole-transport parameters extracted by fitting hole-only current
injected from MoOj3/Au side in ITO/PEDOT:PSS/Aryl-F8; x:TFBy/MoO3/
Au hole-only device using Equation 1 for constant Vo =0.5 V.

TFB doping in aryl-F8 Hole mobility (io)

[wt.%)] [em2V7sT] [em'/2 V177
0 2.0x10°¢ 2.59
0.1 7.46 x 1077 0.97
0.5 3.31x 1077 0.62
1 1.32x 107 0.64
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the B value decreases rapidly upon addition of TFB, which is
difficult to interpret as we would expect it to increase on intro-
duction of traps considering the J-V curves are well fitted by
Equation 1 for a constant V,. However, we were mainly inter-
ested in getting a parameter to control hole currents in aryl-F8
to achieve charge-carrier balance, which we demonstrate in
Table 1 (also in Supporting Information Figure S3). We note
the similar hole mobility for aryl-F8 as compared to previous
reports on analogous spiro-F8 molecules.?”]

2.3.2. Electron-Only Devices

Electron transport in conjugated polymers is hard to measure
due to intrinsic traps’®! and thin insulating oxide layer formation
at low work-function injecting contacts. Electron-only devices
are usually fabricated by sandwiching the semiconducting layer
between two thermally evaporated low work-function metals.
In this case the bottom layer makes a thin oxide layer which
can reduce the true electron current extraction. However, we
recently reported a new electron-only device structure, in which
the bottom electron-injecting contact is prepared in air by solu-
tion processing. These devices were fabricated by replacing the
top contact MoO3/Au with Ca/Al from the bipolar devices shown
in Figure 1a. We show J-V characteristics of the homopolymer
in Figure 3 for electrons injected from either contact in a ITO/
Zn0/Cs,CO;/aryl-F8, x:TFBy/Ca/Al structure. The J-V curves
of these devices show some scatter from device to device, but a
very similar current injection from either contact electrode for
aryl-F8, x:TFBy blend films of =500 nm thickness.

Electron-only J-V curves did not fit with the Pool-Frenkel
enhanced SCLC model and seemed to be limited by deep traps
and/or injection barriers. We note that at the device operational
voltage (>4 V) the hole current is almost three orders higher
than electron current for the homopolymer, hence adding hole
traps is necessary to achieve charge-carrier balance. However,
we found that the electron current also dropped four- to five-
fold on introduction of TFB, which may be due to the low
electron mobility of TFB and reduced pathways in aryl-F8 for
electron transport. Thus, in the case of blends we get better
charge-carrier balance due to greater influence of TFB on hole
current.

2.4. Bipolar Devices

Bipolar devices were made in conventional (ITO/PEDOT:PSS/
aryl-F8, x:TFBy/Ca/Al) and HyLED (ITO/ZnO/Cs,CO;/aryl-
F8, xTFByx/Mo00s/Au) structures. We found that conventional
structures give almost five times lower efficiency than HyLED
structures, so we focused our studies on HyLED structures (con-
ventional structure J-V-L and efficiency data is in Figure S4).
We varied the thickness of the emissive layer from 300 —-600 nm
and found that devices thinner than 500 nm show lower lumi-
nance efficiency and stability and also break down more quickly
than thicker devices. Devices thinner than 300 nm are highly
unstable in the HyLED structure, possibly due to high current
density arising from the doped emissive polymer region at
either end of the emissive layer and inherent ITO/Zn0O/Cs,CO;
substrate roughness. Further increase in thickness of device
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Figure 4. EL spectra of aryl-F8,.y: TFBy blends in inverted HyLED struc-
tures with an emissive layer thickness of 500 nm.

from 500 nm resulted in higher operating voltages, hence we
used emissive layer thicknesses of 500 nm for our studies.

2.4.1. Electroluminescence Spectrum

Electroluminescence (EL) spectral studies on aryl-F8; x:TFBy
blends were performed using the HyLED structure, and the
results are shown in Figure 4. We observed that for homopolymer
HyLEDs the dominating contribution comes from emission
peaks at 530 and 570 nm. We note that these peaks were not
observed in PL measurements on the same device before and
after LED operation (see Figure S5). This undesirable green
emission is also the source of overall decrease of the lumines-
cence efficiency, as shown in a previous report for other poly-
fluorene blue emitters.?8 The origin of the green emission is
still a source of debate within the conjugated polymer com-
munity;?”! whether it is due to interchain interactions such as
aggregates and excimersPY or oxidative (keto) defects formed
along the polymer backbone.?l However, this green emission is
suppressed strongly by mixing just 0.1% TFB into the aryl-F8
and it is further improved towards blue emission by increasing
theTFB content in the homopolymer. This result can be mainly
attributed to reduced charge-carrier density in aryl-F8; x:TFBy
blend bipolar devices, as shown in Figure 5. Reduced current
densities in blend devices are consistent with hole-only devices.
The EL spectra show two emission peaks at 430 and 450 nm
which resemble the fluorescence of the aryl-F8 polymer and
are assigned to the m—7n" transition. The peak at 480 nm in EL
spectra is also one of the vibronic features observed in the PL
spectra of aryl-F8. A detailed investigation on the reduction of
green emission by addition of TFB to aryl-F8 needs a careful
spectroscopic study to track exciton dynamics, which is being
pursued in our laboratory. However, a qualitative explanation
may be that there is a high probability of trapping of charge
carriers on defect sites as compared to excitons generated by
optical excitation due to limited diffusion length of excitons in
aryl-F8, and TFB addition clearly controls trapping of charge
carriers to those defect sites, as shown in Figure 4.
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Figure 5. a) J-V-L characteristics and b) luminance efficiency and external
quantum efficiency of the HyLED for different additive concentration of
TFB in aryl-F8 with a layer thickness of 500 nm. Solid symbols correspond
to left and open symbols correspond to right y axis in both panels.

2.4.2. |-V-L Characteristics

We made HyLED structures, as shown in Figure la, for dif-
ferent weight fractions of TFB in aryl-F8. The J-V-L character-
istics and efficiency data of these devices are shown in Figure 5a
and Table 2. We observed the operating voltages gradually
increase with increasing TFB additive in aryl-F8 and bipolar cur-
rent for the homopolymer reduced as compared to the hole-only
device. Reduction in bipolar current for the homopolymer will be
explained later in this section, while discussing the role of Cs,CO;
interlayer. From our single-carrier device measurements we know
that this polymer has injection- and/or trap-limited electron cur-
rent and MoOj provides ohmic injection with hole mobility that
is a factor of two to three higher in the homopolymer. Due to this,
hole current builds-up near the Cs,CO;/polymer interface and
redistributes the electric field to facilitate electron injection into

Table 2. Summary of HyLED characteristic parameters obtained from
Figure 5.

TFB doping in aryl-F8 Bias @ Brightness [cd ~ Luminance Effi-  EQE

[wt.%)] 10 mA cm™ m?| ciency [cd ATl [%]
0 72V 1000 @10V 1.0@11V 0.5
0.1 9.8V 1000 @11V 5.0@12V 2.5
0.5 169V 100 @12.6 V 59 @18V 3.1
1 7.8 @19V 100 @14.8 V 54 @19V 2.8
0.5 (with hemisphere) 169V 1000 @16.5 V 11 @18V 5.7
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the polymer layer.332 Since Cs,CO; blocks holes, the higher the
hole-current density the lower the diode turn-on voltage. We note
that addition of 0.1% TFB significantly reduces bipolar current
density, which is consistent with hole-only device measurements,
without affecting turn-on voltages, as shown in Figure 5. How-
ever, increasing the amount of TFB additive further improves
device efficiency, although at the expense of reduced bright-
ness and higher operating voltages, as summarized in Table 2
and shown in Figure 5. A maximum luminance efficiency was
achieved when 0.5% TFB was added to aryl-F8, i.e., 5.9 cd A7},
corresponding to an external quantum efficiency (EQE) of 3.1%
and CIE coordinates of (x = 0.186, y = 0.242).

Luminance efficiency and EQE values gradually increase
with operating voltage and saturate at higher operating bias.
We do not observe the commonly seen efficiency roll-oft for
thin devices in our HyLEDs before they break down. We can
interpret the increase in efficiency with applied voltage as being
due to a balancing of charge carriers and/or movement of the
recombination zone in the bulk of the polymer, i.e., away from
the Cs,COj3/polymer interface. It has been proposed previously
for the F8/Cs interface that Cs forms two new bipolaron states
at the interface in photoemission spectroscopy studies, which
is detrimental to radiative recombination in PLEDs.**l We have
also seen previously that a Cs,COj; interlayer introduces optical
losses as compared to a ZnO/polymer interface.'®! At higher
operating voltages shallow traps are also screened by applica-
tion of an electric field, which can reduce trap-assisted recombi-
nation losses observed in PLEDs.

To understand the role of the Cs,CO; interlayer we studied
bipolar devices with and without this interlayer to identify the
influence of trapped and interfacial charges on device perform-
ance.? By comparing the hole-only current density with bipolar
currents in diodes with and without Cs,CO; based on homo-
polymer and blend, we obtained further insight into how TFB
and Cs,CO; affect charge injection and transport in the inverted
structure. Aryl-F8 has a high hole mobility (=10° cm? V-1 s7}),
as indicated in Table 1; its hole-only current density is more
than one order of magnitude higher than that in the diodes
(see Figure 6), while usually bipolar current is the sum of single-
carrier currents. However, in this case, Cs,COj; blocks the hole-
leakage current. Also Cs!* belongs to the alkali metal group, so
tends to diffuse into the polymer,?® and that introduces interfa-
cial traps for holes which may also lower the mobility of holes.
The current density of diodes without Cs,COj; is comparable
to that of the hole-only, but no luminescence was observed as
holes travel to the cathode and leak through subgap states of
the ZnO layer; this confirms the importance of a hole-blocking
layer. However, by introducing hole traps we reduce hole cur-
rent significantly in both single-carrier devices and in diodes so
the bipolar current is similar to the hole-only current at higher
operating voltages, shown for the case of 1% TFB additive in
Figure 6. At lower operating voltages, reduced bipolar current
can be explained by interfacial trapping by the Cs,COj; inter-
layer. To verify the trapping effect of Cs,CO3, we also ran these
bipolar devices based on pure homopolymer in different sweep
directions with successive operating voltage steps of 0.1 V, as
illustrated in Figure 7. The current density curves overlap when
the device is run upwards and downwards in an inverted diode
without Cs,COj; interlayer, whereas they form a hysteresis loop
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Figure 6. J-V characteristics of homopolymer aryl-F8 (solid) and aryl-
F8999: TFByg blend (empty) in hole-only device injected from MoOs/Au
side (circle), bipolar current in inverted diodes without Cs,CO; (square)
and with Cs,CO; (triangle). Thickness of polymer layer was 500 nm for
all measurements.

in the inverted structure using a Cs,COj; interlayer. This result
indicates that Cs,CO; does introduce interfacial traps and/or
charges in the polymer film and causes a barrier for electron
injection, which is consistent with the lower turn-on of the
device observed while running the device downwards. With
increased operating voltage, we observe that the J-V curves
completely overlap again since all the traps are already filled
and conduction is more bulk-limited. We note that without a
Cs,CO; interlayer, current magnitudes are always higher.

One of the major issues that needs addressing in organic
LEDs is the out-coupling of the emitted light, which holds back
optimal device performance.’”) By mounting an index-matched
glass half-sphere with an index-matching oil onto the glass sub-
strate, we can reduce total internal reflection at the substrate/air
interface (see Figure S6)%¥ and achieve even higher efficiency
values of 5.7% EQE and luminance efficiency of 11 cd AL
This further improvement is, however, still significantly less
than predicted due to considerable nonidealities like size and
position of the HyLED in the optical setup as well as residual
light scattering at the substrate/oil/hemisphere interfaces due
to imperfect index-matching and interfacial unevenness. Thus,
there is further room for optimization if a perfectly coupled
hemisphere were used.

3. Conclusions

The device performance of aryl-F8 blue emissive polymer-based
light-emitting diodes in an inverted structure has been studied
and optimized to achieve charge-carrier balance and color purity
by use of a polymer additive. By adding small amounts of TFB
into the aryl-F8, the device performance is greatly improved
from 1 cd A in a pure aryl-F8 to 5.9 cd A™! in the blend of aryl-
F899 50 TFB( 59, Further, for this blend ratio, luminance effi-
ciency up to 11 c¢d A™! was achieved by improved out-coupling
using an index-matched hemisphere lens. Aryl-F8:TFB blends
show significantly higher performance than aryl-F8 only,
without compromising the optical properties, which could be a
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Figure 7. J-V characteristic of 500-nm-thick aryl-F8 layer based HyLEDs
a) without Cs,CO; and b) with Cs,CO; interlayer, measured in different
sweep directions with delays of 100 ms in consecutive steps of 0.1 V.

future route to electrically pumped organic laser diodes, as sug-
gested by Song et al.l3

4. Experimental Section

Fabrication: Indium—tin oxide (ITO) substrates were cleaned separately
in acetone and isopropanol in an ultrasonic bath for 10 minutes each,
sequentially. For hole-only devices, substrates were treated with oxygen
plasma and spin-coated with PEDOT-PSS followed by annealing at
230 °C under nitrogen for 30 minutes. For inverted diodes, substrates
then were heated to 400 °C to deposit zinc oxide by spray pyrolysis
from the organic precursor zinc acetate dihydrate dissolved in methanol
(80 g L. Cs,CO; was dissolved in 2-methoxyethanol (7 g L™'; Fluka)
at 80 °C and spin-coated onto the ZnO layer at 3000 rpm. Aryl-F8
(procured from Cambridge Display Technology, M, = 386k, PDI = 2.7)
and TFB (procured from Cambridge Display Technology, M, = 130k) were
dissolved in mixed xylene isomers at 80 °C with the concentration of
30 g L' for aryl-F8 and 3 g L™ for TFB and then mixed to form aryl-F8,.:
TFB, blends by mixing in different weight fractions. The polymer blends
were spin-coated directly upon Cs,CO; films. All samples were annealed
at 120 °C under nitrogen for one hour. Film thicknesses for these films
were measured using a Dektak profilometer and found to be around
500 + 30 nm. We also prepared similar films of different concentration
(film thickness 30 £ 5 nm) on quartz substrates for optical studies.
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Finally, all the samples were transferred to a thermal evaporation
chamber for MoO3 (10 nm; powder, 99.999% from Testbourne) and Au
(70 nm) deposition under high vacuum of 1 x 10° mbar. The devices
were then encapsulated under inert conditions.

Optical and Electrical Measurements: The absorption spectra in this
work were measured using a Hewlett Packard 8453 UV-Vis spectrometer,
with an operating spectral range of 280-1100 nm on quartz substrates
for film thicknesses of about 30 nm. PL decay kinetics were measured
by time-correlated single photon counting (TCSPC). The excitation
source was a pulsed 407 nm, 80 ps full width at half maximum, 10 MHz
diode laser (PicoQuant LDH400) and the luminescence was detected
using a microchannel-plate photomultiplier (Hamamatsu Photonics)
coupled to a monochromator and TCSPC electronics (Lifespec-ps and
VTC900 PC card, Edinburgh Instruments). With the same 407 nm laser
excitation source, PL spectra were taken using a 500 mm spectrograph
(SpectraPro2500i, Princeton Instruments) combined with a charge-
coupled device (CCD) camera (PIXIS 100-F, Princeton Instruments).
Current density (Keithley 2400 source measurement unit) and brightness
(Keithley 2000 multimeter) versus applied voltage (Keithley 2400
sourcemeter) characteristics for the LEDs were measured in air using
a calibrated reference Si photodetector located in the forward direction,
typically at a distance of 42 mm from the substrate. EL spectra were
recorded with a multimode optical fiber (diameter = 600 um) attached
to an intensity calibrated Ocean Optics USB2000 spectrometer

Angular Emission Profile and Optical Out-Coupling Measurements: An
angular stage was used to collect EL spectra at various angles from 0°
to 85° while keeping the device stationary and moving the optical fiber
attached to the Ocean Optics USB 2000 spectrometer while maintaining
a distance of 24 mm from substrate, with and without a hemisphere
mounted on the device. These profiles were used to estimate the
absolute efficiency of the HyLEDs.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Stoichiometry Controlled, Single-Crystalline Bi,Te;
Nanowires for Transport in the Basal Plane

Nicola Peranio,*

Thermoelectric Bi,Te; based bulk materials are widely used for solid-state refrig-
eration and power-generation at room temperature. For low-dimensional and
nanostructured thermoelectric materials an increase of the thermoelectric figure
of merit ZT is predicted due to quantum confinement and phonon scattering at
interfaces. Therefore, the fabrication of Bi,Te; nanowires, thin films, and nano-
structured bulk materials has become an important and active field of research.
Stoichiometric Bi;Te; nanowires with diameters of 50-80 nm and a length of

56 Lum are grown by a potential-pulsed electrochemical deposition in a nano-
structured Al,O; matrix. By transmission electron microscopy (TEM), dark-field
images together with electron diffraction reveal single-crystalline wires, no grain
boundaries can be detected. The stoichiometry control of the wires by high-accu-
racy, quantitative enegy-dispersive X-ray spectroscopy (EDX) in the TEM instru-
ment is of paramount importance for successfully implementing the growth
technology. Combined electron diffraction and EDX spectroscopy in the TEM
unambiguously prove the correct crystal structure and stoichiometry of the Bi,Te;
nanowires. X-ray and electron diffraction reveal growth along the [110] and [210]
directions and the c axis of the Bi,Te; structure lies perpendicular to the wire axis.
For the first time single crystalline, stoichiometric Bi,Te; nanowires are grown
that allow transport in the basal plane without being affected by grain boundaries.

1. Introduction

Since Hicks and Dresselhaus predicted in 1993 a higher ther-
moelectric figure of merit ZT due to quantum confinement
effects in low-dimensional systems,['~* fabrication of nanowires
have become a main topic of research on thermoelectric mate-
rials. For room temperature applications, Bi,Tes;-based bulk
materials are usually the best choice, since they are known
for their large thermopower (S = 200 uV K1), large electrical
conductivity (o = 1000 Q! cm™), and low thermal conductivity
(A=1.5 W m™! K1) and thereby a high thermoelectric figure of
merit ZT = (S20/A)T=1 at T= 300 K.1*
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Binary and ternary Bi-Te, Bi-Sb-Te,
and Bi-Te-Se nanowires and multilayer
nanowires were grown by various tech-
niques.’1 To achieve a maximum ZT,
a precise control of stoichiometry better
than 1% is one key requirement in Bi,Te;
based materials, since the thermopower
and the electrical conductivity strongly
depend on charge carrier density, e.g.,
Bi-Te bulk materials with a Te content
of 60 at.% revealed p-type character and
a thermopower of 227 uV K7, whereas
n-type conduction and a thermopower of
—224 uV K was observed for 63.5 at.%
Te.™! Particularly for Bi,Te; nanomaterials
an accurate control of the chemical com-
position is required, since in Bi,Te;-based
nanostructured bulk materials non-stoi-
chiometric precipitates were found and
identified as a limiting factor for high ZT
values.?l A second key requirement is
to control the texture of these materials,
since Bi,Te; is known for its anisotropy,
i.e., transport along the basal plane yields
an electrical conductivity three times larger
than transport along the c axis.[?!!

Growth by potential-pulsed electrodeposition was found
to be a promising growth technique.’! Basic requirements
were achieved,’"? but the results were still unsatisfactory:
i) Nanowires were fabricated which showed the optimum tex-
ture but were polycrystallinel'” or which were single-crystalline
but showed an unfavorable crystal orientation with respect to
the wire axis.”] ii) The chemical composition was usually quali-
tatively analyzed by energy dispersive X-ray spectrometry (EDX)
in a scanning electron microscopy (SEM) instrument and/or
transmission electron microscopy (TEM) instrument, resulting
in vague statements such as Bi/Te ratio close to 2:3.5712 iii) The
size of the crystallites was rarely determined although transmis-
sion electron microscopy was used.

Our previous investigation??l revealed that deviations in the
order of 6-7% from optimum stoichiometry of the nanowires
lead to a thermopower reduced to one third of the bulk value.
On the other hand, the power factor S?c could be enhanced
using the pulsed deposition technique. This was mainly due
to the higher degree of crystallinty of the nanowires, which
strongly increased the electrical conductivity. Therefore it is
anticipated that the nanowires presented in this work will
exhibit high power factors. Measurement of thermoelectric
properties results will be presented elsewhere.
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In this work, a thorough analysis of the microstructure,
texture, and chemical composition of Bi-Te nanowires grown
by potential-pulsed electrodeposition is presented. A different
solution was used as compared to a previous report?! (i.e., ion
concentrations of Bi and Te, less-acidic solution), thus reduc-
tion- and relaxation potentials had to be adjusted to reach
optimum composition. The texture was measured by X-ray dif-
fraction (XRD) and selected-area electron diffraction (SAED) in
a TEM instrument. Crystallite sizes were determined by TEM
dark-field images of nanowires in two-beam diffraction condi-
tions. The stoichiometry was analyzed by a high-accuracy EDX
chemical analysis in the TEM instrument, including a reduc-
tion of hole-count artifacts and using Cliff-Lorimer k-factors
calibrated on Bi,(Te,Se); and (Bi,Sb),Te; bulk materials.?324

2. Results and Discussion

A cross-section of the Bi,Te; nanowire array is shown in the SEM
image in Figure 1. Nanowires (2) grew from the bottom gold
layer (1) upwards within the template. A uniform growth of the
nanowires was obtained, the nanowires showed a length of 56 pm
at variations smaller than 10%. Potential-pulsed electrodeposition
is known to be more effective in uniform growth than potentio-
static or galvanostatic electrodeposition.>718] Tt is assumed that
during the relaxation time (t,5) a recovery and redistribution of
the metal ion concentration at the deposition interface occurs
that inhibits a decrease of the concentration of metal ions at the
cathode interfaces during the entire reaction time.Fl Although
the growth front is fairly uniform, beginning overgrowth could
be observed as hemispherical deposits on the top side of the
PAA membrane (4). This is very likely due to slight pore-diam-
eter deviations in the PAA membrane (3). A certain fraction of
pores might provide a better ion supply, being slightly wider than
average, thus leading to an enhanced growth speed.

Figure 2 shows the XRD pattern obtained at the plan-view
bottom section of the Bi,Te; nanowire array with the gold layer

Figure 1. SEM image of Bi,Te; nanowire array in cross-section. 1) bottom
gold layer, 2) nanowires, 3) nanowires with outstanding length, 4) hemi-
spherical overgrowth on top of the membrane.
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Figure 2. XRD diffraction pattern obtained on a Bi,Te; nanowire array.

removed. A scan over a larger range (10-90°) of diffraction
angles was carried out (not shown here). In Figure 2 only (110)
and (300) reflections were found, which proves the strong tex-
ture of the Bi,Te; nanowire array with [110] and [210] axes of the
crystallites being parallel to the wire axis, respectively. Diffraction
peaks of elemental Bi and Te were not observed, indicating that a
complete Bi,Te; phase formation occurred. These results confirm
previous observations~/! that potential-pulsed electrodeposition
is an effective method to grow crystalline, highly textured Bi,Te;
nanowires, preferable to other electrodeposition techniques.

The diameter of the nanowires and the size of the crystallites
within the nanowires were determined by dark-field images of
nanowires under two-beam diffraction conditions using the
(015) reflections (Figures 3a and b). Two parallel nanowires,
labeled (1) and (2), with a length of about 1.7 pm can be seen in
the images. Over this length a single orientation was observed
for both nanowires, the contrast is due to thickness fringes, as
it is well known in electron diffraction. Two-beam dark-field
images are most sensitive to identify the crystallite size, how-
ever, are rarely shown in publications. The diameter of the
nanowires labeled (1) and (2) were found to vary over the length
from 69 to 73 nm. The right-most nanowire, labeled (3), is
thinner, with a diameter of 56 nm. Over larger areas nanowire
diameters varied between 50 nm and 80 nm.

The texture of the nanowires was analyzed in more detail:
i) Diffraction patterns observed at various points of one
nanowire revealed the same reflections over a length of 18 um
(not shown here). ii) High-resolution images of a wire in a pole
orientation were acquired (Figures 3¢ and d), the corresponding
diffraction pattern is shown in Figure 3e. The (00]) Bragg reflec-
tions can clearly be seen, thereby, an angle of 85° between ¢ axis
of the crystallite and the wire axis was determined. From this
diffraction pattern it can also be concluded that the (300) planes
are almost perpendicular to the wire axis. Hence, electron dif-
fraction confirmed the X-ray diffraction results. In summary,
electron diffraction revealed nanowires with (i) the ¢ axis and
the (300) planes being almost perpendicular to the wire axis and
(ii) the (210) direction and the basal plane being parallel to the
wire axis. Single-crystallinity could be proved by electron dif-
fraction over a length between 1.7 pm (Figure 3a) and 18 pum.
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Figure 3. TEM images and electron diffraction pattern obtained in Bi,Te;
nanowires: a,b) Dark-field images obtained with two different {015} reflec-
tions at a sample region with five nanowires labeled 1 to 5. c—e) HRTEM
images and diffraction pattern of a nanowire tilted in [0,-1,0] pole.

The chemical composition and variations in stoichiom-
etry were precisely measured by EDX in the TEM instrument
(Table 1, Figures 4a and D). First, spectra were acquired on

Table 1. Mole fractions obtained in Bi,Te; nanowires by bulk calibrated
EDX the TEM instrument.

Specimen Number of Bi Te
measurements [at.%)] [at.%)]

arbitrarily selected 6 378+1.7 622+1.7
nanowires

thick nanowires 6 37.6+0.4 62.4+0.4
thin nanowires 6 36.9+0.6 63.1£0.1
along one thick 6 37.7+£0.7 62.3+0.7
nanowire

along one thin 6 36.2+£0.8 63.8+£0.8
nanowire
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Figure 4. a,b) EDX spectrum acquired in the TEM instrument on a Bi,Te;
nanowire with a Te mole fraction of 60.9 at.% shown in linear and loga-
rithmic scale. ¢) Low-loss EEL spectrum acquired in the TEM instrument
on a Bi,Te; nanowire.

arbitrarily chosen nanowires, and an average Te mole fraction
of 62.2 at.% was determined (Table 1, line 1). A fairly large Te
variation of 1.7 at.% was obtained which was analyzed in more
detail. The chemical composition was analyzed for nanowires
with different wire diameters (Table 1, lines 2 and 3) and along
the axis of a nanowire (Table 1, lines 4 and 5). Over the length
of one nanowire, small Te variations of 0.8 at.% were found.
However, a slightly larger Te content of 63.1 at.% was found in
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thin nanowires (diameter 50 nm) compared to 62.4 at.% in thick
nanowires (diameter 80 nm). Note, the compositional variations
observed here occurred for wires deposited in the same mem-
brane, different diameters were caused by pore diameter varia-
tions. In preliminary experiments we have found, that the pore
diameter affects the composition of the deposited nanowires.
Thus, adjustments of the electrochemical parameters have to
be performed when the diameter is to be varied. Details of this
investigation will be reported elsewhere.

EDX spectra revealed Bi and Te X-ray lines, as expected, but
also Cu, Fe, Al, and Cr lines (Figures 4a and 4b). The Cu and Fe
X-ray lines are well-known artifacts, generated by stray radiation
hitting the TEM grid, the sample holder, and the pole piece of
the objective lens. The Al and Cr X-ray lines are due to residual
Cr on the surface of the nanowires after dissolving the Al,0,
membrane. An oxygen peak could not be observed, and there-
fore, no significant oxidation of the surface occurred.

Finally, a low-loss electron energy loss spectrum (EELS) is
shown in Figure 4c. A plasmon energy of 16.6 eV was deter-
mined, close to the value found in bulk materials. The low-energy
Bi O, 5 and Te Ny 5 core loss ionization edges are indicated.

The potential-pulsed electrodeposition method was used to
grow single-crystalline, stoichiometric Bi,Te; nanowires. Reduc-
tion potentials of =200 and 250 mV were found to be the most
suitable for nanowires growing in the [110] and [210] direction
and being single-crystalline and close to stoichiometry.

In Bi,Te; materials, (00l) reflections with lattice spacing dygo3 =
1.016 nm unambiguously prove the presence of the highly
anisotropic thombohedral phase and allow to determine the
orientation of the ¢ axis with respect to the wire axis. There-
fore, the nanowires were tilted to the [0,-1,0] pole and showed
the characteristic small spaced (00l) reflections, which were
not presented elsewhere.>791% Dark-field imaging in two-
beam diffraction conditions was found to be the most reliable
method of determining the crystallite size of the nanowires.
Combined with electron-diffraction patterns acquired along the
entire length of the nanowires it proved their single-crystalline
character over a length of several micrometers. In the literature
single-cystallinity was frequently claimed over the full length of
nanowires (Table 2) without an adequate proof as shown here.
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Control of the chemical composition of the nanowires is
of utmost importance, however, precise published measure-
ments are still rare. Quantitative EDX spectroscopy in the
TEM including reduced hole-counts as described here offers
unique possibilities for controlling the chemical composition
precisely.?3?4 In the literature the chemical composition of the
nanowires is unprecisely described, e.g., Bi/Te mole fraction
ratios “close to” 2:3 are reported (Table 2). For stoichiometric
Bi,Te; the Bi-M,,; peak should be markedly higher than the Te
L, peak, and the ratio of integrated counts was obtained as
0.97 for Bi-L/Te-L. In contrast, EDX spectra of Bi,Te; nanowires
published elsewhere, for which stoichiometry was claimed,
revealed the Te-L; peak being markedly higher than the Bi-L,
peak.”! In summary, the calibrated EDX measurements allow
preparation of stoichiometry-controlled Bi,Te; based nanoma-
terials. The chemical homogeneity over the length of the wire
was shown and the chemical composition of the nanowires
varied slightly with the wire diameter.

3. Conclusions

In this work stoichiometric and single-crystalline Bi,Te;
nanowires with diameters of 50-80 nm for transport along the
basal plane were presented, which were prepared by potential-
pulsed electrochemical deposition in a nanostructured Al,O;
matrix. Single-crystallinity was adequately proven by dark-field
imaging in the TEM under two-beam conditions and by elec-
tron diffraction. The orientation of the nanowires is established
by the growth process, there was no additional control besides
the electrochemical process parameters. The chemical com-
position was precisely measured by high accuracy, calibrated
energy-dispersive X-ray spectrometry in the TEM instrument.
The nanowires presented here were markedly different to
nanowires described elsewhere (Table 2).5-!2l The nanowires
presented by Zhang et al. were single-crystalline but do not
allow basal plane transport since they have (015) reciprocal
direction parallel to the wire axis.”] The wires reported by Stacy
et al. yielded (110) orientation along the wire axis; however, they
were polycrystalline.[%10-12] These wires would also allow basal

Table 2. Overview of publications about microstructure analyses on electrodeposited binary Bi-Te nanowires using (1) potential-pulsed or (2) poten-

tiostatic and galvanostatic growth methods.

Ref. Growth method Wire diameter Wire length Character Chemical Wire axis Orientation
[nm] [um] composition paralell to of ¢ axis

This work () 50-80 56 single-crystalline 62 at.% Te* (110), (210) 1 to wire axis
[5] (1 40 25 single-crystalline close to 2:3% (110), (210) 1 to wire axis
[6] (1) 35 65 65 at.9% Te? (110), (210) L to wire axis
71 (1) 40-60 50 single-crystalline close to 2:3%) (015)

18] (2) 40-120 single-crystalline 54 at.% Te?) (110) 1 to wire axis
[9] (2) 50 25 single-crystalline close to 2:39) (110) 1 to wire axis
[10] (2) 25-75 highly textured close to 2:3% (110), (210) 1 to wire axis
[ (2) 45 45 close to 2:3%) (110), (210) 1 to wire axis
N2 2 40 30-80 60 at.% Te®) (110), (210) L to wire axis

2 Determined by EDX in a TEM instrument; ®Determined by EDX in a SEM instrument; 9 Determined with an electron probe microanalyzer (EPMA).

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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plane transport; however, grain boundaries occured on a length
scale of several 100 nm.

4. Experimental Section

Ordered porous anodic alumina (PAA) membranes provide a well-
established template system for nanowire growth. For sufficient
mechanical stability, membranes with thicknesses between 60 um and
80 um were produced. Self-organized PAA membranes with nominal
pore diameters between 40 nm and 60 nm were prepared by a two-
step anodization process in oxalic acid as described elsewhere.?>-?]
Pores were opened using a 5 wt.% phosphoric acid solution at 45 °C.
To ensure a complete barrier layer removal, this process was prolonged
to 55 min. This also yielded a short chemical etching process within the
pores, enhancing porosity above 10% of as-prepared membranes.[?8 The
slightly widened pores exhibited diameters between 50 nm and 80 nm.

A thin layer of gold was sputtered onto the pore-opened back
side of the membranes, acting as seed layer for a subsequent
electrodeposition of a gold film from a commercial gold plating
solution (Umicore Auruna 5000). This gold layer served as the working
electrode for the electrodeposition of the Bi,Te; nanowires. An aqueous
solution containing 10 mm Bi** and 15 mm HTeO," ions in 1 m HNO;
was prepared by dissolution of bismuth(lll)-nitrate pentahydrate
Bi(NO;);-5H,0 (Sigma—Aldrich) and pure Te powder (99.999% Fluka) in
concentrated nitric acid (69%) and consequent dilution with deionized
water (Millipore) to the appropriate volume. Prior to electrodeposition,
cyclic voltammetry was performed in order to determine suitable ranges
for reduction and relaxation potentials. A reduction potential between
—150 and -250 mV was found suitable, i.e., slightly more negative than
the main reduction peak of =80 mV, see below. The relaxation potential
was set to +80 mV. Based on previous results,! fixed pulses of 10 ms for
reduction (t,,) and 50 ms for relaxation (t,g) were selected.

The total chemical reaction for the formation of Bi,Te; from acidic
solutions was reported as

3HTeO) + 9H" + 18 + 2Bi*"

— BijTes + 6 H,0 (with AG?=—899.088 kj mol™') )

for the main reduction peak at —80 mV.?°l Thus, a series of five samples
was deposited with reduction potentials between =150 and =250 mV, i.e.,
-150, =175, =200, —225, =250 mV. A conventional three-electrode setup
was used, consisting of a Gamry Series G 300 PC card potentiostat,
an Ag/AgCl/KCl (saturated) reference electrode (U, and a Pt wire
mesh counter electrode. Voltammetry and depositions were conducted
at room temperature in unstirred solution. Platinum wire served as
working electrode for voltammetry with a scanning rate of 20 mV s~
between 0.5 V and —0.5 V vs. U Bi,Te; nanowires were grown in an
electrochemical cell with stirred solution to provide better ion supply to
the pores. Consequently, the filled membranes were broken and cross-
sections were examined by scanning electron microscopy (Zeiss Evo50)
to determine growth rate and uniformity. A growth rate of 13 um h™' was
determined for a reduction potential of —200 mV.

For TEM and XRD investigations, the gold electrode was removed
by Kli-I, solution and overgrowth on the top side of the membrane was
dissolved by a short dip in concentrated nitric acid. XRD measurements
were conducted on a PANalytical X'Pert Pro system with Cu K, radiation.
Subsequent, nanowires were isolated by dissolving the PAA membrane
in a mixture of 6 wt.% H3PO, and 1.8 wt.% H,CrO, for several days
at 45 °C. Droplets of the suspension, that had been centrifuged and
rinsed with deionized water several times, were deposited on holey TEM
grids and dried at room temperature. Electron diffraction in the TEM
was used to select the nanowires with the best crystallinity, i.e., with a
reduction potential of —200 and —250 mV. These samples were analyzed
by analytical TEM, however, only results obtained on the sample with a
reduction potential of -200 mV are shown here.
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Bi,Te; has a rhombohedral crystal symmetry with space group R3m.
The lattice parameters of the pseudo-hexagonal unit cell are a=0.4386 nm
and ¢ = 3.0497 nm.B% For XRD and electron diffraction in the TEM
the hexagonal crystal symmetry was taken as basis. For understanding
texture three relations between diffracting planes {hkl} and crystal
directions uvw are important: i) {00/} planes and thereby the basal
plane are perpendicular to the ¢ axis, ii) {110} planes are perpendicular
to the (110) directions, and (i) {300} planes are perpendicular to the
(210) directions.

A Zeiss 912Q TEM instrument was operated at 120 kV yielding a point
resolution of 0.37 nm and an energy resolution of 1 eV. High-resolution
images were acquired to prove the quality of the crystal lattice. The
size of the crystallites was determined by bright- and dark-field images
of nanowires in two-beam diffraction conditions with strongly excited
{015} Bragg reflections. Diffraction patterns were acquired using a
selected area electron diffraction (SAED) aperture selecting regions with
a diameter of 750 nm.

