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Formation and Control of Ultrasharp Metal/Molecule
Interfaces by Controlled Immobilization of Size-Selected
Metal Nanoclusters onto Organic Molecular Films

Masato Nakaya, Takeshi Iwasa, Hironori Tsunoyama, Toyoaki Eguchi,

and Atsushi Nakajima*

The formation of metallic layers on ultrathin molecular films via a well-
controlled interface is essential for constructing organic nanodevices com-
posed of metal/molecule/metal sandwich junctions. The scanning tunneling
microscopy and spectroscopy studies demonstrate that an ultrasharp metal/
molecule interface is realizable by depositing size-selected Ag nanoclusters
(Ag,) from the gas phase on few-layer films of Cgy molecules. It is also
demonstrated that Ag, nanoclusters can be immobilized on monolayer films
of oligothiophene molecules via Cg, molecules, although they three-dimen-
sionally aggregate on bare oligothiophene films. It is also shown that elec-
trons and holes are injected into the topmost layer of Cg films via the Ag,/
Cgo interface. Moreover, the barrier height for carrier injection at the Ag,/C¢
interface can be modified depending on the size of Ag, nanoclusters and the
kinetic energy during the deposition. The present results demonstrate that
the controlled immobilization of metallic nanoclusters on molecular films can
be used as a fabrication technology for metal/molecule/metal junctions.

1. Introduction

The construction of ultrathin metal/molecule/metal sand-
wich junctions using few-layer organic thin films is a critical
requirement toward achieving the ultimate miniaturization
and low-energy consumption of practical organic nanodevices
possessing functionalities such as electroluminescence, elec-
trical switching, charge storage, and chemical sensing.'%1 A
key factor in realizing the high-performance operation of such
nanodevices is the controlled injection of charged carriers into
molecular films of an active element, which strongly depends

Dr. M. Nakaya, Dr. T. Iwasa, Dr. H. Tsunoyama,
Dr. T. Eguchi, Prof. A. Nakajima

Nakajima Designer Nanocluster Assembly Project
ERATO, ST, KSP, 3-2-1 Sakado,

Takatsu-ku, Kawasaki, 213-0012, Japan

E-mail: nakajima@chem keio.ac.jp

Dr. M. Nakaya, Dr. T. Iwasa, Dr. H. Tsunoyama,
Dr. T. Eguchi, Prof. A. Nakajima

Department of Chemistry

Faculty of Science and Technology

Keio University

3-14-1 Hiyoshi, Kohoku-ku, Yokohama, 223-8522, Japan

DOI: 10.1002/adfm.201302187

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

on the geometrical sharpness and energy-
level alignment at the molecule/metal and
metal/molecule interfaces.”® Although
the alternate stacking of organic mol-
ecules and metal atoms by physical
vapor deposition is widely accepted as a
practical method of fabricating hetero-
junctions, it is difficult to avoid the pen-
etration of deposited metal atoms into
molecular films,B12 which leads to the
undesirable modification of molecules
near the metal/molecule interface®10-12
or the formation of conductive filaments
causing short circuits between the elec-
trodes.3] To exclude such uncontrollable
factors in the functionality of metal/mol-
ecule junctions, a considerable number
of studies have been conducted to find
appropriate combinations of metallic
elements and molecular films from the
viewpoints of chemical reactivity and elec-
tronic interactions.’:$1214

On the other hand, in heterojunctions composed of a single
or a few molecules sandwiched by two metallic electrodes,
metal particles with sizes of 10-100 nm serve as contact points
for the molecules.!®! Although this method enables us to realize
stable and abrupt metal/molecule interfaces, it is generally dif-
ficult to fabricate dense metallic layers that widely interconnect
with molecular films using metal particles owing to the large
size mismatch between such metal particles and nanoscale
functional molecules. This is directly related to the realization
of efficient charge injection into molecular films. In contrast, it
has been widely demonstrated that diverse metallic nanoclus-
ters can be synthesized in the gas phase with atomic-scale size
controllability ranging in scale from single atoms to a size of
more than several nanometers.’® In addition, since metallic
nanoclusters also exhibit tunable physical and chemical proper-
ties depending on their size, 1% it is expected that the use of
size-controlled metallic nanoclusters as a component of metal/
molecule junctions will lead to the realization of controllable
electrode/molecule interfaces with a wide range of geometries
and electronic properties. The key technology toward this end is
the immobilization of metal nanoclusters on ultrathin molec-
ular films while maintaining the geomety and electronic prop-
erties of the nanoclusters and the underlying molecular films.
In this sense, extensive knowledge of the physical properties
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of nanocluster/molecule junctions will be
gained by evaluating these junctions at the
molecular and atomic scales.

