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O
ptically transparent indium tinoxide
(ITO) electrodes are widely used as
components of optoelectronic de-

vices, including liquid crystal displays, solu-
tion processed light emitting diodes, solar
cells, and photodetectors.1�3 Whereas in-
dustrial ITO films are predominantly pre-
pared by deposition from vapor phase,
the worldwide shortcoming of indium
resources triggered a search for novel,
material-effective methods for prepara-
tion of patterned ITO electrodes, includ-
ing also deposition from nanoparticle
solutions.4�7 Since electrodes from ITO
nanoparticle inks usually suffer from low
conductivity, improvements are required,
which are suggested to be obtainable by
optimizing particle size distributions and
composition homogeneities.7 While such
efforts are reported for ITO nanoparticle
inks,4�7 in this work we show an alternative
procedure toward a material effective fab-
rication of nanopatterned ITO electrodes,
based on (i) the synthesis of monodisperse
indium and indium tin (In1�xSnx) colloidal
nanocrystals (NCs) with desired size and
composition, (ii) the preparation of nano-
sized patterns from In1�xSnx NCs on struc-
tured substrates, and (iii), oxidation of the
NC patterns to convert the In1�xSnx NCs to
compact, conductive, and transparent ITO
electrodes.
Due to the lack of appropriate synthesis

recipes for colloidal In1�xSnx NCs in the
literature, we introduce here a novel syn-
thetic method. It is based on the hot-
injection of mixtures of indium and tin
silylamide salts into a coordinating solvent.
The nucleation rate and thus the final size of

theNCs are controlled by a second injection,
containing small amounts of strongly reduc-
ing superhydride. Adding lithium-silylamide
results inextremelymonodisperseNCbatches,
exhibiting a strong tendency to form ordered
superstructures upon slow destabilization or
solvent evaporation. These pronounced self-
assembly properties of indium and In1�xSnx
NCs makes the 3-step approach toward ITO
electrodes, demonstrated in this paper, advan-
tageous in respect to the preparation of elec-
trodes directly from ITO-nanoparticle solutions
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ABSTRACT

Indium tin oxide (ITO) nanopatterned electrodes are prepared from colloidal solutions as a

material saving alternative to the industrial vapor phase deposition and top down processing.

For that purpose highly monodisperse In1�xSnx (x < 0.1) colloidal nanocrystals (NCs) are

synthesized with accurate size and composition control. The outstanding monodispersity of the

NCs is evidenced by their self-assembly properties into highly ordered superlattices. Deposition

on structured substrates and subsequent treatment in oxygen plasma converts the NC

assemblies into transparent electrode patterns with feature sizes down to the diameter of

single NCs. The conductivity in these ITO electrodes competes with the best values reported for

electrodes from ITO nanoparticle inks.

KEYWORDS: Indium nanocrystals . nanoelectrodes . transparent conductive
oxides . self-assembled superlattices
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or inks, which suffer usually from size, shape, and
composition inhomogeneity.4�7 On one hand, order-
ing leads to a minimum of voids between the NCs, and
high space filling factors can be obtained in simple
drop casted films, which should finally improve the
film conductivity. On the other hand, the narrow size
dispersion allows also the fabrication of nanosized
electrodes with dimensions down to the size of a single
NC, as is demonstrated to be feasible by making use of
the “damascene” process.8

The oxidation of theNCs in this work is performed by
an oxygen plasma, which does not only convert the
In1�xSnx NC films into ITO electrodes, but also allows
interesting insights into the oxidation process itself.
The oxidation results in an increase of NC diameter,
partly due to an increase of the lattice parameter,
but mostly due to the formation of hollow cavities in
the NCs centers, caused by the nanoscale Kirkendall
effect.9 While the plasma treatment also causes the NC
assemblies to become transparent over the whole
spectral region, the conductivity is optimized by a
further moderate heat treatment performed in air,
as is also a standard for electrodes prepared from
ITO nanoparticles.4,6,7 The conductivity, measured in
homogeneous thin films obtained by our method, is at
least equal to the best values reported so far for
electrodes prepared from ITO nanoparticle inks.4�7

These properties make our ITO electrodes promising
for future application and especially it enables, for

example, the development of all-nanoparticle solution-
processed optoelectronic devices.

