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	 In this study, we investigated the optical and electrical properties of ITO:MgO/Ag dual-layer 
transparent conducting films (with an atomic ratio of 97:3 at.%) annealed at different 
temperatures. Annealing was conducted in a vacuum utilizing thermal energy to rearrange the 
crystalline structure of the films, thus enabling atomic substitution, and to address internal 
defects. The optical and electrical properties of the dual-layer films were compared before and 
after annealing, revealing that the lowest resistivity of 2.92 × 10−5 Ω·cm was in the unannealed 
state, the average transmittance was 58.97% at an annealing temperature of 500 ℃, and the 
optimal figure of merit (FOM) was 7.71 × 10−4 after annealing at a temperature of 300 ℃.

1.	 Introduction

	 The advent of quantum mechanics has given rise to the energy band theory, which reveals the 
strong relationship between light and the energy gap of materials. This relationship suggests that 
changes in material properties can affect the energy gap.(1–3) Therefore, it caused many scientists 
to investigate how to obtain excellent optical properties of materials by changing the energy gap. 
Transparent conductive oxide (TCO) films, characterized by high conductivity and transparency, 
have been applied in various optical components including solar cells, flat-panel displays, 
thin-film transistors, and organic light-emitting devices.(4–8) A popular TCO thin film is ITO 
thin film; it has low resistivity that can be reduced to 1 × 10−4 Ω·cm. Furthermore, it has a 
transmittance of more than 85%. However, the doped metal In of ITO is very rare. There are 
many reports on other high-optical-energy-gap and low-resistivity thin-film materials, such as 
ZnO, In₂O₃, TiO₂, SnO₂, and CdO, that can be used to replace ITO thin films.(9–13)

	 To achieve superior optical transmittance and electrical properties, recent studies have 
proposed oxide/metal dual-layer films that suppress the reflection of the intermediate metallic 
layer in the visible light range, thereby enhancing transmittance.(14–16) 
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	 In this study, dual-layer films were prepared by DC sputtering to deposit Ag as the metallic 
layer, followed by RF sputtering to deposit ITO:MgO as the oxide layer. Annealing was 
subsequently performed on the ITO:MgO/Ag dual-layer films before the sample thickness and 
electrical and optical properties, as well as their structural properties and surface morphologies, 
were evaluated. We hope that the dual-layer films can be used in optical sensor materials.
	
2.	 Materials and Methods 

	 In this study, DC reactive magnetron sputtering was performed on a 99.99% pure metal (Ag) 
and ITO:3 at.% MgO ceramic target to fabricate Ag and ITO:MgO films. During the sputtering, 
the vacuum chamber pressure was controlled at 6 mTorr, the distance between the target and the 
glass substrate was set to 50 mm. The substrate was cleaned for 15–20 min in an ultrasonic bath 
using acetone and ethanol solutions, rinsed with deionized water, and dried with a high-purity 
N₂ flow. High-purity Ar gas (99.999%) was fed into the vacuum chamber with the total flow rate 
fixed at 15 sccm to deposit films with high transmittance and low resistivity. The ITO:MgO film 
was deposited for 30 min, with the sputtering power maintained at 80 W, and the Ag film was 
deposited for 1 min, with the sputtering power maintained at 20 W. The thickness of the 
sputtered films was measured using an α-step profiler, and their crystallinity was measured 
using an X-ray diffraction (XRD) system. Their surface morphologies were examined by AFM, 
and their optical transmittance was estimated using a spectrophotometer. Their electrical 
properties were measured using the AHM-800B Hall effect measurement system. Their optical 
properties were measured using a UV–VIS spectrometer (UV Solution 2900). Finally, their 
surface structure was examined by SEM (HITACHI SU-5000).

3.	 Results and Discussion

3.1	 XRD analysis of film structure

	 Figure 1 shows the XRD spectra of the ITO:MgO/Ag films annealed at different temperatures, 
showing that the films remained amorphous in the unannealed state with no crystalline phases. 
Ag ions were uniformly distributed within the In₂O₃ lattice, indicating no distinct Ag peaks, and 
the ions began to crystallize after annealing at 200 ℃. 
	 As the annealing temperature increased to 300 ℃, all the deposited samples contained only 
the In₂O₃ phase, exhibiting a polycrystalline cubic bixbyite structure with high-intensity 
diffraction, as seen in Fig. 1, indicating that tin atoms may have been substitutionally doped into 
the In₂O₃ lattice.(17) The amorphous ITO film exhibited a slight secondary diffusion bump at 
2θ ≈ 30.5°, while the peak near 38° corresponded to the Ag (411) plane.(18) The film was 
crystallized at 150–200 ℃, although the crystallization was relatively slow and incomplete with 
an annealing temperature of 200 ℃.(19) As the annealing temperature increased, the intensity of 
the main diffraction peak (222) significantly increased on the film surface; therefore, the 
dual-layer film became completely polycrystalline after annealing at temperatures of 300 and 
400 ℃. As a result, the fully annealed ITO layer only exhibited a (222) preferential orientation 
because postannealing enhanced the intensity of the (222) diffraction peak.(20)
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	 Crystalline phases began to form when the ITO:MgO/Ag films were annealed at 300 ℃, with 
peaks observed at 30.59, 35.46, 37.69, 45.69, 51.02, and 60.67 ℃ corresponding to the (222), 
(400), (411), (431), (440), and (622) planes, respectively. All peaks belonged to the In₂O₃ lattice, 
indicating that Ag ions may have been substituted into the lattice. The (222) peak was the 
primary growth orientation, with the peak intensity reaching its maximum at an annealing 
temperature of 400 ℃ as the temperature continued to increase.