The TEM instrument is equipped with an EDX detector and a low-
background specimen holder for chemical analysis with an energy
resolution of 136 eV at the Mn K, line and with an OMEGA® energy filter
for acquisition of electron energy loss spectra (EELS). A high-accuracy
quantitative chemical analysis was established for Bi,Te; materials by
EDX in the TEM instrument, including the following points: i) A stray
aperture was additionally mounted to reduce hole-count artifacts by a
factor of five. ii) The Cliff~Lorimer k-factors were calibrated such that the
mean values of the mole fractions in Bi,Te; bulk materials measured by
EDX in the TEM instrument corresponded to those of electron probe
microanalyses (EPMA).2224 The acquisition conditions for the EDX
spectra were a spot size of 32 nm and an acquisition time of 300 s. For
quantitative chemical analysis, the integrated counts under the Bi L and
Te L X-ray lines were used. The integrated counts N were larger than
15 000 yielding a minimum statistical error of oy/N = 0.8% (Poisson
statistics) for the determination of the local mole fractions. For EELS
acquisition a spot size of 10 nm was used.
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Charge Transport in a Highly Phosphorescent Iridium(lil)
Complex-Cored Dendrimer with Double Dendrons

Salvatore Gambino, Shih-Chun Lo, Zehua Liu, Paul L. Burn,

The charge transporting properties of a phosphorescent iridium(l11) complex-
cored dendrimer, with two dendrons attached to each ligand of the core are
reported. The results show that the high photoluminescence quantum yield
of this material is obtained without compromising charge transport. The hole
mobility values are reported over a wide range of temperatures and electric
fields using the charge-generation layer time-of-flight technique. The results
are analysed using the Gaussian disorder model (GDM), the correlated
disorder model, the polaronic correlated disorder model, and the short-range
correlated Gaussian disorder model. It is found that the GDM model gives
the most comprehensive description of hole transport in this material. In
spite of its larger size, the hole mobility of the doubly dendronised material
compares favourably with that of a smaller singly dendronised material, and
its spherical shape leads to low energetic disorder and clearly non-dispersive
charge transport. This shows how molecular shape can be used to combine
favourable photoluminescence and charge-transporting properties.

* and Ifor D. W. Samuel*

that can quench the luminescence,!'™!
but as the luminescent chromophore
is normally also responsible for charge
transport, a large separation would be
detrimental to charge mobility.®l Hence
the challenge for materials development
is to have good photophysical properties
without sacrificing charge transporting
properties.’-1%

We explore this issue of solid-state
inter-chromophore interactions using
light-emitting  conjugated dendrimers,
which are well-defined soluble organic
semiconductors.''"13 Light-emitting den-
drimers generally comprise a light-emit-
ting core, to which one or more dendrons
(branched structures) are attached. Surface
groups are often used at the distal ends
of the dendrons to provide solubility and

1. Introduction

The development of light-emitting materials for organic light-
emitting diodes has led to a range of strategies for controlling
intermolecular interactions. For organic light-emitting diodes
(OLEDs) it is important that the materials have a high photo-
luminescence quantum yield (PLQY) but still have sufficient
charge mobility to avoid high driving voltages. There is often
a trade-off between efficiency of light emission and charge
transport; namely it is advantageous to space the luminescent
chromophores apart to reduce intermolecular interactions
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processability. Light-emitting dendrimers

allow good control over intermolecular
interactions, giving a powerful way of exploring their role in the
charge transport and photophysics of organic semiconductors.
We have shown that the degree of interaction between chromo-
phores can also be manipulated by dendrimer generation and
have investigated the effect this has on the material proper-
ties."*1%] We have also demonstrated that the dendron type can
have a dramatic effect on the optoelectronic properties of the
materials.>81316]

Another strategy for controlling the intermolecular inter-
actions is increasing the number of dendrons attached to the
core. In our work on phosphorescent fac-tris(2-phenylpyridyl)
iridium(III) complex-cored dendrimers we have prepared three
generations of materials that contain a single biphenyl den-
dron with 2-ethylhexyloxy surface groups attached to each of
the ligands.'”®] However, with these mono-dendronised (one
dendron per ligand) materials, the dendrons fan out from the
core in one direction giving the shape of a shuttlecock with the
complex at its base due to the octahedral geometry. This means
that for these mono-dendronised materials one face of the opto-
electronic core chromophore is open to intermolecular interac-
tions. This can be overcome by making the so-called “double-
dendron” materials, which have two dendrons attached to each
ligand of the core. Figure 1 shows the space filling models
for a first generation mono- (IrG1) and doubly dendronised
(DDIrG1) iridium(III) complex-cored dendrimer. The use of
the doubly dendronised material has enabled very efficient
film photoluminescence (PLQY 81%)!!% and electrolumines-
cence (13.6% external quantum efficiency at 110 cd/m?) to be
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Figure 1. a) Mono-dendronised (IrG1) and b) doubly dendronised (DDIrG1) fac-tris(2-
phenylpyridyl)iridium(lll) complex cored-dendrimers with first generation biphenyl dendrons

and 2-ethylhexyloxy surface groups. R = 2-ethylhexyl.

obtained from neat films of a first-generation material.l'>2% In

contrast the mono-dendronised IrG1 has a solid state PLQY of
65% .19 showing that a double-dendron structure is more effec-
tive in controlling the intermolecular interactions that affect
the luminescence efficiency. However, the question arises as to
how this protection of the luminescent core affects the charge
transport in neat films of the doubly dendronised material and
whether adequate charge transport properties can be combined
with highly efficient luminescence.

In this paper we explore the effect that the double dendron
structure has on the charge transport properties in order to
show how good luminescence quantum yield and sufficient
charge transport can be achieved in the same material. We
explore this by measuring the temperature and field depend-
ence of the hole mobility, using the charge-generation layer
time-of-flight (TOF) technique (Figure 2 inset), for the
doubly dendronised iridium(III) complex. Furthermore we
analyze the experimental results within the Gaussian dis-
order model (GDM),[2! correlated disorder model (CDM),[22l
polaronic correlated disorder model (polaronic CDM),123]
and short range correlated Gaussian disorder model (short
CDM).[24

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2. Results

Figure 3 shows the hole photocurrent tran-
sient on linear and log-log scales for a
DDIrG1 film, at room temperature for an
applied electric field, E = 2.5 x 10° Vem™.
The plot shows an initial spike followed by
a clear constant-current plateau. This corre-
sponds to non-dispersive hole transport with
a time-independent drift velocity. The sub-
sequent drop in the current is caused by the
holes reaching the ITO electrode, where they
are discharged. The carrier transit time (t)
was evaluated from the intersection point of
the asymptotes to the plateau and to the long
tail, t, = 0.07 ms. The transit time of 0.07 ms
corresponds to a mobility of 2.2 X 107° cm?
V71 s7l. The TOF measurements give the
hole mobility in the direction perpendicular
to the substrate, and we have studied its field
dependence, as shown in Figure 4. As the
electric field is increased from 1.2 X 10° to
5 x 10° V cm™, the hole mobility increases
from 1.1 X 10 to 8.3 x 10° cm? V! st at
room temperature. In order to compare the
effect of having two dendrons attached to
each ligand on the charge mobility the room
temperature hole mobility of the singly den-
dronised dendrimer (IrG1) was also meas-
ured, with the results plotted in Figure 4 for a
direct comparison. It is clear that both mate-
rials have the same field dependence and
similar mobility values, which is surprising
given that the core, which is responsible for
the hole transport, of the DDIrG1 is encap-
sulated by the dendrons and so might be
expected to have lower charge mobility.

Al ITO
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g i layer scope
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Figure 2. Absorption spectra of the first generation mono- (solid line)

and doubly (dotted line) dendronised iridium(Il) complex-cored den-

drimer (i.e., IrG1 and DDIrG1, respectively) thin films. Charge-generation
layer TOF set-up schematic (inset).

Adv. Funct. Mater. 2012, 22, 157165



'A\
M“h\)iié

www.MaterialsViews.com

2.0 ]
< < ]
= E
S 1.51 %om
3 g
<} 1.0+ &0 o1
o
e
O 0.5 0.01 01
Time/ ms
0.0-» . :
0.0 0.1 0.2 0.3
Time/ ms

Figure 3. Hole photocurrent transient on linear and log-log scales (inset)
for a DDIrG1 film, at room temperature for an applied electric field E =
2.5%10° Vem™.

To learn more about the charge-transport mechanism, tem-
perature-dependent measurements were performed on DDIrG1.
Figure 5 shows the hole photocurrent transients on a linear
scale from 295 K down to 235 K for an applied electric field E =
2.5%10° V cm™. As the temperature is decreased, the photocur-
rent plateau becomes less distinct and starts to disappear below
275 K. Figure 6 shows DDIrG1 hole mobility as a function of
field for temperatures from 215 K to 335 K in intervals of 20 K.

2.1. Gaussian Disorder Model

We first analysed the field and temperature dependent mobility
data on the basis of Equation 1 to determine o, iy, X and C:[!]

26) |exp[C (62 — £2) EV2] £ > 1.5
w(T, E) = poexp | — (%6)2 exp[C (62 —2.25) E?] T < 1.5
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Figure 4. Room temperature IrG1 and DDIrG1 hole mobility as a func-
tion of the square root of the electric field.
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Figure 5. Hole photocurrent transients at an electric field of £=2.5 x 10°
Vem™'. Measurements were performed in vacuum and in a temperature
range of 235-295 K.

where ¢ and X are the two central parameters of the disorder
formalism; o is the energy width of the hopping site manifold,
and X is the positional disorder due to a distribution of intersite
distances; C is a constant and & = o/kT. Equation 1 predicts
a Poole—Frenkel (PF) like electric field dependence for a given
temperature. Therefore, we plotted mobility against E/? at each
temperature, as shown in Figure 6. The experimental data of
Figure 6 are well described by Equation 1 for external electric
field E>1x10° V. ecm™ (EY2 > 300 (V cm™)1/2).

The energetic disorder parameter (o) has been derived from
the temperature dependence of the minimum of the mobility,
as representative of the asymptotic u (E = 0) values:[*>-%’]

M(E=0) = Mo €XP (— (To/ T)Z) (2)

where [, is the mobility at infinite temperature and T is
the characteristic temperature of the material investigated. By

(eEa/o)"?
02 04 06 08 10 12
335 K
5 AAAgééé
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Figure 6. Electric field dependence of mobility of DDIrG1 at temperatures
from 215 K to 335 K at intervals of 20 K.
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Figure 7. DDIrG1 zero-field mobilities obtained for the various tempera-
tures against 1/T2.

plotting Inu(E = 0) against 1/T?, as shown in Figure 7, and
fitting in the range 335 K to 275 K, we can deduce T, from
the slope to be 750 K for DDIrG1, and y, from the intercept
with the y-axis to be 3.4 x 10™* cm? V7! s71. The width of the
Gaussian density of states (DOS) is related to T, through the
relation, T = 26/ 3k, where k is the Boltzmann constant. Hence,
given a value of T = 750 K, the width of the density of states o
was found to be 96 meV.

The change in slope for the data in Figure 7 below 275 K is
attributed to the onset of the non-dispersive to dispersive transi-
tion (ND-D).2! This can be clearly seen in the shape of the photo-
current transients as a function of temperature (see Figure 5). As
the temperature is decreased, the photocurrent plateau becomes
less distinct and disappears below 275 K. The temperature depend-
ence of the mobility is expected to change at the non-dispersive to
dispersive transition temperature T, according to Equation 3

(0/kT.)* =448 +6.7log L 3)

where L is the thickness of the sample in centimetres.[?"28! For
a film of thickness 400 nm and o = 96 meV, the onset of the
ND-D transition should occur at 285 K according to Equation 3,
which is similar to that observed experimentally.

The value of X was determined by plotting the slope S of
the field dependence of the mobility for various temperatures
against 62, The slopes (S) for each temperature range are deter-
mined by fitting the experimental data of Figure 6 for an elec-
tric field range EY2 > 300 (V cm™!)!/2, that is in the region where
mobility shows a Poole-Frenkel-like electric field dependence.
The result is shown in Figure 8, and by fitting the data points
for the non-dispersive regime of charge transport?! (275-335
K), we extract X from the intercept with the x-axis and C from
the slope. This analysis yielded a positional disorder parameter
Yof 2.3 and a value for C of 6.8 x 107™* (cm V)12,

2.2. Correlated Disorder Model

It has been reported that longrange correlations due
to charge-dipole interactions exist in disordered organic
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Figure 8. The slope, S, of the data in Figure 6 at different temperatures
is plotted against 62 to obtain the positional disorder parameter, X. The
solid line is a fit to the Gaussian disorder model in the region of non-
dispersive transport.

semiconductors.?22 In the GDM, the correlation is not taken into
account and thus in order to consider the effects of charge-dipole
interactions on charge transport, Novikov et all?Zl have devel-
oped a 3D CDM and proposed the following empirical relation to
describe charge transport in a correlated disordered material:

36 : E
W= Lo exp |:— ( U(;DM) + Co ((}ds/z — l") ezdj| 4)

In Equation 4 o¢py denotes the total energetic disorder such
as olpy = 0 + 02, where o is the dipolar component of the
disorder and 0,4y is the contribution due to non dipolar disorder
(van der Waals). u, has the same meaning as before, Cy and I
are constants, and a is the average hopping distance between
two adjacent sites. The major difference between the GDM and
the CDM is that the latter does not include any spatial disorder.

Ocpm and Uy have been deduced by using the same fitting
parameters obtained from Figure 7 for the GDM and then
using Equation 2, with the only difference that in this case
Ty = 30/5k. Hence, U, has the same value as in the GDM and
the value of ocpy was found to be 107 meV.

We have recently reported neutron reflectivity measurements
for a family of iridium(IlI) complex-cored dendrimers3% that
have allowed us to measure the effective volume and hence
diameter of DDIrG1. The effective diameter in the solid state
was determined to be 22.6 A. For conjugated dendrimers
such as those studied here, in which the dendron has a wider
energy gap than the core, charge resides on the core and charge
transport is by hopping between the cores.!'*31:32 Thus we can
assume that the average inter-site separation for DDIrG1 is a =
22.6 A. Hence, C, and I can be easily determined by plotting
the slope (S) of mobility at the different temperatures obtained
from Figure 6 against (0/kT)*/2. The result is shown in Figure 9
for the temperature range 215-335 K. We fit the data points
in the temperature range 275-335 K, because this is the non-
dispersive regime of charge transport, and extract C, from the
slope and I from the intercept with the x-axis. This analysis
yielded a value of 1 for Cj and of 4.45 for I.

Adv. Funct. Mater. 2012, 22, 157165
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Figure 9. The slope, S, of the data in Figure 6 at different temperatures
is plotted against (0/kT)*/? to obtain C; and I'. The solid line is a fit over
the non-dispersive region to the CDM.

2.3. Correlated Disorder Model with Polaron Effects

Although Equations 1 and 4 can be used to analyze TOF data,
recent theoretical work?}l has cast doubt on whether the o
extracted from the experiment using Equations 1 and 4 rep-
resents the actual width of the full DOS. Here, we report the
first application of incorporating the inter-site correlation and
polaron effects to explain the charge transport mechanism
in dendrimer films. We analyze the field and temperature
dependent mobility data using the model proposed by Parris
and co-workers!?*l based on the small polaron motion in a cor-
related disorder landscape. Mobility values from Figure 6 were
fitted to Equation 5 to determine the width of the DOS in the
polaronic CDM model, 6,cpm, Mo, Ea I

E, 36 g
w(T, E) = uoexp( kT)eXp (%)

E
exp |:C0 (5321)1\4 - [‘) Gea i|
pCDM
()

In a similar way to the GDM and CDM, Equation 5 predicts
a PF-like behavior, where 6,cpw, Lo and a have the same mean-
ings as before and C, and I" are constants.
The values of 6,cpy and I"have been determined by plotting
the slope (S) of the mobility field dependence at the different
temperatures obtained from Figure 6 against (e/kT)*/%. The
result is shown in Figure 10 for the temperature range 215-335
K, and by fitting the data points for the temperature range 275—
335 K, 0pcpm and I are extracted. Assuming the same value of
Cy determined by the CDM, this analysis yielded an energetic
disorder of 112 meV and a I" value of 4.76.

In order to determine the last unknown parameters (E, and
Uo), we consider mobility at zero field. Equation 5 simplifies to
the following:

E, 36 2
u(T. EZO)ZMoeXP< kT)exp (%) (6)
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Figure 10. The slope, S, of the data in Figure 6 at different temperatures
is plotted against (e/kT)3/? to obtain the energetic disorder parameter
(Gpcom) and the constant I. The solid line is a fit over the non-dispersive
region to the polaronic CDM.

By plotting the zero field mobility against T we find E, to
be —20 £ 30 meV (graph not shown). Clearly a negative value of
the activation energy would be unphysical, and even the posi-
tive value at the upper end of the error range is unreasonable as
it is much smaller than the energetic disorder (6,cpwm)-

2.4. Short-Range Correlated Gaussian Disorder Model

Although the GDM explains the field and temperature
dependence of a wide range of organic materials,>*3% its PF-
like mobility dependence is only valid over a short range of
electric fields, and for relatively high electric fields (E > 3 x
10° V cm™).l24 In the last decade starting from the original
GDM many authors?22937:38] have reported that introducing
a long-range correlation between hopping sites (CDM and
polaronic CDM) produces the expected PF-like dependence
over a wider range of electric fields. In these models the corre-
lation arises from interactions between charges and randomly
oriented permanent dipoles.>”!

Here we apply the model of Tonezer and Freirel** to our
TOF mobility measurements. The model is based on Gaussian
distribution of DOS, where the only source of the hopping site
energies is given by the interaction of the charge in the site
with the surrounding induced dipoles (short-range correlation).
This model predicts a PF-like mobility dependence over a sig-
nificant range of fields and give the following expression for the
mobility:1?4

1t = 1to(T) exp [(1.6W - 2.9) J 65“} 7)
2k Ta* kT

where o is the isotropic polarizability of all sites and the other
parameters have the same meaning as before.

Figure 6 shows the logarithm of the mobility as function of
the square root of dimensionless field (e Ea/o)for different
temperature values. Our experimental data show a PF mobility
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Figure 11. The dimensionless parameter y against &/kT.

dependence in the range of 0.5 < \/eEa/o < 1.15. The ener-
getic disorder parameter has been defined as o = +/1.16¢,
where g is the energy scale of the polarization energy and is
given by &y = e’a/2a*. €, has been determined measuring the
field dependence (slope) of the mobility from Figure 6. In fact
from Equation 7, the slope (7) is related to g by the following
equation:

ae? o
—— —29=16-—-29 8
2kTa* kT ®)
Figure 11 shows a plot of yagainst £,/kT, and the solid line is
the linear fit to the experimental data using Equation 8. This fit
gives a value of 85 meV for the energetic disorder parameter G.

y =1.6

3. Discussion

We first consider the nature of charge transport in DDIrG1. The
shape of the current transient for DDIrG1 signifies that hole
transport is highly non-dispersive in this dendrimer at room
temperature, in contrast to the previously reported room tem-
perature measurements for the singly dendronised IrG1 and its
second generation analogue (IrG2).?? That is, the current tran-
sient indicates that films of DDIrG1 are less disordered than
those of the first- and second-generation singly dendronised
materials IrG1 and IrG2.®l Non-dispersive transients in more
ordered films have also been observed in conjugated polymers.
Inigo and co-workersP®*! reported a non-dispersive photocur-
rent transient in a low defect density MEH-PPV sample with
an energetic and positional disorder parameters of ¢ =76 meV
and I' = 1.48; meanwhile for a higher defect density sample a
dispersive photocurrent transient was observed together with
higher values of ¢ (82 meV) and of I" (4.5) for the same mate-
rial. A similar result but on a different conjugated polymer
(PFO) has been reported by Kreouzis and co-workers.[*)l They
found a reduction in the energetic disorder from 95 meV down
to 73 meV upon annealing the sample that indicates that the
film becomes more ordered after annealing. This transition is
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clearly manifested from a highly dispersive photocurrent tran-
sient for the non annealed PFO sample to a clearly non-disper-
sive behaviour for the annealed one. Laquai and co-workers!*!l
report for a polyspirobifluorene polymers that increasing the
disorder in their materials leads to a higher dispersion of TOF
transients.

We have investigated whether the GDM can explain the vari-
ation of photocurrent transients with temperature and field for
DDIrG1. Our value of o of 96 meV, yields an energetic disorder
of 6 = 3.7 at room temperature. This value is within the esti-
mated values from Monte Carlo simulation for a non-dispersive
photocurrent transient, where 6 < 3.5 — 4 is expected for non-
dispersive charge transport behaviour.?!

The temperature transition from non-dispersive to disper-
sive charge transport behaviour means that below this tempera-
ture (see Figure 5), the carriers will cross the sample without
relaxing to their mean energy. DDIrG1 exhibits non-dispersive
transport at temperatures down to 275 K, which is lower than
the transition temperature of 293 K for IrG1. The theoretical
transition temperature determined from Equation 3 of 285 K is
very close to that determined from experiment (275 K).

We have discussed so far the good agreement of our experi-
mental data with PF-like behaviour for electric fields higher
than 1 x 10° V em™! (EY2 > 300 (Vem™)/2); another important
feature of the data in Figure 6 is the negative field dependence
of the mobility at low fields. This negative field dependence has
been observed in a wide range of organic materials.*>*4 This
is due to the positional disorder, because faster routes made up
of more favourable charge-transporting site, with part of their
path going against the field are forbidden as the field increases.
These results are in very good agreement with the GDM.[21:28]

Different theoretical models have been used to explain
charge transport in molecularly doped polymers (MDP),2>%]
polymers,*~*8 and organic glasses.??l For instance, recently
Kreouzis and co-workers*) have reported a detailed study
regarding the consistency of their PFO TOF experimental data
to the polaronic CDM. Another recent development is the pos-
sibility of modelling the mobility of an organic material starting
from the consideration of the atomic structure of the mate-
rial as recently reported by Nelson et al.* and Vukmirovic
et al.Po>1l

To characterize the CDM we measured the energetic disorder
parameter in a similar way to the GDM and we found ocpy =
107 meV. The ocpy is slightly higher than o¢py but this is con-
sistent with the results reported by others on a range of mate-
rials,P>>% suggesting that the charge-dipole interaction is a
stronger source of energetic disorder. For a direct comparison
with the GDM, we calculated écpy and the transition tempera-
ture using Equation 3. This yielded écpm = 4.2 and T, = 317 K.
This is substantially higher than the experimental value of
275 K, and the energetic disorder parameter fails to satisfy the
relation écpy < 3.5.

The coefficient I' is analogous to the positional disorder
parameter X of Equation 1, but in the CDM it is supposed to
be a constant value. Our estimated value of I" of 4.45 is more
than double the value of 2 calculated by Novikov et al.??l This
discrepancy between experimental and simulation value of I'is
consistent with previous reported results on an organic glass
materiall?? and polymers,?4 and it has been ascribed to the
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fact that the CDM does not take into account any positional
disorder.

Hence the introduction of inter-site correlations does not
improve the agreement between experimental and theoretical
data, at least for films of DDIrG1. The next step in the analysis
was to use the polaronic CDM. A critical test for a polaron acti-
vated contribution to temperature-dependent transport is pro-
vided by the comparison between the temperature-dependence
of the carrier mobility and the onset of dispersion of TOF sig-
nals at lower temperature.?!] If both sets of data are consistent,
the polaronic contribution must be negligible compared with
disorder effects. If, on the other hand, the onset of dispersion
starts at a lower temperature, that is, smaller &, this provides a
handle for separating disorder from polaronic effects. We have
already seen from the experimental data that the transition tem-
perature T, is lower than that predicted by theory, showing that
for DDIrG1 the activation energy of transport could then be the
sum of disorder and polaron contributions.!!

The polaronic CDM analysis yielded an energetic disorder
parameter Gpcpy = 112 meV and a I"value of 4.76. The value of
the energetic disorder is even higher than in the CDM, which
leads to a &pcpm value of 4.4 and once again the expected rela-
tion 6 < 3.5 for non-dispersive charge transport behaviour!2!
is not satisfied. This value of the energetic disorder parameter
leads to (via equation 6) a negative value of the polaron activa-
tion energy (E.). This is unphysical and clear evidence that the
polaronic CDM does not fit our experimental data.

Our results suggest that the analysis of the experimental data
carried out within the polaronic CDM does not work well for
dendrimers even though it did work for poly(9,9-di-n-octylflu-
orene).*%) However, it is important to remember that polymers
are pseudo one-dimensional whereas the dendrimers in this
study are three-dimensional.

The last model to be discussed is the one based on short
range correlation. This model has been developed quite recently
and to the best of our knowledge so far no TOF experimental
data have been analyzed using it. It predicts a PF-like depend-
ence of the mobility in the range 0.5 < /eEa/o < 1.1, that is
in very good agreement with our experimental data. The value
of the energetic disorder parameter of 85 meV, gives a room
temperature value of 6 of 3.3, thus satisfying the relation
6 < 3.5, which is expected for non dispersive charge transport
behaviour.

The good fit of this model to our TOF experimental results
could be due to the fact that this model is based on site loca-
tions that are supposed to be the center of hard spheres ran-
domly distributed. That is a scenario similar to our system, i.e.
spherical shape molecules!3% whose hopping site is at the center
of the molecule itself (chromophore).

We finally consider how the field dependent mobility of the
first generation doubly dendronised dendrimer (DDIrG1) com-
pares with the first generation mono-dendronised material
(IrG1). Both dendrimers show similar mobility, which is double
that of the second-generation mono-dendronised dendrimer
(IrG2).32

We have recently reported®” that the average volumes occu-
pied by IrG1 and IrG2 in a film are 3100 and 6000 A3, respec-
tively. These volumes correspond to diameters of 18.1 and 22.5 A
for IrG1 and IrG2. Hence it is clear that increasing the distance
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between the electroactive chromophore in moving from IrG1
to IrG2 gives rise to a decreased mobility. Given that the diam-
eter for DDIrG1 is similar to IrG2 and larger than IrG1 it is
very interesting that the mobility of DDIrG1 is almost double
that of IrG2. For the doubly dendronised dendrimer dendrons
on both (hetero)aromatic units of the ligands of the complex
will give rise to a more spherical shape®¥ and hence a nar-
rower distribution of chromophore spacing. This would mean
that the DDIrG1 is less disordered in the solid state than IrG1.
This is consistent with the clearly non-dispersive photocurrent
transient of DDIrG1 mentioned above and its lower energetic
disorder (o= 96 meV) compared to the reported value for IrG1
(0 =103 meV).?% In a previous dendrimer family having the
same iridium based chromophore, but carbazole containing
dendrons and 9,9-di-n-propylfluorenyl surface groups, we also
found that a less disordered material has higher mobility and
a clearly non-dispersive photocurrent transient when compared
to a more disordered one.®l Similar effects have been seen in
polymers. For example, regioregular poly(3-n-hexylthiophene)
shows a higher mobility than that of regiorandom material.>”!

4, Conclusions

TOF mobility measurements have been used to study the influ-
ence of dendrimer structure on charge transport. The data
were analysed using four models: the Gaussian disorder model
(GDM), the correlated disorder model (CDM), the polaronic
correlated disorder model (polaronic CDM), and the short range
correlated Gaussian disorder model (short CDM).

The experimental results analyzed within the GDM show a
very good agreement between the calculated main parameters
such as the energetic disorder &, the transition temperature
(T) and the expected simulation values. Furthermore, the non-
dispersive charge transport nature of DDIrG1l has allowed
investigating its charge transport behaviour in a wide range of
temperature and electric fields showing a very good match in
the description of the non-dispersive to dispersive transition
within the Gaussian disorder model.

The introduction of spatial correlation in site energies has
led to the so-called CDM, which has been applied to our experi-
mental data. The calculated parameters differ in value to the
ones reported by simulation,??l which arises because the CDM
does not take into account any positional disorder. This is con-
sistent with previous reported results where the presence of the
positional disorder due to the amorphous nature of the organic
material plays an important role and clearly must be taken into
account in a theoretical model describing charge transport.

We apply for the first time the polaronic CDM into the anal-
ysis of the experimental TOF measurements in conjugated den-
drimers. Despite the introduction of both energy correlation
and the polaronic hopping effect, the experimental results ana-
lyzed within the polaronic CDM leads to an unphysical value
of the activation energy. This means that there is no contribu-
tion to the activation energy of charge transport from polaronic
effects. This is consistent with our results because of the good
agreement between the simulated (in the GDM) and the experi-
mental value of the non-dispersive to dispersive transition
temperature.
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Finally we report, to the best of our knowledge, also the first
attempt of fitting TOF experimental data to a recently devel-
oped model based on a spatially disordered system where the
site energies are given by the interaction of a charge with the
induced dipoles in the surrounding sites. This short CDM
model describes, better than the previous two correlated models
(CDM and polaronic CDM), our experimental TOF results. Its
good description of the dendrimer studied here suggests it
would be worthwhile to investigate its application to TOF meas-
urements of other organic semiconductors.

Furthermore we found that the first generation doubly den-
dronised (DDIrG1) and mono-dendronised dendrimer (IrG1)
have the same mobility, which is double that of the second gen-
eration singly dendronised dendrimer (IrG2).3?l The improve-
ment in charge transport is directly related to the reduced dis-
order in the DDIrG1 film. Hence, the enhanced film PLQY
of DDIrG1 is not gained at the expense of charge transport,
showing that we were able to improve the PL properties of the
core without inhibiting its charge transport properties. Our
results show that it is not only the size, but also the shape of
the macromolecule which determines the mobility. We show
that a doubly dendronised configuration is an efficient way of
reducing molecular interactions that cause the quenching of
the luminescence, whilst maintaining good mobility values.

5. Experimental Section

Charge transport was measured by the charge-generation layer TOF
technique. Solutions of IrG1 and DDIrG1 were made with concentrations
of 45-50 mg mL™" in chloroform. Films were made by spin-coating onto
an indium tin oxide (ITO) substrate at speeds of 800-1000 rpm to obtain
films of about 400 nm thickness. The samples were then transferred to
an evaporator where under high vacuum a 10 nm layer of a perylene
dye (Lumogen Red) followed by 100 nm of aluminum were deposited
through a shadow mask to define the active area of approximately
6 mm?2.

The sample was mounted in a vacuum cryostat allowing control of the
sample temperature both above and below room temperature. Device
testing was undertaken by exciting the charge generation layer through
the ITO and dendrimer layer. Charge carriers were generated within
the perylene layer by excitation from a 500 ps pulse of a dye laser at a
wavelength of 580 nm. At this excitation wavelength the dendrimers are
completely transparent (see Figure 2) and Lumogen Red has its peak of
absorption.® The total photogenerated charge was kept small enough
to avoid space charge effects, usually around 2-3% CV, where C is the
capacitance of the device and V the applied voltage. The electronic time
response of the measurement circuit (7= RC) was always selected to be
much smaller than the transit time, T << t,.

The aluminium electrode was biased positively and the photocurrent
signal detected from the ITO (see Figure 2, inset). Hole mobilities, L,
were deduced from the transit times, t,, via the relationu=d?/ Vvt
where d is the film thickness.
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Mesoporous Anatase Titania Hollow Nanostructures

though Silica-Protected Calcination

Ji Bong Joo, Qiao Zhang, Ilkeun Lee, Michael Dahl, Francisco Zaera, and Yadong Yin*

The crystallization of nanometer-scale materials during high-temperature
calcination can be controlled by a thin layer of surface coating. Here, a novel
silica-protected calcination process for preparing mesoporous hollow TiO,
nanostructures with a high surface area and a controllable crystallinity is
presented. This method involves the preparation of uniform silica colloidal
templates, sequential deposition of TiO, and then SiO, layers through sol—-gel
processes, calcination to transform amorphous TiO, to crystalline anatase,
and finally etching of the inner and outer silica to produce mesoporous
anatase TiO, shells. The silica-protected calcination step allows crystallization
of the amorphous TiO, layer into anatase nanocrystals, while simultaneously
limiting the growth of anatase grains to within several nanometers, eventually
producing mesoporous anatase shells with a high surface area (~311 m2 g™)
and good water dispersibility upon chemical etching of the silica. When used
as photocatalysts for the degradation of Rhodamine B under UV irradiation,

and holes separate and then migrate to
the surface of the catalyst; and 3) redox
reactions occur on the surface. It has
been determined that a highly crystalline
structure for the TiO, material is essen-
tial to enhance the generation and migra-
tion of photogenerated electrons/holes
(steps (1) and (2)).] A high surface area
is also critically important to increase the
number density of redox reaction sites on
the catalyst surface (step (3)).[4

TiO, has three main polymorphs of
crystalline phases, brookite, anatase,
and rutile, from which the latter two are
photocatalytically active. Although rutile
has a lower band-gap energy than ana-
tase, from a photocatalytic point of view
anatase is undoubtedly considered to be
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the as-synthesized mesoporous anatase shells show significantly enhanced
photocatalytic activity with greater enhancement for samples calcined at

higher temperatures thanks to their improved crystallinity.

1. Introduction

Titania (TiO,) is considered to be one of the most useful semi-
conducting metal oxides for applications ranging from sen-
sors to photonic crystals, energy storage, and photocatalysis.!!!
Its wide band gap energy (Eg, 3.0-3.2 eV) allows absorption
of UV light, generating electrons (e7) and holes (h*), which
can subsequently induce red-ox reactions. Since Honda and
Fujishima first achieved hydrogen production from water by
photocatalysis with TiO, under UV irradiation,?! this material
has been widely used as a photocatalyst for water splitting and
environmental remediation. TiO, offers a number of advan-
tageous features, including its low cost, relatively high pho-
tocatalytic activity, low toxicity, and high chemical stability.!
Photocatalysis on TiO, (and other semiconductors) is usually
considered to occur in three sequential steps: 1) TiO, absorbs
photon energy greater than the band gap energy and generates
photoexcited electron-hole pairs; 2) the photoexcited electrons
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the more active phase due to its higher
reduction potential and lower re-combina-
tion rate of electron-hole pairs.’! A well-
crystallized anatase phase material with a
small grain size and large surface area is
therefore considered the preferred form for TiO, based photo-
catalysts. Ideally, in order to maximize the catalytically active
surface area, one can directly use dispersed anatase nanocrys-
tals for photocatalysis. The challenge in this case, however, is
the difficulty in maintaining the stability of the nanocrystals
while concurrently keeping the catalyst surface clean, because
colloidal nanocrystals are typically stabilized by capping lig-
ands, which greatly limit the access of reactants to the catalyti-
cally active sites.[®

An alternative approach to producing high-surface-area ana-
tase materials is the creation of mesoscale porosity in such
materials.”] The synthesis of mesoporous structures has been
most extensively reported for amorphous TiO, structures,
which are created by combining sol-gel processes and popular
surfactant templating methods. However, the porosity is sig-
nificantly diminished when the materials are converted from
the amorphous to anatase phase at high temperatures.® It is
highly desirable to develop an effective method for producing
mesoporous anatase structures with both good crystallinity and
high surface areas. As diffusion is often a problem that limits
the overall performance of bulk catalysts, making catalysts in
the form of mesoporous colloidal particles instead of a conven-
tional bulk powder is expected to greatly increase the number
of accessible active sites and ultimately enhance the catalytic
efficiency. One approach to achieve this goal is by removing
the core portion of a colloidal sphere produces a hollow shell,
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a procedure that is expected to further reduce
the diffusion length and improve the acces-
sibility of active sites by the reactants. As
shown in both previous literature and our
later discussions,” the conventional tem-
plating method for hollow TiO, structures
cannot concurrently guarantee the anatase
phase, high crystallinity, and high porosity,
which are all important features required for
optimal photocatalytic performance. Crystal-
line TiO, hollow nanostructures have also
been prepared through hydrothermal or sol-
vothermal processes, but, again, only with
considerably low porosity.>1%

Calcination at high temperatures is a simple method to
induce crystallization of amorphous TiO, produced using sol-
gel processes.'!l Typically, amorphous TiO, first transforms
into small crystals of metastable anatase, which grow upon
continuous heating, and then changes to rutile phase at higher
temperatures when the crystal grains reach a certain size
(~14 nm).l'2 The crystallization from amorphous to anatase and
from anatase to rutile usually occurs in the temperature ranges
of 450~550 °C and 600~700 °C, respectively. Since crystalliza-
tion and grain coalescence occur simultaneously under normal
calcination conditions, it is very difficult to induce crystalliza-
tion while at the same time avoiding a significant increase in
the grain size of the resulting anatase nanocrystals. This also
explains why mesoporous amorphous TiO, can easily lose its
porosity when converted to the anatase phase during high tem-
perature calcination.

