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powders by a hydrothermal treatment and
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Indium tin oxide powder with an In to Sn mole ratio of 95:5 was successfully prepared
from a coprecipitated In—Sn hydroxide gel by hydrothermal processing followed by
calcination at relatively low temperaturesbQ0 °C). Hydrothermal treatment of the

In—Sn coprecipitated gel at 300 °C for 24 h led to the formation of a single phase of
tin-doped indium oxyhydroxide (INOOH:Sn). Under hydrothermal conditions the
oxyhydroxide phase appeared well crystallized with parti€®3 nm in size.

Calcination of the oxyhydroxide phase above 450 °C in air yielded a
substitutional-vacancy-type solid solution of,8n,_,Os_,.

I. INTRODUCTION We believe that the characteristics of the starting pow-

Sn-doped 1g0; (or ITO) is an advanced ceramic ma- der strongly ir!fluence the pr(_)perties.of the finlal ITO
terial with many electronic and optical applications duet@rget. In practice, small spherical particles may improve
to its high electrical conductivity (up to 2@ cm?) the high density. The direct _calcmatlon of the coprecipi-
and transparency to lightITO thin films are used in tatedsln—Sn hydrated gel failed to form pure ITO pow-
transparent electrodes for display devices, transparei€'S- The aim of this study is to make very fine
coatings for solar energy heat mirrors, and windowsCrystalline Sn-doped b®; powder with controlled stoi-
films in n-p heterojunction solar cells, etc. chlpmetry at onv temperatures to use as the starting ma-

The thin films are commonly prepared by the magne_terlal for fabrlcatln_g dense ITO targets. T_herefor(_a,
tron sputtering, which utilizes dense tin doped indiumnydrothermal techniques were used to obtain the tin-
oxide target€ Few works have been reported on thedoPed indium oxyhydroxide phase from the copre-
preparation of ITO targefs® The sputtering efficiency CiPitated In-Sn amorphous gel. Various experimental
and properties of the sputtered films are mainly depengondltlons have been tested to optimize the crystallln_lty
dent on the characteristics of sputtering targefs. op- of thg hydrothermally produced poyvders. .Postanneallng
timize the efficiency, the targets should be as dense a& this powder leads to the production of fine ITO pow-
possible, but densification of ITO is rather difficult due ders. Nq literature data are avallaple on the hydrothermal
to rapid vaporization of Is0; above 1200 °C.An oxi-  Synthesis of Sn doped Indium oxide powder.
dizing atmosphere allows high densification by sintering
at 1600 °C, whereas a neutral atmosphere (Nitrogen
Argon) leads to poor densificatiohThe preparation of 1. EXPERIMENTAL PROCEDURE
the ITO targets is normally achieved using conventional The required amounts of starting materials of
solid-state reaction routes requiring the high-temperatur#Cl; - 4H,0 and SnCJ (both 99.99% pure, Wako Pure
(above 1200 °C) reaction of J@; and SnQunderan Q@  Chemical Industries, Ltd., Osaka, Japan) were dissolved
atmospheré. in distilled water separately. A mole ratio of In/(In + Sn)
0.95 was maintained. In order to obtain complete disso-
lution, one drop of concentrated HCI was added to the
SnCl, solution. The two solutions were then mixed at
room temperature using a magnetic stirrer. The concen-

