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Abstract: The ITO transparent conductive films were prepared on substrate of quartz glass by sol-gel method. The raw materials
were nitrate indium, acetylacetone and the dopant of anhydrous chloride (SnCl,). The process from gel to crystalline film and the
microstructure of the films were investigated by DTA-TG, XRD and SEM. The influence of preparation processes on the electricity
performance of the films was also studied by four-probe apparatus. The results show that the crystallization process of ITO xerogel
completes when the heat treatment temperature reaches 600 ‘C. The ITO films possesses on vesicular structures accumulated by
spherical particles, and both heat treatment temperature and cooling rate have important effects on the resistivity of ITO films.
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1 Introduction

Indium tin oxide(ITO) films are widely used as
transparent conductive layers in a large variety of
applications such as thin film transistor(TFT)[1,2], liquid
crystal displayers(LCD)[3,4], smart mirrors for the
windows, solar cells, electroluminescent devices[5,6],
sensors and organic light emitting diodes(OLED)[7].
Several procedures have been developed for the
preparation of ITO films, e.g. magnetron sputtering
[8—10], activated reactive evaporation[11,12], chemical
vapor deposition[13,14], and sol-gel method[15,16].
Recently, the sol-gel method attracts much attention for
the advantage of low cost, controllable technique and the
formation of large area films. The effects of rapid
thermal annealing procedure for densification of sol-gel
ITO thin films were well researched by CHICA et al[17].
The morphology, the optical and electrical properties of
the ITO films fabricated by sol-gel procedure have been
fully studied by STOICA et al[18].

The direct influence on electrical and optical
performances of ITO transparent conductive films by
doping concentration of Sn, heat-treat temperature and
annealing velocity is usually studied at present, while the
deep mechanism of influence on one aspect of ITO film’s
performance by those factors is studied insufficiently. In

this paper, the smaller resistivity and higher film density
have been obtained by choosing proper sintering
temperature, annealing velocity and withdraw technique.
The structural, morphological, and especially electrical
properties of ITO films were synthetically investigated
by DTA-TG, XRD, SEM and four-probe apparatus. The
aim of this paper is to elucidate the crystallization
process of ITO films and the consequences of those
factors such as heat-treat temperature, annealing velocity,
withdraw technique and micro-morphology on electrical
properties.

2 Experimental

In(NO;)3-5H,0 crystals were prepared by dissolving
the metallic indium into nitrate acid at first. Anhydrous
indium nitrate (In(NO3);) was mixed with acetylacetone
and  diethylenetriamine(DTA) according to the
appropriate ratio, and then the mixture was heated at
60—65 ‘C for 3 h by stirring to make a solution and sol.
Meanwhile, chloride (SnCl;) was dissolved in ethanol.
The two mixtures above were mixed by stirring for 5-10
min. Then the ITO sol with various ratios could be
obtained. In the present experiment, cleaned and dried
quartz glass with the size of 30 mm x 20 mm X 3 mm
was selected as substrate. The ITO film was obtained by
the withdraw technique.
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The phase
investigated by PTC-1 type thermal analyzer. The phase
and crystallization of the ITO films treated at different

transformation  processes  were

temperatures were analyzed by X-ray diffraction
(SIMENS D500X). The resistivities of the films were
measured by WS-1 four-probe apparatus. And the
microstructures and morphology were studied by a
KYKY-Amray2800 scanning electron microscope.

3 Results and discussion

3.1 Effect of treatment temperature on crystallization

Fig.1 shows the DTA/TG curves of the xerogel film.
It can be seen from the TG curve that the mass of the
xerogel film decreases obviously with the treatment
temperature increasing to 530 ‘C. At the same time, it
can also be seen from the DTA analysis that an
exothermic peak exists at 335.37 C for the decomposing
of organic framework in the gel, and an exothermic peak
locates at 483.05 ‘C for the oxidation of carbon. An
exothermic peak at 578.21 “C can also be found. but the
mass does not change at this temperature. It is proposed
that the exothermic peak results from the transformation
of In,0Oj; to polycrystalline cubic bixbyite structure. The
mass of the ITO xerogel almost keeps a constant at the
temperature higher than 530 C.
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Fig.1 DTA/TG analysis of xerogel ITO powder

Fig.2 shows the XRD pattern after the xerogel
powder is heated at 600 °C for 1 h. The xerogel powder
has sharp structural XRD peaks after heated at 600 C,
indicating that the crystallized grains become obviously
coarse, and the crystalline structure is formed. By
comparing the XRD results with the JDPDs data base,
the heated powder has the single phase with the structure
of bixbyite phase as that of In,O;, indicating that the
dopant of SnO, is dissolved into In,O; and a

homogenous solution forms after the xerogel is heated at
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Fig.2 XRD pattern of xerogel ITO powder heated at 600 C for
1h

600 C.

3.2 Effects of treatment temperature on conductivity

Fig.3 shows the resistivity of the ITO films heated
at the temperatures from 200 °C to 800 “C. It can be seen
that the conductivity of the ITO film increases with the
treatment temperature up to 600 ‘C. There are two
reasons for the results: one is that the higher treatment
temperatures enhance the crystallization of ITO films,
resulting in the increase of the ionic-transference rate;
the other is that the formation possibility of the
oxygen-ionic vacancies increases with the temperature,
resulting in the increase of the conductivity.
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Fig.3 Effects of treatment temperature on resistivity of ITO

film

However, the conductivity decreases with the
increasing temperature when the treatment temperature is
higher than 600 C. Because SnO, may be reduced as
SnO, 1.e. the valence of the Sn ion transforms from +4 to
+2 at higher temperatures, and then the ionic

conductivity decreases. On the other hand, the high
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temperatures make In,O; decompose into InO, and also
reduce the conductivity.