Here, we have investigated the geometry
and electronic properties of metal/molecule
junctions constructed by depositing size-
selected Ag nanoclusters (Ag,; n =7, 13, and
55) from the gas phase on ultrathin films
of Cgy and oligothiophene molecules using
scanning tunneling microscopy and spec-
troscopy (STM/STS). In contrast to Ag atoms
deposited on ultrathin Cg, films, which
aggregate into large islands at room tempera-
ture (RT) and encroach on the Cg, films, the
deposited Ag, nanoclusters are stably immo-
bilized at RT on the surface of the films and
can densely cover the surface. The STM and
STS results indicate that atomically abrupt
interfaces are formed between Ag, nanoclus-
ters and Cg films, which enable the injection
of electrons and holes into the topmost layer
of the films. The barrier height for carrier
injection changes depending on the size of
nanoclusters and the kinetic energy of nano-
clusters during the deposition. We have also
demonstrated that the Ag, nanoclusters can
be immobilized on monolayer films of oli-
gothiophene molecules via Cg, molecules,
although Ag, nanoclusters three-dimension-
ally aggregate on bare oligothiophene thin
films.

2. Results and Discussion
2.1. Formation of Ag,/Cgo Heterojunctions

Ultrathin Cg, films were grown on a
Si(111)V3xV3R30°-Ag  [referred to  as
Si(111)V3-Ag hereafter] substrate. Ag, cations
were deposited on the Cg, films by applying a
negative bias voltage (Vi) to the substrate to
collect Ag, cations efficiently, which imparts
a kinetic energy of E = Vy,/n (eV/atom) to
the cations. Figures 1a,b show STM images
taken at RT after depositing Agss cations
with Ej of =0.09 eV/atom on Cg, films with
coverages of 1.7 and 3.5 monolayers (ML),
respectively: the former surface is composed
of a monolayer and bilayer of Cgy, whereas
the latter consists of a trilayer and tetralayer.
It can be seen that dot-shaped structures
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Figure 1. Soft landing of Agss, Agy3, and Ag; nanoclusters on ultrathin Cg films. STM images of
a) bilayer/monolayer and b) trilayer/tetralayer of Cq taken after the soft landing of Agss nano-
clusters. The inset in (b) is a magnified image of two dots. c) Theoretical height of icosahedral
Agss. d,e) Histograms of dot heights measured on surfaces shown in (a) and (b), respectively.
f) STM image and g) height histogram of dots measured on Cg, multilayer after depositing Ag;3
cations. The inset in (g) is a geometrical model of Ag;; nanocluster and its theoretical height.
h) STM image and i) height histogram of dots measured on Cg, multilayer after depositing
Ag; cations. The inset in (i) shows a geometrical model of Ag; nanocluster and its theoretical
height. The imaging conditions are V;j, = -1V and I, = 7 pA for (a), Vy, = -2 V and I; = 10 pA
for (b,fh), and Vi, =-1.2 V and I, = 10 pA for the inset in (b). The scan area of (a,b,f,h) is
180 nm x 150 nm.

are formed on both surfaces. The histograms of dot heights  spherical without an internal structure, as shown in the magni-
(hq) measured on both surfaces show a main peak centered fied image (inset in Figure 1b). These results indicate that most
at =1.2 nm, as indicated in Figure 1d,e. This value is in good  of the dots consist of individual Agss nanoclusters immobilized
agreement with the theoretical heights of icosahedral Agss on Cg, films without obvious aggregation, fragmentation, or
nanocluster, which ranges from 1.17 to 1.4 nm depending on  the formation of two-dimensional assemblies of multiple Agss
the orientation (Figure 1c). In addition, each dot is smooth and  nanoclusters.

