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Effect of Sn*" content on properties of indium tin oxide nanopowders
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Abstract: Indium tin oxide (ITO) nanopowders were prepared by a modified chemical co-precipitation process. The influence of
different SnO, contents on the decomposition behavior of ITO precursors, and on the phase and morphology of ITO precursors and
ITO nanopowders were studied by X-ray diffractometry, transmission electron microscopy and differential thermal and
thermogravimetry analysis methods. The TG-DSC curves show that the decomposition process of precursor precipitation is
completed when the temperature is close to 600 C and the end temperature of decomposition is somewhat lower when the doping
amount of SnO, is increased. The XRD patterns indicate that the solubility limit of Sn*" relates directly to the calcining temperature.
When being calcined at 700 C, a single phase ITO powder with 15% SnO, (mass fraction) can be obtained. But, when the calcining
temperature is higher than 800 C, the phase of SnO, will appear in ITO nanopowders which contain more than 10% SnO,. The
particle size of the ITO nanopowders is 15—25 nm. The ITO nanoparticles without Sn have a spherical shape, but their morphology

moves towards an irregular shape when being doped with Sn**.
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1 Introduction

Transparent conducting oxides (TCOs) with high
transparency in the visible region and high conductivity
have attracted much attention due to their technological
applications[1-2]. Tin-doped indium oxide films (or
indium tin oxide films), as a kind of TCO materials, are
widely used in a variety of opto-applications such as
transparent electrodes in liquid crystal display (LCD),
plasma display panels (PDP), organic light emitting
diodes (OLEDs), transparent conducting thin films,
coating materials in CRTs, solar cells, solid-state image
sensors and energy-efficient windows[3—7], due to the
wide bandgap of indium oxide (direct gap of 3.55-3.75
eV), good transparency (better than 90% at 550 nm) and
low resistivity (10°=10"* Q-cm)[8—14].

When SnO, is doped in In,O;, the electrical

conductivity will increase. The reason is that Sn*" doping
causes n-type doping of the lattice by providing an
electron to the conduction band. But, Sn doping is
limited because the solubility limit of Sn*" in In,O; is
about 6%—8% (mole fraction)[15] with a chemical
co-precipitation process. In this work, influence of
different SnO, contents on ITO nanopowders was
investigated using a modified chemical co-precipitation
process.

2 Experimental

2.1 Raw materials

The composition of metal indium as the In’" source
is listed in Table 1. Tin tetrachloride pentahydrate (A.R.)
was used as the Sn** source. 25% ammonia water (A.R.)
and ammonia sulfate (A.R.) were used to adjust the pH
in the precipitation process and absolute ethanol (A.R)
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Table 1 Composition of metal indium (mass fraction, %)

In Pb Zn Cd As Cu Fe Sn Tl Others
99.995 0.0005 0.0005 0.0004 0.0005 0.0003 0.0004 0.0005 0.0004 0.0003 0.001 2
was used as the dispersion medium in the washing
*— In(OH),

process.

2.2 Experimental procedure

The metal indium was dissolved in dilute sulfuric
acid to form indium sulfate solution with 50 g/L In*", and
SnCl,-5H,0 was dissolved in deionized water to make a
solution of 30 g/L Sn*". Mixed solutions corresponding
to compositions of 0%, 5%, 10%, and 15% SnO, (mass
fraction) in ITO powders were prepared. A mixed
solution of (NH4),SO4 and NH3-H,O with a pH of 9.0
was prepared as the primary reaction liquid in a
three-necked bottle in a water bath. By using two
different peristaltic pumps, the mixed solution of In*" and
Sn*" and 25% ammonia solution were simultaneously
added into a reactor in 40 ‘C water bath with
mechanical stirring at 1 000 r/min. In this injection
process, the injection rate for the mixed solution of In**
and Sn*" was held constant at 3.0 mL/min and the
injection rate for ammonia was adjusted to maintain the
pH at 9.0. After the precipitation process, the reaction
solution was heated to 80 ‘C while continually stirring
for 1 h, then aged at room temperature for 12 h. The
resultant suspension was filtered and washed with
deionized water and absolute ethanol by ultrasonic
dispersion to remove the residual impurities, such as
ammonia sulfate and ammonia chloride. The final filter
cake was dried at 85 C in a vacuum drying oven for 16 h,
and then calcined at different temperatures for 4 h to
obtain the ITO powders.

