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ABSTRACT We report the synthesis of nanorods of Sn-doped Iny O3 (ITO) through sol
electrophoresis with a template. A citric acid-based sol was developed for the forma-
tion. This technique enables the synthesis of ITO nanorods with controlled size and
Sn-doping concentration. The nanorods synthesized have diameters of ~ 75—145 nm

and show a bulk resistivity of ~ 5 Q cm.

PACS 61.46.+w; 73.63.Bd

1 Introduction

The class of materials known
as transparent conducting oxides (TCOs)
has become widely used in a number of
applications, due to their unique com-
bination of high electrical conductiv-
ity and optical transparency. Applica-
tions of TCOs are numerous, and in-
clude organic light-emitting diodes [1],
electrochromic displays [2] and photo-
voltaic cells [3]. Perhaps the most well-
known and widely used TCO material
is tin-doped indium oxide (ITO), which
has been in use for over 20 years [4]

As the size of devices continues to
shrink, the potential application of one-
dimensional nanostructures of func-
tional oxides is ever increasing [5]. One
can imagine that many current appli-
cations for TCOs could be enhanced
by the formation of TCO nanorods,
along with many potential new appli-
cations. In contrast to the numerous
reports on the synthesis of metal and
semiconductor nanowires [6], there has
been little work done in the synthe-
sis of ITO nanorods. A few research
groups have reported the formation of
undoped In O3 nanowires by oxida-
tion of In nanowires [7], through vapor

methods [8] (including thermal evapo-
ration [9, 10] and a vapor-liquid—solid
(VLS) technique [11, 12]), or with sol—
gel template filling [13] (for hollow ITO
nanotubes). However, all of these tech-
niques have drawbacks, and in every
case the finished product does not con-
tain the desired Sn doping that gives ITO
its high electrical conductivity [14]. One
group has reported the synthesis of ITO
nanofibers by a VLS technique [15],
but there was no mention of the Sn
dopant concentration, nor does this
technique seem to allow one to control
the Sn concentration. In this communi-
cation, we report the formation of ITO
nanorods with a controlled diameter and
Sn dopant concentration through the
technique of sol electrophoresis.

2 Experimental

2.1 Sol preparation

The chemicals used in mak-
ing the sols were: indium (III) chloride
and tin (IV) chloride (both Alfa Ae-
sar), citric acid monohydrate (Fisher),
ethylene glycol (J.T. Baker), absolute
ethanol (AAPER) and de-ionized water.
Two types of template membranes were
used for the growth of the nanorods,
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namely track-etched hydrophilic poly-
carbonate (PC) (Millipore Isopore) and
anodic alumina (AAM) (Whatman Ann-
odisc). The PC membranes have pore
diameters of 100 and 200 nm and a thick-
ness of 10 wm; the AAM samples have
200-nm pores and a thickness of 60 pm.

A citric acid-based ITO sol was de-
veloped for the technique. This was
necessary because existing sol recipes
(such as that by Alam and Came-
ron [16]) did not result in the forma-
tion of nanorods. This method is de-
rived from the ethylene glycol thermal
decomposition method of Yamamoto
and Sasamoto [17] and the colloidal sol
of Stoica et al. [18]. Briefly, the tech-
nique consists of the following. First,
citric acid monohydrate is dissolved in
a mixture of 3 parts ethanol and 2 parts
ethylene glycol at 40 °C. The quantity
of citric acid is such that the ratio of cit-
ric acid : (In+Sn) =2 : 1. The desired
amount of SnCly is then added to the
solution under stirring. A Sn concentra-
tion of 10 at % was chosen to give good
electrical conductivity, as reported by
Alam and Cameron [16]. Then, InCl;
is added to the solution, and this mix-
ture is stirred for an additional 90 min.
During the final half of this time, water
is added to complete the hydrolysis of
the precursors. The ratio of water : (In+
Sn) is 3.1 : 1, including the water of hy-
dration in the citric acid. At the end of
the stirring, the sol is cooled to room
temperature and vacuum filtered with
~ 1-pm filter paper. The final concen-
tration of ITO in the sol is about 0.12 M.

2.2 Film preparation

To test the properties of the
sol, thin films were prepared on glass
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slides by spin coating. First, a thin silica
buffer layer was spun on, using a poly-
meric silica sol [19], to minimize dif-
fusion of Na from the glass into the
film [20]. The final ITO film consists
of five coats, with a two-step drying
(110 and 300°C) between coats. The
films were then given a final firing at
400-700 °C for 1 h in air. Powders were
also made by drying the sol at 300 °C
and then firing under the same condi-
tions as for the films. X-ray diffrac-
tion (XRD) of the powders was done
on a Phillips 1830 diffractometer. The
film transmission was measured with
an Ocean Optics PC2000 spectrometer
and the sheet resistance of the films
was measured with a Veeco four-point
probe. This was converted to a bulk re-
sistivity value by multiplying by the film
thickness (~ 550nm), which was de-
termined by observing a cross section
in a JEOL JSM-5200 scanning electron
microscope (SEM).

