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Chapter 1

General Introduction

Nanotechnology is a multidisciplinary field. On one hand, it deals with
understanding the behavior of materials at the nanometer scale, which is nanoscience,
on the other hand the manipulation and fabrication of materials to obtain
nanostructured objects, which is nanotechnology. Nanofabrication is a discipline of
nanotechnology which is focused on the preparation of nanostructures by a range of
fabrication methods.' Approaches to create nanostructures are top-down or bottom-up
strategies'* as well as combinations of these two.”” Top-down uses lithography
techniques to create (nano)patterns with arbitrary shapes and with superior precision.
Bottom-up methods create well-defined (nano)structures in two and three dimensions,
from elementary building blocks by using specific interactions between molecules or
nano particles.

Bottom-up self-assembly of molecules is a very efficient, simple and rapid
method to create functional features at various length scales.*” Self-assembled
monolayers (SAMs) of thiols on gold and silanes on SiO; have been extensively used
to create functional nanostructures, but SAMs on metal oxides are relatively less
studied. However, metal oxides offer a broad range of materials properties such as
insulating, semiconducting, metallic, superconducting, ferroelectric, piezoelectric, and
ferromagnetic.6'8 Therefore, it would be of interest to combine SAMs and metal
oxides. Moreover, with their smooth and well-defined surfaces, metal oxides can
provide good templates for SAM growth. Patterning and modifying metal oxides with
SAMs may be used for adding new functionalities to the metal oxide surfaces, for
changing their surface properties, and for device fabrication. Of the existing classes of
adsorbates on metal oxides, phosph(on)ate-based molecules form SAMs with high
ambient stability. Phosphates and phosphonates will be named as phosph(on)ates
throughout this thesis.

The research presented in this thesis contributes to the understanding of
structural and functional properties of self-assembled monolayers of phosph(on)ates

on metal oxides. Some fundamental questions are addressed. What are the coverage,
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packing, orientation and stability of the SAMs on metal oxides? What are the
electrical properties of these SAMs? How can SAMs with different end-groups be
used to add new functionalities to metal oxides? What kind of patterning techniques
can be used and what kind of patterns can be created? To address these questions, the
use of phosph(on)ate-based SAMs on conducting metal oxides for electrical
applications and for directing the adsorption of magnetic NPs for data storage
applications have been studied. SAMs were used to pattern and modify metal oxides
to create functional inorganic-organic composite structures.

Chapter 2 gives an overview of self-assembled monolayer types used on metal
oxides and compares them in terms of SAM formation (bond mechanism, interaction
between the head-group and substrate surface, growth mechanism), quality (coverage,
packing, order), structure (configuration) and stability. Patterning metal oxides with
SAMs is reviewed and several examples in which SAMs or SAM patterns are used at
biomaterials or in electronic applications or as wear and corrosion resistants are
discussed.

Chapter 3 deals with the assembly of phosph(on)ate-based SAMs on single
crystal metal oxide substrates such as Al,Os. Defect free SAM layers with high
coverage, bound to the metal oxide substrates through phosph(on)ate headgroups with
methyl, amino, thiol or carboxylic acid terminations are prepared.

Chapter 4 describes the electrochemical properties of SAMs on the conducting
metal oxide Nb-STO. The effect of chain length of the SAM on the properties of the
formed insulating barrier is investigated as well as the electrochemical stability of
phosph(on)ate based SAMs.

In Chapter 5, SAMs are used as a dielectric thin film on Nb-STO to decrease
the leakage current. Pt top metal electrodes are deposited by pulsed laser deposition
(PLD) on bare Nb-STO and on the same type of substrate modified with a
tetradecylphosphate SAM. Electrochemical Cu deposition is employed to show the
efficiency of PLD to prepare top electrodes without crashing into the SAM layer.

In Chapter 6, functionalized adsorbates are used as linkers to assemble
ferromagnetic FePt nanoparticles (NP) on an alumina surface in a controlled way.
Microcontact printing was employed to create a chemical contrast on the alumina
surface for directional assembly of nanoparticles as a method to prepare NP patterns.

Structural and magnetic properties of the FePt assemblies are observed as well.
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Finally, chapter 7 employs nanoimprint lithography (NIL) and nanomolding in

capillaries (NAMIC) to create magnetic nanoparticle patterns at micrometer and

nanometer scales on aluminum oxide substrates. The polymer template generated by

NIL behaves as a physical barrier on the substrate and defines the pattern areas.

Magnetic characterization of NP patterns is done by magnetic force microscopy

(MFM). Effect of applying an external magnetic field during assembly to align

ferromagnetic FePtAu NPs is shown.
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Chapter 2

Self-Assembled Monolayers on Metal Oxides

Abstract

Self-assembled monolayers (SAMs), in particular thiols on gold and silanes on
SiO,, have been studied extensively, but SAMs on metal oxides are relatively new.
Alkyl phosph(on)ates form more densely packed, more ordered and more stable
SAMs on metal oxides when compared to alkanoic acid-based molecules.
Phosph(on)ate based SAMs can be used to pattern metal oxide surfaces by
microcontact printing and photopatterning, and the pattern can be transferred by
etching. In biomaterial applications, they can be used to facilitate cell growth or to
prevent protein adsorption. They enhance the properties of OLED devices by
improving the interface properties between organic and inorganic electrodes.
Moreover, they form additional dielectric layers and decrease the leakage current at
electrical applications. By combining suitable molecules and fabrication techniques,
SAMs can add new functionalities to the metal oxide surfaces and can potentially be

used in device fabrication.
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2.1 Introduction
Self—assembled monolayers (SAMs) may be defined as ordered molecular

assemblies formed spontaneously by the adsorption of a surfactant with a specific
affinity of its headgroup to a substrate." SAMs can completely change the surface
properties although they are extremely thin (typically 2 nm).> Due to ease of
preparation, low cost, availability of a variety of functionalities, and their structural
properties, SAMs have potential applications in protective coatings, catalysts,
biological sensors, optoelectronic devices, adhesion promoters, etc. 3

The most frequently studied adsorbate/substrate pairs are thiols on gold
surfaces' and silanes on Si02,2 but SAMs on metal oxides are relatively new. Silanes
on SiO; form a cross-polymerized network of molecules with only a few bonds to the
SiO, surface.* Silane-based SAMs have been formed on metal oxides’® with similar
properties in terms of bond mechanism, coverage and morphology,® so they will not

be covered in this overview. Alkanoic acid-based™ 2 d>3?

and phosph(on)ate-base
SAMs on several metal oxides such as Al,Os3;, TiO,, ITO and Ta,Os, are the most
studied ones, however SAMs of hydroxamic acids,™ alkyl isocyanates,* sodium alkyl
sulfates® and poly(L-lysine)-g-poly(ethylene glycol) (PLL-g-PEG)™ have also been
reported. In most of the studies amorphous metal oxides with 10-250 nm thickness
were used.

In this review, alkanoic acid and phosph(on)ate-based SAMs on several metal
oxide surfaces are covered. SAM systems will be described in terms of SAM
formation (bond mechanism, interaction between the head-group and substrate
surface, growth mechanism), quality (coverage, packing, order), structure
(configuration) and stability. The preparation of patterned SAMs is reviewed in terms
of advantages and limitations of the used patterning techniques. Finally, some

examples are shown in which SAMs or SAM patterns are used for biomaterials or

electronic applications, or as wear and corrosion resistants.

2.2 Self-assembled monolayers (SAMs) on metal oxides
Generally, two main classes of adsorbates on metal oxides can be

discriminated, n-alkanoic acids and alkylphosph(on)ates. It should be noted that the
same organic molecules may be named differently. n-Alkanoic acids are also named

carboxylic acids or fatty acids. Stearic acid, for example, is a carboxylic acid which
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has 18 carbon atoms in its structure. The structures and molecular formulas of some
of the organic molecules which are mentioned in this review are shown in Table 2.1.
SAMs reviewed here are usually prepared by immersion of a clean substrate into a

solution of the adsorbate, unless mentioned otherwise.

Table 2.1 Structure and molecular formulas of some organic molecules.

Type of Molecule Name(s) of Molecule Structure

Carboxylic acid, Stearic acid,

n-alkanoic acid, Octadecanoic acid e~~~ oo~~~ on
Fatty acid

Alkylphosphoric Octadecylphosphoric HO
. . 0-§-OH

acid acid NNNANANNANNNANNNOR

Alkylphosphonic Octadecylphosphonic HO
5-OH

acid acid NNANANN NN R(\)

2.2.1 n-Alkanoic acid SAMs on metal oxides

n-Alkanoic acid SAM formation has been reported on several metal oxide

3,9-22

surfaces, prepared from solution within a few minutes to several days, resulting

in densely packed monolayers with a tilt angle up to 25°. As usually agreed upon,

10-11

chemisorption occurs by proton dissociation to form carboxylate species with

mono™ ' ! and bidentate'® *° binding modes but the headgroup-substrate interaction
is generally accepted to be weak.”' Some authors claim that the SAMs are resistant to

10-11, 22, 33

solvent rinsing while others report partial or complete SAM removal upon

solvent exposure.'” 202!

Taylor et al. explained the contradicting results in terms of kinetics or stability
with the effect of ambient exposure or hydration of the substrates prior to SAM
formation.”' Similarly, Pertays et al. pointed out the importance of the substrate
history prior to SAM formation.'’ They found hydroxyl formation in the ambient
atmosphere to increase stearic acid adsorption density and SAM order. On the other
hand, carbon contamination blocked adsorption sites and caused disorder. Oxygen

plasma treatment removed adsorbed carbonaceous material from the aluminium

surface and significantly increased the order of the stearic acid monolayer."’
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Tao demonstrated that the structure of n-alkanoic acid SAMs on native oxide
surfaces of copper, aluminum, and silver depends on the substrates as well as chain
length.”® According to the IR data, peak shape and relative intensities for the
carboxylate head group were very much the same for all the acids with different chain
lengths. This would imply that the binding geometry of the head group is determined
by the interaction between the substrate and head group and is independent of chain
length. Molecules bind the silver oxide surface in a symmetrical way, while they
interact with aluminum and copper oxide asymetrically (Figure 2.1).° IR results
indicated a shift to a highly ordered crystalline phase with increasing chain length due
to the cohesive forces. Ellipsometry suggested a tilt angle of 15-25° for SAMs of all
chain lengths on silver. On the surface of copper oxide as well as aluminum oxide, the
binding geometry resulted in normal-oriented molecules. The isoelectric points
followed Al,03<Cu,0<AgO, showing that Al,O; is the least basic among all which
results in weaker coordination to carboxylates. In line with this, monolayers on

alumina are not resistant to solvent rinsing.

Figure 2.1 Proposed structures of n-alkanoic acid monolayers on (a) silver oxide, (b)

. . . 20
copper oxide and aluminum oxide surfaces.

Taylor et al. investigated the growth of octadecanoic acid on single crystal C-
plane (0001) and R-plane (1102) faces of sapphire (a-Al,O3) by atomic force
microscopy (AFM), contact angle (CA) and Fourier transform infrared spectroscopy
(FTIR).21 Since the sapphire terraces (after film formation) are distinctly visible in

AFM images, monolayers are conformal. From the phase images and high contact
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angle values at early stages of SAM formation, the authors claimed that the dark
regions are not bare substrate but regions covered with thin layers of disordered
molecules. Despite the higher reactivity of step edges, no preferential growth on these
regions was observed (Figure 2.2). They claimed that the interaction between the
organic molecule and the substrate surface is a weak carboxylic acid-sapphire
bonding interaction enabling adsorbate mobility and defect annealing (Figure 2.2).

Partial desorption upon rinsing supports the weak interaction view.

iz

height (nm)
=
@

04l

[VNe] I T N T . |

0 20 40 60 80 100120
adsorption ime (m)

Figure 2.2 Series of ex situ, tapping mode AFM images (1 gm x1 um) depicting
octadecanoic acid monolayer growth at R-sapphire from a 1.5 mM solution in
hexadecane. The adsorption times ranging from 5 min to 2 h are displayed in the
images. The graph at the lower right displays the average AFM heights measured in

these images.”'

Lim et al. compared the bonding mechanism and the stability of stearic acid
SAMs on single-crystal C-plane aluminum oxide (sapphire) and amorphous
aluminum oxide (alumina).'® For the SAM on sapphire, the XPS peaks at 284.8 and
289.0 eV were assigned to the alkyl chain (C-C) and carboxylate (-COO-) carbon
atoms. No carboxylic carbon (-COOH) was detected, which shows the absence of free
acid on the surface.The oxygen peak at 532.3 eV was assigned to carboxylate oxygens
(Al-O-C). IR was done on SAMs on sapphire and amorphous alumina surfaces and
the results were compared to bulk stearic acid spectra. In both cases there was no peak
assigned to C-O-H stretches which indicated bonding with the substrate. For SAM on

amorphous alumina, the peak at 1733 cm’ was assigned to C=0, indicating
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monodentate binding (A in Figure 2.3). Peaks at 1666 and 1621 cm™ indicated the
weakening of C=0 into a carboxylate (B and C in Figure 2.3). The peak at 1464 cm™
was attributed to the symmetric bonding mode of a carboxylate (D in Figure 2.3). For
SAMs on sapphire, the spectra indicated bidentate interactions through a carboxylate
(B, C, D in Figure 2.3). Based on XPS and IR the authors concluded that stearic acid
makes a bidentate bonding with sapphire and both monodentate and bidentate with
amorphous alumina. They explained this by the polycrystalline or the amorphous
nature of the alumina surface which offers different types of adsorption sites, while
sapphire has limited types of adsorption sites due to its single-crystalline nature.
Stearic acid assembled on the sapphire surface was immersed into water to investigate
desorption. The desorption from atomically smooth sites was faster than from sites of
surface defects such as kinks, steps, and atomic vacancies probably due to weaker

interaction with smooth regions (Figure 2.4).

Figure 2.3 Possible interaction modes between the carboxylic acid head group and

the Al,O3 surface with varying degrees of interaction between the carbonyl oxygen
and the surface, leading to varying degrees of double bond character remaining in the

head group.16

10
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Snm 0 T nm 2om 0

“'“ —f—

Figure 2.4 Tapping mode AFM images obtained for SAMs of stearic acid after (a) O
min (or fully covered SAM before immersion in water), (b) 30 min, (¢) 120 min, and

(d) 180 min of immersion in water. 16

Aronoff et al. treated aluminum oxide surfaces with an alkoxide of zirconium
to improve the binding strength of the alkanoic acid which is deposited from the vapor
phase and formed a semi-crystalline SAM layer.'> The authors claimed that the
formation of an interfacial zirconium carboxylate results in strong adhesion, since no
carboxylic acid was detected and the IR spectra remained unchanged after two months
of exposure to ambient conditions. However, they also found that the layer desorbed

for 80% upon immersion in water.

2.2.2 Phosph(on)ate-based SAMs on metal oxides
Phosph(on)ate-based SAMs have been reported on different metal oxide

surfaces such as Al,O3 2% 2830 3750 Ty, 26,2932, 5161 16264 oy () 6566 g ), 23 67-
71Ta205, 31,72 teeth,73 nitinol,74'75 TiO; and ZrO, powders.lg’ 7679

Although there have been several mechanisms proposed for the
phosph(on)ates binding to the metal oxides, the binding mechanism is still not
completely understood partly due to the wide range of binding possibilities,
monodentate’! *% 76, bidentate®” 7" ® and tridentate.*> °* ®' Transition metal oxides,
such as TiO, and ZrO,, are known to form stable phosph(on)ate-metal (P-O-M)
bonds.”” "

Gao et al.”®*"’

and Pawsey et al. %2 have prepared highly ordered monolayers
of octadecylphosphonate onto ZrO, and TiO, powders. They showed that alkyl
phosphonates bind stronger and yield better oriented SAMs on ZrO, compared to

Ti0O; and concluded that binding occurs through condensation with OH groups on the

11
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metal oxide surfaces, based on the formation of P-O-M bonds and the disappearance
of M-OH and P-OH signals in NMR and infrared spectroscopy, similar to a study by
Pellerite ef al.*

Hofer er al.”* and Hahner et al.”’ studied the SAMs of alkyl phosphates on
Ta,0s, Al,Os, ZrO,, TiO; and Nb,Os, resulting in highly hydrophobic surfaces with
CAs >110° resembling the thiol/gold system, however they did not provide CA
hysteresis data which could give an estimate of the degree of order of the SAMs. The
authors showed that the isoelectric points (IEP) of different metal oxides did not
affect SAM formation and they found that the film structures of all monolayers on the
macroscopic scale were similar, in terms of packing density, inclination and
molecular order, independent of the underlying oxide and the the crystallinity of the
substrate. This might be due to several possible binding modes for the phosphate head
group (mono, bi or tridentate) giving flexibility at orientation. XPS data showed that
the phosphate headgroup is attached to the substrate surface and that the hydrocarbon
tail is pointing upwards.

