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In this study, double-layer transparent conductive thin films are formed by depositing silver
(Ag) of 99.99% purity on a glass substrate by direct-current (DC) magnetron sputtering, then
forming an oxide layer on the Ag layer by depositing gallium-doped indium tin oxide (ITO:Ga)
with an ITO:Ga ratio of 97:3 by radio-frequency magnetron sputtering. The films are annealed
in vacuum at different temperatures to rearrange the crystals in the films and thereby reduce the
defect density. The thicknesses, electrical properties, optical properties, surface structures, and
figures of merit (FOMs) of the ITO:Ga/Ag double-layer thin films before and after annealing are
analyzed. It is found that the resistivity of the double-layer thin films decreases with increasing
annealing temperature and that the lowest resistivity is 5.03 x 107> Q-cm and the highest average
transmittance is 73.33% for the specimen annealed at 450 °C, which also has the highest FOM of
531 x 10> Q. The ITO:Ga/Ag double-layer thin films have excellent optical and electrical
properties for photosensor applications.

1. Introduction

Transparent conductive oxide (TCO) films exhibit high electrical conductivity and
transmittance, are highly reflective in the IR spectral region, and have high current carrier
concentration (typically about 102 cm™3). These outstanding properties allow TCO films to be
widely used in a variety of photoelectric devices such as solar cells, thin-film transistors, organic
light-emitting devices, and flat-panel displays.!3 Currently, the major TCO film materials are
zinc oxide (ZnO), indium (III) oxide (In,03), titanium dioxide (TiO,), tin (IV) oxide (SnO,), and
cadmium oxide (CdO). To increase the conductivity of TCO films, it is common practice to dope
the film materials with either a group-I1I element, such as Al, Ga, or In, or a group-IV element,
such as Si, Sn, Ti, or Zr.4~!D) Doping with a certain amount of a metal element increases the
current carrier concentration and causes an increase and a subsequent decrease in Hall mobility.
Once a critical amount of dopant is reached, however, the resistivity will increase. In addition to
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doping with a metal element, reasonably high conductivity can be achieved by forming a
multilayer (e.g., TCO:metal/metal) film and annealing the film.(!213 Generally, a metal element
is opaque to visible light, but if the thickness of a metal film is controlled at 100 A or less, the
metal film will be permeable to visible light and highly reflective in the IR spectral region.(!¥) In
the pursuit of higher optical transmittance and electrical performance, many recent studies have
proposed the formation of a metal/oxide double-layer film structure comprising an oxide film
and a metal film.('3-1® Such double-layer films are configured to suppress the reflection of
visible light by the metal layer and therefore have relatively high transmittance.(') It has also
been shown that a metal film of less than 15 nm thickness tends to form an island film, that a
multilayer film formed with such a metal film and an oxide film can be annealed to inhibit the
formation of the island structure by the metal film, and that the thermal diffusion during
annealing enables strong bonding between the oxide film and the metal film, which contributes
to increased conductivity and optical transmittance.

A film can be prepared by a physical or chemical method. Physical film formation methods
include vacuum evaporation, sputtering, and ion-assisted deposition, whereas chemical film
formation methods include the sol-gel method and chemical vapor deposition.2024) In this
study, we used magnetron sputtering to deposit the constituent layers of gallium-doped indium
tin oxide/silver (ITO:Ga/Ag) double-layer thin films because this method allows not only the
manufacturing process to be highly controllable but also uniform films to be easily obtained.
Then, the electrical and optical properties of the ITO:Ga/Ag double-layer thin films before and
after annealing were analyzed to identify the most suitable processing parameters. All the results
in this study can be employed in photosensor applications.