2.3 Nanorod preparation

Synthesis of the ITO nano-
rods was achieved through sol elec-
trophoresis with a template, following
the procedure we have outlined pre-
viously [21]. Briefly, the PC or AAM
template is placed against a working
electrode, in contact with the sol. A Pt
counter-electrode is placed opposite
the working electrode at a distance
of ~ 3 cm. Nanorods are grown under
an applied potential of 4 V. To verify
the importance of the electrophoresis,
samples were also synthesized without
an applied field, by simply immersing
the template in the sol for 1 h. After
growth, samples are dried at ~ 110°C
and then fired in air at 600-700°C
for 1h. The as-synthesized nanorods
were observed by SEM (JEOL-JSM
5200 and 820A), transmission electron
microscopy (TEM, Phillips EM420T)
and energy-dispersive spectroscopy
(EDS, Princeton Gamma Tech IMIX).
The resistivity of the ITO nanorods was
determined with an LCR meter (HP
4284A).

3 Results and discussion
3.1 Sol

Most ITO sol recipes re-
ported in the literature require the use
of stabilizing additives for the forma-
tion of a stable sol. Such additives,

typically acetylacetone (AcAc) [16,22,
23], diethanolamine (DEA) [24] or tri-
ethanolamine (TEA) [24,25], strongly
retard the condensation reactions in
sols. While this is important for the for-
mation of stable sols, it may be very
detrimental to the synthesis of nanorods
by sol electrophoretic deposition (EPD).
If condensation reactions between de-
posited nanoclusters do not occur, the
nanorod deposit will have no green
strength, and will not hold its shape
upon pyrolysis of the PC template. If
condensation reactions are even further
inhibited, nanocluster formation may
not even occur in the sol, in which case
sol EPD would not be possible.

For this reason, it was necessary
to develop a new ITO sol recipe that
would work with the sol EPD tech-
nique. Citric acid-based sol methods are
widely known [26] to be useful for for-
mation of stable complex oxide sols.
However, this technique has not been
widely adapted for the synthesis of ITO
sols, although a paper from Stoica et
al. [18] does briefly mention addition
of a polybasic acid to their sol. This
may have been citric acid, but it is un-
clear. From our previous research, we
have shown that a citric acid-based sol
(SrpNb,O7) can be used for the forma-
tion of nanorods [21]. We have adapted
this method to the formation of ITO sols
with a Sn concentration of about 10%.

3.2 Films

First, it was necessary to de-
termine if the new sol produces the de-
sired ITO phase. Powder XRD, shown
in Fig. 1, demonstrates that the desired
phase has already appeared after heat-
ing to 400 °C, with the crystallinity im-
proving upon further heating to 700 °C.
Only peaks corresponding to the de-
sired cubic In,O3 phase were observed.
All fired films are transparent, with
a transmission greater than 80% for
450-750 nm (not shown). The films are
all conductive as well, with a resistiv-
ity dependent on the firing temperature,
as seen in Fig. 2. The samples fired at
700°C have the best properties, with
a resistivity of ~ 1.44x1072Qcm.
This value falls roughly in the mid-
dle of the range reported in the lit-
erature (~ 1.5x 1073 Qcm [16] to ~
2.0 x 1072 Qcm [27]) for sol-gel ITO
films fired in air.

33 Nanorods

Figure 3 shows SEM micro-
graphs of ITO nanorods grown in 100-
nm (A) and 200-nm (B) PC templates
and fired at 600 °C for 1 h. These sam-
ples show about 25%-30% shrinkage
in diameter compared to the original
template diameter. The nanorods syn-
thesized in this study are not straight,
with a number of the nanorods being
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FIGURE 1 XRD patterns for ITO powders and nanorods (in AAM) fired in air at 700 °C for 1 h.

The peak marked * does not belong to ITO, or any tin or indium oxides, but may be from the alumina

template
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FIGURE 2 Resistivity of ITO films as a function of firing temperature

bent into quite curvy shapes. One pos-
sible explanation for this is the drying
step used prior to firing. It is believed
that this step promotes further surface-
condensation reactions between the de-
posited nanoparticles, and is thus an im-
portant part of the nanorod synthesis.
This can be seen, for example, in the
growth of TiO, nanorods in 50-nm tem-
plates, where the morphology changes
between samples dried for ~ 24 (dis-
continuous) and ~ 48 h (continuous) at
110°C [28]. It is thus possible that a fur-
ther drying time (or increase in drying
temperature) could further the surface
condensation, and thus yield straighter
rods.

