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Abstract

Tin doped indium oxide (ITO) thin films with (400) preferred orientation were fabricated by sol-gel spin coating method with
metal indium and SnCl,-5H,0 as indium and tin precursors, oxalic acid was used for synthesis of ITO sol as a stabilizer and
methylcellulose as a binder. This study creatively combines thermal treatment at different temperatures with post-annealing
treatment at 500 °C to prepare ITO thin films with enhanced conductivity and highly transmittance. It was found that the
(400) preferred orientation growth strongly depends on thermal treatment temperature. Growth preferred orientation of the
ITO thin films changed from (222) plane to (400) plane with the increase of thermal treatment temperature. The ITO thin
film was thermal treated at 250 °C shows highly (400) preferred orientation, which exhibited an excellent conductivity (a
low sheet resistance of 230 Q Sq~' and a low resistivity of 4.14 X 107> Q cm) combining with a highly average transmittance
of 85.12% and obtained the best figure of merit (8.68x 107 Q™).

1 Introduction

Indium tin oxide (ITO) film is a transparent conducting
oxides (TCOs), which has a high electrical conductivity and
high optical transparency in the visible spectrum. There-
fore, it has been widely used as photoelectric devices [1,
2], thin—film sensors [3, 4], display panels and solar cells
[5, 6]. There are many methods to fabricate ITO thin films
such as magnetron sputtering [7], chemical vapor deposi-
tion technique [8], spray pyrolysis method [9], and sol-gel
processing [10]. Generally, sol-gel method is the simplest,
most cost-effective method, which can manipulate the dop-
ing levels conveniently.

Along with the higher performance requirements of elec-
tronic devices, ITO thin films are required to have better
conductivity and higher visible light transmittance, espe-
cially for films prepared by sol-gel method. Many scholars
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have done a lot of research on the preparation of ITO thin
films by sol-gel method. Yang et al. [11] studied the Ag-
ITO nanocomposite film to enhance the conductivity of
transparent oxide film by sol-gel method. Xia et al. [12]
investigated ITO films fabricated by spin coating methods on
glass substrates with different ITO sources. Yadav et al. [13]
reported the synthesis and characterization of nanocrystal-
line indium tin oxide (ITO) and its application as humidity
and gas sensors.

Recently, it was found that the structure preference of
the ITO films has a great influence on their optoelectronic
properties. Shigwsato et al. [14] prepared the (400) preferred
ITO films by DC magnetron sputtering and pointed out that
the ITO films with (400) preferred orientation have better
electrical properties. Kim et al. [15] prepared the (400) pre-
ferred ITO films by RF magnetron sputtering, also showed
the ITO thin films with (400) preferred orientation demon-
strate higher carrier concentrations and better mobility than
the ITO thin films with (222) preferred orientation. To pre-
pare preferred orientation ITO thin films, sputtering method
has been widely reported and is easy to be obtained, how-
ever, there are few reports on sol—gel method. Liu et al. [16]
used Sol—gel mothod prepared the ITO thin film, which has
verified that the conductivity of films could be effectively
improved by controlling the film’s preferred growth orienta-
tion along (400) plane.
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There are many factors that affect the growth of ITO thin
films fabricated by sol-gel method. Many scholars have
systematically studied the effects of sol composition and
annealing process on ITO thin films [10, 12]. However, the
thermal treatment is easy to be neglected during the thin
film preparation processing. In this work, we found that not
only the stabilizer and binder, but also the thermal treatment
temperature were crucial to the preferential growth of the
films. To further improve the photoelectric properties of ITO
thin films prepared by sol-gel method, we have proposed
a method of combining thermal treatment under different
temperatures with post-annealing treatment.

In this paper, we thermally treated the films for 20 min
at 50 °C, 150 °C, 200 °C and 250 °C, respectively, and then
processed by post-annealing in tubular furnace, to further
increase the conductivity of the films, the thin films were
annealed under Ar/5% H, continuously. Effect of thermally
treated temperature on the structure, morphology and pho-
toelectric properties of films were discussed in detail.

