
Journal of the European Ceramic Society 25 (2005) 3307–3314

Solvent effect on synthesis of indium tin oxide nano-powders
by a solvothermal process
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Abstract

Well-crystallized and nano-sized indium tin oxide (ITO) powders were prepared by a solvothermal process from a mixed solution consisting
of indium nitrate and tin chloride. The characteristics of the solvothermally synthesized ITO powders were studied to investigate the contribution
of the processing variables (solvent, working temperature, working pressure) on the physico-chemical properties.

The results of this study show that the nano-sized blue ITO powders with a single phase could be directly obtained by changing the medium
from water to organic solvent. Comparison of the yellow ITO powders synthesized by the coprecipitation using calcination of precipitates
a reaction.
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nd blue ITO powders synthesized by the solvothermal process indicated that the solvothermal process led to an in situ reduction
Solvent viscosity in the solvothermal process strongly influences both electrical and optical properties of ITO materials for tr

onducting oxides (TCOs). The size of synthesized ITO particles increased with increasing solvent viscosity due to steric hindrance
he shape of the synthesized ITO particles became more square with increasing solvent viscosity, because the preferred orient
aterials for crystallization is the fastest in the〈1 0 0〉 direction.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Indium tin oxide (ITO) is an advanced ceramic mate-
ial with many electronic and optical applications due to its
xcellent properties of high conductivity (≈104 �−1 cm−1)
nd high transparency (85–90%) to visible light.1,2 The high
lectrical property is originated from the creation of a con-
ucting carrier–oxygen vacancy with the addition of dopant
Sn) to the matrix (In2O3). The oxygen vacancies act as dou-
ly ionized donors and contribute at a maximum two elec-

rons to the electrical conductivity as seen in the following
quation:3

o → V ••
o + 1

2O2 (g) + 2e−

∗ Corresponding author. Tel.: +82 2 2290 0505; fax: +82 2 2291 6767.
E-mail address:choi0505@hanyang.ac.kr (S.-C. Choi).

In2O3 exists in two different crystallographic structures,
rhombohedral and cubic forms. High electrical conduc
ity is normally achieved by the stabilization of the cu
phase.4–6

Among the various processing methods, one of the
techniques for making ITO films is magnetron sputter
which uses either an In–Sn alloy or an In2O3–SnO2 oxide as
the sputtering target. The sputtering efficiency and the p
erties of the sputtered films are strongly dependent o
density of the sputtering target.3 Nanocrystalline powde
ranging from 1 to 100 nm have a high driving force for d
sification due to their enormous surface area at relatively
temperature.7

Several chemical techniques, such as coprecipita
sol–gel, hydrothermal method, etc., have been used to
pare nanocrystalline powders.8 Among these chemical tec
niques, the hydrothermal process has attracted a grea
of attention since particles with the desired characteri
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can be prepared with this technique by controlling the solu-
tion pH, reaction temperature, reaction time, solute concen-
tration and the types of solvent depending on the particular
application.9 The main advantages of hydrothermal synthesis
are related to homogeneous nucleation processes, ascribed to
elimination of the calcinations step to produce very low grain
sizes and high purity powders.10 Moreover, many inorganic
materials can be prepared at substantially lower temperatures
in hydrothermal reactions than in solid-state reactions due
to shorter diffusion distances for reactants for crystalliza-
tion. Shorter diffusion distances for reactants results in lower
temperatures for crystallization which, in turn, alleviate sto-
ichiometry problems associated with volatilization of high
vapor pressure components.11

In the conventional hydrothermal process, water can ad-
versely affect the synthesis of the desired compounds due
to the sensitivity of some precursors to water, the decompo-
sition of some reactants in water and the inability of some
reactions to occur in the presence of water. It is impossible to
obtain ITO powders with cubic phase without an additional
phase by conventional hydrothermal process since it does not
have enough energy to break the bonds among the precursor
molecules below the supercritical condition. To prepare crys-
tallized ITO nano-powders with a single phase, Udawatte and
Yanagisawa2,12,13reported that it was necessary to do addi-
tional heat treatment on hydrothermally derived precursors.
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lution, respectively. The two solutions were mixed with the
mole fraction of In:Sn of 92:8 under vigorous stirring. Af-
ter the solution attained equilibrium, ammonia solution was
added drop by drop into the mixed precursor solution un-
til pH 11. Upon mineralizer addition, gelation of suspension
rapidly occurred around pH 4 and the solution was agitated
at 3000 rpm for 4 h. The precipitates formed from the solu-
tion were aged for a day. The supernatant solution was de-
canted and the wet precipitates were washed several times
by centrifugation using water until the pH was remaining
near neutral region. The precipitates were dried at 80◦C
for 10 h to remove water molecules perfectly. Portions of
each dried precipitate were redispersed under constant stir-
ring in beakers with 300 ml organic solvent: ethylene gly-
col (C2H6O2, Kanto Chemical Co. Inc., Japan), polyethy-
lene glycol 600 (H(OC2H4)nOH, Kanto Chemical Co. Inc.,
Japan), and ethanol (C2H5OH, Kanto Chemical Co. Inc.,
Japan). The resulting suspensions were placed in 2000 ml
stainless steel pressure vessels equipped with magnetic stir-
rers. The vessels were then heated up to 250◦C at a rate of
10◦C/min. The final products were repeatedly washed with
ethanol and centrifuged several times and then dried at 80◦C
for 24 h.

