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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
ofindium 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
and blue ITO powders synthesized by the solvothermal process indicated that the solvothermal process led to an in situ reduction reaction.

Solvent viscosity in the solvothermal process strongly influences both electrical and optical properties of ITO materials for transparent
conducting oxides (TCOs). The size of synthesized ITO particles increased with increasing solvent viscosity due to steric hindrance. Moreover,
the shape of the synthesized ITO particles became more square with increasing solvent viscosity, because the preferred orientation of ITO
materials for crystallization is the fastest in #1e0 Q) direction.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction In,O3 exists in two different crystallographic structures, i.e.
rhombohedral and cubic forms. High electrical conductiv-

Indium tin oxide (ITO) is an advanced ceramic mate- jty is normally achieved by the stabilization of the cubic
rial with many electronic and optical applications due to its phaset-6
excellent properties of high conductivity(0* @t cm™) Among the various processing methods, one of the best
and high transparency (85-90%) to visible ligftThe high  techniques for making ITO films is magnetron sputtering,
electrical property is originated from the creation of a con- \yhich uses either an In=Sn alloy or an@s—SnQ oxide as
ducting carrier—oxygen vacancy with the addition of dopant the sputtering target. The sputtering efficiency and the prop-
(Sn) to the matrix (In0z). The oxygen vacancies actas dou- erties of the sputtered films are strongly dependent on the
bly ionized donors and contribute at a maximum two elec- density of the sputtering targgtNanocrystalline powders
trons to the electrical conductivity as seen in the following ranging from 1 to 100 nm have a high driving force for den-
equation® sification due to their enormous surface area at relatively low
temperaturé.

Several chemical techniques, such as coprecipitation,
sol—gel, hydrothermal method, etc., have been used to pre-
pare nanocrystalline powdetAmong these chemical tech-
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can be prepared with this technique by controlling the solu- lution, respectively. The two solutions were mixed with the
tion pH, reaction temperature, reaction time, solute concen-mole fraction of In:Sn of 92:8 under vigorous stirring. Af-
tration and the types of solvent depending on the particular ter the solution attained equilibrium, ammonia solution was
application? The main advantages of hydrothermal synthesis added drop by drop into the mixed precursor solution un-
are related to homogeneous nucleation processes, ascribed tiil pH 11. Upon mineralizer addition, gelation of suspension
elimination of the calcinations step to produce very low grain rapidly occurred around pH 4 and the solution was agitated
sizes and high purity powdet8.Moreover, many inorganic  at 3000 rpm for 4 h. The precipitates formed from the solu-
materials can be prepared at substantially lower temperaturegion were aged for a day. The supernatant solution was de-
in hydrothermal reactions than in solid-state reactions due canted and the wet precipitates were washed several times
to shorter diffusion distances for reactants for crystalliza- by centrifugation using water until the pH was remaining
tion. Shorter diffusion distances for reactants results in lower near neutral region. The precipitates were dried at@B0
temperatures for crystallization which, in turn, alleviate sto- for 10h to remove water molecules perfectly. Portions of
ichiometry problems associated with volatilization of high each dried precipitate were redispersed under constant stir-
vapor pressure componenfs. ring in beakers with 300 ml organic solvent: ethylene gly-
In the conventional hydrothermal process, water can ad- col (C;HgO,, Kanto Chemical Co. Inc., Japan), polyethy-
versely affect the synthesis of the desired compounds duelene glycol 600 (H(O@H4),OH, Kanto Chemical Co. Inc.,
to the sensitivity of some precursors to water, the decompo-Japan), and ethanol §8s0H, Kanto Chemical Co. Inc.,
sition of some reactants in water and the inability of some Japan). The resulting suspensions were placed in 2000 ml
reactions to occur in the presence of water. It is impossible to stainless steel pressure vessels equipped with magnetic stir-
obtain ITO powders with cubic phase without an additional rers. The vessels were then heated up to°Z5@t a rate of
phase by conventional hydrothermal process since it does notLl0°C/min. The final products were repeatedly washed with
have enough energy to break the bonds among the precursoethanol and centrifuged several times and then dried &£80
molecules below the supercritical condition. To prepare crys- for 24 h.
tallized ITO nano-powders with a single phase, Udawatte and
Yanagisaw&213reported that it was necessary to do addi- 2.2. Powders characterization
tional heat treatment on hydrothermally derived precursors.
In order to apply ITO materials to transparent conducting  The phase of final ITO powders was identified by X-ray
thin films, annealing for ITO powders crystallized by cal- diffraction (XRD, Rigaku, D/max-2C, Japan) using CaK
cinations should be conducted under reduced conditions toradiation. XRD patterns of ITO powders were obtained in the
increase carrier concentration. And then, color of ITO pow- 26 range between 2Gand 80 with a step of 0.01and a scan
ders changes from yellow to blue. speed of 5/min. The crystallite size of the ITO powders was
Yullfound thatthe solventin asolvothermal process could calculated from the line broadening of the (2 2 2) diffraction
be used as shape-controller of nanoparticles, since the solvenline according to the Scherrer equation:
physico-chemical properties such as polarity, viscosity, and 0.9
softness will strongly influence the solubility and transport D =
. B cosh
behavior of the precursors.
The purpose of this study was to obtain blue ITO nano- WhereD is the crystallite size (in angstroms),the wave-
powders with a single phase without an additional heat treat- length of Cu kx; radiation, ands the corrected half-width
ment and to compare with physico-chemical properties of Of the diffraction peak. Degrees of relatively preferred orien-
solvothermally synthesized ITO powders in various organic tation were estimated by (4 00)/(2 2 2) intensity ratios from
solvents with different viscosities. The various characteris- XRD patterns of each ITO powder. The size and shape of