3.3 Effect of cooling rate on conductivity

Fig.4 shows the effect of various cooling rates on
the conductivity of ITO films. Curve 1 in Fig.4 indicates
the resistivities of the ITO films which are withdrawn for
5 times and then slowly heated to 600 ‘C and cooled in
fumace. Curve 2 indicates the resistivities of the ITO
films which are withdrawn for 5 times and then slowly
heated to 600 ‘C and cooled in air. It can be seen that the
resistivities of the films cooled in air are about half lower
than that cooled in furmace.
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Fig.4 Effects of various cooling rates on resistivity of ITO

films

This may be related to the influence of cooling rates
on the distribution of the oxygen vacancies in the films,
because the oxygen vacancies may be formed when the
oxygen atoms run out from the films at high treatment
temperatures. The concentration of the anion vacancies
increases and the electron concentration increases,
resulting in the conductivity of the film increased.

3.4 Effects of withdraw technique on ITO-film

conductivity

Fig.5 shows the influence of the withdraw times on
the resistivity of the ITO films on quartz-glass substrate
at the withdrawing rate of 8 cm/min. It can be seen that
the resistivity of the films decreases with the increasing
withdraw times. The relationship between the resistivity
of the film and the withdraw times is not linear. The
decreased resistivity results predominantly from the first
coating, because the first layer is formed by the sol
coated on substrate. However, the followed coating is
formed on the first one and the sol has better wetting
ability on the coating than that on the substrate, resulting
in that the followed coating has much higher density and
lower resistivity.

Table 1 presents the effect of withdraw rate on the

resistivity of ITO films formed on general glass substrate
after once withdrawing. Analysed with Fig.5, the
withdraw rates between 3 cm/min and 21 cm/min almost
don’t affect the conductivity of the films, and the
resistivity changes for the film thickness for the various
withdraw rates. One possible reason for that can be
described as following: when the viscosity of sol is small
enough, the influence of the withdraw rates on the film
thickness is small, and the film thickness depends
predominantly on the wetting ability between the sol and
substrate.
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Fig.5 Effects of withdraw times on resistivity of ITO film

Table 1 Effects of withdraw rates on resistivity
Withdraw rate/(cm'min 1) 3 8 15 21

Resistivity/kQ 4.6 4.5 50 48

3.5 Effects of microstructure on conductivity

Figs.6 and 7 display the surface morphologies of
ITO films on quartz which are heated at 600 ‘C for 1 h
by slow cooling and quick cooling, respectively. The ITO
film by sol-gel technology is porous and consists of
spheroidic particles. The spherical particle has the less
size than 100 nm. The pores homogenously distribute
among the particles. The pores dispersed inside the film
may affect the conductivity. In order to increase the
conductivity of the ITO film prepared by sol-gel method,

Fig.6 Surface morphology of ITO films under low cooling rate
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Fig.7 Surface morphology of ITO films under high cooling rate

it is necessary to increase the film density by some useful
treatment to improve the microstructure of the film.

For the same substrate, the size of particle and pores
can be decreased obviously and the density can be
improved by quick cooling, as shown in Fig.7. At the
same time, it can also be found that the conductivity can
also be improved as shown in Fig.4. Other treatment
technologies can also improve the ITO-film micro-
structure, e.g., the higher treatment temperature and
longer treatment time are helpful for the diffusion,
resulting in higher density and conductivity. However,
the decomposition of In,O; might take place during ITO
film treated at higher treatment temperatures and with
longer treatment time, and affect the conductivity.

4 Conclusions

1) The withdrawn ITO xerogel films crystallize
during heat-treatment and the crystallization process
finishes when the treatment temperature raises to 600 ‘C.

2) The resistivities of ITO films decrease with the
increase of the treatment temperature and the resistivity
becomes minimum at the treatment temperature of 600
‘C. The quick cooling makes the resistivity obviously
decrease.

3) The conductivity increases with the withdrawing
times. The withdrawing rate does not obviously affect
the conductivity of the ITO films when the withdrawing
rates are between 3 cm/min and 21 cm/min.

4) The SEM investigation of the ITO films reveals
that the ITO films prepared by sol-gel technique consist
of spherical particles with pores. The density affects
intensively the film’s conductivity. The density and
conductivity of the ITO films can be increased obviously
by quick cooling.
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