Textor et al. showed that octadecylphosphate (ODP) self-assembles on
amorphous/nanocrystalline Ta,Os.>' The authors used several analytical techniques to
propose a binding mechanism and to construct a model of conformational
arrangement for the molecules in the substrate/SAM system. They proposed a model
of the ODP/Ta,0s system based on near edge X-ray absorption fine structure spectra
(NEXAFS) which provided information about chain order and an average tilt angle of
30-35°, while the AFM data showed nearly hexagonal order and the ToF-SIMS
results showed P-O-Ta and (-P-O-),Ta species indicating coordination of more than
one phosphate to a single tantalum (Figure 2.5). The strong ToF-SIMs peaks of
Ta,P,O.Hy and Ta,P,O.C4H. fragments suggests a strong phosphate headgroup
coordination to Ta ions. If the interactions were a weak hydrogen bonding between
ROPO(OH); and Ta-0, it would be unlikely that Ta,P,O.H4 and Ta,P,O.C4H, species
would survive. The XPS data showed a tails-up orientation, charge transfer from the
substrate to ODPA, an adsorbed layer thickness of 2.2 nm, the presence of both
monodentate and bidentate coordination, and the inability of a single type of
coordination to explain the observed ratio between different oxygen modes. The
authors claimed that the periodicity of the Ta cations is the prime factor in their model

determining the order of the ODP layer.
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In Figure 2.6 a schematic illustration of proposed arrangement of the
phosphate groups on the Ta,Os surface is shown.”' The authors do not have direct
experimental evidence for the surface complex formation mechanism but they
assumed, considering the strong O-Ta bond, it is not likely that free Ta atoms are
present at the surface under ambient conditions. Apparently, hydroxylation is an
important initial step prior to phosphonate-based SAM formation on Al,Os3. Along
this line, they proposed a binding mechanism of monodentate and bidentate

phosphate-Ta(V) interactions as shown in Figure 2.5a.
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Figure 2.5 (a) Proposed reaction sequence in the displacement of oxide ligands at the
Ta,Os surface by alkylphosphates through intermediate hydroxide formation. (b)
Bidentate (left) and monodentate (right) phosphate coordination to tantalum ions, with
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5 Y 22 )
Z 3. 2,

&

p
X8
A

S <

D
a -
@

v

B
7.7

G

N
N
\%

N

Z

~

>
G

OeOB2 @,
Position of alkyl

o Ta o o o]

(s (

\

chain attachment
Q or P-QO-R
H

o
free P-O-coord. P=
toTa P-Ql

oxide of

Ta20s) z‘;i';i‘;e

Figure 2.6 Schematic, idealized view of the arrangement and orientation of phosphate
groups of ODPA at a Ta,Os surface (with square substrate lattice). The phosphates are
bound to the Ta ions through either monodentate or bidentate coordination. The P-O-
R groups form a nearly perfect hexagonal lattice with a mean distance between the

hydrocarbon (R) chains of approximately 4.9 A2
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Spori et al. studied the influence of alkyl chain length on the properties of
alkyl phosphate SAMs on amorphous TiO,.%’ The authors claimed that the degree of
order and the packing density within the monolayers were higher for alkyl chains
exceeding 15 carbons. They mainly based their claims on the decreasing CA
hysteresis and shift of the CH, stretch vibrations to lower wavenumbers with
increasing chain length. Also, the tilt angle was calculated from thickness values.
They stated that an ordered monolayer should have a 30° tilt and only the molecules
having >14 carbon atoms showed this value. The C/Ti and P/Ti XPS ratios were
increasing and the Ti-OH/P ratios were decreasing, with increasing chain length. The
authors explained this by the increase in the coverage and packing density of the
monolayers with increasing chain length. Regarding the presence of P=0 peaks in the
XPS of the SAM samples, the authors concluded that tridendate bonding is not likely
to occur. They proposed partial coverage for short alkyl chains in a bidentate mode,
while for longer chains, a higher coverage was found with additionally monodentate

coordinated molecules at the previously empty (Ti-OH) binding sites (Figure 2.7).
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Figure 2.7 Sketch of the proposed binding structure for short (C10) and long (C18)

alkyl phosphates self-assembled on TiO, ®

Gnauck et al. modified titanium oxide with carboxy-terminated oligo(ethylene

glycol) (OEG)-alkylphosphate monolayers (Figure 2.8).* Based on the angle-resolved

14



Self-Assembled Monolayers on Metal Oxides

XPS data they reported that the molecules were bound to the surface through the
phosphate headgroup. Due to the low molecular density calculated from the

ellipsometry data, they concluded that the monolayers were disordered and not

densely packed.
%) Q éO (P Q Q Terminal functional group
Q \ Q 0 0o
o333 A .
\/205005 5(\/0 OS ——Oligo (ethylene glycol) unit
oo o
O O O O
—— Alkyl chain
——Phosphate group
—TiO2

Figure 2.8 Structural model of the w-functionalized OEG alkylphosphate SAM on the

titanium oxide substrate.®

Woodward et al. studied the formation of octadecylphosphonic acid (ODP)
SAMs in situ by AFM.* They showed that the SAMs formed on mica by nucleation,
growth and coalescence of submonolayer islands (Figure 2.9 a,b). The islands grew
by aggregation at the edges which implied laying-down molecules at the lower parts.
The presence of typical compact islands (Figure 2.9c) implied sufficient mobility of
the ODP molecules to rearrange in order to minimize island perimeter, unlike silane-

based SAMs which form fractal islands.
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(a

Figure 2.9 (a) AFM image obtained in situ during monolayer growth on mica in a
0.05 mM ODP solution after about 20 min of exposure. The higher areas (lighter
shades of gray) correspond to submonolayer islands of ODP the tops of which are
about 2 nm higher than the substrate. (b) AFM image of a different sample at a later
stage of growth. The original islands have grown and coalesced. The large white
particle near the center is typical of objects that were frequently seen in in situ images
but were removed by rinsing since they were not observed on quenched films. They
were often used as location markers during growth. (c) AFM image of a quenched

monolayer that was exposed to 0.10 mM ODP in THF for 120 s.**

Messerschmidt et al®®  found  the growth  characteristics  of
octadecylphosphonic acid SAM growth on single-crystal sapphire (0-Al,O3) to be
highly dependent on temperature. At low temperature, growth occured as island
growth, whereas at room temperature growth happened via a continuous liquid-phase
film with elevated parts having poorly defined boundaries. At 15 °C, both growth
modes coexisted. FTIR spectra showed that during island growth at 2 °C the peaks (C-
H stretch region) remained in the same position, consistent with well-ordered alkyl
chains, throughout film growth. However, at room temperature, the methylene stretch
peak gradually shifted to lower wavenumbers, indicating a shift from disordered to
ordered chains.

Kanta et al. investigated the growth and stability of octadecylphosphonic acid
SAMs on smooth amorphous titania surfaces.” The water CA reached 110° in 16 h
and no further increase was seen even after several days of immersion. The
researchers showed that 18 h exposure to hexane, toluene and acetone had no effect
on the SAMs. On the other hand, ethanol, methanol and water caused a decrease in
CA. The authors explained this by the penetration of small molecular-volume solvents

through the SAM. Air plasma and UV light exposure caused carbon-carbon chain

16



Self-Assembled Monolayers on Metal Oxides

decomposition but did not affect phosphorus, as confirmed by XPS, which indicates
the high stability of the phosphate-titanium bond. However, heat treatment at
temperatures around 1000 °C caused the disappearence of phosphorus.

Alkylphosphonic acid-based SAMs show a high ambient stability. Sun et al.
reported that the friction coefficient of decylphosphonic acid monolayers on
aluminum oxide remained unchanged after 700 h ambient exposure.*> Hoque et al.
compared the tribological properties of bare and SAM-modified alumina.”® Short
(OP, CgPO3) and long chain (ODP, C;3POs3) phosphonic acids were used as SAMs.
Al;O3 had the highest friction coefficient while the long-chain SAM (ODP) had the
lowest. Higher contact angle values and lower friction forces indicated that ODP
forms a denser film than OP.

Foster et al. reported a lower friction coefficient for phosphonic acid SAMs
compared to alkanoic acids with the same chain length, which shows that phosphonic
acid monolayers are better ordered."’

Liakos et al. compared the resistance of phosphonic acid and alkanoic acid
SAMs on aluminum oxide to acidic and basic solutions by using dynamic contact
angle goniometry. Advancing and receding contact angle data were collected for each
immersion cycle which lasted for 6 min.”® They prepared acidic and basic solutions
with deionized water using HCl and NaOH without buffer, to avoid phosphate and
other species that could interfere with the process. They found that both SAMs were
more stable under acidic conditions, however, phosphonic acid SAMs have a higher
stability compared to alkanoic acid SAMs. The authors explained this with the
stronger binding of PO3; when compared to the binding of COOH with the substrate.
An ODP (C;sPO;) SAM had a hysteresis of 28° when compared to 50° for NDA
(C13COOH) which showed that an ODP SAM has a better packing, consistent with a
higher water stability.

Pawsey et al. reported that carboxyalkylphosphonic acid (with 15 carbon
atoms in its alkyl chain) binds ZrO, and TiO, preferentially through the phosphonic
acid side showing the higher affinity of phosphonic acids to metal oxides when
compared to alkanoic acids.”®

Phosp(on)ate-based SAMs seem to dominate the other SAM types in terms of
quality and stability and recent studies mainly consist of this type. The literature
shows phosph(on)ate-based molecules to form more densely packed, more ordered

and more stable SAMs on metal oxides when compared to alkanoic acid-based
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molecules. There is a lack of studies which compare binding of phosphate and

phosphonate-based SAMs.

2.3 Patterning of SAMs on metal oxides

There are few studies employing patterned SAMs on metal oxides, prepared

8659 and photopatterning.* * Microcontact printing

by microcontact printing (LCP)
was used mainly because of ease of application and low cost. Typically, micron-size
patterns were prepared and sometimes the pattern was transferred into the substrate by
wet chemical etching.

Goetting et al. prepared octadecylphosphonic acid SAM patterns by
microcontact printing on the native oxide surface of aluminum mounted on either a
silicon or a silicon nitride-coated silicon SUppOIT.SS Patterns were visible after
stamping and this indicated the formation of a multilayer. Excess ODP was rinsed off
with 2-propanol as seen in Figure 2.10. Wet etching was done to selectively etch
aluminum at the ODP-free regions. The line width was measured as the line width at
half the thickness of the patterns by AFM. The line width of the PDMS stamp and the
aluminum pattern were the same which indicates that the lateral resolution was
maintained. The edge resolution of patterned aluminum was 150 nm, based on SEM
images. For comparison they prepared aluminum patterns by photolithography and

lift-off which resulted in an edge resolution of 50 nm. The lower limit of the patterns

was not further investigated.

Stamped Region _ Stamped Region
Bare Al without rinsing Bare Al after rinsing

. | | l |

A

10 pm

—

10 pm

Figure 2.10 SEM images of ODP patterned by uCP on the native oxide of aluminum:
(a) as stamped; (b) after rinsing the surface with 2-propanol to remove the excess of

opp.
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Sun et al. prepared micrometer and nanometer scale patterns of phosphonic
acid-based SAMs on an aluminum oxide layer on aluminum-coated glass by
photopatterning.85 They used photopatterning mainly to cleave the C-P bond of SAM
molecules and remove the alkyl chains, and also to prepare nanometer-scale patterns
(see below). In Figure 2.11, a friction contrast of a mixed monolayer pattern is seen as
prepared by exposing UV light through a photomask on an ODP-covered surface
followed by filling the exposed areas with an amino-terminated phosphonic acid
(ABP). Nanopatterns (~ 120 nm) were prepared by writing with a UV beam using a
scanning near-field optical microscope on a SAM-covered surface. The unexposed
regions were used as etch resists (Figure 2.12). Smaller features can potentially be
prepared on gold with a similar technique as explained by the smaller grain size of the

gold when compared to aluminum.

CH,

2" ‘ .

vES oue

Figure 2.11 100x100 pm? friction force microscopy image of a patterned monolayer
formed by exposure of a monolayer of octadecylphosphonic acid on Al,O3; to UV
light for 5 min at a power of 100 mW through a photomask and subsequent

immersion of the sample in a solution of aminobutylphosphonic acid in water.*
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Figure 2.12. Tapping mode AFM images of nanostructures formed by using scanning
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o

near-field photolithography (SNP)-patterned phosphonic acid monolayers as resists
for the wet etching of A1203.85

Phosph(on)ate-based SAM patterns can be prepared on metal oxide surfaces
by microcontact printing and photopatterning, and the pattern can be transferred into
the substrate by etching. SAMs do not seem to spread which enables lateral resolution
stability during pattern transfer. Microcontact printing results in lower edge resolution
when compared to photolithography. There is a lack of studies on SAM pattern
preparation by nanoimprint lithography (NIL) on metal oxide substrates which would

result in nano-features with high throughput.

2.4 Applications of SAMs on metal oxides
Phosph(on)ate-based SAMs have been used on metal oxide surfaces at several

123, 59, 9193 125, 62-63, 94-96

occasions for biomateria and electrica applications, as etch

85.87-88 and as wear inhibitors.’

resists

Goetting et al. used octadecylphosphonic acid SAM patterns as etch resist on
the native oxide surface of aluminum mounted on either a silicon or a silicon nitride-
coated silicon support.88 An etching solution was used which consisted of a

combination of phosphoric, acetic and nitric acids and water in a ratio of 16:1:1:2.
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The 3D AFM image shows the alumina pattern after wet etching, in which the
elevated features were protected by the SAM (Figure 2.13). Prolonged etching
resulted in overetching and decrease of the aluminum pattern thickness. The authors
observed large circular defects on the etched pattern (>3 pm) which they explained by
inadequate pattern transfer at stamping due to particles or air bubbles trapped between
the PDMS stamp and the surface. They also observed small circular defects (~40 nm)
in the SEM images, which remained unexplained.

The authors measured the resistance of the aluminum patterns as a function of
pattern length, where the silicon nitride layer behaved as an insulator between
aluminum and silicon. The results showed that the patterns were continuous and
electrically conductive up to around 70 cm length and separated patterns were
electrically isolated. To compare they prepared patterns with similar dimensions by
photolithography and liftoff. The electrical measurement results were similar to the
ones prepared by pCP and etching. They concluded that uCP of ODP is compatible

with semiconductor device fabrication.

500
3754
2504
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Figure 2.13 AFM image and profile of 300 nm thick aluminum, patterned by uCP of
ODP, followed by baking for 10 min at 70 °C and wet etching at 35 °C.*

Danahy et al. modified the native oxide surface of Ti with diphosphonates

further covered by zirconium complexes and a cell-attracting peptide derivative
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(RGDC) as shown in Figure 2.14.”" The surface loading of diphosphonates was found
to be half of the loading of ODP, and IR showed that the layer was not ordered. The
authors attributed this to the functional tail groups causing seperation of the chains by
forming hydrogen-bonded networks. The use of diphosphonates brings the possibility
of backbonding to the surface. The authors argued that this was not the case since
P(2s) XPS signals had both free and surface bound-phosphonate components and IR
spectra showed peaks assigned to P-O(bound) and P-O(free). The contact angle (45°)
also confirmed POs-terminated films. As seen in Figure 2.15, the osteoblast cell
growing rate on an RGDC-terminated surface is much higher than those on TiO, and

on diphosphonic acid SAM-covered TiO,.
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Figure 2.14 Modified titania surface with RGDC.”!
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Figure 2.15 Cell counts for osteoblasts on (a) untreated TiO, control, (b) a

diphosphonate 3(b) control, and (c) an RGD-modified surface (8b).91
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Shannon et al. compared the mechanical properties of a diphosphonate SAM
(SAMP), an RGD-functionalized SAM (cell attractive peptide) and hydroxyapatite
(HA, natural constituent of bone) modified titanium implants 2, 4, 8, and 16 weeks
after implantation.”® The hystological results showed that more new bone formation
was seen in case of SAMP and SAMP+RGD modification, compared to HA-coated
implants. Apparently, SAMP and SAMP+RGD-modified implants had better
mechanical properties compared to hydroxyapatite-coated ones which is accepted as
the gold standard (Figure 2.16). They argued that SAMP provided an ordered,
phosphate-like surface and might have facilitated bone growth similar to HA which
also contains phosphate. They explained the poorer mechanical performance in case
of HA compared to SAMP by the high roughness of the former. However, it was not
explained how surface roughness would affect bone growth, implant fixation and
mechanical properties. They also did not explain why SAMP+RGD modification gave
similar results to SAMP modification. Contol experiments with an unmodified
implant were not performed but it was mentioned that previous studies had shown that

RGD coating enhanced fixation of Ti implants.
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Figure 2.16 Load to failure of implants under tensile testing for titanium implants

modified with SAMP+RGD, SAMP and HA.>

Zoulalian et al. prepared PEG-ylated compounds carrying phosphonate groups
as binding sites to TiO, (Figure 2.17).93 The substrates modified with 1, 2 and 3
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showed much better stability against acidic and basic conditions compared to
dodecylphosphate (DDPO4) and PLL-g-PEG-modified reference systems due to a
combined effect of multiple site attachment and presentation of PEG side chains, as
explained by the authors. They used surfaces modified with 2 and 3 to prevent protein

adsoption onto TiO, as shown in Figure 2.18.%
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Figure 2.17 Synthesized alkylphosphonates based on statistic copolymerization: (1)
copolymer C11/BMA, (2) copolymer C11/PEG, and (3) terpolymer C1 1/PEG/BMA.”
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Figure 2.18 Protein adsorption to TiO, surfaces without and with a monolayer
coating of polymers 2 and 3, respectively, upon exposure to a HEPES buffer (4 h),
full human serum solution (15 min) and subsequent rinsing in HEPES. The degree of
protein adsorption was judged by (#) the increase of layer thickness (ellipsometry)
and (O) the atomic ratio N/C (XPS). The dashed line represents the N/C ratio

calculated for albumin.”
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Several studies have reported the modification of ITO with complex molecules

25, 62:63. 97 ¢y control the interface between an

having phosphonic acid binding sites
organic semiconductor and inorganic electrodes and to improve the performance of
OLEDs. Bardecker et al. used triarylamine-based hole-transporting molecules with
PO; groups to form SAMs on an ITO surface.”> Modified ITO was covered with a
hole-transporting layer, a green-emitting polymer and electron-transporting layers to
make OLED devices. The authors mentioned that SAM modification (Figure 2.19)
resulted in a lowered turn-on voltage, an 18-fold increase in current density, and a 17-
fold increase in brightness in case of TPD-3 when compared to bare ITO. The
decrease in turn-on voltage, increase in current density and brightness were similar for
TPD-1 and TPD-2, and were less than TPD-3 compared to bare ITO. The authors
explained the better performance of TPD-3 compared to TPD-1 and TPD-2 with the

strong hole-transport ability of this molecule since all three molecules had similar

surface coverages and contact angle values.

TPD-1 TPD-2

i HOF,

HO OH HO O
TPD-3

Figure 2.19 Molecules used for self-assembly on ITO.”

Phosph(on)ate-based SAMs have been used as a hybrid dielectric layer in
combination with thin A120396 or Hng95 to decrease the leakage current. Acton et al.
modified a doped silicon surface covered with sol-gel HfO, with POs-based SAMs
and prepared a pentacene-based transistor (Figure 2.20). They compared the leakage
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current densities of bare SiO, with HfO, and SAM+HfO,-modified ones. HfO,
significantly decreased the leakage current compared to the bare silicon substrate
(Figure 2.20). Addition of an ODP SAM on HfO, had a slight effect but the use of (-
0-PAl) and (7-0-PA2) SAMs resulted in a significant decrease in the leakage current
compared to HfO, modification. The authors explained this by formation a more
closely-packed SAM structure at (7-0-PAl) and (7-0-PA2) due to z-7 interactions
between anthryl end-groups and longer alkyl chains compared to ODP. The charge
carrier properties improved with the use of SAMs with the order (7-0-PAl) >(7-o-
PA2) > ODP. From that, the authors concluded that both the chemical compatibility
and orientation of the end group were important to create a pentacene/dielectric

interface.

—y— thermal SiOz
—— Hl‘O2
* p—a— ODPA/HfO,
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Figure 2.20 (a) Schematic view of top contact OTFT using POs-based SAM/hafnium
oxide hybrid gate dielectrics. (b) Structures of SAMs used. (2-
anthryl)undecoxycarbonyldecylphosphonic acid (m-0-PAl), (2-
anthryl)undecoxycarbonylundecylphosphonic acid (7-6-PA2), and ODP. (c) leakage

current density versus applied voltage.”

The literature shows that phosph(on)ate-based SAMs on metal oxides can
effectively be used to protect the surface or to modify the surface properties at
biomaterials or in electrical applications. The use of hybrid dielectric in electrical
applications layers makes the interpretation of the contribution of the SAM layer
difficult. The electrical blocking properties of SAMs on conducting oxide surfaces

have not been thoroughly studied.
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2.5 Conclusions
Phosp(on)ate-based SAMs on metal oxides dominate the other SAM types in

terms of quality and stability. They form more densely packed, more ordered and
more stable SAMs on metal oxides when compared to alkanoic acid-based molecules.
There is a lack of studies which compare the binding of phosphate and phosphonate-
based SAMs. Phosph(on)ate-based SAM patterns can be prepared on metal oxide
surfaces by microcontact printing and photopatterning, and the pattern can be
transferred by etching. However, the edge resolution in case of microcontact printing
is less. There is a lack of studies on SAM pattern preparation by nanoimprint
lithography (NIL) on metal oxide substrates which would result in nano features with
high throughput. Phosph(on)ate-based SAMs are effective etch resists. With proper
selection of chemical structure they can facilitate cell growth or prevent protein
absorption at biomaterial applications. They can be used to improve the properties of
OLED devices by improving the interface properties between the organic and
inorganic electrodes. They can be used as additional dielectric layers at electrical
applications, however the use of hybrid dielectric layers makes the assessment of the
contribution of the SAM layer difficult. The electrical blocking properties of SAMs
on conducting oxide surfaces have not been thoroughly studied. There is also a lack of
studies to make reliable metal top contacts directly on phosph(on)ate based-SAMs for
electrical applications. Moreover, there are not many studies on the use of SAMs as

linkers to add functional nanoparticles or molecules to metal oxide surfaces.
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Chapter 3

Structural Characterization of Self Assembled Monolayers

on Metal Oxides

Abstract

Phosph(on)ate-based self-assembled monolayers (SAMs) with CH3, NH,, SH, COOH
terminations were prepared on single crystalline aluminum oxide (Al,Os3) substrates.
As a result, SAMs with homogeneous coverage, tails-up orientation and a certain
degree of order is reproducibly obtained. A shift is observed in the X-ray
photoelectron spectroscopy (XPS) P peak upon tetradecylphosphate (TDP) SAM
formation on Al,Os indicating charge transfer from the substrate to the phosphate
headgroup. The thickness of a TDP layer is smaller than the length of an extended
TDP molecule suggesting a tilt in the layer. There is no indication of in-plane registry
between the surface atoms of substrates and phosph(on)ate headgroup. The TDP
molecules desorbed upon immersion in water, but they are stable in organic solvents.
To create chemically different regions, SAM patterns were prepared on Al,O3; by
microcontact printing. The results indicate that the modification of metal oxide
substrates with active terminated SAMs can be used for adding new functionalities to

the oxide surface.
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3.1 Introduction
Self—assembled monolayers (SAMs) may be defined as ordered molecular

assemblies formed spontaneously by the adsorption of a surfactant with a specific
affinity of its headgroup to a substrate." Although SAMs are extremely thin (typically
2 nm) they are effective tools to change the surface properties " due to their
chemically well controlled and structurally ordered properties. SAMs, in particular
thiols on gold and silanes on SiO,, have been studied extensivelyl’ 3 but SAMs on
metal oxides are relatively less studied.