Herein, we report a robust process for preparing mesopo-
rous hollow TiO, nanostructures consisting of small anatase
grains, and demonstrate their greatly enhanced photocata-
Iytic activity by systematically tuning the grain sizes. We have
termed this process “silica-protected calcination” because the
key step is the conversion of amorphous TiO, to the anatase
phase under the protection of a silica layer.'3] Briefly, this
method involves the sequential coating of uniform silica col-
loidal particles with an amorphous TiO, layer with a thickness
of 20~60 nm and another SiO, layer through sol-gel processes,
calcination at high temperature to induce phase transforma-
tion from the amorphous TiO, to anatase with small grain
sizes, and removing silica by chemical etching with NaOH
solution to finally produce hollow TiO, spheres with mesopo-
rous anatase shells. Silica protection plays a central role in this
process: it limits the growth of TiO, during calcination, leading
to small anatase grains (<5 nm) and mesoscale porosity with a
high surface area up to 311 m? g~! while preserving the hollow
sphere morphology, preventing interparticle coalescence so
that discrete hollow spheres can be obtained after removing
the silica, and ensuring a hydrophilic surface and therefore
excellent water dispersibility after chemical etching by NaOH.
The mesoporous anatase shells, which feature well-controlled
crystallinity, high surface areas, and good water dispersibility,
show significantly enhanced photocatalytic activity. By control-
ling the calcination temperature, we have been able to fine
tune the grain size of the anatase nanocrystals on the shell and
optimize the catalyst structure for further enhanced photocata-
lytic activity.
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100 nm

Figure 1. Transmission electron microscopy (TEM) images of amorphous TiO, hollow spheres
(TiO,-E) with different thicknesses prepared by multiple sol-gel coating processes: a) once,
b) 3 times, and c) 5 times.

2. Results and Discussion

Amorphous TiO, hollow spheres can be synthesized by fol-
lowing the archetype of conventional templating methods.
Specifically, a typical synthesis involves three main steps:
1) preparation of uniform silica templates using the Stéber
method; 2) deposition of a TiO, layer on the silica surface to
form SiO,@TiO; nanocomposites through the sol-gel reaction
of titanium tert-butoxide (TBOT) with hydroxypropyl cellulose
(HPC) as the surfactant;'""*l and 3) etching to remove the silica
template using an aqueous solution of NaOH. The thickness
of the TiO, shells can be conveniently tuned by carrying out
multiple coating steps (Figure 1). Under the typical reaction
conditions described in the Experimental Section, a single run
of the TiO, coating procedure produces a ~25 nm thick TiO,
shell (Figure 1a). Raising the number of TiO, coating steps to 3
and 5 increases the thickness to ~50 and ~ 70nm, respectively
(Figure 1b and c). Table 1 summarizes the notations, prepara-
tion conditions and crystalline phases of the hollow TiO, sam-
ples synthesized in this work. The hollow spheres produced by
etching with NaOH, labeled as “TiO,-E,” are found to be amor-
phous as expected (Figure 2a and e).**4

Direct calcination of the amorphous hollow TiO, spheres
cannot produce the targeted anatase phase while at the same
time retaining the hollow sphere morphology. When the amor-
phous sample TiO,-E was calcined at 500 °C for 2 h, the hollow
morphology remained but there was no significant improve-
ment in crystallinity. Upon increasing the calcination tempera-
ture to 800 °C, the hollow structure was completely destroyed,
producing large aggregates of irregular shapes (Figure 2c,
TiO,-E-C-800). An additional problem is phase purity: while
crystallinity was improved by high temperature calcination,
the product obtained that way contained a mixture of sodium
titanate, anatase and rutile phases (Figure 2e). It is possible that
some oligomeric species of sodium titanate may be produced
during NaOH etching and subsequently crystallized during cal-
cination.'®) Although sodium titanate has a number of appli-
cations, its photocatalytic activity is considerably lower than
that of anatase phase titania, and therefore it is not a desirable
phase in our synthesis. Also, the anatase domains grow quickly
at high calcination temperatures and then lead to a partial trans-
formation to the rutile phase.?12"] In a reversed process where
SiO,@TiO, was firstly calcined at 500 °C before etching of the
silica, the final product (TiO,-C-E-500) exhibited a well-crys-
tallized anatase structure in XRD analysis (Figure 2e) but did
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Table 1. Notations, preparation conditions, and crystalline phases of TiO, samples synthesized in this work.

Sample notation Preparation conditions

Calcination temperature Crystalline Phase

TiO-E Etching of SiO, from SiO,@TiO, Amorphous

TiO,-E-C-500 Etching of SiO; from SiO,@TiO,, then calcination 500 °C Amorphous

TiO,-E-C-800 Etching of SiO; from SiO,@TiO,, then calcination 800 °C Mixture of sodium titnate, rutile and anatase
TiO,-C-E-500 Calcination using SiO,@TiO,, then etching of SiO, 500 °C Anatase

TiO,-SPC-500 Silica protected calcination of SiO,@TiO,@SiO,, then etching of silica 500 °C Amorphous

TiO,-SPC-650 Silica protected calcination of SiO,@TiO,@SiO,, then etching of silica 650 °C Anatase

TiO,-SPC-800 Silica protected calcination of SiO,@TiO,@SiO,, then etching of silica 800 °C Anatase

TiO,-SPC-900 Silica protected calcination of SiO,@TiO,@SiO,, then etching of silica 900 °C Anatase

not maintain the hollow sphere morphology after calcination
and etching. As shown in the TEM image in Figure 2d, more
than half of the particles were broken into smaller pieces. This
morphology loss is most likely due to the significant structural
rearrangement in the TiO, shells associated with the extensive
crystallization and grain growth during calcination.

The “silica-protected calcination” process proposed here not
only addresses the above challenges but also brings additional
benefits towards photocatalytic applications. Figure 3 shows the
schematic outline of the procedure and the corresponding TEM
images of the particles at each step. The major change we intro-
duced into this process is the deposition of an additional silica
layer on the titania surface. Calcination of the SiO,@TiO,@
SiO, composites followed by chemical etching produces well-
defined hollow spheres containing mesoscale pores in shells
which can be easily observed by TEM imaging (Figure 3d).
Apparently, the outer silica layer protects the TiO, shell from
breakage even during calcination at high temperatures (e.g.,
800 and 900 °C).

In order to investigate the crystallization process, we carried
out an XRD study on SiO,@TiO,@SiO, core-shell compos-
ites calcined at different temperatures. Because silica remains
amorphous at the calcination temperatures used in this work,
the change in the diffraction peaks closely relates to the crystal-
line phase transition of the TiO,. As shown in Figure 4, SiO,@
TiO,@SiO, particles calcined at 400 °C and 500 °C show a
broad peak between 20° and 35°, indicating amorphous phases
for both silica and titania. XRD peaks corresponding to anatase
TiO, start to emerge when the samples are calcined at 650 °C,
and are further enhanced at 800 °C. For the sample calcined
at 900 °C, a number of characteristic peaks for anatase TiO,,
especially those at 26 = 25 and 48°, which correspond to the
(101) and (200) crystal planes, respectively, can be clearly iden-
tified. On the other hand, the diffraction peaks still remain
broad compared to those prepared by conventional calcination
methods (for example, TiO,-C-E-500), suggesting that the ana-
tase grains remain relatively small when the silica protecting
layer is used even after high-temperature treatment.[1<617]

In a simple calcination scheme (without additional silica pro-
tection), TiO, crystallization and subsequent grain growth can
readily occur at ~500 °C, as can be seen in Figure 2d. However,
with the protection of an outer silica layer, the crystallization of
amorphous TiO, becomes difficult at the same calcination tem-
perature; higher temperatures, up to ~900 °C, were required for

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

this transformation. On the other hand, it is generally agreed
that bulk anatase TiO, transforms to the rutile phase in the
temperature range of 600~700 °C, but even though in this
work the silica-protected samples were treated at high temper-
atures, e.g., 900 °C, the anatase crystalline structure was still
retained, and no obvious rutile structure was observed. This
result suggests that the outer silica layer on the TiO, surface
inhibits both phase transformations of TiO, from amorphous
to anatase and from anatase to rutile. Zhu et al. have reported
a similar phenomenon in which a commercial titania photo-
catalyst P25 coated with graphitic-like carbon requires a higher
calcination temperature than bare P25 to convert to the rutile
phase.'®! Tt was suggested there that the outer carbon shells
may act as barriers and inhibit the phase transformation of ana-
tase to rutile, thus leading to the higher thermal stability of the
anatase phase. Although the exact mechanism for the inhib-
iting effect of the silica protection needs to be explored more
carefully in future studies, we would like to advance the fol-
lowing hypothesis. Similar to colloidal silica, the sol-gel derived
TiO, layer contains micropores typically below two nanometers
in diameter. It may therefore be possible for silicate species to
penetrate into these pores and condense there during the addi-
tion of the outer protective silica coating. The resulting silica
nanostructures may then act as barriers, preventing the exten-
sive structural reorganization and growth of the amorphous
titania into large crystals during calcination. This behavior
may result in smaller anatase grains than those produced at
the same temperature but without silica protection. This same
hindrance may also interfere with the phase transformation
from anatase to rutile, during which structural reorganization
is also needed. In addition, it is known that the anatase-to-rutile
transformation occurs rapidly only when the anatase grains are
above a critical size of ~14 nm.['4122] A5 the growth of anatase
crystals during calcination is limited by silica protection, they
may not reach this critical size, so that the transformation to
rutile phase is kinetically forbidden even at a significantly high
calcination temperature, e.g., 900 °C.

After calcination, the outer and inner silica are removed
by treatment in a concentrated NaOH solution to produce
hollow TiO, structures. Compared to untreated SiO,@TiO,
core—shell particles, which can be easily etched using 1 mL of
2.5 M NaOH solution for ~6 h (Figure 2a), the calcined silica
has a significantly enhanced degree of condensation of the Si—
O-Si bonds so that a much longer time is needed to remove

Adv. Funct. Mater. 2012, 22, 166-174
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Figure 2. TEM images (a—d) and X-ray diffraction (XRD) patterns (e)
showing that the TiO, samples prepared under various simple etching
and calcination conditions cannot be converted to the anatase phase
while still retaining a well-defined shell structure. All the samples were
started from SiO,@TiO, core-shell structures. Sample TiO,-E (a) was
produced by selective etching of SiO, by NaOH. Samples TiO,-E-C-500
(b) and TiO,-E-C-800 (c) were prepared by selective etching of SiO, fol-
lowed by calcination at 500 °C and 800 °C, respectively. Sample TiO,-C-
E-500 (d) was synthesized by first calcining at 500 °C and then etching
in NaOH solution.
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Figure 3. Left: Schematic illustration of our silica-protected calcination
procedure developed for the fabrication of mesoporous anatase TiO,
hollow spheres. Right: corresponding TEM images of the products at
each step: a) SiO,, b) SiIO,@TIO,, ¢) SIO,@TIO,@SIO; after calcination
and d) final hollow TiO, after the removal of the SiO,. In this case, the
TiO, coating was repeated three times to achieve a shell thickness of
~50 nm.

the inner and outer silica completely. As shown in Figure 5, it
takes ~72 h to completely remove the silica from the SiO,@
TiO, @ SiO, composites calcined at 400 °C using 1 mL of 2.5 M
NaOH at ambient temperature. For samples calcined at higher
temperatures (500-900 °C), etching becomes even slower. As

wileyonlinelibrary.com

“
G
F
F
>
v
m
~

169



-
™
s
[
-l
wl
=
™

170  wileyonlinelibrary.com

www.afm-journal.de

Intensity (a. u.)

10 20 30 40 50 60 70
2 Theta (deg)

Figure 4. XRD patterns of SiO,@TiO,@SiO, samples after calcination
at different temperatures for 2 hours: a) 400 °C, b) 500 °C, c) 650 °C,
d) 800 °C, and €) 900 °C.

a result, a larger portion of the silica core remaines after treat-
ment in NaOH solution for the same amount of time (~72 h),
producing yolk-shell morphologies. The sample calcined at
900 °C is so stable that no apparent etching is seen in the silica
core after etching.

The etching rate can be increased by raising the tempera-
ture of the etching solution. In Figure 6, the etching time
required for complete removal of the silica from a SiO,@
TiO,@SiO, sample calcined at 800 °C is plotted as a function
of etching temperature. When etching was carried out at room
temperature, it took more than 72 h to obtain hollow TiO, sam-
ples. When the temperature of the solution was increased to
40, 55, 70, 85 and 100 °C, the etching time was dramatically
reduced, to ~42, 10, 6, 1 and 0.5 h, respectively. The improved
etching rates make this silica-protected etching process prac-
tical for large-scale production.

Etching at elevated temperatures does not destruct the mor-
phology of the final products. Figure 7 shows the morphology
evolution of the SiO,@TiO,@SiO, sample calcined at 800 °C
during the etching of silica at 70 °C for 6 h. After the initial
30 min of etching, the outer silica layer was completely removed,
and the inner silica was partially etched as evidenced by a small
gap between inner silica core and the TiO, shell (Figure 7a).
Continued etching led to gradual dissolution of the inner silica
core, producing yolk-shell, and eventually hollow structures
(Figure 7b—d). With a titania shell thickness of ~45-55 nm, the
TiO, hollow spheres clearly show mesoscale disordered pores
(inset in Figure 7d).

XRD was used to monitor the crystal structure of the TiO,-
SPC-800 samples before and after chemical etching. As shown
in Figure 7e, upon removal of the silica, the anatase (101) and
(200) peaks at 20 = 25 and 48° become more discernable while
the intensity of the broad peak of amorphous silica in the 26
range of 20 to 30° is reduced. The average crystal sizes of the

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. TEM images of SiO,@TiO,@SiO, samples after calcination at
different temperatures for 2 h and then base etching at ambient condi-
tions for 72 h: a) 400 °C, b) 500 °C, c) 650 °C, d) 800 °C, and e) 900 °C.

TiO, were estimated using Scherrer’s formula to be around
4.1 and 4.9 nm for the samples prepared at 800 and 900 °C,
respectively.!’]

Figure 7f shows the nitrogen adsorption-desorption iso-
therm and the corresponding pore size distribution for
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Figure 6. Temperature (T) dependence of etching time (t) needed for
complete removal of SiO, from SiO,@TiO,@SiO, particles calcined at
800 °C.

Ti0,-SPC-800. The hollow TiO,-SPC-800 displays a Type IV iso-
therm with a well-defined hysteresis loop indicating well-devel-
oped mesoporous characteristics. The sharp peak at ~2.6 nm

TiO,-SPC-800

Si0,@Ti0,@SiO,
calcined at 800°C

Intensity (a. u.)

20 3 4 5 60 70
2 Theta (deg)

Volume Adsorbed (cm39'1, STP)

www.afm-journal.de

in the Barrett-Joyner-Halenda (BJH) pore size distribution anal-
ysis suggests a relatively narrow pore size distribution (inset in
Figure 7f). The Brunauer-Emmett-Teller (BET) surface area
of Ti0,-SPC-800 was found to be ~311 m? g7}, a considerably
high value for crystalline titania.”<’dl The TiO,-SPC-500 sample
shows a comparable high surface area, ~295 m? g1, consistent
with the fact that calcination at higher temperatures causes
minimal grain growth in this “silica-protected calcination”
scheme. These surface area values are much higher than those
of anatase phase catalysts prepared by conventional synthesis
methods or P25 (ca. 50~60 m? g™!), a commercially used TiO,
photocatalyst.[1d]

The photocatalytic properties of the mesoporous anatase
hollow microspheres were studied and contrasted to those of
control samples by carrying out chronoamperometry (CA) meas-
urements under an inducing potential of 0.8 V (vs. Ag/AgCl)
and a periodic irradiation of UV light. As shown in Figure 8, the
photogenerated current, which is closely related to the degree
of charge separation during the photocatalysis and correlated
to the photocatalytic activity,'>*"! were recorded in these experi-
ments. Without light exposure, all samples showed only a small
electrochemical current. When they were irradiated by UV
light, however, the current density increased due to the contri-
bution from photogenerated electrons. For a series of samples
tested, we found the following relative order of photogenerated

200 - h
(f) Surface area: 311 m%g -
Pore diameter: 2.6 nm ant?
150
‘,-=il'
] uu®
/" 0.08
-
100 - / 0.06 i
I../. [
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Figure 7. a—-d) TEM images showing the morphology evolution of SiO,@TiO,@SiO, samples calcined at 800 °C after base etching at 70 °C for different
time periods: a) 30 min, b) 2 h, ¢) 4 h, and d) 6 h. e) XRD patterns showing the crystallinity of the products before and after the removal of the SiO,.
f) Nitrogen adsorption isotherm from the final mesoporous TiO,-SPC-800 hollow shells, showing a considerably higher surface area compared to that

2 51

for TiO, shells produced without silica protected calcination (several m* g
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Figure 8. Photoelectrochemical chronoamperometry results from experi-
ments using the TiO, samples employed in this work; a) TiO,-E-C-500,
b) TiO,-E-C-800, c) TiO,-SPC-500, d) TiO,-SPC-650, €) TiO,-SPC-800, and
f) TiO,-SPC-900.

current density: TiO,-SPC-900 >TiO,-SPC-800 > TiO,-SPC-650 >
TiO,-E-C-800 = TiO,-SPC-500 > TiO,-E-C-500. As expected, the
amorphous TiO, shells obtained after low temperature calcina-
tion, including both TiO,-E-C-500 and TiO,-SPC-500, showed
very low photogenerated current. The TiO,-E-C-800 sample,
prepared by selective etching of SiO, and then calcination at
800 °C, also exhibited low photocatalytic activity, mainly due to
the presence of mixed phases, collapse of the shell structure,
and the formation of large aggregates. On the other hand, the
mesoporous hollow microspheres prepared by silica-protected
calcination and subsequent etching showed significantly higher
photogenerated current under UV irradiation. The shapes and
current densities of TiO,-SPC-x samples could be maintained
after many cycles of light irradiation, implying excellent stability
of photocatalytic activity. As pointed out earlier, TiO, materials
with high crystallinity are advantageous for the generation and
migration of photogenerated electrons/holes. This conclusion
has been directly confirmed by the results in Figure 8, which
shows a great enhancement in photogenerated current for
samples calcined at higher temperatures: as the TiO,-SPC-900
sample has the highest degree of crystallinity among all the
mesoporous hollow spheres (Figure 4), it generates the highest
photocurrent density under UV irradiation.

The photocatalytic activity of our crystalline titania shell sam-
ples was further evaluated by monitoring the degradation of
Rhodamine B (RhB) under UV light. Figure 9a shows typical
adsorption spectra for an aqueous RhB solution after UV irradi-
ation for various time periods using TiO,-SPC-800 as the cata-
lyst. The strong adsorption peak at ~553 nm gradually decreased
and finally completely disappeared after 70 min, indicating the
complete photodegradation of RhB molecules. The perform-
ance of the relevant photocatalysts toward RhB degradation,
measured by following the intensity of the 553 nm peak versus
time, is summarized in Figure 9b. Before UV illumination,
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Figure 9. a) UV-vis adsorption spectra showing UV-degradation of RhB
using the TiO,-SPC-800 catalyst. b) Evolution of RhB concentration versus
UV irradiation time (t) in the presence of different TiO, catalysts.

the mixtures containing the catalysts and RhB were stirred in
the dark for 30 min to ensure that RhB was adsorbed to satu-
ration on the surface of catalysts; all the catalysts have similar
adsorption capacity in the range of 7~8% of C/C, of RhB. In
the blank experiment (without catalyst) only ~12% of C/C, of
RhB molecules were decomposed after UV irradiation for 70
min, but the degradation rates were significantly enhanced in
the presence of the photocatalysts. In particular, the RhB mol-
ecules can be completely decomposed in the presence of the
TiO,-SPC-900 catalyst after only 60 min of irradiation with UV
light. The relative photocatalytic activity of the catalysts for RhB
degradation follows the order: TiO,-SPC-900 > TiO,-SPC-800 >
TiO,-SPC-650 > TiO,-SPC-500 = TiO,-E-C-800 > TiO,-E-C-500.
Consistent with the chronoamperometry studies, the mes-
oporous hollow anatase microspheres prepared by calcination
at higher temperatures display enhanced activity because of
their improved crystallinity. In addition, TiO,-SPC-800 shows a
higher catalytic activity than TiO,-E-C-800, supporting the con-
clusion that the silica-protected etching process can allow crys-
tallization into the anatase phase and create high porosity while
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suppressing further grain growth. The fact that TiO,-SPC-500
performed better than TiO,-E-C-500 is also consistent with the
higher surface area associated with samples produced by silica-
protected calcination.

It has been well understood that higher activity can be
achieved by improving many aspects of TiO,-based photocata-
lysts, including surface area, crystallinity, adsorption ability,
nonmetal doping, and water dispersity.'¢!!l Besides the advan-
tage of creating well-crystallized anatase mesoporous structures
with a high surface area, the silica-protected calcination strategy
also brings the additional benefit of excellent water dispers-
ibility. In our prior work, silica protection followed by calcina-
tion and chemical etching was shown to enhance the water
dispersity of the calcined materials.?% First, the silica coating
protects the particles from aggregation during calcination. Even
though slight interparticle aggregation may occur due to silica
fusion at high temperatures (~700-900 °C), the subsequent
etching by NaOH removes the silica layer and releases the TiO,
shells. Second, the etching process introduces a relatively high
density of hydroxyl groups so that the TiO, surface becomes
negatively charged, rendering the shells highly dispersible in
water. The mesoporous anatase shells prepared by silica pro-
tected calcination and subsequent etching show better dispers-
ibility than other TiO, samples, such as TiO,-E-C-500 or TiO,-
E-C-800, whose surface hydroxyl groups are partially removed
during direct calcination of the TiO, surface in air. It is believed
that the high water dispersibility also contributes considerably
to the enhanced photocatalytic performance of the mesoporous
anatase shells.

3. Conclusions

We have developed a new silica-protected calcination process
for the synthesis of mesoporous hollow TiO, nanostruc-
tures containing small crystalline anatase grains, and further
explored their improved performance in photocatalysis. The
synthesis involves the sol-gel coating of colloidal silica with
a TiO, layer, an additional coating with an outer silica layer,
thermal treatment at high temperature to transform the amor-
phous TiO, to the anatase phase, and a final etching step of the
inner and outer silica to yield hollow TiO, shells consisting of
small anatase grains. The outer silica layer allows the amor-
phous-anatase transformation to occur but at the same time
inhibits the growth of the anatase into large grains, therefore
limiting the phase transformation from anatase to rutile during
calcination at high temperatures (up to 900 °C). Subsequent
etching generates mesoporous hollow TiO, shells with small
anatase grains of controllable crystallinity, a high surface area,
and excellent dispersity in water. Combining these features,
the as synthesized mesoporous TiO, shells show significantly
enhanced photocatalytic activity towards the degradation of
organic molecules such as RhB, with greater enhancement for
samples calcined at higher temperatures due to their improved
crystallinity. We believe the silica-protected calcination strategy
represents a very powerful method for controlling the crystal-
linity and porosity of TiO, photocatalysts and for improving
photocatalytic activity.

Adv. Funct. Mater. 2012, 22, 166-174

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

4. Experimental Section

SiO, Particle Synthesis: Tetraethyl orthosilicate (TEOS, 99%, 0.86 mL)
was mixed with de-ionized water (4.3 mL), ethanol (23 mL) and an
aqueous solution of ammonia (26%, 0.62 mL). After stirring for 6 h at
room temperature, the precipitated silica particles were separated by
centrifugation and washed 3 times with ethanol, then re-dispersed in
5 mL of ethanol under sonication.

TiO, Coating: The SiO, particles were dispersed in a mixture of
hydroxypropyl cellulose (HPC, 0.1 g), ethanol (20 mL), and de-ionized
water (0.1 mL). After stirring for 30 min, titanium tert-butoxide (TBOT,
1 mL) in 5 mL ethanol was injected into the mixture using a syringe pump
at a rate of 0.5 mL min~". After injection, the temperature was increased
to 85 °C at 900 rpm stirring under refluxing conditions for 100 min. The
precipitate was isolated using centrifugation, washed with ethanol, and
re-dispersed in 5 mL of ethanol to give SiO,@TiO, composites. In order
to increase the thickness of the TiO, layer, the above coating procedure
was repeated multiple times.

SiO, Coating: Above SiO,@TiO, particles were separated from
their ethanol solution, dispersed in 20 mL of water, treated with
polyvinylpyrrolidone (PVP, Mw ~ 40000, 0.2 g) overnight to allow for
the adsorption of PVP onto the TiO, surface, separated from solution by
centrifugation, and then re-dispersed in 10 mL ethanol. The solution of
SiO,@TiO, was sequentially mixed with ethanol (13 mL), water (4.3 mL),
TEOS (0.86 mL) and aqueous ammonia (28%, 0.62 mL). After stirring for
4 h, the resulting SiO,@TiO,@SiO, particles were centrifuged, washed
3 times with ethanol and dried under vacuum.

Calcination and SiO; Etching: The SiO,@TiO,@SiO, was calcined in
air at the desired temperature for 2 h to remove all organic compounds
and crystallize the amorphous TiO,. Then the calcined samples were
dispersed in 20 mL water under sonication and heated to the desired
temperature (<100 °C). An aqueous NaOH solution (2.5 m, T mL) was
added to the above solution. After etching for various periods, the hollow
TiO, particles (TiO,-SPCx, where x is calcination temperature) were
finally isolated by centrifugation and washed 5 times with de-ionized
water.

Control Experiments: After TiO, coating, SiO,@TiO, particles were
etched with an aqueous NaOH solution for 6 h to produce amorphous
hollow TiO, (TiO,-E), and then calcined at 500 °C and 800 °C for 2 h
to yield samples of TiO,-E-C-500 and TiO,-E-C-800, respectively. In
addition, SiO,@TiO, particles were calcined first at 500 °C for 2h and
then etched with NaOH solution at 70 °C to remove SiO, and produce
sample TiO,-C-E-500.

Characterization: The morphology of the samples was assessed using
transmission electron microscopy (TEM, Tecnai T12). The crystalline
structures were evaluated by X-ray diffraction (XRD) analysis using a
Bruker D8 Advance Diffractometer with Cu Ko, radiation (A = 1.5406 A).
Nitrogen adsorption isotherms were obtained at 77 K using a nitrogen
sorption instrument (Micromeritics ASAP 2010). Pore size distributions
were calculated by the BJH method using the adsorption branches of the
isotherm.

Photoelectrochemical and  Photocatalytic ~ Activity  Tests:  Photo-
electrochemical analyses were carried out using a standard three-
electrode cell with Ag/AgCl as the reference electrode and Pt wire as the
counter electrode. The working electrode was prepared by deposition of
a TiO; slurry (0.4 mg) on ITO glass (1 cm x 1 cm). An aqueous Na,SO,
(0.1 mol L") solution containing RhB (1 x 107> mol L") was used as
the electrolyte. Chronoamperometry tests were conducted using a
potentiostat (VersaSTAT 4, Princeton Applied Research). Photocatalytic
activity testing on the degradation of RhB was carried out in a 100 mL
beaker containing 50 mL of 2 X 107 mol L™! RhB and 10 mg of catalyst
under 400 rpm stirring at room temperature. Before the photocatalytic
reaction was initiated, as-synthesized catalysts were firstly irradiated
with UV light for 30 min to remove any residual organic compounds. A
15 W UV lamp (254 nm, XX-15G, USA) was used as the UV light source.
The concentration of RhB was measured by UV-Vis spectrophotometry
(HR2000CG-UV-NIR, Ocean Optics) at 10 min intervals during
reaction.
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Mechanistic Considerations of Bending-Strain Effects
within Organic Semiconductors on Polymer Dielectrics

Anatoliy N. Sokolov, Yadong Cao, Olasupo B. Johnson, and Zhenan Bao*

The development of organic transistors for flexible electronics requires the
understanding of device behavior upon the application of strain. Here, a com-
prehensive study of the effect of polymer-dielectric and semiconductor chem-
ical structure on the device performance under applied strain is reported.
The systematic change of the polymer dielectric results in the modulation of
the effects of strain on the mobility of organic field-effect transistor devices.
A general method is demonstrated to lower the effects of strain in devices by
covalent substitution of the dielectric surface. Additionally, the introduction
of a hexyl chain at the peripheries of the organic semiconductor structure
results in an inversion of the effects of strain on device mobility. This novel
behavior may be explained by the capacitative coupling of the surface energy

variations during applied strain.

1. Introduction

The development of flexible electronics based on organic mate-
rials is an important goal in the context of radio frequency iden-
tification tags (RFID),["? photovoltaics (PV),>* memory,”! and
sensors.[*12 The utilization of organic materials takes advan-
tage of low-temperature, solution-based techniques allowing for
integration of electronic materials onto flexible substrates.[13-1]
This integration is expected to enable both novel applications,
as well as facile, and cheap manufacturing techniques (i.e.,
printing).'*18] Much research, thus far, has focused on the
development of flexible materials to enable the light-emitting
component of flexible displays, or organic light-emitting diodes
(OLEDs).11%2% To achieve fully flexible electronic displays, the
circuit driving elements of OLED pixels,?! consisting of organic
field effect transistors (OFETs), must also be engineered to
withstand the effects of local stress or strain.?2l However, the
effects of strain on the operation of OFETs have only recently
begun to be explored. The placement of strain-sensitive com-
ponents within a “neutral plane” can eliminate the effects of
longitudinal strain, and thus lead to drastically improved per-
formance under flexing conditions.??4 While this presents
an attractive alternative, the precise placement of all strain-
sensitive components within a neutral plane may not always
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be feasible in a real application, making
it critical to understand the influence of
strain on device performance. Addition-
ally, mechanistic insight into the opera-
tion of organic transistors under strain
may provide new pathways to eliminate
or enhance the coupling of strain into the
electronic signal, enabling flexible display
operation or a new generation of cheap
mechanical strain sensors.

The effect of compressive or tensile
strain on the performance of OFETs was
initially reported by Sekitani et al.?>-%7]
The authors demonstrated that compres-
sive strain led to an increase, while tensile
strain led to a decrease, in the mobility
of pentacene-based field-effect transistors
beyond that expected solely from variation in the capacitance of
the dielectric layer. Grazing incidence x-ray diffraction studies
later attributed the effect to strain induced reorganization of the
pentacene film between the thin-film and bulk phases within
the device.l?!l A more recent study set out to explore the rela-
tionship between the semiconductor molecular structure and
the behavior of OFETs under strain.?’l However, the authors
found that the devices degraded under strain, and showed
irreversible strain dependant behavior. Additionally, the study
concluded that the dielectric layer of the transistor does not
play a significant role in flexible device performance.?”! During
our comprehensive study to gain mechanistic insight into the
effects of strain on device performance, we discovered that both
the dielectric and the semiconductor play a major role in device
performance under compressive and tensile strain. Moreover,
we applied our mechanistic understanding to demonstrate
a general approach to reduce the effects of strain on mobility
demonstrating a pathway towards strain-insensitive flexible
displays.

2. Results and Discussion
2.1. Device Fabrication and Characterization

Our study involved two commonly used organic semiconductor
active materials; namely, pentacene and 5,5"-bis-(7-hexyl-9H-
fluoren-2-yl)-2,2"-bithiophene (DHFTTF).’3% The materials
were chosen owing to their relatively high hole mobility along
with a difference in the substitution of the aromatic core (non-
substituted vs hexyl groups). The dielectric materials included
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. Semiconductors: Dielectrics:
Lk CeHia polystyrene
S PMMA

poly(vinyl phenol)

cross-linked poly(vinyl phenol)
poly(vinylalcohol)
cross-linked poly(vinylalcohol)
CYTOP

Device Response

Flexible Field-Effect Transistor

Time (s)

Figure 1. A schematic representation of a field-effect transistor under
strain showing the semiconductor and dielectric materials evaluated in
this study. The plot shown is a time vs device response plot from a real
device highlighting the change in Ips current as a response to tensile and
compressive strain.

poly(4-vinylphenol) and thermally crosslinked poly(4-vinyl-
phenol) (PVP, x-PVP), polyvinyl alcohol and photocrosslinked
polyvinyl alcohol (PVA, x-PVA), poly(methyl methacrylate)
(PMMA), polystyrene (PS), and CYTOP (an amorphous per-
fluorinated polymer) (Figure 1). These materials were chosen
owing to previous reports on their use as polymer dielectric
films.P31-33 The devices were fabricated and tested as described
in the Experimental Section.

The device characteristics (drain-source current (Ipg) vs. gate
voltage (Vcs), at a constant drain-source voltage (Vpg) (transfer
plot)) were recorded in an ambient atmosphere in a light-
protected chamber. To ensure the reproducibility of the flexing
results, each device was operated under a constant bias in satu-
ration mode while applying at least ten com-
plete flexing cycles of (+/-) strain. It should
be noted that the application of a compres-

s
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(1) and threshold voltage (Vy) values were extracted from each
transfer plot and utilized as comparative device metrics during
flexing stress application. For each device, an average mobility
is reported to ensure an accurate portrayal of the effects of
strain application. The calculation of mobility is described in
the note below.[*®! Prior to the application of strain, the devices
were characterized to establish the optimal operating conditions
for each dielectric. The summary of the device performance in
the absence of strain is shown in Table 1. Additionally, the sur-
face morphology of each OFET device was evaluated by atomic
force microscopy (AFM). Representative AFM images of each
device are shown in Figure 2. For all polymer dielectric layers
DHFTTF films exhibit highly two-dimensional growth, similar
to previously reported morphologies.’”) A larger morphological
variation is observed for pentacene active layers; however, in all
cases the films consist of micrometer-sized, three-dimensional
pentacene grains.['*l The variations in the morphologies as well
as the grain sizes explain the difference in the device perform-
ance prior to strain application. A wide distribution of grain
sizes was observed for pentacene and DHFTTF, yet device
behavior under strain did not depend on grain size. Addition-
ally, both molecules are known to pack in a herringbone struc-
ture within the thin films.37-38 Therefore, neither a difference
in structure, nor the morphological differences observed for the
varying polymer dielectrics could be correlated to device per-
formance in the presence of strain.

2.2. Effect of Strain on Device Performance

Upon establishing the viability of each polymer dielectric
layer to produce acceptable performance in OTFT devices, the
dependence of the OTFT performance on applied strain was

Table 1. A summary of the device performances and conditions of testing in the absence of
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strain.
sive strain greater than ~1.3% resulted in
the buckling/cracking of gold source—drain Dielectric u Ve on/Off Ve c Carrier
contacts and an apparent decrease in the [em? V-1 57 ™ \Y| [nFcm™]  Density [cm 7]
: iy 129.34] :
device mobility. Previous results have poicene  pyp 1.01 088 36x10° 2.5 7790 6.66x10"
also suggested that the delamination of the
. . xPVP 0.52 -1.09 5.7% 10 -1.50 7010 1.79%10"
semiconductor material from the substrate
can be expected to occur at ~1.5% strain PVA 0.92 -1.25 1.6x 10 -2.50 99.90 7.79 x 10"
based on a nanoindentation analysis.*! x-PVA 053 -136  15x10° 215 5190 2.56x 10"
In our experiments, delamination was not PS 0.59 1273 41%105 —145.0 1.60 177 x 101
observed; however, the cracking/buckling of PMMA 0.025 —259  16x10°  —675 2490 647x10"
the gold electrodes did lead to a small, per- , N
manent negative shift of threshold voltage cYrop 0.041 256 3710 -390 4820 40310
(~15%). We anticipate that the cracking x-PVP-OTS 2.99 -1.29 2.7%10° -1.95 73.20 3.02x 10"
leads to an increase in the resistance of the  DHFTTF PVP 0.077 -1.41 1.8x10* -2.10 7790 3.36x10"
electr.ode; thus, requiring a hlghe.r bias for <-PVP 0.26 134 6.5 x 108 103 7010 2.58x 10"
transistor operation. The use of higher volt-
.. . PVA 0.019 -2.34 1.6 x 10* -2.90 99.90 3.49% 10"
ages restored the original material perform-
.1 . . . . 3 11
ance (mobility) in all cases within our testing xPVA 0.075 -205  45x10 —2.65 5190 1.94%10
range. Additional bending cycles did not PS 0.32 -1415  34x10° 1270 1.60 1.45x 10"
result in further device degradation, and the PMMA 0.0039 336 1.0x 10 ~7.80 24.90 6.90 x 10"
devices exhibited stable performances. This oyToP 0,027 a3 43%10° a0 48.20 653 % 10"
de-coupled the effects of the electrodes from
xPVP-OTS 0.7 -1.36 35x 10 -1.90 7320 2.47x10"

strain within the active material. Mobility
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Figure 2. The AFM images of flexible OFET device with DHFTTF (top rows) and Pentacene (bottom rows) active materials on varying polymer dielec-
trics. AJH) x-PVP; B,l) PVP; C,J) x-PVA; D,K) PVA; E,L) PS; F,M) PMMA; and G,N) CYTOP. All presented AFM images are a 5 im X 5 um scans.

evaluated. Bending radii of several millimeters were tested to
mimic the predicted strain necessary to enable display applica-
tions.? The maximum compressive (positive) and the max-
imum tensile (negative) strains applied were 2.4% (2.5 mm
concave or convex bending radii, respectively) (Figure S1). The
maximum strain values were dictated by the geometrical con-
straints of the mechanical setup shown in Figure S1. The strain
in the device was evaluated from the bending radius by quan-
titative analysis.>>*° In all cases, the thickness of the polymer
dielectric does not play a role in strain determination. The
strain is determined by the total device thickness, dominated
by the 120 um polycarbonate film and the bending radius.>’!
Thus, for each compressive and tensile cycle the device was sys-
tematically taken from 0% strain to +2.4%, back to 0%, then
to —2.4% and back to 0% strain again. In total, the device was
evaluated during four complete, consecutive strain cycles. For
each summary plot, at least two separate devices, manufactured

Adv. Funct. Mater. 2012, 22, 175183
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in two separate batches were tested to ensure reproducibility of
the device characteristics. To make certain that any changes in
device performance are not caused by a strain-induced change
in the dielectric capacitance, capacitor structures of similar
active area were evaluated at identical compressive and tensile
strain forces as the OFET devices. In all cases, a small change
in capacitance was observed upon the application of strain to
the dielectric layers. This change has been previously reported,
and was explained by the change in dielectric layer thicknesses
induced by the Poisson effect.[*’]

The electrical behavior of the flexible devices was character-
ized during the systematic application of compressive or tensile
strain. Representative examples of the change in observed elec-
trical characteristics for pentacene and DHFTTF-based devices
on PMMA are shown in Figure 3 and Figure 4A B. In agreement
with previous reports, pentacene-based devices on polymer
dielectrics exhibited an increase in saturation Ipg upon the
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Figure 3. The effect of applied strain on the normalized Ips current of an OFET held at constant bias for (A) PS or (B) PMMA as the dielectric. The
application of cycles of strain from positive (+2.4%) to negative (-2.4%) is shown. The effect of strain is inverted based on the hexyl substitution of

the DHFTTF semiconductor.

application of compressive (+) strain and a decrease in satura-
tion Ipg upon the application of tensile (-) strain.*>?”] However,
the use of a hexyl-substituted semiconductor DHFTTF results
in the observation of the opposite trend; namely, decrease in Ipg
upon the application of compressive (+) and an increase in Ipg
upon the application of tensile (—) strain. While there is a single,
previous report characterizing the use of alkyl substituted semi-
conductor molecules in strained OFET devices,?"! this reversal
of device behavior has not previously been described. However,
this observation is important to advance the mechanism of
OFET behavior under strain and to enable both strain insensi-
tive devices as well as potential strain sensors.