Adv. Funct. Mater. 2014, 24, 1202-1210 © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com

1203

“
G
F
F
>
v
m
~




-
™
s
[
-l
wd
=
™

1204  wileyonlinelibrary.com

Note that the dot density on the Cgz monolayer is much
lower than that on the coexisting bilayer, as shown in Figure la.
In connection with this, a previous study on Agsny nanoclusters
deposited on Cgy monolayers formed on a Au(111) substrate
proved that the attractive force acting between the nanoclusters
and substrate causes the disintegration of the nanoclusters,2’]
which leads to the formation of Ag monolayer islands at the
Cgo/substrate interface. In the present case, there is no geomet-
rical modulation at the surfaces originating from Ag islands. A
possible reason for this is that smaller clusters or atoms that
are segregated from the Agss nanoclusters on the monolayer
diffuse across the surface and coalesce with the Agss nanoclus-
ters already adsorbed on the bilayer. This is corroborated by
the height distribution of dots formed on the surface with the
coexisting Cgo monolayer and bilayer (Figure 1d), which shows
a small number of dots with hy of =1.5 nm higher than the
expected value of =1.2 nm for Agss nanoclusters.

It is also possible to immobilize smaller Ag, nanoclusters
onto Cg films at RT. Figures 1f and 1h show STM images taken
after depositing Ag;; and Ag; cations on Cy multilayers with
Ey of =0.38 eV and =0.71 eV, respectively. Dot-shaped struc-
tures are created on the both surfaces similarly to the case of
Agss deposition, although the dots are smaller. The dot height
histograms measured on the Ag;;- and Ag,-deposited sur-
faces (Figure 1g,i) show a single peak centered at =0.8 nm
and =0.6 nm, respectively. They are in good agreement with
the theoretical heights of 0.75 nm and 0.56 nm calculated for
individual neutral Ag;; and Ag; nanoclusters, respectively. The
successful immobilization of Agss, Agys, and Ag; nanoclus-
ters without significant disorganization or deformation is con-
sistent with the fact that the values of E of the deposited Ags;s
(=0.09 eV/atom), Ag;; (=0.38 eV/atom), and Ag; (=0.71 eV/atom)
cations are sufficiently smaller than the interatomic binding
energies of Agss (=2.1 eV), Agys (=1.7 eV), and Ag; (1.5-1.71 eV)
nanoclusters, respectively,'®2122 namely, the soft landing of
nanoclustersi?*23-26 is achieved.

The individuality of each nanocluster was also preserved
at a higher dot density. Figure 2a shows an STM image taken
on a Agss-deposited Cqo multilayer with a dot density of 4.3 x
10* dots/um?. The coverage is ten times higher than that in
the initial stage shown in Figure 1b; nevertheless, the surface
is uniformly covered with dots without significant aggregation.
It is confirmed that the main peak in the height histogram of
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Figure 2. Formation of metallic layers on ultrathin Cg films by soft
landing of Agss nanoclusters and physical vapor deposition of Ag atoms.
a) STM image and b) height histogram of dots measured on Cgy multi-
layer densely covered with dots after soft landing of Agss nanoclusters.
c) STM images of Cgo multilayer film taken after physical vapor deposition
of Ag atoms at RT. The deposition rate was =0.05 ML/min. d) Magni-
fied three-dimensional image of the region surrounded by the dashed
blue line in (c). The imaging conditions of all STM measurements are
Vip=-2 V and I, =10 pA. The scan area of (a,c) is 180 x 150 nmZ.

the dots remains at the theoretical height of =1.2 nm for Agss
nanocluster for a dot density of at least up to 2.3 x 10* dots/um?
as shown in Figure 2b. This suggests that, after soft landing,
the Agss nanoclusters are immobilized on the Cgy, films after
little or no surface migration, which suppresses the coales-
cence of the nanoclusters. Comparing the histograms shown in
Figures 1e,2b, the fraction of dots higher than the theoretical
height of Agss increases with increasing dot density on the sur-
face, which is considered to be due to that Agss nanoclusters
occasionally aggregate via the direct adsorption of deposited
Agss nanoclusters onto preexisting nanoclusters.