Alkylphosphates and alkylphosphonates form SAMs with high ambient
stability on metal oxides such as Ta;Os etc. without the need for controlled
environmental conditions.” ' On the other hand, siloxanes easily polymerize resulting
in a lack of order” ' and need precise control over the environment during deposition.
n-Alkanoic acids have weaker interactions than phosph(on)tes with the metal oxides.®
' Thus, in this study, phosph(on)ates are selected as organic molecules to prepare
SAMs on metal oxides.

Metal oxides have interesting electronic, optical and magnetic properties such
as insulating, semiconducting, metallic, superconducting, ferroelectric, piezoelectric,
ferromagnetic, etc.* 1% To study SAMs on metal oxides, we have chosen aluminum
oxide (Al,O3) as a model substrate. It is an important substrate because it is frequently

. . . . . . . . 11. 17-21
used as dielectric material in electronic device fabrication.

It has many
crystalline faces available and the surface properties can easily be changed by
annealing to get an ultra-smooth surface. > ** The atomically flat surface may
stimulate the epitaxial growth of the organic layer, resulting in an ultra-smooth SAM.

While most of the studies on binding of phosph(on)ates were done on metal
oxide powders10 or on amorphous metal oxides deposited on Si0,"™ 12 we will
focus on single crystalline substrates. The FTIR data and high hysteresis between

advancing and receding CA values™ " ' 22

reported on alkyl phosph(on)ate
monolayers on metal oxide surfaces suggest more disordered monolayers compared to
thiols on gold. Although there have been several mechanisms proposed for the
phosph(on)ates binding to the metal oxides, the binding mechanism is still not
completely understood partly due to the wide range of binding possibilities from
mono to tri-dentate. As generally agreed on, phosph(on)ates adsorb onto the surface
through hydrogen bonding or electrostatic interactions between a deprotonated

11, 24-25

headgroup and the surface metal, followed by condensation or formation of a
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surface coordination complex.'? So far, there are few studies employing functional

terminated SAMs to activate the metal oxides'" %

by SAMs.””!

and on patterning of metal oxides

Some questions that will be adressed in this study are: what is coverage,
packing and orientation of phosph(on)ate-based SAMs on Al,O3;? What is the
thickness, tilt and configuration of the molecules? What is the effect of the chain
length on structural properties? Is there in-plane registry between the phosphate
headgroups and the crystalline surface? What is the morphology of the SAM-
modified surfaces? Is there a difference between phosphate (PO,) and phosphonate
(PO3)-based SAMs? What are the interactions between the substrate and the
phosphate headgroup? What is the stability of the SAM? To address these questions
the assembly of TDP on Al,O3; was studied. Microcontact printing was employed to

pattern metal oxide substrates.

3.2 Results and discussion
3.2.1 SAM formation and basic characterization

Figure 3.1 shows the organic molecules which are used to prepare SAMs on
metal oxide surfaces. Tetradecylphosphate acid (TDP) and octadecylphosphonic acid
(ODP) have methyl (-CH3) end groups, which form a hydrophobic layer while 11-
phosphonoundecanoic acid (PUD), mercaptoundecylphosphonic acid (MUP) and
aminobutylphosphonic acid (ABP) have carboxylic acid (-COOH), thiol (-SH) and

amino (-NH,) functionalities respectively.

OH HS

H,N

O -
o:R-OH (:R-OH O%-on :R-OH O*®-oy
OH OH OH OH OH

TDP ODP PUD MUP ABP
Figure 3.1 Alkylphosph(on)ates used: tetradecylphosphate (TDP),

octadecylphosphonic acid (ODP), 11-phosphonoundecanoic acid (PUD),
mercaptoundecylphosphonic acid (MUP) and aminobutylphosphonic acid (ABP).
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The preparation and characterization of monolayer-modified Al,O3 substrates
was performed according to procedures reported in the literature.”® *'? It is important
to have a well defined cleaning procedure to have SAMs with good properties. CA
and FTIR did not suggest a difference between TDP SAMs prepared from oxygen
plasma-cleaned or annealed substrates other than morphological differences.
Annealing was performed when well-defined terraces and step edges are needed,
otherwise oxygen plasma cleaning was used. Cleaned Al,O; substrates were
immersed into solutions of ABP, PUD, MUP, ODP or TDP for 2 days at room
temperature, rinsed afterwards with solvent and dried under a flow of N, to yield
amino-, carboxylic acid-, thiol- and methyl-functionalized substrates, respectively.
CA goniometry is a crude but quite powerful tool to estimate the properties such as
coverage and order of SAMs. The water contact angle of oxygen plasma-cleaned or
annealed Al,O; was below 10° which increased to 70°, 60°, 87°, 115° and 115° for
SAMs of ABP, PUD, MUP, TDP and ODP, respectively. The high CA value (115°)
of TDP and ODP SAMs indicates the quite hydrophobic surface which confirms a
CH; termination.”® We observed hysteresis of about 45° between advancing and
receding CA values of TDP SAMs on Al,O;. These hystereses indicate a relatively
disordered layer.32 Thus, SAMs on metal oxide surfaces are more disordered than
alkyl thiols on gold.

Figure 3.2 shows atomic force microscopy (AFM) images of SAM-
functionalized and bare alumina surfaces. As clearly seen in Figure 3.2a and 3.2b
thermal annealing of an alumina substrate results in well-defined step edges and
smooth surfaces. On both annealed and unannealed samples, TDP SAM formation
follows the surface topography faithfully, the step edges remain clearly visible, and
the step height (0.3 nm) remains the same. This confirms homogeneous and full SAM
formation. The same was also observed in case of MUP, PUD and ABP SAMs which
have thiol, carboxylic acid and amino endgroups, respectively (data not shown). SAM
formation of TDP on other substrates (TiO,, STO, LAO, LSMO) gave similar FTIR,
CA and AFM results (data not shown). Also, SAM formation of TDP on Al,O;
achieved by microcontact printing (UCP) using a flat PDMS stamp provided a similar
layer quality.
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Figure 3.2 AFM height images of blank and SAM-functionalized Al,O3 surfaces (a)
blank, unannealed. (b) blank, annealed at 1000 °C for 2 h. (c) TDP SAM on

unannealed alumina. (d)TDP SAM on annealed alumina.
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Figure 3.3 FTIR of aTDP SAM on an Al,O3 substrate

3000

Fourier transform infrared spectroscopy (FTIR) was performed by scanning a

TDP SAM-covered alumina substrate and subtracting the background signal of bare

alumina. The spectrum (Figure 3.3) shows the CH, asymmetric and symmetric stretch

vibrations of the alkyl chains around 2919 and 2851 cm™, respectively. In line with

the relatively high hysteresis between advancing and receding contact angle values,

these are indications of the semicrystalline character of the alkyl chains.

5,33
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Al,Os5 has several crystal faces, each having different atomic configuration and
different surface energy.’ To observe the effect of different atomic configuration and
the crystal face on SAM quality and to see if there is a registry between the surface
atomic configuration and PO, headgroup, TDP SAMs were prepared on C and R-
faces of Al,O; which have different Al interspacings. AFM, CA and FTIR did not
indicate any difference on the quality of SAMs on the two crystal faces. No difference
was found between alkyl phosphate SAMs with chain lengths of 14, 16 or 18 on
ALO3 (not shown). Also, there was no difference regarding the structural properties

between phosphate and phosphonate based SAMs on Al,Os.

3.2.2 XPS analysis of TDP SAMs on alumina
XPS measurements proved that all the expected elements were present on the

surface for all SAMs and in the expected ratios except for ABP which had more
carbon content probably due to contamination in air (Table 3.1). Bulk TDP (C4PQOy,),
as

Table 3.1 Selected XPS data of bulk TDP and of SAMs on Al,O5 substrates.

SAM C%/P% N%/P% S%/P%
TDPyu(C14PO.) 13 - -
TDP (C,4PO,) 15 - -
ODP (C;5P0Os) 19 - -
MUP(SC,,PO;) 12 - 0.6
PUD(C,,POs) 11 - -
ABP (C4NPO3) 12 0.8 -

reference and a TDP SAM, assembled on alumina from a 0.125 mM TDP solution in
hexane:isopropanol by 2 days immersion, was analysed by XPS. In Figure 3.4 curve
fittings of elements at alumina, TDP, TDP SAM on alumina and in Table 3.2 binding
energies obtained from the curve fittings are shown. The binding energies correspond

the literature values which shows the succesful SAM formation.'> 2% 34
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Table 3.2 XPS binding energies of elements in Al,O3;, TDP and TDP SAMs on

alumina
Binding
Energy (eV)
Elements | TDP Al,O3 TDP on Al,O3
Al2p 73.9 743
P2p 135.0 134.1
Ols-1 530,5 531.0
Ols-2 532.3 (minor)
Ols-3 532.1(minor)
Ols4 5334 533.0
Cls 284.9 284.9 284.7
286.5(minor) | 288.5(minor) | 286.2
Al O C P
x104 ,{104 x104
25| Al2p 10 O1s tﬁi Cis
A|203 hgmj 861 31-2"
2 0.8
O.S-i Tt ‘ =
78 74 70 536 532 528 290 286 282
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
x103 x1o3 x103
Ofs 8 Cls 51 P2p
3.5 l
a ! 6 .
TDP il °.] °3
15 \
o) . e = i, -
536 532 528 267 285 283 140 136 1 42
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
x10* x10 _ x0? x10°
A2p 251 Cts 61 P2p
1.4
TDP SAM® 8" 15 g5
0.6 2
e\ | / 4
Binding Eherdly (V)  Bindifg ERGgy(eV) BIdhoEnddy (V)  Binding RS ev)

Figure 3.4 XPS curve-fittings of Al, O, C and P for Al,O3;, TDP bulk and TDP

SAM on alumina.

For bulk TDP, element ratios were 13.3:3.7:1, and thus in agreement with the

expected C:O:P ratio of 14:4:1. The Ols curve is fitted with two curves, the small
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peak (532.1 eV) is very close to the small peak of Ols at alumina (532.3) but the
major peaks of Ols at TDP (533.4 eV) and alumina (530.5 eV) have distinct values
which makes it possible to distinguish between the contributions of alumina substrate
and TDP, later, on a TDP-SAM on alumina. The higher binding energy component of
Ols in TDP (533.4 eV) can be assigned to hydroxy groups (P-O-H) and ester bonds
(P-O-C), and the other component (532.1 eV) can be assigned to (P=O).12 The ratio of
these two contributions is 3.3:1, in good agreement with the expected value. The Cls
signal has two contributions, a major one (284.9 eV) is assigned to the alkyl chain and
the small peak is assigned to C-O-P bond (286.5 eV). The ratio of these two

contributions 12.3 is quite close to the expected value (13).

N C)) (b)
T 100 — 100
< —~ =
= ———— .. < Cils
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5 60 £ g0}
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o ] ]
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Figure 3.5 TDP SAM modified alumina (a) angle-dependent XPS, (b) XPS sputtering
for depth profiling. Angle-dependent XPS of (c) PUD and (MUP) SAM modified

alumina. Atomic concentration values are normalized to C+P.

The shape of the Cls curve on TDP SAM covered alumina looks similar to the
Cl1s curve of bulk TDP, rather than Cls curve of carbon contamination on alumina.
Moreover, the C/P ratio on SAM modified alumina is quite close to the expected
value (15). The small Ols components of both alumina and TDP were very close to
each other and could not be resolved. Ols curve was fitted with two contributions

corresponding to the major peaks from alumina and bulk TDP. As shown in Table
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3.2, shifts to higher binding energy values were observed at all substrate related peaks
(Al2p, Ols-1) and to lower binding energies at all TDP originating peaks (P2p, O1s-4,
Cls) which indicates deprotonation of PO, headgroup and a charge transfer from
alumina substrate to the TDP during SAM formation."

To observe the orientation of TDP, PUD and MUP in their SAMs on alumina,
angle-dependent XPS was performed and the results are given in Figure 3.5 a,c,d. The
electron take-off angles varied between 5-90 ° (angle values are relative to the surface
plane). The results show a clear dependence of the elemental peak intensities on the
detection angle. As the detection angle increases, the amount of Cls from the alkyl
chain decreases and the contribution of P from the headgroup increases. This indicates
that P is located in the inner part of the SAM which is closer to the substrate surface
when compared to C'? and confirms the expected coordination of the phosphate group
to the surface.” '* ** PUD and MUP have functional terminations and yet they still
bind to alumina through phosph(on)ate headgroup.

To obtain additional information on the configuration of the TDP SAM, the
monolayer was sputter-etched stepwise with Ar ions within the XPS chamber, and
XPS analysis was done after each sputtering step. From Figure 3.5b the gradual
decrease of the C content is observed upon sputtering, while P largely remains on the
surface.

In summary, all the AFM, CA, FTIR and XPS measurements indicate the
successful formation of the monolayers on alumina with a homogeneous coverage and
semicrystalline order. Since phosph(on)ate SAMs with similar properties were
prepared on various metal oxide substrates, TDP on Al,O3; can be used as a model

system to study alkylphosph(on)ate SAMs on metal oxide surfaces.

3.2.3 Thickness of TDP SAM on alumina
Thickness will provide information on the orientation and tilt of the molecules.

AFM has been typically employed to measure depth of pin-hole defects or islands of
octadecylphosphonic acid (ODP) on oxide surfaces where they found values of 0.8-
1.7 nm.> > % To measure the SAM thickness we used AFM, XPS and microcontact
printing. A TDP layer on Al,O; substrate was scratched by an AFM tip in contact
mode (CM) by applying force and imaging orthogonally to the scratch (Figure 3.6).
The thickness of the alkylphosphate layer on Al,O3 was calculated from the XPS data
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according to the literature procedure.”® The height of the TDP patterns were measured

by AFM (Figure 3.7).
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Figure 3.6 Contact Mode AFM height image of TDP layer on Al,Os scratched by
AFM tip. Depth:1.5 nm
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Figure 3.7 Contact mode AFM images of TDP pattern on alumina prepared by

microcontact printing with 5 min contact time (a) friction (b) height.

The darker places in the friction image (Figure 3.7a) corresponds to lower
friction force between surface and the AFM tip, allowing to distiguish between
chemically different regions, while the bright parts in the height image correspond to
elevated places which are TDP layers

The thickness for tetradecylphosphate (TDP, 14 Carbons) of 1,6 + 0,1 nm
found by XPS, is quite close to the values obtained from the scratching experiment
(Figure 3.6) and microcontact printing (Figure 3.7). The XPS thickness of
octadecylphosphonic acid (ODP, 18 Carbons) is 2,4 + 0,2 nm. The XPS method gives
an estimate of the thickness and is able to distinguish between two SAM layers having

different chain lengths. The height of the TDP features (1.5 nm) is somewhat lower
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than the extended adsorbate length (2.1 nm), which indicates a tilt in the SAM layer

similar to various alkylphosph(on)ate SAMs on metal oxides.> 1% %

3.2.4 Stability of TDP SAMs on alumina

snmy

nm
Figure 3.8 Contact mode AFM images of TDP patterns on alumina prepared by

microcontact printing with 60 min contact time, (a) height, (b) friction.

There are several studies on diffusion of thiols on gold surfaces.’”8 However,
no work has been done to understand the diffusion mechanism of phosph(on)ates on
metal oxide surfaces. To see the effect of contact time on resulting pattern and
diffusion, TDP was printed for 60 min, much longer than the usual contact time which
is 5 min. As seen in Figure 3.8, molecules diffuse to all directions. The step edges and
terraces have different surface energies but it did not cause a preferential diffusion
along the step edges detecteble within the lateral resolution of AFM. The diffusion is
probably via the surface where inked PDMS patterns in contact with the surface act as
reservoir of molecules and there is no indication of TDP deposition from vapor phase
at non-contacting areas, which would have caused the loss of contrast in friction
image (Figure 3.8b).

Patterns of TDP, ODP, ABP and MUP were prepared on R or C faces of
alumina as well as on titania (AFM, not shown) by microcontact printing. The
morphology was similar after 3 weeks. No loss in the resolution or no diffusion of
molecules were observed within the resolution of AFM (not shown) which shows that
the spreading of the molecules only occur during the stamping stage.

AFM, FTIR and CA confirmed the stability of TDP SAMs on alumina after 20
days of ambient exposure. Water immersion caused partial desorption of TDP SAM

on alumina after 3180 min (Figure 3.9) due to its low stability in water especially at
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basic conditions.® However, the TDP SAMs are stable in apolar organic solvents such
as hexane and toluene as confirmed by stable CA values. In terms of water stability no
qualitative difference was found between printed TDP and TDP SAM (Figure 3.9).
The desorption is not homogeneous and seems to start at certain parts which may be
due to lack of order in the SAM, while some regions remain intact which may
correspond to well-ordered regions. Ordered and disordered regions cannot be
distinguished so well by AFM as with the other surface characterization techniques
(CA, FTIR and XPS) which are based on overall properties. To better understand the
adsorption-desorption chracteristics of the SAMs, real time AFM can be done by

using a liquid cell.

3nm

nm

Figure 3.9 Contact mode AFM images of (a) TDP on Al,O3. After immersion in H,O
for (b) 10 min. (¢) 180 min. (d) Printed TDP on Al,O5 after H,O immersion for 60

min.

3.3 Conclusions
Several complementary techniques are applied to obtain information on

structure and on different aspects of SAMs on metal oxides as well as of the assembly

process. Phosph(on)ate SAMs cover the Al,O3 surface homogeneously having tails-up
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orientation, with high coverage, and with a certain degree of order (AFM, CA, XPS,
FTIR). There is no indication of in-plane registry between the surface atoms of
substrates and phosph(on)ate headgroup. Phosphate and phosphonate based molecules
showed similar properties. The molecules are tilted (AFM, XPS). There is indication
of a charge transfer from the substrate to phosphate headgroup (XPS). The TDP
molecules desorb upon immersion in water, however they are stable in organic
solvents. Patterning has been applied to create chemically different regions.
Functional terminated SAM provides the possibility to add new materials to the
surface. The outcome of this chapter indicates that modification and patterning of
metal oxide surfaces with phosph(on)ate-based SAMs provides suitable tools for

fabrication.