2.2. Powders characterization
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n order to apply ITO materials to transparent conduc
hin films, annealing for ITO powders crystallized by c
inations should be conducted under reduced conditio
ncrease carrier concentration. And then, color of ITO p
ers changes from yellow to blue.

Yu11 found that the solvent in a solvothermal process c
e used as shape-controller of nanoparticles, since the s
hysico-chemical properties such as polarity, viscosity,
oftness will strongly influence the solubility and transp
ehavior of the precursors.

The purpose of this study was to obtain blue ITO na
owders with a single phase without an additional heat t
ent and to compare with physico-chemical propertie

olvothermally synthesized ITO powders in various org
olvents with different viscosities. The various charact
ics of powders will influence to both electrical and opt
roperties of ITO thin films in application.

. Experimental procedure

.1. Powders preparation

Indium(III) nitrate n-hydrate (In(NO3)3·nH2O, Kanto
hemical Co. Inc., Japan) and tin(IV) chloride pentahyd

SnCl4·5H2O, Kanto Chemical Co. Inc., Japan) were use
tarting materials. Ammonia solution (28% NH4OH, Junse
hemical Co. Ltd., Japan) was used as the mineralizer.
Indium precursor and tin precursor were precipitated f

.1 M In(NO3)3·nH2O solution and 0.1 M SnCl4·5H2O so-
t

The phase of final ITO powders was identified by X-
iffraction (XRD, Rigaku, D/max-2C, Japan) using Cu K�1
adiation. XRD patterns of ITO powders were obtained in
θ range between 20◦ and 80◦ with a step of 0.01◦ and a sca
peed of 5◦/min. The crystallite size of the ITO powders w
alculated from the line broadening of the (2 2 2) diffrac
ine according to the Scherrer equation:

= 0.9λ

β cosθ

hereD is the crystallite size (in angstroms),λ the wave
ength of Cu K�1 radiation, andβ the corrected half-widt
f the diffraction peak. Degrees of relatively preferred or

ation were estimated by (4 0 0)/(2 2 2) intensity ratios f
RD patterns of each ITO powder. The size and shap

he crystallized ITO powders were observed by transmis
lectron microscopy (TEM, JEM-2010, JEOL, Japan).
egree of agglomeration between primary particles wa
mined by field emission-scanning electron microscopy
EM, JSM-6330F, JEOL, Japan). The electrical surface p
rties of samples were determined by electrokinetic s
mplitude (ESA, 9800, Matec Applied Sciences, MA). S
ensions containing a solid-phase weight fraction of 1%
ater as solvent were dispersed by ultrasonic treatme
0 min. All titrations were performed by the addition of a

o the initially basic suspensions. The optical propertie
TO powders were characterized by room temperature p
uminescence (PL, 1000M, SPEX, USA) with a He–Cd la
s a light source using an excitation wavelength of 32
nd a power of 30 mW.
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Fig. 1. XRD patterns of precipitates (left) and powders synthesized by the hydrothermal process.

3. Results and discussion

According to previous reports on the electrical properties
of ITO materials,7,8,14 the size of the ITO crystalline lat-
tice showed a minimum at approximately doping contents
of 8 mol%, which corresponded to the optimum ratio where
the lowest resistivity was obtained. Most of the hydrother-
mal crystallization is known to proceed via a dissolution-
reprecipitation mechanism reaction, which is applicable to
this study.14–16 The decrease in the crystallite size is fol-
lowed by an increase in pH, since the nucleation rate is more
rapid than the grain growth rate due to the predominant con-
densation reaction under basic conditions.17 Agli et al.18 also
reported that crystallite size decreased and the degree of crys-
tallization increased with higher concentrations of NH4OH,
where –OH ligands derived from NH4OH make the metal hy-
droxide precursor. It is suitable to accelerate Ostwald ripen-
ing, which more quickly dissolve the smaller grains. It is
proposed that solvothermal treatment is an Ostwald ripening
process and the dissolution process can control the kinetics
of the growth of larger grains.19

