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Highlights 

 Growth of In2O3:H (IOH) using a gas mixture of Ar/H2 as a H-doping alternative. 

 The O2 partial pressure strongly influenced the sheet resistance. 

 No significant changes in the average visible transmittance (AVT). 
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Abstract 

Typical Cu(In,Ga)Se2 solar cells are deposited on an opaque molybdenum back contact. 

However, for applications such as bifacial, semi-transparent or tandem solar cells a 

transparent back contact is required, for which various transparent conductive oxides have 

been tested, such as indium- or fluorine-doped tin oxide, and hydrogen-doped indium oxide. 

Here, a radio-frequency magnetron sputtering deposition process for In2O3:H (IOH) is 

investigated, where H is supplied from a Ar/H2 (5%) mixed gas and oxygen is pulsed during 

the entire deposition at room temperature. After deposition, the films are post-annealed in 

vacuum to optimize their optoelectronic properties. The oxygen plays an important role for 

the optoelectronic properties, where a high content of oxygen allows higher transparency but 

also increases the film sheet resistance. Optimum oxygen and Ar/H2 partial pressures of 

3.2×10
-2 

Pa and 13×10
-2

 Pa, respectively, were found, producing IOH films with average 

visible transparency of 87% and sheet resistance after annealing of 19 Ohm/sq. 

 

Keywords: Indium oxide; Hydrogen-doped indium oxide; Sputtering; Transparent 

conductive oxide; Sheet resistance 
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1. Introduction 

Due to the limited nature of fossil fuels, renewable energy sources have become increasingly 

needed, especially photovoltaic technologies. Semi-transparent photovoltaic technologies 

combine the benefits of visible light transparency and light-to-electricity conversion [1], 

which can be integrated into windows to be used in buildings. Building-integrated 

photovoltaics (BIPV) is a general term used for solar cells that are directly integrated into 

building elements, such as windows, walls and roofs [1].  

Thin-film Cu(In,Ga)Se2 (CIGS) solar cells have high conversion efficiency (23.35% [2]), 

direct bandgap, high absorption coefficient, low temperature coefficient, less material waste 

[3,4], and stability among all thin-film-based solar cells [5], becoming an interesting 

candidate for this type of application. CIGS solar cells commonly use Mo as back contact. To 

use a transparent conductive oxide (TCO) as a transparent back contact, some requirements 

are needed, such as (1) creating an ohmic contact to the absorber, (2) being highly transparent 

and, (3) exhibiting a low sheet resistance [6]. Several TCO materials have been investigated 

as a potential transparent back contact for CIGS solar cells, such as ZnO:Al, SnO:F and 

In2O3:Sn. However, these materials present significant performance losses when compared to 

standard Mo back contact due to the high temperature used for CIGS deposition [7]. 

Furthermore, for ZnO:Al and SnO:F, the formation of Ga2O3 was observed, which can be 

detrimental at the back contact/CIGS interface [6,7].  

Koida et al. [8] developed hydrogen-doped In2O3 (In2O3:H, IOH) films by sputtering at room 

temperature using water vapor as dopant source, followed by an annealing step at 200 °C to 

crystallize the amorphous film, producing films with high mobility and high near-infrared 

transparency. Commonly, In2O3 films have polycrystalline structures when deposited without 

intentional heating, however, by introducing H2O vapor or H2 during the growth, the structure 

changes to amorphous phases [9,10]. High conductivity in TCO films can be achieved by 

                  



4 
 

enhancing the free carriers (i.e., by increasing oxygen vacancies) or the carrier mobility (i.e., 

by reducing the carrier scattering) [11]. The H-doping reduces carrier scattering in the 

crystallized In2O3, and the crystallization eliminates O deficiency and generates H
+
 that acts 

as a singly charged donor [12].  

IOH has been used as TCO in silicon heterojunction [13–16] and CIGS solar cells [10,17]. 

Jäger et al. investigated amorphous IOH as TCO deposited using water vapor or H2 gas 

during the sputtering process, in which the power conversion efficiency of CIGS solar cells 

improved from 15.7% to 16.2% by replacing ZnO:Al with IOH doped with water vapor [10]. 

Keller et al. [6] were the first to evaluate the use of IOH as a transparent back contact in 

chalcopyrite solar cells, producing an (Ag,Cu)(In,Ga)Se2 (ACIGS) solar cell with an 

efficiency of 16.1%. Keller et al. [7] also reported the use of IOH as a transparent back 

contact in bifacial ACIGS solar cells, achieving efficiencies of 11 % at front and 6 % at back 

side illumination. In most works, H-doping is achieved by supplying water vapor during 

deposition. However, the use of water vapor as dopant source presents challenges regarding 

its precision, stability, reproducibility and industrial application [11,18]. To avoid these 

issues, gases can be used, allowing more control during the process. 