2 Experimental procedures
2.1 Preparation of ITO thin films

The ITO thin films were spin-coated on sodium calcium
glass substrate, which was orderly ultrasonic cleaned by
acetone, deionized water, absolute ethyl alcohol, and then
dried with nitrogen. Metal indium and SnCl,-5H,0 were
used as indium and tin precursors. The sol preparation pro-
cess is shown in Fig. 1. Firstly, 1.824 g metal indium was
dissolved in 10 mL hydrochloric acid solution (5 mol L™,
the solution was heated to 80 °C to dissolve metal indium.
Heat the solution continuously until crystals are precipitated
completely, then stop heating and dry the remains for use.
Then 20 mL deionized water was added to the crystallized
indium precursor and magnetic stirring for 2 h at 65 °C.
Secondly, 0.62 g SnCl,-5H,0 was added to the solution to
meet the atom ratio of In:Sn to 9:1. Thirdly, oxalic acid was
added as stabilizer and methyl cellulose as binder, the molar
ratio of oxalic acid to indium ion is 1:10 and 0.4 g methyl
cellulose was added to the solution. Finally, an appropri-
ate amount of 0.4 mol/L of ammonia was added to adjust
pH value approximately to 1-2, then some deionized water
was added to make the concentration of the sol to about
0.4 mol/L.The transparent ITO sol was obtained by stirring
at room temperature for 12 h and resting for 48 h.

The ITO sol with 0.4 M concentration was investigated
through the following approach. At a spin-coating rate of
2000 rpm for 30 s, films with one layer could be obtained
from the 0.4 M ITO sol. The films were thermally treated at
50 °C, 150 °C, 200 °C and 250 °C before a final annealing,
and then annealing the ITO thin films in tubular furnace at
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Fig.1 The preparation process of ITO sol and ITO thin films

the temperature of 500 °C for 30 min with a heating rate of
5°C min™'!, following annealing the ITO thin films in Ar/H,
for 30 min to further decrease the resistivity. By studying the
influence of the intermediate and final temperature on the
structure, morphological and photoelectrical properties of
the ITO thin films, the most promising sample in this study
was presented.

2.2 Characterization techniques

TG/DTA investigation with a heating rate of 5 °C min~! was
carried out to study the mass loss and the phase transforma-
tion of the ITO sol. X-ray diffractometer (XRD-D8 Advance,
Bruker Inc, Germany) with Cu Ka source (A=0.15405 nm)
was used to characterize the crystalline structure, and the
XRD data were collected in the 20 range of 10°-80° by
using the step scan mode with a step width of 0.01.The sur-
face and cross-sectional morphologies of the ITO thin films
were investigated using SEM (FE-SEM, FEI Tecnai-450,
USA). The Electrical properties of ITO films were tested by
four probe testing system and Hall effect test system. Trans-
mission spectra was tested by ultraviolet—visible spectropho-
tometer (U-4100 type Hitachi, Japan). X ray photoelectron
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spectroscopy was carried out to investigate the approximate
content of oxygen element in the ITO films.