Such soft landing of Ag, nanoclusters is advantageous for
fabricating a uniform metallic layer on ultrathin Cg, films over
conventional methods. For instance, Figure 2c shows STM
images of a Cqo multilayer film taken after depositing =0.15 ML
(=2 x 10° atoms/um?) of Ag atoms at RT. After depositing Ag

Figure 3. STM-induced lateral movement of Agss nanoclusters. a) STM image of Cgy multilayer taken after depositing Agss with E, of =0.09 eV/atom.
The left panel in (b) shows a magnified image of the region surrounded by blue lines in (a), which shows the trace of the multistep displacement of
a cluster induced by the STM scan. The right panel in (b) is an STM image taken in the same region as the left panel after inducing the nanocluster
movement. All STM images were taken at RT under the conditions of Vy;, =-2 V and I, =10 pA.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Funct. Mater. 2014, 24, 1202-1210



Makeis
\Iu'ﬂ)ﬁ
www.MaterialsViews.com

atoms, large three-dimensional islands were sparsely formed
on the surface, as a result of the extensive migration of Ag
atoms. Furthermore, there are many small Cg islands in the
vicinity and on the surface of the Ag islands, as indicated by
green arrows in the magnified image shown in Figure 2d. They
are considered to originate from the rearrangement of Cg,
molecules induced by the encroachment of Ag islands on the
Cyo films. The size and density of the Ag islands increase with
increasing number of deposited Ag atoms, which causes fur-
ther destruction of the Cg, films. In contrast, marked morpho-
logical changes of the Cg films, such as the formation of small
Cs islands and cracks, are not induced by the soft landing of
Ag, nanoclusters even when the nanoclusters densely cover the
Cyo films, as shown in Figure 2a and the Supporting Informa-
tion. This strongly indicates that the deposited Ag, nanoclus-
ters do not penetrate into the Cg, films and induce any rear-
rangement of Cg, molecules. In particular, the latter means that
the Ag, nanoclusters weakly interact with Cgo molecules at Ag,/
Cgo interfaces.

The weak interaction between Ag, nanoclusters and Cg,
molecules at Ag,/Cqo interfaces is supported by the results
of the STM-induced lateral manipulation of Ag, nanoclusters
adsorbed on Cg, films. Figure 3a shows an STM image of a
Cgo multilayer film taken after depositing Agss nanoclusters
with Ej of =0.09 eV/atom. The STM imaging was carried out by
raster-scanning the STM tip over the surface in the downward
direction at RT. Although Ag, nanoclusters that are immobi-
lized on the Cgy multilayer are sufficiently stable at RT as men-
tioned above, scanning the STM tip over the Ag, nanoclusters
occasionally induces their lateral displacement on the surface,
for example, the nanoclusters indicated by green arrows in
Figure 3a. Such displacement tends to become more frequent
with decreasing tunneling gap. The left and right panels in
Figure 3b show STM images obtained during and after the
STM-induced nanocluster displacement, respectively. In this
example, multistep displacements occurred in the downward
direction during the downward STM scan, making it possible
to visualize the track of nanocluster movement. Interestingly,
there is no evident change in the Cg, film after manipulating
the nanoclusters, as shown in the right panel in Figure 3b, indi-
cating that the Ag, nanoclusters are immobilized on the Cg,
films without strong interactions such as the formation of rigid
covalent bonds or Cgy-Ag complexes.l?”] Similar manipulation
of metal nanoclusters has been reported for Pd nanoclusters
weakly adsorbed on a graphene surface.?l In addition, the non-
covalent interaction between Cgy molecules and Ag, nanoclus-
ters was also observed in [Ag,-Cg] cations created in the gas
phase.[%8]

2.2. Charged-Carrier Injection at Ag,/Cg, Heterointerface

On the basis of the STS results, the characteristics of charged-
carrier injection at Ag,/Cg heterointerfaces are discussed.
Figure 4a,d show the STS spectra taken on dots created by the
soft landing of Agss cations with E, of =0.09 eV/atom on a Cg
bilayer and a Cg trilayer, respectively. The dI/dV spectra at pos-
itive (negative) tip bias voltages (Vy;) probe the filled (empty)
states of a sample. In the Agss/bilayer, two dI/dV peaks of filled
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Figure 4. STS measurements on Ag,/Ce junctions formed by soft
landing of Ag, nanoclusters. d//dV spectra of a) single Agss nanocluster
and b) bare Cgo molecules in the Cqq bilayer. dI/dV spectra of the dots cre-
ated by depositing c) Ag; and d—f) Agss nanoclusters with E, of 0.09 eV/
atom and g) of bare Cgy molecules in the Cg trilayer. d,e,f) Spectra of
larger dots with hy of =1.5, =1.7, and =2.0 nm, respectively. Each dI/dV
datum was numerically derived from the respective tunneling |-V curve
obtained by averaging almost one hundred original curves. The original
tunneling I-V curves were measured on a surface with coexisting Ag,
nanoclusters and bare C¢y molecules with a spatial resolution of =0.13 nm
by current imaging tunneling spectroscopy. The set points of the -V
measurements are V;;, =-1.3 V and I, = 60 pA for (a,b) and Vi, =-1.4 V
and I, = 80 pA for (c-g).