3.2	 Electrical properties at different annealing temperatures

	 The electrical properties of ITO:MgO/Ag films, which were measured using the Hall effect 
measurement system, are described in Table 1. The films exhibited the lowest resistivity of 
2.92 × 10−5 Ω·cm in the unannealed state, and their resistivity slightly increased with the 
annealing temperature but remained at 10⁻5 Ω·cm because annealing allowed the doped silver to 
diffuse into the oxide layer, facilitating substitutional mixing. However, the resistivity increased 
with the annealing temperature, leading to a degradation in electrical performance, probably 
because grain alignment and growth were both inhibited as the temperature approached the 
phase transformation point. 
	 Further analysis of the XRD results suggested that the ITO:MgO/Ag films were amorphous 
in the unannealed state because the grains within the films may have continued growing. 
Moreover, when the annealing temperature reached 200 ℃ and the peak corresponding to In₂O₃ 
appeared, the resistivity increased to 3.37 × 10−5 Ω·cm, largely owing to changes in carrier 
concentration. The resistivity further increased to 4.82 × 10⁻5 Ω·cm as the temperature rose to 
400 ℃ but decreased when the temperature reached 500 ℃.

Fig. 1.	 (Color online) XRD spectra of ITO:MgO/Ag films after annealing at different temperatures.
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3.3	 Optical properties after annealing

	 Table 2 and Fig. 2 show the changes in the energy gap and optical properties of the dual-layer 
films after annealing, respectively, which indicate that the average transmittance at the metallic 
layer was 56–58%. The transmittance showed a slight increase across the board as the annealing 
temperature increased. The optical energy gap (Eg) was calculated as(21–23)

	 ( ) ( )2h A h Egα υ υ= − ,	 (1)

where A is a constant, and α and hυ are the absorption coefficient and incident photon energy, 
respectively. There is a linear relationship between (αhυ)2 and hυ, which can be used to estimate 
Eg. The energy gap was 3.45 eV before annealing (at 80 W for 30 min) but reached its maximum 
of 3.71 eV after annealing at 500 ℃. The average transmittance showed no significant changes, 
and there were no notable changes in energy gap. Overall, the energy gap of the films met the 
criteria for the fabrication of wide-bandgap semiconductors.

3.4	 Surface morphology before and after annealing

	 Figure 3 shows that the surface morphology of the ITO:MgO/Ag films became smoother and 
denser as the annealing temperature increased. The surface roughness (Ra) values obtained by 
AFM were less than 10 nm (Table 3), indicating that the dual-layer films had a highly smooth 
surface. Moreover, Ra decreased as the annealing temperature increased, suggesting that 
annealing effectively reduced the Ra of the films. This was mainly because the crystallization of 

Table 1
Electrical properties of ITO:MgO/Ag films after annealing at different temperatures.

ITO:MgO (80 W, 30 min) / Ag (20 W, 1 min)
Annealing temperature (℃) Resistivity (Ω·cm) Mobility (cm2/Vs) Carrier concentration (cm−3)
As-deposited 2.92 × 10−5 9.00 × 100 1.41 × 1021

200 3.37 × 10−5 8.78 × 100 2.11 × 1022

300 3.83 × 10−5 1.26 × 101 5.01 × 1021

400 4.82 × 10−5 2.60 × 101 9.11 × 1021

500 4.67 × 10−5 1.53 × 101 8.76 × 1021

Table 2
Energy gap of ITO:MgO/Ag films after annealing at different temperatures.

Energy gap (eV)
Annealing temperature (℃) 80 W for 30 min
As-deposited 3.45
200 3.42
300 3.61
400 3.63
500 3.71
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Fig. 2.	 (Color online) Transmittance of ITO:MgO/Ag films after annealing at different temperatures. 

Fig. 3.	 (Color online) Two-dimensional AFM visualization of surface morphology when ITO:MgO/Ag films were 
(a) deposited and annealed at (b) 200, (c) 300, (d) 400, and (e) 500 ℃.

Table 3
Surface roughness of ITO:MgO/Ag films crystallized after annealing at different temperatures.
Annealing temperature (℃) Ra (nm)
200 10.1
300 8.57
400 5.21
500 1.32
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ITO:MgO after rearrangement led to a reduction in Ra, resulting in a denser and smoother 
surface, and the roughness began to decrease after annealing. The surface morphology of the 
films was subsequently analyzed by SEM, as shown in Fig. 4, revealing that the energy provided 
during annealing facilitated Ag precipitation on the film surface, promoting the formation of Ag 
nanoparticles.