Saddress all correspondence to this author. trations of In and Sn in the mother solution were also
e-mail: yanagi@cc.kochi-u.ac.jp controlled in the ranges of 0.1-5 M and 0.002—-0.1 M, re-
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spectively. Then the solution was added drop-wiseanalyzed by a least square fit to the Lorentz function.
(2 ml/min) to 5M NH,OH (500 ml, excess) solution Thermogravimetric differential thermal analysis (TG-
(Wako Pure Chemical Industries, Ltd., Osaka, JapanDPTA; SEIKO-SSC-5200H, Seiko Instruments Inc., To-
while stirring. A light yellow color gel precipitate was kyo, Japan) of the hydrothermally treated powder was
obtained. The reaction mixture soaked at 80 °C for 10 tcarried out from 25 to 1000 °C in air in order to study the
while stirring. The precipitate was then filtered and thor-precursor decomposition and the phase changes. The test
oughly washed with distilled water until it was free from cell contained 10 mg of sample, while the standard cell
CI” and NH,". The co-precipitated gel was air-dried. The contained 10 mg ofa—Al,O;. The heating rate was
gel was next hydrothermally treated at 300°C for 24 h20 °C/min. Morphological characterization of the pre-
using a microautoclave (inner volume 209)mwith a  pared powders was performed using transmission elec-
Hastelloy C corrosion resisted linear. The fill ratio of the tron microscopy (TEM; Hitachi H-800, Tokyo, Japan) at
solution volume against the inner volume of the auto-200 kV. The samples were supported on carbon-coated
clave was 60%. The pH of the media was controlled1l00 mesh copper grids. A portion of each powder was
using ammonia solution. After the hydrothermal treat-dissolved in 1 M HCI and analyzed by inductively
ments the powders were filtered and washed with diseoupled plasma atomic emission spectrometer (ICPS-
tilled water, then dried at 50 °C under vacuum. TheSPS 7000A-SII Seiko Instruments Inc., Tokyo, Japan).
powder was calcined at 500-1000 °C for 4 h in air in
order to obtain the ITO powder. X-ray diffraction (XRD)
measurements (Rigaku, Rotaflex, Tokyo, Japan) of thdl- RESULTS AND DISCUSSION
coprecipitated gel and its hydrothermal and calcined Separate coprecipitation experiments showed that pre-
products were carried out for phase identification. Thecipitation of In(OH) and Sn(OH) occurs above the pH
lattice parameters of both the hydrothermally treated Swalues of 5 and 2.2, respectively. During aging in an
doped and undoped samples were obtained by XRD. Naqueous media, fii and SA* cations combined with
tional Bureau of Standards (NBS)-Si powder was use®H™ to form In(OH);, and Sn(OH) and formed hydrous
as an internal standard for calibration. The powder dif-gel type precipitates. Therefore, a homogenous gel is
fraction patterns of from@ = 20° to 70° were recorded formed the coprecipitation method. The coprecipitated
with a scan speed of 0.019/in. The unit cell param- gel particles show very poor crystallinity as shown in
eters observed were subjected to a least-square refinthe XRD pattern in Fig. 1(a). The XRD pattern shows
ment. The*°Sn Mossbauer spectra (Wissel GmbH, broad low intensity peaks that were also observed in the
Germany, used inconstant acceleration mode) of hydrgaure In(OH), gel. The evolution in the intrinsic micro-
thermally produced and calcined powders (700 °C forstructure of the gel powder was studied TEM. Observa-
4 h) were performed at room temperature in order tdions show [see Fig. 2(a)] highly aggregated particles
study the environment of tin in the ITO powdet$’Snin  approximately 15 nm in size. The absence of well-
CdSnQ was used as g-ray source and the specimen defined rings in the electron diffraction pattern (not
powder was used as an absorber s8lzauer spectra were shown in the figure) confirms that the particles are sub-
measured by transmission geometry. The relative velocstantially amorphous.
ity between the source and absorber was calibrated using Under hydrothermal conditions the reactant was con-
the a—Fe spectrum of’Fe at room temperature. The verted to a well-crystallized powder. The XRD pattern of
isomer shift is relative to BaSnOSpectra obtained were the hydrothermally treated powder is shown in Fig. 1(b).
The narrow peaks of the XRD pattern indicate that the
treated powder has well-crystallized fine particles. The
powder was identified as single-phase tin-doped indium
oxyhydroxide with lattice parametes = 5.2561 +
M 0001 A, b = 4.5788 + 0001 A, anct = 3.2702 +
0001 A, (cell volume 78.70 + 0.013 the crystal struc-
ture is a long range ordered orthorhombic system similar
to INOOH? No additional phases are observed. A similar
phase of INOOH was observ®dunder hydrothermal
conditions at 300—400 °C with very high pressures
(>80 atm) and long treatment times (100 h) with the lat-
" - - - " tice parameters of = 5.26 + 0.01A,b = 456 *
26/Degrees (Cuk.) 0.01 A, andc = 3.27 £ 0.01 A. The lattice parameters of

FIG. 1. XRD patterns of (a) the In—Sn coprecipitated gel powder (b)pure INOOH phase in this study were determined as

after hydrothermal treatment at 300 °C for 24 h and after calcination i.2698 + 0.0001 Ap = 4.5702 + 0.0001 A, ang =
air for 2 h at (c) 500 °C, and (d) 700 °C. 3.2755 + 0.0001 A (cell volume 78.70 + 0.0PA re-
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spectively, and very similar to the above reported values. During the hydrothermal process, the*Sions were
The cell volume of the tin-doped indium oxyhydroxide generated by low temperature oxidation (between 100 to
powders decreases from pure INOOH phase values di&0 °C) of SA*, and then these ions reacted witf{ o

to the difference in the ionic radir (= = 0.80 A and form the oxyhydroxide phase. The sbauer spectrum
e = 0.69 A)** [see Fig. 3(a)] shows the oxidation state of the Sn in the
hydrothermally treated powder is +4 with octahedrally
coordinated oxygen, which follows the value of the iso-
mer shiftd = 0 mm/sec. When small amounts of“3n
replace If* ions, Sn atoms enter substitutionally in the
cation sublattice acting astype donors?