Therefore, the development of an IOH transparent back contact to replace Mo, integrated 

with ultrathin or micro-sized CIGS technology could be a successful approach for semi-

transparent photovoltaics. The aim of this work is to develop a radio-frequency magnetron 

sputtering deposition process for IOH films using a gas mixture of Ar/H2 and pulsed oxygen 

to be applied as a transparent conductive oxide in CIGS solar cells.  
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2. Materials and methods 

IOH films were deposited by RF sputtering from a 2-inch ceramic In2O3 target without 

intentional substrate heating. Hydrogen doping was attained by introducing a gas mixture of 

Ar/H2 (5% of H2). The sputtering conditions were varied, including O2 and Ar/H2 partial 

pressures and film thickness. The films were deposited on 1 mm thick soda-lime glass 

(Menzel-Gläser) at room temperature by RF sputtering with a power of 30 W, corresponding 

to a power density of 1.5 W/cm2. The base pressure of the chamber was less than 5×10
-4

 Pa, 

and the total working pressure (Ar, Ar/H2 and O2) during the deposition varied between 4.8 – 

5.7×10
-1

 Pa. The oxygen partial pressure (p(O2)) varied between 2.1×10
-2

 (0.5 sccm oxygen 

flow) and 3.9×10
-2

 Pa (2 sccm), and the Ar/H2 partial pressure (p(Ar/H2)) between 3.1×10
-2

 

(0.8 sccm Ar/H2 flow) and 1.3×10
-1

 Pa (1.2 sccm). Due to the limitations of the mass flow 

controller, a flow below 0.5 sccm could not be controlled reliably. Therefore, to achieve 

lower oxygen content in the sputtering atmosphere, oxygen was pulsed into the system for 

one minute every two minutes. After deposition, the films were post-annealed in vacuum at 

200 °C for one hour.  

Four-point probe measurements (CMT-SR2000NW) were conducted to determine the sheet 

resistance of the IOH films. Transmittance measurements were acquired by using a Perkin 

Elmer Lambda 950 spectrophotometer, and the average visible transmittance (AVT) was 

calculated using the wavelength range from 380 nm to 780 nm. The crystalline structure of 

IOH films was investigated by X-ray diffraction (XRD) using X’Pert Pro MRD system. 

 

3. Results and Discussion 

To investigate the oxygen partial pressure variation behavior, the films were deposited 

without Ar/H2 supply, and thickness of 180 nm. Fig. 1a shows the change of the sheet 

resistance (Rsh) of the as-deposited and annealed In2O3 films. In the case of as-deposited 
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films, for low p(O2) until 3.2×10
-2

 Pa, the Rsh decreases, and for higher p(O2) the Rsh 

increases. After annealing, the Rsh increases for all films, showing the same evolution as a 

function of p(O2). Although the sheet resistance is expected to increase for higher oxygen 

content, the increase before and after the optimum p(O2) could be related to film structure and 

morphology, and oxygen vacancies, respectively. The oxygen partial pressure will influence 

the defects related to oxygen deficiencies and the crystalline volume fraction of the 

amorphous film, affecting its properties [9]. Lower oxygen partial pressures will result in a 

more conductive but less transparent film, with smaller grain size, smoother and 

homogeneous surface and compact structure. However, if the partial pressure is too high, the 

opposite occurs and the film becomes more transparent, with better crystalline structure but 

insulating. During crystallization, structural rearrangements eliminate oxygen deficiency and 

generate H
+
 that acts as a singly charged donor, substituting the oxygen vacancies, reducing 

the carrier density and improving the films’ mobility. Thus, the presence of oxygen 

vacancies, which act as defects in the crystal lattice, can decrease conductivity, increase 

impurities and scattering leading to an increase in sheet resistance. 

Fig. 1b shows the spectrally-resolved transmittance of these undoped In2O3 films in the 

visible region from 380 to 780 nm, after annealing. High optical transparency was obtained, 
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and the In2O3 films deposited with different p(O2) showed AVT of 87-88 %. 

Fig. 1. (a) Sheet resistance as a function of oxygen partial pressure for as-deposited and annealed In2O3 films 

and (b) transmittance spectra of annealed In2O3 films. 