To understand the importance of
EPD in the growth of the ITO nanorods,
samples were also prepared without
electrophoresis, by simply immersing
the template into the sol for the growth
time of 1 h. Figure 3c shows a SEM

showing poor-quality nanorods

P e = —-.J,
FIGURE 3 SEM micrographs of nanorods of ITO grown in 100-nm (a) and 200-nm (b) templates. ¢ SEM micrograph of a sample where EPD was not used,

micrograph of such a sample. It can be
seen in this image that the result of the
growth without EPD is a low yield of
short, broken, hollow nanorods. This is
expected, given the expected mechan-
ism of growth when using sol EPD [21].

Figure 4a shows a bright-field TEM
micrograph of a single ITO nanorod.
From this image, one can see that
the nanorod has a mostly smooth sur-
face, but that there are some small
fluctuations on the sides of the rod.
The selected-area diffraction pattern
(Fig. 4b) of one nanorod shows a ring
pattern typical of a polycrystalline nano-
rod. A dark-field TEM image (Fig. 4c)
shows the presence of very small crys-
tallites ~ 2—5 nm in size. This is some-
what smaller than the grain sizes de-
termined from XRD line broadening,
which show an average crystallite size
of ~25nm in the nanorods. This is
not surprising, as ITO has been found

¢ 1 micron

with a ‘grain—subgrain structure’, where
the smaller subgrains are about 20
times smaller than the grains. XRD
line broadening is also of limited ac-
curacy for very fine-grained compacts
due to the presence of non-uniform
strains [29]. Figure 4d shows the re-
corded EDS data from a single nanorod.
Both the In (24.14keV) and the Sn
(25.20keV) K, lines [30] are clearly
present, with an intensity ratio that sug-
gests ~ 8at. % Sn in the In,O3. Sn is
present in the nanorods, showing that we
have successfully produced the desired,
doped phase of ITO.

To determine the approximate re-
sistivity of the ITO nanorods, samples
were grown in an AAM template for
6h and then dried. Since a tempera-
ture of 700 °C was determined to give
the best properties in films, the sam-
ples in AAMs were also fired at 700 °C
for 1 h. This yields a composite of
ITO nanorods embedded in the AAM
membrane. The existence of the de-
sired phase is demonstrated in the XRD
data shown in Fig. 1, which compares
the spectra of ITO powders from this
sol (fired at 700°C) to the nanorods
in an AAM. Electrodes were placed
on each side of the composite mem-
brane using silver paste and wires were
attached. The resistance of this setup
was then measured and found to be
2.61 Q after subtracting the contribu-
tion from the wires and the silver elec-
trodes. This data was used to calcu-
late an approximate resistivity for the
nanorods, based on the electrode area
(~ 0.08 cm?), the number density of
the nanorods (10° cm?) and the length
and diameter of the nanorods (60 um
and ~ 140 nm, respectively). This gives
a value of ~ 5 Q cm for the bulk resis-
tivity of the nanorods. Obviously, this
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a 200 nm

FIGURE 4

strating the small crystallite size. d EDS spectrum of a single ITO nanorod

is a very crude method to determine the
resistivity of the nanorods, which is, in
part, why the value obtained is so much
larger than those typically reported in
the literature.

One possible explanation for the
large resistivity recorded would be scat-
tering at the grain boundaries or nanorod
walls. Using a typical value of the car-
rier concentration (n ~ 10%° cm?) [14]
and the resistivity measured from ITO
films (of the same sol), one can calcu-
late an electron mean free path of about
3nm [31]. Thus, grain-boundary scat-
tering may have a detrimental effect
on the nanorod resistivity. Additionally,
very poor conductivity (o &~ 800 €2 cm)
has been found previously in meso-
porous ITO [32]. It is suggested that the
low conductivity is due to residual or-
ganic components, grain-boundary ef-
fects in the powder and defects in the
wall structure. It is also possible that
not all of the ITO nanorods embedded
in the template contribute to the electri-
cal conductivity. Figure 3 suggest that
a certain fraction of the ITO nanorods
break during or after firing. The addi-
tional constraints imposed when sinter-
ing samples in the rigid AAM template
may lead to an even greater number of
broken ITO nanorods. Furthermore, it
is possible that not all channels of the
AAM are filled, or run through the en-
tire thickness of the template, leading
to additional increases in the measured
resistivity.

4 Conclusions

Sol electrophoretic deposi-
tion in templates is a highly flexible
method for the synthesis of a wide
variety of nanorods. For example, the
technique can be used to synthesize
nanorods of the transparent conducting
oxide material ITO, which was shown to
have an apparent resistivity of 5 € cm.
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