3 Results and discussion
3.1 Structure analysis

XRD patterns of the most promising samples were presented
in Fig. 2a, all samples show strong peaks of the cubic In,0;
phase with the space group La3 and the results are in good
agreement with the standard JCPDS data (PDF#06-0416), no
separate peaks of SnO, or SnO were observed, which shows
that tin ions have completely entered the lattice of indium
oxide. XRD pattern shows two major diffraction peaks of
(222) and (400). The main diffraction peak of ITO thin films
changes from (222) to (400) with the increasing of ther-
mally treated temperature. In particular, the film thermally
treated at 250 °C shows the most intensity (400) diffraction
peak. We believe that the reason for this phenomenon is
that the oxalic acid decomposition preferentially consumes
oxygen when the thermally treated temperature exceeds
150 °C. Therefore, the thin film is in a relatively oxygen-
poor environment. During this thermally treated process,
the thin films with (400) preferred seed crystals have been
formed, then the seed crystal grows up during the annealing
process. Kim [15] has studied the effects of oxygen partial
pressure on the preferential orientation of ITO thin films,
as the result shown, ITO thin film grown with pure Argon
shows a preferential (400) plane orientation. Additionally,
Kim [17] and Meng [18] have reported that the (400) plane
possesses a lower surface energy than that of (222) plane,
that means once a (400) preferred seed crystal formed, it
would grow preferentially.
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According to the DSC curves, we can observed a endo-
thermic peak located at 100 °C, this is the decomposition
of solvent in sol. Interestingly, the decomposition tempera-
ture of oxalic acid is between 150 and 160 °C, but we can’t
find any apparent endothermic peak from the DSC curve
which shows on Fig. 2b. We believe that the decomposi-
tion of oxalic acid and crystallization of the film is very
slow when they were thermally treated in the atmosphere
at 200 °C or 250 °C, so the endothermic and exothermic
process of the thin film is balanced. Besides, a slow and
broad endothermic peak and exothermic peak are distrib-
uted at 300 °C and 500 °C respectively, which correspond
to the decomposition of methylcellulose and the crystal-
lization of the ITO films, respectively. It also can be seen
from the TG curve that the sol has no mass loss beyond
500 °C.

The average crystalline sizes of ITO thin films were cal-
culated from the full-width at half maximum of (222) and
(400) diffraction peaks by using Scherrer’s Equation [19].

_ KA
pcos@

where d is the main crystalline size, K is the shape factor
taken as 0.943 (for non-spherical grains), A is the wavelength
of the incident beam, f is the full width at half maximum
and 0O is the Bragg’s angle. The average crystalline size was
calculated to be 31.17 nm, 46.85 nm, 53.86 nm, 61.76 nm for
ITO thin films thermally treated at 50 °C, 150 °C, 200 °C,
250 °C. It has been reported that the (400) plane possesses
a lower surface energy than that of (222) plane [17], as the
results shown, the films with (400) preferred orientation
grow larger.
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Fig.2 a The XRD patterns of ITO thin films; b The TG/DSC curve of the ITO sol
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3.2 Morphology analysis

The surface morphology, cross-section morphology and
grain size of the ITO thin films were studied by scanning
electron microscopy. Figure 3 shows the SEM images of
the ITO thin films with different thermal treatment tempera-
tures. Figure 3a shows the surface morphology of ITO thin
film thermally treated at 50 °C, which exhibited macropo-
rous surface. The film thermally treated at 50 °C only lost
moisture and did not produce ITO seed crystalline grains,
thus the crystallization and decomposition of methylcel-
lulose were processing during annealing. To the best of
our knowledge, the metal ions are surrounded by the long

chain methylcellulose, though this is benefited to reduce the
stress and strain of films [20], this also prevents densification
between (222) preferential grains.

In comparison, the films thermally treated at higher
temperatures have already produced a small amount of
ITO seed crystalline. When thermally treated temperature
exceeds 150 °C, the oxalic acid gradually decomposed. The
decomposition of oxalic acid promotes the growth of ITO
thin film with (400) preferential orientation. In general,
(400) plane has a lower surface energy [17, 18], the grains
of ITO thin film with (400) preferential gradually grow dur-
ing annealing. Corresponding to Fig. 3d, it obviously shows
different morphology compared with the other films, which

Fig.3 SEM images of ITO thin films thermally treated at different temperatures a 50 °C; b 150 °C; ¢ 200 °C; d 250 °C; e Cross-section of film
thermally treated at 50 °C; f Cross-section of film thermally treated at 250 °C
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presented as a close regularly arranged triangular-cone. We
can observe from the surface morphology that the film with
(400) preferred orientation has bigger crystalline grain.

Thus, we can observe from Fig. 3e, f that the thickness of
film with (400) preferred orientation is thicker than film with
(222) preferred orientation. The thickness of film thermally
treated at 50 °C is about 115 nm, but the thickness is about
180 nm after thermally treating at 250 °C. In addition, the
grain boundary decreases relatively, which reduces the trap
points of grain boundary and further increases the conduc-
tivity of the film [21].