tics of powders will influence to both electrical and optical the crystallized ITO powders were observed by transmission
properties of ITO thin films in application. electron microscopy (TEM, JEM-2010, JEOL, Japan). The

degree of agglomeration between primary particles was ex-
amined by field emission-scanning electron microscopy (FE-

2. Experimental procedure SEM, JSM-6330F, JEOL, Japan). The electrical surface prop-
erties of samples were determined by electrokinetic sonic
2.1. Powders preparation amplitude (ESA, 9800, Matec Applied Sciences, MA). Sus-

pensions containing a solid-phase weight fraction of 1% with

Indium(lll) nitrate n-hydrate (In(N@)3-nH»0, Kanto water as solvent were dispersed by ultrasonic treatment for
Chemical Co. Inc., Japan) and t|n(|V) chloride pentahydrate 30 min. All titrations were performed by the addition of acid
(SnCl-5H,0, Kanto Chemical Co. Inc., Japan) were used as t0 the initially basic suspensions. The optical properties of
starting materials. Ammonia solution (28% NBH, Junsei  ITO powders were characterized by room temperature photo-
Chemical Co. Ltd., Japan) was used as the mineralizer. luminescence (PL, 1000M, SPEX, USA) with a He—Cd laser

Indium precursor and tin precursor were precipitated from @s a light source using an excitation wavelength of 325 nm
0.1M In(NQOz)3-nH»0 solution and 0.1 M SnGi5H,0 so-  and 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 process is confined to conditions in which some reactants
will decompose in the presence of water or the precursors

According to previous reports on the electrical properties are very sensitive to water, or some reactions will not happen
of ITO materials’®14 the size of the ITO crystalline lat-  while water exists, resulting in the failure in synthesis of the
tice showed a minimum at approximately doping contents desired compounds. Thus, by substituting non-aqueous sol-
of 8 mol%, which corresponded to the optimum ratio where vents for water, a solvothermal process has been developed
the lowest resistivity was obtained. Most of the hydrother- which can prepare various nanocrystalline compounds and
mal crystallization is known to proceed via a dissolution- which can initiate some conventional solid-state reactions in
reprecipitation mechanism reaction, which is applicable to organic media under mild conditions.
this study**~16 The decrease in the crystallite size is fol- Fig. 2shows XRD patterns of synthesized ITO powders by
lowed by an increase in pH, since the nucleation rate is morethe solvothermal process with ethylene glycol as a function
rapid than the grain growth rate due to the predominant con- of the working temperature. Below 23Q, powders con-
densation reaction under basic conditidhgli et al.18 also sisted of mixed phases such as cubigQg, In(OH)s, and
reported that crystallite size decreased and the degree of crysinOOH. Since, there was not sufficient energy to completely
tallization increased with higher concentrations of JHH, break the precursor bonds to allow crystallization by the
where —OH ligands derived from NJ®H make the metal hy-  dissolution—reprecipitation mechanism. However, ITO pow-
droxide precursor. It is suitable to accelerate Ostwald ripen- ders synthesized by the solvothermal process just at@50
ing, which more quickly dissolve the smaller grains. It is had patterns identified with the cubic structure without ad-
proposed that solvothermal treatment is an Ostwald ripeningditional phases. In the solvothermal process with ethylene
process and the dissolution process can control the kineticsglycol as the solvent, it was observed that 260was the
of the growth of larger grain¥’ critical temperature for forming a single oxide phakable 1