To compare the effect of strain across varying semicon-
ductor and dielectric layer combinations, the percent response
of mobility (%) and percent response of the threshold voltage
(%Vr) were plotted vs the applied strain. The relationship
between the strain and the semiconductor performances,
termed mobility factor (Fy) (A%u/%strain) and Vi factor (Fyr)
(A% Vy/%strain), were used as metrics to compare the varying
OFET devices (Figure 4E). The effect of strain on the average
mobility is shown in Figure 4C and D.

The variation of the underlying dielectric layer proved to have
a significant effect on mobility in response to the applied strain.
Interestingly, devices based on pentacene generally exhibited
positive mobility factors (Fy), while devices based on DHFTTF
exhibited a negative Fy;. The only exception to this was observed
for x-PVA with pentacene, which demonstrated a negative Fy.
However, this may be cause by the presence of the cross-linking
agent, ammonium dichromate, on the surface of the polymer
leading to an unpredictable surface energy landscape. The use
of polystyrene (PS) as the gate dielectric resulted in the largest
impact for pentacene, while the use of x-PVA resulted in the
largest impact for DHFTTF, with mobility factors of 7.3 and
—7.92, respectively (Figure 4). This means that the application of
1% strain to a pentacene device on PS results in a 7.3% change
in the mobility. For pentacene-based devices the use of CYTOP
resulted in the smallest shift in effective mobility (Fy = 1.6).
Thus, the average mobility of this device during strain applica-
tion remained nearly constant. The smallest Fy; for DHFTTF-
based devices was observed for either CYTOP or PVP dielec-
trics (Fy = —4.4 and —4.3, respectively), (Figure 4). Interestingly,

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the threshold voltage shift factors (Fyy) for all devices were
between —0.1 and +1.5, with no obvious correlation to applied
strain (Figure S2).

2.3. Understanding the Effect of Strain on Device Mobility

Strain-induced rearrangement of the polymer chains may be the
key to understanding the effect of the dielectric on the perform-
ance of the semiconductor active layer. It is well understood
that the surface energy of the dielectric as well as the surface
dipole plays a large role in controlling charge-carrier density
within organic semiconductors.**41 A recent report has dem-
onstrated that the device mobility is critically dependent on
polymer surface heterogeneity.*’! In that report, the presence
of additional chain ends on the surface of a PS film, owing to
low PS molecular weight (MW), resulted in increased surface
heterogeneity, and drastically lower mobilities. Therefore, upon
induction of strain into polymer systems, a rearrangement of
the polymer structure can be expected, leading to a change
in surface heterogeneity and a change in surface energy. The
change of polarization in response to strain, or piezoelectricity,
has been observed for crystalline polymers such as PVDF, and
is typically not observed in the amorphous or poorly crystalline
polymers described in this work.[*®4’] However, as previously
mentioned, the behavior of OTFTs depends strongly on the sur-
face dipoles and the surface energy at the interface. Thus, bulk
polarization is not necessary to induce a change in device per-
formance upon the application of strain; a change in polymer
orientation at the surface will suffice. The field-effect mobility
will change in response to polymer rearrangement at the sur-
face, manifested as a change in the surface energy or surface
dipole reorientation.*¥! As an example, polystyrene is com-
prised of alkyl and phenyl groups, and does not contain moie-
ties capable of hydrogen bonding. The local rearrangement of
polymer chains upon strain application can involve in-plane
reorientation of the phenyl group or the promotion of additional
alkyl chain ends to the surface.”*) The rearrangement of this
polymer upon strain may be expected due to higher polymer
mobility (weak intrachain interaction), and thus, the devices
exhibit a higher than average response to strain (Fy = 4.8 for

Adv. Funct. Mater. 2012, 22, 175-183
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Figure 4. A representative figure of device performance on PMMA for both DHFTTF and pentacene during strain. Plots (A) and (B) show Ips vs. Vs
performance for (a) pentacene and (b) DHFTTF before and during the application of maximum (2.4%) strain. Plots (C) and (D) show the average
mobility change for (C) pentacene and (D) DHFTTF during the application of strain. E) A graphical comparison of the mobility factors (Fy) for each
of the seven polymer dielectrics utilizing pentacene (filled marker) and DHFTTF (open marker) within OFET devices.

DHFTTF and 7.3 for pentacene). The dielectric that shows the
lowest Fy; to strain is CYTOP. This material contains a fluo-
rine substitution on every carbon, thus, the rearrangement of
the polymer in response to strain will result in a low surface

Adv. Funct. Mater. 2012, 22, 175183
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heterogeneity, and a low change in surface energy upon applied
strain. It should be mentioned that while a small change in Fy
would be expected for the two crosslinked dielectrics (x-PVA
and x-PVP), the introduction of crosslinking materials into
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Figure 5. A representative plot of device performance on OTS-V treated x-PVP for both pentacene and DHFTTF. A) Mobility change in pentacene;
B) mobility change in DHFTTF vs applied compressive (+) and tensile (-) flexing strain.

the polymer matrices, i.e., HDA or ammonium dichromate,
may lead to unexpected results. Regardless, in these cases, the
rearrangement of polymer chains is expected to be difficult
or induce a small degree of change in the surface energy, and
thus, lead to a small Fy;. This is consistent with the results of
Sekitani et al., who report that pentacene exhibited an Fy of ~5
on a polyimide dielectric.[*¥

Taking into account that surface energy variation can lead to
a change in Fy;, the covalent modification of a surface with a
self-assembled monolayer (SAM) of tightly packed alkyl chains
(e.g., octadecylsilane (OTS)) should provide a surface that con-
sists of a crystalline layer of methyl groups. This, new, dielectric
surface consists of tightly packed chains composed of poorly
polarizable carbon-hydrogen bonds, lowering the heterogeneity
in surface energy during applied strain on the Fy. In this case,
the low heterogeneity is expected to lead to a small variation in
surface energy, and thus, a small variation in device perform-
ance upon polymer chain reorganization. Our group has pre-
viously reported the functionalization of the x-PVP dielectric
with a vapor-based octadecylsilane (OTS-V) treatment.”® The
introduction of the OTS groups on the surface is confirmed
with a contact angle measurement (contact angle is increased
from 69.4° for x-PVP, to 88.9° for OTS-V treated x-PVP). Both
pentacene and DHFTTF devices were fabricated on the OTS-V
treated x-PVP surface, and the Fy; for both devices was calcu-
lated.P1%2l As predicted, the Fy for OTS-V treated surfaces
was significantly lowered in both cases. The F\; of pentacene
was calculated to be 0.15 and the Fy; of DHFTTF was calcu-
lated to be —2.06 (Figure 5). These findings explain the result of
Jedaa et al., who demonstrated that a hybrid inorganic/organic
dielectric, that consists of alkyl chains, displayed a low overall
response to strain application.?” This implies that the introduc-
tion of a dense alkane layer on a polymer surface is a general
methodology to decrease the effect of strain on device mobility.

The introduction of a covalently bound alkyl SAM onto the
polymer dielectric served to minimize the effect of strain on
the device performance. However, the inclusion of the hexyl
group on the semiconductor, DHFTTF, led to an inversion in
the sign of Fy, when compared with pentacene. This finding
comes as a surprise, because in all previous work the devices
under strain exhibited behavior similar to pentacene, that is to
say positive Fy;. The negative Fy of x-PVA with pentacene is

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

an exception, and may be rationalized based on the presence of
the cross-linking agent, ammonium dichromate. To understand
the nature of the negative Fy; in alkyl substituted DHFFTF we
reasoned that the variation in the surface energy of the dielec-
tric under applied strain is responsible for the change in Fy,.*8!
Thus, the critical interface must be between the noncovalnetly
bound semiconductor molecules on the surface of the dielectric.
At the neutral strain position, the performance of the device is
partially dependent on the equilibrium surface energy of the
dielectric. However, once strain is applied to the system, the
extent of surface energy variation will be the driving influence
on device perfomance. Thus, greater surface heterogeneity will
result in a larger Fy;. For the case of pentacene, the net change
in the nanoscopic surface energy of the dielectric is intimately
linked to the carriers present in the semiconductor material.
This is attributed to the direct interaction of the highest occu-
pied molecular orbital (HOMO) frontier molecular orbitals of
pentacene with the surface of the polymer dielectric. The direct
coupling leads to a change in the energetic disorder at the inter-
face, and a change in mobility. Thus, chemical modification of
the dielectric surface with a crystalline alkyl-chain SAM results
in decreased energetic variation upon strain application, and
can only influence the magnitude of the Fy;. However, the intro-
duction of an alkyl substituent on the semiconductor core (e.g.,
DHFTTF) prevents the direct interaction between the surface
energy of the dielectric and the carriers within the semicon-
ductor molecular cores. In this fashion, the changing surface
potential during applied strain cannot directly influence the
charge carriers in the DHFTTF. Owing to the insulating nature
of the substituent, a nanometer-scale parallel plate capacitor
structure can form, as defined by the dielectric surface and the
semiconductor layer. The application of charge to one of the
plates (surface potential variation during applied strain) will
induce a mirror charge onto the other plate (Figure 6, right).
This leads to the observation of the inverted Fy;, as shown in
Figure 5. It has been previously shown in work involving molec-
ular junctions that an 8-carbon alkyl chain is sufficient to create
a monolayer capacitor structure.’¥ Modeling of the frontier
orbitals of DHFTTF demonstrates that the outer phenyl ring
of the fluorine is not involved in charge transport (the HOMO
electrons are localized on the two thiophenes and the adjacent
phenyl ring). Thus, chemically, a 1-hexylbenzene group acts as

Adv. Funct. Mater. 2012, 22, 175-183
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Figure 6. A cartoon of energetic variation of the polymer dielectric sur-
face during strain with pentacene and DHFTTF devices. The influence
of strain on device performance occurs at the non-covalent, semicon-
ductor/dielectric interface. For pentacene (left) the changing surface
energy is directly coupled into the HOMO orbitals of the semiconductor.
For DHFTTF (right), the alkyl substituent serves to prevent the direct
coupling of the surface energy into the semiconductor core. Instead, a
parallel plate capacitor structure is formed, resulting in a mirror charge
being induced into the semiconductor HOMO orbitals.

the molecular dielectric (¢ = 2.1).53 It is clear that this chem-
ical group provides sufficient resistance to charge leakage from
the applied strain induced surface charge. For that reason, we
attribute the change in the sign of the Fy; to capacitative cou-
pling of the changing surface energy across the 1-hexylbenzene
substituent. It is important to note, that the substitution of the
polymer cannot lead to this effect, as only the surface of the die-
lectric influences the magnitude of the Fy;, while the semicon-
ductor substituents influences the sign of the Fy. In order to
establish the validity of the proposed model, additional studies
exploring the dependence of the effect on substituent length
and composition are underway.

3. Conclusions

In conclusion, a study describing the effect of strain on flex-
ible organic field-effect transistors fabricated on polymer dielec-
trics is described. By using two types of semiconductors,??) we

Adv. Funct. Mater. 2012, 22, 175-183
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demonstrated that both the organic semiconductor material, as
well as the polymer dielectric play a significant role in deter-
mining the effect of applied strain on the OFET characteristics.
The dependence of strain effects on dielectric material composi-
tion is governed by the relative change in the surface energy of
the dielectric material. The magnitude of polymer surface reor-
ganization depends on the intermolecular interactions and pol-
ymer substitution, and can thus impact Fy;. The introduction of
a SAM of a linear alkyl chain onto the surface of the dielectric
material served as a general method to drastically decrease the
effects of strain on semiconductor mobility for both pentacene
and DHFTTF active materials. The understanding of the mech-
anism of strain-induced mobility effects in organic semiconduc-
tors can potentially lead to the realization of new applications
for OFET-based strain sensors. Interestingly, the introduction
of short alkyl chains on the semiconductor core resulted in an
inversion of the influence of strain onto the device mobility.
This novel discovery was attributed to the formation of a capac-
itor structure by the hexyl chain between the charges present
in the organic semiconductor and the surface of the polymer
dielectric. Future studies will elucidate the mechanistic effect of
alkyl chain length on the effect of strain in OFETs.

4. Experimental Section

The devices were fabricated on flexible polycarbonate substrates (120 pm
thick) utilizing thermally deposited (70 nm) aluminum (Al) gate electrode.
Al was chosen as the gate electrode material both for known resistance
to cracking/delamination, as well as for solution wetting properties
imparted by the native Al,O; layer. The polymer dielectric layers were
deposited via spin coating on the Al layer. The polymer dielectrics were
separately spin coated onto highly doped n** Si substrates to obtain
film thickness measurements via ellipsometry or profilometry (for PS).
Additionally, Au pads were thermally evaporated on both flexible and
rigid substrates to form capacitor structures. Transistors were prepared
via thermal evaporation of a 40 nm layer of the organic semiconductor
onto the flexible substrates held at room temperature. The substrates
were held at room temperature to prevent the decrease in semiconductor
performance observed when active materials are evaporated onto
polymers at temperatures approaching the glass-transition temperature,
.54 The evaporation of 40-nm-thick Au electrodes as top source/drain
contacts completed the transistor architecture. Au instead of Al was
utilized as the source—drain electrode material to prevent charge injection
problems into the p-channel semiconductors. The device geometry was
defined via a shadow mask to provide a W/L (width/length) ratio of 240
(W =12 mm, L =50 um). The device geometry relative to the substrate
positions the electrodes such that strain is applied perpendicular to the
direction of the drain—source current (Figure ST). Previous reports have
suggested that the direction of the strain is arbitrary, owing to isotropic
charge transport within polycrystalline thin-films.[?’l The bending
experiments were performed on a computer-controlled, home-built,
semiconductor parameter analyzer station (Keithley 2635 (Drain-Source),
Keithley 2400 (Gate)) capable of achieving a concave or a convex bending
radius of 2.5 mm (Figure S1). During the flexing cycle, the device is held
securely in place via two electrode-containing clips. To prevent device
failure from the electrode clips, the drain-source electrode contact with
the flexible device is created via a minute amount of a Gallium Indium
eutectic laminated on the clip electrode. The gate electrode is a sharp
needle that pierces the soft polymer dielectric to ensure a reliable gate
contact. The application of strain is done via the rotation of a stepper
motor capable of 0.12° revolution per step. The electrical contacts to
the drain and source electrodes are made through clips. A photo of the
set-up is included in the supporting material.
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DFT Calculations: Density functional theory was used to calculate
HOMO (highest occupied molecular orbital) and LUMO (lowest
unoccupied molecular orbital) levels of the geometry optimized
structures (B3LYP/6-31G#*) of DHFTTF and Pentacene using Gaussian
03. The models were visualized using Chemcraft V1.6 software.

Materials: All materials were purchased from Aldrich and used as
received unless otherwise noted. The organic semiconductor DHFTTF
was synthesized according to previously reported methods.?% DHFTTF
was purified by gradient sublimation under high vacuum twice before
use. Pentacene (Aldrich, triple-sublimed grade CAS:135-48-8, >99.995%,
trace metals basis) was used as received. Galium Indium Eutectic
99.99% was purchased from Alfa Aesar.

Dielectric Layers: Prior to spin coating, the blank polycarbonate, or
silicon substrates were exposed to gentle UV-ozone treatment (Jelight
Model 42) for a period of three minutes to promote polymer adhesion.
To form the thin dielectric film, a filtered (0.2 um PTFE filter, unless
otherwise specified) dielectric solution (~200 ul) was deposited onto
the desired substrate, and allowed to settle for a period of 30 s. The
substrate was subsequently spun coated at the required speed for a
period of 1 min.

Octadecylsilane  Modification: The x-PVP dielectric surfaces were
treated with gentle UV-ozone treatment for a period of 3 minutes.
The devices were immediately transferred into a glass dessicator that
contained a vial of 200 pl of octadecyltrimethoxysilane. The dessicator
was placed under a static vacuum (~100 mtorr) and was subsequently
heated up on a hot plate to a temperature of 150 °C for a period of 48 h.
The devices were removed and rinsed copiously with toluene and water
prior to semiconductor deposition.

Poly(4-vinylphenol) (PVP): Poly(4-vinylphenol) (Aldrich, MW 25,000)
was dissolved in propylene glycol monomethyl ether acetate (PGMEA,
Aldrich) with ratio of 40 mg mL™". It should be noted that a PGMEA
solution without an industrial inhibitor was used. The solution was
deposited via the described spin-coating procedure at 4000 rpm for one
minute and then cured on a hot plate at 100 °C for a period of one hour.
The resulting device capacitance was measured to be 77.9 nF cm™ on
the polycarbonate substrate, and 38.6 nF cm™2 on the silicon substrate.
The device thickness on the silicon substrate was measured to be
146.4 nm by ellipsometry.

Crosslinked Poly(4-vinylphenol) (x-PVP): Poly(4-vinylphenol) (Aldrich,
MW 25,000) was dissolved in propylene glycol monomethyl ether
acetate (PGMEA) with ratio of 40 mg mL™". Separately, the cross-
linker with 4,4-(hexafluoroisopropylidene) diphthalic anhydride (HDA,
Aldrich) was dissolved in PGMEA at a ratio of four mg mL™". Into a two
ml solution of PVP, two microliters of triethylamine was added, and the
solution was shaken for a period of 30 s to ensure complete mixture. To
this mixture, 2 mL of HDA solution was added, and the solution was
shaken to ensure complete mixture. The solution was deposited via the
described spin-coating procedure at 4000 rpm for 1 min and then cured
on a hot plate at 100 °C for a period of 1 h. A second UV ozone treatment
of the x-PVP layer (3 min) was followed by the spin-coated deposition
of an additional x-PVP layer following the above procedure. The device
was subsequently cured on a 100 °C hot plate for a period of 4 h. The
resulting device capacitance was measured to be 70.1 nF cm™2 on
the polycarbonate substrate, and 76.0 nF cm™ on the silicon substrate.
The device thickness on the silicon substrate was measured to be
72.9 nm by ellipsometry.

Polyvinyl alcohol (PVA): Polyvinylalcohol (Fluka, MW 205,000) was
dissolved in distilled H,O at a concentration of three wt%/vol. The
solution was vigorously stirred for a period of 3 h at 100 °C to achieve
complete dissolution. The solution was subsequently filtered through a
0.45 um PVDF filter into a clean vial. The solution was deposited via
the described spin-coating procedure at 3000 rpm for 1 min and cured
at 100 °C for a period of 1 h. The resulting device capacitance was
measured to be 99.9 nF cm™2 on the polycarbonate substrate, and 68.5
nF cm™ on the silicon substrate. The device thickness on the silicon
substrate was measured to be 86.3 nm by ellipsometry.

Cross-linked Polyvinyl alcohol (x-PVA): Polyvinylalcohol (Aldrich, MW
205,000) was dissolved in distilled H,O at a concentration of three
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wt% /vol. The solution was vigorously stirred for a period of 3 h at 100 °C
to achieve complete dissolution. The solution was subsequently filtered
through a 0.45 um PVDF filter into a clean vial. To this solution, a 1:6
mass ratio of ammonium dichromate (Aldrich):PVA was added. The
solution was stirred at RT for one hour and again filtered through a
0.45 um PVDF filter into a clean vial. The solution was deposited via the
described spin-coating procedure at 3000 rpm for 1 min. The film was
crosslinked with 254 nanometer UV radiation for a period of 10 min.
The film was rinsed with distilled H,0. A second UV ozone treatment
of the x-PVA layer (3 min) was followed by the spin-coated deposition
of an additional x-PVA layer following the above procedure. A second
254 nm UV exposure, followed by a distilled H,O rinse completed the film
process. The device was subsequently cured on a 100 °C hot plate for a
period of 1 h to remove any trace H,O. The resulting device capacitance
was measured to be 51.9 nF cm™ on the polycarbonate substrate, and
85.7 nF cm™2 on the silicon substrate. The device thickness on the silicon
substrate was measured to be 78.2 nm by ellipsometry.

CYTOP: CYTOP films were made from a commercially available
CYTOP solution. The solution for deposition was made by combining
the two provided solutions CTL-809M and CT-Solv.180 in a ratio of 1:2,
respectively. The solution was deposited via the described spin-coating
procedure at 7000 rpm for 1 min and cured at 100 °C for a period of 1 h.
The resulting device capacitance was measured to be 48.2 nF cm™ on the
polycarbonate substrate, and 36.3 nF cm™2 on the silicon substrate. The
device thickness on the silicon substrate was measured to be 48.4 nm
by ellipsometry.

Poly(methyl methacrylate) (PMMA): Poly(methyl methacrylate)
(Aldrich, MW 15,000) was dissolved in toluene at a concentration of
five wt%/vol. The solution was deposited via the described spin-coating
procedure at 4000 rpm for 1 min and cured at 120 °C for a period of 1 h.
The resulting device capacitance was measured to be 24.9 nF cm™ on
the polycarbonate substrate, and 22.4 nF cm™2 on the silicon substrate.
The device thickness on the silicon substrate was measured to be
117.6 nm by ellipsometry.

Polystyrene (PS): Polystyrene (Aldrich, MW 97,000) was dissolved in
toluene at a concentration of ten wt%/vol. The solution was deposited
via the described spin-coating procedure at 1000 rpm for 1 min and
cured at 85 °C for a period of 1 h. The resulting device capacitance
was measured to be 1.63 nF cm on the polycarbonate substrate, and
1.38 nF cm™2 on the silicon substrate. The device thickness on the silicon
substrate was measured to be 1300 nm by profilometry.

Device Fabrication: Heavily doped silicon wafers (no thermally grown
oxide) were cleaned by rinsing with acetone, H,O, and isopropanol prior
to use. Polycarbonate films (Teijin Chemical Ltd., SS-120) were rinsed with
H,0 and isopropanol before use. 70 nm aluminum films were deposited
by thermal evaporation (Angstrom Engineering, Inc.) at a rate of 3-5 A s™'
under a pressure of 5.0 x 1077 Torr. Polymer dielectric deposition was
carried out as described above. The DHFTTF and pentacene films were
deposited by thermal evaporation (Angstrom Engineering, Inc.) at a
rate of 0.1-0.2 A s7' under a pressure of 5.0 x 107 Torr. The substrate
temperature for the organic semiconductor deposition was kept at RT.

Characterization: Atomic force microscopy (AFM) was performed
using a Digital Instruments Nanoscope IV operated in tapping mode
(~320 kHz frequency, Si tip). Ellipsometry measurements were taken
using a Gaertner Ellipsometer L116C at a 70 degree angle of incidence
with a 632.8 nm 1T mW laser from a Helium Neon laser and a beam
size of 1 mm x 2.92 mm. The polystyrene film thickness was determined
using profilometry, Veeco Dektak 150 Surface Profiler. The capacitance
values of the polymer dielectrics on both rigid and flexible substrates
were evaluated using an Agilent E4980 precision LCR meter operating at
1V and 1 kHz frequency.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Magnetic Memory Effect of Nanocomposites

M. Y. Razzaq, M. Behl, and A. Lendlein*

The magnetic memory effect (MME) is the ability of magneto-sensitive
materials to remember the magnetic field strength (Hy.f), at which they were
deformed recently. They respond close to Hy either by recovering their initial
shape at a switching magnetic field strength H,, under stress-free condi-
tions or by building up stress with a peak maximum at H, ..., under constant
strain conditions. This paper explores whether such a MME can be created
for polymer-based nanocomposites. The concept is based on temperature-
memory polymers (TMP) as matrix, in which silica coated iron(lll)oxide
nanoparticles (mNP) are dispersed. The MME was explored in a cyclic
magneto-mechanical test, in which the nanocomposite sample was elon-
gated to g, while being exposed to an alternating magnetic field at Hy.. The
magnetic memory was read out by determining H ., of Hg,. A linear cor-
relation between H . (or Hg,) and Hg.sin a range from 15 to 23 kA m™' at
a fixed frequency of f= 258 kHz is observed and demonstrates the excellent
magnetic memory properties of the investigated nanocomposites containing
either crystallizable or amorphous, vitrifiable domains as controlling units.
The deformation &, at Hy.r can be fixed with an accuracy of more than 72%
and the initial shape can be recovered almost completely by more than 86%.
The MME allows the design of magnetically programmable devices such as

shape-fixity ratio; R,, shape-recovery ratio;
SME, shape-memory effect; TMP, temper-
ature-memory polymer; TMPU, temper-
ature-memory polyurethane; TMPU(XX),
temperature-memory polyurethane com-
posite with XX indicating mNP content
in wt%; T, programming temperature;
T switching temperature; T, transi-
tion temperature; X, degree of crystallinity

1. Introduction

The ambitious aim to create a memory
in plastics has attracted tremendous
attention in polymer science and moti-
vated numerous fundamental studies on
stimuli-sensitive polymers. The capability
of a polymer to remember an initial shape,
which had been deformed and fixed in a
second, temporary shape, is called a shape-
memory effect (SME) and was described
first for thermo-sensitive polymer net-
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switches or mechanical manipulators.

List of symbols/abbreviations

CMME, cyclic, magneto-mechanical experiment; cPEVA,
crosslinked  polylethylene-ran-(vinyl acetate)]; cPEVA(XX),
crosslinked poly[ethylene-ran-(vinyl acetate)] composite with XX
indicating mNP content in wt%; DCP, dicumyl peroxide; AH.,
range of H applied during recovery of the sample; AT, glass
transition temperature range; AT, melting temperature range;
mNP, magnetic nanoparticles; mNPCs, mNP-polymer compos-
ites; H, magnetic field strength; Hy.r, magnetic field strength
at deformation; H, .., magnetic field strength at stress max-
imum; Hg,, switching magnetic field strength at which shape
recovery under stress-free conditions occurs; MME, magnetic
memory effect; PEVA, poly[ethylene-ran-(vinyl acetate)]; Ry
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works and their composites.'"8] The
netpoints, which can be of chemical or
physical nature, determine the initial,
permanent shape while the switching
domains, which are associated to a thermal transition such as
a melting or a glass transition, can fix a temporary shape by
crystallization or vitrification.*'! Even two or three different
shapes could be successfully memorized in polymers in terms
of thermally-induced triple-shapel®'>®l and multiple-shape
effects.l'"18 Varying the programming temperature T, at
which the permanent shape is deformed for creating a shape-
memory, influenced the recovery kinetics!'! or the switching
temperature Tg,,!'°2% at which the SME occurred in polymers
having a broad glass transition AT, associated to the switching
domains. The latter effect was initially reported for polyvinyl
alcohol-carbon nanotube nanocomposites, in which a linear
correlation between T, and T, was found in the range of
AT,? This ability to remember the temperature T,,,, where
the polymer was deformed recently is named the temperature
memory effect (TME). Recently, temperature-memory polymers
(TMP) with crystallizable controlling units could be successfully
created as well.?’l Here, the temperature-memory effect results
from the fact that a mechanical deformation &, is predomi-
nantly fixed by the volume fraction of the domains associated
with a thermal transition (T,,, or Ty) close to Tpyoq. 2%

Here, we explored whether a magnetic memory effect (MME)
can be created by introducing magneto-sensitivity in a TMP by
incorporation of magnetic silica coated iron(III)oxide nano-
particles (mNP).2 The mNP shall enable an indirect heating of
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the mNP-polymer composites (mNPCs) in an alternating mag-
netic field.?*! The temperature increase in an alternating mag-
netic field of a fixed frequency caused by hysteresis or eddy cur-
rent loss mechanisms depends on the square of H.>>?% In this
way, the MME will rely on a controlled melting of the crystal-
line respectively softening of the glassy controlling units at T,
achieved by an alternating magnetic field strength H applied
during deformation (Hger). The magnetic memory can be read-
out as H, at stress-free recovery conditions or as Hgpay at
strain-controlled recovery conditions. The desirable broad range
AH, in which Hg.r can be potentially varied for creating a MME,
requires a TMP nanocomposite with a broad AT, .

A high accuracy of the magnetically-induced response
demands the magnetic field strength range AH,. of the
mechanical recovery process to be narrow. Finally, the shape
fixity (Ry) and shape recovery (R,) ratio should be consistently
good over the broad range of AH.

Two different TMP matrices were selected to examine the
generality of the concept. The first TMP contains crystalliz-
able control units. It is a crosslinked binary mixture of two
different poly[ethylene-ran-(vinyl acetate)]s (PEVA) differing in
the their comonomer ratio. PEVA contains crystallizable poly-
ethylene (PE) segments and generally exhibits a broad melting
temperature range (AT},). PEVA9 (PE content = 91 wt%, T, =
94 °C, AT, = 80 °C) and PEVA40 (PE content = 60 wt%, T, =
47 °C, AT, = 60 °C) were mixed in a weight ratio 1:1 to further
increase ATy, to 100 °C. Crosslinking was carried out after incor-
poration of mNP using dicumyl peroxide (DCP) as thermally-
induced initiator. The second TMP matrix material is a ther-
moplastic temperature-memory polyether urethane (TMPU)
containing amorphous, vitrifiable controlling units. TMPU
is synthesized from methylene bis(p-cyclohexyl isocyanate)
(H12MDI), 1,4-butanediol (1,4-BD), and poly(tetramethylene
glycol) (PTMG). It consists of H12MDI/1,4-BD hard segments,
and H12MDI/PTMG soft segments.?¥ In addition, TMPU
exhibits a mixed phase with a broad T, (AT, = 70 °C), which
is acting as vitrifiable switching domain. Besides a broad AT,
both TMP exhibit small AT,... The selection of these two TMP
matrices allows to explore the influence of the type of perma-
nent netpoint (covalent or physical) and of the controlling unit
(vitrifiable or crystallizable) on MME. Silica coated mNP having
a mean aggregate size of 90 nm and a mean Fe,0; domain size
of 20-26 nm were chosen.l?!l The silica coating mNP reduces
the formation of agglomerates and supports a homogenous dis-
tribution of the mNP within the polymer matrix.”’! A frequency

www.afm-journal.de

of 258 kHz was selected for the alternating magnetic field as it
is compatible with tissue.?8l

In the following the preparation of the two series of mNPCs
as well as their thermal, mechanical and magneto-mechanical
properties are described. Finally, the MME of the mNPCs is
explored in specifically designed cyclic, magneto-mechanical
experiments (CMME).

2. Results and Discussion
2.1. Composition and Morphology of the Composites

cPEVA(xx) (xx denotes the amount of mNP in wt% determined
by thermogravimetric analysis) were prepared by incorporating
between 2.4 and 13.6 wt% mNP in a 1:1 mixture of PEVA9 and
PEVA40 containing 1 wt% dicumylperoxide (DCP) via extrusion
and subsequent crosslinking by press molding at increased tem-
perature. The efficiency of crosslinking was confirmed by high
values obtained for the gel content (G), (Supporting Informa-
tion, Method S1). In pure cPEVA(00), the value of G was higher
compared to the cPEVA containing mNP samples indicating
a diminishing effect of mNP on crosslinking of the PEVAs
(Table 1). The TMPU-based nanocomposites (TMPU(xx)) were
prepared according to the method described previously.?

The distribution of mNP within the mNPCs was investigated
by microscopic analysis. Figure 1a-1/a-2 and Figure 1d display
representative SEM images of cPEVA(2.4) and cPEVA(13.6)
as well as the TMPU(15.1). mNPs showed individual, small
clusters in the sub micrometer length-scale, which were dis-
tributed uniformly throughout the polymer matrix. However,
in cPEVA(13.6) a pattern of areas having increased mNP con-
centrations became apparent in the matrix, which might be
attributed to the morphology of the PEVA9/PEVA40 blend.
With the exception of this one sample, an excellently homo-
genous dispersion of the mNP in both matrix polymers was
achieved.

The shape-fixity ratio of TMPs with crystallizable switching
domains is substantially determined by the degree of crystal-
linity. The overall degree of crystallinity (X) of the cPEVA
samples was determined by wide angle X-ray scattering (WAXS)
measurements. The diffraction patterns for all samples with
varying amount of mNP look qualitatively similar (Supporting
Information Figure S1). cPEVA(00) exhibits two characteristic

Table 1. Thermal and morphological properties of cPEVA and its nanocomposites.

Sample ID G [%] Filler content® [wt%] Tonng)? [°C] AH g7 T.9 [°C) 7. [°C] AHSE g7 X 9]
cPEVA(00) 92+1 0 92+1 38+1 28+1 81+1 59+1 12422
CPEVA(2.4) 90+1 2.4 94+1 4441 29+1 82+1 59+1 13+£1.9
cPEVA(7.6) 88+ 1 7.6 96+ 1 4541 30+1 85+1 61+1 24+32
cPEVA(13.6) 86+1 13.6 94+1 3741 29+1 82+1 52+1 1M +£3.7

AGel content determined by swelling experiment in CH,Cly; P Particle content in wt% determined by TGA; 9Melting temperature determined by the second heating run
of DSC; 90verall melting enthalpy (corrected by particle loading) determined by DSC; 9The crystallization temperature of PEVA40 in the blend determined by the second

cooling scan of DSC; The crystallization temperature of PEVA9 in the crosslinked blend determined by the second cooling scan of DSC; &Overall crystallization enthalpy

of the crosslinked blend; "degree of crystallinity X, determined by WAXS analysis.
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Figure 1. Characterization of mMNPCs. a) SEM image taken from the cross-section of a-1) cPEVA(2.4), a-2) cPEVA(13.6). b) Melting and non-isothermal
crystallization behavior of cPEVA samples determined by DSC; solid lines for pure cPEVA(00) and dashed lines for cPEVA(13.6). c) DMTA curves for
cPEVA samples; solid line for cPEVA(00), dashed line for cPEVA(13.6). d) SEM image taken from the cross-section of TMPU(15.1), e) DSC thermograms
of the TMPU containing samples; solid line for TMPU(00) and dashed line for TMPU(15.1). f) DMTA curves of the TMPU containing samples; solid

line for TMPU(00), dashed line for TMPU(15.1)

peaks at 21.18° and 23.32°, which are assigned to the 110 and
200 reflections of the orthorhombic subcells.?3 X, of cPEVA(00)
was ~12%. The intensity of the characteristic peaks of the
cPEVA-based mNPCs decreased systematically with increasing
mNP content (Table 1).

2.2. Thermal and Mechanical Properties of mNPCs

The existence of a broad AT, and the effect of mNPs on the
thermal properties of the TMP matrices was explored by DSC
and DMTA measurements. cPEVA(xx) was investigated with
regard to the particle influence of mNP on the melting and
crystallization behavior (Figure 1b/c, Table 1). In DSC meas-
urements, the first heating of plain cPEVA(00) and its mNPCs
exhibited two distinct melting peaks indicating the presence of
two populations of crystalline lamella in the blend originating
from PEVA9 and PEVA40. However, in the second heating run,

186  wileyonlinelibrary.com
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a broad AT, = 100 °C with only one peak maximum T, 3ng) Was
determined, which can be attributed to a crystal structure modi-
fication caused by the melting/crystallization procedure.?’]
T 2ng) Was slightly increased from 92 °C to 96 °C by the addi-
tion of the mNP. Two crystallization peaks were detected, which
were (T, = 28 °C, T, = 81 °C) attributed to PE crystallization as
observed similarly in DSC of the two starting materials PEVA40
and PEVA9. A shift of both T, to higher temperatures with
increased particle content was observed for all cPEVA mNPCs,
resulting in a AT, from 28 to 96 °C.