(A) and empty (B) states are observed at Vi, of approximately
+1.4 V and -0.9 V, respectively. On the other hand, in the STS
spectrum taken on the Agss/trilayer, dI/dV peaks appear at +1.3 V
(C) and -1.4 V (D). The peak positions are more dependent
on the thickness of the Cg, film than on the size of the
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nanoclusters, as can be seen by comparing the spectra of the
Agy/trilayer (Figure 4c). Note that the changes in the spectral
features are also observed for much larger nanoclusters, as will
be discussed later. The energy gaps of 2.3 eV for the Agss/bilayer
and 2.7 eV for the Agy/trilayer and Agss/trilayer observed in
Figure 4a,c,d, respectively, are clearly larger than the energy gap
between the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of an isolated Ag,,
nanocluster, which is expected to be about 0.3 eV and below 0.1 eV
for Ag; and Agss, respectively.l'822 This fact suggests that the
observed dI/dV peaks do not reflect the electronic states of Ag,
nanoclusters but the barrier height for carrier injection at the
Ag,/Cgo interfaces, as will be discussed next.

An interesting point is that the first dI/dV peaks in the
empty states of the Ag,/bilayer (B) and Ag,/trilayer (D) are
observed at nearly identical energies to those of the LUMO of
Cgo molecules in the bilayer (Figure 4b) and trilayer (Figure 4g),
respectively. This strongly indicates that the positions of peaks
B and D correspond to the barrier height of electron injection
at each Ag,/Cq, interface, namely, the tunneling current at a
negative Vy;, is generated by the injection of electrons from the
STM tip into the LUMO of C4, molecules in the topmost layer
through Ag,, as illustrated in the schematic potential diagrams
of the tip/gap/Ag,/Cgo/substrate (Figure 5c).

Turning to the filled states, one can find a significant differ-
ence between the spectra obtained on the bare Cqy molecules

Vtip

Figure 5. Schematic side view and potential diagrams of tip/gap/Ceo/substrate junction while
applying a) negative and b) positive bias voltages to the tip (V;;). Schematic side view and
potential diagrams of tip/gap/Ag./Ceo/substrate junction while applying c) negative and d)

positive values of Vyp.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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and softlanded Ag, nanoclusters. On the Cg molecules,
there are no significant peaks in the STS spectra within the
bias voltage range from 0 to +2.3 V, as shown in Figure 4b,g,
although it has been reported that the HOMO of C4, molecules
in a bilayer and trilayer appear at =2.1 eV below Ef in the case
of two-photon photoemission (2PPE) spectroscopy.?”! This is
because the strong electric field generated in the tunneling
gap beneath an STM tip induces a downward energy shift of
the HOMO of Cg, molecules in the topmost layer,?% as sche-
matically illustrated in Figure 5b, which inhibits efficient hole
injection into Cg films. In contrast, the dI/dV peak in the filled
states is clearly observed on Ag, /Cg, as shown in Figures 4a,c,d,
indicating that the injection of holes into the Cg, films can be
realized through the immobilized Ag,. On the other hand, it
is known that, in conventional metal/Cy, junctions, electrons
are also injected preferentially into Cg, films rather than holes,
because the HOMO of Cg, molecules is located at a much lower
energy than the Ep of metals in the junctions owing to the large
ionization potential of Cg,.213? In contrast, the Ag,/Cg, junc-
tion constructed by the soft landing of Ag, nanoclusters on a
Cyo trilayer film enables the injection of electrons and holes
with similar barrier heights of 1.3-1.4 eV, namely, ambipolar
carrier injection®*% is possible. Note that the injection barrier
of the holes is lower than that expected from the energy level of
the HOMO of Cg molecules in the trilayer, which appears at
approximately =2.1 eV below Ep.[?! This suggests that the hole
injection into the Cg, films has been realized
not through the pristine HOMO of the Cq
molecules in the topmost layer but through
the hybridized molecular orbitals locally
formed at the interface between Ag, nano-
clusters and their neighboring Cg, molecules,
as indicated in the schematic potential dia-
grams (Figure 5d).