RESULTS AND DISCUSSION

High Precision Synthesis of In1�xSnx Colloidal Nanocrystals.
The starting point for the preparation of ITO nanopat-
terned electrodes from solutions is the synthesis of
In1�xSnx colloidal NCs. To obtain good film forming
properties and finally high conductivity, our focus is
here to obtain monodisperse NCs with controlled size
and accurately regulated composition. Since commer-
cial ITO films contain typically 90% of In2O3 and 10% of
SnO2 it is sufficient to tune the Sn concentrations x

from 0 up to 10%, to finally obtain optimized perfor-
mance of the electrodes. From the few reports about
In1�xSnx nanoparticles,

10,11 none of these are within
the desired composition range. Pure indium NCs have
been obtained by few different synthetic routes,12�16

but also in these cases either size control or high
monodispersity could not be demonstrated, which
is in contrast to our approach, providing a high pre-
cision in the control of both of these parameters
(Figure 1A�F). This synthesis we demonstrate first
for pure indium NCs. Our method is based on two
subsequent injections into a coordinating solvent,
hexadecylamine (HDA), kept at a temperature of 200 �C.
The first injection contains a mixture of indium(III)
tris[bis(trimethylsilyl)amide], In[N(SiMe3)2]3, and lithium
bis(trimethylsilyl)amide, Li[N(SiMe3)2], solved in toluene.

Figure 1. (A�D) Transmission electron microscopy images of indium NCs with different sizes. (E) Size of indium NCs as a
function of growth time ([In]/[H] is the molar ratio between In[N(SiMe3)2]3 and Li[Et3BH]). (F) Size distributions of the four
different batches of indium NCs shown in panels A�D. (G) Proposed mechanism of indium NC formation. (H) Standard size
deviations of the indium NC size distributions as function of growth time.
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We found no thermal decomposition of In[N(SiMe3)2]3
in HDA up to at least 10 min. Thus, with a second
injection a solution of lithium triethylborohydride,
Li[Et3BH], a strong reducing agent known also as
superhydride,17 is added. The superhydride reduces
the trivalent indium from In[N(SiMe3)2]3 to its neutral
metallic form, and thus it initiates the nuclei formation.
Since In[N(SiMe3)2]3/Li[Et3BH] molar ratios (abbreviated
[In]/[H] in the following) between 10 and 5 are used,
after the nucleation step still the majority of In[N-
(SiMe3)2]3 remains, and it is available to gradually
decompose on the surface of the indium seeds. The
growth after the nucleation proceeds with much
slower rate, since it is caused by the moderate reduc-
tive properties of HDA.18 The addition of Li[N(SiMe3)2]
was found to be essential to obtain narrow size disper-
sions (Supporting Information, Figure S1), most likely
because the N(SiMe3)2-groups coordinate the surface
atoms during the NC growth, as we observed also in
the synthesis of monodisperse bismuth NCs.18

The nucleation controlled synthesis of indium NCs,
described above and sketched in Figure 1G, provides
two convenient tools to tune the NC size. Rough
adjustments of NC size are obtained by the amounts
of In[N(SiMe3)2]3 and Li[Et3BH]. Decreasing [In]/[H]
results in a decrease of NC size in both cases, by
increase of Li[Et3BH] content because the number of
nuclei increases (Figure 1E), or by reducing the In[N-
(SiMe3)2]3, because the amount of remaining indium
precursor available for NC growth is reduced (Support-
ing Information, Figure S2). The second tool to fine-
tune the NC size is growth time. Varying the growth
time between 7 s and 6 min allows control of the size
between 9.7 and 16 nm for [In]/[H] = 4.5 and between
10.5 and 18.3 nm for [In]/[H] = 9 (Figures 1E). The

precision of this size control is better than 1/5 nm,
evidenced by the distances between the individual
data points in Figure 1E. Furthermore, within this time
scale the increase of size dispersion due to Ostwald
ripening is negligible, since for all times size disper-
sions below 6% are achieved and for growth times
between 2 and 3 min even values below 3% are
obtained (Figure 1F,H). It should also be noted that
the indium NCs exhibit almost perfect spherical shape
and excellent shape uniformity. This shapemight result
from the chosen nucleation temperature (155 �C)
which is a few degrees above the melting point of
bulk indium. Thus, it can be assumed that indium
nanoparticles are in liquid form during their nucleation
and growth, such that the perfect spherical shape is
achieved by minimization of surface energy and their
crystallization takes place during the cooling of the
colloidal solution.