DSC thermograms of the TMPU-based mNPCs revealed only
one T, at 55 °C attributed to the mixed phase (Ty,m;) (Figure 1e),
while in the tan § curve two additional peaks were observed for
the plain TMPU and its mNPCs (Figure 1f), corresponding to
the T, of the soft domains (—40 °C) and of the hard domains
(140 °C). The broad peak with the maximum at around 74 °C
reflects the AT, iy, which ranges from 20 to 90 °C, and which

g
was only slightly decreased when mNP were added.'?42529]
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(a) 5 (b) 18 14 °C for H=19 kA m™" and 7 °C for H =
v T [~ 1T+ 1T~ 1T T T 1 15kAm. However, it should be noted that
4 -_ _. 12 [ ] inall cases an uniform heat distribution could
I i C ] be achieved over the whole sample length
3k _ - 4 12F ] as shown exemplarily for TMPU(15.1) at
| - ] £ 10F M 1 H=15kAm for &, =0 and &, = 50% (Sup-
E oL P P % 8 N P s 1 porting Information Figure S2). In general,
> 7 et { © 6F - 7] the decrease of the sample’s temperature
1 / R - 4F P 71 occurred relatively slowly, so that only slow
-~ 1 2 _ -7 ... -+ """+ fixation processes are influenced by this
Ot Ll Ole L L L effect, which occur especially at high Hg.r.
0 20 40 60 80 100 0 20 40 60 80 100 g, keeping the influence of the changing
el % el % geometry small, a low value should be

Figure 2. Stress versus strain curves of nanocomposite samples stretched to &,, = 100% at selected for .

three different field strengths. a) cPEVA(13.6), solid lines for H =15 kA m™", dashed lines for
H =19 kA m™, dotted lines for H =23 kA m™', b) TMPU (15.1), solid lines for H=15 kA m™',

dashed lines for H=19 kA m™', dotted lines for H =23 kA m™".

The storage modulus (E) indicated an inflection point at Ty,
with an onset temperature of 35 °C. The corresponding AT,
covered the range from 35 to 90 °C.

2.3. Considerations for Material Selection and Experimental
Setup for Investigating the MME

In a magneto-mechanical analysis, the extent of deformation is
geometrically limited in the experimental setup by the height
of the induction coil, determining the geometrical dimensions
of the magnetic field. A deformation by bending[?’! is not appli-
cable for the exploration of the MME as the sample would be
exposed to different magnetic field strengths during unbending
in the inductor coil, as the magnetic field is most densely and
homogenously in its center.

The elastic properties of the mNPCs were explored in tensile
tests conducted up to a maximum elongation &,, = 100% so that
it remained within the geometric boundaries of the inductor coil,
while the sample was exposed to H between 15 and 23 kA m™™.
This is the same H-range, which was used for the variation of
Hgerand in this way for varying Ty, of the mNPC matrix. In all
investigated mNPC compositions the elongation at break &g was
higher than g, Figure 2a shows the stress needed to stretch
CPEVA(13.6) to &, = 100% at H between 15 and 23 kA m~1. A
higher o is needed to deform the composites at H =15 kA m™".
At higher H the samples soften due to the increased tempera-
ture. However, the o required for deformation of TMPU(15.1)
was much higher when compared to the cPEVA(13.6) mNPC
(Figure 2b). This can be attributed to the high elastic modulus
of the TMPU matrix as compared to the cPEVA (see Table 3,
below).

Tinax Of the sample decreased during stretching as it depends
on the sample’s surface to volume ratio. The influence of
stretching on T,,,, was investigated by a simultaneous recording
of the strain and the temperature under magnetic field
influence by using an IR camera. When the mNPC TMPU(15.1)
was exposed to a field strength of H = 23 kA m™ an initial
Thave—o Of 108 °C was achieved. Deformation to &, = 50%
resulted in a decrease of Tiaxe, to 86 °C. The lower the
Tnave o, the lower was the decrease and the resulting tempera-
ture difference T eo_ T, this temperature difference was

max é‘m

Adv. Funct. Mater. 2012, 22, 184191

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The selection of a suitable mNPC for
the exploration of the MME was based on
the thermal and magnetic properties of the
mNPCs as the temperature increase from the
ambient temperature to T;,,, depends on the square of H multi-
plied by a constant k, which is influenced by the mNP content.
k was found to be 0.06 for TMPU(04.5), 0.10 for TMPU(11),
and 0.15 for TMPU(15.1); 0.02 for cPEVA(2.4), 0.08 for
cPEVA(7.6) and 0.14 for cPEVA(13.6). In TMPU-based mNPCs
AT, s for the TME was between 35 and 90 °C, which corre-
lates according to this relationship to the following AH ranges:
from 14 to 33 kA m~! for TMPU(04.5), from 11 to 25 kA m™!
for TMPU(11), and from 9 to 21 kA m™! for TMPU(15.1). In
cPEVA-based mNPCs the AT,,,s for the TME was between
28 and 96 °C, correlated to a AH range from 15 to 60 kA m™!
for cPEVA(2.4), from 8 to 30 kA m™! for cPEVA(7.6), and from
6 to 23 kA m™! for cPEVA(13.6). Here, it can be concluded that
the AH ranges of TMPU(04.5), cPEVA(2.4), and cPEVA(7.6)
exceed the experimentally achievable range of H. A broader
H range can be obtained for TMPU(15.1) when compared to
TMPU(11). Therefore, cPEVA(13.6) and TMPU(15.1) were
selected as suitable mNPCs to explore MME, as they show
a maximum ATg,ns (ATgmix or AT,) and the best fit of the
experimentally adjustable range for H between 15 kA m™' and
23 kA m! (Table 2).

Table 2. T,,,, obtained in nanocomposites at different applied H.

Sample ID H?) kA m™] Tra [°C]
15 50+1
17 641

cPEVA(13.6) 19 78+2
21 861
23 100+2
15 531
17 66+ 1

TMPU(15.1) 19 8141
21 91+2
23 108 +2

AApplied magnetic field strength; PMaximum temperature obtained in the
samples.
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Sample ID Heef) [kA m™] RP [%] R [9%] Etiprog® [MPa] Homas) [KA m™] Omax) [MPa] Hqgy® [kA m™]
15 72+2 89+8 3.9+2 17.0+0.4 22403 14.7£0.5
17 76+ 1 88+2 2.8+2 18.4+0.3 2.0£0.1 15.3+0.4

cPEVA(13.6) 19 79+3 90+7 1741 19.4+0.1 1.7+0.1 18.8+0.5
21 83+1 92+3 1.0£1 20.6 £0.2 0.9+0.2 21.0+0.3
23 90+1 86+3 0.8+2 23.0£0.6 0.4+0.1 22.6+0.6
15 83+4 9516 61.7£5 17.0+0.6 6.0+0.5 16.0+0.4
17 90+2 90+2 33.0+5 18.4+0.3 53403 17.5+0.3

TMPU(15.1) 19 95+1 96+5 16.0 2 19.0+0.5 44402 19.0£0.2
21 94+2 92+2 8.0+3 214402 3.9+0.2 19.3+0.1
23 97+1 87+5 46+2 225406 17402 19.5+0.3

Values of H used for programming the mNPCs; ®)Shape fixity rate; 9Shape recovery rate; 9Youngs modulus at Hy determined during the tensile tests; 9 Maximum stress

at the corresponding Hg mayx; 'Switching magnetic field strength during stress-free recovery.

2.4. Cyclic, Magneto-Mechanical Experiment (CMME)

The MME is quantified in cyclic magneto-mechanical experi-
ments (CMME), whereby each cycle consists of an elongation
of the sample to &, = 50%, which is significantly smaller as
the geometric boundaries given by the height of the inductor
coil. Subsequently, the recovery was investigated by gradually
changing H from Hi, = 0 kA m™ to Hyg, = 27 KA m™" with a
rate of 0.2 kA m™! min~! under stress-free or strain-controlled
recovery conditions. This specific rate dH/dt was selected as it
enables a differentiation of two different Hg,, by the eye. How-
ever, also higher rates for dH/dt such as 0.4 kA m™ min™' could
be used successfully. Hy.r was varied between 15 and 23 kA m™.
The MME is characterized in the strain-controlled experiment
by Hemax determined as H at the peak maximum stress Op,y
during recovery and in the stress-free recovery experiment by
Hy,, which is determined as the inflection point in the recovery
curve. The magnetic field strength interval AH,, in which the
MME occurs, describes the precision of the MME. In Figure 3a a
scheme of the strain-magnetic field strength plot of TMPU(15.1)
deformed at Hger = 19 kA m™! with stress-free recovery is illus-
trated. The recovery curve clearly displays the correlation of the
inflection point of the recovery curve Hg, with Hge. Figure 3b
displays a schematic representation of the stress-magnetic field
strength plot of TMPU(15.1) deformed at Hyer= 19 kA m™! with
strain-controlled recovery. The occurrence of a peak recovery
stress at fixed strain conditions has already been observed for
other shape-memory nanocomposites.*-2

2.5. Magnetic Memory Properties

The CMME for cPEVA-based mNPC is designed in such a way
that the mechanical deformation to g, is fixed by the fraction of
crystalline domains with T, < T,,,, achieved at Hy.r. In addition,
strain-induced crystallization might contribute to the fixation of
the deformation of the cPEVA-based mNPC. Figure 3c displays
the resulting strain recovery for cPEVA(13.6) under stress-free

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

recovery conditions. R;s > 85% were achieved for samples pro-
grammed at all investigated Hg.r (Table 3). Ry increased with
increasing Hyer from 72% at Hyer = 15 kA m™! to 90% at Hger=
23 kA m™L. This increase in Ry is apparent in Figure 3c, were €
at H = 0 kA' m™ is increased for high Hy.s. Excellent magnetic—
memory properties with Hy, = 14.7 kA m™! (Hger= 15 kA m™}),
Hyy = 18.9 kKA m™ (Hyer = 19 kA m™') and Hy, = 22.6 kA m™!
(Hger = 23 kA m™!) were obtained for cPEVA(13.6).

The strain-controlled recovery of cPEVA(13.6) samples is
shown in Figure 3d. An increase of Hgyer resulted in a signifi-
cant decrease of 0y, from 2.2 MPa for the sample deformed at
Hyer = 15 kA m™! to around 0.4 MPa for sample programmed
at Hger = 23 kA m™! (Table 3), which can be explained by a
decrease of the crystalline domains with increasing Hgr. The
decrease of stress after 0,,,, was most rapid in the case of the
sample programmed at Hg.e = 15 kA m™ due to the highest
content of crystalline domains deformed by cold-drawing.

Furthermore, the MME of TMPU(15.1) was investigated by
CMME. In the amorphous mNPCs, the mechanical deforma-
tion is predominantly fixed by the fraction of the amorphous
domains associated to Tg,mi,, Which is in the viscoelastic state
at Hger, whereas the amorphous domains of the mixed phase,
which remain in the vitrified state at Hy.s, should support the
stability of the permanent shape and in this way contribute to
an almost complete recovery.'>?%l Figure 3e shows the stress-
free recovery of TMPU(15.1). R, > 85% were achieved at all
investigated Hger (Table 3). R¢ of the TMPU(15.1) mNPCs was
higher compared to the cPEVA mNPCs; e.g. Ry = 97% at Hger
=23 kA m™! (Table 1). An increase of Ry was also observed for
TMPU(15.1) in case of higher Hy.r. Excellent magnetic-memory
properties with Hg, = 17 kA m™! (Hgr = 15 kA m™), H, =
19 kA m™ (Hgee= 19 kA m™) and Hg, = 19.5 kA m™! for Hyr=
23 kA m~! were obtained for the TMPU(15.1) mNPCs.

In Figure 3f the strain-controlled recovery of the amor-
phous TMPU(15.1) is displayed. The stress generated in this
system was much higher compared to the cPEVA mNPCs.
Opax for TMPU(15.1) at Hger = 15 kA m™ was 6 MPa, while
for the cPEVA(13.6) at Hger= 15 kA m™! a Oy, of only 2.2 MPa

Adv. Funct. Mater. 2012, 22, 184191
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Figure 3. a) Strain-magnetic field plot for TMPU(15.1) during the stress-free rexcovery. b) Stress-magnetic field plot for TMPU(15.1) during the strain-
controlled recovery. c) Strain recovery curves for cPEVA(13.6) under stress free recovery conditions. 0 for Hges=15 kA m™', O Hger =19 kA m™', and A
for Hger = 23 kA m™! d) Stress generated for cPEVA(13.6) programmed at three different Hyer under strain control recovery. e) Strain recovery curves
for TMPU(15.1) under stress free recovery conditions. f) Stress generated for TMPU(15.1) programmed at three different Hy. under strain control

recovery conditions.

was determined. This high value of the generated stress can
be attributed to the high elastic modulus of the TMPU-based
mNPC. When Hy was increased, 0,,,, decreased due to the
reduced potential of mechanical energy storage.

The MME of the stress-free recovery for both mNPCs is
visualized in Figure 4a showing an almost linear correlation
between Hgys and Hg,. For the TMPU-based mNPC a better

@ o4

14 16 18 20 22 24
H,/kAm

correlation between Hys and Hg, is obtained at lower Hy.r
compared to cPEVA-based mNPC, which can be explained by
the relatively broad AH,.. of the amorphous nanocomposite at
high Hger. In the strain-controlled recovery, Hy.¢ correlates with
H g max linearly as shown in Figure 4b for the TMPU-based and
the cPEVA-based mNPC. Here, no significant differences for
both systems could be determined.

®) 24

14 N 1 N 1 N 1 N 1 N

14 16 18 20 22 24
H,/kAm’

Figure 4. a) H,, versus Hge plots for 0 TMPU(15.1) and @ cPEVA(13.6) with dotted line indicating linear correlation and solid and dashed guidelines

for the eye. b) Hg, may Versus Hge plots.
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Figure 5. Macroscopic demonstration of MME in TMPU(15.1): a) Samples after deformation at Hger= 15 kA m™" (left) and Hger =23 kA m™ (right)
with pure TMPU strip acting as an indicator. b) Closer view of the indicator. c) Shape change of left sample at Hyr = 15 kA m™'. d) both samples

recovered at Hgee =23 kA m™".

A macroscopic demonstration of the MME for two
TMPU(15.1) samples is shown in Figure 5. Both samples were
deformed to g, = 50%, the first at Hyer = 15 kA m™ and the
second at Hyer = 23 kA mL. The deformation of samples was
fixed by reducing Hge to 0 kA m™. A parallel shaped plain
TMPU was attached to the TMPU(15.1) mNPC samples acting
as an indicator to visualize the recovery outside the inductor.
When the magnetic field of H = 15 kA m™! was applied, the
sample programmed at Hgys = 15 kA m™' was recovering,
resulting in an upward movement of the indicator. When H
was subsequently increased to H = 23 kA m™, both samples
were recovered completely.

3. Conclusion

A series of PEVA- and TMPU-based mNPCs with different
mNP content were prepared by processing from the melt. Both
matrices displayed a broad T, which was AT, = 100 °C in
case of cPEVA-based mNPCs and AT, ;, between 20 and 90 °C
for TMPU-based mNPCs. For the exploration of MME in an
alternating magnetic field, cPEVA(13.6) and TMPU(15.1) were
selected as the magnetic field strengths, which could be real-
ized in the experimental set-up resulted in T,,,, in the range
of AT, or ATy, for these mNPCs. A CMME was designed to
investigate the effects of different Hgy.r on the recovery of the
mNPCs under stress-free or strain-controlled conditions. Sam-
ples deformed to &, = 50% displayed a decrease of T,,,, between
20 °C for Hyer = 23 kA m™ and 7 °C for Hger = 15 kA m™.
However, these changes in the surface temperature did
not significantly influence the magnetic memory behavior
in both nanocomposites as cooling takes more time than the
shape fixation. In both mNPCs a MME with an almost linear
correlation between Hg.r and Hg, or Hg,ma.x Was observed. A
small deviation from the linear relationship was observed for

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the amorphous thermoplastic system under stress-free recovery
conditions at high Hy.r. Finally, the MME was demonstrated in
a magneto-sensitive, programmable double switch.

4. Experimental Section

Materials: PEVA9 and PEVA40 (DuPont, US), dicumyl peroxide
(DCP) (Aldrich), TMPU with the trade name of Tecoflex EG72D
Noveon (Wilmington, MA, USA) were used as received. Nanoscaled
particles AdNano® MagSilica 50 were provided by Degussa Advanced
Nanomaterials (Degussa AG, Hanau, Germany). The particles consist of
an iron(Ill) oxide (Fe,O3, CAS Number: 1309-37-1) core in a silica matrix
(SiO,, CAS Number: 112945-52-5, 7631-86-9). The mean aggregate size
(Photon correlation spectroscopy of an aqueous dispersion) is 90 nm,
the mean domain size (X-ray diffraction) is 20-26 nm, and the domain
content (X-ray fluorescence analysis) is 50-60 wt%. The particles have
a surface area of 50-65 m2g™' and a saturation magnetization of
22-32 A-m?kg™". The density is in the range of 2.5-3.5 g-cm™3 .14

Preparation of mNPCs: PEVA9, PEVA40 and mNP were mixed by
extrusion with a HAAKE PolyLab system (PTW 16/25; Thermo Electron
Corporation) co-rotating twin extruder in the presence of 1 wt% DCP.
The extrusion was performed at 100 °C with a screw speed between 100
and 150 rpm. The crosslinking of the nanocomposites was achieved by
press molding (200 E, Dr. Collin, Ebersberg, Germany) the compound
for 30 min at 150 °C and pressure of 100 bar.

TMPU mNPCs were prepared similarly by extrusion with the
processing temperature between 165 and 170 °C without subsequent
curing.?4l

Characterization Methods: Scanning electron microscopy (SEM) was
performed on a Zeiss Gemini, Supra 40VP (Zeiss, Jena Germany) at an
accelerating voltage of 10 kV. Ultra thin sections of 70 nm were cut on
a Leica FC6 cryo ultra-microtome at 130 °C (Leica Microsystems GmbH
Wetzlar, Germany).

Differential scanning calorimetry (DSC) experiments were conducted
on a Netzsch DSC 204 Phoenix (Selb, Germany) in the temperature
range from —100 °C to 200 °C with a heating and cooling rate of
10 k min™" and with a waiting period of 2 min at the maximum and
minimum temperature.

Adv. Funct. Mater. 2012, 22, 184-191
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Dynamic mechanical analysis at varied temperature (DMTA) was
performed on a Gabo (Ahlden, Germany) Eplexor 25 N using standard
test specimen (ISO 527-2/1BB) in temperature sweep mode with a
heating rate of 2 K min™' at an oscillation frequency of 10 Hz. PEVA
samples were investigated in the temperature interval from —100 °C to
100 °C. TMPU-based samples were investigated from -100 °C to 150 °C.

Wide angle X-ray scattering (WAXS) measurements were performed
on a X-ray diffraction system Bruker D8 Discover with a two dimensional
detector from Bruker AXS (Karlsruhe, Germany).

Inductive heating was accomplished by positioning the sample
in an alternating magnetic field at a frequency of f = 258 kHz. The
equipment consisted of a high-frequency generator (TIG 5/300;
Huettinger Electronic, Freiburg, Germany) and a water-cooled copper
coil (6 loops, diameter 4 cm, height 4.5 cm). An IR pyrometer (Metis
MY84, Sensortherm; Frankfurt) was used for non-contact measuring of
the sample temperature. Additionally, an IR-video camera VarioCAM®
HiRes (InfraTec GmbH, Dresden, Germany) was used to visualize the
achieved temperatures and to determine the heat distribution.

The magneto-mechanical experiments were conducted with a Zwick
72.5 (Ulm, Germany) tensile tester, which was combined with the HF
generator. The mNPC samples were fixed with plastic clamps in the
center of the inductor. The programmed stretching and recovery under
the effect of magnetic field was controlled by the tensile tester, the
magnetic field strength was manually controlled by adjusting the power
output of the generator. The maximum sample length of the elongated
sample was limited to 4 cm due to the height of the inductor coil.

Cyclic, magneto-mechanical experiments (CMME) began with a
preconditioning step followed by the cyclic test protocol consisting of a
magnetic programming procedure followed by a magnetically-stimulated
recovery module under stress-free or strain-controlled conditions.

Preconditioning Procedure: Samples were inductively heated at Hyer =
23 kA m~' for 10 min and deformed to &, = 50%. The deformation was
fixed by cooling to room temperature at Hy,, = 0. Subsequent recovery
occurred under stress-free conditions while increasing H from H,g,, to
Hhigh =27 kAm™.

Cyclic test Protocol — Stress-Free conditions: The sample was cooled
from Hyigh to Haer (step 1) and deformed to &, = 50% at Hger = 15, 17,
19, 21 or 23 kA m™' and strain was kept constant for ten minutes to allow
relaxation (step 2). H was decreased to Hy, = 0 kA m™" with a rate of
0.2 kA m™"min~". After a 10 min waiting period (step 3), the strain was
maintained and stress was released to o = 0 MPa at H,,,, resulting in
the temporary shape characterized by ¢, (step 4). Recovery occurred
by increasing the field strength to Hyg, with a rate of 0.2 kA m™ min™
resulting in the recovered elongation g, (step 5) under stress-free
conditions. Hg, was determined as inflection point of the recovery curve.

Cyclic Test Protocol — Strain-Controlled Conditions: The sample was
cooled from Hygn to Hger (step 1) and a deformation of &, = 50%
was applied at Hges (step 2). The sample was cooled from Hgy to
Hiow (step 3) keeping the strain constant resulting in the remaining
stress o,. Afterwards, the stress was released to oy (step 4). The sample
was gradually heated at strain-controlled conditions by increasing the
field strength from Hi,, to Hpgy ith a rate of 0.2 kA m™ min™" while
Opmax at Hg max Was determined as the maximum of the curve (step 5).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Sub-Picosecond Processes of Ferroelectric Domain
Switching from Field and Temperature Experiments

An Quan Jiang,* Hyun Ju Lee, Cheol Seong Hwang,* and James F. Scott*

After calculations of various domain-switching current transients under the
pulse from electrical circuit parameters, the field dependence of domain-
switching speeds is accurately estimated over five orders of magnitude in a
wide temperature range of 5.4-280 K from the height of domain-switching
current in Pb(Zr, 4Tiy ¢)Os thin films. These estimations are extended fol-
lowing Merz’s equation [W. J. Merz, Phys. Rev. 1954, 95, 690] and an ultimate
domain-switching current density of 1.4 x 103 A cm™' is extracted at the
highest field of 0.20 MV cm™'. From classical domain-nucleation models with
thermal fluctuations, an ultimate (asymptotic high-field) nucleation time of
0.47 ps is derived when the domain sideways motion is kink-nucleation-rate

limited.

1. Introduction

The switching time of ferroelectric polarization in response
to ultrafast electric, magnetic, or optical stimuli is vital to the
high-speed operation of ferroelectric data-storage devices.!!
This time is limited by the speeds of thermally fluctuating
domain nucleation and subsequent growth. Ultimately, polari-
zation reversal may be limited by optical phonon frequencies
with reciprocal times of 7, = 10713 5.2 The terahertz emission
occurring under laser illumination suggests that depolariza-
tion occurs within 1-2 ps in ABOj; ferroelectric oxides.”! For an
ultrathin film thickness comparable to the critical size (h) of the
reverse nucleus above which they grow rapidly, domain nuclea-
tion transits into a continuous switching mechanism under an
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ultrahigh intrinsic coercive field (E,).1%

However, experimental measurements
of 1y, h, and E, from the direct electrical
characterization are very difficult because
of instrumental limits: The fastest such
time reported is about 220 ps.[t!

Experimental observations using elec-
trical pulses on platelike ferroelectric
capacitors have shown that the time- and
space-averaged speed, v, of domain wall
motion under a field, E, follows Merz’s
equation (1):112-14

v = vyexp (—0/E) (1)

where § is the activation field and v, is

the ultimate nucleation speed in thin
films. Alternatively, when thermal fluctuations are considered
an explicit exponential in temperature, T, the expression may
be written as v o< exp(-AU/kgT), where kg is the Boltzmann
constant and AU is the energy barrier for the reversed domain
nucleation.l'>1 Initially, polarization switching is believed to
occur via the nucleation of an oppositely polarized domain at
a defect such as a dislocation or inclusion,l®) where the local
barrier is reduced, followed by domain-wall forward expansion
from the embryonic domain. Later, the wall moves laterally via
a mechanism of kink nucleation. Miller and Weinreich sug-
gested the possibility that the random formation of a critical
kink nucleus during the wall sideways motion involves a large-
aspect-ratio atomically thin triangular plate near the nascent
domain wall before its lateral expansion on the same atomic
plane, and that the domain growth speed is limited by nuclea-
tion rate instead of by subsequent plate expansion.'*! In this
way, Merz’s equation is theoretically predicted.

A large number of experimental works involving piezore-
sponse force microscopy (PFM) images and X-ray reflections
have shown the evolution of switched-domain-wall sideways
motion over time.31718] This process is dominant during the
steady-state domain switching. Otherwise, the films will be
partially switched only at a small portion of regions near defect
centers, and a large amount of domains away from these
regions are never switched without the wall sideways motion.

From low-temperature Raman scattering studies the E(TO)
soft mode (vibrational normal mode) in the PbTiO; family is
known to be nearly independent of T between 8-300 K.['20]
Therefore, all In v versus E' plots at different temperatures
should cross at one point according to Equation (1), under the
assumption that optical phonon frequencies asymptotically
limit high-field switching. From this conclusion the asymptotic
high-field domain velocity (v,) can be obtained.
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However, Maksymovych et al. argued against the classical
thermal nucleation model for the intrinsic domain nuclea-
tion mechanism. Their arguments were based on a PFM
study of domain switching in 50-200 nm thick BiFeOj; films,
where the coercive field E. changes by less than 20% over
the range T = 50-300 K. Moreover, domain nucleation at
0 K is not permitted in the model of v o exp(-AU/kgT), but in
reality several ferroelectrics do exhibit such “quantum critical
points”.2223 Several other explanations have also been sug-
gested: disorder-controlled creep wall motion in lead zirconate
titanate (PZT) that is governed by a characteristic dynamic
exponent pt (v o< exp[(~8/E)*]);17?4 and a kyT-power-law decay
of the dimensional exponent in the Kolmogorov—Avrami-Ishi-
bashi (KAI) model in capacitor-type BaTiOj; thin films.??*! Cur-
rently, the challenge is to reconcile all these experimental obser-
vations and theoretical models using different characterization
techniques.

In regard to the previous characterizations, PFM makes use
of the piezoelectric effect to image the evolution of switched
domains over time.l'”?!l However, the calculated area used in
the determination is inaccurate because it neglects domains that
do not fully penetrate the film thickness (e.g., periodically poled
LiNbO; or KTiOPO, domains penetrate only 10%-20% of the
thickness), besides the difficulty of accurately defining local inho-
mogeneous switching fields.??’! In this sense, a technique to
study domain-switching response using platelike capacitors could
be better. Such a system is shown schematically in Figure 1a. The
domain-switching time t, for a given voltage V can be estimated
either from the peak position of domain-current transient or
from time dependence of the switched polarization fraction, p =
1—(t/t)v.2+11713] Unfortunately, the acquired data are also incom-
plete in describing domain-switching kinetics because of the
involvement of circuit parasitic effects, e.g., the circuit RC (resist-
ance-capacitance) time constant, the rise time of input pulse, and
charging time that depends on the capacitor area.l'!] Additionally,
the voltage drop across ferroelectric thin films during domain
switching remains at V, rather than V (V >V,), and thus, the
voltage (V) across the total resistance R, in the circuit is V-V_.[?®]
Therefore, the switching current is Vi/R,, and the IV, depend-
ence is more informative than the t,—V plot.

2. Results and Discussion

2.1. Calculations of Domain-Switching Currents in Ferroelectric
Thin-Film Capacitors from Circuit Parasitic Parameters

Generally, the domain-switching response for the ferroelec-
tric capacitor Cr under a square pulse with the voltage V(#) is
measured through in-series resistors with the total resistance
R, in the circuit, as shown in Figure la. Before the switching
pulse, a presetting pulse of -8 V with a width far larger than the
domain-switching time is applied to set the film polarization
oppositely. The voltage transient Vj across R, is guarded by the
oscilloscope, and the switching current is given by:

Isw = VR/ Rt (2)

However, the input pulse has the rising time ¢, for most com-
mercial pulse generators, as shown by the inset in Figure 1b. If
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Figure 1. a) The configuration of domain-switching pulses and equiva-
lent circuit description for the pulse performance. b) The input capaci-
tance dependence of the voltage maximum across R, [solid line is fit to
Equation (6)]. The inset shows voltage transients across R; with different
values of C under the input pulse with V = 1.0 V, where the solid lines
are the best fit of the data to Equation (5). ¢) The variation of voltage
transients across R, with different t; and t,, values during the domain-
switching time of a ferroelectric capacitor.

the input voltage of V(t) from the pulse generator increases lin-
early from 0 to the aimed voltage V, we have:

Vot (t <
V= {v t’itiz)) G

If Cris replaced by a linear capacitor C in Figure la, we
have:

Q/C + RdQ/dt=V(t) (4)

where Q is the charge within C. The voltage transient across
R, is:

T I
_ ty R.C,
VR(t) tthC [exp (RLrC) _ 1] exp( RLC) (t>t) ()
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The inset in Figure 1b shows voltage transients across R;
with different values for C under V = 1.0 V and t, = 1.55 ns,
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where the solid lines are the best fit for the data in accordance % f:”w (V—V)dt=2PS (19)
with Equation (5). The voltage is at its maximum at ¢ = t, with: '
VRC we got
Ve = —— [1 — exp (—t/R.C)] (6) v_v
b _ ( o) b
ts= t, — R.C¢ln ;
The validity of this equation is proved by the consequent RCeV [1 — exp (— R&f)] (11)
solid-line fitting to the measured Vyy—C dependence (open !
o 2P. SR
symbols) plotted in Figure 1b. ty =
For an ideal ferroelectric thin film [C — C;in Figure 1la], we V-V
assume that the V, distribution over the film is narrow enough, <.
and that the total polarization charge under V> V_ is: Case 2t <t
If t; + tg,, > t, (curve c), we have:
O=2PS+ CfV (7)
where P, is the saturation polarization and S is the capacitor YRC [1 ~exp (_1%)] (t <t)
area. Here, Cyis assumed to be constant against V to simplify v tf
the consequent I, derivation. The voltage transient across Cis: ~ Ve(t) = § ! — Ve (s <t<t)
V-V L<t<t+t) (12
Ve(t)= V() — Vi (t) (8) (V — Vi) exp (_ t}—ztsétw) (b + ty < 1)
t
As t=t, and V=V, the domains within C¢ start to switch. After '
that, V¢ is constant with time until ¢ = t,, + £, when the domain  From the equations given in (13):
switching completes.?®! The appearance of the current plateau is
c%ue. to the maximum doma%n-swnc'hlng curregt Iw = (Y_VC.) /R tth o [1 —exp (_ b )] exp (_ ts—tr) _ %SV —V
limited by R; (# 0), and a lasting period of domain switching time r RCr RiCe T (13)
of t,, is required for the completion of domain screening charge 1 ft e (ty t— V. )dt L VW [tow — (te — )] = 2P S
flow (the dissipation of 2P;S charge) in the circuit. After the com- Reshs Ak R:
pletion of domain switching, the previous capacitor-charging  we derived:
process is rejuvenated until V is fully dropped across Cr.
The shape of domain-switching current transient changes t =~ ) 2URCet (ts << RCy)
with t,, as sketched by the curves b, ¢, and d in Figure 1c, in Loy ‘t/ 4D SR+(2Vi— V)t A VL] t—2Vits (14)
comparison to the pure capacitor charging of the curve a. All sw= b= bt 2(V-Vo)R,
these voltage transients, along with t; and t, can be accurately
resolved by Equation 9 and following equations. Otherwise, tgttg, < t, (curve d) leads to Equation 15:
%4 — __t <t
PRC[1-exp ( thf)] (t<t)
=% (ts<t=<to+tw)
i) = v bs+ ¢ 1% f—ts—t
—RCﬁ(Vu—vc—fRCf) ex (_#) to+ by <t <t (15)
B b B ) P TR ( )
\% ( tottw (V. ) (_ bt —tw)] (_t—tr)
[trRth +\v =V trRth exp RC: exp RC: (t-<t)
Case 1 t; > t, (curve b): From the Equation 16:
1 [t v
Vech t = (—t - Vc>dt = 2P.S (16)
#rCi[1-en (7 )] ¢ o\
v _ b bt we derived:
Wr(t) = ‘t;RtC‘; [1 exp( thf)]exp( Rth> Etr <t<t) |
Ve by =t = ks +tbw V. vz o2 2Vit, 4P SR
P ts—tw tow = ic+ £ 4+ 5 _ Cs+ S t —t
(V = V) exp (_ﬁ) (t+ ty<t)  (9) (v v vy Vi b (17)
From the equations: where t, is also given by Equation (14).
194 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 192-199
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Figure 2. The variation of domain-switching current transients for
Pt/PZT/Pt with the capacitor area of a) 2.5 x 1075, b) 4.0 x 107, and
c) 1.0 X 107® cm? under different values for V. The solid lines are the cal-
culations of the data according to Equation (9-17) without invoking any
domain-switching models. The inset in (a) shows the Iy,~V dependence
fitted linearly by the solid line to Equation (18).

To calculate different domain-switching current transients
of a real ferroelectric capacitor under V, the parameters for ¢,
R, Cg Pg, V. and S in Equation (9)-Equation (17) are required.
Here we choose S = 2.5 X 107 cm?, 2P, = 40.6 uC cm™, C¢ =
85 pF (near V), and V. = 1.14 V (at R, = 100 Q) for the typical
Pt/PZT/Pt capacitor fabricated via a sol-gel technique. The rise
time for the input pulse is ¢, = 5 ns.

Figure 2 shows the evolution of the domain-switching cur-
rent transient from the curves b —» ¢ — d with shrinkage
of the capacitor area from 2.5 x 10 — 4.0 x 10°® — 1.0 x

Adv. Funct. Mater. 2012, 22, 192-199
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107% cm? under different values for V. Indeed, the switching-
current transient shows a plateau in Figure 2a, which degenerates
into a peak as t; + t, < t, in Figure 2c. As t; > t,, the plateau
height in Figure 2a obeys Equation (18):
T = (V= V/R (18)
in accord with Equation (2), and I, has a linear dependence with
V so long as V, is constant, as proved by the plot in the inset of
Figure 2a. The extended linear plot intercepts with the voltage axis
at V, and the reversal of the line slope is R.. It is experimentally
found that R, is always higher than 100 Q in the circuit. This result
is due to the neglect of the in-series contact resistance R, between
the ferroelectric layer and electrodes, for example, the presence of
interfacial non-ferroelectric passive layers (the layers are leaky at
high fields during the domain-switching time), which neverthe-
less increases with the reduction of the capacitor area. Therefore,
the accurate estimation of V, is from the interception of the extrac-
tion of the linear I,V plot with the V axis, rather than from the
plateau height by using the formula V, = V-V;, directly. From the
plateau widths under different values of V in Figure 2a, we esti-
mate only 65% volume fraction of the domains has V, = 1.14 V.
This result is due to the broad V, distribution in a genuine film.
For the simplicity of this simulation, we chose the average value
of 2P, = 26 uC cm™ to fit the maximum current plateau with V. =
1.14 V. The domains with the coercive voltages beyond V, =1.14 V
were neglected in this model. Furthermore, V, varies nonlinearly
with the domain-switching current and thus, with V. But, if the
range for the V change is narrow enough, the V, variation (<3%)
is almost negligible within our measured voltage range, and the
above-linear dependence between I, and V in Equation (18) is
always correct. Additionally, the maximum capacitance around V,
from the fast pulse measurement is always higher than the capac-
itance determined from the static capacitance—voltage loop at a
slow voltage sweep; this is due to the dielectric degradation. From
our fit, we found that C¢/S = 4.4 UF cm™ is more reasonable.

The solid lines in Figure 2a—c are calculations of the domain-
switching current transients under different S and V with the
aforementioned corrected parameters in accord with Equation (2)
and Equation (9)-Equation (17), without invoking any domain-
switching models. On the whole, the computational curves agree
with the experimental data except near the apexes. This apex devi-
ation is due to the broad V_ distribution that smooths these curves.
Moreover, the oversimplified parameters in our equations also
affect the fitting accuracy, such as the neglects of nonlinear Ce-V
dependence, the rounding of the input pulse at around #, (shown
in the inset in Figure 1), and the transmission wave reflection in
the circuit, especially for small capacitors under high voltages.