3.4 Experimental
Materials

Polished substrates of R—(1102) Al,O3 (1x10x10 mm), (100) TiO, (1x10x10 mm),
(100) SrTiO3; were purchased from SurfaceNet GmbH, Germany. These substrates
were cut into 5x5 mm” pieces with a diamond saw and cleaned by ultrasonication in
acetone and ethanol for 30 min each. Tetradecylphosphoric acid (TDP) was supplied
by A. Wagenaar and J. Engbersen (RUG, Groningen). Aminobutylphosphonic acid
(ABP, purity 99%) and 11-phosphonoundecanoic acid (PUD, purity 96%) were
purchased from Sigma-Aldrich. ODP was purchased from ALFA AESAR.
Mercaptoundecyl phosphonic acid (MUP) was synthesized according to a literature
method.”

Sample preparation

Oxygen plasma-cleaned or annealed Al,Os, TiO,, etched and annealed SrTiO3;, PLD
grown Lag 6751033Mn0O3-SrTiO3 and LaAlOs3-SrTiO3 substrates were immersed into 1
mM ABP solution in 100:1 v/v hexane:isopropanol, a 1 mM PUD solution in 50:50
v/v ethanol:H,0, 0.125 mM ODP solution in 100:1 v/v hexane:isopropanol or a 0.125
mM TDP solution in 100:1 v/v hexane:isopropanol for 2 days at room temperature.
Afterwards, the samples were rinsed with the corresponding pure solvents or solvent
mixtures, and dried under a flow of No.

Microcontact Printing
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Silicon masters with micrometer-sized features were fabricated by photolithography.
PDMS stamps were prepared from commercially available Sylgard-184
poly(dimethylsiloxane) (Dow Corning). The curing agent and the prepolymer were
manually mixed in a 1:10 volume ratio and cured overnight at 60°C against the
master. The cured stamp was peeled off from the master at the curing temperature.
Before printing, the stamps were rinsed with pure ethanol and dried under a flow of
N,. The stamps were inked with a few drops of solutions of TDP, ODP, MUP in
ethanol or ABP in water. In the case of ABP, an oxidized stamp was used. The stamps
were dried with N and brought into conformal contact with alumina substrates for 5-
60 min. After removing the stamps, the samples were rinsed with ethanol to wash off
excess ink followed by drying under nitrogen.

Measurements

Atomic Force Microscopy (AFM): The morphology of the substrates was observed by
a digital multimode Nanoscope III (Digital Instruments, Santa Barbara, CA) scanning
force microscope, equipped with a J-scanner. All measurements were done at ambient
in tapping mode or contact mode.

X-Ray Photoelectron Spectroscopy (XPS): Elemental composition was analysed by a
Physical Electronics Quantera Scanning X-ray Multiprobe instrument, equipped with
a monochromatic Al Ka X-ray source operated at 1486.7 eV and 25 W. Spectra were
referenced to the main Cls peak at 284.80 eV.

Fourier Transform Infrared Spectroscopy (FTIR): Reflection-FTIR spectra of 1024
scans at 4 cm” were obtained using a BioRad FTS-60A spectrometer with a liquid
nitrogen-coolded cryogenic mercury cadmium telluride detector and RAS accessory
(BIO-RAD).

Contact Angle (CA). Measurements were done with a Kruss G10 goniometer,
equipped with a CCD camera. Contact angles were determined automatically during
growth of the droplet by a drop shape analysis. Milli-Q water (18.4 MOhm.cm) was

used as a probe liquid.
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Chapter 4

Electrochemical Stability of Self-Assembled Alkylphosphate

Monolayers on Conducting Metal Oxides

Abstract

Alkylphosphate self-assembled monolayers (SAMs) were prepared on Nb-doped
SrTiOs (Nb-STO) conducting metal oxide substrates. Unlike thiols on gold, the
alkylphosphate SAMs on Nb-STO showed electrochemical stability over a wide
voltage range of -2 to 2V. Cyclic voltammetry showed that SAM modification
inhibited electrochemical activity of the conducting substrate with an efficiency
dependent of the chain length. Impedance spectroscopy showed that SAM-modified

Nb-STO substrates have higher resistance than bare substrates.



Chapter 4

4.1 Introduction

There has been a vast interest into self-assembled monolayers (SAMs) owing
to their ease of preparation, precise control of structure at a molecular level and wide
variety of functionalities allowing a versatile manipulation of surface and interface
properties."™ Electrochemical techniques such as electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry (CV) are widely used to observe the
properties of SAM-modified electrode surfaces’” usually by comparing it with the
bare electrode.” "' SAMs reduce the electrochemical activity of the surface by
forming effective insulating barriers to electron transfer and ion penetration.4’ 6-14

SAMs of thiols on gold and silanes on SiO,, have been studied extensively,ls'
' but SAMs on metal oxides are relatively new.'’ Alkylphosphates and
alkylphosphonates form SAMs with very high ambient stability on metal oxides such
as Ta,0Os, ALO;, ZrO, and TiO, without the need for controlled environmental

" 17-25
conditions.

Most of the electrochemical studies on SAMs involve thiols on gold.> & %
However, upon repetitive CV cycles or by extending the operational potential
windows during CV, thiol molecules desorb from the surface, leading to destruction
of the monolayer.3’ H. 2729 Octadecyltrichlorosilane monolayers on gold have been
reported to be electrochemically unstable as well." There are few studies about
alkylphosphonates in electrochemistry, such as on nitinol’ or on ITO" in which case
they were studied within a rather narrow potential range of -0.5 to 1 V.

Here, the electrochemical behavior and stability of alkylphosphate SAMs with
different chain lengths assembled on conducting metal oxide Nb-doped SrTiO; (Nb-

STO) is investigated by using CV and EIS.

4.2 Results and discussion
4.2.1. SAM formation

Previously, we have shown the detailed characterization of a
tetradeclylphosphate (TDP) SAM on alumina which resulted in the successful
formation of a homogeneous SAM with a high coverage (See Chapter 3).'” The height
of the TDP layer was around 1.5 nm. This is somewhat lower than the extended
adsorbate length (2 nm), which indicates a tilt in the SAM layer similar to various

alkyl phosph(on)ate SAMs on metal oxides!" % 2% %
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The preparation of monolayer-modified Nb-STO substrates was performed
according to literature procedures.”'lg’ 2. 242 (Clean Nb-STO substrates were
immersed into alkylphosphate (with 10 (DP), 14 (TDP), 18 (ODP) C atoms) solutions
for two days at room temperature, rinsed afterwards with solvent and dried under a
flow of N, to yield an alkyl-functionalized substrate. The water contact angle (CA) of
oxygen plasma-cleaned Nb-STO was below 10°, which increased to 115° after
alkylphosphate SAM modification for all chain lengths. The high CA value indicates
a quite hydrophobic surface and this confirms a methyl-terminated SAM. XPS
measurements showed that all the expected elements were present on the surface in

the expected ratios.

4.2.2 Electrochemistry
Cyclic voltammetry (CV) was performed on bare and alkylphosphate (DP,

TDP, ODP) modified Nb-STO substrates. The samples were placed in a 0.1 M
tetrabutylammonium hexafluorophosphate (BuyN*PFg) solution in acetonitrile and
data were collected with 100-200 mV/s scan rates within potential ranges of either -
0.1to1 Vor-2Vto2V.All recorded data are averages of five scans.

Figure 4.1 shows the effect of changing the scan rate from 100 to 200 mV/s on
the bare and TDP-modified Nb-STO substrates within the -0.1 to 1 V range. Since not
much difference was seen between these scan rates, 200 mV/s was used was used in
further experiments. More importantly, the comparison between the bare and TDP-

covered substrates shows a clear blocking effect of the SAM.
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Figure 4.1 Cyclic voltammograms on (a) bare and (b) TDP SAM-modified Nb-STO,
performed at 100 (o) and 200 mV/s (m) scan rates.
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—— -0,1V to 1V, scan1
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Figure 4.2 Cyclic voltammograms of TDP SAM-modified Nb-STO performed from -
0.1 to 1 V (scan 1) and back, then -2 V to 2 V (scan 2) and back followed by another
cycle from -0.1 to 1 V (scan 3), all at a 200 mV/s scan rate.

To check the electrochemical stability of a TDP SAM on Nb-STO, the sample
was subjected to CV between -0.1 to 1 V, then the potential window was widened to -
2 to 2 V, and another measurement was done. Finally, the sample was measured again
at the initial potential window (-0.1 to 1V). As seen in Figure 4.2, the first and the
third measurements are identical, which means that the TDP SAM on Nb-STO is
stable over a voltage range of as wide as -2 V to 2 V. There appears to be no noticable
change, damage or desorption of the SAM. This marks a clear contrast with thiols on
gold which have a rather limited potential window at which they are stable.”® The
high stability of phosphate SAMs on Nb-STO may be due the different nature of the
bond between the phosphate headgroup and metal oxide surface, and potentially to the

absence of oxidative and reductive desorption pathways.
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Figure 4.3 (a) Cyclic voltammograms of bare and of alkylphosphate SAM modified
Nb-STO substrates. (b) Current at 0.3 V vs alkyl chain length. The linear fit is a guide

to the eye, not a result of a model.

Figure 4.3 shows a comparison of the CVs of a bare substrate and substrates
modified with alkylphosphate SAMs of different chain lengths. The CVs of bare and
modified Nb-STO have similar shapes, showing a single oxidative peak around 0.3 V,
but with reduced height for the SAM-modified samples. Since the samples were
scanned five times each, with no apparent change to the shape and height of the CV
graph, SAMs are stable and resistant to oxidative desorption.” The SAMs block the
electrochemical activity of the substrate and effectively insulate it from the
environment. The longer chain alkylphosphates seem to be more efficient compared
to shorter ones. If the coverage is assumed similar and pin hole defects are negligible
for all SAMs, the currents would reflect quantum-mechanical tunneling with a
monotonic dependence on chain length,4 which seems to be the case here (Figure
4.3b).

Electrochemical impedance spectroscopy (EIS) was performed in the range of
10 kHz to 10 mHz at a potential of -0.2V. Bare Nb-STO, DP- and TDP modified Nb-
STO were compared. EIS provides a measure of the resistance and quality of the
coating on a conducting substrate.’ Figure 4.4 shows the impedance (Nyquist) plots of
bare, DP and TDP-modified Nb-STO substrates. As seen in the figure, the impedance
semicircle of TDP is larger than that of DP, which indicates that TDP has a higher
resistance (~100 kQ vs ~50 kQ) and forms a better barrier in insulating the

conducting metal oxide. This is expected since TDP has a longer chain. Although we
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have no quantitative values, the resistances follow Rnpstobare< Rpp< Rrpp, according
to EIS. The capacitance values can be estimated as 5.5x10” and 3.7x10” F for DP and

TDP, respectively.
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Figure 4.4 Impedance spectroscopy (Nyquist plots) of bare and DP and TDP
modified Nb-STO substrates.

4.3 Conclusions
Electrochemistry (CV and EIS) has shown that alkylphosphate SAMs inhibit

the electrochemical activity of the Nb-STO conducting metal oxide substrate. The
inhibition efficiency increased with increasing chain length of the SAM. Unlike thiols
on gold, the alkylphosphate SAMs on Nb-STO show electrochemical stability over a
voltage range as wide as -2 to 2 V. The resistance of a SAM layer is much higher than
of the bare substrate and increases with chain length. The described system opens new
possibilities to study electrochemical properties of semiconductors functionalized

with various phosphate-based adsorbates.

4.4 Experimental
Materials

Polished substrates of (100) 0.5wt% niobium-doped SrTiO3 (Nb-STO) (1x10x10 mm)
were purchased from SurfaceNet GmbH, Germany. These substrates were cut into

5x5 mm” pieces with a diamond saw and cleaned by ultrasonication in acetone and
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ethanol for 30 min each. Decylphosphoric acid (DP), tetradecylphosphoric acid
(TDP) and octadecylphosphoric acid (ODP) were supplied by A. Wagenaar and J.
Engbersen (RUG, Groningen).

SAM formation

Oxygen plasma-cleaned Nb-STO substrates were immersed into 0.125 mM alkyl
phosphoric acid solutions in 100:1 v/v hexane:isopropanol for two days at room
temperature. Afterwards, the samples were rinsed with the pure solvent mixture, and
dried under a flow of N,.

Measurements

Electrochemistry: Cyclic voltammetry (CV) measurements were performed with an
AUTOLAB PGSTATI10, at 100-200 mV/s scan rates in a voltage range of -2 V to 2
V. Measurements were performed on bare or SAM-modified Nb-STO in 0.1 M
tetrabutylammonium hexafluorophosphate (Buy;N*PF¢) in acetonitrile using Ag/AgCl,
and Pt as the reference and counter electrodes, respectively. All scans shown are
averages over five measurements. Electrochemical impedance measurements were
performed in the same setup within the range of 10 kHz to 10 mHz at -0.2 V.

X-Ray Photoelectron Spectroscopy (XPS): Elemental composition was analyzed by a
Physical Electronics Quantera Scanning X-ray Multiprobe instrument, equipped with
a monochromatic Al Ka X-ray source operated at 1486.7 eV and 25 W. Spectra were
referenced to the main Cls peak at 284.80 eV.

Contact Angle (CA): Measurements were done with a Kruss G10 goniometer
equipped with a CCD camera. Contact angles were determined automatically during
growth of the droplet by a drop shape analysis. Milli-Q water (18.4 MOhm.cm) was

used as a probe liquid.
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Chapter 5

Electrical Properties of Self-Assembled Monolayers on

Conducting Metal Oxides

Abstract

Pt top contacts were deposited by pulsed laser deposition (PLD) on bare Nb doped
SrTiOs; (Nb-STO) and on the same type of substrate modified with a
tetradecylphosphate self-assembled monolayer (SAM). Afterwards samples were
checked by electrochemical Cu deposition which occured only at the places where
electrical shorts existed between the top contact and the substrate. Nearly 100% yield
of top contacts without shorts were prepared, which shows the dense packing and
robustness of the SAM. The SAM decreases the leakage current about 500 times
compared to the bare substrate. Alkylphosphate SAMs on conducting metal oxide

substrates can therefore be used as dielectric thin films for device fabrication.



Chapter 5

5.1 Introduction
Recently the use of self-assembled monolayers (SAMs) at nanometer scale

electronic devices has become a very important topic in the field of molecular
electronics and nanotechnology.l'3 There has been research on macroscale electronic
properties of SAMs,'™ or use of SAMs in nanoscale transistors (OTFTs, OFETs).> +°
Since SAMs are easily prepared with low cost and have only a few nanometers
thickness, SAMs have proven to be excellent candidates to be used as the gate

dielectrics in organic thin-film transistors."” -7

They change the semiconductors
electronic properties and decrease leakage current drasticallly7'8 compared to a thin
Si0, layer.9

SAMs as dielectric layers were studied before. However, in most of these
studies hybrid dielectric layers composed of SAM and Al,O3 or SiO, were used on Al

or doped Si bottom electrodes.'™ ¢!

This makes the interpretation of the contribution
of the SAM layer difficult.'" Thus, we use a conducting metal oxide which do not
contain any additional inorganic dielectric layer. SrTiOs is an insulator perovskite
oxide but can become an n-type semiconductor or metallic conductor by suitable
doping with niobium (Nb)."? In order to use SAMs on such oxides in electronic or
spintronic devices, the electrical properties of such SAMs need to be studied.

To study the electronic properties of SAMs, top contacts usually need to be
prepared. However, conventional metal contact deposition methods often damage the
thin organic layer and cause electrical short circuits.” '*'° Several approaches were
applied to avoid shorts such as using a Hg droplet as a top contact," inserting a

conducting polymer layer between SAM and top contacts,'* "

or approaching the
substrate with a conducting AFM tip.16 Pulsed laser deposition (PLD) was used as a
gentle metal top contact deposition method as well, on thiol SAMs on gold, which
resulted in a 15% yield of isolated top and bottom electrodes for an octadecanethiol
SAM.

Here, we demonstrate a method for low kinetic energy deposition of Pt top
contacts on alkylphosphate SAMs by pulsed laser deposition and electrical
characterization of the alkylphosphate SAMs on conducting Nb-STO metal oxide

susbtrate by I-V measurements and electrochemical Cu deposition.
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5.2 Results and discussion
In order to test the electrical properties, a TDP organic thin film is used as a

dielectric barrier layer. To have a thicker organic layer, a TDP-modified substrate was
covered with a thin poly(ethyleneimine) (PEI) layer. For comparison, a bare Nb-STO
substrate and a substrate covered with a PLD deposited thin Al,Os inorganic dielectric
layer were prepared. Pt top contacts were deposited on the samples by PLD. The
samples were further checked for electrical shorts with electrochemical Cu deposition
and the electrical behaviour of samples were studied with -V measurements. The

samples are shown in Figure 5. 1.

Al203 4nm
Nb-STO Nb-STO

Figure 5.1 The schematics of bare, Al,O3 covered, PEI+TDP SAM-covered and TDP
SAM-covered Nb-STO, with Pt top contacts.

5.2.1 Sample preparation
In our previous work, (see chapter 3) we have shown the detailed

characterization of TDP SAMs on alumina which resulted in the successful formation
of a homogeneous TDP SAM with a high coverage.!” The height of the TDP features
was around 1.5 nm. This is somewhat lower than the extended adsorbate length (2
nm), which indicates a tilt in the SAM layer similar to various alkylphosph(on)ate
SAMs on metal oxides.'®>°

The preparation of monolayer-modified Nb-STO substrates was performed
according to literature procedures. 1720 Clean Nb-STO substrates were immersed into
TDP solutions for two days at room temperature, rinsed afterwards with solvent and
dried under a flow of N, to yield a SAM-functionalized substrate. For subsequent PEI
adsorption, TDP-functionalized Nb-STO substrates were immersed into a PEI

solution for 5 min and then dipped in ethanol several times to wash off excess PEIL.

Similar treatment of an alumina substrate with PEI resulted in a homogeneous layer of
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PEI with around 3.0 nm thickness.'” Atomic force microscopy (AFM) and scanning
tunnelling microscopy (STM) confirmed the smooth surface without any defects
upon SAM formation (data not shown). The water contact angle (CA) of oxygen
plasma-cleaned Nb-STO was below 10°, which increased to 115° and 45° for TDP-
SAM and PEI-covered surface respectively. The high CA value for TDP indicates a
quite hydrophobic surface and this confirms the CHs termination. In conclusion, the
measurements indicate the successful formation of the TDP SAM on Nb-STO. By
measuring the height of PLD deposited Al,O3 patterns by AFM, deposition rates were
determined and the deposition time was adjusted in order to have a 4 nm alumina

layer on Nb-STO.

5.2.2 Pt Top Contact Fabrication and Electrochemical Cu Deposition
In this study, SizNs membranes embedded in a silicon chip were used as

stencils for the patterned deposition of metals on SAMs by pulsed laser deposition
(PLD) as described before.” %! Figure 5.2 a shows the PLD procedure, in which the
Nb-STO substrate is placed parallel to a Pt target.22 The laser hits the target and
creates a plasma of the target material in the presence of Ar background gas with
reduced pressure. At low background pressure, the mean free path (mfp) of the
ablated species (Pt) is larger than the distance between target and the substrate, which
results in high energy Pt atoms’ and potentially leading to a damage of the SAM.
When high Ar background pressure is used, the mfp of Pt is smaller than the target-
substrate distance which results in thermalized and low energy Pt atoms. This is
especially critical not to damage the organic thin film layer.5

By clamping a stencil on a bare or modified substrate, Pt is deposited only
through the stencil apertures and Pt top contact pattern is created (Figure 5.2 b). At
low pressure more directional deposition and thus a sharp pattern is expected and at

high pressure a broadened pattern may be expected.23
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- Pt deposition

Ar inlet IHMH

Target l . -stencil

Nb-STO

1 stencil removal

Pt top electrodes
—
Plasma Substrate

Nb-STO

Figure 5.2 (a) Schematic picture of the PLD system used. (b) Schematic
representation of stencil deposition of Pt top contacts on TDP (C4POs) SAM
modified Nb-STO substrate.

