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In this study, titanium metal (99.99%) was deposited on quartz glass substrate test specimens
by DC magnetron sputtering. Thereafter, radio-frequency magnetron sputtering was used to
create an oxide layer of ITO:Ga (97.3 at%) to form a final dual-layer transparent and conductive
film on the glass substrate. The film was then annealed at different temperatures under vacuum.
The thermal energy rearranged the internal crystalline structure, and this reduced the number of
crystalline defects. The multilayer structure of the dual-layer film was explored after annealing:
the film thickness, electrical properties, transmission properties, surface structure, grain size,
and quality factors were all analyzed. The results showed that the electrical properties of
ITO:Ga/Ti improved after annealing at 500 °C (100 W; 30 min) and that the resistivity was 6.51
x 107* Q-cm. The average penetration of ITO:Ga/Ti after annealing at 400 °C was 87.52%, and
after annealing at 500 °C, it was 89.70%. The figure of merit was the optimal value of 4.78 x 1073
Q! after annealing at 500 °C.

1. Introduction

Transparent conducting oxide (TCO) films exhibit excellent conductivity and transmittance
characteristics that make them widely applicable in many different optical devices such as solar
batteries, film transistors, organic light-emitting parts, and flat liquid-crystal displays.('3 The
term ‘TCO film’ generally refers to materials consisting of metal oxides. To ensure light
transmission in these materials, it is essential to select materials with an energy gap greater than
3 eV. Examples include zinc oxide (ZnO), indium oxide (In,0;), titanium dioxide (TiO,), tin
oxide (SnO,), and cadmium oxide (CdO).¢-7

To improve the conductivity of metal oxides, special impurities are added to adjust the
concentration and type of conductive carrier. This is referred to as doping. The synthesis of TCO
films on glass substrates has evolved from spray pyrolysis and chemical vapor deposition (CVD)
in the 1940s to vacuum evaporation and sputtering in the 1970s.3-1) The development of
magnetron sputtering in the 1980s facilitated low-temperature film manufacturing and enabled
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the mass production of films. In recent years, dual-layered structures of an oxide and a metal
film that enables higher optical penetration rate and electrical performance have been used.
These metal/oxide films can suppress the reflection of the intermediate metal layer in the visible
region and achieve higher penetration rate.(12-19)

In this study, DC sputtering was used to deposit Ti as the metal layer and RF sputtering was
adopted to deposit ITO:Ga as the oxide layer, forming a film with a dual-layer structure. The
resulting test specimens with Ti/ITO:Ga dual-layer films were annealed, after which the
thickness, electrical, optical, and structural properties, grain size, and surface pattern were
carefully measured to determine the optimal quality parameters of the dual-layer structure. All
of the results revealed that the ITO:Ga/Ti thin films were good for solar cell, display, and
photosensor applications because of the high photoelectric effect and could be applied in
photosensors.

2. Experiment Methods and Materials

In the experiments, the dual layers were deposited by sputtering on 20 x 20 x 2 mm? quartz
glass substrates. These were washed in ethanol in an ultrasonic bath for 10 min, rinsed in
deionized water, and dried in an oven at 100 °C for 1 h before deposition. Parameters such as
sputtering power, sputtering time, and annealing temperature were modified to change the
properties of the dual-layer films.?9 The films were annealed by heating the coated specimens
under vacuum at 200, 300, 400, and 500 °C for 5 min with the temperature increasing 10 °C per
minute. After this, the effects of annealing temperature on the optical properties and electrical
performance of the films were studied. The ITO:Ga oxide layer deposition parameters were set
at 100 W with a fixed bias in argon of 6 mTorr, a gas flow rate of 15 sccm, and a sputtering time
of 30 min. For the metal layer (Ti), the deposition parameters included a power of 40 W, a fixed
bias of 10 mTorr, an Ar gas flow rate of 15 sccm, and a sputtering time of 2.5 min. The dual-
layer structure sandwiched the metal layer between the oxide layer and the glass substrate,
which prevented the easy oxidation of the metal layer. Furthermore, annealing facilitated the
diffusion of the metal layer into the oxide layer, which reduced metal spillage that could lead to
poor resistivity. The film thickness was measured using a KLA Alpha-Step stylus profiler
Model AS-IQ. The electrical properties were determined using an AHM-800B Hall effect
measurement system. The optical properties were measured using a UV-VIS spectrometer (UV
Solution 2900). Finally, the surface structure was examined using an atomic force microscope
(AFM, Bruker Dimension Fast Scan-XR).