2. Experimental Procedure

The experiment involved changing parameters and conditions such as the sputtering power
and annealing temperature to form a number of ITO:Ga/Ag multilayer thin films on Corning
glass. The target materials used in the experiment were an ITO:Ga alloy with an ITO:Ga ratio of
97:3 and Ag of 99.99% purity. The processing parameters selected for the ITO:Ga layer were a
power of 80 W, a constant pressure of 6 mTorr, a gas flow rate of 15 sccm Ar, and a sputtering
time of 30 min. The sputtering parameters for the Ag layer were a power of 20 W, a sputtering
time of 1 min, and a constant pressure of 6 mTorr. An a-step profilometer (KLA-Tencor) was
used to measure the film thickness. The annealing temperature was set at 200—450 °C. To
analyze the multilayer films, the structural phase was identified with an X-ray diffractometer
(XRD, Siemens D-500), the conductivity and optical transmittance were measured with a Hall
effect measuring instrument (AHM-800B) and a UV-VIS spectrophotometer (Hitachi 2900),
respectively, and the surface topography was observed by scanning electron microscopy (SEM,
JSM-7000F).
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3. Results and Discussion

3.1 Film thicknesses

The thicknesses of a double-layer film sample and its ITO:Ga and Ag layers are shown in
Table 1. The annealing process did not change the thicknesses significantly; changes were only
about £2 nm, which had little effect on film properties. Moreover, the error of the profilometer
was about 1020 nm, which is much larger than the change in thickness caused by annealing;
therefore, the change in film thickness after annealing will not be discussed further.

3.2 XRD spectra of thin-film crystal structure

Figure 1 shows the properties of the ITO:Ga/Ag double-layer thin films under test. The
unannealed double-layer thin film and the film annealed at 200 °C were in an amorphous state
(i.e., no crystalline phase was found in the film). No significant In,O; peak was observed for
these two films, which may be attributed to the even distribution of Ag ions in the In,Oj; lattices.
It is known from Ref. 25 that an amorphous ITO only exhibits a minor peak at 26 = 30.5°; thus,
it can be inferred that the peak around 38° in this study corresponds to the (111) face of Ag.
Moreover, according to Ref. 26, ITO crystallizes at about 150-200 °C. In this study, the
crystallization was relatively slow and incomplete when the annealing temperature was 200 °C.
When the annealing temperature was increased, the main diffraction peak of (222) at the film
surface became increasingly prominent. When the annealing temperature was increased to 300
and 400 °C, the multilayer films became fully polycrystalline. The completely annealed ITO
layer only showed a preferential (222) orientation.

The crystalline phase began to appear in the ITO:Ga/Ag double-layer thin films when the
annealing temperature was 300 °C. The (222), (400), (411), (431), (440), and (622) peaks were

Table 1 }
Thicknesses of a double-layer film. B0 ) (a3 a0 (622) 7?\23?05“6‘1
Oxide layer ITO:Ga (61.71 nm) ] D Lo P A300
Metal layer Ag (147 nm) R —
Total thickness 76.41 nm : R

Intensity

10 20 30 40 50 60 70 80 90
26 (degree)

Fig. 1. (Color online) XRD spectra of ITO:Ga/Ag
annealed at different temperatures.
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found at 30.05, 35.4, 37.6, 45.5, 50.9, and 62.1°, respectively, but all the peaks correspond to
In,05, meaning that Ag ions might have been substituted and thereby incorporated into the
In,O5 lattices, with (222) being the major growth direction. Peaks with the highest intensity
appeared when the annealing temperature was 400 °C.

3.3 Electrical properties of films annealed at different temperatures

The electrical performance of the ITO:Ga/Ag double-layer thin films under test is shown in
Table 2. It was found that the resistivity of the thin films decreased with increasing annealing
temperature. The lowest resistivity, i.e., 5.03 x 107 Q-cm, was obtained at the annealing
temperature of 450 °C. During annealing, Ag diffused and was substituted into the oxide layer. It
is speculated that a higher annealing temperature promoted the diffusion of Ag into the ITO thin
film because the heat energy assisted electrons to pass the conduction bond barrier.