3.3 Optical performance analysis

The optical property was characterized by UV-Vis spec-
trophotometer. Figure 4a shows the transmission spectra of
ITO thin films with different thermal treatment temperatures.
Significantly, the ITO thin films are highly transparent in
the visible region. All films have an average transmittance
more than 85% in the visible region, which can meet the
requirements of most photoelectric devices. We can see from
Fig. 4a that the transmittance of film thermally treated at
50 °C has an advantage over that of film thermally treated
at 250 °C. Considering that the surface of the film thermally
treated at 50 °C has a large number of pores, which acts as
a channel for visible light to pass directly through the film.
Chuang Wang et al. [22] has found that the transmittance of
wrinkled ITO thin film can be enhanced by the light-trap-
ping at the valleys. Similarly, the transmittance of the thin
film can be enhanced by the pores. Relatively, the film with
(400) preferred orientation has a lower average transmit-
tance, one reason for this phenomenon is due to free carrier
absorption, resulting from the improved carrier concentra-
tion of film with (400) preferred orientation. Another reason
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is server shrinkage of wet film at higher thermally treatment
temperature, resulting in uneven surface of the film.

Figure 4b shows the energy band gap of films thermally
treated at different temperatures. The energy band gap E,
can be calculated from the absorption coefficient, which can
be calculated from the transmission spectra using equations
[23]:

1 < 1 )
a==In(=
t T
where T is the transmission and t is the thickness of the

films. The energy band gap of ITO film can be calculated
from the following equation [23]:

ahv = A(hv — Eg)"

where o is the absorption coefficient, h is the Planck’s con-
stant, v is the frequency of incident light, A is constant, Eg
is the energy band gap of material and m equals to 1/2 for
direct semiconductors. The optical band gaps of films ther-
mally treated at 50 °C, 150 °C, 200 °C, 250 °C are 3.48,
3.75, 3.65, 3.63 eV, respectively. We believe that increasing
the number of carriers leads to increase in the Fermi level
above the bottom of the conduction band, thereby causing an
enlargement in the optical band gap of the ITO films. As the
result shown, the film thermally treated at 150 °C presented
a biggest energy band gap, which is benefited from its excel-
lent carrier concentration.

3.4 Electrical performance analysis

The electrical performance of the films was analyzed by
four-probe testing technique and Hall measurement system.
Hall effect test datas are summarized in Table 1. Figure Sa
exhibits the sheet resistance and figure of merit (FOM) of
ITO thin films with different thermally treated temperature.
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Fig.4 a The transmittance of ITO thin films thermally treated at different temperatures; b The energy band gap of ITO thin films thermally

treated at different temperatures
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Table 1 Resistivity, carrier concentration and mobility of ITO thin
films thermally treated at different temperatures

Thermally treated  Resistivity Carrier con- Mobility

temperature (°C) (1073 Qcm)  centration (cm?V~ls™h
(10" cm™3)

50 8.39 9.80 7.59

150 6.30 13.0 7.63

200 448 11.0 12.68

250 4.14 10.2 14.80

It was found that the sheet resistance strongly depends on
the structure of the thin films. The thin film with (400) pref-
erential orientation has lower sheet resistance than film with
(222) preferential orientation. Specifically, the sheet resist-
ance of ITO film thermally treated at 250 °C is as low as
230 Q Sq~'. Recently, LIU Jiaxiang et al. [16] have prepared
ITO film with (400) and (422) main diffraction peaks by
sol-gel method, the 200 nm thick film has a relatively low
sheet resistance (< 550 Q Sq~!). Hyun Cho et al. [24] has
prepared ITO thin films by sol-gel method, the film that
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was fired and annealed at 500 °C had a sheet resistance of
361 Q Sq~'. Compared with the results above, the electrical
properties of the ITO thin films have been greatly improved.
Figure 5b shows the resistivity, carrier concentration and
mobility of ITO thin films, we believe that the improved
conductivity of ITO thin films is related to the increasing of
carrier concentration and mobility. As the results shown, the
resistivity is decreasing from 8.39 to 4.14 x 107> Q cm with
the increase of thermal treatment temperature, which mainly
due to the mobility increase from 7.59 to 14.8 cm? V= 571,