Fig. 1shows the XRD patterns of precipitates and powders summarizes the physical properties of ITO powders synthe-
synthesized by the hydrothermal process. It was observed thasized by calcining the precipitates at 6@ for 1 h in air
precipitates consisted primarily of amorphous and indium
hydroxide. These precipitates were used as precursors for .
the synthesis of ITO powders in this study.

Powder synthesized by the hydrothermal process con-
sisted of only indium hydroxide without oxide phases. De-
spite hydrothermal treatment from 200 to 2TDfor 6—120 h,
no oxide phases were observed in the XRD patterns. Be-
cause the hydrothermal process does not have enough enE
ergy to break the bonds of the precursors. In order to prepare
hydrothermally crystallized ITO nano-powders with a sin-
gle phase below the supercritical condition, Udawatte and
Yanagisaw&!213reported that it was necessary to subject
the hydrothermally derived precursors to an additional heat
treatment.

In order to avoid additional heat treatment, organic sol- _ .
9 Fig. 2. XRD patterns of ITO powders synthesized by the solvothermal pro-

vents such as e_than0|’ ethylene egCOI’ an_d polyethylene gly' cess with ethylene glycol as solvent: (a) at 200 (b) 230°C, and (c) 250C
col were used instead of water. Conventional hydrothermal for 6 h, respectively.
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Table 1
Physical properties of ITO powders synthesized by calcining the precipitates &£6001 h in air and by the solvothermal process with ethylene glycol as
solvent at various temperatures and pressures for 6 h, respectively

Sample name Temperatured) Pressure (psi) Powders color Crystal structure

ITO1 600 Atmosphere Yellow Cubic 403

ITO2 210 180 Khaki Cubic 503 + In(OH); +InOOH
ITO3 230 270 Khaki Cubic 1503 + In(OH)3 + INOOH
ITO4 250 410 Blue Cubic k03

and by the solvothermal process with ethylene glycol as the Table 2
solvent at various temperatures for 6 h. Physical properties of ITO powders synthesized by calcining the precipi-

XRD patterns of ITO powders Synthesized by calcining tates at 600C for 1 h and by the splvothermal process with various organic
" solvents at 250C for 6 h, respectively
the precipitates at 60@ for 1 h and by the solvothermal

process in various solvents at 28Dfor 6 h shown irFig. 3 Process Solvent oTemperature erstalllte Powder color
. . . . (°C) size (nm)

indicate that all of the powders consisted of cubigdg with- paS— 3 500 1524 el

out additional phases. However, the color of synthesized ITO ~#"@%n 2788 2/ 1085 etow
powders varied according to the process. Solvothermally syn-

thesized powders were blue and the powders synthesized by°'vethermal PEE% 225500 21596122 Blue

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 0Xy-  rhe Rp intensity ratios provide information about
gen vacancie&’ This indicated that the solvothermal process the degree of relatively preferred orientation of synthe-
has an in situ reduction conditions. This is very advantageous;, o |To powders by the various processes. Powders with
for the preparat[on of blue lTQ nano—powder;, bgcause thehigher intensity ratios have higher Hall mobility and lower
increase of carrier concentration and crystallization of pre- resistivity322-24 Kamei and coworke?8:26 reported that
cursors are smultgngous.ly achlevgd ina single step. (111) ITO films, whose dominant growth direction is along