It is found that the barrier height for car-
rier injection changes depending on the
size of the nanoclusters. Figures 4e,f show
the STS spectra taken on large dots with hy
of =1.7 nm and =2 nm, respectively, which
are occasionally created by the aggrega-
tion of the softlanded Agss nanoclusters
on the Cg, trilayer at a higher cluster cov-
erage, as mentioned above. By comparing
the STS spectra of the clusters of different
sizes shown in Figures 4c—f, it is clear that
the first dI/dV peak in the filled states (C)
appears at a lower Vy, with increasing cluster
size, that is, the barrier height of hole injec-
tion decreases with increasing cluster size,
which markedly occurs for dots with hg of
=2 nm. In the empty states, although there
is no evident change in the energy position
of the first dI/dV peak (D), a shoulderlike
feature (E) appears at approximately —0.9 V
as shown in Figure 4f, which also becomes
more pronounced with increasing cluster
size and contributes to the reduction in the
barrier height for electron injection at the
Ag,/Cgo interface. The electronic state E is

Adv. Funct. Mater. 2014, 24, 1202-1210
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more clearly observed in the STS measurement at the Ag, /Cq,
junction created by depositing Ag, cations with a higher E,
as will be shown next, which is considered to originate from
the reconfiguration of the electronic structure of Cq molecules
beneath the Ag, nanocluster owing to the strong interaction at
the Ag,/Cg interface, as discussed below.

The barrier height for carrier injection at the Ag,/Cgo inter-
face can also be modified by controlling E for Ag, cations
during the deposition. Figure 6a shows the STS spectrum of
the dots created by depositing Agss cations on a Cg, trilayer
with an intentionally increased Ey of =1.7 eV/atom, which is
almost 20 times larger than that used to obtain the STS spectra
in Figures 4a,d. The peak positions in the filled (F) and empty
(G) states indicate that the injection barriers of holes and elec-
trons at the Agss/Cgo interface are 1.0 and 0.9 eV, respectively,
which are smaller than those for the soft-landed Agss nanoclus-
ters shown in Figure 4d and almost identical to thse of the large
clusters shown in Figure 4f.

It can be considered that the reduction in the height of the
injection barriers at the Ag,/Cgo junction is associated with the
modification of the interface structure. The red and blue histo-
grams in Figure 6c show the height distributions of dots cre-
ated by depositing Agss cations with higher (=1.7 eV/atom) and
lower (=0.09 eV/atom) E, which were measured on the surfaces
shown in Figures 6d and 6e, respectively. The histograms clearly
show that the dot height decreases with increasing Ej, indicating
that the deposited Agss nanoclusters disintegrated into smaller
clusters on the surface, namely, the hard landing of nanoclus-
ters occurred.?324 The dots created by hard landing are catego-
rized into two types on the basis of their heights hy of =0.4 nm
and =0.7 nm, as seen in the red histogram in Figure 6¢c. The
decreased height of the injection barriers was mainly measured
on dots with the smaller hy. Interestingly, the Cg, molecules
around the smaller dots exhibit a slightly brighter contrast in
the STM image than those far from the dots (e.g., see the inset
in Figure 6d), which is not observed for the dots created by soft
landing (Figure 6e). This indicates that the Cgy molecules in the
vicinity of the smaller dots are modified electronically and/or
geometrically, and also suggests that the electronic/geometric
structures at the Ag,/Cq interface are different from those in
the case of soft landing, for instance, the formation of Ag-Cq
complexes occurs at the interface. This consideration is sup-
ported by the fact that the above-mentioned STM-induced lat-
eral movement hardly occurs for the disintegrated smaller dots
created by hard landing compared with the soft-landed ones,
which suggests the strong interaction between the hard-landed
nanoclusters and Cg, films. The analogy between the changes
in the positions of the peaks in the STS spectra depending on
the size of nanoclusters (Figure 4c—f) and on the deposition
energy (Figures 4d,6a) implies that a similar intereaction par-
tially occurs at the interface of large nanoclusters.