3.5	 Grain size

	 The grain size of the ITO:MgO/Ag films was estimated using the Scherrer equation, which 
took into account the main XRD peak, as follows:(24)

	 0.9
cos

D λ
β θ

= ,	 (2)

where D is the grain size, λ is the incident wavelength of the X-ray, λ = 0.15418 nm, θ is the angle 
of incidence, and β is the full width at half-maximum (FWHM). Both λ and θ are constants; 
therefore, D is inversely proportional to β, that is, the grain size increases as FWHM 
decreases.(25) The values for θ and β were obtained by substituting the data into the equation. 
	 Figure 5 shows changes in the grain size and FWHM of ITO:MgO/Ag films after annealing. 
The crystalline phases of the films began to form at the annealing temperature of 200 ℃, at 
which point the smallest grain size was observed. Notably, FWHM decreased when the 
annealing temperature increased to 300 ℃, but it improved with an increase in temperature, 
leading to gradual decreases in grain size from 23.97 to 23.36 nm. To present the change in 
FWHM with grain size, Table 4 shows the FWHM values and grain sizes shown in Fig. 5.

Fig. 4.	 (Color online) SEM visualization of surface morphology when ITO:MgO/Ag films were (a) deposited and 
annealed at (b) 200, (c) 300, (d) 400, and (e) 500 ℃.
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3.6	 Figure of merit (FOM) values obtained before and after annealing

	 FOM is used to evaluate the material quality of transparent conducting films. In this study, 
the FOM values of the dual-layer films at different annealing temperatures were determined in 
terms of resistivity and transmittance as follows:(26)

	
10

av
TC

sh

T
R

∅ = ,	 (3)

where Tav is the average optical transmittance and Rsh is the sheet resistance (expressed in units 
of Ω−1). The equation suggests that FOM is proportional to the 10th power of transmittance; 
thus, transmittance significantly affects FOM. Films must exhibit a higher transmittance and a 
lower resistivity to achieve a more satisfactory FOM. Figure 6 depicts changes in FOM for 
ITO:MgO/Ag films after annealing at different temperatures. The optimal FOM of 
7.71 × 10−4 Ω−1 was obtained at 300 ℃, mainly because of excellent electricity conductivity 
achieved at this annealing temperature. Table 5 presents the FOM and sheet resistance values 
and their relationship with annealing temperature. 

Fig. 5.	 (Color online) Grain sizes of ITO:MgO/Ag films annealed at different temperatures.

Table 4
FWHM values and grain sizes in Fig. 5.

ITO:MgO/Ag (80 W for 30 min)
Annealing temperature (℃) FWHM Grain size (nm)
200 0.387 21.30
300 0.344 23.97
400 0.378 21.81
500 0.373 22.16
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4.	 Conclusions

	  The XRD analysis revealed that the films were amorphous in the unannealed state, but 
crystalline phases appeared after annealing at a temperature of 200 ℃. Distinct In2O3 peaks 
were observed when the annealing temperature increased to 300 ℃, indicating that Ag ions 
were substitutionally doped into the In2O3 lattice, with the (222) peak being the primary growth 
orientation. The peak intensity reached its maximum when the annealing temperature increased 
to 400 ℃. Regarding their electrical properties, the films exhibited the lowest resistivity of 
2.92 × 10−5 Ω·cm in the unannealed state, with the highest average transmittance (58.97%) and  
maximum energy gap (3.71 eV) observed after annealing at a temperature of 500 ℃.
	 The Ra of the films was less than 14 nm at all the annealing temperatures tested, indicating a 
highly smooth surface. Moreover, the roughness decreased as the annealing temperature 
increased, suggesting that annealing helps to reduce film roughness, a phenomenon subsequently 
confirmed by SEM analysis. Regarding the changes in the grain size of the films after annealing, 
crystalline phases began to form at an annealing temperature of 200 ℃. This tendency was 
consisted with the XRD result of a high intensity diffraction value after annealing at a 

Fig. 6.	 (Color online) FOM values of ITO:MgO/Ag films after annealing at different temperatures.

Table 5
FOM and transmittance values shown in Fig. 6. 
Annealing temperature (°C) FOM, ∅TC (Ω−1) Transmittance (%)
As-deposited 3.70 × 10−4 56.19
200 4.89 × 10−4 55.63
300 7.71 × 10−4 56.9
400 4.52 × 10−4 57.20
500 5.6 × 10−4 58.97
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temperature of 200 ℃. However, the optimal FOM of the films was observed at 7.71 × 10−4 Ω−1 
after annealing at a temperature of 300 ℃. The ITO:MgO/Ag dual-layer films have good 
electrical conductivity with appropriately high transmission in the near-VIS region. According to 
the results, ITO:MgO/Ag dual-layer films can be applied to optical sensor materials owing to 
their excellent optical and electrical properties.
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