2.3 Characterization of ITO powders

The phase and the crystallographic structure of the
samples were characterized from their X-ray diffraction
(XRD) patterns, recorded using a Rigaku (Japan)
D/max-3B X-ray diffractometer equipped with graphite-
monochromatized Cu K, radiation produced at 40 kV
and 30 mA. The transmission electron microscopy (TEM,
HITACHI H-800) was used to observe the morphology
and particle size of the ITO nanopowders. The TG-DSC
curves of the samples were recorded using a STA409
PC/PG TGA-DTA analyzer, from the NETZSCH
Company in Germany, at 10 ‘C/min in atmosphere.

3 Results and discussion
3.1 Influence of different SnO, contents on ITO

precursors
Fig.1 shows the X-ray diffraction patterns of the
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Fig.1 XRD patterns of ITO precursors with different SnO,
contents: (a) 0; (b) 5%; (c) 10%; (d) 15%

ITO precursors from ITO powders containing 0%, 5%,
10% and 15% SnO,. The XRD peaks are consistent with
the data of Card 16-0161 in the JCPDS file of In(OH);
with a cubic phase[16] and there are no any other crystal
peaks, which indicates that the Sn*" has been doped into
the precursors. But the amorphous scattering peaks in
every pattern indicate that the crystal precursors are not
perfect, and depend on the aging time and temperature
during the preparation process. When Sn** is doped, the
intensity of the peaks decreases and the peaks are
broadened.

Fig.2 shows the TEM images of the ITO precursors
corresponding to powders containing 0%, 10% and 15%
of SnO,. It can be seen from Fig.2 that the SnO, content
does not significantly affect the grain size of the
precipitates, and it can also be seen that these precipitates
do not have a perfect crystal shape, which is consistent
with the XRD results reported above.

In order to investigate the decomposition behavior
and to obtain the calcining temperature of ITO
precursors, TG-DSC curves of precipitates corresponding
to powders containing 0%, 10% and 15% of SnO, were
examined and the results are shown in Fig.3. TG curves
indicate that the precursors with different SnO, contents
have similar decomposition behavior. According to the
TG-DSC curves, the decomposition process has three
main stages. Stage I is a period where adhesive water on
the precursors of ITO leaves the surfaces of the ITO
precursors below 100 C. The strongest endothermic
peak indicates the process from precursors to ITO
powders happening mainly in the range of 100—360 ‘C in
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Fig.2 TEM images of ITO precursors: (a) 0% SnO,; (b) 10%
Sn0,; (¢) 15% SnO,

Stage II with the fastest decomposition rate. The rest of
the hydration water is removed in Stage III. When the
temperature is close to 600 ‘C, the TG curves tend to
flatten to a straight line, which indicates that the
decomposition process has finished.

The theoretical mass loss is 16.28% from In(OH);
to In,O; and 19.28% from Sn(OH); to SnO,, which
would give mass losses of the precursor powders
containing 0, 10% and 15% of SnO,, of 16.28%, 16.58%
and 16.73%, respectively. In Figs.3(a), (b), and (c), the
total mass losses of Stage II and Stage III are 16.98%,
17.36 and 17.33%, respectively. These measured mass
losses are more than those calculated results from the
adhesive water on the surfaces of the ITO precursors.
Additionally, Fig.3 suggests that the decomposition
temperature will be lower by increasing the doping
amount of SnO,.
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Fig.3 TG-DSC curves of ITO precursors with different SnO,
contents: (a) 0; (b) 10%; (c) 15%