The formation of metal-Cgy complexes has been widely
demonstrated by the chemical doping of alkali metals into Cg
films.4 In metal-Cg, complexes, electron donation from metal
atoms to Cgy molecules induces a marked upward shift in Eg
or an increase in the width of the LUMO band.?¥ In addi-
tion, it is also expected that midgap states between the HOMO
and LUMO are induced in C4, molecules covalently bound to
metallic elements, as reported for Cqy molecules chemisorbed

Adv. Funct. Mater. 2014, 24, 12021210
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Figure 6. Ag,/Cqo junctions formed by hard landing of Ag, nanoclusters.
dl/dV spectra of a) dots and b) bare Cgy molecules in Cg trilayer. The
dots were created by depositing Agss cations with E, of =1.7 eV/atom.
The conditions for the -V measurement are Vy;, = -1.5 V and I, = 80 pA.
c) Histograms of dot heights measured on Cy films after depositing Agss
cations with E, of =1.7 eV/atom (red) and =0.09 eV/atom (blue). STM
images (40 nm x 40 nm) of the Cg trilayer after depositing Agss cations
with E, of d) =1.7 eV/atom and e) =0.09 eV/atom. The imaging condi-
tions are Vi, = -1.7 V and I; = 10 pA for (d) and Vi, =-1.2V and I, =
10 pA for (e).

on solid surfaces.*” These marked electronic modifications
of Cg molecules could cause the reduction in barrier height
for carrier injection at the Ag,/Cg, interface, although further
studies of the geometry and energy-level alignment at the inter-
face are needed for detailed understanding of the barrier height
modification.

So far, we have demonstrated that a metallic layer can be
formed on ultrathin Cg, films via a controlled interface by the
controlled deposition of size-selected Ag, nanoclusters. To
widely use this methodology to construct organic nanodevices,
it is better to immobilize metallic nanoclusters onto various
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Figure 7. Immobilization of Agss nanoclusters onto ultrathin films of oligothiophene molecules. STM images of a) 6T multilayer (pentalayer and hexa-
layer) and b) Cgo/6T structures taken after depositing Agss cations with Ey of =0.09 eV/atom. c) STM image of Cg,/6T structures densely covered with
Agss nanoclusters. d) Cross-sectional line profiles taken along line segments A-A" (upper) and B-B’ (lower) in (a,b), respectively. The imaging conditions
are Vyip=-1.2Vand I;=10 pAfor (a), V;,=-2V and I;=5 pAfor (b), and V;;,=-1.7 V and ;=10 pA for (c). The scan area of (a,b,c) is 150 nm X 130 nm.

organic thin films and nanostructures. From this perspec-
tive, we have investigated the immobilization of Ag, nano-
clusters onto thin films of o-sexithiophene (referred to as 6T
hereafter) molecules. In addition, Ag, nanoclusters were also
deposited onto stacking structures composed of monolayers
of C4p and 6T molecules. The junction between donor-like 6T
moleculesB® and acceptor-like Cg, molecules3#37! is expected
to behave as the active element of an ultrathin rectifier diode.
Figure 7a shows an STM image taken after depositing Agss
cations onto a 6T multilayer, where a pentalayer and a hexa-
layer coexist, with Ey of =0.09 eV/atom. Although dot-shaped
structures are formed on the Agss-deposited 6T film, the den-
sity of the dots is clearly lower than that on the Agss-deposited
Cyo films (e.g., Figure 1b). In addition, the height of the dots
on the 6T films is =3 nm, which is obviously larger than the
theoretical height of =1.2 nm for Agss, as shown in the cross-
sectional line profile taken along line segments A-A’ (upper
curve in Figure 7d). These results clearly indicate that, on a
bare 6T film, individual Agss nanoclusters are hardly immo-
bilized and aggregate into larger clusters. It is also found that
the aggregation of Agss nanoclusters becomes pronounced on
the 6T monolayers, which results in the formation of large
three-dimensional islands. This tendency can be markedly
changed by functionalizing the surface of 6T films with Cg
molecules: uniform dot-shaped structures with a height of
=1.2 nm are created by depositing Agss cations on a 6T mon-
olayer covered with =1 ML of C4y molecules, as shown in the
STM image (Figure 7b) and cross-sectional line profile (lower
curve in Figure 7d). Furthermore, the density of the dots on
the Cgp-modified 6T films increases with increasing number
of Agss nanoclusters deposited, as shown in Figure 7c. On the
basis of the present results, we consider that monolayers of
various functional molecules can be covered by metallic nano-
clusters via Cgy molecules without disorganizing the molecular
films, since surface functionalization using Cqy molecules has