Figure 5.3 Optical images of (a,b) Pt top contacts on TDP SAM-modified Nb-STO
after stencil deposition by PLD with high pressure. (c,d) Same sample after
electrochemical Cu growth, with the zoom-in to the region where Cu growth was seen

(d). The yield of Pt top contacts without Cu growth, thus without shorts is 99%.

Figures 5.3 and 5.4 show the Pt patterned TDP SAM-modified Nb-STO

surface before and after electrochemical Cu deposition. Stencil deposition by PLD
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created clean, uniform and well defined Pt patterns with 17nm height, on TDP-SAM
covered Nb-STO (Figure 3a,b, 4a). After electrochemical Cu deposition, almost all of
the patterns remained unchanged which shows Pt top contacts without any shorts with
a yield of almost 100% were succcessfully prepared. Only at a few places out of
hundreds, shorts between the top contact and the substrate could be seen, as indicated
by Cu growth’ (Figure 5.3c,d, 5.4b). The Cu non-uniform Cu deposits are 30-300 nm
in height. The patterns without shorts are clean and have a similar height as before
electrochemical deposition, which indicates that no deposition had occurred onto

these (Figure 5.4b).
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Figure 5.4 AFM height images, with section analysis of (a) Pt top contacts on TDP
SAM-modified Nb-STO after stencil deposition by PLD with high pressure. (b) Same
sample after electrochemical Cu growth focussed on the area where Cu growth was

seen.
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Figure 5.5 XPS mapping showing the Pt rich regions (green) and Cu rich regions
(red). The resolution in the x direction is better because of the dispersive properties of

the analyzer in the Quantera XPS

Figure 5.5 shows the XPS mapping of Pt and Cu after electrochemical Cu
growth on the region shown in Figure 5.4b. The red parts representing Cu match well
with the elevated parts seen in the AFM (Figure 5.4b). Similar to AFM images, the Pt
patterns (green) are much more uniform than the Cu patterns, and do not contain Cu

Optical microscopy, AFM and XPS all confirmed the formation of isolated Pt
top contacts on TDP-modified Nb-STO substrates with a high yield of almost 100%.
Similar attempts of Au top contact growth on octadecanethiol-modified Au substrates
yielded 15% isolated islands.” The background pressure and sample target distance
were similar to ours. Possible explanation of high success in our system may be due to
the smoothness of metal oxides over large distances unlike gold surface which has
deep trenches. Although thiols form densely-packed and well-ordered monolayers, the
overall structure may not be smooth over large areas. However, the difference could
also be due to the substrate since in our procedure a metal oxide is used which has a
much higher resistivity (~35 Q.cm) than gold (~2x10° Q.cm). To investigate if low
conductivity of Nb-STO results in low Cu growth although there might be shorts, we
performed more experiments.

As control experiments, Pt patterns were deposited on bare Nb-STO and on
TDPSAM-modified Nb-STO by the same method (PLD, stencil deposition) under
harsh deposition conditions (low pressure). Pt patterns after deposition are shown in

Figure 5.6 a, d and 5.7 a, b).
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Optical images and AFM confirm uniform Cu growth on all of the Pt top
contacts at bare substrate after electrochemical Cu growth, with very high density
(Figures 5.6b,c and 5.7¢). On these substrates, the Pt patterns are in direct contact
with the substrate. No Cu growth was observed on the bare substrate regions
indicating the necessity of Pt to initiate Cu growth. This experiment clearly proves
that if a Pt pattern is in contact with bottom electrode (Nb-STO), Cu growth occurs. In
case of Pt patterns deposited on a TDPSAM-modified Nb-STO with harsh deposition
conditions, Cu growth was seen on most of the Pt dots after electrochemical Cu
growth, but with lower density when compared to bare substrates (Figures 5.6e,f and
5.7e). In this case, the SAM layer still acts as a barrier between the conducting
substrate and the top contacts to some degree. In conclusion, high pressure deposition
enables the fabrication of isolated metal top contacts without damaging the SAM

layer.

Figure 5.6 Optical images of Pt top contacts of (a) bare Nb-STO after stencil
deposition by PLD with conditions for harsh landing. (b, ¢) Same sample after
electrochemical Cu deposition, with the zoom-in to a region where Cu growth was
seen (c). Optical images of Pt (d) top contacts of TDPSAM-modified Nb-STO after
stencil deposition by PLD with conditions for harsh landing. (e,f) Same sample after
electrochemical Cu deposition, with the zoom-in to a region where Cu growth was

seen (f).
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Figure 5.7 AFM height images: Pt top contacts after PLD on (a) bare Nb-STO, (b) Pt
TDPSAM-modified Nb-STO. Pt top contacts after electrochemical Cu deposition,
with section analysis on, (c) bare Nb-STO (d) TDP-SAM modified Nb-STO.

5.2.3 Electrical Properties of the TDP-SAM layer on Nb-STO
In order to asses the electrical properties of SAMs on conducting metal oxides,

Pt patterns were deposited at high pressure on bare and SAM-modified conducting
Nb-STO substrates as described above (Figure 5.1). Top-top J-V measurements were
performed (Figure 5.8). A TDP SAM and a SAM with additional PEI were used as a
dielectric barrier between the Nb-STO bottom electrode and the Pt top contact. For
comparison, Pt was deposited on a bare Nb-STO substrate and a substrate modified

with a thin (4nm) Al,O3 inorganic dielectric layer.
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Figure 5.8. The Schematics of top contacts and top-top measurement configuration

on TDPSAM-modified Nb-STO.

Figure 5.9 shows the J-V measurements of bare and modified Nb-STO
substrates. The leakage current of the TDP organic thin film is three orders of
magnitude less than that of the bare Nb-STO substrate. When a thicker organic layer
is formed, here accomplished by adsorption of PEI onto a TDP SAM, there is a small
additional decrease of the leakage current. SAMs on conducting single crystal metal
oxide can be robust and densely packed although extremely thin (1.5nm) resulting in a

dramatic decrease in the leakage current comparable with a 4 nm Al,O3 layer.

a = Nb-STO with TOP SAM+PE!
10° . = Nb-STO with Al,04

0 Nb-STO with TDP SAM
010 005 0,00 0,05 0,10
Voltage (V)

Figure 5.9 J-V curves of bare, TDPSAM-modified, Al,O3-covered and TDP
SAM+PEI covered Nb-STO substrates.

The nature of contact between the substrate, SAM and Pt is not known. To
determine the electron transport mechanism and the type of barrier, more experiments

should be done, in a wider voltage range and at different temperatures.
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5.3 Conclusions
Stencil deposition combined with PLD allows to create many features in a

single deposition step. Increasing the background pressure enables metal top contact
deposition without damaging the SAM layer and without causing shorts with almost
100% yield. SAMs on conducting single crystal metallic oxide are therefore
concluded to be densely packed and robust. Smoothness of metal oxide substrate may
also have contributed to avoiding shorts. Electrochemical metal deposition is a fast
and easy way to check shorts of large number of top contacts. SAM modification
results in a dramatic decrease in the leakage current comparable with a 4 nm Al,O3
layer. Increasing the organic layer thickness by additional thin polymer layer results
in a further decrease of the leakage current. Thus alkylphosphate SAMs on

conducting metal oxide substrates can be used as dielectric thin films.

5.4 Experimental
Materials

Polished substrates of (100) 0.5wt% niobium-doped SrTiO3; (Nb-STO) (1x10x10 mm)
were purchased from SurfaceNet GmbH, Germany. These substrates were cut into
5x5 mm” pieces with a diamond saw and cleaned by ultrasonication in acetone and
ethanol for 30 min each. Tetradecylphosphoric acid (TDP) was supplied by A.
Wagenaar and J. Engbersen (RUG, Groningen). Poly(ethyleneimine) (PEI) was
purchased from Fluka. The stencils were purchased from C2V (Enschede, NL)
fabricated according to a published procedure. 2

SAM formation

Oxygen plasma-cleaned Nb-STO substrates were immersed into a 0.125 mM TDP
solution in 100:1 v/v hexane:isopropanol for two days at room temperature.
Afterwards, the samples were rinsed with the solvent mixture, and dried under a flow
of N,. In the case of additionally adsorbed PEI, TDP-modified substrates were
immersed in a 20 mg/ml PEI solution in chloroform for 5 min and then dipped in
ethanol several times to wash off the excess PEL

Pulsed laser deposition

Pt deposition

A Compex 205 KrF excimer laser of Lambda Physik emitting 25 ns pulses at 248 nm
was used. Deposition pressures of 10~ mbar to 3x10™ mbar were used with argon as

background gas. An argon flow was used from 0.2 "to 7.5 mlmin™ depending on the
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working pressure. A laser fluence of 5 J cm™ was used, with a spot size of ~ 1.95
mm”. The laser beam entered the vacuum chamber at an angle of 45° with respect to
the target normal. The substrate was placed parallel to the target at a distance of 48
mm. The pulse frequency was 5-10 Hz. The (99.99 % pure) Pt target was obtained
from Engelhard-CLAL (Drijfhout B.V.) Netherlands.
Alumina deposition

A deposition pressure of 10" mbar was used with oxygen as background gas. A laser
fluence of 3 J cm™ was used, with a spot size of ~ 2.8 mm?. The laser beam entered
the vacuum chamber at an angle of 45° with respect to the target normal. The

substrate was placed parallel to the target at a distance of 62 mm. The pulse frequency
was 4 Hz.

Electrochemical Cu deposition

The substrates after PLD were used as working electrode and an aqueous solution of
CuSO4 (10 mM) and H,SO4 (10 mM) as the electrolyte. A Pt mesh functioned as a
counter electrode and a 3M KCI Ag/AgCl (Radiometer Analytical REF321) reference
electrode was used. The deposition was performed with a BANK Electrotechnik
POS73 potentiostat. Cu deposition occurred at 0.05 V vs. reference potential at short-
circuited islands. Same deposition conditions were used for the samples.
Measurements
Atomic force microscopy (AFM). The morphology of the nanoparticle-covered
surfaces was observed by a digital multimode Nanoscope III (Digital Instruments,
Santa Barbara, CA) scanning force microscope, equipped with a J-scanner. All
measurements were done at ambient in tapping mode.

Scanning Tunneling Microscopy (STM): The morphology of SAM modified Nb-STO
was observed by an EasyScan 2 STM at ambient and at room temperature.

X-Ray Photoelectron Spectroscopy (XPS): Elemental composition was analyzed by a
Physical Electronics Quantera Scanning X-ray Multiprobe instrument, equipped with
a monochromatic Al Ka X-ray source operated at 1486.7 eV and 25 W. Spectra were
referenced to the main C1s peak at 284.80 eV.

Contact Angle (CA). Measurements were done with a Kriiss G10 goniometer
equipped with a CCD camera. Contact angles were determined automatically during
growth of the droplet by a drop shape analysis. Milli-Q water (18.4 MOhm.cm) was

used as a probe liquid.
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Electrical Measurements: The leakage current density-electric field (J-V)
measurements were carried out by applying a dc bias voltage. Measurements of the
leakage currents were performed using a Siiss MicroTech PM300 Test Systems
manual probe station equipped with a Keithley 4200 Semiconductor characterization

system (Keithley Instruments GmbH / Germany).
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Chapter 6

Monolayer-directed Assembly and Magnetic Properties of

FePt Nanoparticles on Patterned Aluminum Oxide”

Abstract: FePt nanoparticles (NPs) were assembled on aluminum oxide substrates,
and their ferromagnetic properties were studied before and after thermal annealing.
For the first time, phosph(on)ates were used as an adsorbate to form self-assembled
monolayers (SAMs) on alumina to direct the assembly of NPs onto the surface. The
AlO3 substrates were functionalized with aminobutylphosphonic acid (ABP) or
phosphonoundecanoic acid (PUD) SAMs or with poly(ethyleneimine) (PEI) as a
reference. FePt NPs assembled on all of these monolayers, but much less on
unmodified Al,Os;, which shows that ligand exchange at the NPs is the most likely
mechanism of attachment. Proper modification of the Al,Os surface and controlling
the immersion time of the modified Al,Oz substrates into the FePt NP solution
resulted in FePt NPs assembly with controlled NP density. Alumina substrates were
patterned by microcontact printing using aminobutylphosphonic acid as the ink,
allowing local NP assembly. Printing NPs using PDMS stamps resulted in ring
patterns of the particles. Thermal annealing under reducing conditions (96%N»/4%H,)
led to a phase change of the FePt NPs from the disordered FCC phase to the ordered
FCT phase. This resulted in ferromagnetic behavior at room temperature. Such a

process can potentially be applied in the fabrication of spintronic devices.

" Part of this chapter has been published in: Oktay Yildirim, Tian Gang, Sachin Kinge,
David N. Reinhoudt, Dave H.A. Blank, Wilfred G. van der Wiel, Guus Rijnders and Jurriaan
Huskens. “Monolayer-directed assembly and magnetic properties of FePt nanoparticles on
patterned aluminum oxide”, Int. J. Mol. Sci. 2010, 11, 1162-1179.
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6.1 Introduction
Recently, ferromagnetic nanoparticles (FePt NPs) have attracted interest due

to their high chemical stability, magnetic properties and small size. This renders them
potential candidates for application in spintronic devices, magnetic sensing and ultra-

14 EePt NPs have a high magnetocrystalline anisotropy (10®

high density data storage.
erg/cm’), which should allow the use of small, thermally stable magnetic grains.'” In
addition, FePt NPs have a higher chemical stability than other hard magnetic
materials." Their well-defined boundaries and small size are very suitable to reach
ultra-high storage densities with reduced noise” ' in the order of terabit/inch®. For the
use of FePt NPs in magnetic applications, it is necessary to have a well-controlled
assembly process and to cover a sizeable area with high packing density."* '>'* One
method used to attach the particles on the surface is by self-assembly with the help of
a coupling layer such as poly (ethyleneimine) (PED)' or an aminosilane."

Metal oxides have interesting electronic, optical and magnetic properties and
can be insulating, semiconducting, metallic, superconducting, ferroelectric,
piezoelectric, ferromagnetic, non-linear optic, colossal magnetoresistant, ete.'o They
can be grown epitaxially by pulsed laser deposition to have well controlled interfaces.
18,2023 g far, all studies on the assembly of FePt NPs have focused on SiO,
substrates.'™ *1% 132 However, for application of nanoparticles in spintronic devices,
ALO3 is an important substrate because it is the dielectric material of choice in
electronic device fabrication® and the most used dielectric in magnetic tunneling
junctions (MTJs).?*" The latter consist of two ferromagnetic electrodes separated by
an insulating barrier, and they are promising candidates for spintronic devices, in
which signal detection is achieved via tunneling magnetoresistance (TMR).>" The
surface properties of Al,O3 can easily be changed by annealing to get an ultra-smooth
surface.”' ™

Self-assembled monolayers (SAMs), in particular thiols on gold and silanes on
Si0,, have been studied extensively,”'34 but SAMs on metal oxides are relatively
new. Alkyl phosphates and alkyl phosphonates form SAMs with high ambient
stability on metal oxides such as Ta;Os, Al,O3, ZrO, and TiO, without the need for
controlled environmental conditions.” >3

In this study, we show the assembly of FePt NPs on Al,O3; substrates via
ligand exchange on SAMs of PEI, aminobutylphosphonic acid (ABP), or

phosphonoundecanoic acid (PUD). The adsorbate molecules are used to direct the
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assembly of the FePt NPs on the alumina surface. The FePt coverage is controlled by
the surface functionalization and by change of the immersion time. The NPs are
assembled onto patterned regions of the substrate by employing microcontact
printing. Alumina substrates were patterned by microcontact printing using
aminobutylphosphonic acid as the ink, allowing local NP assembly. Microcontact
printing was applied to create nano-sized ring patterns of the particles. Thermal
annealing is used to achieve a phase transition of the FePt NPs and to provide
ferromagnetic behavior at room temperature.' Ferromagnetic properties of the NPs are
addressed by measuring the magnetic moment (M) as a function of the strength of an
applied magnetic field, with a vibrating sample magnetometer (VSM) before and after

thermal annealing.

6.2 Results and discussion
FePt NPs were assembled on modified AI203 substrates in two steps.

Activation of the substrate was induced by a coupling layer, followed by ligand
exchange between the surfactants around the NPs and functional groups of the
adsorbate on the modified Al,Oz; substrates. The NPs are stabilized with the
surfactants oleic acid and oleyl amine (Figure 6.1). Oleyl amine binds to Pt through
the amino group and oleic acid binds to Fe through the carboxylic acid group.’ They
can be replaced by other acids or amines, or by surfactants with a higher affinity to
either Fe or Pt.” Thus, adsorbates with terminal amine or carboxylic acid functional
groups were chosen (Figure 1). PEI and [3-(2-
aminoethylamino)propyl]trimethoxysilane have been used before for binding of

particles through ligand exchange." """ ?
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Figure 6.1 (a) FePt NPs stabilized with oleic acid and oleyl amine. (b) Adsorption of
FePt NPs occurs through ligand exchange onto amino (aminobutylphosphonic acid,
ABP, or poly(ethyleneimine), PEI) and carboxylic acid (phosphonoundecanoic acid,
PUD) functionalized monolayer-modified substrates. (c) In case of a methyl-

terminated monolayer, (tetradecyl phosphate, TDP), no ligand exchange occurs.

6.2.1 FePt nanoparticles
FePt NPs were prepared by reduction of Pt(acac), and decomposition of iron

pentacarbonyl in the presence of oleyl amine and oleic acid surfactants, followed by
precipitation of the NPs by using ethanol and redispersion in hexane. A drop of a
solution of the NPs in hexane was deposited on a carbon-coated copper grid for TEM

analysis. The particle size was determined to be 10 + 2.3 nm as shown in Figure 6.2.

0 2 4 6 8 10 12 14 16
Particle Size (nm)

Figure 6.2 (a) TEM image of FePt NPs. (b) Histogram of FePt NPs stabilized with

oleyl amine and oleic acid.
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To analyze the elemental composition of the NPs, a PEI-covered AlI203
substrate was immersed into a FePt solution to bind the FePt NPs. After evaporation
of the solvent, the sample was analyzed by X-ray photoelectron spectroscopy (XPS),
which showed an elemental composition of FegsgPto4> . Due to PEI, C and N were
also detected. The ratio of Fe:Pt is close to 1:1, as expected from the synthesis

1
procedure.

6.2.2 SAM formation
The preparation and characterization of monolayer-modified Al,O3 substrates

was performed according to literature procedures.”> > 3¢ 340 Clean Al,0;
substrates were immersed into ABP, PUD or TDP solutions for two days at room
temperature, rinsed afterwards with solvent and dried under a flow of N, to yield
amino, carboxylic acid and methyl-functionalized substrates, respectively. Clean
Al,O3 substrates were immersed into a PEI solution for five minutes and then dipped
in ethanol several times to wash off excess PEI to yield amino-functionalized
substrates. In the case of PEI-covered alumina, AFM results showed that the surface
was smooth and homogeneous (not shown), and XPS verified the presence of C and
N. After scratching the PEI layer with an AFM tip, the measured thickness of the PEI
layer was around 3.0 nm (not shown). In conclusion, all measurements (Chapter 3)

indicate the successful formation of the monolayers on alumina with a high coverage.