The synthesis of indiumNCs can be easily expanded
to In1�xSnx by adding certain amounts of commer-
cially available tin(II) bis[bis(trimethylsilyl)amide], Sn-
[N(SiMe3)2]2, to the first injection solution. The alloyed
In1�xSnx NCs exhibit the same outstanding size uni-
formity and spherical shape as the bare indium NCs
described above (Figure 2A,B). Here the molar Sn/In
ratio in the precursor solution is used to adjust the Sn
concentration in the NCs. The latter is by a factor of
5 times smaller than the Sn/In ratio in the precursor
solution (Supporting Information, Figure S3A), reflect-
ing smaller reactivity of the tin precursor in HDA as
compared to that of the indium precursor. The ob-
tained Sn content we found to be independent of
growth time (Figure S3B), indicating that the In1�xSnx is
formed by a continuous coprecipitation of both pre-
cursors during the whole reaction time. This fact allows

Figure 2. (A,B) Transmission electron microscopy images of In1�xSnx NCs with x = 6.1%. (C) Two wide-angle X-ray diffraction
(XRD) spectra of In1�xSnx NCs, with x = 0% and x = 8.7%. (D) Specific angle regions of diffraction peaks showing significant
shifts with increasing x. (E) Unit cell volume of In1�xSnx NCs, extracted from fits of wide angle XRD spectra.
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the independent tuning of Sn content (by Sn precursor
concentration) and NC size (by superhydride concen-
tration and growth time) resulting in a high precision
control of the In/Sn composition, performed here with
up to 10% of Sn content.

Because of the close atomic numbers of indium (49)
and tin (50), determining the Sn concentration in the
In1�xSnx NCs requires some caution. In a first attempt
these values are extracted from analysis of energy
dispersive X-ray spectra (EDX, Supporting Information,
Figure S4). The EDX analysis included measurement of
spectra for pure indium and tin NCs, as well as of a bulk
indium tin alloy with x = 10.0%. These three reference
spectra were used to simulate EDX spectra with various
x, which are interpolated to obtain x of the alloyed NCs.
These values have been cross checked by wide-angle
X-ray diffraction (XRD) experiments (Figure 2C,D). Bulk
In1�xSnx exhibits the indium crystal structure (I4/mmm,
a = 3.253, c = 4.943 Å) up to x = 13%.19�21 With
increasing x, the volume of the unit cell increases,
primarily caused by an almost linear elongation of
the c-axis. Such an increase of the unit cell volume
(Figure 2E) and c-lattice parameter we observe also for
the indium tin NCs by the shift of the (002) (Figure 2D)
and (103) diffraction peaks toward smaller angles
(Figure S5). The (110) diffraction peaks move to higher
angles indicating a slight increase of the a-lattice
parameter. To evaluate these subtle changes of the
lattice parameters, the Pawley method was used to fit
the unit cell structure under a symmetry constraint to
the measured data. For the NCs the same trends in the
x dependence of unit cell volume and lattice param-
eters are observed as for bulk.19�21 However, already
for pure indium NCs the unit cell volume is found to be
decreased by 0.4% in comparison to bulk indium. This
deviation is mainly driven by a decrease in the c-lattice
parameter, whereas a is found to be increased.

Self-Assembly and Nanocrystal Nanopatterns. To obtain
high conductivity in NC assemblies, not only the
appropriate choice of material and manipulation of
ligand shell but also the quality of assembly matters.
Obviously any kinds of voids in the assembly have to be
avoided to enable homogeneous current flow through
the films. Considering spherical NCs as hard spheres of
uniform size, in any type of assembly the minimal void
space is given in closely packed sphere arrangements,
characterized by a space filling factor of 0.74.22,23

Typical arrangements of closed packed spheres are
given when they are ordered, forming either hexago-
nal closed packed (hcp) or face centered cubic (fcc)
lattices. Thus, optimizing the ordering in NC films is a
required precondition to obtain improved transport
properties.

To obtain a first impression on how appropriate the
NCs are for self-assembly, their 3-dimensional ordered
superstructures are briefly discussed. They are formed
by adapting the slow destabilization approach,24 after