3. Results and Discussion
3.1 XRD structure analysis at different annealing temperatures
Figure 1 shows the results of the XRD analyses of ITO:Ga/Ti films annealed at four different

temperatures. It can be seen that the deposited films had an amorphous structure in the as-
deposited state, and that, at the annealing temperature of 200 °C, there were no significant Ti ion
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Fig. 1.  (Color online) Results of XRD analysis of ITO:Ga/Ti (100 W; 30 min) samples annealed at different
temperatures.

peaks and Ti remained evenly distributed over the In,O5 lattice. When the annealing temperature
was 300 °C, the crystal phase appeared, and as the annealing temperature increased, the peak
value of Ti increased. After annealing at 400 °C, the samples contained only the In,O5; phase and
displayed polycrystalline and cubic bixbyite structures with high-intensity X-ray diffraction.
This figure also reveals that Sn atoms might have been substituted into the In,O; lattice.>!
According to Lee et al.2? the crystallization of ITO occurs at around 150 to 200 °C. In this
study, crystallization appeared to be relatively slow and incomplete at 200 °C. At a higher
annealing temperature, the intensity of the main diffraction peak (222) on the film surface
increased significantly. Annealing at 300 and 400 °C turned the multilayered film into a fully
polycrystalline one. The fully annealed ITO layer exhibited the (222) preferential orientation as
the annealing treatment of the samples intensified the (222) diffraction peak.(?3

Crystalline phases began to appear in ITO:Ga/Ti films annealed at 300 °C. Peak values of
(222), (400), (332), (431), (440), and (622) were found at 30.58, 35.46, 41.85, 45.69, 51.02, and
60.67°, respectively; all of these fall into the peak value range for In,O; This suggested that Ti
ions could have been substituted into the In,O; lattice, with (222) as the main direction of
growth. The maximum (222) peak occurred in specimens annealed at 500 °C. The thicknesses of
each thin film were 93.52 nm for ITO:Ga and 10 nm for Ti.

3.2 Effects of annealing on electrical properties of films

The electrical properties of ITO:Ga/Ti are listed in Table 1; note that good electrical
performance could be maintained in samples annealed at 300, 400, and 500 °C. When the thin
films were annealed at 200 °C, the grains were still reforming and the resistance presented a
slight increase. This implied that the annealing temperature came close to the crystal growth
temperature and the crystal arrangement and growth were inhibited, leading to poor electrical
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Table 1
Electrical properties of ITO:Ga/Ti in films annealed at different temperatures.

ITO:Ga (100 W; 30 min) / Ti(40 W; 2.5 min)

Carrier concentration

Annealing temperature (°C) Resistivity (Q-cm) Mobility (cm?/Vs) (cm™)

As-deposited 228x107° 3.48 x 10! 7.88 x 10"
200 7.20% 1073 3.29 x 10! 2.64 x 10"
300 1.58 x 1073 2.61 x 10! 1.52 x 10%°
400 8.44 x 107* 3.05 x 10! 2.43 x 10%°
500 6.51 x10™* 2.14 % 10! 4.48 x 10%°

properties. The XRD analysis showed that in the case of thin films that were as-deposited and
annealed at 200 °C, the ITO:Ga/Ti film was in an amorphous state. When the thin films were
annealed at 300 °C, an In,O5 peak appeared and the resistivity increased, caused primarily by a
change in carrier concentration. Then, when the annealing temperature was increased to 500 °C,
the lowest resistivity of 6.51 x 107* Q-cm was obtained.

3.3 Effects of annealing on optical properties of films

Figure 2 shows the optical properties of the dual-layer film annealed at different temperatures.
The overall average transmission for the thin films was approximately 86—89%. Furthermore,
the transmission increased slightly with an increase in annealing temperature.

The energy gap was calculated using the optical energy gap formula:(242)

(ahz))2 =A(hv-Eg), M

where A denotes a constant and o and Av represent the absorption coefficient and the incident
radiation energy, respectively. Note that a linear relationship exists between (a4v)? and hv, which
can be used to estimate £g in Table 2. The as-deposited films had an energy gap of 3.45 eV, and
the maximum energy gap at 500 °C was 3.76 eV. The electron energy gap increased with the
annealing temperature from 300 to 500 °C. From the average penetration rate, it was observed
that the overall change was small and the energy gap did not change considerably. Overall, the
energy gap values coincided with those of wide-bandgap semiconductors.