6.2.3. Assembly of FePt NPs
Figure 6.3 shows the morphologies of the samples after immersion in the FePt

NPs solution. Table 6.1 gives the nanoparticle densities for different surfaces with
different immersion times. Figure 3e and a show that NPs are assembled on surfaces
with NH, and COOH-terminated SAMs, respectively. The section analysis in Figure
6.3e shows that the heights of NPs are around 10 nm, which is in good agreement
with particle sizes obtained from TEM. The section analyses of other AFM images
indicate similar particle sizes (not shown). Figure 6.3d shows a relatively high
coverage and homogeneous distribution of FePt NPs on a PEI-modified Al,Os;
surface. In case of 15 min immersion time, the density of particles on PEI-modified
substrates (Figure 6.3b) is two times higher than the density of the particles at ABP-
modified substrates (Figure 6.3c) as shown in Table 1. PEI, with its branched
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structure, forms a continuous film on the substrate (Chapter 3), and probably exposes
more NH; functional groups than an ABP SAM. PEI might have a sloppier packing,
thus some chains may stick out to bind the NPs. These resulted in binding of more
particles on the PEIl-modified surface than on the ABP-modified surface after the
same immersion time.

For 10 nm NPs, a maximum coverage of around 40x10' NPs/cm? is expected
for random packing (assuming half of hexagonal packing). However, the maximum
NP coverage reached is about one twentieth of this value. The organic monolayers
have high coverage on the alumina substrate and the low degree of particle adsorption
is therefore not due to the SAM layer. An increased NP coverage with time is
observed (Figure 6.3 and Table 1), indicating the process is not yet over after 90 min
immersion. The coverage can potentially be further increased by longer immersion
times or by increasing the NP concentration. Additionally, some form of surface
aggregation might have occurred due to necking of two or more NPs during NP
adsorption, which cannot be resolved by AFM. AFM therefore can give only lower
limits, and higher coverages have not been attempted here since AFM analysis would
have become useless. As shown in Figure 6.3g, no particles are present on a TDP-
modified surface after 90 min immersion. FePt NPs did adsorb on bare Al,O3 (Figure
6.3f) but less compared to functionalized surfaces. Of the phosph(on)ate SAMs, PUD-
modified Al,O3 substrates provide relatively high coverages. The relative rates of
binding of NPs on modified surfaces follow ABP<PEI~PUD. The difference in
binding kinetics between COOH and NH,-covered substrates, as between PUD
(Figure 6.3a) and ABP (Figure 6.3c) for 15 min immersion, is most likely due to a

higher the ligand exchange rate for COOH groups.
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Figure 6.3 AFM images of FePt NPs assembled on (a) PUD-modified Al,O;
substrate, 15 min immersion. (b) PEI-modified Al,O3 substrate, 15 min immersion. (c)
ABP-modified Al,O3 substrate, 15 min immersion. (d) PEI-modified Al,O3 substrate,
90 min immersion. (¢) ABP-modified Al,O3 substrate. 90 min immersion, with section
analysis. (f) Bare Al,Os substrate, after 90 min immersion. (g) TDP-modified Al,O;

substrate, 90 min immersion.
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Table 6.1. FePt NP densities on modified alumina surfaces.

Surface Immersion time NP density Saturation
modification (min) x10" (NPs/cmZ) magnetization

M (nAm’)
PUD 15 1.8+0.1 32
PEI 15 1.8+0.1 n.m
ABP 15 1.0+0.05 n.m
PEI 90 2.0+0.1 100
ABP 90 2.240.1 32
Bare AL,O; 90 0.8+£0.04 n.m
TDP 90 0.0 n.m

*n.m.: not measured

Figure 6.4 shows that individual NPs can still be distinguished after thermal
annealing. The apparent NP density after annealing is (1.27+0.06)x10' NPs/cm’
which is lower than the value before annealing which may indicate a certain degree of
aggregation. Aggregation of the particles upon annealing is a common problem and

1
1."3 have shown

the use of linkers to anchor the particles partly prevents this.” Yu et. a
that a self-assembled [3-2-aminoethylamino)propyl]trimethoxysilane monolayer was
effective to stabilize the FePt NPs on SiO, surfaces and to prevent coalescence of

particles upon annealing.

Figure 6.4 AFM image of FePt NPs assembly (90 min) on an ABP-modified Al,O;
substrate, after annealing under reducing environment (96%N,/4%H;) for 1 h at 800

°C.
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Microcontact printing was employed to create NP patterns in two different
ways. NPs are either printed on ABP functionalized substrate or assembled on a pre-
patterned surface prepared by microcontact printing. Figure 6.5 shows the FePt ring
patterns on Al,Os substrates prepared by printing the particles onto ABP-modified
alumina. The height of the FePt ring corresponds to 2-3 NP layer and the width of
patterns is 150-250 nm. By using PDMS with circular patterns in micron range, ring
patterns of FePt NPs in nano-scale was produced. The ring shape is achieved probably
upon swelling of PDMS due to hexane however control of the resulting pattern size

needs optimization of the process.
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Figure 6.5 AFM images of FePt ring patterns on alumina prepared by printing NPs

onto ABP-functionalized monolayer-modified substrate, with section anlysis.

The affinity contrast between bare and ABP-modified alumina was employed
to create FePt patterns on the substrate. Printed ABP-patterned alumina substrates
were immersed in a FePt solution for 120 min. As seen in Figure 6.6, there is a clear
contrast between ABP-covered regions and bare parts due to the preferential assembly
of the FePt NPs on the NH,-terminated areas. NP density at the printed region is
(1.92+0.1)x1010 NPs/cmz, similar to the value for ABP-modified Al,O; substrate
with 90 min immersion, and at the non-printed region the density is (0.44+0.02)x1010
NPs/cm?”. This shows that microcontact printing is an efficient tool to create patterns

of FePt NPs by directed assembly.
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Figure 6.6 AFM image of FePt NPs assembled onto an Al?O” substrate patterned with
ABP by microcontact printing, inset is a 3x3 p> AFM image of the same sample at the

pattern boundary.

6.2.4 Structural and magnetic properties
To investigate the effect of thermal annealing on the particle crystallinity, a

thick layer of FePt NPs was prepared by casting a 20 mg/ml FePt solution on a glass
substrate followed by evaporation of the solvent without rinsing and by using the
same annealing procedure as described above. Figure 6.7 shows the XRD patterns of
the FePt multilayers before and after annealing for 1 h at 800 °C. It shows the
evolution of the superlattice peaks (001) and (110), as well as the fundamental peak
(002), which indicates the transformation of the lattice from FCC to FCT (L1o). *'*
The magnetic properties of the NPs are related to the crystal structure of the
material. To study the effect of phase change upon annealing on the magnetic
properties, vibrating sample magnetometer (VSM) measurements were performed.
VSM measurements of the annealed FePt NPs on monolayer-covered substrates
indicate the distinct ferromagnetic behavior of the NPs at room temperature (Figure
6.8). Upon annealing, all samples showed a considerable increase in coercivity to
200-450 Oe. This shows that the magnetic properties are not related to the type of
chemical functionality on the alumina substrates. The values are small compared to

13, 41

reported coercivity values." This may be due to an incomplete phase

transformation of the nanoparticles, which might be improved by extension of the

1.44

annealing time. On the other hand, Skomski et. al.™ have reported that the decrease of

the coercivity for FePt NPs with large particle sizes (> 10 nm) is of micromagnetic
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origin, associated with structural imperfections such as polycrystallinity and reduced

anisotropy at the surface.
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Figure 6.7 XRD patterns of FePt NPs on a glass substrate before (red) and after
(black) annealing for 1 h at 800 °C.

For a densely packed monolayer, the expected saturation magnetization M,
which is related to the volume of FePt, is around 120 nAm? based on the momentum
density of bulk FePt (1140 emu/cc).** The measured intensity of M values for the
samples are below this value (Table 1, Figure 6.8) which shows that the coverage is
on the order of magnitude of a monolayer. Thus, VSM results indicate the actual
coverage would be higher than calculated by counting the NPs from AFM images,

indicating some degree of aggregation.
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Figure 6.8 In-plane field hysteresis loops of FePt NPs assembled on (a) PEI-modified
Al,O3 before annealing. (b) PEI-modified Al,O3 substrate after annealing. (c) ABP-
modified Al,O3; substrate after annealing. (d) PUD-modified Al,O3; substrate after
annealing. Samples were annealed under reducing conditions (96%N,/4%H;) for 1 h

at 800 °C

6.3 Conclusions
The NP coverage on Al,O; substrates modified with organic monolayers can

be controlled by varying the immersion time into a FePt NPs solution. FePt NPs
assemble on ABP, PUD and PEI SAMs, which have NH, or COOH functionalities,
probably by ligand exchange. This gives the possibility to control the adhesion of NPs
on surfaces by changing the surface chemistry. The assembly process results in
moderately packed FePt monolayers on SAM-covered Al,Os substrates. Microcontact
printing provides the possibility to direct the NP assembly to designated areas of the
substrate. Thermal annealing provides phase transition of FePt NPs which results in
ferromagnetic behavior at RT. To prevent non-specific adsorption of the NPs on bare
substrate regions, making patterned and backfilled monolayers by two types of SAMs
may be a suitable way. The here developed process may be used in the fabrication of

spintronic devices.
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6.4 Experimental
Materials

Polished substrates of R—(1102) ALOs; (1x10x10 mm) were purchased from
SurfaceNet GmbH, Germany. These substrates were cut into 5x5 mm” pieces with a
diamond saw and cleaned by ultrasonication in acetone and ethanol for 30 min each.
Tetradecylphosphoric acid (TDP) was supplied by A. Wagenaar and J. Engbersen
(RUG, Groningen). Aminobutylphosphonic  acid (ABP, purity 99%),
phosphonoundecanoic acid (PUD, purity 96%), poly(ethyleneimine) (PEI), Pt(acac),
and oleic acid were purchased from Sigma-Aldrich. Oleyl amine was purchased from
Fluka. Hexadecanediol and iron pentacarbonyl were purchased from ABCR.
Synthesis of FePt NPs

Monolayer-protected FePt NPs were synthesized via a modified method reported by
Sun et al.' A solution of 0.25 mmol Pt(acac), and 0.75 mmol 1,2-hexadecanediol in
20 mL octyl ether was heated to 80°C, and to this solution 0.5 mmol oleic acid, 0.5
mmol oleyl amine and 0.5 mmol Fe(CO)s were added via a syringe under a fume
hood. Caution: the decomposition of Fe(CO)s produces CO, which is potentially
lethal. The mixture was further heated to 150°C for 1 h. The black product was
precipitated using ethanol and the particles were redispersed in hexane. This
procedure was reported to yield a 1:1 Fe:Pt ratio in the NPs. '*°

Sample Preparation

Oxygen plasma cleaned Al,O3 substrates were immersed into 1 mM ABP solution in
100:1 v/v hexane:isopropanol, a 1 mM PUD solution in 50:50 v/v ethanol:H»O, or a
0.125 mM TDP solution in 100:1 v/v hexane:isopropanol for two days at room
temperature. Afterwards, the samples were rinsed with the corresponding pure
solvents or solvent mixtures, and dried under a flow of N,. In the case of PEI, clean
substrates were immersed in a 20 mg/ml PEI solution in chloroform for five min and
then dipped in ethanol several times to wash off excess PEL

Microcontact Printing

Silicon masters with micrometer-sized features were fabricated by photolithography.
PDMS stamps were prepared from commercially available Sylgard-184
poly(dimethylsiloxane) (Dow Corning). The curing agent and the prepolymer were
manually mixed 1:10 volume ratio and cured overnight at 60 °C against the master.
The cured stamp was peeled off from the master at the curing temperature. Before

printing, the stamps were rinsed with pure ethanol and dried under a flow of N,. The
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stamps were inked with a few drops of solutions of ABP in water. For ABP, an
oxidized stamp was used.”™® The stamps were dried with N, and brought into
conformal contact with alumina substrates for five min. After removing the stamp, the
sample was rinsed with ethanol to wash off excess ink followed by drying under
nitrogen.

Nanoparticle Assembly

Al,Os3 substrates covered with a self-assembled monolayer (SAM) of TDP, ABP,
PUD, a thin layer of PEI or with a printed ABP pattern were immersed into a FePt (1
mg/ml) solution for 15-120 min to assemble FePt NPs on the modified Al,O;

surfaces. As a control experiment, a bare alumina substrate was also immersed into
the FePt solution for 90 min. Subsequently, the samples were rinsed with pure hexane
to wash off physisorbed particles and imaged by AFM.

Thermal Annealing

To obtain the chemically ordered face-centered tetragonal (FCT) L1, phase, which
results in ferromagnetic behavior at room temperature, the FePt-covered substrates
were annealed in a reducing environment (96%N,/4%H,) for 1 h at 800 °C.
Measurements

Atomic force microscopy (AFM): The morphology of the nanoparticle-covered
surfaces was observed by a digital multimode Nanoscope III (Digital Instruments,
Santa Barbara, CA) scanning force microscope, equipped with a J-scanner. All
measurements were done at ambient in tapping mode or contact mode.

The approximate nanoparticle densities were calculated by counting particles at a
certain area. For instance, in the case of assembly on a PEI modified Al,O3 substrate
with 90 min immersion time, counting was done on the AFM image at three different
areas, the average densities were calculated, and a standard deviation of 5% was
found, which was assumed similar for the other samples.

Vibrating Sample Magnetometer (VSM): Magnetic studies were carried out using a
DMS Vibrating Sample Magnetometer (model VSM10) with fields up to 1500 kA/m
and a sensitivity of 10°® mAm?. Measurements were done on NP assemblies on ABP,
PUD and PEI-modified Al,O5 substrates.

X-Ray Diffractometry (XRD): The nanoparticle samples after annealing were analyzed
by powder XRD analysis using a Philips X'Pert diffractometer (CuK 4 = 1.5418 A).
X-Ray Photoelectron Spectroscopy (XPS): Elemental composition was analyzed by a

Physical Electronics Quantera Scanning X-ray Multiprobe instrument, equipped with
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a monochromatic Al Ka X-ray source operated at 1486.7 eV and 25 W. Spectra were
referenced to the main C1s peak at 284.80 eV.

Fourier Transform Infrared Spectroscopy (FTIR): Reflection-FTIR spectra of 1024
scans at 4 cm” were obtained using a BioRad FTS-60A spectrometer with a liquid
nitrogen-cooled cryogenic mercury cadmium telluride detector and RAS accessory
(BIO-RAD).

Contact Angle (CA): Measurements were done with a Kruss G10 goniometer
equipped with a CCD camera. Contact angles were determined automatically during
growth of the droplet by a drop shape analysis. Milli-Q water (18.4 MOhm.cm) was
used as a probe liquid.

High-Resolution Transmission Electron Microscopy (HRTEM): Particle sizes were
analyzed by TEM (Philips CM-30 Twin operating at 200 kV voltage). A drop of NP

solution in hexane was deposited on a carbon-coated copper grid.
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Chapter 7

Nano-patterned monolayer and multilayer structures of
FePtAu nanoparticles on aluminum oxide prepared by

nanoimprint lithography and nanomolding in capillaries

Abstract: Owing to the superior dielectric property of aluminum oxide, precise
patterning of self-assembled monolayers (SAMs) and nanoparticles (NPs) on
aluminum oxide substrates is highly interesting for generating SAM or NP-based
electronic devices. This study employed nanoimprint lithography (NIL) and
nanomolding in capillaries (NAMIC) for patterning magnetic NPs on aluminum oxide
substrates. We demonstrated the fabrication of structured arrays of various SAMs and
NPs in micrometer and nanometer ranges. The polymer template generated by NIL
behaved as a physical barrier and defined the pattern areas on the substrate. FePtAu
NPs were assembled on phosph(on)ate SAM-modified polymer patterned substrates.
After polymer removal, nano and micro scale, line and dot NP patterns, with
controlled layer thickness, were obtained on aluminum oxide substrates. Thick
nanolines of NPs were obtained by NAMIC. POs-terminated FePtAu NPs were
assembled on alumina without need of a linker. Applying an external magnetic field
during the assembly of ferromagnetic FePtAu NPs on aminobutylphosphonic acid
(ABP) modified SrTiO3 (STO) resulted in angle-dependent magnetic properties which
shows partial alignment of the NPs. The magnetic properties of the ferromagnetic NPs
were addressed by vibrating sample magnetometry (VSM) and those of the patterned
NPs by magnetic force microscopy (MFM).



Chapter 7

7.1 Introduction
The nano/micro particle-based magnetic tunnel junctions have attracted

special attention since an enhanced magnetoresistance was observed compared to thin
multilayer-based magnetic tunnel junctions.' The core component of such devices is a
multilayer of granular magnetic particles embedded in an insulating matrix such as
aluminum oxide."

Practically, nanoparticle assemblies with small size distributions and shape
variations may lead to ultra small magnetic devices.” However, energy and cost
efficient production of such magnetic nanoparticle-based devices is still an issue. The
chemically synthesized FePt magnetic nanoparticles offer a new possibility to address
this. Chemically prepared FePt nanoparticles have high chemical stability, strong

> The size of these

magnetic properties and very small size distributions.*
nanoparticles is from a few nanometers to tens of nanometers. To make magnetic
devices out of these nanoparticles, it is essential to have a well-controlled patterning
and assembly method® to position the magnetic nanoparticles on highly insulating
substrates such as aluminum oxide which is widely used as the dielectric material in
magnetic tunneling junctions (MTJs).

Photo-patterned SAMs on metal oxides have been used to grow inorganic
films, as etch resists or to attach nanoparticles.'”"" A contact printing method was
demonstrated to create Pt@Fe;O3; core-shell nanoparticle patterns on silicon
substrates.'? In this case the dimension, thickness and shape of the patterns are limited
by the constraints of the fabrication process. In Chapter 6, the directed assembly of
nanoparticles on pre-patterned alumina substrates was introduced where the assembly
of FePt NPs took place preferentially on the chemically active patterned regions.
However, also some nonspecific binding occurred on the bare substrate areas.

Given the above problems, high resolution and robust patterning of magnetic
nanoparticles with high contrast on bare and NP-patterned regions on aluminum oxide
substrates is important. In this study, we show the preparation of ferromagnetic
FePtAu NP patterns in the micrometer and nanometer scale on aluminum oxide by
combining SAM and NIL. An external magnetic field is applied during assembly to
attempt to magnetically align the FePtAu nanoparticles. POs-terminated FePtAu NPs

are assembled on alumina in order to avoid the need for a linker. Ferromagnetic
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properties of the NPs and NP patterns were addressed with a vibrating sample

magnetometre (VSM) and magnetic force microscopy (MFM), respectively.

7.2 Results and discussion
To prepare patterns of SAMs and FePt or FePtAu NPs on Al,O3 substrates, a

combined NIL and self-assembly method was used. NIL enables high resolution and
prevents non-specific assembly. The NPs were stabilized with the surfactants oleic
acid and oleyl amine (Figure 7.1). Oleyl amine binds to Pt through the amino group
and oleic acid binds to Fe through the carboxylic acid group.13 They can be replaced
by other acids or amines, or by surfactants with a higher affinity to either Fe or Pt."
Thus, adsorbates with amine or carboxylic acid terminations were chosen (Figure
7.1). By using FePtAu NPs instead of FePt, thermal annealing after assembling the
NPs on the surface is not necessary to obtain ferromagnetic properties at room
temperature,” preventing possible aggregation which has been reported as a common

problem due to thermal annealing.” ™
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Figure 7.1 (a) FePtAu NPs stabilized with oleic acid and oleyl amine. (b) The organic

molecules used to attach NPs. (c) Patterns of NPs are formed by attachment through
ligand exchange onto amino (aminobutylphosphonic acid, ABP), carboxylic acid
(phosphonoundecanoic acid, PUD), and thiol (mercaptoundecylphosphonic acid,

MUP) functionalized monolayer-modified substrates.