a growth time between 1 and 2 weeks. The super-
structures are indeed well-faceted crystallites with
sizes of a few micrometers (Figure 3A), thus they
contain more than 1 � 107 NCs. Owing to the metallic
character of the NCs, scanning electron microscopy
(SEM) allows a convenient inspection of the microcrys-
tals surface with sufficient magnification to observe
individual NCs and their arrangements (Figures 3B and
Supporting Information, Figure S6). This enables a
facile determination of the facet orientations and
subsequently of the crystal structure. The indium NCs
arrange in the fcc crystal structure, which also causes
the octahedral shape of the microcrystals (Figure 3A
and Figure S6). The SEM image in Figure 3C, showing a
view on the {111} facet of an indium NC microcrystal-
lite, highlights the perfectness of the self-assembled
structure. In this image about 1300 NCs are shown, and
the hexagonally ordered arrangement exhibits not
even a single void. Actually also a quantitative analysis
of the autocorrelation function (ACF) of this image
(Figure S7),25 providing a normalized long-range order
parameter of ξLR = 0.97 (ξLR = 1 for a perfect ordered
lattice), confirms the outstanding quality of this NC
arrangement. Most importantly, however, these results
demonstrate the high tendency of the indium NCs to
form self-assembled superstructures, a property which
is of relevance also for the preparation of thin films. In
fact, self-assembled films obtained simply by drop
casting indium NCs on silicon substrates exhibit a
similar perfect ordering on their surface as that of
the 3D crystallites (Figure 3D). The hexagonally closed
packed NC superlattice on the NC films surface

Figure 3. (A) SEM image of a typical self-assembled indium
nanocrystal 3D superlattice (supercrystal). (B) View on a
{100} plane of the supercrystal and on {111} oriented side
facets. (C) Self-assembled surface of the nanocrystal super-
crystal. (D) Self-assembled top layer of an indium NC film,
deposited on a silicon substrate by drop casting. (E) Binary
indium/gold NC superlattice with AlB2 crystal structure. (F)
Individual In0.9Sn0.1 NCs deposited into pits, etched into a
silicon substrate.
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provides a normalized long-range ordering parameter
of ξLR = 0.86, corresponding to less than 1% of slightly
shifted NCs in a model.25 The appearance of this close
to perfect long-range ordering in NC self-assembled
films suggest that also for this case space filling factors
are achieved, which closely approach the highest
possible value of 0.74. Higher space filling factors can
only be achieved in special binary superlattices of two
differently sized NCs, with well-selected size ratios
between the two NC species.22,26,27 In this case the
smaller NCs can for instance fill the voids formed
around each big NC, and by this increase the space
filling factor. Generally, such binary NC superlattices
can also be obtainedwith our indiumNCs, for example,
when they are combined with smaller gold NCs.
Figure 3E shows a binary In/Au NC superlattice with
AlB2 crystal structure having a space filling factor
superior to that of single component close packing.22

Since such highly ordered binary superlattices are
restricted to rather small domain sizes, in the following
we concentrate on single component NC assemblies as
starting point for electrode fabrication.

The tendency to form highly ordered superstruc-
tures and thus 2-dimensional films with high filling
factor is a result of the extremely high monodisper-
sity of the indium tin NCs. This uniformity is also
beneficial for the preparation of NC nanopatterns,
representing intermediate stages toward the forma-
tion of ITO nanoelectrodes. The nanopatterns are
fabricated by drop casting of the colloidal solution
on structured silicon substrates. To achieve real
nanopatterns, e-beam lithography was employed
for writing the structures into a polymethylmetha-
crylate (PMMA) e-beam resist. The structures were
transferred into the silicon substrates by reactive ion
etching. For demonstration, circular pits were fabri-
cated with diameters down to 25 nm. After deposi-
tion of a single colloidal droplet onto the nano-
structured area and solvent evaporation, NCs cover
the whole nanopattern. By wiping off the NCs with a
standard polishing cloth, all the NCs from the flat
parts in between the pits are removed whereas the
pits remain filled by NCs. This method,8 which is
reminiscent to the “damascene” process applied in
semiconductor technology for the fabrication of
copper conducting paths in silicon based devices,
is scaled down here to patterns of NC assemblies
containing between approximately 80 NCs (100 nm
pit size, Supporting Information, Figure S8) and
exactly one In0.9Sn0.1 NC (25 nm pit size, Figure 3F).
It should be noted also, that the damascene process
performed with NCs, where microliter droplets of
colloidal solutions are deposited exactly on pat-
terned target areas of the samples, is more material
effective than the traditional damascene processes
based on vapor phase deposition of metals, covering
at least the areas of the whole samples.