. F|g._3sho_wsvar|at|onsmcrystalhte size a_md (400)/(222) (111), accommodate larger amount of interstitial oxygen
intensity ratio could be observed as a function of the types of 45 ns nto the films due to the non-uniform distribution
solvent.Table 2summarizes the physical propertiesincluding of oxygen vacancies. The (111) ITO films always show
crystallite sizes calculated by the Scherrer equation in refer- , .o density of free electrons compared to the (100)
ence to the (2_22) XRD lines. Ityvas Qbserved that the'h|gher films despite being synthesized by the same process, since
solventviscosity, the larger particle size, since nucleation rate y o interstitial oxygen atoms extinguish free electrons when
is faster than crystalline growth rate in solvents with a lower combined with substitutional Sn atoms. Hence, preparation
viscosity. In addition, as can be seen in identical glycol group of ITO nano powders having a higher density of free elec-

srlvgnt,(:ngher ﬁegree_ oLpo(;ymerlze}tlor} cause?}_larr]ger p?;t'étrons must involve retardation of the crystalline growth along
cle size due to the steric hindrance of solvent, which retarded 1 1 3y grientation. In general, it can be observed to relative

nucleation reactiof: density of free electron from (4 00)/(2 2 2) intensity ratios.
(222)
u
B cubic In,04 0.38 -
(400) (440)
ﬂ . G 0.36

0.34 /

0.32 - /

0.30

Intensity

(400)/(222) Intensity ratios

1 1 1 L 1 1
20 30 40 50 60 70 80 None EtOH EG PEG
20 [degree] Types of solvent

Fig. 3. XRD patterns of synthesized ITO powders at various conditions: (a) Fig.4. (4 00)/(22 2)intensity ratios from XRD patterns of ITO powders syn-
by calcining the precipitates at 60C for 1 h; by the solvothermal process  thesized by the coprecipitation using calcinations of precipitates (expressed
in (b) ethanol, (c) ethylene glycol, and (d) polyethylene glycol 600 atZ50 as none in here) and by the solvothermal process in the various organic
for 6 h, respectively. solvents.
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Fig. 5. TEM images of synthesized ITO powders at various conditions: (a) by calcining the precipitates@f600 h; by the solvothermal process in (b)
ethanol, (c) ethylene glycol, (d) polyethylene glycol 600 at 250or 6 h, and (e) polyethylene glycol 600 at 28Dfor 12 h, respectively.

Fig. 4shows (4 00)/(2 2 2) intensity ratios from XRD pat- cles size distribution resulting from the relatively accelerated
terns of synthesized ITO powders with various solvents. In- crystalline growth rat& (seeFig. 5 and d). In polyethylene
tensity ratios of powders synthesized by the solvothermal glycol 600 solvent, particles size and distribution were more
process were larger than those synthesized by calcining theinfluenced by solvent viscosity rather than holding time (see
precipitates. And, in the solvothermal process, the intensity Fig. 5d and e).
ratios of synthesized powders were larger in solvent with It was anticipated that ITO powders with crystalline
higher solvent viscosities, due to the crystalline growth in growth in the(100 direction would have higher conduc-
the preferred orientation alori@ 0 O direction. tivity of final ITO films due to the generation of free elec-

Fig. 5shows the transmission electron micrographs of the trons resulting from the uniform distribution of the oxygen
ITO powders by coprecipitation method using calcination of vacancie$>2%
precipitates and the solvothermal process. It reveals that the Fig. 6 shows the field emission scanning electron micro-
shape and distribution of the synthesized particles by copre-graphs of the ITO powders crystallized by calcination and
cipitation were nearly spherical and uniform, respectively. solvothermal process. Yellow ITO powders synthesized by
These micrographs show that the average size of the parthe coprecipitation using calcination had high degree of ag-
ticles ranged from 10 to 20 nm, which agrees with the es- glomeration among the primary particles and non-uniform
timated crystallite size from XRD analysis. The shape and agglomerates’ distribution than blue ITO powders synthe-
distribution of the particles synthesized by the solvothermal sized by the solvothermal process. This indicated that it was
process in ethanol with the lowest viscosity of solvent used very available to solvothermal process for synthesis of nano-
in this study were relatively spherical and uniform, respec- sized ITO powders.
tively. However, synthesized ITO particles with glycol sol- Fig. 7 illustrates the solvent effect on the electrokinetic
vents, which had higher viscosities than the alcohol solvent, behavior of ITO as a function of suspension pH at a parti-
were square. This indicated that in high solvent viscosity the cle weight fraction of 1%, where suspensions were prepared
crystalline growth rate was faster than nucleation rate, result- with ITO powders crystallized in various organic solvents
ing in the square shape of synthesized ITO particle, since theand water as solvert. This verifies that the degree of re-
preferred orientation of ITO materials in th0 0 direction duction varies depending on diverse types of solvent in the
is the fastest® Moreover, in the glycol group solvents, itwas ~ solvothermal process. The isoelectric points of all suspen-
found that synthesized ITO powders with higher polymeriza- sions exhibited nearly in a neutral region between pH 7 and
tion number of used organic solvent tended to widen parti- 8. It was observed that surface charges of all samples were
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Fig. 6. FE-SEM images of synthesized ITO powders at various conditions: (a) by calcining the precipitate&afdQh; by the solvothermal process in
(b) ethanol, (c) ethylene glycol, and (d) polyethylene glycol 600 at’Z5fdr 6 h, respectively.

