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Abstract. A Ga2O3/Ga2O3:Sn/CuIn1−xGax(Se1−ySy)2(CIGS) structure is proposed for use in 

visible light sensors. CIGS thin films have been investigated for high efficiency thin-film solar 

cells. The typical structure of CIGS solar cells consists of ZnO/CdS/CIGS. However, the 

quantum efficiency of this structure at short wavelengths is decreased due to optical absorption 

loss from the CdS layer. In this study, a Ga2O3 layer was adopted instead of a CdS layer. Ga2O3 

has a wide band gap and high transmittance in the visible region. Furthermore, it was assumed 

that it could function as a hole-blocking layer to suppress hole injection from the anode. 

Additionally, a Ga2O3:Sn thin layer was laid on the CIGS layer to spread the depletion region 

to the CIGS layer, because the carrier density of the undoped Ga2O3 layer was much lower than 

that of the CIGS layer. In this structure, signal current multiplication and quantum efficiency 

greater than unity were observed at applied voltages over 3.5 V. 

1.  Introduction 

CuIn1−xGax(Se1−ySy)2 (CIGS) chalcopyrite thin films have been used for thin film solar cells with very 

high energy conversion efficiency of over 20 % [1, 2]. They have high quantum efficiencies and high 

absorption coefficients. Moreover, the band gap is adjustable by varying the composition ratios [3, 4]. 

CIGS films have great potential for improving the sensitivity of image sensors. For solar cells, a 

cadmium sulfide (CdS) buffer layer is usually applied to a CIGS film. However, cadmium is 

undesirable from the viewpoint of environmental safety. Also, this structure has low sensitivity to blue 

light, because the band gap of CdS is 2.4 eV [5]. This is especially a problem for solar cells and visible 

light sensors. For these reasons, much effort has been expended on finding a Cd-free replacement 

material for solar cells [6, 7]. Another problem is that the dark currents of CIGS films are high because 

of their low resistivities [8]. We used gallium oxide (Ga2O3) instead of CdS, as Ga2O3 has a wide band 

gap of 4.9 eV and high transmittance of visible light [9]. Higher short-wavelength quantum efficiency 

can be expected by widening the band gap beyond that of CdS. Moreover, we assumed that the Ga2O3 

thin film would function as a hole-blocking layer for CIGS films and suppress the injection of holes 

from the electrode [10]. A Sn-doped Ga2O3 (Ga2O3:Sn) layer was layered between the CIGS and 

Ga2O3 layers to spread the depletion region to the CIGS layer, because the carrier density of the 

undoped Ga2O3 layer was much lower than that of CIGS layer. In this study, the electric characteristics 

of Ga2O3/Ga2O3:Sn/CIGS structure were investigated. 
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2.  Experimental 

The Ga2O3:Sn (50 nm)/CIGS (1μm) structures were formed on Mo (1μm)-coated alkali-free Corning 

glass substrates (EAGLE-XG) in a procedure similar to those in our previous studies [11, 12]. Then, 

Ga2O3 films (100 nm) were deposited by pulsed laser deposition (PLD) from a Ga2O3 target using an 

Nd:YAG laser (wavelength of 213 nm; repetition rate of 1.0 Hz). The substrate temperature during 

PLD was 295 K. Finally, a front contact 30-nm ITO film was deposited by direct current (DC) 

magnetron sputtering onto each sample in Ar/O2 1% atmosphere. The optical transmittance and 

reflectance of the CIGS and Ga2O3 films were measured with a spectrophotometer to estimate their 

optical band gaps. The energy difference between the Fermi level and valence band for each film was 

analyzed by X-ray photoelectron spectroscopy (XPS). 

 

3.  Results and discussion 

Figure 1 shows the energy band diagram of Ga2O3 and CuIn0.5Ga0.5S2. The work function of Ga2O3 and 

electron affinity of CIGS was taken from other studies [13, 14]. As observed in the diagram, Ga2O3 

should have a high potential barrier against holes from the anode. 

 

 

Figure 1. Energy band diagram of Ga2O3 and CIGS. 

 

 

 

Figure 2. The dark current–voltage characteristics for the (a) Ga2O3:Sn/CIGS and (b) 

Ga2O3/Ga2O3:Sn/CIGS structures. 
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Figure 2 plots the dependence of the dark current on the voltage for the Ga2O3:Sn/CIGS and 

Ga2O3/Ga2O3:Sn/CIGS structures.  These results indicate that the Ga2O3 layer improved the diode 

characteristics, because the Ga2O3 layer increased the resistance in the shunt path and decreased the 

leakage current. 

The current–voltage characteristics and quantum efficiency of the Ga2O3/Ga2O3:Sn/CIGS structure is 

shown in Figure 3. The signal current from irradiated visible light (450 nm, 550 nm, and 650 nm) 

significantly increased at applied voltages over ~3.5 V. We consider this carrier multiplication was 

due to avalanche current or tunneling current. The quantum efficiency exceeded unity due to carrier 

multiplication at applied voltages over 3.5 V. These results indicate that the Ga2O3/Ga2O3:Sn/CIGS 

structure had a very high sensitivity to visible light. We deposited our CIGS films by one-step RF 

sputtering, which increased the number of sulfur vacancies, because the vapor pressure of sulfur is 

very high. We confirmed that there were many sulfur deficiencies in our CIGS film in a previous study 

[11]. This means that this structure could have a higher quantum efficiency and lower dark current if a 

higher quality CIGS film is used. 

 

 

 

Figure 3. The current–voltage characteristics and quantum efficiency of the 

Ga2O3/Ga2O3:Sn/CIGS structure. 

 

4.  Conclusion 

The electrical properties of Ga2O3/Ga2O3:Sn/CIGS heterojunctions were investigated. We succeeded in 

improving the pn characteristics by applying Ga2O3 onto the Ga2O3:Sn layer. The dark current of this 

structure was very low because of the high potential barrier of Ga2O3 against holes. The carrier 

multiplication phenomenon was observed, which is beneficial for high-sensitivity sensors. Further 

optimization in the fabrication of the CIGS film is needed for higher sensitivity. 
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