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

been realized on various molecules, such as cyclothiophene,
coronene, metal porphyrins and metal phthalocyanines.33*3

Our results show that Cgy molecules can preferentially trap
Ag, nanoclusters, which may originate from the character of
the chemical bond in Cg, molecules. In connection with this,
it has been reported that the Moiré pattern formed by graphene
layers grown on a late-transition-metal substrate can be used as
the template for the periodic arrangement of metal nanodots,*
since the buckling of graphene layers permits the local rehy-
bridization of C-C bonds from sp? to sp® and enhances their
chemical reactivity. It can be considered that the sp*like char-
acter of C-C bonds in Cy, molecules enables these molecules
to more effectively react with metal nanoclusters than with
oligothiophene molecules, which consist of two-dimensional
sp*-hybridized carbon atoms. A detailed understanding of the
interaction between metallic nanoclusters and functional mole-
cules based on the results of further experiments and theo-
retical calculations would provide guiding principles for the
construction of metal/molecule/metal junctions using metallic
nanoclusters.

3. Conclusions

We have demonstrated that well-controlled metal/mole-
cule heterojunctions can be constructed by the controlled
immobilization of size-selected Ag, nanoclusters from the gas
phase onto ultrathin films of Cg, molecules. In such hetero-
junctions, electrons and holes can be precisely injected into
the topmost Cg molecules in the thin films via an atomi-
cally abrupt Ag,/Cq interface. The barrier height for carrier
injection can be changed by controlling the size of nanoclus-
ters and the kinetic energy during the deposition. It has also
been demonstrated that Ag, nanoclusters can be immobi-
lized on monolayer films of oligothiophene molecules via Cq

Adv. Funct. Mater. 2014, 24, 1202-1210
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molecules. We expect these findings to provide novel insights
into the technology for constructing metallic electrodes on
ultrathin films of various functional molecules via a well-
defined and well-controlled interface, which is widely known
as one of the key technologies for realizing future molecular
nanodevices.'3781] In addition, we also expect the present
results to provide methodological insights not only into the
fabrication of metal/molecule/metal junctions but also into
the development of cluster-assembled materials constructed on
molecular templates.[*>4¢]

4. Experimental Section

Experimental Method: Ultrathin Cgo films with a well-ordered
molecular arrangement were prepared by depositing an appropriate
number of Cg molecules on a Si(111)V3-Ag surface in ultrahigh
vacuum (UHV). Si(111)V3-Ag surfaces were prepared by depositing
1 ML (7.83 x 10® atoms/um?) of Ag atoms on a Si(111)7x7 surface at
600 °C. Cgo molecules were deposited at RT by the thermal evaporation
of Cgo powder (purity: 99.95%) from a Ta crucible while maintaining
a deposition rate of 0.03 ML/min, where 1 ML of C4, corresponds to
1.15 x 10° molecules/um?. 6T films were also prepared by depositing
an appropriate number of 6T molecules on the Si(111)V3-Ag surfaces
in UHV. 6T molecules were deposited at RT by the thermal evaporation
of 6T powder from a Ta crucible while maintaining a deposition rate of
0.015 ML/min. Ag, cations with various sizes were produced in a gas
aggregation apparatus with a magnetron sputtering source and directed
into a quadrupole mass spectrometer (Extrel, mass limit 16 000 amu)
for size selection. The size-selected Ag, cations were deposited on Cg
films at =90 K at a typical rate of 1.3 x 10% ions/ (itm? min). The samples
were transferred into an analysis chamber equipped with a commercial
STM unit (Omicron VT-AFM-XA50/500) while maintaining the UHV
condition. All STM/STS experiments were performed at RT using an
electrochemically etched W tip. STM images were analyzed using
WSxM.1#7)

Theoretical Method: The theoretical optimization of the geometries
of neutral Agss, Agy;, and Ag; nanoclusters was performed at the
RI-BP86[*3-50] |evel as implemented in TURBOMOLE 6.4°" using the
def-SV(P) basis setsP®? along with a scalar relativistic effective core
potential.l>3]
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Supporting Information is available from the Wiley Online Library or
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