Conversion to Indium Tin Oxide (ITO) Electrodes. To con-
vert the In1�xSnx NC assemblies into ITO electrodes, an
oxidation step is required. Theoxidation is performedby
an oxygen plasma treatment. Such treatments are also
commonly applied to ITOelectrodes fabricatedbyvapor
phase deposition, before they are used for organic
semiconductor solar cell preparation, because the plas-
ma treatment of the electrodes improves the device
performances.28,29 Thus in respect to device fabrication,
the plasma treatment applied here for NC oxidation,
does not represent an extra effort. In the case of our NC
films, the oxygen plasma treatment has several conse-
quences, as is revealed in detail by transmission electron
microscopy imaging of a self-assembled monolayer of
indiumNCs (Figure 4). (i)Most apparently, byoxidation a
large portion of the indium NCs becomes hollow
(Figure 4B), due to the nanoscale Kirkendall effect.9

The formation of hollow NCs by oxidation has been
observed before, for example, for cobalt or iron NCs as
starting materials,9,30 and it results from a difference of
diffusion rates between oxygen and the metal atoms
followed by a condensation of supersaturated vacan-
cies. (ii) The oxidation converts the indium NCs into
In2O3, as is evidenced by the selected area electron
diffraction patterns in Figure 4C,D. (iii) After oxidation,

Figure 4. Transmission electron microscopy image (A),
selected area electron diffraction (C), and high resolution
transmission electron microscopy image (E) of indium and
(B,D,F) indiumoxideNCs. The indiumNC in panel E is viewed
in the (111) direction; the indium oxide NC in panel F is
viewed in the (100) direction.
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the gaps in between the NCs are reduced considerably,
indicating the removal of the organic ligand shell aswell
as an increase of the average NC size (Figure 4B, Sup-
porting Information, Figure S9). The removal of the
organic ligands is confirmed also by EDX spectra ob-
tained from the deposited NC films (Figure S10), show-
ing the disappearance of the C-peaks due to oxidation.
The increase in diameter is partly caused by the increase
of the unit cell volume (Figure S11) and partly by the
formation of the cavities in the NC centers. While
the increase in unit cell volumewould cause a 6% increase
in diameter, we observe an overall increase of NC
diameters up to 22% (Figure S9). It is noted, that before
oxidation the gaps between the NCs are very uniform
with a size of 1.2 nm, while after oxidation the average
NC distance is decreased to 0.4 nm, with a variety
between zero and about twice the mean value before
oxidation. Before oxidation the homogeneous gap
distance is given by the organic ligand shell, while
after oxidation the gaps result predominantly from
the observed increase of NC size dispersion. (iv)
The oxidation leads to a recrystallization of the NCs,
starting from the surface and proceeding toward the
center of the NCs. While the indium NCs exhibit pre-
dominantly apolycrystalline nature (Figure 4E), resulting
from the fast cooling from liquid phase during the
synthesis, after the plasma treatment each In2O3 NC is
single crystalline (Figure 4F). Interestingly, short plasma
treatments result in intermediate structures exhibiting
an In/In2O3-core/hollow shell structure, with a common
orientation of the In (sub-) lattices (Figure S11), irrespec-
tive of the 4.8% mismatch between their In (sub)lattice
planedistances. The recrystallizationmight be thermally
assisted since duringplasma treatment the temperature
inside the plasma chamber reaches values around
110 �C. (v) The oxidation of In1�xSnx NCs by plasma treat-
ments gives analogous results as those obtained for the
pure indium NCs. The oxidation in the plasma chamber
does not change the initial Sn content (Figure S10), thus
by controlling x of the In1�xSnxNCs allows the control of
x in the final ITO NCs. Furthermore, the spherical shape
of the NCs is maintained by the plasma treatment
(Figure S9) and the size dispersion after oxidation is still
below 5% for NC sizes between 10 and 23 nm (x = 0�10
atomic %).

Most importantly, the plasma oxidation changes
the color, the transmittance, and the electrical con-
ductivity of the NC assemblies. While for a thin film of
In1�xSnx NCs, prepared by spin-casting the NCs on a
glass substrate, the transmittance varies dependent on
wavelength between 50% and 80% (Figure 5A), after
the oxidation the transmittance is increased to values
higher than 80�90%. The increase in transmittance is
also associated with a color change from brown to
almost totally transparent, as shown in Figure 5B,C for
dried droplets of In1�xSnx NCs before and after oxida-
tion. To obtain a first indication of the conductivity

change upon annealing, droplets of the colloid were
deposited on interdigital electrode structures, allowing
I�V characterization even for highly resistive samples.
On these electrodes the pure indium NC films biased
by a few volts across an electrode gap of 20 μmprovide
currents in the pA range (Figure 5D). Applying the
plasma treatment to the indium NCs and thus remov-
ing the ligand shell and converting the indium to In2O3

increases the current by 3 orders of magnitude up
to the nA region. If the same treatment is applied
to In1�xSnx NCs with x = 10%, currents increase by up
to 5 orders of magnitude compared to that before
oxidation.