Figure 3 shows switching-current transients with different
capacitor areas under V = 4.0 V. All current transients with dif-
ference capacitor sizes can be generated from this calculation
with all parameters except S fixed.

In the literature, the domain-switching speed under different
V has mostly been fitted using the KAI (Kolmogordov—Avrami—
Ishibashi) model with a switched-domain fraction:[?*-!

p(t)= 1—exp[— (t/to)"] (19)

without consideration of the circuit parasitic effect, where ¢ is
time and n is the dimension of domain growth, for example,
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Figure 3. The variation of domain-switching current transients for Pt/
PZT/Pt with different capacitor areas under V = 4.0 V. The solid lines are
calculations of the data according to Equation (9-17).

n = 3 for 3D growth and n = 2 for 2D growth if the domains
grow from pre-existing nuclei. Otherwise, n is enlarged by 1
for the stochastic nucleation throughout the whole switching
process. In our case, this method is inaccurate, since domain-
switching speed at V is limited by the maximum current flow
through R, in the circuit.

2.2. Estimations of Highest Domain-Switching Current
Density and Field

For the description of domain-switching speed under the field
correctly, we used the coercive-field dependence of the domain-
switching current density rather than the t—V dependence. Two
sequential square pulses with opposite polarities were applied to
the top electrode of platelike Pt/IrO,/PZT/IrO,/Pt thin-film capac-
itors with a thickness of 140 nm. I, o v can be changed by more
than five orders of magnitude by adjusting R, from 100 Q to 11
MQ in accord with Equation (2). The capacitor area, S =1.0 x 10~
cm?, is large enough for the observation of a switching-current pla-
teau (curve b in Figure 1c) across R, at V= 2V, for I, and V, esti-
mations. Figure 4 shows examples of the voltage transients across
R.. From the plateau height, V;, we estimated V, and I, As R
increased from 100 to 100 k<, i.e., I, decreased over three orders
of magnitude, and the plateau height slightly increased. This result
suggests that there was a slight reduction in V. with increasing R,
in accord with Equation (18). The variation of I, versus E, can be
estimated using this method at various values T. This variation is
large above about 70 K but small as T—5.4 K. Additional polariza-
tion—voltage (P-V) hysteresis loop measurements corroborate this
observation, as shown by the inset in Figure 4.

For an accurate determination of V,, we extrapolated the
nearly linear Vx-V plot to the V axis in accord with Equation
(18), where the intercept corresponds to the V. value. This
extrapolation eliminates the adverse interference of circuit par-
asitic effects, such as the unknown contact resistance between

film and electrodes.?? If the voltage plateau is tilted because of

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Voltage transient versus time for various values of Rt under
V=3.0V at two different temperatures. The value in parentheses shows
the magnification factor of time in the plot. The inset shows the corre-
sponding P-V hysteresis loops at frequencies of 1 Hz (in solid lines) and
1 kHz (in dashed lines).

the presence of interfacial passive layers with capacitance C; in
the films, we use the formula V(t)= V¥ exp Q%g) to determine the
plateau height, Vi’, at the start time, ,, of domain switching.**!
After applying these corrections we calculated the dependence
of InJ, on E.! for various values of T, as shown in Figure 5,

where [, = L/ S

9
1085(J0,Eo) m 54K
107 Fia o 10K
10"k @ 15K
sF o 20K
0Ty « 30K
o 10 1 (\\ 4 40K
£ 104i. <« 50K
(&} sk * 60K
< 0 * 70K
~ 10°f & 776K
510'f A 120K
= o 160K
10°F * 200K
10'1i. o 240K
of e 280K
103!'
10°F
10'4:I i i i N
5 10 15 20 25 30 35

E.'/MV” cm

Figure 5. Dependence of domain-switching current density on the inverse
coercive field at different temperatures. The solid lines that converge at
point (Jo, Eq) are the best fits of the data according to Equation (20).
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Note that all InJ,,~E." plots which can be fitted linearly
intercept at one point (Jo, Fy) with Jo=1.4 x 103 A cm™ and E, =
0.20 MV cm™!. This result is in good accordance with a modi-
fied version of Merz's equation:

1 1
el o2 2]

; AU+ AU*
= Joexp [——————
0eXp ke T

where AU" = (—0kyT/E,) is the reduction in energy of the
nucleation barrier in the one-dimensional system when the
value of E_ approaches that of E,, because of the equilibrium
domain wall energy which becomes zero at the instability. The
E, value is very plausible: it agrees within experimental uncer-
tainty with 0.27 MV cm™ reported proviously** and is much
less than the highest field ever sustained by a ferroelectric of
13 MV cm L34

There are typically three or more characteristic threshold
fields for switching domains in ferroelectrics: In PZT Scott et al.
found that the coercive field and activation field differ by about
a factor of two (typical of perovskite oxide ferroelectrics); in
LiNDO; a very detailed study over ten decades of domain wall
velocity (ca. 0.3 nm s7! to 3 m s7!) revealed three threshold
fields; a coercive field at 20 MV m™ plus two distinct activation
fields of ca. 15 and 17 MV m™'; the latter resulted in a sharp
change of slope for domain wall velocity.® Identification of
these critical fields is model-dependent; for the purposes of this
work the important point is that they are all within a factor of
two, so for empirical fitting of our data they can be considered
together without significant error.

(20)

2.3. Nucleation Rate-Limited Domain Switching in Thin Films

According to  the classical domain  nucleation
models,#612:13.15.16.36] the domain nucleation probability is high
near the sites of the preexisting defect centers during the ini-
tial stage of domain forward motion. However, the steady-state
domain switching in Figure 4 is dominated by the subsequent
wall sideways movement. The wall sideways motion occurs
through inhomogeneous nucleation of the kink domains near
the preexisting and newly formed domain walls. This kink
nucleation is a stochastic process of the growth and contrac-
tion of reverse domains, and the nuclei often vanish unless
the initial nanodomains reach a critical size before the statis-
tical time <>, above which they rapidly grow at the speed of
sound (a few km s71).13¢ Therefore, domain sideways motion
is nucleation-rate limited if the kink nucleation time is much
longer than its forward expansion time, which is about 40 ps
for a 140 nm-thick PZT with vy = 3.5 km s7! (v, = 2.2-2.8 or
4.2-4.8 km s7! along the a/b or c axis). For these assumptions
we have the nucleation-rate controlled current density of J, =
2P;/<7> in thin films for the wall sideways motion. This cur-
rent is proportional to v and stable over time if the density of
nucleation sites depending on the total wall area are constant.
For the coalescence of two neighboring domains with radii
of r, and r, into one with radius of ri+r, during their side-
ways motion, the total wall area of about 27(ri+r,)d is almost
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unchanged, where d is the film thickness. Thus, the density
of the nucleation centers in proportion to the wall area is
roughly constant. This assumption of stable nucleation sites
is also in agreement with our experimental observations. For
P, =32 uC cm~2 inferred from the P-V loops in Figure 4, the
ultimate domain nucleation time is <7p> = 2Py/J, = 0.47 ps,
in agreement with the soft mode frequency of E(TO) at o, =
75 cm L1 Each nucleus at E, has a very high probability to
grow in excess of the critical length, and the waiting time for
the hatching of the next kink nucleus can be almost neglected,
i.e., T, approaches the full time of domain growth, where the
domain nucleation and continuous growth models merge
together.®-19 Therefore, the critical nucleus size approaches
(at least is not higher than) h = vy1y = 1.6 nm at E,. This is
the first estimation of the ultimate kink domain nucleation
time/critical length directly from electrical measurements that
is consistent with both optical and structural predictions and
other reports (1-2 ps time; 1-1.2 nm length).[1:38.7:3¢]

From the Miller—Weinreich model of the wall sideways
motion,['® the inverse of the activation field in Merz's equation
is given by Equation (21):

1 34/3kge’?
5 16a32 3/2B1 21 m! (21)
a’? oy, (n;)

where a is the lattice constant, € is the dielectric permit-
tivity, o, is the wall energy, and I = 2 O= is the halfhemline
length of the critical triangular nucleus, which has the height,
h=2./3] Bl(%wln%l)w (h>>1), along one domain wall. 1/§ can be
experimentally obtained from the slope of In J, versus E. .
Figure 6 shows a plot of 6! versus T. Although the curve has
a roughly linear behavior to obey Equation (21), the deviation
in the low T region is apparent, where §! saturates below the
quantum temperature, T,. This result is because of the exist-
ence of the zero-point energy of the lattice vibrations (neglected
in classical models), which sustains the domain nucleation

_ _ Classical Energy
— Einstein Energy

1.0}

0.8 ]
£
2 06 ]
>
=
~ 04 -
"_UO

0.2 ]

i

O'O’ A 1 A 1 1 1 1

0 50 100 150 200 250 300

T/K

Figure 6. Temperature dependence of the activation field for the domain
reversal. The dashed and solid lines are the best fits of the data before and
after the zero-point energy correction according to Equation (22).
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even if T—0 K. The reversed domain nucleation needs to over-
come one energy barrier for the stabilization at positions of two
minimum energy states, but this energy barrier is lowered with
both increased temperature and zero-point energy accoding to
the effective-field simulation,?”) which is zero at Curie point of
ferroelectric—paraelectric phase transition. We then use the Ein-
stein energy with a reduced temperature T9 in replacement of

T in Equation (20) and Equation (21):137:38
1 1
ks T9 = oo (E ¥ T 1) (22)

where hay/2 = kpTy/2 is the zero-point energy. This energy
approaches kg T at room temperature. Using this fact, the data
can be fitted by the solid line in Figure 6 with T, = 54 K. This
is a reasonable value for the temperature at which nonclassical
behavior sets in, usually taken as ca. 15-35 K in quantum para-
electric SrTi0;.583% However, the minor deviation of the fit-
ting below Tj still exists due to various domain orientations in
a polycrystalline film, which is hopefully improved in a single
crystal. If Ty is high enough, the V, variation at low tempera-
tures is small.?!l When a = 4.0 A, £ = 327 and P, = 32 uC cm™?
are assumed to be constant over T from 5.4-280 K (far away
from the Curie point at 675 K),**#l the 180° domain wall
energy along the low-index (100) lattice plane was estimated to
be 13 m] m™2 for 21 x h = 36 x 39 nm? at E. = 150 kV cm™..
Atomistic calculations at finite temperatures produced a theo-
retical wall energy of 7.2 m] m™ for BaTiOs;, 132 m] m™2 for
PbTiO;, and 168 m] m2 for Pb(Zr,sTiy5)O; with the Ba, Pb,
and Zr centered 180° walls, respectively.l*>*1 Our value that
agrees to within 2 with that for BaTiO3 and is much smaller
than that for Pb(Zr,sTiy5)O; for the following reasons: 1) the
h >> 21 condition is not satisfied in the approximation of the
In J vs. B dependence using the Miller-Weinreich model;
2) the effect of interfacial passive layers on E, is not consid-
ered;™! and 3) this model assumes a sharp polarization reversal
from Py to —P; near the edges of the nucleus, but the atomistic
model considers the diffuseness of the polarization change
across the wall.’® According to the atomistic dynamics and
coarse-grained Monte Carlo simulations, the nucleus is square
and limited to one atomic plane with an area of 1.2 X 1.2 nm?
at E, = 500 kV cm™!, where the calculated InJ,, vs. E.! plots
exactly cross at vo=4.4 km s7! at Ey = 0.84 MV cm ™ in a highly
c-axis oriented PZT film.1*%l

3. Conclusions

In conclusion, we estimated sub-picosecond kink-domain
nucleation time (0.47 ps) and critical length (1.6 nm) from the
InJ,,—E.! plots at different temperatures with a nearly sonic
domain-growth velocity. These were in agreement with the
predictions corresponding to the E(TO) soft-mode frequency
in the Raman spectra and in situ synchrotron X-ray scattering
observations of domain sideways growth.®!?l The Merz thermal
activation model describes the domain-switching kinetics at low
temperatures when the zero-point vibrational lattice energy is
considered.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4. Experimental Section

Pb(Zro4Tige)O3 (PZT) thin films were prepared using sol-gel spin
coating on Pt/TiO,/SiO,/Si and IrO,/Pt/TiO,/SiO,/Si substrates with
the thicknesses of 170 and 140 nm, respectively. Pt and Pt/IrO, top
electrodes were sputtered on the films annealed at 750 °C for 15 min.
Finally, the films were integrated into squares with the side lengths of
1-200 um, and all capacitors were reannealed at 750 °C for 10 min after
photolithographic patterning and dry etching.

Function-step voltage pulses with the nominal rising time of
2.5/5 ns were supplied by an Agilent 81150A/33250A pulse generator
with the internal resistance of 50 Q. Domain-switching response after
a presetting pulse was monitored by an LC WR 6200A oscilloscope with
the internal resistance of 50 Q in series with the ferroelectric capacitor.
The samples were cooled down by nitrogen/helium liquid flowing
through a cryogenic LakeShore probe station interfaced with a Model
332 temperature controller. Capacitance-voltage curves were collected
using an Agilent E4980A Precision LCR meter with the voltage amplitude
of 0.05 V at 100 kHz. Polarization-voltage (P-V) hysteresis loops were
recorded using a Radiant Materials Precision Analyzer with a triangular
wave at frequencies of 1-10 kHz.
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Highly Efficient Organic THz Generator Pumped at
Near-Infrared: Quinolinium Single Crystals

Pil-Joo Kim, Jae-Hyeok Jeong, Mojca Jazbinsek, Soo-Bong Choi, In-Hyung Baek,
Jong-Taek Kim, Fabian Rotermund, Hoseop Yun, Yoon Sup Lee, Peter Giinter,

and O-Pil Kwon*

A novel highly efficient ionic electro-optic quinolinium single crystals for

THz wave applications is reported. Acentric quinolinium derivatives, HMQ-T
(2-(4-hydroxy-3-methoxystyryl)-1-methylquinolinium 4-methylbenzenesul-
fonate) and HMQ-MBS (2-(4-hydroxy-3-methoxystyryl)-1-methylquinolinium
4-methoxybenzenesulfonate) exhibit high order parameters cos*6, = 0.92 and
cos®6, = 1.0, respectively, as well as a large macroscopic optical nonlinearity,
which is in the range of the benchmark stilbazolium DAST (N, N-dimeth-
ylamino-N’-methylstilbazolium 4-methylbenzenesulfonate) and phenolic
polyene OH1 (2-(3-(4-hydroxystyryl)-5,5-dimethylcyclohex-2-enylidene)
malononitrile) crystals. As-grown unpolished bulk HMQ-T crystals with a side
length of about 6 mm and thickness of 0.56 mm exhibit 3.1 times higher THz
generation efficiency than 0.37 mm thick OH1 crystals and about 8.4 times
higher than 1 mm thick inorganic standard ZnTe crystals at the near-infrared
fundamental wavelength of 836 nm. Therefore, HMQ crystals with high order

can intersect with optical phonons due to
molecular rotations and vibrations. Other
features include high absorbance of semi-
conducting and conducting materials, low
absorbance of dielectric materials and
harmlessness for biological systems.># Up
to now, a limited number of efficient THz
generators have been reported,3! therefore
one of most important aims in THz wave
technology is the development of broad-
band and highly efficient nonlinear optical
materials for THz generation.
Electro-optic crystalsP®] are promising
materials for broadband THz generation
by employing either optical rectification
(OR)® or difference frequency generation
(DFG).I Presently, inorganic crystals such

200 wileyonlinelibrary.com

parameter obviously have a very high potential for high power THz-wave

generation and its applications.

1. Introduction

Recently, terahertz (THz) wave applications such as THz time-
domain spectroscopy and THz imaging!"? became impor-
tant due to the unique interactions of these electromagnetic
waves with frequencies in the range of 0.3-30 THz, which
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as ZnTe and GaAs are the most popular
THz sources for these techniques.>®l
Recently, using organic electro-optic
crystals, a great improvement in THz
generation and detection has been dem-
onstrated.”"] The state-of-the-art ionic organic crystals based
on dimethylamino-stilbazolium*®!”] and non-ionic configura-
tionally locked polyene (CLP) groups*'2131819 exhibit a large
macroscopic nonlinearity with largest diagonal electro-optic
coefficients of up to r = 53 pm V7! at 1.3 um,2%2! while inor-
ganic ZnTe crystals have ry; = 4.1 pm V~L.I'2 The larger macro-
scopic nonlinearities of organic stilbazolium and CLP crystals,
compared to inorganic crystals, result in significantly larger
THz generation efficiency, with over one order of magnitude
larger figure of merit for THz generation: 4200 (pm V)2 for
DAST (N,N-dimethylamino-N"-methylstilbazolium 4-methyl-
benzenesulfonate), 4300 (pm V~!)2 for DSTMS (N,N-dimethyl-
amino-N’-methylstilbazolium 2,4,6-trimethylbenzenesulfonate),
5300 (pm V7Y)2 for OH1 (2-[3-(4-hydroxystyryl)-5,5-dimethylcy-
clohex-2-enylideneJmalononitrile), 370 (pm V~!)? for ZnTe and
86 (pm V)2 for GaAs.'21]

The characteristics of organic crystals, including the non-
linear optical properties, can still be improved or optimized for
THz applications. In particular, the benchmark OH1, DSTMS,
and DAST crystals exhibit their best THz generation efficiency
at the fundamental wavelength in the infrared (IR) region in
the range of 1.0-1.6 um.[1%11%12] Below this pump wavelength
region, i.e., in the near-infrared (NIR) region 0.7-1.0 um, which
is an important wavelength region for commercial high-power
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Figure 1. Synthetic route of the investigated methylquinolinium HMQ-T
and HMQ-MBS.

femto-second Ti:sapphire laser sources, most of these crystals
show a lower THz generation efficiency resulting from non-
optimal phase matching.'%11:12] In addition, high photochem-
ical stability and large wavelength range are also important,
which are related to the linear absorption of the crystals. There-
fore, the development of new organic crystals with highly effi-
cient THz generation and good phase-matchability in the NIR
region is a challenging topic.

Here, we report on a series of novel highly efficient ionic
electro-optic quinolinium single crystals well-suited for
THz wave applications. Acentric quinolinium derivatives,
HMQ-T  (2-(4-hydroxy-3-methoxystyryl)-1-methylquinolinium
4-methylbenzenesulfonate) and HMQ-MBS (2-(4-hydroxy-3-
methoxystyryl)-1-methylquinolinium  4-methoxybenzenesul-
fonate) exhibit high order parameters and large macroscopic
optical nonlinearities, which are in the range of the benchmark
DAST, DSTMS, and OH1 crystals. We show that as-grown bulk
HMQ-T crystals with a side length of about 6 mm exhibit 3.1
times higher THz generation efficiency than benchmark best
OH1 crystals and about 8.4 times higher than inorganic ZnTe
crystal at the fundamental wavelength of 836 nm.

2. Results and Discussion
2.1. Design and Molecular Optical Nonlinearity

The chemical structure of the investigated quinolinium deriva-
tives, HMQ-T and HMQ-MBS are shown in Figure 1. While
benchmark ionic electro-optic crystals showing large optical
nonlinearities, such as DAST,1620 DSTMSI!) and DAPSH[72bl
use 1-methylpyridinium or 1-phenylpyridinium salts, HMQ-T
and HMQ-MBS use 1-methylquinolinium salt for the electron
acceptor group. However, up to now the electron-accepting
characteristics of 1-methylquinolinium derivatives have been
only scarcely investigated.?Zl By electric-field induced second
harmonic generation (EFISH) experiments with the non-polar
solvent chloroform, in which ionic cations and anions were not
dissociated thus allowing such measurements for ionic mol-
ecules, the electron-accepting ability of 1-methylquinolinium
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iodide with (dialkylamino)-bithiophene electron donor group
was measured??! to be ufB, = 1250 x 10~ esu, similar to
1-methylpyridinium salt (f, is the vector component of the
hyperpolarizability tensor fB;; along the direction of the dipole
moment y).122"

In order to investigate the electron accepting characteristics
of 1-methyl quinolinium with the 4-hydroxy-3-methoxybenzene
electron donor, we calculated the molecular hyperpolariz-
ability tensor By of 2-(4-hydroxy-3-methoxystyryl)-1-methyl-
quinolinium (HMQ) cation by quantum chemical calculations
with finite field (FF) density functional theory (DFT)!?* using
B3LYP/6-311+G*.24 The direction of the ~O-H group can
strongly influence the characteristics of molecular optical non-
linearities, including the main direction and the maximal ampli-
tude of the first hyperpolarizability tensor f.*! In many cases,
the C-O-H plane practically coincides with the plane of phenyl
and methoxy groups.'1%%] In addition, the expected direction
of the O—H group in the gas phase is such that the hydrogen is
close to the methoxy group, as shown in Figure 1. This is due
to the high tendency to form strong intramolecular hydrogen
bonds of O-H - - -O-CH;.[** Therefore, for the quantum chem-
ical calculation of the optimized molecular conformation (OPT)
of the HMQ cation, the molecular arrangement illustrated in
Figure 1 was used. For the optimized HMQ cation, denoted
HMQ (OPT), we then calculated the zero-frequency hyperpo-
larizability tensor By, by FF method and evaluated the maximal
first-order hyperpolarizability Bp...23 The results are listed in
Table 1 and further details in Table S1 in the Supporting Infor-
mation (SI).

Although the HMQ cation possesses relatively weaker phe-
nolic and methoxy electron donors compared to conventional
dimethylamino electron donor,”2l the HMQ (OPT) cation with
1-methylquinolinium electron acceptor exhibit a large maximal
first-order hyperpolarizability S, of 145 x1073° esu, which is
similar as for DAST (159 x107%° esu)?’! with 1-methylpyrid-
inium electron acceptor and dimethylamino electron donor, and
is higher than in OH1 molecules (104 x1073° esu).['?2] 1-Meth-
ylquinolinium derivatives having the dimethylamino group as
electron donor as in DAST exhibit a larger maximal first-order
hyperpolarizability By (184 x 1073° esu). This means that the
electron accepting strength of 1-methylquinolinium is larger
than the one of the widely used 1-methylpyridinium acceptor.
Therefore, HMQ and its derivatives with 1-methylquinolinium
as acceptor can be interesting materials for nonlinear optical
applications, including THz wave generation.

2.2. Synthesis and Characterization

The methathesized synthesis and the resulting crystal structures
of HMQ-T and HMQ-MBS have been published previously.[?%2]
Here, we report on the optimization of the synthesis procedure,
as well as on the relevant physical properties including the
linear and the nonlinear optical properties, bulk crystal growth
and THz wave generation with these materials.

In this work, the HMQ derivatives were synthesized by two
methods: i) metathesization of 2-(4-hydroxy-3-methoxystyryl)-
1-methylquinolinium iodine (HMQ-I) with silver(I) methyl-
benzenesulfonate for HMQ-T as reported previously;?® and,
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Table 1. Physical and structural data of HMQ crystals in comparison with benchmark DAST[?”l and OH101%3l crystals: the wavelength of the maximum
absorption A, in methanol solution, the melting temperature T, the thermal weight-loss temperature T, the maximal first-order hyperpolarizability
Bimax determined by quantum chemical calculations considering OPT cation and EXP cation molecules, order parameter cos?(6,), where the angle 6,
between the main charge-transfer axis of the crystal and hyperpolarizabilities 8 of the molecules, the diagonal component of the effective hyperpo-
larizability tensor ﬂijf{ [0S ijzk . N2{(B47)?) is the calculated figure of merit for non-resonant powder SHG generation relative to DAST. Powder SHG
efficiency was measured at a fundamental wavelength of 1.9 um relative to DAST powder.

Amax To/Ti Brnax (OPT) Brax (EXP)  Order parameter 18" Nz((ﬁeff )2) Powder SHG Crystal structure
[nm] [°q [107%0 esu] [107%0 esu] cos?(6,) [107%0 esu] (point group) symmetry
HMQ-T 439 273/297 145 169 0.92 155 0.77 0.63 monoclinic Pn (m)
HMQ-MBS 441 265/291 145 178 1.0 178 0.94 0.23 monoclinic Pc (m)i2%
DASTI?7] 475 250/250 159 194 0.83 161 1 1.0 monoclinic Cc (m)
OH1'2 426 212/325 104 93 0.69 63 0.3 0.5 orthorhombic
Pna2, (mm2)

ii) condensation reactions of vanillin with dimethylquinolinium  acetonitrile, the wavelength of the maximum absorption A,
4-methylbenzenesulfonate for HMQ-T and with dimethylquino- (427 nm for HMQ-T and HMQ-MBS, see Figure S1 in the SI)
linjum 4-methoxybenzenesulfonate for HMQ-MBS (see Figure 1  is still considerably lower than for DAST (471 nm). The low
and the Experimental Section). We encountered few limitations  absorption of HMQ derivatives combined with a relatively large
for bulk crystal growth and optical experiments using the molecular nonlinearity may be an advantage considering the
previously reported methathesization method. We observed a  photochemical stability and larger transparency range. While
relatively low solubility of HMQ-I in the reaction solvent meth-  DAST crystals having dimethylamino electron donor shows
anol (0.14 g per 100 g methanol at 40 °C). Due to the low solu-  only one absorption peak at the wavelength of the maximum
bility of HMQ-I in the reaction solvent, the methathesization  absorption A,,,, of about 475 nm, both HMQ-T and HMQ-MBS
of larger amounts, which are needed for bulk crystal growth, is  crystals having phenolic electron donor show additional absorp-
relatively hard. Additionally, in many cases the physical proper-  tion peaks at higher wavelength in the range of 500-700 nm in
ties of phenolic m-conjugated materials are highly sensitive to ~ both methanol and acetonitrile solutions (see in Figure S1 in
impurities and environmental conditions.'?*?] The residual  the SI). This may be due to the phenolic electron donor, which
silver(I) iodide accompanying from the methathesization can is highly sensitive to the environmental condition, allowing the
lead to variations of the physical and optical properties in solu-  co-existence of various resonance states, benzenoid and quinoid
tion and in the solid state. In inductively coupled plasma (ICP)  forms.

analysis of our HMQ-T materials synthesized by methathesiza- We also investigated the thermal properties of HMQ mate-
tions, we observed up to 24 ppm silver, while silver has not been  rials by differential scanning calorimetry (DSC) and thermal
detected for materials synthesized by condensation. In addition,  gravimetric analysis (TGA) at a scanning rate of 10 °C min’..
the color of crystalline materials from methathesization is dark ~ As shown in Figure 2, HMQ-T crystals exhibit a high thermal
brown, while the one from the condensation method is brighter  stability with thermal weight-loss temperature T; up to more
orange. Moreover, we found polymorphism in HMQ-T: the dark ~ than 290 °C, which is higher than that for DAST crystals of
brown HMQ-T material recrystallized from methanol after the

synthesis of methathesizations exhibit different powder X-ray

diffraction (XRD) patterns compared to the reported crystal 120, . . . . . .
structure in the literature.?®! Therefore, for further characteri- | r12
zation and crystal growth we used the HMQ-T and HMQ-MBS 100 TGA 10
materials synthesized by condensation as shown in Figure 1. -8

The physical and structural data of HMQ derivatives are =~ __ ] L6 T
listed in Table 1. For comparison, two of the best organic crys- Q\O/ 801 L4 8
talline materials, ionic DAST and non-ionic OH1 crystals, are = 1bsC Lo =
also listed.227) According to the well known nonlinearity-  © 601 [0 g
transparency trade-off,”] a similar and a higher maximal first- %’ (o =
order hyperpolarizability ., of the HMQ cation than the one 40+ 4 3
of DAST and OH1 crystals, respectively, can be expected to 5 Q
correlate with a similar and a higher wavelength of maximum 20 g —
absorption A,,,, of the HMQ derivatives as compared to the ones ] .
found in DAST and OH1 crystals. We measured the absorption o+ 10
properties of HMQ derivatives in methanol solution. As listed 50 100 150 200 250 300 350 400

in Table 1, HMQ-T and HMQ-MBS have a larger wavelength o
of maximum absorption A,,,, than OH1 as expected, but much Temperature ( )

lower than DAST: 439 nm for HMQ-T, 440 nm for HMQ-MBS, Figure 2. TGA and DSC thermodiagram of HMQ-T (solid line) and HMQ-
426 nm for OH1, and 475 nm for DAST. In a different solvent, =~ MBS (dotted line) crystals.
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Figure 3. Molecular conformation (a) and crystal packing diagram (top view of an acentric chain (b) and the stack of two acentric chains (c)) projected

along the g-axis of HMQ-T crystals.

260 °C.1'I The melting temperature T, is 273 °C for HMQ-T
and 265 °C for HMQ-MBS, which are also higher than that for
DAST (T;, = 256 °C).[164

2.3. Macroscopic Optical Nonlinearity in Crystals

To examine the macroscopic optical nonlinearities, we first ana-
lyzed the single X-ray structures of HMQ-T and HMQ-MBS
crystals. The crystal structure for HMQ-T crystals has been ana-
lyzed newly here, but was found to be identical to that reported
in the literature,?8! and for HMQ-MBS crystals the crystal struc-
ture reported elsewherel?l wasused. The molecular conforma-
tion and crystal packing diagram of HMQ-T and HMQ-MBS
crystals are shown in Figure 3 and Figure 4. The HMQ-T and
HMQ-MBS crystals exhibit monoclinic Pn and Pc space groups,
respectively, with point group symmetry m.

The main supramolecular interactions in the HMQ-T and
HMQ-MBS crystals are strong Coulomb forces between 1-meth-
ylquinolinium cations and sulfonate anions, as well as strong

Adv. Funct. Mater. 2012, 22, 200-209
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hydrogen bonds between phenolic OH group and sulfonate
groupl?®?%: —O-H...0-S- groups with O---O distances of
about 2.66 A for HMQ-T and about 2.65 A for HMQ-MBS (see
Figure 3a and Figure 4a). The molecular conformation of HMQ
cation in HMQ-T and HMQ-MBS crystals is different.?82% In
both HMQ-T and HMQ-MBS crystals, the phenolic group (i.e.,
4-hydroxy-3-methoxyphenyl group) and the ~-CH=CH- group
are practically in the same plane. However, in both crystals
the quinolinium group is not in same plane as the HO-Ph—
CH=CH- group due to steric hindrance between the hydrogen
atoms on the N-substituted methyl group of the quinolinium
group and the hydrogen atom on the -CH=CH- group: the
twisted angle between the plane of the phenyl ring on the phe-
nolic group and the plane of the pyridinium ring including the
nitrogen atom (N*) on the quinolinium group is about 17° for
HMQ-T?¥ and about 27° for HMQ-MBS,?’l while 29° for HMQ
(OPT) cations. In addition, the O—-H electron-donor group has
a different direction in these crystals: in the HMQ-T crystals
the O-H direction is toward the neighboring O-CH; group
with strong intramolecular hydrogen bond with the oxygen
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Figure 4. Molecular conformation (a) and crystal packing diagram (top view of an acentric chain (b) and the stack of two acentric chains (c)) projected

along the b-axis of HMQ-MBS crystals.

atom on the neighboring O—-CHj; group with H- - - O distance of
2.22 A P8 similarlyasinthe OPT moleculewith H - - - O distance of
2.12 A, while the opposite direction appears in HMQ-MBS!?]
(see Figure 3a and Figure 4a). We attribute this difference to
different positions of the counter anions, which determines
the direction of the OH group, forming strong hydrogen bonds
with the sulfonated group as discussed above, which outweighs
the intramolecular hydrogen bond with the oxygen atom. As
shown in Figure 3b and Figure 4b, the pairs of the HMQ cation
and anion form an acentric polar layer, which are stacked one
by one (see Figure 3c and Figure 4c).

We calculated the microscopic nonlinearity of HMQ cations
(EXP), determined by single X-ray structural analysis in each
crystal, by density functional theory using the finite filed (FF)

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

method,?¥ in order to investigate the influence of different
molecular geometry with a different tilt angle in the mt-conjugated
bridgel3% and the different direction of the O~H group in the solid
state.?] The resulting maximal first-order hyperpolarizability
Bmax 18 listed in Table 1 and more details are given in Table S1 in
the SI. For both EXP conformations in the crystal, the maximal
first-order hyperpolarizability f3,,, slightly increases compared to
optimized molecules of HMQ (OPT), 169 x107° esu for HMQ-T
(EXP) and 178 x107%° esu for HMQ-MBS (EXP) compared to
145 x1073% esu for OPT molecules, and the difference between the
two crystalline conformations is relatively small. Although the
HMQ cation possesses a different direction of the electron-donor
OH group in the solid state, still in the same plane as the phenyl
ring, the microscopic optical nonlinearities are maintained.

Adv. Funct. Mater. 2012, 22, 200-209
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Figure 5. Orientation of the molecules within one unit cell in the crystallographic abc system and the Cartesian XYZ system (the angle between the
crystallographic ¢ axis and Z is y=1.3° for HMQ-T and 7.0° for HMQ-MBS). The dotted and the solid vectors present the polar axis and the direction
of the hyperpolarizabilities 3 of the chromophores, respectively. The angle between the main charge-transfer axis of the crystal Z and hyperpolariz-

abilities B of the molecules is 6, = 13.8°, leading to an order parameter of cos*6, = 0.92 for HMQ-T and 6, = 0.5°, leading to an order parameter of

cos*6, = 1.0 for HMQ-MBS.

When nonlinear optical chromophores possess an asym-
metric shape or the position of electron donor and acceptor is
not exactly at each end of the long axis of a molecule, we cannot
simply assume that the long axis of molecule is the main direc-
tion of the first-order hyperpolarizability .Y which is an
important information for the evaluation of macroscopic optical
nonlinearities. Because the position of the nitrogen atom (N*)
in the quinolinium acceptor of the HMQ cation is not at the
end, but at a side of the long axis of the molecule, we evaluated
the direction of the maximal first-order hyperpolarizability B,
of HMQ cation based on the FF calculation details reported
in Table S1 of the SI. The resulting directions are indicated in
Figure 5, which shows the projections to the YZ plane of the
Cartesian XYZ system. The Cartesian XYZ system was chosen
so that the Y axis is parallel to the crystallographic (symmetry)
b axis and the Z axis in the ac crystallographic plane is along
the polar axis of the crystal, or more precisely along the main
charge transfer axis of the crystal. For both crystals the polar
axis Z is almost parallel to the ¢ crystallographic axis, as shown
in Figure 5.

The angle 6, between the main charge-transfer axis of the
crystal and the maximal first-order hyperpolarizability f,,,, of
the molecules is close to zero: 6, = 13.8° for HMQ-T and 0.5°
for HMQ-MBS. This means that in both crystals the chromo-
phores align almost perfectly parallel with the order parameter

Adv. Funct. Mater. 2012, 22, 200-209
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close to 1.0: cos*(6,) = 0.92 for HMQ-T and 1.0 for HMQ-MBS,
which is higher than for both DAST and OH1 crystals as listed
in Table 1. Such an alignment optimizes the diagonal suscepti-
bility element and is very favorable for THz-wave generation.

We evaluated the diagonal and off- dlagonal component of the
effective hyperpolarizability tensor :Buk (o3 Xuk in the Cartesian
XYZ system, considering all hyperpolarizability tensor compo-
nents B, calculated by the FF method and the orientation of
the chromophores in the crystallographic system.[?3l The diag
onal component of the effective hyperpolarizability tensor gf
is listed in Table 1 and other non-zero off-diagonal component
in Table S2 in the SI. Due to the high order parameter cos6,,
close to 1.0, the off-diagonal component of HMQ-T and HMB-
MBS can be ignored. HMQ-T and HMQ-MBS crystals exhibit
a large diagonal component of the effective hyperpolarizability
tensor, A5 = 155 x1073° esu and 178 x107% esu, respectively,
which is larger than for DAST (161 x 107 esu) and OH1 (63 x
10730 esu) crystals. DAST and OH1 have been evaluated previ-
ously using analogous calculation methods.['2?7]

In order to screen the macroscopic optical nonlinearity, we
performed powder second harmonic generation (SHG) tests®?
at a non-resonant fundamental wavelength of 1.9 um. The SHG
efficiency was measured relative to that of the well-character-
ized ionic DAST crystals. HMQ-T and HMQ-MBS crystalline
powders exhibit a large macroscopic nonlinearity with SHG
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Figure 6. Transmission spectra of an unpolished HMQ-T crystal (b-plate)
with a thickness of 0.32 mm using un-polarized light.

efficiencies of about 0.63 and 0.23 times that of DAST powder,
respectively. The SHG efficiency of HMQ-MBS reported previ-
ously?”l was considerably lower, only about 0.45 times that of
urea (note that DAST exhibits a 3 orders of magnitude higher
SHG efficiency with respect to urea at 1.9 um!'®)); Unfortunately
the authors did not disclose the wavelength, at which their effi-
ciency was measured.?’) Presumably, when using a commonly
employed 1.064 um fundamental wavelength, the generated
SHG signal at 0.532 pm is mostly absorbed by HMQ-T powder
(see Figure 6), which can explain this discrepancy.