87



Chapter 7

7.2.1 FePtAu nanoparticles
NPs were prepared by reduction of Pt(acac), and Au(acac), decomposition of

iron pentacarbonyl in the presence of oleyl amine and oleic acid surfactants and
solution annealing, followed by precipitation of the NPs by using ethanol and
redispersion in hexane. A drop of a solution of the NPs in hexane was deposited on a
carbon-coated copper grid for TEM-EDX analysis. EDX analysis showed an
elemental composition of Fes;Pt;;Aui,. The particle size was determined by TEM to
be ~4 nm (Figure 7.2b). From Scherrer analysis from an XRD measurement made on
a thick layer of FePtAu, a diameter of 3.56 nm was calculated, close to the TEM value
(Figure 7.2a) (NPs prepared by casting a 20 mg/ml FePtAu solution on a glass
substrate followed by evaporation of the solvent without rinsing). FePtAu NP
assembly on an MUP-modified Al,O3 substrate resulted in a monolayer coverage of
NPs with a density of (1.44+0.1)x10' NPs/cm® (AFM not shown). FePtAu NPs
assembled on MUP-modified Al,O3 were ferromagnetic, as studied by VSM, at room

temperature without annealing (75 Oe).

2 3 4 5 6 7
Particle Size (nm)

110 nm & i
Figure 7.2 (a) TEM image of FePtAu NPs. (b) Histogram of FePtAu NPs stabilized

with oleyl amine and oleic acid.

7.2.2 PO3-terminated FePtAu nanoparticles (PO3-NPs)
The PO3-NPs were prepared from methyl-terminated FePtAu NPs (Figure

7.1a) through ligand exchange with MUP (Figure 7.1b) using a modification of the
procedure reported by Bagaria er al.'® The particles were dispersed in ethanol:Et;N
(10:1). The particle size is assumed to be the same as the FePtAu NPs (~ 4 nm).

FePt nanoparticles with ~ 4 nm diameter and 10 kOe coercivity after

annealing, were prepared by a similar method as described in chapter 6.
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7.2.3 SAM formation
The preparation and characterization of TDP, ABP, MUP and PUD

monolayer-modified Al,Os substrate were discussed in Chapter 3, and were performed

. . 11, 17-21
according to literature procedures.

7.2.4 Assembly of FePtAu NPs under magnetic field
An ABP-modified SrTiOs; substrate was immersed in a dilute FePtAu NP

solution 30 h at 4 °C in a magnetic field of 7000 Oe in order to align the NPs during
assembly on the substrate surface. The NPs were ferromagnetic (75 Oe coercivity)
before assembly. The magnetic field was applied in a direction parallel to the surface
of the substrate. ABP functionalization of the substrate surface is preferred since it
provides lower binding kinetics for NPs compared to PUD or MUP. This is expected
to favor the magnetic alignment of the NPs since there is more time for the NPs to
rotate in the solution before they are fixed to the surface by ABP. Afterwards the
sample was rinsed with hexane to remove physisorbed particles. Angle-dependent
VSM was performed to investigate the effect of the external magnetic field during
assembly on the alignment of the NPs. Figure 7.3a shows two important magnetic
properties, coercivity H. and remanence M,," as a function of the angle of the
magnetic field during the VSM measurement, applied in the plane of the sample. The
observed angle dependence of H. and M, means that at least some particles are aligned
along their easy axis, most likely due to the effect of the external magnetic field
applied during assembly. 2

As a control experiment, the magnetic properties of a similar sample with
particles assembled without any external magnetic field were determined. As seen in
Figure 7.3b, the magnetic properties show no dependence on measurement angle,
which indicates the particles are randomly oriented on the surface. This is expected
when there is no external driving force to align the NPs.

12*2* that describes the

The H. vs field angle data were fitted with a mode
coercive field strength by domain wall pinning, taking into account magnetization
rotation in the magnetic domains, which is influenced by the anisotropy strength K.
The H. curve observed is typical for this behavior: H. increases when the angle of the
applied field with the easy axis increases, and drops towards zero for an angle close to

the hard axis orientation. This behavior is opposite to that of a system where
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magnetization reversal is governed by coherent rotation, in which H. decreases to zero

with increasing field angle.
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Figure 7.3 The angular dependence of coercivity and remanence for partially
ferromagnetic FePtAu NPs assembled on ABP-modified SrTiO; in the presence (a) or
absence (b) of a 7000 Oe external magnetic field. In the model for M; and H. one
uniaxial easy axis is assumed and in the average model, easy axis is assumed to

spread over a range (-12 to 12 degrees).

Here, each NP is assumed as a single spherical domain. It is possible that some
of the NPs are fixed to the substrate before they are fully aligned. Therefore, the
uniaxial direction is assumed to be spread over a range of approximately -12 to 12
degrees. The averaging over easy axis directions rounds the sharp minimum of the
models for M; and H_ fits, but the order of magnitude of the obtained K, value does
not change much by the averaging. Assuming that a fraction of the NPs are
ferromagnetic with literature saturation magnetization values® (M=1.14 MA/m) the

anisotropy energy is found as Ku=7.35 MJ/m’ which is nearly equal to the bulk value
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reported in literature.”* For M,, the trend of the model is similar to the experimental
results. Furthermore, we found that also M; is angle dependent. We do not have an
explanation for this observation.

We did not determine quantitatively the time scale on which the particles align
and whether the alignment happens already in the solution or when they are on the
surface. However, since similar experiments with a PUD-modified substrate, which
would cause stronger binding, did not show any indication of alignment after 30 min

assembly, it is likely that alignment is happening at the surface.

7.2.5 Assembly of POs-terminated FePtAu NPs
MUP-stabilized POs;-NPs (Figure 7.4a) allows direct assembly of NPs onto an

AlL,O3 surface without the need for a linker. Figure 7.4 shows the morphology of the
alumina sample after immersion in the PO3-NP solution for 180 min. The NP density
is (4.240.2)x10" NPs/cm?. This is 5 times higher than the NP density for FePt on bare
ALLOs3 after 90 min immersion (Chapter 6) which shows that the POs;-NPs are
probably attached to the surface through the PO3; groups and that the high density is
not due to non-specific adsorption. This kind of particles may be assembled on pre-

patterned surfaces protected by methyl terminated regions to create NP patterns.
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Figure 7.4 (a) MUP-stabilized POs-terminated FePtAu NPs (PO;-NP) (b) AFM
image and section analysis of the PO3-NPs assembled on a bare Al,O3 substrate after

180 min immersion.
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7.2.6 SAM patterns prepared by NIL
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Figure 7.5 Contact-mode height (a) and friction (b)AFM images of 5 um lines of

Height (nm)

tetradecylphosphate (TDP) on Al,O3; with 8 um period; (c) friction AFM image after
subsequent evaporation of an amino alkyl silane. In the friction images, brighter areas

indicate higher friction.

Tetradecylphosphate (TDP) SAM lines were prepared as described in Figure
7.1. The residual layer was removed by oxygen plasma which enabled anisotropic
etching and positive transfer of the mold features onto the substrate. A uniform TDP
pattern was formed with homogeneous thickness, corresponding to one SAM layer
(Figure 7.5a). Nanopatterns of TDP SAMs were also prepared with a similar method
but it was not possible to get a clear image probably due to the quite small size of the
patterns. Alumina appears bright in the friction image (Figure 7.5) because of a higher
friction force relative to the TDP area. The TDP pattern was back-filled with N-[3-
(trimethoxysilyl)propyl)ethylene]-diamine from gas phase to chemically pattern the
substrate with two different kinds of SAMs. The friction force of the more hydrophilic
NH,-terminated area is higher compared to the CHs-terminated TDP region (Figure

7.5¢).
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7.2.7 Nanoparticle pattern preparation by NIL and SAMs
Figure 7.6 shows the morphologies of the FePtAu patterns on Al,O3 substrates

prepared by NIL and self-assembly as described in Figure 7.1. PMMA was spin-
coated on Al,Os substrates with 460 nm and 120 nm thickness for micron and
nanosize patterning, respectively. NIL was performed at a pressure of 40 bar at 180
°C. The residual layer was removed by oxygen plasma etching (RIE). The particles
assembled on NH,, SH and COOH terminated SAM patterns. Figure 7.6 a,b shows
that lines of FePtAu below 200 nm width formed by using a nano-mold and PUD as
the linker. The heights of the FePtAu NP patterns were around 6 nm which shows a
monolayer coverage. For the micron patterns, a similar height of FePtAu NP features
was observed (not shown). An important advantage of nanoimprint lithography is the
good edge definiton. When compared to NP patterns prepared by using microcontact
printing (Chapter 6), NIL patterns have well defined edges, and better contrast
between patterned and bare regions. The FePtAu NP densities were similar for MUP
and PUD-patterned surfaces, (1.6+0.1)x10"" and (1.520.1)x10"° NPs/cm?,
respectively. Since a similar coverage was reached with immersion time of 10 min for
-SH and -COOH-modified surfaces, the relative rates of binding of NPs on modified
surfaces are similar for MUP and PUD (Chapter 6).
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Figure 7.6 Tapping-mode (TM) AFM height images of nanoparticles adsorbed on

SAM-modified Al,O3 substrates. FePtAu nanoparticles, (a, b) 130 nm wide PUD

Onm

lines, 10 min immersion, (¢) 3 um PUD lines, 10 min immersion, (d) 10 um MUP

dots, 10 min immersion.

The shape of the patterns are defined by the shape of the mold. As seen in
Figure 7.6d, dot patterns can also be prepared as well as lines. The lateral dimensions
of the patterns were in good agreement with the feature size of the molds. The process
is not limited to FePt NPs, any particle or molecule which has affinity to the end

group of the SAM layer can bind to the surface to form a pattern.
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7.2.8 Electroless deposition of Ag
As an application to use the patterned FePtAu NPs, Ag was grown by

electroless deposition on NP patterns prepared by NIL and linked to Al,O3 by MUP.
AgNO; and NaBH, solutions were used to deposit Ag ions and form SAg nucleation
sites there to initiate Ag electroless deposition (Figure 7.7a). In another experiment,
Ag was grown directly, relying on possible surfactant free sites on FePtAu NP
surfaces which would initiate the Ag electroless deposition (Figure 7.7b). In both

cases, a Ag layer of 30-60 nm was formed within 20 min.
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Figure 7.7 Tapping-mode (TM) height AFM images of Ag lines prepared by
electroless deposition on MUP-FePtAu patterns on alumina, by (a) forming SAg

nucleation sites, (b) direct growth without activation.

7.2.9 Multilayers of FePt NPs prepared by NIL
The magnetic properties of patterned FePt NPs were studied with MFM,

which is known to be a powerful technique for studying patterned magnetic
structures.'” It can effectively separate the magnetic from the topographical
information of the sample. Due to the magnetic interaction between the magnetic
dipoles of the sample and the tip, a phase contrast is observed which gives
information on the magnetic state independent of the topography.12 The phase contrast

can be either positive or negative which corresponds to attractive or repulsive forces
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between the tip and the sample. Thick FePt NP patterns were prepared by using a
concentrated solution of NPs. A drop of a 20 mg/ml solution of FePt NPs in hexane
was deposited on a PMMA-PUD patterned alumina sample. The NPs precipitated on
the surface upon evaporation of hexane and formed a multilayer due to the high
concentration. Then the sample was gently immersed in acetone to remove PMMA
without damaging the NP layer. The sample was further annealed to transfer the
nanoparticle into its ferromagnetic L1 phase.25 Instead of a monolayer, a thick layer
was used to have a strong enough magnetic signal for MFM measurement. Figure 7.8
shows the AFM and corresponding MFM image of the FePt lines after annealing,
which were recorded simultaneously. The height of the patterns was about 35 nm
which corresponds to 8-9 layers of NPs and the width was around 5 pm (Figure 7.8a).
The magnetic contrast in the MFM phase image is clearly visible, but is not identical
to the height image (Figure 7.8). This is due to the random momentum directions of
the NPs giving a non-homogeneous magnetic contrast. In other words, some NPs
attract the magnetic tip while others repel the magnetic tip. At some regions the

magnetic contrast is weaker than at other places which may be due to the small

perpendicular to the magnetization of the tip.
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Figure 7.8 AFM height (a) and MFM phase (b) images of FePt NP multilayer

patterns after annealing under reducing environment (96%Ar/4%H,) for 2 h at 800°C.

7.2.10 Multilayers of PO3-terminated FePtAu NP patterns prepared by NAMIC
PO;-NPs were used to create NP patterns on PUD-modified alumina, by

nanomolding in capillaries (NAMIC), as illustrated in Figure 7.9a. The main reason to
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use PO3-NPs dispersed in ethanol+Et;N is to prevent swelling of PDMS. Hexane was
not used as a solvent, because it would destroy uniform contact and cause pattern
deformation upon swelling. As seen in Figure 7.9b,c continuous nanolines of FePtAu
NPs were prepared without obvious defects over a large area. The shape of the pattern
is in good agreement with the stamp used. The width of the NP patterns are close to
the width of the nano-channels (Figure 7.9¢). Multilayers were achieved probably due
to irreversible aggregation during drying. The height of the NP patterns was around
70 nm which corresponds to 15-20 layers of NPs. This value is lower than the nano-
channel height (100 nm). This may be due to shrinkage after drying, to a low
concentration of particles in the NP dispersion, or to the use of oxygen plasma on the
mold before NAMIC. NAMIC enables to prepare densely packed NP multilayers, the
height can be controlled by the height of the channels.
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Figure 7.9. (a) The NAMIC process. FePt Au patterns prepared by NAMIC on a
PUD-modified alumina substrate, (b) optical image, (c,e) AFM height image with
section analysis, (d) 3D AFM topography image.
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7.3 Conclusions
We have shown that NIL and self-assembly combined with phosph(on)ate

based PUD and MUP SAMs having different end-groups can be an effective tool to
fabricate line and dot patterns of FePtAu NP patterns with high contrast between
patterned and non-patterned regions with a high resolution below 150 nm as well as in
micron range. Multilayer NP nano-patterns can be prepared by NAMIC. Metal
structures can be created on top of these by electroless deposition. MFM shows the
magnetic property of the ferromagnetic FePt NP patterns. Applying an external
magnetic field during assembly of ferromagnetic FePtAu NPs results in partial
magnetic alignment of the NPs. The here developed process may be used in the

micro-electronic industry and in fabrication of spintronic devices.

7.4 Experimental
Materials

Polished substrates of R-(1-102) AlLOs; (1x10x10 mm) and (100) SrTiO3 were
purchased from SurfaceNet GmbH, Germany. These substrates were cleaned by
ultrasonication in acetone and ethanol for 30 min each. Tetradecylphosphoric acid
(TDP) was supplied by A. Wagenaar and J. Engbersen (RUG, Groningen).
Phosphonoundecanoic acid (PUD, purity 96%), PMMA (weight-average molecular
weight, My, 350kD), N-[3-(trimethoxysilyl)propyl)ethylene]-diamine, Pt(acac),, oleic
acid and silver enhancer solutions a and b were purchased from Sigma-Aldrich. Oleyl
amine was purchased from Fluka. Hexadecanediol and iron pentacarbonyl were
purchased from ABCR. Mercaptoundecyl phosphonic acid (MUP) was synthesized

according to a literature method.*

Synthesis of FePtAu NPs

The NPs were prepared using a modification of the reported procedure by Jia et. al.”’
The synthesis were performed by heating the precursors’ solution at 350° for 3 h. At
first, a solution of platinum acetylacetonate (0.5 mmol), gold acetate (0.35 mmol), and
1,2-hexadecanediol (1.5 mmol) in 20 mL octyl ether and 20 mL hexadecylamine was
heated up to 100° C in a three-necked, round-bottom flask under a nitrogen
atmosphere. To this solution was added, via syringe, oleic acid (0.5 mmol),

oleylamine (0.5 mmol), and iron pentacarbonyl (1 mmol). The mixture was heated to

reflux and allowed to reflux for 3 h resulting in a black dispersion. Then the heat
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source was removed and the dispersion was allowed to cool to the room temperature.
The inert gas protected solution could then be opened to ambient environment.
Adding 40 mL of ethanol led to precipitation of the black product. The mixture was
centrifuged to isolate the particles from the brown supernatant. The particles were
redispersed in hexane, precipitated with ethanol, and isolated by centrifuging. The
particles were dried at room temperature in a vacuum oven to give 100-200 mg of
particles. The dispersion and precipitation removed impurities. During synthesis, the
relative amounts of platinum acetylacetonate and iron pentacarbonyl and gold acetate

were fixed in order to produce NPs with similar compositions (FePt)gsAu;s.

Synthesis of PO3; terminated FePtAu NPs

The NPs were prepared using a modification of the procedure reported by Bagaria et.
al.'® Cyclohexanone was chosen as the solvent for the ligand exchange because it
dissolves FePt NPs and mercaptoundecylphosphonic acid (MUP). A solution of MUP
was prepared by mixing 2.7 mg MUP with 5 ml cyclohexanone. 50 mg of FePtAu
nanoparticles dispersed in 0.5 ml hexane was added to this solution. The mixture
stired overnight, then centrifuged and the supernatant was discarded. Cyclohexanone
(10 ml) was added to the precipitate to remove FePtAu with oleic acid and oleylamine
ligands and any excess MUP. The solution was centrifuged and the supernatant was
discarded. As a final cleaning, the precipitate was mixed with 10 ml acetone. The
solution was again centrifuged and the supernatant was discarded. The particles were

then dispersed in 3ml of ethanol:EtsN (10:1).

Nanoparticle assembly in a magnetic field

ABP modified SrTiO; subtrate was immersed in a dilute FePtAu solution overnight at
4 °C under 7000 Oe magnetic field and rinsed with hexane afterwards. A similar
control sample was used for assembly of NPs without external magnetic field. The
samples were further analysed by VSM to see the effect of alignment in the magnetic
field.