To study the conductivity of ITO films formed from
the NCs, layers of uniform thickness were prepared
bymultiple spin-casting of In1�xSnxNCs on top of each
other. After each spin-casting step, the NCs were cross-
linked by a fast treatment with mercaptoacetic acid.31

After oxidation by the plasma treatment, platinum
contacts were sputtered on top of the film, enabling
accurate conductivity measurements by the four-
probe method. To date, in ITO NC films high conduc-
tivity was obtained only after mechanically press-
ing the NCs to pellets or after heat treatments.4�7 For
our samples heating in air to 420 �C for 40min gives the
lowest specific resistivity. Taking into account the film
thickness, measured by cross-sectional SEM imaging to

Figure 5. (A) Transmittance of a spin-casted In1�xSnx NC
film before and after oxidation in oxygen plasma. (B,C)
Photos of In1�xSnx NC droplets on a glass substrate, before
and after oxidation. (D) I�V characteristics, measured for
indium NCs dropped on interdigital gold electrodes before
and after oxidation (In2O3) and for In1�xSnx NCs after
oxidation (ITO). (E) Cross-sectional SEM image showing a
homogeneous ITO NC film with an average thickness of
200 nm, used for conductivity measurements. (F) SEM
image of a ITO NC nanoelectrode, prepared in 100 nm pits
on silicon substrate; (G) 25 nm pits occupied by single ITO
NCs.
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be close to 200 nm (Figure 5E), results in a specific
resistance of 2.6 � 10�2 Ω 3 cm, corresponding to a
conductivity of 38 S 3 cm

�1. This conductivity is con-
siderably smaller than the standard values obtained in
vapor-deposited ITO films. It is mainly limited by a
certain number of cavities and cracks in the ITO NC film
(Figure 5E) as well as by small gaps between neighbor-
ing ITO NCs (Figure 4B). In comparison to other ITO
electrodes obtained from nanoparticle solutions, this
value is, however, at least equal to the best, recently
reported values.4�6 Furthermore, the obtained con-
ductivity is in the same range as those of conducting
polymers, such as poly(3,4-ethylenedioxythiophene),
PEDOT,32 or as doped polyacetylene,33 which have
been used frequently as electrodes in high perfor-
mance organic field effect transistors.34�36 This makes
the ITO films of potential interest for applications as
transparent electrodes in all-nanoparticle solution pro-
cessed opto-electronic devices.

Since the same process steps as for the ITO NC films
are also applied to the nanopatterns of NC self-assem-
blies, fabricated by the damascene process, it can be
expected that after oxidation and heat treatment these
patterns exhibit the same favorable properties, trans-
parency and electrical conductivity, as the tested thin
films. While the heat treatment affects greatly the
conductivity in the NC film, it does not change the
nanocrystallinity of it. This is clearly seen in the nano-
patterns prepared by the damascene process, exhibit-
ing after the heat treatment still an ensemble of
individual NCs (Figure 5E, Supporting Information,
Figure S8 shows even the same NC arrangement in a
100 nm pit, before and after plasma oxidation). Thus
the NC ensembles in the 100 nm pits could be applied
as ITO nanostructured electrodes of future opto-elec-
tronic devices, which might be also integrated with
silicon electronics. The oxidation applied to the
In1�xSnx NCs deposited by the damascene process
into 25 nm pits results in single ITO NCs (Figure 5F),

which are probably hard to be contacted and used as
nanoelectrodes. Nevertheless, they are of interest,
especially due to their plasmon resonances observed
in the near-infrared,37,38 which can be applied for
plasmon enhanced optical effects, as are commonly
observedwith gold nanoparticles in the visible spectral
region. In this context the deposition of individual NCs
is of interest because it makes each NC addressable by
techniques such as confocal microscopy.