Fig. 1shows the XRD patterns of precipitates and powders
synthesized by the hydrothermal process. It was observed that
precipitates consisted primarily of amorphous and indium
hydroxide. These precipitates were used as precursors for
the synthesis of ITO powders in this study.
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process is confined to conditions in which some reactants
will decompose in the presence of water or the precursors
are very sensitive to water, or some reactions will not happen
while water exists, resulting in the failure in synthesis of the
desired compounds. Thus, by substituting non-aqueous sol-
vents for water, a solvothermal process has been developed
which can prepare various nanocrystalline compounds and
which can initiate some conventional solid-state reactions in
organic media under mild conditions.11

Fig. 2shows XRD patterns of synthesized ITO powders by
the solvothermal process with ethylene glycol as a function
of the working temperature. Below 250◦C, powders con-
sisted of mixed phases such as cubic In2O3, In(OH)3, and
InOOH. Since, there was not sufficient energy to completely
break the precursor bonds to allow crystallization by the
dissolution–reprecipitation mechanism. However, ITO pow-
ders synthesized by the solvothermal process just at 250◦C
had patterns identified with the cubic structure without ad-
ditional phases. In the solvothermal process with ethylene
glycol as the solvent, it was observed that 250◦C was the
critical temperature for forming a single oxide phase.Table 1
summarizes the physical properties of ITO powders synthe-
sized by calcining the precipitates at 600◦C for 1 h in air

F l pro-
c
f

Powder synthesized by the hydrothermal process
isted of only indium hydroxide without oxide phases.
pite hydrothermal treatment from 200 to 270◦C for 6–120 h
o oxide phases were observed in the XRD patterns
ause the hydrothermal process does not have enoug
rgy to break the bonds of the precursors. In order to pre
ydrothermally crystallized ITO nano-powders with a s
le phase below the supercritical condition, Udawatte
anagisawa2,12,13 reported that it was necessary to sub

he hydrothermally derived precursors to an additional
reatment.

In order to avoid additional heat treatment, organic
ents such as ethanol, ethylene glycol, and polyethylene
ol were used instead of water. Conventional hydrothe
-

ig. 2. XRD patterns of ITO powders synthesized by the solvotherma
ess with ethylene glycol as solvent: (a) at 210◦C, (b) 230◦C, and (c) 250◦C
or 6 h, respectively.
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Table 1
Physical properties of ITO powders synthesized by calcining the precipitates at 600◦C for 1 h in air and by the solvothermal process with ethylene glycol as
solvent at various temperatures and pressures for 6 h, respectively

Sample name Temperature (◦C) Pressure (psi) Powders color Crystal structure

ITO1 600 Atmosphere Yellow Cubic In2O3

ITO2 210 180 Khaki Cubic In2O3 + In(OH)3 + InOOH
ITO3 230 270 Khaki Cubic In2O3 + In(OH)3 + InOOH
ITO4 250 410 Blue Cubic In2O3

and by the solvothermal process with ethylene glycol as the
solvent at various temperatures for 6 h.

XRD patterns of ITO powders synthesized by calcining
the precipitates at 600◦C for 1 h and by the solvothermal
process in various solvents at 250◦C for 6 h shown inFig. 3,
indicate that all of the powders consisted of cubic In2O3 with-
out additional phases. However, the color of synthesized ITO
powders varied according to the process. Solvothermally syn-
thesized powders were blue and the powders synthesized by
coprecipitation using calcination were yellow. It is known
that blue ITO powders have a higher carrier concentration
than yellow ITO powders, due to more creation of the oxy-
gen vacancies.20 This indicated that the solvothermal process
has an in situ reduction conditions. This is very advantageous
for the preparation of blue ITO nano-powders, because the
increase of carrier concentration and crystallization of pre-
cursors are simultaneously achieved in a single step.