3.4 Analysis of the effects of annealing on film surface features

In this experiment, samples of the sputtered 1TO:Ga/Ti dual-layer film on quartz glass
substrates were examined by AFM and 3D observations. Average center-line roughness (Ra) was
measured. Figure 3 shows that the surface of the film became denser and no surface defects such
as pores and cracks are visible in the images of samples with high annealing temperatures. Table
3 shows the Ra values of the ITO:Ga/Ti thin films. The Ra values of the as-deposited thin films
and those annealed at 200 °C were less than 1 nm, indicating that the surface of the dual-layer
films was very smooth. Moreover, note that the thin films were amorphous before annealing at
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Fig. 2.  (Color online) Transmittances of thin films at different annealing temperatures.
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Table 2

Energy gap values of ITO:Ga/Ti thin films annealed at different temperatures.
Annealing temperature (°C) Energy gap (eV)

As-deposited 3.45

200 3.39

300 3.75

400 3.75

500 3.76

(a)as-deposited

(b)A200

(d)A400 (e)A500

3761

Fig. 3. (Color online) AFM 3D surface features of ITO:Ga/Ti films: (a) as-deposited and annealed at (b) 200, (c)

300, (d) 400, and (e) 500 °C.
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Table 3

Ra values of ITO:Ga/Ti films annealed at different temperatures.
Annealing temperature (°C) Ra (nm)

As-deposited 0.99

200 0.91

300 3.42

400 1.13

500 0.50

200 °C. When the annealing temperature was increased to 300 °C, the roughness decreased.
This could be attributed to the heat-induced rearrangement of the ITO:Ga sample’s crystalline
structure, which reduced the surface roughness.

3.5 Effect of annealing on crystal grain size

The grain size was calculated by substituting the main XRD peak value into the following
Scherrer’s formula:(2)

Do 094 ’ )
pcosd

where D denotes the grain size, 4 indicates the incident angle of the X-ray at 0.15418 nm, 6
represents the incident angle, and f refers to the full width at half-maximum (FWHM). The
FWHM is the width of any intensity distribution at half the maximum intensity of XRD. As 4
and @ are constants, there is an inverse relationship between D and f. Therefore, when the
FWHM is lower, the grain size is larger. Table 4 shows the FWHM values and grain sizes of
ITO:Ga/Ti films annealed at different temperatures. Furthermore, the crystalline phase of
ITO:Ga/Ti only appeared in samples annealed at 300 °C or above. The FWHM of the films
increased with the annealing temperature, and the grain size increased from 32.47 to 37.83 nm.
Thus, the increase in annealing temperature led to crystal growth.

3.6 Figure of merit
For transparent conductive films, the figure of merit (FOM) was mainly used for determining

the integrity of materials, whereas the resistivity and transmittance were utilized for calculating
the FOM (¢7¢) of dual-layer films at different annealing temperatures using the equation below.

Gre === )

Here, 7, denotes the optical average transmittance and R, indicates the film resistivity in units
of Q! This formula shows that the FOM is directly proportional to the 10th power of
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Table 4
Effect of annealing temperature on grain size of ITO:Ga/Ti.

ITO:Ga/Ti (100 W; 30 min)

Annealing temperature (°C) FWHM Grain size (nm)
300 0.220 32.47
400 0.233 35.38
500 0.286 37.83
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Fig. 4. (Color online) Effect of annealing temperature on FOM of ITO:Ga/Ti thin films.

transmittance. Thus, transmittance had a tremendous effect on FOM. For higher FOM, lower
resistivity and higher transmittance rate are necessary.(?%-27-2®) Figure 4 shows the quality factors
of ITO:Ga/Ti films deposited under the conditions of 100 W and 30 min. The optimal FOM was
478 x 1073 Q! after annealing at 500 °C. At this annealing temperature, the film had optimal
transmittance and low resistivity and hence, excellent FOM.

4. Conclusions

In this study, RF sputtering was used for depositing ITO:Ga/Ti dual-layer films, and the
effects of the annealing temperature on the optical and electrical properties of these films were
investigated. The results showed that unannealed ITO:Ga/Ti films or those annealed at 200 °C
were in an amorphous state. However, upon annealing at 300 °C, a crystalline phase began to
emerge and the XRD peak values aligned with those for In,O5. This suggested that Ti ions had
been substituted into the In,0O5 lattice with (222) as the primary direction of growth. The
crystalline phase reached a peak in samples annealed at 500 °C. The ITO:Ga/Ti film had the
lowest resistance of 6.51 x 107* Q-cm after annealing at 500 °C. The optical transmittance of the
ITO:Ga/Ti film was the maximum of 89.70% and the energy gap was 3.76 eV after annealing at
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500 °C. The AFM analysis of the surface features of the thin films showed that the Ra of the
ITO:Ga/ Ti thin films was consistently less than 20 nm; in other words, the surface of the dual-
layer films was very smooth. Furthermore, as the annealing temperature increased, the
roughness Ra decreased; this suggested that the annealing process could effectively enhance the
smoothness of the film surface. This improvement could be attributed to the rearrangement of
ITO:Ga crystals, which caused the surface to become denser. The most significant improvements
began after annealing at 300 °C. Finally, the FOM of the ITO:Ga/Ti film had an optimal value of
478 x 1073 Q! after the film had been annealed at 500 °C. The experimental results proved that
the ITO:Ga/Ti thin films could be utilized for making gas sensors, solar cells, and photosensors.
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