CONCLUSIONS

A fabrication procedure of nanopatterned ITO elec-
trodes is introduced, representing a cost and material
effective alternative to the standard processes based
on vapor phase deposition, followed by top down
structuring. The procedure includes three steps: (i)
the synthesis of monodisperse In1�xSnx colloidal NCs,
(ii) the preparation of self-assembled thin films and
nanosized structures from these NCs, and (iii) complete
oxidation of the NC assemblies. The 8 to 19 nm large
In1�xSnx NCs, synthesized via a nucleation controlled
hot-injection of silylamide salts into amine, exhibit
almost perfect spherical shapes and extremely narrow
size distributions, down to 2.2%. This unique mono-
dispersity results in a high tendency to form ordered
superstructures with high filling factors, observed in
3D microcrystallites as well as in thin films, obtained
simply by drop casting. Oxidation of the NCs in
oxygen plasma converts the In1�xSnx NCs into opti-
cally transparent and electrically conductive ITO. The
conductivity is at least as good as those obtained
from ITO nanoparticle inks, the monodispersity of
the used In1�xSnx NCs, however, enables also the
fabrication of nanosized electrodes with lateral dimen-
sions as small as 25 nm. Such nanopatterned ITO
electrodes on silicon substrates might be used
in the future for integration of solution processed
opto-electronic nanodevices onto standard silicon-
electronics.

EXPERIMENTAL SECTION
Materials. Indium(III) chloride (99.99%), tin(II) bis[bis-

(trimethylsilyl)amide] (Sn[N(SiMe3)2]2, purum grade), lithium
bis(trimethylsilyl)amide (Li[N(SiMe3)2], 97%), oleic acid (OA,
90%), lithium triethylborohydride (Li[Et3BH], 1.0 M solution in
tetrahydrofuran), mercaptoacetic acid (g98%), toluene (anh.
99.9%), tetrachloroethylene (g99.9%), diethyl ether (anh.
g99.7%), pentane (anh. g99%), butanol (anh. 99.8%), ethanol
(99.8%), indium wire (99.999%), and tin shots (99.999%) were
purchased from Sigma-Aldrich; hexadecylamine (HDA, techn.,
g90%, contains tetradecylamine ∼3%, and octadecylamine
∼3%) from Fluka. All were used without further purification.

Synthesis of Indium(III) Tris[bis(trimethylsilyl)amide]. Since the pre-
cursor for the synthesis of the indium NCs, In[N(SiMe3)2]3, is not
commercially available, it has to be synthesized prior to the NC
growth, according to Bürger et al.39 All steps were performed
under oxygen- andwater-free atmosphere. InCl3 (6.6mmol) was
dissolved in diethylether (80 mL) at 60 �C, forming a colorless
solution. In another bottle, a solution of Li[N(SiMe3)2] (20 mmol)

in diethylether (40mL) was prepared, and then added dropwise
to the InCl3 solution kept at 60 �C under stirring. White
precipitates of LiCl are formed continuously during the metath-
esis reaction. After 24 h of continuous stirring, the reaction was
stopped and cooled to room temperature and the precipitates
were filtered from solution by a Teflon filter (pore size 450 nm).
The filtered pale-yellow solution was placed under vacuum to
remove the solvent. As a result, white powder was obtained
whichwas dissolved in anhydrous pentane (15mL), filtered, and
placed under vacuum again. The In[N(SiMe3)2]3 crystalline
powder has a color between white and pale yellow, and it
was stored in a glovebox for further use.

Synthesis of Indium Nanocrystals. In a typical experiment HDA
(20 g) was loaded in a three neck flask and heated to 100 �C for 1 h
for purification. Subsequently, the temperature of the liquid HDA
was increased to 200 �C, where it was kept in argon atmosphere
for another 30min. In themeantime, two injection solutionswere
prepared inside a glovebox and loaded into syringes. Solution 1:
In[N(SiMe3)2]3 (0.26 g) and Li[N(SiMe3)2] (0.728 g) dissolved in
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anhydrous toluene (8 mL). The In[N(SiMe3)2]3 to Li[N(SiMe3)2]
molar ratio was kept as 1:10 for all experiments. Solution 2: 1.0 M
THF solution of Li[Et3BH] (100 μL). Solution 1was swiftly added to
the 200 �C hot HDA, which resulted in a bright-yellow solution.
Approximately 1 min later, solution 2 was injected into the
reaction mixture. The color of the solution changed to deep
brown, indicating the indium NC formation. During the time
between the injection of solution 1 and solution 2, the tempera-
ture of the reaction mixture reached a stable value of 155 �C,
being the boiling point of the HDA/toluene reaction mixture.

After a certain time of NC growth, the solution was cooled
with a water bath. The indium NCs were separated by subse-
quent additions of toluene (20 mL) and ethanol (40 mL) under
ambient condition. This was followed by centrifugation at
6000 rpm for 5 min, after which the supernatant was discarded.
Tetrachloroethylene (10 mL) was added to the precipitates
along with oleic acid (200 μL). All washing steps were repeated
three times, and they resulted in colloids of indium NCs, which
are stable in any common nonpolar solvent. A synthesis yield up
to 40�50% was achieved, and NC concentrations up to 50 mg/
mL were obtained.