It can be seen from the XRD spectra in Fig. 1 that the unannealed ITO:Ga/Ag double-layer
thin film and the film annealed at 200 °C were amorphous, from which it can be inferred that the
crystal grains in these two films were still in the growth stage. When the annealing temperature
was 300 °C, the In,0; peak appeared and the resistivity decreased to 6.38 x 107> Q-cm, the main
cause being the change the carrier concentration. When the annealing temperature was 450 °C,
the resistivity decreased to 5.03 x 107 Q-cm. It is speculated that Ag was doped into the In,O;
lattices at this temperature. Only the In,O; peak appeared in the XRD spectra.

3.4 Optical properties of films annealed at different temperatures

As can be seen in Figs. 2 and 3, which respectively show the changes in the optical
transmittance and energy gap of the double-layer thin films after annealing, the double-layer
thin films with a Ag layer had an average transmittance of about 68—73% and the transmittance
increased slightly with the annealing temperature.

The energy gap was calculated using the following optical band gap equation:(7)

(ahv) = A(hv-Eg), (1)

Table 2
Electrical performance of ITO:Ga/Ag double-layer thin films annealed at different temperatures.

ITO:Ga/Ag: ITO:Ga 80 W 30 min/Ag 20 W 1 min

Annealing temperature Resistivity Mobility Carrier

(°C) (Q-cm) (cm?/Vs) concentration (cm ™)
As-deposited 6.58 x 107 5.46 2.12 x 10!

200 6.49 x 1073 6.29 2.21 x 10!

300 6.38 x 107° 117 3.01 x 10

400 6.09 x 107 19 4.10 x 107!

450 5.03 %1073 245 5.07 x 10%!
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Fig. 2. (Color online) Transmittances of ITO:Ga/Ag Fig. 3. (Color online) Energy gaps of ITO:Ga/Ag
annealed at different temperatures. annealed at different temperatures.

where A4 is a constant and o and Ao are the absorption coefficient of the film and the energy of
the incident radiation, respectively. The energy gap of the unannealed double-layer film was
3.64 eV. When the annealing temperature was 450 °C, the energy gap reached its maximum
value of 3.79 eV.

The average transmittance of the ITO:Ga/Ag films increased with the annealing temperature,
and the highest transmittance of 73.33% occurred when the annealing temperature was 450 °C.
The main cause of this phenomenon was that, as the annealing temperature increased, the metal
atoms in the metal layer were able to be doped into and substitute for the oxide atoms in the
oxide layer after receiving sufficient energy. As a result, the reflection of visible light by the
metal layer was reduced. It was found that the energy gap gradually increased with the annealing
temperature. The ITO:Ga/Ag film annealed at 450 °C had the largest energy gap of 3.79 eV. At
the largest energy gap, an electron can have more energy and increase the conduction band level.
The resistivity also decreases owing to the high carrier concentration.

3.5 Surface topography of films annealed at different temperatures

The surface topography of the ITO:Ga/Ag double-layer thin films annealed at different
temperatures was analyzed by SEM. Figure 4 presents the surface topography of the double-
layer thin films. After annealing, the film surface had a denser texture and, as can be seen in the
surface topography images, was free of surface defects such as holes and cracks. As can also be
seen, the films had a flatter surface and a denser texture when the annealing temperature was
increased. Relatively large crystal grains were formed on the surface of the ITO:Ga/Ag double-
layer thin films, which was mainly because of the dopant metal (i.e., Ag) layer. However, all the
films had a flat surface and a dense texture regardless of the annealing temperature.
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Fig. 4. Surface features of ITO:Ga/Ag double-layer thin films annealed at different temperatures: as-deposited (a)
and annealed at (b) 200, (c) 300, (d) 400, and (e) 450 °C.