 

To improve the conductivity of the In2O3 films, hydrogen-doping is introduced by adding 

Ar/H2 at different partial pressures during the deposition, leading to IOH films. The                

p(O2) = 3.2×10
-2

 Pa and film thickness of 180 nm were chosen. The sheet resistance (Fig. 2a) 

of as-deposited films drops significantly for p(Ar/H2) > 3×10
-2 

Pa. At the same time, the Rsh 

only slightly increases after annealing for these samples, leading to their crystallization. 

Increasing the p(Ar/H2) should lead to higher H-doping and the elimination of oxygen 

vacancies, reducing the scattering and improving the film conductivity. However, for 

p(Ar/H2) = 3×10
-2 

Pa, such increase in sheet resistance upon annealing is unusual and we do 

not yet have a proper explanation for this behavior. Fig. 2b shows the spectrally-resolved 

transmittance of annealed IOH films. The AVT of these IOH films is nearly identical to the 

undoped films with values between 87 % and 89 %. 

Fig. 2. (a) Sheet resistance as a function of Ar/H2 partial pressure of as-deposited and annealed IOH 

films and (b) transmittance spectra of annealed IOH films. 

 

Fig. 3 shows XRD patterns of IOH films grown at different p(Ar/H2). The as-deposited IOH 

films were mainly amorphous, while annealed IOH films are polycrystalline, with the 
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strongest diffraction peak for the (222) plane for all partial pressures. With increasing 

p(Ar/H2), also other diffraction peaks (such as for the (211), (400), (440) and (622) planes) 

become stronger. All peaks are in agreement with the In2O3 reference pattern (ICDD PDF 03-

065-3170). The average crystallite sizes were estimated from the full width at half maximum 

(FWHM) values of the (222) diffraction peak using the Scherrer equation. With an increase 

of p(Ar/H2) from 3 to 810
-2

 Pa, the crystallite size increases from 18 to 30 nm, with no 

further increase for p(Ar/H2) of 1310
-2

 Pa.  

 
Fig. 3. X-ray diffraction patterns of annealed IOH films with different p(Ar/H2). Stick patterns of In2O3 
reference (ICDD PDF 03-065-3170) are also shown for comparison (bottom). 

 

To improve the electrical conductivity further, the film thickness was increased from 180 nm 

to 280 and 385 nm. As-deposited films with 280 and 385 nm presented Rsh of 18 and 14 

Ohm/sq, respectively (Fig. 4a). After annealing, only the 385 thick IOH film presents Rsh 

below 20 Ohm/sq. The spectrally-resolved transmittance of annealed IOH films with different 

                  



9 
 

thickness is shown in Fig. 4b. The AVT of IOH films with 180, 280 and 385 nm is 89 %, 89 

% and 87 %, respectively. 

Fig. 4. (a) Sheet resistance as a function of thickness of as-deposited and annealed IOH films and (b) 

transmittance spectra of annealed IOH films. 

 

The best balance between electrical and optical properties of IOH was obtained for a RF 

power density of 1.5 W/cm
2
, p(O2) = 3.2×10

-2 
Pa, with oxygen pulses of one minute every 

two minutes, p(Ar/H2) = 13×10
-2

 Pa, total gas pressure of 5.4×10
-1

 Pa and thickness of 385 

nm, resulting in an IOH film with average visible transparency of 87 % and sheet resistance 

before and after annealing of 14 and 19 ohms/sq, respectively. 

4. Conclusion 

We developed a RF sputtering deposition process of hydrogen-doped indium oxide using a 

gas mixture of Ar/H2 and pulsed oxygen, and investigated its effect on the opto-electronic 

properties, namely the Rsh and AVT, of as-deposited and annealed IOH films. 

The oxygen partial pressure influences the optical and electrical properties. Despite 

influencing the detailed spectral shape of the transmittance, there is no significant impact on 

the AVT. The sheet resistance shows a non-linear dependence on p(O2), with the lowest Rsh 

achieved at p(O2) at 3.2×10
-2

 Pa. The use of Ar/H2 gas mixture is a suitable H-doping 

alternative, with an optimum p(Ar/H2) of 13×10
-2

 Pa, leading to a Rsh after annealing of 19 
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Ohm/sq. Another key parameter is the thickness and consequentially, the process duration, 

since thicker films lead to lower sheet resistance. Overall, the films’ AVT presented no 

significant changes, remaining between 87 – 89 % regardless of the deposition conditions.  

To obtain a film with the desired requirements, it is necessary to find a balance between 

oxygen, Ar/H2 and thickness. Further investigation of the IOH film’s structural, electrical, 

and optical properties is required, as is it’s use as a transparent back contact in semi-

transparent CIGS solar cells. 
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