The pH of the hydrothermal medium is also important
for the crystallinity of the product. It was found that pH-9
produces the highest crystallinity whereas a high pH me-
dium (>10) leads to poor crystallinity. The formation of
INOOH phase is highly dependent on the treatment tem-
perature and should be above 250 °C. It was also ob-
served that the crystallinity of the hydrothermal product
increases with the treatment time. This phase seems to be
very stable under the hydrothermal conditions. Even long
hydrothermal treatment times (300 °C for 200 h) did not
change the oxyhydroxide phase. A TEM micrograph of
the hydrothermally treated powder is shown in
Figure 2(b). It shows that the particles have a well-
faceted morphology and are isolated from each other
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FIG. 2. TEM photographs of (a) vacuum dried coprecipitated In-SnFIG. 3. Room-temperature Msbauer spectra of hydrothermally pro-
hydrous gel (b) after hydrothermal treatment at 300 °C for 24 h and (cpuced powder (a) at 300 °C for 24 h and (b) after calcination at 700 °C

after calcination at 700 °C for 2 h.
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with a uniform particle size approximately 80 nm. The The observed Mssbauer spectrum is very similar to the
crystallization occurs by a dissolution and precipitationin,SnQ, reported previousf* with an isomer shift
mechanism. There is no indication of any amorphougparameter of 0 mm/sec.
material remaining. The grain size strongly depends on In order to investigate the crystallization behavior of
the initial In and Sn concentrations in the mother solu-n,Sn,_,Os_,, TG-DTA measurements for the hydrother-
tion. In order to get a uniform particle size80 nm) the mally treated powder was performed in static air is
concentrations of In and Sn in the mother solution wereshown in Fig. 4. The DTA curve shows an endothermic
in the range of 0.5-0.1 M and 0.01-0.02 M, respectivelypeak at 438 °C corresponding to a 5% weight loss ob-
When the bulk solution had concentrations of In > 2 Mserved by TG between 400-450 °C. This is ascribed to
and Sn > 0.04 M, uneven particle sizes were produced ithe decomposition of the (ln,Sn)OOH to the
range 80 to 200 nm in the hydrothermal product. In,Sn,_,O5_, phase. The endothermic peak remains un-
Chemical analysis showed that the mole ratio of In/changed, even when TG-DTA measurements were per-
(In + Sn) in the Sn-doped INOOH phase was 0.95, whiclformed in an N atmosphere. This confirmed that there is
is consistent with the initial mole ratio in the reaction no additional Q involved during the decomposition of
solution. The reactions involved in the process can beéhe Sn doped indium oxyhydroxide phase. Calcination of

expressed as follows. (In;_Sn)OOH powders at 500 °C for 4 h under vacuum
In the coprecipitation process also promotes the formation of the,8n,_,O5_, phase.
In the temperature range from 100 °C up to 700 °C a
In®* + Sr?* - In(OH); + SN(OH), . mass change of 5.2% was obtained from the TG curve.

No gas was produced during the decomposition of the Sn
doped indium oxyhydroxide phase. Chemical analysis of
the calcined sample showed that the mole ratio of In/
(In + Sn) was 0.95, which is unchanged from the hydro-
thermal product. The reaction to produce ITO powder in
the calcination process can be expressed as follows:

Under hydrothermal conditions
Sr\2+ - Ser‘ +2e

In(OH); + SN(OH), - (In,_, Sn)OOH + H,O

In,,SN)OOH - In,Sn,_Os_, + H,O
The XRD patterns of calcined (500 and 700 °C for 4 h) (In-,5n) 22MoFey T
hydrothermally produced powders are shown in Figs
1(c) and 1(d). Calcination of the (JnSn)OOH phase,

above 500 °C leads to decomposition to a substitutional . .
vacancy-type solid solution of }&n,_,Os,.° The pat- (H93% theoretical density) Sn-doped.D; phase

terns are very similar to the reported fluorite structurelM2-SN0s). which has theC-It}épe rare-earth oxide
type In,SnQ, pattern prepared by the coprecipitation structure with fine microstructure.

method followed by post calcinatidhHowever, they
failed to obtain the distinct diffraction pattern of the pure
In,SnQ, phase. The crystallinity of the powders in-
creased with the calcination temperature as shown in the
XRD patterns [Figs. 1(c) and 1(d)]. Further heating of
this phase above 1000 °C results in decomposition to the
Sn-doped 1rO5 phase which has th€-type rare-earth
oxide structure with 80 atoms per unit c&flHowever,
Vorfolmeevet al.? obtained the initial oxide phases by
decomposing ls5nQ, after annealing at high tempera-
ture above 1000 °C.

Figure 2(c) shows a TEM micrograph of the powder 2
calcined at 700 °C for 4 h. The crystallinity and the par-
ticle size of the powder were increased by calcination.
The average particle size 1160 nm. All particles are -6
similar in shape; no additional phases are observed. The
morphology is different from its precursor oxyhydroxide 4 ; : ‘ — 60
phase [Fig. 2(b)]. The room-temperature”$ébauer 0 200 490 600 800 1000
analysis [Fig. 3(b)] of the calcined powder again con- Temperature (°C)
firmed that the oxidation state of Sn in the compound isfiG. 4. TG-DTA curves of the powder hydrothermally treated at
+4 in an octahedral site with isomer shift="0 mm/sec. 300 °C for 24 h.

The sintering of uniformly packed, calcined (500 °C)
powder at 1450 °C for 3 h in air results to obtain a dense
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