Figure 5c, d displays the fitting XPS narrow spectrum of
O 1s for the ITO thin films which thermally treated at 50 °C
and 250 °C. The results contain three components, located at
529.8 (529.9), 531.2 (531.5), and 532.3 (532.8) eV, respec-
tively. The first peak is assigned to bulk oxide, the second
peak corresponds to surface oxygen-deficient oxide, the last
peak comes from the surface hydroxyl groups [25]. We can
calculate from the Ols spectrum that the intensity ratio of
oxygen-deficient of the films thermally treated at 50 °C and
250 °C is 0.54. From the results of XPS analysis, it can be
seen that the oxygen hole content increases when the film
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Fig.5 a The sheet resistance and figure of merit (FOM) of ITO thin films at different temperatures; b Resistivity, carrier concentration and
mobility of ITO thin films; ¢, d The XPS narrow spectrum of Ols for ITO thin films thermally treated at 50 °C and 250 °C
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Table 2 Crystalline preferred Thermally treated

Preferred orien- Sheet resistance(Q Sq~!) Average transmit-

Figure of merit

orientaFion, sheet resistance, temperature (°C) tation tance (%) By, (10-4 Q—l)
transmittance, and Hackee
figure of merit of ITO thin films 50 (222) 730 90.05 4.80
thermally treated at different

150 (222) 450 89.58 7.39
temperatures

200 (400) 280 86.50 8.38

250 (400) 230 85.12 8.68

was thermally treated at 250 °C, which leads to an improve-
ment in carrier concentration of the film.

The mobility of ITO thin films depends on several major
factors [26, 27], including ionized impurity, lattice vibration
and grain boundary scattering. In this study, grain boundary
scattering is the main influence factor in the mobility of ITO
thin films. Lee et al. [26] have reported that the increased
grain size caused the increasing of electron mean free path,
which is related to the decrease in the grain boundary scat-
tering in the ITO films, in this case, grain boundary scat-
tering is the main factor that limits Hall mobility. ITO thin
film thermally treated at 250 °C with high (400) preferred
orientation has larger grain size, which decreases the grain
boundary scattering. As a result, this thin film exhibited a
lowest sheet resistance (230 Q Sq~') and a lowest resistivity
(4.14x 1073 Q cm). The relationship between the preferred
orientation, square resistance, transmittance and figure of
merit and annealing temperature of the films is shown in
Table 2.

There is a competitive alternative between the transmit-
tance and resistivity to produce TCO films by sol-gel pro-
cess [26]. We use figure of merit (FOM) defined by [28]

10
bu = %

To quantitatively evaluate the performance of ITO films
thermally treated at different temperatures. Where T and Rg
each separately represent the transmittance and sheet resist-
ance. The film thermally treated at 250 °C displays the best
combination of conductivity and transparency, showing the
highest figure of merit (8.68x 107 Q1)

4 Conclusion

ITO thin films with (400) preferred orientation were syn-
thesized on sodium calcium glass substrate by sol—gel spin-
coating method. The effect of thermal treatment temperature
on the structure, morphology and photoelectric properties
of ITO thin films have studied. The preferred orientation
of the ITO thin films changed from (222) to (400) with the
increase of thermal treatment temperature. The thin film
thermally treated at 250 °C with (400) preferred orientation

has an average transmittance of 85.12%, a relatively low
sheet resistance of 230 Q Sq~! and a low resistivity of
4.14x 1072 Q cm. This sample shows the best figure of merit
(8.68 x 10~ Q1. In this study, we controlled the preferen-
tial growth of thin films, thus the electrical properties of the
films are improved effectively.
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