3.2 XRD analysis of ITO powders doped with
different amounts of SnO,

Figs.4(a) and (b) show the XRD patterns of ITO
powders, containing 0, 5%, 10% and 15% SnO, sintered
for 4 h at 700 ‘C and 900 ‘C, respectively. In Fig.4(a), all
XRD peaks well match with the data of the Card 6-0416
in the JCPDS file of In,O3 with cubic phase[17], which
indicates that all SnO, is soluble in In,O; and forms a
single phase of ITO. The sharp diffraction peaks present
the powder of ITO with perfect crystalline. When
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sintering at 900 ‘C in Fig.4(b), the phase SnO,[15] is
seen in the composition of 10% and 15% SnO, and it is
also observed when being calcined above 800 °C
according to the X-ray diffraction patterns of the ITO
powders with 10% SnO, different
temperatures for 4 h, as shown in Fig.5. This indicates
that the higher the calcining

calcined at
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Fig.4 X-ray diffraction patterns of ITO powders with different
SnO, contents calcined for 4 h at different temperatures:
(a) 700 C; (b) 900 C

* * — |n203
— SnOE

60

50 70 80 90

20/(°)
Fig.5 X-ray diffraction patterns of ITO powders with 10%

SnO; calcined at different temperatures for 4 h

temperature, the lower the solid solubility of SnO, in
In,O5. This result is similar to that of KIM’s group but
the tin compound phase that appeared in XRD patterns is
different from that found in their work[15]. PRAMANIK
et al[18] reported that when ITO precursors were
calcined at 300 C, only the cubic phase of In,O; existed
up to In-to-Sn ratio of 70:30 (mole fraction, %)[18]. As
shown in Fig.5, the XRD peaks become sharper at the
higher calcining temperature, which implies that the ITO
nanopowders are better crystallized at higher calcining
temperatures.

In addition, the XRD peaks of ITO powders are
broaden remarkably with increasing SnO, content, as
seen in Fig.4. The crystalline sizes of the (222) face of
crystalline ITO particles with different SnO, contents
calcined at 700 ‘C for 4 h were calculated using the
Derby-Scherrer formula and the results are given in
Table 2, which indicates that doping with SnO, makes
the ITO particles have smaller crystalline sizes.

Table 2 Crystalline sizes of crystal face (222) on ITO particles
with different SnO, contents calcined at 700 C for4 h

w(Sn0,)% 0 5 10 15

Crystalline size/nm  23.46 18.42 17.21 16.48

3.3 Morphology of ITO nanoparticles doped with

different SnO, contents

Fig.6 shows the TEM images of ITO nanoparticles
calcined at 700 ‘C for 4 h with different SnO, contents.
It can be seen from Fig.6 that the particle size of the ITO
powders is somewhat alike between 15 and 25 nm
regardless of the SnO, content, and the size of the ITO
particles seems to be smaller when Sn** is doped. With
respect to the morphology of the ITO nanoparticles, a
spherical shape is observed in the case of 0% SnO,.
However, the particles having a spherical shape decrease
and the morphology tends towards an irregular shape
when Sn*" is doped, as in the case of 5%, 10% and 15%
Sn0O,, which may relate to the fact that doping with Sn*"
can refine the crystalline of In,Os.

4 Conclusions

1) The content of SnO, doped into the ITO
precursors has no significant effect on the phase,
morphology and decomposition behavior of the
precipitates in our experiments. TG-DSC curves show
that the decomposition process is complete when the
temperature is close to 600 °‘C, and the final
decomposition temperature is somewhat lower when the
doping amount of SnO, is increased.
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2) The XRD analysis of the ITO powders indicates
that SnO, has a certain solubility in ITO powders and
that the solubility limit depends on the -calcining
temperature. When being calcined at 700 C, a single
phase ITO powder with 15% SnO, can be obtained. But,
when being calcined up to 800 C, SnO, diffraction
peaks appear in the XRD patterns of the ITO powders
when they contain more than 10% SnO,.

3) Sn* can reduce the crystalline size of ITO
powders according to the broadened XRD peaks, and is
confirmed from calculations using the Derby-Scherrer
formula. The particle size of ITO nanopowders
synthesized by the modified chemical coprecipitation
process used in our research is 15—25 nm regardless of
the SnO, content. ITO nanoparticles with 0% SnO, have
a spherical shape, but their morphology tends towards an
irregular shape when Sn*" is doped into the In,O;.
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