3.6 Figures of merit of films before and after annealing

The quality of transparent conductive films can be expressed by the figure of merit (FOM) to
facilitate comparison, where the FOM is calculated from the resistivity and transmittance.
Table 3 presents the FOMs of the double-layer thin films annealed at different temperatures. As
can be seen from Eq. (2), the FOM is directly proportional to the transmittance to the power of
10. Therefore, transmittance is a critical factor determining the FOM of such films. A high FOM
requires relatively low resistivity and high transmittance.?®)

710
cDTC = )

sh

From Table 3, it can be observed that the FOM increased with the annealing temperature. The
highest FOM, i.e., 5.31 x 103 Q7!, was observed for the annealing temperature of 450 °C. When
the annealing temperature increased, the transmittance also increased, which resulted in an
increased FOM.

3.7 Crystal grain sizes of films after annealing

The crystal grain size was calculated by substituting the peak value in the XRD spectra into
Scherrer’s formula to obtain the full width at half maximum (FWHM). Scherrer’s formula is??



Sensors and Materials, Vol. 35, No. 8 (2023) 2877

Table 3 Table 4
FOMs of double-layer thin films annealed at different Crystal grain sizes and FWHM values of double-layer
temperatures. thin films annealed at different temperatures.
FOM &7c (Q) ITO:Ga/Ag
Annealing temperature (°C) ITO:Ga/Ag Annealing Grain size
; 3 o FWHM
As-deposited 415 %10 temperature (°C) (nm)
200 4.28 x 10° 300 0.285 26.90
300 4.42 x 10° 400 0.271 30.43
400 4.62 x 10° 450 0.225 36.65
450 531 % 10°
D= 094 ’ 3)
pcosf

where D is the grain size, 4 is the wavelength of the incident X-ray, i.e., 0.15418 nm, @ is the angle
of the incident light, and £ is the FWHM. As 1 and @ are fixed, D and f are reciprocals of each
other; the smaller the FWHM, the larger the grain size.®?) Table 4 presents the crystal grain
sizes and FWHM values of the ITO:Ga/Ag double-layer thin films annealed at different
temperatures. No grain size or FWHM value is shown for the unannealed double-layer thin film
or for the film annealed at 200 °C because no crystals were found in those films. Crystallization
began when the annealing temperature was 300 °C, and the FWHM decreased with increasing
annealing temperature. As a result, the crystal grain size gradually increased from 26.90 to
36.65 nm as the annealing temperature increased from 300 to 450 °C.

4. Conclusion

In this study, the ITO:Ga/Ag double-layer thin films were deposited by the RF sputter
magnetron sputtering technology and annealed at temperatures of 200, 300, 400 and 450 °C.
According to our experimental results, the overall thickness of the ITO:Ga/Ag double-layer thin
films barely changed with the annealing temperature. From the XRD spectra, we found that the
ITO:Ga/Ag double-layer thin films were amorphous before and after annealing at 200 °C. A
crystalline phase formed when the annealing temperature was 300 °C, but all the peaks
corresponded to In,0;, meaning that Ag ions might have been substituted and thereby
incorporated into the In,0O5 lattices, with (222) being the major growth direction. The largest
peak value appeared when the annealing temperature was 450 °C. The ITO:Ga/Ag double-layer
thin films exhibited improved optical and electrical properties with increasing annealing
temperature. The lowest resistivity of the thin films of 5.03 x 107> Q-cm and the highest
transmittance of 73.33% were observed at the annealing temperature of 450 °C. Furthermore,
the largest energy gap of 3.79 eV appeared when the annealing temperature was 450 °C. The
highest FOM of the ITO:Ga/Ag double-layer thin films of 5.31 x 10> Q™! was also observed at the
annealing temperature of 450 °C because the annealed thin film had the lowest resistivity and
high transmittance. Moreover, the crystalline ITO:Ga/Ag double-layer thin films grew at a
sufficiently high annealing temperature. It can be seen that the annealing temperature is an
important factor for improving the optical and electrical properties of the thin films.
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