Fig. 3shows variations in crystallite size and (4 0 0)/(2 2 2)
intensity ratio could be observed as a function of the types of
solvent.Table 2summarizes the physical properties including
crystallite sizes calculated by the Scherrer equation in refer-
ence to the (2 2 2) XRD lines. It was observed that the higher
solvent viscosity, the larger particle size, since nucleation rate
is faster than crystalline growth rate in solvents with a lower
viscosity. In addition, as can be seen in identical glycol group
solvent, higher degree of polymerization caused larger parti-
c rded
n

F s: (a)
b ss
i 0
f

Table 2
Physical properties of ITO powders synthesized by calcining the precipi-
tates at 600◦C for 1 h and by the solvothermal process with various organic
solvents at 250◦C for 6 h, respectively

Process Solvent Temperature
(◦C)

Crystallite
size (nm)

Powder color

Calcination None 600 15.24 Yellow
EtOH 250 10.86

Solvothermal EG 250 19.12 Blue
PEG 250 25.02

The XRD intensity ratios provide information about
the degree of relatively preferred orientation of synthe-
sized ITO powders by the various processes. Powders with
higher intensity ratios have higher Hall mobility and lower
resistivity.3,22–24 Kamei and coworkers25,26 reported that
(1 1 1) ITO films, whose dominant growth direction is along
〈1 1 1〉, accommodate larger amount of interstitial oxygen
atoms into the films due to the non-uniform distribution
of oxygen vacancies. The (1 1 1) ITO films always show
a smaller density of free electrons compared to the (1 0 0)
films despite being synthesized by the same process, since
the interstitial oxygen atoms extinguish free electrons when
combined with substitutional Sn atoms. Hence, preparation
of ITO nano powders having a higher density of free elec-
trons must involve retardation of the crystalline growth along
〈1 1 1〉 orientation. In general, it can be observed to relative
density of free electron from (4 0 0)/(2 2 2) intensity ratios.

F syn-
t essed
a rganic
s

le size due to the steric hindrance of solvent, which reta
ucleation reaction.21

ig. 3. XRD patterns of synthesized ITO powders at various condition
y calcining the precipitates at 600◦C for 1 h; by the solvothermal proce

n (b) ethanol, (c) ethylene glycol, and (d) polyethylene glycol 600 at 25◦C
or 6 h, respectively.
ig. 4. (4 0 0)/(2 2 2) intensity ratios from XRD patterns of ITO powders
hesized by the coprecipitation using calcinations of precipitates (expr
s none in here) and by the solvothermal process in the various o
olvents.
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Fig. 5. TEM images of synthesized ITO powders at various conditions: (a) by calcining the precipitates at 600◦C for 1 h; by the solvothermal process in (b)
ethanol, (c) ethylene glycol, (d) polyethylene glycol 600 at 250◦C for 6 h, and (e) polyethylene glycol 600 at 250◦C for 12 h, respectively.

Fig. 4shows (4 0 0)/(2 2 2) intensity ratios from XRD pat-
terns of synthesized ITO powders with various solvents. In-
tensity ratios of powders synthesized by the solvothermal
process were larger than those synthesized by calcining the
precipitates. And, in the solvothermal process, the intensity
ratios of synthesized powders were larger in solvent with
higher solvent viscosities, due to the crystalline growth in
the preferred orientation along〈1 0 0〉 direction.

Fig. 5shows the transmission electron micrographs of the
ITO powders by coprecipitation method using calcination of
precipitates and the solvothermal process. It reveals that the
shape and distribution of the synthesized particles by copre-
cipitation were nearly spherical and uniform, respectively.
These micrographs show that the average size of the par-
ticles ranged from 10 to 20 nm, which agrees with the es-
timated crystallite size from XRD analysis. The shape and
distribution of the particles synthesized by the solvothermal
process in ethanol with the lowest viscosity of solvent used
in this study were relatively spherical and uniform, respec-
tively. However, synthesized ITO particles with glycol sol-
vents, which had higher viscosities than the alcohol solvent,
were square. This indicated that in high solvent viscosity the
crystalline growth rate was faster than nucleation rate, result-
ing in the square shape of synthesized ITO particle, since the
preferred orientation of ITO materials in the〈1 0 0〉 direction
is the fastest.25 Moreover, in the glycol group solvents, it was
f iza-
t arti-

cles size distribution resulting from the relatively accelerated
crystalline growth rate21 (seeFig. 5c and d). In polyethylene
glycol 600 solvent, particles size and distribution were more
influenced by solvent viscosity rather than holding time (see
Fig. 5d and e).

It was anticipated that ITO powders with crystalline
growth in the〈1 0 0〉 direction would have higher conduc-
tivity of final ITO films due to the generation of free elec-
trons resulting from the uniform distribution of the oxygen
vacancies.25,26

Fig. 6 shows the field emission scanning electron micro-
graphs of the ITO powders crystallized by calcination and
solvothermal process. Yellow ITO powders synthesized by
the coprecipitation using calcination had high degree of ag-
glomeration among the primary particles and non-uniform
agglomerates’ distribution than blue ITO powders synthe-
sized by the solvothermal process. This indicated that it was
very available to solvothermal process for synthesis of nano-
sized ITO powders.