positive (positive dynamic mobility) in the acidic pH range. mally synthesized ITO powders in polyethylene glycol 600
The ITO surface generally exhibits oxyg&hThe reduction with the highest viscosity used in this study exhibited the
process creates oxygen vacancies in both the surface and latowest dynamic mobility. This means that a higher viscosity
tice of ITO materials. The high degree of reduction causes asolvent causes higher degree of reduction, which is in a good
decrease in the total potential charge of the ITO surface dueagreement with analysis of (4 0 0)/(2 2 2) intensity ratios from
to the partial removal oxygen on the surface. In the solvother- the XRD patterns.

mal process for the synthesis of ITO powders, the difference  Fig. 8illustrates the room temperature PL emission spec-
in the dynamic mobility of each powder indicated varying tra and PL maximum intensities of each ITO powder syn-
degrees of reduction resulting the change in the total surface

charge. This showed that the degree of reduction depended Y- N
on viscosity of the solvent used, which corresponded to the ~ 500000 O 5l
crystalline growth orientation of ITO materials. Solvother- £ 400000 |
400000 § oo
= E e
- —m— Crystallized in EtOH i £ 300000 /
@ - —e— Crystallized in EG — 300000 - \ 250000 W
> 08f ~uw —a— Crystallized in PEG 600 =
[ ) | n EtOH EG PEG
SEJ 0.6+ E 200000 + Types of solvent
E E
=
,é‘ 04+ 100000 | — PEG (C)
% | ——EG (b)
S o2t ok —— EtOH (a)
E 1 L 1 1 1 1
g 00 300 350 400 450 500 550 600
& 02k Wavelength [nm]

3 4 5 6 7 8 9 Fig. 8. PL emission spectra of each sample synthesized by the solvothermal
Suspension pH process in: (a) ethanol, (b) ethylene glycol, and (c) polyethylene glycol 600
at 250°C for 6 h, respectively. PL maximum intensities of each ITO powder
Fig. 7. Electrokinetic behavior of ITO powders synthesized by the solvother- synthesized by the solvothermal process plotted as a function of the types
mal process as a function of the types of solvent and suspension pH. of solvent (inset).
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thesized by the solvothermal process as a function of types 4.
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 Big. 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
vacancieg® 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 8.
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.

6.

7.

. 10.
4. Conclusions

Well-crystallized and nano-sized ITO powders were pre- 11.
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- 13.
rectly obtained by using organic solvent instead of water.
Comparison of the yellow ITO powders synthesized by the
coprecipitation method using calcination of the precipitates
and blue ITO powders synthesized by the solvothermal pro- ;5
cess indicated that the solvothermal process led to an in situ
reduction reaction, which was confirmed with powders col-
ors.

Solvent viscosity in the solvothermal process strongly in-
fluenced both physico-chemical and electrical properties of
ITO powders. The synthesized ITO particles increased with
increasing solvent viscosity in size, since high solvent viscos- 18.
ity relatively accelerates the crystalline growth rate in com-
parison with the nucleation rate with steric hindrance. So,
the shape of synthesized ITO particles was subjected to be
square, because the preferred orientation of ITO materials in
the (100 direction is the fastest. It was anticipated that ITO 20.
powders with the crystalline growth along the0 0 direc-
tion would have higher conductivity of final ITO thin films
originated in increasing density of free electrons closely re-
lating to the uniform distribution of the oxygen vacancies.

16.

22.

23.
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