We can estimate the theoretically expected powder test effi-
ciency from the effective hyperpolarizability tensor elements
ﬂfﬁf by considering the number density of chromophores
N and the averaged contribution over different orientation of
crystallites by considering the corresponding point group sym-
metry.’? The resulting figure of merit, N? ((8%)?) , neglects the
contributions of the intermolecular interactions in the crystals
as well as possible phase matching enhancements, but usually
gives a good first-order estimation for the expected macroscopic
nonlinear optical properties.'>131925] The values of N?{()?)
relative to OH1 are for HMQ-T 2.6 times OH1 and for HMQ-
MBS 3.2 times OH1, which is for both considerably more than
experimentally measured. However, the chromophores with the
OH group may be extremely sensitive to environmental condi-
tions, e.g., the microscopic hyperpolarizability of OH1 chromo-
phores may differ by a factor of 2 in different solvents.['??l Note
that the N?((8T)?) figure of merit for OH1 is about 30% of
DAST, while the experimentally measured powder test almost
twice larger. Relative to DAST, N?((8°)?) of HMQ-T is 76%,
which is in a very good agreement with the experimental
powder test efficiency for DAST. For HMQ-MBS on the other
hand, the experimental and theoretical values differ by a factor
of 3.7 relative to DAST. These discrepancies may point to a
large environmental influence of the microscopic nonlinearity
of HMQ chromophores to the environment. Still we can con-
clude that the new HMQ crystals exhibit excellent second-order
nonlinear optical properties in the range of the presently best
materials DAST and OH1. This is furthermore confirmed by
the THz generation measurements described in Section 2.5.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.4. Bulk Single Crystals

The solubility of HMQ-T and HMQ-MBS in methanol is shown
in Figure 7a. The solubility of HMQ-T is higher than for HMQ-
MBS: 0.89 g per 100g methanol for HMQ-T and 0.56 g per 100g
methanol for HMQ-MBS at 50 °C. The solid line in Figure 7a is
according to the well-known van't Hoff thermodynamic equilib-
rium equation assuming an ideal solution.'1#33]

We grew bulk HMQ-T and HMQ-MBS single crystals by the
slow cooling method in methanol starting at 40 °C and a cooling
rate of 1 °C per day. In both crystals first nucleates appeared at
about 25-26 °C. Typical as-grown HMQ-T and HMQ-MBS crys-
tals are of yellow color as shown in Figure 7b and Figure 7c,
respectively, which are brighter than orange-red OH1 crystals,
as well as dark-red DAST crystals. The as-grown HMQ-T crys-
tals have flat and parallel surfaces with a good optical quality,
while HMQ-MBS crystals have a more complex morphology.

(@) .
6 m HMQ-T
o
T 5- ® HMQ-MBS
c
S 4
3]
o
L 3.
@
o
s |
2 T T T
3.1 3.2 3.3 3.4

1/T(10°K™)

Figure 7. a) Solubility of HMQ-T and HMQ-MBS crystals in methanol:
mole fraction x in logarithmic scale vs. inverse temperature (T'). Pho-
tographs of as-grown (b) HMQ-T and (c) HMQ-MBS crystals by slow
cooling method in methanol.
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We investigated the morphology of the as-grown HMQ-T crys-
tals by X-ray diffraction. The parallel surfaces are along the b
crystallographic planes, which means that the polar c-axis is in
the plane as shown in Figure 7b. Therefore, compared to the
morphology of HMQ-MBS crystals with non-parallel surfaces,
as-grown HMQ-T crystals are more suitable for THz wave
generation.!3!

According to the crystal characteristics, including the mor-
phology, the HMQ-T crystals were chosen here for the charac-
terization of the physical properties and for THz wave genera-
tion. Figure 6 shows the transmission spectrum of an unpol-
ished HMQ-T crystal (b-plate) with a thickness of 0.32 mm
using unpolarized light incident normal to the sample. The
cut-off wavelength A .. of HMQ-T is about 595 nm, which is
considerably shorter than for OH1 (around 640 nm) and DAST
(around 680 nm) crystals. The lower cut-off wavelength A ,.¢
can be advantageous: i) photochemical stability; and, ii) a larger
transparency range and therefore a wider range of possible
operation wavelengths. The HMQ-T crystals possess an absorp-
tion peak at about 1675 nm, but low absorption at 1550 nm,
while a relatively strong absorption at about 1550 nm of OH1
crystals!*2 limits its application possibilities at this technologi-
cally very important wavelength. Therefore, HMQ-T crystals
possess larger transparence range from 595 nm 1550 nm than
OH1 from 640 nm to 1400 nm. In addition, the allowance of
the fundamental wavelength of 1550 nm may be useful for
using widely available laser pump sources at this wavelength,
e.g., femtosecond lasers for THz-wave generation and CW tel-
ecommunication lasers for electro-optic applications.

2.5. THz-Wave Generation

We generated THz waves by using optical rectification (OR)
using femtosecond-laser pump pulses in various nonlinear
optical crystals, and detected these waves by the electro-optic
sampling (EOS) method.'3] We used fundamental optical
pulses with a duration of 170 fs at 836 nm with repetition rate
of 1 kHz from a regenerative amplified Ti:sapphire laser. For all
nonlinear optical materials the same THz electro-optic detector
crystal (ZnTe) was used. The measurements were performed at
room temperature in air with a humidity of 28%. The details of
our experimental setup for the generation and detection of THz
waves are given in the SI.

A HMQ-T crystal with (010) surfaces and a thickness of
0.56 mm was used for THz generation. For comparison we also
used a ZnTe crystal with polished (110) surfaces and a thickness
of 1.0 mm, which is the most widely used inorganic THz gen-
erator material,l®l and organic OH1 crystal with (100) surfaces
and a thickness of 0.37 mm, which is one of the state-of-the-art
electro-optic crystals with very attractive properties for THz-wave
generation.!'l Note that for OH1 crystals a larger thickness is not
expected to result in a higher THz generation efficiency at this
pump wavelength, since the coherence length for 836 nm pump
fs lasers at 1 THz is only about 0.2 mm.['2"! Due to the relatively
good optical quality of the crystals with flat surfaces, as-grown
HMQ-T and OH1 crystals were used without polishing.

Figure 8a shows time traces of the generated THz waves
from nonlinear optical crystals in our experiment. The spectra

Adv. Funct. Mater. 2012, 22, 200-209
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of the generated THz fields are shown in Figure 8b, which were
obtained by fast Fourier transform (FFT) of the THz time traces
of Figure 8a. The amplitude THz-wave generation efficiency of
HMQ-T crystals is 8.4 and 3.1 times larger than for ZnTe and
OH1 crystals, respectively: the peak-to-peak amplitude of the
THz field is 20.2 kV cm™! for HMQ-T, 2.4 kV cm for ZnTe,
and 6.5 kV cm™ for OH1 crystals. Even though the conditions
of phase matching and thickness have not yet been optimized,
HMQ-T crystals obviously have a very high potential for high
power THz generation and its applications.

3. Conclusions

We have reported on novel highly efficient ionic electro-optic
quinolinium single crystals for nonlinear optics, in particular
for THz wave applications. Acentric quinolinium derivatives,
HMQ-T and HMQ-MBS exhibit a high order parameter cos’6,

(@)

Amplitude (kV/cm)

-10-= T T T T T T T T T T T T
48 50 52 54 56 58 60

Time delay (ps)

C

Amplitude (a.u.)

0.0 0.5 1:0 1:5 2.0 2.5 3.0
Frequency (THz)

Figure 8. Terahertz pulses generated in single crystals of 0.56 mm-thick
HMQ-T (solid line), benchmark 0.37 mm-thick OH1 crystal (dotted line)
and inorganic 1 mm thick ZnTe (dashed line) at a fundamental wave-
length of 836 nm with the pulse duration of 170 fs. a) Time-trace of the
terahertz electric field Eqy,(2). b) The spectra of Eqy, (V).
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close to 1.0 and a large macroscopic optical nonlinearity, which
are in the range of the benchmark ionic stilbazolium DAST and
non-ionic phenolic polyene OH1 crystals. Bulk HMQ-T crys-
tals with good optical quality, a side length of about 6 mm and
thickness of 0.56 mm, without polishing procedure, exhibit 3.1
times higher THz generation efficiency than the 0.37 mm thick
OH1 crystal and about 8.4 times higher than 1 mm thick inor-
ganic ZnTe crystal at the fundamental wavelength of 836 nm.
Therefore, HMQ crystals with high order parameter are very
attractive materials for THz wave technology.

4. Experimental Section

Synthesis: All chemicals were purchased from commercial suppliers.
2-Methylquinoline and vaniline for the synthetic route with condensation, as
shown in Figure 1, were purchased from Sigma—Aldrich and used without
further purification. "TH-NMR spectroscopy data were recorded on a Varian
400 MHz. All chemical shifts are reported in ppm (9) relative to (CHs),4Si.

2-(4-Hydroxy-3-Methoxystyryl)-1-Methylquinolinium
4-Methylbenzenesulfonate (HMQ-T): Methyl p-toluenesulfonate (32.34 mL,
0.21 mol (98%)) and 2-methylquinoline (29.8 mL, 0.21 mol (95%)) were
dissolved in methanol (50 mL) and the solution was stirred at 50 °C for
1d. The solution color changed from colorlessness to light pink. After cooling
the solution to room temperature, a precipitate was obtained by evaporating
methanol and adding 1,2-dimethoxyethane. A white-pink powder of
1,2-dimethylquinolinium 4-methylbenzenesulfonate was obtained by filtration
and dried in vacuum oven at 60 °C (yield = 76%). 1,2-Dimethylquinolinium
4-methylbenzenesulfonate (40 g, 0.121 mol) and vanillin (18.5 g, 0.121
mol) were dissolved in methanol (100 mL). The catalyst piperidine (2.4 mL,
0.0242 mol) was added by stirring under reflux for 3 d. After cooling to room
temperature, an orange crystalline powder was obtained. The final product
was obtained by recrystallization in methanol and dried in vacuum oven at
60 °C for 1 h (yield = 22%). 'H-NMR (400 MHz, CD,0D, &): 8.83 (d, TH,
J =88, CsH,N), 8.44 (d, TH, ) =9.2, CgH,), 8.40 (d, TH, J = 8.8, CsH,N), 8.24
(d, TH, J = 8.0, CgH,), 8.15 (m, TH, CgH,), 8.06 (d, TH, J = 15.6, CH), 7.90
(m TH, CgHy), 7.69 (d, TH, J = 15.2, CH), 7.68 (d, 2H, J = 6.4, CgH,SO5),
7.52 (s, TH, CgHs), 7.39 (dd, TH, CgHs), 7.20 (d, 2H, J = 8.4, CH,SO5),
6.91 (d, TH, J = 8.0, C4H3), 4.57 (s, 3H, OMe), 4.00 (s, 3H, Me), 2.36 (s, 3H,
NMe). Elemental analysis for C,6H,sNOsS, Caled. C 67.37, H 5.43, N 3.02, S
6.92; Found: C 67.40, H 5.53, N 3.02, S 7.02.

2-(4-Hydroxy-3-Methoxystyryl)- 1-Methylquinolinium 4-Methoxybenzenesul-
fonate (HMQ-MBS): HMQ-MBS was synthesized in a similar manner as
HMQ-T, by the condensation reactions of vanillin with dimethylquinolinium
4-methoxybenzenesulfonate (yield = 40%). 'H-NMR (400 MHz, CD;0D,
8): 8.81 (d, TH, J = 8.8, CsH,N), 8.42 (d, 1H, J = 8.8, CgH,), 8.38 (d, TH,
J =92, CgH,), 8.22 (d, TH, J = 8.0, CsH,N), 8.13 (m, TH, C¢H,), 8.05 (d,
TH, J = 15.6, CH), 7.88 (m 1H, CgH,), 7.72 (m, 2H, CgH,SO5"), 7.66 (d,
TH, J = 16.0, CH), 7.50 (s, TH, CgH5), 7.38 (dd, TH, CgH3), 6.91 (m, 2H,
CeH4SO57), 6.89 (m, TH, CgHs), 4.55 (s, 3H, NMe), 4.00 (s, 3H, OMe),
3.80 (s, 3H, OMe). Elemental analysis for C,gH,5sNOgS, Caled. C 65.12, H
5.25, N 2.92, S 6.69; Found: C 65.19, H 5.21, N 2.94, S 6.78.

X-ray Crystal Structure Analysis of HMQ-T: CpgH sNOsS, M, = 463.55,
monoclinic, space group Pn, a = 6.9304 (3) A, b = 11.1154 (5) A, ¢ =
14.7594 (5) A, B=100.3072 (9)°, V= 1118.62 (7) A3, Z =2, T = 290(1)
K, (MoK ) = 0.18 mm~". Of 10 740 reflections collected in the 6 range
3.4°-27.4° using o scans on a Rigaku R-axis Rapid S diffractometer,
4492 were unique reflections (Ri,; = 0.025, completeness = 99.1%).
The structure was solved and refined against F? using SHELX97,34 299
variables, wR, = 0.098, R, = 0.033 (3370 reflections having F.,2 > 26(F,2)),
GOF = 1.09, Flack parameter x = —0.08(8), and max/min residual
electron density 0.25/-0.21 eA~>. Further details of the crystal structure
investigation(s) may be obtained from the Cambridge Crystallographic
Data Centre (CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; tel.: +44
(1223) 336408, fax: +44 (1223) 336033, e-mail: deposit@ccdc.cam.ac.uk)
on quoting the depository number CCDC-824804 for HMQ-T.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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X-ray Crystal Structure Analysis of HMQ-MBS:2% CysH,sNOgS, M, =
479.54, monoclinic, space group Pc, a = 10.9895(1) A, b = 7.1363(1) A,
c=15.6341(2) A, B=110.300(1)°, V = 1149.94(3) A%, Z=2, T = 297(2)
K, CCDC 629589.
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Novel Approach for Alternating Current (AC)-Driven
Organic Light-Emitting Devices

Ajay Perumal,* Markus Frobel, Sandeep Gorantla, Thomas Gemming, Bjérn Liissem,

Jiirgen Eckert, and Karl Leo*

A novel approach for alternating current (AC)-driven organic light-emitting
devices is reported, which uses the concept of molecular doping in organic
semiconductors. Doped organic charge-transport layers are used to gen-
erate charge carriers within the device, hence eliminating the need for
injecting charge carriers from external electrodes. Bright luminance of up to
1000 cd m~2 is observed when the device is driven with an AC bias. The lumi-
nance observed is attributed to charge-carrier generation and recombination,
leading to the formation of excitons within the device, without injection of
charge carriers through external electrodes. A mechanism for internal charge-

carrier generation and the device operation is proposed.

1. Introduction

Inorganic alternating current (AC) thin-film electrolumines-
cence (TFEL) display devices are well established.ll AC-TFEL
devices consist of a polycrystalline phosphor layer doped with a
luminescent impurity (e.g., Mn or Cu) that is enclosed between
a pair of insulating layers.'?l The device is robust due to the
use of inorganic materials and simple in fabrication. However,
challenges remain for these devices, as the fabrication consists
of different deposition steps and some phosphors require addi-
tional annealing.!l The complex processing procedure involving
annealing at different temperatures and narrow spectral distri-
bution of inorganic dyes makes it difficult to obtain white light
with a balanced red, green, and blue (RGB) contribution.!
Previously, there have been efforts to fabricate hybrid
organic—inorganic AC electroluminescence (AC-EL) devices
by sandwiching organic molecules Alqs (tris(8-hydroxy-quin-
olinato)aluminum) between silicon dioxide (SiO,) layers. Blue
emission instead of the normal green Alq; molecule emission
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was observed when the device was driven
with AC.*3! Hot electron impact i.e., band
to band excitation or solid state cathodo-
luminescence (CL) like emission was pro-
posed as origin for blue emission.**!

Recently, there have been also efforts
to fabricate organic AC-EL devices sug-
gesting the possibility of providing the
charge carriers (the holes and electrons)
within the organic layers without the need
for injecting them from external elec-
trodes, while driving the device with AC
voltage.[%”] Nanoparticles were employed
as symmetrical bipolar charge-generating
centers in these devices. The mechanism
with which the nanoparticles generate the electrons and holes
is not known. The processing of ITO nanoparticle layers with
ethanol dispersion formed by spin coating is also tedious, as
the nanoparticles tend to cluster. Moreover, the light intensities
were rather low in these devices.

We report on a new concept for the AC organic light-emit-
ting devices, which are robust and bright. They are organic—
inorganic hybrid devices. A luminance of up to 1000 cd m~2 is
observed, when the device is driven with an AC bias. AC organic
light-emitting devices can be used for efficient light generation
without the need to inject charge carriers into the device. We
exploit the mechanical strength and chemical stability of inor-
ganic insulators and combine it with the excellent optical prop-
erties of organic materials whose emission color can be chemi-
cally tuned so that it covers the entire visible spectrum.

The AC organic light-emitting device concept reported in this
work is similar to AC-TFEL device with the double-insulating
structure,'? but with a simpler device fabrication procedure.
The whole device is processed at room temperature eliminating
the complex processing and annealing steps. In this device, an
organic emission layer doped with organic dye acts as lumines-
cent center, having the advantage of an efficient emission over
the entire visible spectrum.ll We also employ the concept of
molecular doping for small molecule organic semiconductors,
allowing for an efficient transport as well as for generation of
charge carriers.[*1% The light generation is due to the formation
of excitons by recombination EL, unlike the mechanism of hot
electron impact excitation of phosphor emissive centers in case
of inorganic AC devices.

To our knowledge to date there is no convincing evidence
for controlled charge-carrier generation within the device,
without injecting charge carriers either in organic or inorganic
AC driven light-emitting devices. With time-resolved AC-EL

Adv. Funct. Mater. 2012, 22, 210-217
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measurements, we .demonstrate. the ‘ e\.Ii- 100nm A
dence of charge-carrier regeneration within -
the device. We propose the regeneration of 60nm Sio,
Char.ge carriers to be fiue to Zener Funpehng 100nm Al 20nm BPhen
at high AC bias applied to the device in the 60nm Sio |
negative cycle. The fabrication of multicolor 2 | ~20nm *
display devices or white large-area lighting ~20nm I 20nm MeO-TPD
p;jlnelsv would be' far simpler with thls tech- 60nm Si0 60nm Sio
nique in comparison to AC-TFEL devices. 2 2

Organic light-emitting diodes (OLEDs) ~ 90nm ITO 90nm ITO
driven by a direct current (DC) bias are well
established.'12 The light generated in DC Glass Substrate Glass Substrate
devices is due to injection of charge carriers, : .
leading to current and the generation of exci- Device A Device B
tons, while the light generated by driving
the device with an AC bias is due to internal 100nm 100nm Al
charging of the device. AC drive also avoids Al 60nm Si()2
the charge accumulation in the device due 60nm Si0 -
to frequent reversal of the applied bias. We 2 20nm Bpgpehn'cs
believe that the new concept for AC-driven 20nm BPhen:Cs | 10nm L |
light-emitting devices might offer the path ~20nm Nfgnm
towards future plug and play, flat, and flex- 20nm | MeO-TPD:F.TCNO | Iy
ible light sources. —_14 20nm | MeO-TPD:F,TCNQ

60nm Si0, 60nm Sio,
. . 90nm Ti

2. Results and Discussion — 90nm 1

The devices consist of an organic EL layer

Glass Substrate

Glass Substrate

composed of unipolar/ambipolar charge-
transport material as a host matrix, which is
doped with an organic dye (5-10 wt%) with
or without an electron and a hole generation
layers, enclosed between a pair of transparent
metal-oxide insulating dielectric layers. A
transparent ITO acts as a bottom electrode for light out-coupling
and aluminum (Al) as a top-reflective electrode (Figure 1). We
have chosen silicon oxide (SiO,) as the transparent dielectric
insulating material in our devices.

The AC-EL spectra for all the device structures in Figure 1 are
shown in Figure 2a. Orange-red emission from the phospho-
rescent dopant Ir(MDQ),(acac), which peaks at approximately
610 nm, is observed in all devices. Spectra are recorded for all
the devices driven with different AC voltages and frequencies.
The AC-EL peak shows no shift with an increase in applied
voltage or with frequency for all the devices. Due to a nonopti-
mized optical cavity, the spectra broaden for device B, C, and D.

For the device A with only a single EL layer enclosed between
insulating layers, we observe a very weak luminance with an
increasing AC bias applied to the device. The luminance levels
are below the detection limit of the luminance meter. However,
the luminance level is sufficient to record the spectra with very
high integration times.

With the addition of intrinsic charge-transport layers on
either side of the EL layer (device B), the luminance is strongly
enhanced. The L-V response at different frequencies is shown
in Figure 2b. We observe an increase in light output as a func-
tion of increasing AC voltage across the device. The threshold
voltage for the onset of luminance is approximately 39 V for this
device; beyond the threshold voltage the luminance increases

Adv. Funct. Mater. 2012, 22, 210-217

Device C

Figure 1. Device structures: A) Single layer device; B) intrinsic or undoped charge-transport
layer device; C) PN-doped device without blockers; D) PIN-doped device with blockers.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Device D

as a function of the applied AC bias at any fixed frequency. We
achieve a maximum luminance of approximately 100 cd m~2 at
frequency of 10 kHz with this device

For the devices A and B with the intrinsic or undoped organic
layers the observed luminance when driven with an AC bias is
due to the presence of charge carriers existing within the device
due to ionized impurities.3] The concentration of charge car-
riers due to ionized impurities in intrinsic or undoped organic
layers is known to be low, thus the luminance levels achieved in
these devices are also low.

We introduced asymmetrically doped charge-transport layers
on both sides of the EL layer (device C) to increase the number
of charge carriers within the device and thereby enhance the
luminance and the performance of the device. The L-V curves
for this device recorded as a function of frequency are shown in
Figure 2b. We observe an increase in the luminance output in
comparison to devices A and B and a decrease in the threshold
AC bias of approximately 10 V. Due to the doping of transport
layers, a higher number of free charge carriers is available in
the layer.”'*l When the AC bias is applied, more free charge car-
riers are available for the formation of excitons at the EL, which
leads to the reduction in the threshold voltage. The observed
luminance for the device C with doped charge-transport layers
on both sides of EL layer is highest in comparison to device
A and B with intrinsic organic layers. For all the devices A, B,
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Figure 2. a) AC-EL spectra of all the devices shown in Figure 1, recorded at different applied AC voltages. Orange-red emission from phosphorescent
dopant Ir(MDQ)2(acac) peaked at approximately 610 nm is observed in all the devices. The photoluminescence spectrum of the phosphorescent Ir
dye Ir(MDQ)2(acac) is shown for reference. b) Luminance—voltage (L-V) characteristics of the devices B, C, and D, shown in Figure 1, at different
frequencies. ¢) Luminance—frequency (L—f) characteristics of the devices C and D shown in Figure 1. d) Power efficiency as a function of luminance

of the devices C and D shown in Figure 1.

and C, after the initial increase in luminance output from the
device with increasing AC bias, the luminance tends towards
saturation at higher voltages due to the availability of a limited
number of charge carriers within the device to form excitons
and generate light. The applied AC bias can be increased up
to the breakdown voltage limit of the insulating layer. We stop
collecting the data just below the breakdown voltage for all the
above devices. Beyond the breakdown voltage the device is irre-
versibly damaged.

On application of AC bias to the device, the dielectric gets
polarized and the charge carriers move to the luminescent
centers. The applied AC bias is divided across the device
depending on the capacitances of the insulating dielectric layers
(Cy and Cy). and the organic layer (C,). Up to a certain min-
imum AC bias the device does not emit any light, as can be seen
in Figure 2b, we term it as the threshold AC bias for light emis-
sion. Below the threshold AC bias, all of the above-mentioned
capacitive elements are contributing to the total capacitance of
the device. During this time the voltage, which drops across the
organic layers is not sufficient to move the charge carriers to
form excitons and generate light. Above the threshold AC bias,
the field-assisted drift and diffusion of charge carriers moves
the charge carriers towards the emissive zone, where they are
trapped on the emissive dye to form excitons leading to emis-
sion of light. Due to the movement of the charge carriers in
the organic layer above the threshold voltage, the layer becomes

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

conductive and the capacitive contribution from the organic
layer (C,) becomes negligible. Beyond this point, the applied
AC Dbias can be increased up to the dielectric breakdown field
strength of the insulating metal oxide dielectric layer.

Further, thin blocking layers are introduced for device D as
in the case of DC-OLEDs, which confine the emission zone and
reduce quenching of excitons.'” This device shows the same
voltage and frequency dependence as device C, except the
observed luminance at any fixed applied bias and fixed frequency
is higher compared to the device without blockers, as shown in
Figure 2b.We expect this to be due to an effective confinement of
the emission zone and reduced quenching of the excitons. The
luminance also saturates earlier for the devices without blockers.

For the L-V curves recorded as a function of the increasing
frequency, we observe steeper L-V curves and an increase in
luminance (Figure 2b). The luminance variation as a function
of frequency at a fixed AC bias (L—f response) for device C and
D is shown in Figure 2c. The steady increase of luminance with
frequency is related to capacitive reactance of the device, which
is inversely proportional to the frequency. As the frequency
increases the capacitive reactance decreases and the current
flowing through the device increases (Supporting Information,
Figure S2). More charge carriers are available for recombina-
tion, leading to higher luminance. However the luminance does
not increase indefinitely. The charge-carrier response to the
applied field at high frequencies is limited by the mobility in
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amorphous organic semiconductors. Although, as a function of
frequency, the impedance decreases and the intern the current
increases, the charge carriers appear to be static at very high fre-
quencies. As a result the number of charge carriers available in
the EL layer is reduced at high frequencies, and the luminance
tends towards saturation or even may decrease. We observe that
the luminance tends towards saturation at high frequencies in
our devices. We are limited by the amplifier bandwidth to fre-
quencies lower than 30 kHz. The light emission is frequency
dependent in our devices and the increase in luminance as a
function of frequency is not merely due to increase in light-
emitting cycles. The decrease of luminance as a function of the
decreasing frequency (ultimately DC), clearly indicates that the
device does not respond to the DC bias.

Another important parameter of the device is efficiency.
Efficiency is defined as the ratio of photometric power emitted
from the device to the electrical input power. This ratio is given
in lumen per watt (Im W1). The power efficiency is measured
by inserting a series resistor to the device. The power input per
sample area is calculated as,

T

P (W/mz) = ﬁf VRMS (t)IRMS (t) dt (1)
0

P (Wim?) = }T.VRMS.IRMS.COS (®) 2)

where ¢ is the phase angle (in degrees) between sinusoidal
voltage and current.

The power efficiency is given by (assuming Lambertian
emission),
L{cd/m?
Np [lm/W]— JT.W (3)
The power efficiency is plotted in Figure 2d as a function of
luminance for device C and D. A maximum power efficiency
of 0.37 Im W' was achieved for device D, which also showed
the best power efficiency values at higher luminance. Since the
organic active layer is sandwiched between the metal oxide die-
lectric insulating layers, large displacement currents flow in the
insulating layers during AC operation. We estimate the power
efficiency with contributions included from the power dissi-
pation on ITO. DC tests were made on these devices to verify
if we observe luminance due to injected charge carriers. We
observe no luminance in this case and the currents measured
in the device are very low (Figure 3). This is obvious from the
capacitive nature of the device. When a DC bias is applied to
a capacitor, it blocks the flow of current through the capacitor,
the charge builds up on the plates of the capacitor. The dielec-
tric break down occurs for insulating metal oxide layer when
the applied voltage is sufficiently high. This builds conduction
paths in the dielectric. The spikes observed in Figure 3 are due
to a dielectric breakdown of the metal oxide insulating layer.
The breakdown fields for the sputtered silicon oxide insulating
dielectric layers are of the order of 7-10 MV cm™!. This unam-
biguously demonstrates that the charge carriers are not injected
in these devices but they are either intrinsic or generated due to
the doping process.[10.14

Our choice of sputter deposition of insulating metal oxide
dielectric layer on top of an organic layer demands sputter
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Figure 3. Current-Voltage (/I-V) curve with DC voltage applied to the
device. We observe AC-EL in our devices at ~40 Vpys. Equivalent DC
voltage does not lead to any luminance from our devices; we have per-
formed DC tests up to £70 V. Even for very high DC voltages (70 V), the
current is of the order of microamperes (UA) in our devices.

deposition to be performed carefully without causing signifi-
cant damage to the underlying organic layer which affects the
performance of the device. The processing parameters were
carefully chosen. Figure 4a shows a cross-sectional bright-field
transmission electron microscopy (TEM) image of the com-
plete device. The individual layers of the complete device are
clearly identified and the TEM image shows no visible damage
to the layers. The determined thickness values are consistant
with the measured layer thickness from quartz crystal micro-
balance (QCM). In general the organic layers are composed of
carbon, hydrogen, oxygen, and nitrogen. The dominant carbon
content and the amorphous nature of all organic layers exhibits
no distinguishable contrast for different organic layers. For this
reason, the entire organic layer stack appears as a single unit
of approximately 80 nm, which is the total thickness of all the
organic layers as shown in Figure 4b, with relatively brighter
contrast due to the weaker scattering events. The different layers
shown in Figure 4b are labeled in the corresponding schematic
Figure 4c. The observed interface between the organic layer and
the insulating oxide layers is sharp and continuous. No gaps or
voids are observed along the interface. The EDX analysis of the
top sputtered silicon oxide layer and the organic layers showed
that there is 2 atomic% silicon penetration into the organic
layers (Supplementary info-Figure S3).

The cross-sectional TEM studies of an OLED device, with
TEM specimens prepared by focused ion beam (FIB) technique
has been already shown to be a valuable technique for struc-
tural and analytical characterization of organic layers.['6:17]

The energy-filtered TEM (EFTEM) analytical imaging
method is used for mapping the chemical distribution of ele-
ments in the layers.'®-21] Since the individual organic layers in
complete device could not be distinguished in TEM, we have
used EFTEM to map the chemical distribution of elements in
the bi-layer consisting of the sputter deposited silicon oxide
on top of the electron transporting 4,7-diphenyl-1,10-phenan-
throline (BPhen) layer prepared on a glass-substrate. Figure 4d
shows the EFTEM image formed by electrons with zero energy
loss, which is identical to a normal bright-field TEM image
and serves as a reference image to compare with the silicon
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Figure 4. (a) Bright field TEM image showing the cross-section of the complete device. (b) The HR-TEM image of silicon oxide-organic layers- silicon
oxide interface, the individual organic layers showed no distinct contrast in the TEM due to the predominant carbon content. We could not resolve the
individual organic layers but the interface between oxide and organic layers is observed to be sharp and continuous one. The different layers imaged in
(b) are labeled in the corresponding scheme (c). The images (d—f) show the cross-section of a sample with neat BPhen layer with a sputtered layer on
top in the energy-filtered imaging mode. d) EFTEM image at zero energy loss, which is comparable to a bright-field TEM image of the cross-section.
e) EFTEM elemental map of silicon. The bright contrast corresponds to silicon. f) EFTEM elemental map of oxygen. The bright contrast corresponds to
oxygen. The Si and O maps also show that the sputtered layer is silicon oxide. The different layers in the images (d—f) are labeled in the scheme (g).

and oxygen elemental maps shown in Figure 4e and f, respec-  response is measured at a constant frequency of 10 kHz and as
tively. The different layers imaged in Figure 4d—f are labeled in  a function of the applied voltage shown in Figure 5. The lumi-
the corresponding scheme Figure 4g. In Figure 4e, the bright  nance time response is similar at other frequencies.
contrast in the image corresponds to the Si
signal. The abrupt damping of the Si signal
at the silicon oxide/BPhen interface and : .
the absence of any bright contrast in the
BPhen layer indicates the penetration of Si
during sputtering is not significant under
the sputter deposition conditions we have
employed. The distribution of Si and O sig-
nals in Figure 4e and f also confirms the
sputtered layer being silicon oxide.
Sputtering could cause physical damage
to the organic molecules or by the silicon
penetration in to organic, UV radiation expo-
sure or the oxidation the organic ligands at
the top oxide interface. However, in contrast
to standard injection devices, there is no cur-
rent flow across this interface and therefore s . .
we assume that it has no major influence. -60p -40u -20p 0 20
The AC operation of the device is confirmed (
by the time resolved AC-EL measurements Figure 5. The time-resolved measurements of the alternating voltage pulse at 10 kHz (left axis)
performed to record the luminance vs. time  and the corresponding AC-EL as recorded by the photodetector (V) (right axis). The device
response of the device. The luminance-time  emits light only in the forward cycle.
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Only in the forward cycle (one half of the AC cycle), the
applied field assists in the drift of the charge carriers to form
excitons and light is generated. We also observe that if we
increase the applied voltage to the device, the photodetector
records a higher signal due to an increase in the luminance
output from the device. If we keep the AC bias at high level
for a longer time and record the luminance output as a func-
tion of time, after the luminance onset there is initially a steep
increase and later on the luminance decreases even though the
applied AC bias is kept high. This indicates that there are no
more charge carriers within the device to form excitons to gen-
erate light.

The novelty of this concept is in the regeneration of charge
carriers within the device, without injecting them as done in DC
devices. If we do not inject the charge carriers into the device
we need to regenerate them by some means within the device
to sustain the luminance. We propose the following mecha-
nism for the regeneration of charge carriers within the device.
At equilibrium, the Fermi levels of metal, insulator, and the
organic layer are aligned. For the case of low positive applied
AC bias (less than the built-in potential), the built-in potential
gets reduced by an amount equal to the externally applied bias,
which is depicted in Figure 6a. In the extreme forward bias
case where the applied AC bias is exceeding the built-in poten-
tial, the band alignment is shown in Figure 6b. The cathode
Fermi level moves relative to the anode Fermi level depending
on the external applied AC bias. The charge carriers (holes and
electrons) are injected into the emission layer and excitons are
generated, which decay radiatively. Since the charge carrier drift
forms excitons in the positive half of the AC cycle, the charge
carriers leave behind ionized dopants on the p- and n- side.

In the opposite cycle at high negative AC bias, the charge
carriers can tunnel directly from the HOMO of the p- side to
the LUMO of the n-layer through the intrinsic layer due to
band level alignment. The energy levels between the transport
and intrinsic layer are spread in such a way that there is step-
wise staircase like distribution (ladder like states) (Figure 6c),??
which assists in the charge carrier tunneling from one ladder
state to another at large applied negative AC bias. Thus charge
carriers (holes and electrons) are generated and drift towards
the insulators and neutralize the ionized dopants. This brings
the system back to the original state. By this process, free
charges are generated that are used in the subsequent forward
cycle to generate excitons again. The device does not emit light
in the negative cycle. This is also confirmed in a reference DC
device with just the emission layer sandwiched between ITO
and Al The device only emits in the forward direction and does
not emit in the reverse bias. This clearly demonstrates that our
AC devices behave similar to diodes, which generate light only
in one cycle.

To add further evidence to the device operating mechanism,
we increase the doping concentration of the charge-transport
layers and thus increase the number of free charge carriers.>#
Intrinsic organic layers have a typical charge-carrier density of
10 cm=3.3 By doping we can increase the charge-carrier den-
sity by orders of magnitudes to typically 10'3-10cm=3.214 If
the charges are regenerated within the device as we propose,
an increase in charge-carrier density should also increase the
luminance. To prove this we varied the doping concentration
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Figure 6. Schematic of energy level alignment with the applied bias,
shown for forward and reverse AC bias. For the case of low positive
applied AC bias (less than the built-in potential), the built-in potential
is reduced by an amount equal to external applied bias as shown in (a).
In the extreme forward bias case where the applied AC bias is exceeding
the built-in potential, the band alignment is shown in (b). In the opposite
cycle at high negative AC bias the energy levels between the transport and
intrinsic layer are spread in such a way that there is stepwise staircase
such as distribution (ladder-like states), which assist in the charge-carrier
tunneling from one ladder state to another, as shown in (c).

on the p-side and simultaneously measure the conductivity
for the corresponding molar ratio (MR). For this experiment
we have chosen MeO-TPD doped with NDP2. The F,TCNQ
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Figure 7. Luminance voltage response for two different doping concen-
trations of NDP2 (4 wt% and 14 wt%) for the device C shown in Figure 1,
with 80 nm SiO, on both sides.

molecules have a low evaporation temperature of ~75 °C and
are thus very volatile, while NDP2 is a commercial proprietary
material with a low-lying LUMO comparable to F,TCNQ, but is
very stable and has a higher evaporation temperature avoiding
tool contamination. F,TCNQ and NDP2 dopants on the p-side
are interchangeable, which lead to a comparable performance
of our devices.['*]

We have chosen two MR of NDP2 doped in MeO-TPD that
differ significantly for a more pronounced observation of this
effect, for the same thickness of insulating layers. We adjusted
the same conductivity for p-doped (MeO-TPD doped with
NDP2) and n-doped (BPhen doped with Cs) layers. This was
done after checking the doping efficiency!"l for the p- and n-
doped side to be almost the same at around 5%. The number of
charge carriers is also approximately the same and amounts to
10 cm™ on both sides. The luminance observed at any voltage
is higher for higher doping concentration (Figure 7), which
confirms the working principle that we have discussed above.