Fig. 7 illustrates the solvent effect on the electrokinetic
behavior of ITO as a function of suspension pH at a parti-
cle weight fraction of 1%, where suspensions were prepared
with ITO powders crystallized in various organic solvents
and water as solvent.27 This verifies that the degree of re-
duction varies depending on diverse types of solvent in the
solvothermal process. The isoelectric points of all suspen-
s and
8 were
ound that synthesized ITO powders with higher polymer
ion number of used organic solvent tended to widen p
ions exhibited nearly in a neutral region between pH 7
. It was observed that surface charges of all samples
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Fig. 6. FE-SEM images of synthesized ITO powders at various conditions: (a) by calcining the precipitates at 600◦C for 1 h; by the solvothermal process in
(b) ethanol, (c) ethylene glycol, and (d) polyethylene glycol 600 at 250◦C for 6 h, respectively.

positive (positive dynamic mobility) in the acidic pH range.
The ITO surface generally exhibits oxygen.28 The reduction
process creates oxygen vacancies in both the surface and lat-
tice of ITO materials. The high degree of reduction causes a
decrease in the total potential charge of the ITO surface due
to the partial removal oxygen on the surface. In the solvother-
mal process for the synthesis of ITO powders, the difference
in the dynamic mobility of each powder indicated varying
degrees of reduction resulting the change in the total surface
charge. This showed that the degree of reduction depended
on viscosity of the solvent used, which corresponded to the
crystalline growth orientation of ITO materials. Solvother-

F ther-
m

mally synthesized ITO powders in polyethylene glycol 600
with the highest viscosity used in this study exhibited the
lowest dynamic mobility. This means that a higher viscosity
solvent causes higher degree of reduction, which is in a good
agreement with analysis of (4 0 0)/(2 2 2) intensity ratios from
the XRD patterns.

Fig. 8illustrates the room temperature PL emission spec-
tra and PL maximum intensities of each ITO powder syn-

Fig. 8. PL emission spectra of each sample synthesized by the solvothermal
process in: (a) ethanol, (b) ethylene glycol, and (c) polyethylene glycol 600
a der
s types
o

ig. 7. Electrokinetic behavior of ITO powders synthesized by the solvo
al process as a function of the types of solvent and suspension pH.
t 250◦C for 6 h, respectively. PL maximum intensities of each ITO pow
ynthesized by the solvothermal process plotted as a function of the
f solvent (inset).
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thesized by the solvothermal process as a function of types
of solvent. PL spectra were recorded under exactly the same
conditions for all samples. It is shown that the main emission
peak was at about 360 nm, which indicated suitable optical
property for transparent conducting oxides (TCOs) materi-
als. The most notable feature ofFig. 8 was that PL intensi-
ties increased with increasing solvent viscosity, which meant
that increasing solvent viscosity influenced the generation of
more free electrons resulting from the creation of oxygen
vacancies.29 These results were in a good agreement with
results from XRD, TEM, and ESA. Therefore, it could be
confirmed that solvothermally synthesized ITO powders in
polyethylene glycol with the highest viscosity in this study
would have higher conductivity of final ITO thin films, re-
sulting from larger density of free electron.

4. Conclusions

Well-crystallized and nano-sized ITO powders were pre-
pared by a solvothermal process from a precursor solution
containing indium nitrate and tin chloride without an addi-
tional heat treatment. The results of this study show that the
blue ITO nano-powders with only cubic phase could be di-
rectly obtained by using organic solvent instead of water.
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27. Wäsche, R., Naito, M. and Hackley, V. A., Experimental study on
zeta potential and streaming potential of advanced ceramic powders.
Powder Tech., 2002,123, 275–281.

28. Chaney, J. A., Koh, S. E., Dulcey, C. S. and Pehrsson, P. E., Surface
chemistry of carbon removal from indium tin oxide by base and

plasma treatment, with implications on hydroxyl termination.Appl.
Surf. Sci., 2003,218, 258–266.

29. Lee, S. W., Song, D. G., Lee, J. W., Kim, S. T., Park, I. Y. and Won,
M. S., Enhancement of luminescence efficiency of ZnS:Cu nanorystals
by pH control.Mater. Sci. Eng., 2003,B103, 241–245.


	Solvent effect on synthesis of indium tin oxide nano-powders by a solvothermal process
	Introduction
	Experimental procedure
	Powders preparation
	Powders characterization

	Results and discussion
	Conclusions
	References