Synthesis of Indium Tin Alloyed Nanocrystals. In1�xSnx NCs were
obtained similarly to the above given recipe for indium NCs.
Here, solution (1) additionally contained a certain amount of
Sn[N(SiMe3)2]2. The amount of Sn[N(SiMe3)2]2 determines the
composition of the indium tin NCs: x(%) = 0.21 3 V, where x is
the tin concentration in the NCs and V is the amount of
Sn[N(SiMe3)2]2 in microliters.

Preparation of 2D and 3D Self-Assemblies of Nanocrystals. Self-
assembled monolayers of NCs were prepared by drop cast-
ing of NCs solved in tetrachloroethylene on a polished and
HF-treated silicon substrate. The concentration of the solution
was in the range of 0.3�1 mg/mL. Slight tilting of the samples
(like 10�) improved the self-assembly properties.

The growth of 3D supercrystals was performed via slow
destabilization of NC solutions.24 For that purpose, the solution
of NCs was separated by two buffer layers from a nonsolvent.
The NC solution in tetrachloroethylene (1 mL, 3�5 mg/mL) was
placed in test tubes with an inner diameter of 8 mm and a
length of 75 mm. Two buffer layers of toluene and butanol
(0.5 mL each) were subsequently added and then 1.5 mL of
ethanol was introduced. All steps were handled slowly, and the
test tubes were slightly tilted. The tubes were closed in N2-
atmosphere and placed in darkness for 2 weeks. Afterward, the
supercrystals were collected from the bottom and the side walls
of the tubes. Colloidal microcrystals were isolated by decanta-
tion and sedimentation in anhydrous ethanol repeated three
times.

Preparation of Prepatterned Silicon Substrates. The pit-shaped pre-
patterned silicon substrates were prepared by electron beam
lithography and dry etching. To achieve the high resolution
patterns required to obtain 25 nm small pits, a VISTEC VB6
(vector beam) electron beam writer has been used with an
accelerating voltage of 100 keV using polymethylmethacrylate
(PMMA) as resist material. The accurate control of the depth of
25 nm is obtained by reactive ion etching (RIE) with an ICP 380
source operating at�80 �Cwith a RF power of 50W in anOxford
Plasmalab System 100. The substrates with pit diameter of
100 nm were prepared on a LEO Supra 35 system with a Raith
Elphy electron beam writing unit working at 30 keV, combined
with the RIE procedures. In this case the average pit depth is
about 40 nm. For both types of substrates, SF6/O2 has been used
as working gas.

Preparation of Nanopatterned Electrodes with Damascene Processing.
NCs solved in tetrachloroethylene were adsorbed onto the
prepatterned silicon substrate by drop-casting. The con-
centration of the solution was in the range between 0.3
and 1 mg/mL. After evaporation, the prepatterned substrates
were covered with closely packed NC films. After deposi-
tion the substrates were mechanically polished for 2 min
with a homemade processing plate covered with a commer-
cial polishing cloth (Mastertex PSA, BUEHLER GmbH). This
procedure removed the excessive NCs from the flat sur-
face parts of the substrates, whereas the NCs in the pits
remained.8

Oxidation of Indium and Indium Tin Nanocrystals. The NC thin
films and nanopatterned electrodes were oxidized with an
oxygen plasma reactor (300-MULTISTEP, Technics Plasma
Gmbh, 100�300 W). The oxygen flow was 100 mL/min,
and the radio frequency power was 300 W to obtain a
fast oxidation. The time of plasma treatment was typically
30 min.

Nanocrystal Characterization. SEM imageswere recorded a JEOL
JSM-6400 SEM microscope. This microscope is also equipped
with an X-ray detector used for EDX analysis. Characteristic X-ray
lines can be detected in a range of 0�20 keV. A JEOL 2011
FasTEMmicroscope was used for (high resolution) TEM imaging
as well as for measuring selected area electron diffraction
patterns. The size distributions are given as standard deviations
from mean values, measured from the TEM images for at least
100 NCs in all cases. Wide angle X-ray spectra weremeasured by
a custom-built rotating anode X-ray diffractometer, by using the
Cu KR line (1.5419 Å) and a Vantec PSD detector. The unit cell
parameters for the In1�xSnx NCs were deduced by fitting the
spectra with fityk software.40 The intensity ratio between KR1

and KR2, determined experimentally to be 1:0.47, was used for
fityk refinements.
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