3. Conclusions

In conclusion, we have demonstrated a novel approach for an
AC driven organic light-emitting devices with a simple device
fabrication procedure using the concept of molecular doping
in organic semiconductors. Doped organic charge-transport
layers are successfully utilized for the generation of charge car-
riers within the device, hence eliminating the need for injecting
charge carriers from external electrodes. The AC driven organic
light-emitting devices demonstrated in this contribution emit
bright luminance of up to 1000 cd m™2 and show a maximum
power efficiency of 0.37 Im/W for non optimized devices.

4. Experimental Section

The devices are prepared on a glass substrate with a pre-coated and
structured ITO film of 90 nm thickness and a sheet resistance of
approximately 25 Q square™'. The substrates are subsequently cleaned
in an ultrasonic bath with acetone followed by ethanol and iso-propanol.

The SiO, insulating layers are coated via planar radio frequency (RF)
magnetron sputtering using a SiO, sputter target of 5 cm in diameter,
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obtained from MaTeK GmbH. During the sputter deposition an argon
pressure of 2 x 10~ mbar is maintained in the sputtering chamber. The
RF power supply with impedance matching network is used at 150 W.
Typical deposition rates are 1-2 A s™'. The organic layers are deposited by
a thermal vapor deposition process. The devices are completed with the
top Al contact deposited by thermal evaporation. The whole processing
of the device is done in a cluster tool under ultrahigh vacuum (UHV)
conditions. The base pressure of the cluster tool is 108 mbar. The devices
are encapsulated with an additional glass and epoxy resin in a nitrogen
atmosphere for further characterization without breaking the vacuum.

Doped organic charge-transport layers serve as charge-generating
centers as well as for better transport of these carriers. MeO-TPD
(N,N”  -tetrakis (4-methoxyphenyl)-benzidine) doped with F,TCNQ
(2,3,5,6-tetrafluoro-7,7,8,8,-tetracyanoquino  dimethane) acts as hole
generating p-doped transport layer while BPhen (4,7-diphenyl-1,10-
phenanthroline) doped with Cesium (Cs) acts as electron generating
n-doped transport layer. The emission layer consists of o-NPD
(N,N’-di(naphthalen-2-yl)-N, N’-diphenylbenzidine) as a host and
Ir(MDQ),(acac)  [lridium(lll)bis(2-methyldibenzo-[f,h]  quinoxaline)
(acetylacetonate)] as orange phosphorescent dye dopant, with 10 wt%
doping in all devices. Doping is achieved by co-evaporation of the
host and the dopant molecule while the evaporation rates are being
monitored independently by two different quartz crystal microbalances
(QCM). The thickness of the layers is also monitored via QCM. The
device area is 6.7 mm?.

The device A consists of a 20-nm-thick single EL layer sandwiched
between SiO, dielectric insulating layers of 60 nm in thickness. Device
B is similar to Device A except for the addition of intrinsic or undoped
charge-transport layers, MeO-TPD and BPhen (20 nm each) on both
sides of the EL layer. Device C is the same as Device B, except for
the doped charge-transport layers (p-doped MeO-TPD:F,TCNQ and
n-doped BPhen:Cs) of 20 nm each. Device D is similar to Device C
except for the addition of charge-blocking layers a-NPD and BPhen
(10 nm each). For all the devices we have chosen the same thickness
of the EL layer for comparison. The EL layer with an emitting system of
o-NPD:Ir(MDQ),(acac) allows an effective energy transfer from the host
to the guest dopant molecules.l?>-2%

For the AC-EL device characterization, AC sinusoidal voltages are
applied from an arbitrary function generator (Agilent 33210A) connected
to a bipolar linear power amplifier (Apex Micro-technology). The
electro-luminescence (EL) spectra are recorded with a USB-2000 mini
spectrometer (OceanOptics, Dunedin). The luminance is recorded
with a luminance meter (KonicaMinolta, CS-100A). The luminance is
recorded as a function of either the AC bias applied to the device (at a
fixed frequency) (L-V) or as a function of the frequency of the applied
AC bias (keeping the applied AC bias constant) (L-f).The complete
measurement setup is fully automated with computer control. All
measurements are performed at room temperature.

The time resolved AC electroluminescence response is detected
using a fast photo diode (Thorlabs). The power input to the device is
calculated by measuring the voltage drop across the device and a series
resistor (100 Q) and the phase angle between the two signals using a
single phase precision power meter (LMG-95 ZES Zimmer GmbH).

The cross-sectional transmission electron microscopy (TEM)
specimens are prepared using the focused ion beam (FIB) preparation
technique on a Zeiss 1540XB cross beam FIB- scanning electron
microscope. The TEM investigations are carried out on a FEI Tecnai F30
TEM/STEM microscope operating at 300 kV accelerating voltage. The
microscope is equipped with a field emission gun, and Si(Li) energy
dispersive X-ray (EDX) spectrometer for spectroscopic compositional
analysis of the specimen and a GATAN imaging filter GIF200 for energy-
filtered TEM (EFTEM) imaging for elemental mapping. The high-angle
annular dark field (HAADF-STEM) imaging mode is used for EDXS
analysis, which allows for location-specific acquisition of X-ray spectra.
Bright-field TEM and high-resolution TEM imaging modes are used for
thickness measurement of different layers in the multi layer device cross-
section and also to investigate the interface quality between the organic
layers and the insulating SiO, layers.
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Arrays of Cone-Shaped ZnO Nanorods Decorated with Ag
Nanoparticles as 3D Surface-Enhanced Raman Scattering
Substrates for Rapid Detection of Trace Polychlorinated

Biphenyls

Haibin Tang, Guowen Meng,* Qing Huang,* Zhuo Zhang, Zhulin Huang,

and Chuhong Zhu

A new, highly sensitive and uniform three-dimensional (3D) hybrid surface-
enhanced Raman scattering (SERS) substrate has been achieved via simul-
taneously assembling small Ag nanoparticles (Ag-NPs) and large Ag spheres
onto the side surface and the top ends of large-scale vertically aligned cone-
shaped ZnO nanorods (ZnO-NRs), respectively. This 3D hybrid substrate
manifests high SERS sensitivity to rhodamine and a detection limit as low as
10" m to polychlorinated biphenyl (PCB) 77—a kind of persistent organic
pollutants as global environmental hazard. Three kinds of inter-Ag-NP gaps
in 3D geometry create a huge number of SERS “hot spots” that mainly
contribute to the high SERS sensitivity. Moreover, the supporting chemical
enhancement effect of ZnO-NRs and the better enrichment effect ascribed to
the large surface area of the substrate also help to achieve a lower detection
limit. The arrays of cone-shaped ZnO-NRs decorated with Ag-NPs on their

have been presented.’”] For many years
SERS substrates were primarily restricted
to noble metal (Au, Ag, and Cu) struc-
tures. Recently, it has been found that
various semiconductors, such as ZnO,®
ZnS,” Ti0,,1% Cu,0," and CuO,l'” can
also generate weak SERS activity with
typical prominent enhancement fac-
tors ranging from 10! to 10%. Therefore,
composites or heterostructures between
semiconductors (Si, ZnO, and TiO,) and
noble metals (Au and Ag) have attracted
attention, as a much higher SERS effect
could be achieved due to the contributions
from both the electromagnetic enhance-
ment (excited by the localized surface
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side surface and large Ag spheres on the top ends have potentials in SERS-

based rapid detection of trace PCBs.

1. Introduction

Surface-enhanced Raman scattering (SERS) spectroscopy
has been developed rapidly for its tremendous potentials in
chemical and biological sensing applications due to its high
sensitivity, rapid response, and fingerprint effect.!™# Various
approaches to regular substrates with two-dimensional (2D)
and three-dimensional (3D) “hot spots” for SERS detection
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plasmon resonance of noble metals) and
the semiconductor supporting chemical
enhancement (caused by the charge
transfer between the noble metal and the
adjacent semiconductor).32% ZnO, a ver-
satile semiconductor material with a direct band gap of 3.37 eV,
has received special attention due to its excellent performance
in supporting chemical enhancement of SERS substrates.[1:22]
Several methods have thus been developed to fabricate this new
type of ZnO/noble metal hybrid SERS substrate. For example,
electroless plating was employed to assemble Ag nanoparti-
cles (Ag-NPs) onto the surface of ZnO nanorods (ZnO-NRs)
by sensitizing and activating with Sn?* or by irradiation with
UV light.2223] Interestingly, the Ag-NPs could also be located
on the tips of the ZnO-NRs via a photodeposition method or
galvanic reduction.?*?%! Alternatively, with the help of surface
modification with amino or mercapto groups, Au-NP/ZnO-par-
ticle and Au- or Ag-NPs/ZnO-multipods hybrid structures were
achieved 2126l However, the spatial gaps between these small
noble metal particles on the ZnO supporter were too large to
work efficiently as SERS “hot spots” and, moreover, the compli-
cated coupling agents for linking the metal NPs onto the ZnO
surface, such as (3-aminopropyl) triethoxysilane, may bring
extra interferential bands in the SERS measurements, especially
if the target analytes have similar Raman spectral response with
the coupling agents. To tackle this problem, physical sputtering
was exploited. For example, a SERS substrate called “3D hybrid
Ag-nanocluster-decorated ZnO nanowire arrays” was fabricated

Adv. Funct. Mater. 2012, 22, 218-224


http://doi.wiley.com/10.1002/adfm201102274

s
Mo N
www.MaterialsViews.com

cone-shaped ZnO-NRs

www.afm-journal.de

Scheme 1. Schematic image of the fabrication of an arrays of ZnO-NRs decorated with Ag-NPs (on the NRs side surface) and Ag spheres (on the NRs
tops) on Si wafers. There are three kinds of “gaps” between the Ag-NPs to form 3D “hot spots” as indicated as 1st, 2nd, and 3rd schematically. “1st”
stands for the gaps between the Ag-NPs located on the side surface of the same NR; “2nd” stands for the gaps between the two Ag-NPs located on the
side surface of two neighboring NRs; and “3rd” stands for the gaps between the two large Ag spheres located on the tops of two neighboring NRs.

via depositing Ag nanoclusters onto ZnO nanowire arrays by
using a gas-aggregation-type nanocluster beam source.?’) How-
ever, as the authors claimed themselves, the ZnO nanowire
arrays were not perfectly aligned, and the Ag nanoclusters were
randomly distributed over the wires with a finite size distribu-
tion, which could not create sufficient uniformly distributed
“hot spots” for highly sensitive and uniform SERS activity.
Herein, we report a synthetic approach to large-scale arrays
of vertically aligned cone-shaped ZnO-NRs decorated with
Ag-NPs in different dimensions on their side surface and top
ends as highly sensitive and uniform 3D SERS substrate, as
shown schematically in Scheme 1. Firstly, homogeneous crys-
talline ZnO seeds on planar Si wafer were achieved via thermal
decomposition of zinc acetate pre-dispersed on the Si wafer.l®!
Then, arrays of vertically aligned cone-shaped ZnO-NRs were
grown on the ZnO-seeds-coated Si wafer via electrodeposi-
tion (denoted as “ED”). To achieve arrays of cone-shaped
ZnO-NRs, instead of using Zn plate as anode in our previous
work,?l here, we purposly used a graphite plate as the anode
and a given volume of electrolyte with lower concentration in
the electrodeposition. With the electrodeposition growth of the
ZnO-NRs from the bottom to the top, the Zn?* concentration
in the electrolyte decreases continuously and, accordingly, the
diameter of the ZnO-NRs decrease from the bottom to the top,
resulting in cone-shaped ZnO-NRs. Finally, small Ag-NPs were
assembled onto the side surface of the cone-shaped ZnO-NRs
via top-view ion-sputtering (denoted as “IS”) Ag with a short
duration, and then a large Ag sphere was further decorated
onto the top end of each cone-shaped ZnO-NR by elongation of
the ion-sputtering duration, to achieve a more sensitive SERS
substrate loaded with high-density “hot spots” in 3D geometry.
The resulting new hybrid 3D substrate shows such a high SERS
activity that rhodamine (R6G) of a concentration as low as
10712 M could still be identified. We tried to use this 3D highly
sensitive SERS substrate to detect trace polychlorinated biphe-
nyls (PCBs), a class of highly toxic persistent organic pollutants
that have been causing global environmental hazard.?%3! Con-
ventionally, trace PCBs could be detected by using phosphor-
imetry,*2 chromatographic analysis,3%l or gas chromatography-
isotope dilution time-of-flight mass spectrometry.34 However
these methods have some fatal shortcomings: they require
sophisticated instruments and are time-consuming. Using our
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3D hybrid SERS substrate, a low detection limit of 107! m for
PCB-77 (3,3’ ,4,4’-tetrachlorobiphenyl, one congener of PCBs)
has been achieved. Thus our highly sensitive hybrid SERS sub-
strate with sufficient 3D “hot spots” shows a very promising
and practical solution to the rapid trace detection of PCBs.

2. Results and Discussion

Large-area uniform arrays of vertically aligned and cone-shaped
ZnO-NRs on a Si wafer are shown in the scanning electron
microscopy (SEM) image of Figure 1a. As large-area uniformly
distributed ZnO seeds could be achieved on the Si wafer, wafer-
scaled (1.5 cm x 2.5 cm) arrays of vertically aligned cone-shaped
ZnO-NRs could be achieved via ZnO-seed-induced electrodepo-
sition. The insets in Figure 1a reveal that the as-electrodeposited
ZnO-NRs are vertically aligned with cone-shaped morphology
and an average height of about 1.2 pm; the estimated average
diameter near the half height of the cone-shaped ZnO-NRs is
about 60 nm. As for the electrodeposition of ZnO, our previous
work reveals that current density and electrolyte concentration
are critical to the morphologies of the resultant products as fol-
lows:?1 1) A much lower (such as 0.01 mA cm™2) current den-
sity would lead to ZnO films consisting of ZnO nanoparticles
rather than ZnO-NRs regardless of the change of Zn?* concen-
tration in the electrolyte; 2) A moderate (0.2-3.0 mA cm™) cur-
rent density would lead to arrays of ZnO-NRs with planar ends
(due to the dynamic equilibrium of the electrolyte concentration
caused by the continuous electro dissolution of the Zn anode
to form Zn?* into the solution) as the ZnO growth direction
is dominated along the electric field, and the diameter of the
ZnO-NR is proportional to the Zn?" concentration in the electro-
lyte; 3) a high (5.0 mA cm™) current density would lead to con-
glutinated ZnO-NRs as the growth of the ZnO-NRs along the
a-axis becomes obvious. To achieve cone-shaped ZnO-NRs, in
this work, we applied a moderate current density (0.5 mA cm™)
and used a graphite plate as the working electrode in a given
volume (100 mL) of electrolyte with a low concentration of
0.05 M Zn?*. There would be no new Zn?* to complement the
consumption resulted from the ZnO-NR growth, resulting in a
gradual decrease in Zn?* concentration in the electrolyte during
the whole electrodeposition and, accordingly, the diameter of
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Figure 1. a) SEM image of the wafer-scale arrays of cone-shaped ZnO-NRs. Left inset: side
view; right inset: enlarged image of the tapered ZnO-NRs. b) SEM and ¢) TEM image of the
ZnO-NRs after an Ag-sputtering for 135 seconds. The inset is the selected-area electron diffrac-
tion (SAED) pattern taken from the ZnO-NR. d) A lattice-resolved TEM image of the ZnO-NR
and Ag-NP adjacent surface. €) SEM image of ZnO-NRs with large Ag spheres on their tops.
f) SEM image of small Ag-NPs on the side surface of the ZnO-NRs after an Ag-sputtering for

12 min.

the ZnO-NRs decreases gradually from the bottom to the top
end. Therefore large-scale arrays of vertically aligned cone-
shaped ZnO-NRs are formed on the Si wafer. In contrast to
those previously reported ZnO-NRs achieved via hydrothermal
synthesis®>! or chemical vapor deposition (CVD),* our ZnO-
NRs are cone-shaped and well-vertically-aligned, with a high
distribution density, narrow-diameter distribution and an
aspect ratio of about 20. As every ZnO-NR is cone-shaped with
sharp top, a wider separation exists between the neighboring
top ends of NRs. Therefore, with these vertically aligned cone-
shaped ZnO-NRs arrays as a substrate it will be very easy to
sputter a large number of Ag-NPs onto the side surface and the
top ends of the cone-shaped ZnO-NRs via top-view Ag ion-sput-
tering and, further, to achieve a large quantity of efficient SERS
“hot spots” in the focused region of an incident laser-light spot
during Raman spectroscopy measurement.

Then ion-sputtering has been performed to assemble Ag-NPs
onto the cone-shaped ZnO-NRs. With a very short sputtering
duration of 0.5 min, only a few small Ag-NPs of about 5 nm in

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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diameter are sputtered onto the side surface
of the cone-shaped ZnO-NRs (Figure S1(a),
Supporting Information); with an increase
of the sputtering duration to 1 min, Ag-NPs
with a slightly larger size of about 8 nm
are formed on the side surface of the cone-
shaped ZnO-NRs (Figure S1(b), Supporting
Information). For longer sputtering dura-
tions, not only the number and size of the
Ag-NPs growing on the side surface of the
cone-shaped ZnO-NRs increase, but bigger
Ag-NPs are formed also on the top ends of
the cone-shaped ZnO-NRs, as shown in the
SEM image (Figure 1b) of a sample sput-
tered for 135 s (see also Figure S1(c) in the
Supporting Information for the sample
sputtered with Ag for 2 min). Detailed SEM
observations further verify the two kinds of
NPs (the small ones and the big ones) as fol-
lows: 1) Small Ag-NPs are distributed ran-
domly but uniformly on the whole side sur-
face of the cone-shaped ZnO-NRs. The size
of these small Ag-NPs is about 20 nm in
diameter, with an average separation of less
than 5 nm between adjacent small Ag-NPs,
which is critical to create high SERS activity
excited by the surface plasmon coupling
between the narrow gaps of the neighboring
Ag-NPs growing on the same ZnO-NR.
2) Big Ag-NPs, about 50 nm in diameter, are
formed on the top ends of the cone-shaped
ZnO-NRs, as can be seen in the transmis-
sion electron microscopy (TEM) image in
Figure 1c. The big Ag-NP looks like a “hat”
on the top end of the cone-shaped ZnO-NR,
whose formation is attributed to Ostwald
ripening of top-end NPs in the later period
of Ag sputtering.?® Lattice-resolved TEM
(Figure 1d) reveals the good crystalline nature
of both the cone-shaped ZnO-NRs and the
Ag-NPs sputtered onto the ZnO-NRs. The measured spacing of
lattice planes of the ZnO-NRs is about 0.53 nm, being assigned
to the (0001) plane of ZnO; while the measured spacing of lat-
tice planes of the Ag-NPs is about 0.23 nm, being assigned to
the (111) plane of Ag. These are consistent with the X-ray dif-
fraction (XRD) results (Figure S1(d), Supporting Information).
With a further increase in the Ag-sputtering duration, the
separation between the top ends of the neighboring ZnO-NRs
decreases gradually as the big Ag-NPs on top ends of the NRs
grow laterally, and consequently less and less Ag can reach
the side surface of the cone-shaped ZnO-NRs. When the sput-
tering duration increases to 12 min, the big Ag-NPs on the top
ends of the ZnO-NRs become spheres with large diameters of
up to about 100 nm, as shown in Figure le. The average gap
between the Ag spheres on the top ends of two neighboring
ZnO-NRs is estimated to be about 50-60 nm, although the
minimum can be several nanometers and the maximum can
reach 100 nanometers. In order to show the small Ag-NPs on
the side surface of the well-aligned and uniformly distributed
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cone-shaped ZnO-NRs, we tried very hard to find an abnormal
wide gap of two neighboring ZnO-NRs, as shown in Figure 1f.
Through the gaps among the ZnO-NRs, it can be seen clearly
that the whole side surface of the cone-shaped ZnO-NRs are
coated with small Ag-NPs, about 30 nm in diameter. If the
sputtering duration keeps increasing, the Ag spheres on the
top ends of the ZnO-NRs will consequently keep growing
and finally aggregate to form a film (Figure S1(e), Supporting
Information). In contrast to the previously reported fabrica-
tion strategies and the corresponding structures, in which only
Ag-NPs of one dimension were formed on the surface of the
ZnO-NRs or on the top ends,?>?* here our ZnO-NRs are cone-
shaped (resulting from the continuous decrease of Zn?* in the
electrolyte during the electrodeposition), vertically aligned, and
homogeneously distributed on the Si wafer with a high den-
sity (resulting from the ZnO-seeds assisted electrodeposition).
More importantly, for our 3D hybrid SERS substrates, not only
small Ag-NPs (about 30 nm) are uniformly sputtered onto the
whole side surface of the cone-shaped ZnO-NRs, but also large
Ag spheres (about 100 nm) are sputtered onto the top ends of
the cone-shaped ZnO-NRs. It should also be noted that the
Ag-NPs and Ag spheres with different dimensions are assem-
bled simultaneously, merely by simple physical ion-sputtering
without using any reagents. Thus our work presents a clean
and green method that circumvents potential Raman spectral
interference caused by the chemical modification agents.[21:26]
Then, R6G dye was used as a probe molecule to reveal
the sensitivity of the as-prepared 3D hybrid SERS substrates.
Figure 2a shows that the SERS activity of the as-prepared sub-
strate improves with the increase of the Ag-sputtering dura-
tion from 1 min to 10 min, but decreases for the substrates
with sputtering duration of 15 min, 20 min, and 25 min. For
a detailed study of the SERS activity of the substrates with dif-
ferent Ag-sputtering durations from 8 min to 14 min, we used a
low concentration of R6G solution (5.0 X 10~ m) for the Raman
spectroscopy measurements and a data acquisition time of
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4 s; the results are shown in Figure 2b. It can be seen that the
Raman activity of the as-prepared substrates improved sharply
with the increase of the sputtering durations from 1 min to
12 min and diminished for longer Ag-sputtering durations.
The above SERS sensitivity variations with different Ag-
sputtering durations can be ascribed to the particular struc-
tural development of the as-prepared substrate. For substrates
with short Ag-sputtering duration (1 min for example) only a
few efficient gaps are present between the neighboring Ag-NPs
on the side surface of the same ZnO-NR (first kind of SERS
“hot spots”, denoted as the “1st” in Scheme 1); thus, the SERS
activity is not high enough. When the Ag-sputtering duration is
increased to 2 min, the size of the Ag-NPs on the side surface
of the cone-shaped ZnO-NRs increases, as shown in Figure 1b
(see also Figure S1(c), Supporting Information). Not only the
first kind of “hot spots” contribute to the higher SERS inten-
sity, but also the “hot spots” that stemmed from the Ag-NPs on
two neighboring ZnO-NRs (second kind of SERS “hot spots”,
denoted as the “2nd” in Scheme 1) become more efficient. Once
the sputtering duration is increased from 2 min to 12 min, the
Raman intensity from the corresponding substrates increases
sharply. During these sputtering periods, the growth of the Ag
spheres on the top ends of the ZnO-NRs, with a dimension
approaching 100 nm, is dominant, accompanied by a growth of
the Ag-NPs located on the side surface of the NRs, approaching
30 nm. Therefore, it is concluded that a new kind of “hot spots”,
originated from the large Ag spheres on the top ends of two
neighboring ZnO-NRs (the third kind of “hot spots”, denoted as
the “3rd” in Scheme 1), make a great contribution to the high
SERS enhancement. For substrates with Ag-sputtering dura-
tions for more than 12 min, especially for 20 min or 25 min,
the Raman activity decreases rapidly. The continuous growth of
the large Ag spheres on the top ends of the ZnO-NRs with the
elongation of Ag-sputtering duration results in the aggregation
of the Ag spheres (or even in the formation of a layer of Ag
on the top ends of the ZnO-NRs arrays) and consequently the
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Figure 2. The SERS spectra of R6G collected on the substrates with different Ag-sputtering durations (indicated on the upper-left of each spectrum).
a) Exposed to a 5.0 X 107 m R6G solution with a data acquisition time of 0.2 s; b) Exposed to a 5.0 x 10~°m R6G solution with a data acquisition time
of 4 s; ¢) collected on the same substrates with Ag-sputtering for 12 min, and exposed to different R6G concentrations (indicated in the upper middle
position of each spectrum). The inset in (c) is the enlarged SERS spectrum of R6G collected on the substrate exposed to 107'2m R6G solution with a

data acquisition time of 4 s.
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efficiency of “hot spots” is removed. Thus, from the comparison
of the Raman spectra it can be concluded that the as-prepared
arrays of the cone-shaped ZnO-NRs decorated with Ag-NPs
with an Ag-sputtering duration for 12 min has the strongest
SERS activity.

The observed high SERS enhancement from the as-prepared
substrate with an Ag-sputtering duration of 12 min can be
explained by the electromagnetic enhancement mechanism
as a result of surface plasmon resonance excitation of Ag-NPs
and chemical enhancement effects of ZnO. Theoretical calcula-
tion and experiments have shown that the narrow inter-particle
gaps induce “hot spots” that provide a giant electromagnetic
SERS enhancement.’’*% Especially, when the interparticle
separation decreases to less than 10 nm, the electromagnetic
coupling between two neighboring Ag-NPs creates extremely
high SERS activity. With an increase in the Ag-sputtering dura-
tion to 12 min, not only the number, but also the size of the
Ag-NPs increases. With the size increment, the gaps between
the Ag-NPs decrease correspondingly, as shown in Figure 1 and
Figure S1 in Supporting Information, followed by the increment
of the SERS activity, as shown in Figure 2. For Ag-sputtering
longer than 12 min, the gaps between the Ag-NPs disappear
as a result of the further size increment and aggregation of the
Ag-NPs. Consequently, the SERS activity decreases significantly,
as shown in Figure 2b. In addition, for the Ag spheres on the
tops of the ZnO-NRs, a size-dependent SERS enhancement
effect may also exist. It has been reported that the most effective
NPs for SERS at 514.5 nm (the excitation wavelength we use)
excitation have a narrow size distribution of 80-100 nm.[*}*2
For Ag-sputtering of 12 min, large Ag spheres of 100 nm are
formed on the tops of the ZnO-NRs, which also contributes to
the best SERS detection sensitivity. This result is further con-
firmed by the surface plasmon absorption measurement shown
in Figure S2 in the Supporting Information, where the surface
plasmon absorption of the substrates with Ag-sputtering for
2 min merely centers at 430 nm but becomes wider (including
514.5 nm) for the substrate with an Ag-sputtering duration of
12 min. This surface plasmon absorption band broadening is
ascribed to the size and shape variations of the Ag-NPs, and is
helpful to improve the SERS activity at 514.5 nm excitation via
surface plasmon resonance.*’!

Additionally, the supporting chemical enhancement effect
of the semiconducting ZnO-NRs also contributes to the high
SERS sensitivity of our hybrid substrates.®1321l As the work
function of ZnO (5.2 eV vs. NHE) is larger than that of Ag
(4.26 eV vs. NHE), the Fermi energy level of ZnO is lower than
that of Ag.*¥) Once the Ag-NPs are sputtered onto the surface
of the ZnO-NRs, electron transfer from Ag-NPs to ZnO-NRs
occurs until their level of Fermi energy attains equilibration.
As a consequence of the charge redistribution, Ag is positively
charged, while ZnO is negatively charged, and the highest
charge-density region is located on the adjacent face of Ag-NPs
and ZnO-NRs. This local electric field can enhance the local-
ized electromagnetic field excited by the surface plasmon reso-
nance to improve the Raman scattering of the analytes.[26440]
To further prove the supporting chemical enhancement effect
of the ZnO-NRs, we compared the Raman activities of three
substrates: an Ag film growing on a ZnO film (ZnO/Ag film),
a bare ZnO film, and a bare Ag film. The resulting Raman
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spectroscopy measurements of these substrates, after being
immersed in 107® M R6G solution, are shown in Figure S3 in
the Supporting Information. The chemical enhancement effect
of bare ZnO is too weak to reveal the characteristic bands of
R6G at such low concentration. However, the Raman intensity
of R6G bands at 611 and 1360 cm™ collected on the ZnO/Ag
film are about twice as high as those collected on the bare Ag
film. Due to the interaction of ZnO and Ag, the SERS activity
of the ZnO/Ag substrate is higher than that of the bare Ag sub-
strate, demonstrating that the supporting semiconducting ZnO
in the hybrid structure really does have chemical enhancement
effect on the SERS activity of the noble metal.

To further reveal the good SERS enhancement effect of
the 3D hybrid substrate with Ag-sputtering for 12 min, SERS
spectra collected from this substrate, after being immersed in
different concentrations (from 1078 to 107'* M) of R6G solution,
are shown in Figure 2c. The spectral feature characteristics of
R6G can be identified clearly, even at a concentration as low
as 10712 M, where sharp peaks at 611, 771, and 1125 cm™ are
associated with C-C-C ring in-plane, out-of-plane bending, and
C-H in-plane bending vibrations, respectively, while the bands
at 1189, 1360, 1508, and 1649 cm™ are assigned to symmetric
modes of in-plane C-C stretching vibrations.?2747l We believe
that not only the high SERS activity of this substrate contributes
to the high detection sensitivity, but also the sorption effect of
the as-prepared 3D hybrid substrate helps to improve the detec-
tion sensitivity. It should be mentioned that the arrays of the
vertically aligned cone-shaped ZnO-NRs decorated with Ag-NPs
have a large surface area, which will lead to a better enrichment
of the analyte molecules. Our simple calculations (Part S4, Sup-
porting Information) reveal that about four times more analyte
molecules are absorbed on this 3D hybrid substrate than on
a normal surface, with the same area of the projected spot of
the incident laser, i.e., much more analytes can be captured by
our 3D hybrid substrate, which will lead to the improvement
of detection limit in trace detection applications. We estimated
the SERS enhancement factor (EF) of our 3D hybrid substrate,
which is about 3.58 x 107 (Part S5, Supporting Information).

The good uniformity of the as-prepared 3D hybrid SERS sub-
strate was also tested. All the Raman spectra of R6G, obtained
from 10 random points on the same piece of SERS substrate,
show almost the same intensity for each characteristic band of
R6G (Figure S6, Supporting Information). The reason for the
good uniformity of the Raman signals can be attributed to our
fabrication procedure and the morphological characteristics of
the resultant 3D hybrid substrate. Firstly, with the help of a layer
of uniformly distributed ZnO seeds on the Si wafer, vertically
aligned and cone-shaped ZnO-NRs are uniformly electrodepos-
ited on the Si wafer in high density. Then, a large number of
Ag-NPs is uniformly sputtered not only on the whole side sur-
face but also onto the top ends of the cone-shaped ZnO-NRs.
The resultant three kinds of nanometer-scale gaps, or SERS
“hot spots”, are homogeneously distributed in the projected
area of the incident laser.

Lastly, the uniform and highly sensitive hybrid SERS sub-
strate with Ag-sputtering for 12 min is used to identify PCB-
77, one of 209 congeners of PCBs. The PCB-77 Raman spectra
collected from the substrates after being immersed in different
PCB-77 concentrations of 1076, 1078, 1070, 107, and 10712 m
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Figure 3. a) SERS spectra of PCB-77 collected on the as-prepared sub-
strates with Ag-sputtering for 12 min after being exposed to different con-
centrations of PCB-77 in n -hexane solution; the data acquisition time was
50 s. b) Enlarged SERS spectrum of PCB-77 collected on the substrate
after being exposed to 107" wm solution and dried.

in n-hexane are shown in Figure 3a. It can be seen that the
Raman intensity of PCB-77 decreases with the PCB-77 con-
centration decrease. The SERS sensitivity of the as-prepared
3D hybrid substrate is so high that the characteristic Raman
bands of PCB-77 collected on the substrate exposed to a low
10! m concentration can be clearly identified (Figure 3b) and
assigned as follows: the band at 714 cm™ belongs to the C-Cl
stretching mode, the bands at 1005, 1132, 1242 and 1278 cm™!
are attributed to the aromatic vibration modes, and the bands at
1560 and 1591 cm™ are assigned to the C-C bridge stretching
mode.*¥1 Tt should be mentioned that the peak at 1392 cm™!
in the Raman spectra is attributed to the amorphous carbon.>2
The EF of this substrate for detecting PCB-77 is estimated to be
3.24 x 107 (Part S7, Supporting Information). Taken together, it
is therefore reasonable to conclude that the as-prepared arrays
of large-scale vertically aligned cone-shaped ZnO-NRs, in which
each NR is decorated with small Ag-NPs on its side surface and
large Ag-sphere on its top end, have uniform and very high
SERS activity with potentials as effective SERS substrate for
rapid detection of trace PCBs.
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3. Conclusions

In summary, with the help of a uniform layer of ZnO seeds on
planar Si wafer, large-scale vertically aligned cone-shaped ZnO-
NRs were fabricated on Si wafers by electrodeposition with a
graphite plate as an anode in electrolyte with a limited volume.
Small Ag-NPs and large Ag spheres were simultaneously
assembled uniformly onto the side surface and the top ends
of the cone-shaped ZnO-NRs, respectively, via simple physical
ion-sputtering. The sharp top ends of the cone-shaped ZnO-
NRs are essential to form the special morphology of the par-
ticles and thus the high SERS activity: small Ag-NPs (30 nm)
and large Ag spheres (100 nm) could be sputtered onto the side
surface and the top ends of the cone-shaped ZnO-NRs. The fol-
lowing three kinds of inter-particle nano-scaled gaps contribute
to the high SERS sensitivity as “hot spots” 1) gaps between
the small Ag-NPs growing on the same cone-shaped ZnO-NR;
2) gaps between the Ag-NPs growing on the two neighboring
ZnO-NRs; 3) gaps between the large Ag spheres on the top
ends of two neighboring ZnO-NRs. Moreover, the supporting
chemical enhancement effect of ZnO also makes a contribu-
tion to the SERS sensitivity. Additionally, as a 3D hybrid sub-
strate, we believe that the better enrichment effect ascribed
to the large surface area of the arrays of the vertically aligned
NRs decorated with Ag-NPs may also help to achieve a lower
detection limit. The 3D hybrid substrate manifests high SERS
sensitivity to R6G and a detection limit as low as 107! m for
PCB-77. Therefore the as-prepared arrays of vertically aligned
and cone-shaped ZnO-NRs decorated with small Ag-NPs on the
side surface and large Ag spheres on the top ends have great
potentials as effective SERS substrates for rapid trace detection
and monitoring of PCBs.

4. Experimental Section

Fabrication of Cone-Shaped ZnO-NRs Arrays: A layer of ZnO seeds was
firstly developed onto Si wafer by wetting the Si wafer with zinc acetate
ethanol solution (20 puL, 20 mm), rinsing the substrate with droplets of
ethanol, and then drying in a nitrogen stream. The zinc acetate on the
Si wafer was subsequently decomposed into ZnO at 350 °C for 20 min.
These processes were performed again to provide uniform seeds layer.
Then, on the ZnO-seed-coated Si wafer, arrays of cone-shaped ZnO-NRs
were electrodeposited with a graphite sheet as anode at a constant
current density (0.5 mA cm™) for 3 h in Zn(NH;),(NOs), aqueous
solution (100 mL, 0.05 m), which was prepared by gradually dropping
ammonia water into zinc nitrate hexahydrate aqueous solution until the
solution became clear. The electrochemical cell was put into a water
bath at 80 °C during the whole electrodeposition. Finally, the substrate
was cleaned with de-ionized water and dried with high-purity flowing
nitrogen gas.

Assembly of Ag-NPs and Ag Spheres: lon sputtering was applied
using a JFC1100 ion sputter to assemble Ag-NPs on the surface of the
ZnO-NRs. Arrays of vertically aligned ZnO-NRs grown on the Si wafer
were placed up-side down, 2 cm away from the Ag target. The sputtering
was operated for different periods of durations (1.3 kV, 2.5 mA). The
as-prepared samples were cut into pieces (2 mm x 2 mm) as SERS
substrates. These SERS substrates were soaked in R6G and PCB-77
solutions of different concentrations for 10 h. The pieces were taken out
and dried before the subsequent characterization.

Characterization: The wafer-scale arrays of vertically aligned ZnO-NRs
with and without Ag-NPs and Ag spheres were characterized by
using field-emission SEM (SIRION 200, Toshiba S4800) and TEM
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(JEM-2010) instruments and an X-ray diffractometer (X'Pert Pro MPD).
All SEM images were taken with 30 degrees tilt. UV-vis spectra of the
ZnO-NR arrays and the as-prepared arrays of ZnO-NRs decorated
with Ag-NPs hybrid structures were measured with a UV-vis—near-
infrared spectrophotometer (Hitachi, U-4100) with diffusion reflection
spectroscopy accessories. The Raman scattering spectra were recorded
on a confocal microprobe Raman system (LABRAM-HR, France;
Renishaw, inVia). The excitation wavelength was 514.5 nm from an air-
cooled argon ion laser with an effective power of 2 mW.
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Supporting Information is available form the Wiley Online Library or
from the author.
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