Nanoimprint lithography (NIL)

The molds were fabricated by photolithography followed by reactive-ion etching
(RIE, Elektrotech Twin system PF 340) or by EBL followed by titanium evaporation
and lift-off. They consisted of 5 pum wide lines at 15 pm period, 3 um lines with 8§ pym
period with a height of 570 nm or 100 nm lines with around 4 pm period with a height
of 125 nm.
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1H, 1H, 2H, 2H-perfluorodecyltrichlorosilane was used as an anti-adherent layer to
facilitate the stamp-imprint separation. Al,Os substrates were cleaned by oxygen-
plasma for 7 minutes and covered with a 460 nm thick layer of PMMA by spin-
coating in case of micron size patterning. Stamp and substrate were put in contact and
pressure of 40 bar was appliedat 180 °C using a hydraulic press (Specac). The residual
layer was removed by dipping the samples in acetone for 25 sec or by oxygen-plasma
for 90 s using a RIE system. For nano patterns 120 nm thick PMMA and 18 s RIE
was done. In the last step of NP pattern fabrication, the polymer layer was removed
by 5 minutes acetone followed by 5 minutes chloroform immersion. For TDP SAM
patterns, polymer layer was removed by 3 hours ultrasonication in acetone. The
imprint cycle was 30 min.
Monolayer patterning using NIL
PMMA paterned Al,O3 substrates were immersed into 0.125 mM TDP solution in
100:1 v/v hexane:isopropanol, a 1 mM PUD solution in 50:50 v/v ethanol:H,O or a
0.5mM mM MUP solution in ethanol for 2 days at room temperature. Afterwards, the
samples were rinsed with the corresponding pure solvents or solvent mixtures, and
dried under a flow of No.
Nanoparticle assembly
AlL,O3 substrates covered with PMMA and self-assembled monolayer (SAM) patterns
of PUD or MUP were immersed into a FePtAu (0.250 mg/ml) NP solution for 10-95
min to assemble NPs on the modified Al,O; surfaces. For VSM measurement, fully
MUP-covered Al,O3 substrate was immersed into a FePtAu (0.250 mg/ml) solution
for 10 min. Subsequently the samples were rinsed with pure hexane to wash off
physisorbed particles. After PMMA removal, samples were imaged by AFM.
Electroless deposition of Ag
The sample having FePtAu NP patterns attached to Al,O; by MUP were immersed
into a mixture of silver enhancer solutions for 20 minutes. Afterwards, the samples
were rinsed with H,O and ethanol, and dried under a flow of N,. For the activation of
SH end groups, a similar sample was immersed in AgNO3; and NaBH, solutions for 1
min prior to Ag electroless deposition.
Nanomolding in capillaries (NAMIC)
Before NAMIC, the PDMS nanomold was shortly treated with oxygen plasma to to
promote adhesion upon contacting the substrate.”® 100 nm line features with 100 nm

height was brought into conformal contact with PUD-functionalized alumina
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substrates. A drop of POs-terminated FePtAu NPs functionalized with MUP and
dispersed in ethanol:Et;N was put at one part of the PDMS for filling in the channels
through capillary force. Here, FePtAu dispersed in hexane was not used since hexane
causes swelling of PDMS which would cause non-uniform contact between the stamp
and the substrate.

The sample was left for solvent evaporation and NP precipitation in the nano-
channels. After 10 hr the PDMS was removed, the residual polymeric material was
rinsed with xylene followed by oxygen plasma and the substrate with line patterns of
FePtAu was imaged by AFM and optical microscopy.

Measurements

Atomic force microscopy (AFM): The morphology of the nanoparticle-covered
surfaces was observed by a digital multimode Nanoscope III (Digital Instruments,
Santa Barbara, CA) scanning force microscope, equipped with a J-scanner. All
measurements were done at ambient in tapping mode, contact mode. The magnetic
force microscopy (MFM) was done by a Dimension 3100 (Digital Instruments, Santa
Barbara, CA). The MFM tips are provided by SmartTip (type SC-20-M)

Vibrating Sample Magnetometer (VSM): Magnetic studies were carried out using a
DMS Vibrating Sample Magnetometer (model VSM10) with fields up to 1500 kA/m
and a sensitivity of 10° mAm?”. Measurements were done on NP assembly on MUP-
modified Al,O3 substrate.

X-Ray Diffractometry (XRD): The nanoparticle samples after annealing were analyzed
by powder X-ray diffraction (XRD) analysis using a Philips X'Pert diffractometer
(CuKy/ = 1.5418 A).

High-Resolution Transmission Electron Microscopy (HRTEM-EDX): Particle sizes
were analyzed by TEM (Philips CM-30 Twin operating at 200 kV voltage). A drop of

hexane solution of the NPs was deposited on a carbon-coated copper grid.
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Summary

This thesis describes the use of phosph(on)ate-based self-assembled
monolayers (SAMs) to modify and pattern metal oxides. Metal oxides have
interesting electronic and magnetic properties such as insulating, semiconducting,
metallic, ferromagnetic etc. and SAMs can tailor the surface properties. FePt
nanoparticles (NPs) are promising candidates for magnetic data storage applications
due to their superior properties. In this thesis, the use of SAMs on conducting metal
oxides for electrical applications and at the adsorption of magnetic NPs for data
storage applications have been studied. By combining patterning techniques and self-
assembly, functional inorganic-organic composite structures have been created.

Chapter 1 provides a general introduction to this thesis.

In Chapter 2, a literature overview of SAMs on metal oxides is given. SAM
types were compared in terms of SAM formation (bond mechanism, interaction
between the head-group and substrate surface, growth mechanism), quality (coverage,
packing, order), structure (configuration) and stability. Techniques to pattern metal
oxides with SAMs and several examples where SAMs were used in biomaterial or
electronic applications, or as protective layers were covered. Phosp(on)ate-based
molecules were found to form more densely packed, more ordered and more stable
SAMs on metal oxides when compared to alkanoic acid-based molecules. At the same
time, opportunies for further research have been identified.

In Chapter 3, the assembly of phosph(on)ate-based SAMs with CHs, NH,, SH,
COOH end groups on single crystalline-aluminum oxide (Al,O3) substrates is
described. SAMs were bound to the substrate through the phosph(on)ate headgroups,
had a homogeneous and high coverage, a tails-up orientation and a certain degree of
order. This was shown by contact angle (CA), atomic force microscopy (AFM), X-ray
photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy
(FTIR). The thickness of a TDP layer was smaller than the length of an extended TDP
molecule. This indicated a tilt in the SAM layer. There was no indication of in-plane
registry between the surface atoms of the substrate and the phosph(on)ate headgroup.
To create chemically different regions, SAM patterns were prepared on Al,O3 by

microcontact printing.
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In Chapter 4, the electrochemical properties of SAMs on conducting metal
oxide Nb-STO are addressed. Unlike thiols on gold, the alkylphosphate SAMs on Nb-
STO showed electrochemical stability over a wide voltage range of -2 to +2V as
shown by cyclic voltammetry (CV). SAMs formed an insulating layer and inhibited
the electrochemical activity of Nb-STO with an efficiency increasing with chain
length. SAM-modified Nb-STO substrates had a higher resistance than bare substrates
as shown by electrochemical impedance spectroscopy (EIS). Phosph(on)ate based-
SAMs proved to be effective to electrically isolate the metal oxide surface and
provided a stable system for electrochemical studies. This opens new possibilities to
study electrochemical properties of semiconductors.

Chapter 5 describes the low kinetic energy deposition of Pt top contacts on
alkylphosphate SAMs by pulsed laser deposition (PLD) and electrical characterization
of these SAMs on a conducting Nb-STO metal oxide susbtrate. Electrochemical Cu
deposition showed that almost 100 % of the top contacts were insulated from the
substrate by the SAM which shows the dense packing and robustness of the SAM. As
a control experiment top contacts were prepared on a bare substrate without a SAM
layer and Cu growth was seen on all of the Pt contacts. I-V measurements showed that
SAM modification caused a dramatic decrease in the leakage current when compared
to bare Nb-STO, which proved the efficiency of SAMs as dielectric organic thin
films. The ability to prepare top electrodes with very high yield without crashing into
the SAM layer opens new possibilities for the use of phosph(on)ate-based dielectric
organic thin films on metal oxides for electronic device fabrication.

Chapter 6 describes the controlled assembly of FePt NPs on phosph(on)ate-
based SAM-modified Al,Os; substrates. The NP coverage on Al,O3 substrates
modified with organic monolayers could be controlled by varying the immersion time
into a FePt NPs solution. NPs probably assembled on NH, or COOH-terminated
SAM-covered surfaces by ligand exchange since no assembly was observed when a
CHj;-terminated SAM was used. This provided the possibility to control the adhesion
of NPs on surfaces by changing the surface chemistry. The morphology and coverage
of the NP assemblies were observed by AFM and their ferromagnetic properties were
studied before and after thermal annealing by a vibrating sample magnetometer
(VSM). Alumina substrates were patterned by microcontact printing using NH,-
terminated molecules as the ink, allowing local NP assembly. Thermal annealing

under reducing conditions (96%N»/4%H,) led to a phase change of the FePt NPs from
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the disordered FCC phase to the ordered FCT phase. This resulted in ferromagnetic
behavior at room temperature.

Chapter 7 presents the preparation of high-resolution FePtAu NP patterns on
an AlOs surface prepared by nanoimprint lithography (NIL) and nanomolding in
capillaries (NAMIC). The polymer template generated by NIL behaved as a physical
barrier and defined the patterned areas on the Al,Os substrate. FePtAu nanoparticles
(NPs) were assembled on phosph(on)ate SAM-modified polymer patterned substrates.
After polymer removal, nano- and micro-scale, line and dot NP patterns were
obtained on aluminum oxide substrates. Thick nanolines of NPs were obtained by
NAMIC. FePtAu NPs are ferromagnetic as synthesized and therefore do not need to
be annealed. Applying an external magnetic field during the assembly of FePtAu NPs
on SAM-modified SrTiO; (STO) resulted in angle-dependent magnetic properties
which showed partial alignment of the NPs. The magnetic properties of the
ferromagnetic NPs were addressed by VSM and those of the patterned NPs by
magnetic force microscopy (MFM). The results showed that NIL combined with
surface chemistry is a powerful method to create well-defined high resolution NP
patterns over large areas. The process described in Chapters 6 and 7 can potentially be
used in the fabrication of spintronic devices.

The results described in this thesis show the versatility and efficiency of the
use of phosph(on)ate-based SAMs to modify metal oxide surfaces. The use of SAMs
on conducting metal metal oxides opens new possibilities for electrochemical studies.
Metal top contact fabrication without causing shorts between the SAM and the
substrate, combined with the insulating efficiency of the SAM, is promising for
electrical device fabrication as well as for fundamental studies to understand the
electrical properties of organic monolayers. Combining patterning techniques with
chemical modification achieved by SAMs for controlled assembly and patterning
magnetic nanoparticles on metal oxides can be used to prepare spintronic devices. By
selecting the metal oxide properly, magnetic tunnel junctions can be fabricated. In
principle, the surface modification and fabrication approach described throughout this
thesis is applicable to a wide variety of metal oxides and NPs. This brings new

possibilities for fabrication of functional hybrid organic-inorganic structures.
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Samenvatting

Dit proefschrift beschrijft het gebruik van fosfaat-gebaseerde zelf-
georganiseerde monolagen (SAMs) om metaal oxiden te veranderen en te vormen.
Metaal oxiden hebben interessante elektronische en magnetische eigenschappen zoals
isoleren, half-geleiding, metallisch, ferro-magnetisch, etc. Hun oppervlakte
eigenschappen kunnen door SAMs bepaald worden. FePt nanodeeltjes zijn
veelbelovende kandidaten voor toepassingen in magnetische gegevens opslag
vanwege hun superieure eigenschappen. In dit proefschrift zijn bestudeerd het
toepassen van SAMs op geleidende metaal oxiden voor elektrische toepassingen, en
de absorptie van magnetische nanodeeltjes op de SAMs voor toepassingen zoals
gegevens opslag. Door het combineren van patroon-vormende en zelf-organiserende
technieken, zijn functionele anorganisch-organisch samengestelde structuren
gecreéerd.

Hoofdstuk 1 verschaft een algemene inleiding tot dit proefschrift.

In Hoofdstuk 2 wordt een overzicht gegeven van het effect van SAMs op
metaal oxiden. SAM types werden vergeleken in aspecten zoals SAM vorming
(hechtingmechanismen, interactie tussen hoofd-groep en substraat oppervlak, groei
mechanismen), kwaliteit (bedekking, stapeling, ordening), structuur (configuratie) en
stabiliteit. Technieken om metaal oxiden te ordenen met behulp van SAMs, en diverse
voorbeelden waarin SAMs werden gebruikt in biomateriaal of elektronische
toepassingen, of als beschermende lagen werden behandeld. Fosfaat gebaseerde
moleculen bleken SAMs met grotere dichtheid, meer ordening en meer stabiliteit te
vormen op metaal oxiden indien ze vergeleken werden met alkanoische  zuur-
gebaseerde moleculen. Tevens werden mogelijkheden voor verder onderzoek
geidentificeerd.

In Hoofdstuk 3 is het samenstellen van fosfaat-gebaseerde SAMs met CHj,
NH,, SH, COOH eindgroepen op substraten van enkel-kristallijn aluminiumoxide
(Al,0O3) beschreven. SAMs werden door de fosfaat hoofdgroepen aan het substraat
gebonden, hadden een homogene en hoge graad van bedekking, een gelijkgerichte
oriéntatie en een zekere mate van ordening. Dit werd aangetoond door contact hoek
(CA), atoomkracht microscopie (AFM) en X-ray foto-elektrische spectroscopie
(FTIR). De dikte van een TDP laag was kleiner dan de lengte van een verlengd TDP
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molecuul. Dit gaf een schuinte of helling in de SAM laag aan. Er was geen
aanwijzing voor een overeenkomst in de in-vlak structuur van het substraat en de
fosfaat hoofdgroepen van de SAM laag. Om chemisch verschillende regio's te
creéren, werden SAM patronen gemaakt op Al,Os door middel van microcontact
drukken.

Hoofdstuk 4 houdt zich bezig met de elektrochemische eigenschappen van
SAMs op het metaal oxide Nb-STO. In tegenstelling met thiolen op goud, lieten de
alkielfosfaat SAMs op Nb-STO elektro-chemische stabiliteit zien over een wijde
spannings schaal van -2 tot +2V, zoals aangetoond met cyclische voltametrie (CV).
SAMs vormden een isolerende laag en beperkten de elektro-chemische activiteiten
van Nb-STO met een per keten lengte toenemende efficiéntie. SAM-gemodificeerde
Nb-STO substraten hadden een hogere weerstand dan lege substraten, zoals
aangetoond door elektro-chemische impedantie spectroscopie (EIS). SAMs bewezen
effectief het metaal oxide oppervlak elektrisch te isoleren en leverden een stabiel
systeem voor elektro-chemische studies. Dit voorziet in nieuwe mogelijkheden om
elektro-chemische eigenschappen van halfgeleiders te bestuderen.

Hoofdstuk 5 beschrijft de laag-kinetische energie depositie van Pt top
contacten op alkylfosfaat SAMs door middel van gepulseerde laser depositie (PLD)
en de elektrische karakterisering van deze SAMs op een geleidend Nb-STO substraat.
Elektro-chemische Cu depositie toonde aan dat bijna 100 % van de top contacten
werden geisoleerd van het substraat door de SAMs, hetgeen de dichte stapeling en de
robuustheid van de SAMs aantoonde. Als controle experiment, werden top contacten
gemaakt op een leeg substraat zonder een SAM, en Cu groei werd waargenomen op
alle Pt contacten. I-V metingen toonden aan dat veranderingen in SAMs een
dramatische afname in de lekstromen veroorzaakten, indien vergeleken met naakt Nb-
STO, hetgeen de efficiéntie van SAMs als di-elektrische organische dunne films
bewees. Het vermogen om top elektroden met zeer hoge opbrengst te prepareren die
de SAM niet beschadigen opent nieuwe mogelijkheden voor het gebruik van fosfaat
gebaseerde di-elektrische organische dunne films op metaal oxiden voor het
fabriceren van elektronische entiteiten.

Hoofdstuk 6 beschrijft het gecontroleerd ordenen van FePt nanodeeltjes op
door SAMs gemodificeerde Al;O3; substraten. De dekking door middel van
nanodeeltjes op Al,Os substraten, gemodificeerd met organische mono-lagen, kon

gecontroleerd worden door de onderdompelingstijd in een FePt nanodeeltjes oplossing
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te variéren. Nanodeeltjes verzamelden zich op NH, of COOH-eindigende door SAM
bedekte oppervlakken door ligand  uitwisseling aangezien geen verzameling
geobserveerd werd wanneer een CH3-eindigende SAM werd gebruikt. Dit verschafte
de mogelijkheid om de aanhechting van nanodeeltjes op oppervlakken te controleren
door de oppervlak chemie te variéren. De morfologie en bedekking door de
nanodeeltjes verzamelingen werden geobserveerd door AFM, en hun
ferromagnetische eigenschappen werden bestudeerd voor en na thermisch uitgloeien
door een vibrerende monster magnetometer (VSM). Alumina substraten werden
geordend door microcontact drukken, waarbij NH2-be€¢indigde moleculen als inkt
gebruikt werden, wat lokale nanodeeltjes ordening mogelijk maakte. Thermische
uitgloeing onder reducerende omstandigheden (96%N,/4%H,) leidde tot een fase
verandering van de FePt nanodeeltjes, van de ongeordende FCC fase naar de
geordende FCT fase. Dit resulteerde in ferromagnetisch gedrag bij kamertemperatuur.

Hoofdstuk 7 beschrijft de preparatie van hoge-resolutie FePtAu-nanodeeltjes
patronen op een Al,O3 oppervlak voorbereid door nanoafdruk lithografie (NIL) en
nano vorming in capillairen (NAMIC). De polymeer ondergrond voorgebracht door
NIL gedroeg zich als een fysieke barriere en bepaalde de gebieden met geordende
patronen op het Al,O3; substraat. FePtAu-nanodeeltjes werden samengesteld op
polymeer geordende substraten, gemodificeerd door fosfaat SAMs. Na verwijdering
van het polymeer, op nano- en micro-schaal, werden lijn en punt patronen verkregen
op aluminiumoxide substraten. Dikke nanolijnen werden door NAMIC verkregen.
Wanneer gesynthetiseerd, zijn FePtAu nanodeeltjes ferromagnetisch en hoeven
daarom niet nagegloeid te worden. Wanneer tijdens de samenstelling van FePtAu
nanodeeltjes op SAM-gemodificeerde SrTiO; (STO) een extern magnetisch veld
gebruikt werd resulteerde dit in hoek-afhankelijke magnetische eigenschappen die een
gedeeltelijke gerichtheid van de nanodeeltjes toonde. VSM richtte zich op de
ferromagnetische eigenschappen van nanodeeltjes, Magnetische Kracht Microscopie
(MFM) op die van de geordende nanodeeltjes. Resultaten toonden dat NIL in
combinatie met oppervlak chemie een krachtige methode is om goed-gedefini€erde
hoog-resolutie patronen in nanodeeltjes over grote gebieden te maken. Het proces
beschreven in Hoofdstukken 6 en 7 kan potentieel gebruikt worden bij de fabricage

van spintronische entiteiten.
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De resultaten beschreven in dit proefschrift tonen de veelzijdigheid en efficiéntie van
het gebruik van fosfaat gebaseerde SAMs om oppervlakken van metaal oxiden te
wijzigen. Het gebruik van SAMs op geleidende metaal oxiden opent nieuwe
mogelijkheden voor onderzoeken op het gebied van de elektrochemie. Metaal top
contact fabricage zonder het veroorzaken van Kortsluitingen tussen SAMs en
substraten, gecombineerd met de isolatie efficiéntie van SAMs, is veelbelovend voor
de fabricage van elektrische entiteiten. Dit geldt ook voor fundamentele studies naar
het begrijpen van de elektrische eigenschappen van organische enkelgelaagden.
Wanneer ordeningstechnieken gecombineerd worden met chemische modificatie
bereikt door SAMs, voor gecontroleerd samenstellen en ordenen van nanodeeltjes op
metaal oxiden, dan kunnen zij gebruikt worden voor de fabricage van spintronische
entiteiten.

Bij het selecteren van het juiste metaal oxide, kunnen magnetische tunnel
juncties gefabriceerd worden. In principe is de benadering van oppervlak modificatie
en fabricage, die overal in dit proefschrift beschreven is, toepasbaar op een grote
verscheidenheid van metaal oxiden. Dit zorgt voor nieuw mogelijkheden voor de

fabricage van functioneel hybride organisch-anorganische structuren.
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