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Influence of the oxygen during the deposition of an indium tin oxide

thin film by magnetron sputtering for heterojunction solar cells
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Optoelectronic properties of indium and tin oxide thin films depending on the oxygen content in the total gas flow

were experimentally investigated during deposition of these films by DC magnetron target sputtering. Relationship

of the heterojunction thin-film solar cell output parameters vs. oxygen partial pressure in a vacuum vessel was

examined during indium and tin oxide layer deposition. The maximum photovoltaic conversion efficiency of the

solar cell was achieved at an oxygen partial pressure in the vacuum vessel of ∼ 6.5 Torr.
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1. Introduction

Transparent conductive oxides (TCO) are required as

transparent electrodes for the manufacturing of modern

photovoltaic converters (PVC). Due to their optoelec-

tronic properties, indium tin oxide (ITO) transparent thin

films are TCO widely used in this area [1]. Hetero-

junction with intrinsic thin-layer solar cells (HIT SC)
on the a -Si : H thin-film amorphous silicon have already

demonstrated high photovoltaic performance and have

been recognized by now as one of the most advanced

PVCs. The idea of the manufacturing process is to

form heterojunctions on the surface of c-Si single-crystal
silicon wafers by deposition of various types of a -Si : H
amorphous silicon thin films [2–4]. HIT cells have high

idle voltage (VOC) that is generally much higher than

730mV, the world record in the current-voltage fill factor

(FF = 84.9%) and photovoltaic converter performance

(η = 26.7%) was set up by Kaneka Corp in 2017 [5].
In addition, a -Si : H thin films are deposited at ∼ 200◦C,

which significantly reduces the heat balance for solar

cell production process while ensuring high performance

of the equipment [2–5]. For the HIT cell architecture,

a TCO layer shall be deposited on the front and rear

sides of the solar cell to ensure efficient light transmis-

sion into the silicon device and to retain high specific

conductivity [6–9].
Despite the high performance of HIT cells, some is-

sues regarding the improvement of the production process

for each individual cell structure layer are still remain

open. They include some technical issues related to the

improvement of the TCO deposition process, since this

step may definitely change the interface properties of the

device structure and influence the output parameters of

the finished SC. Magnetron sputtering is the most widely

used TCO deposition process [10–12]. The optoelectronic

properties of ITO thin films were reported to depend on the

growth conditions, including the oxygen flow [13–15]. Some

investigations show that the oxygen flow increase during

deposition reduces the main charge carrier concentration

and influences the ITO thin film bandgap width [13,14].
C.G. Choi et al. [15] have found that the ITO film

transmittance in the visible range did not correlated with

the oxygen flow, while Y.J. Kim et al. [10] have determined

that both Hall mobility of main charge carriers and optical

transmission of the film increase relative to the oxygen flow.

Some differences in the obtained findings require additional

investigations.

The purpose of the research was to investigate the

influence of oxygen contained in the total gas flow during

magnetron sputtering on the optical and electrophysical

properties of ITO thin films. In addition, influence of the

oxygen content in the vacuum vessel during magnetron

sputtering of ITO thin films on the output parameters of

the finished HIT cells was investigated.

2. Experimental procedure

Samples for investigation of the influence of oxygen

contained in the total gas flow on the optical and elec-

trophysical properties of ITO thin films were prepared
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Figure 1. Schematic view of HIT cell.

by DC magnetron target sputtering (In2O3 = 95% and

SnO2 = 5%). Sputtering was carried out at 200◦C and

vacuum vessel pressure max. 6 · 10−3 mbar at various

relationships of oxygen vs. total gas flow:

r(O2) = O2/(Ar+O2),

where O2 is the oxygen flow during the magnetron

sputtering of ITO thin film, Ar is the argon flow during

the magnetron sputtering of ITO thin film. Direct current

power density was 1.13W/cm2, and r(O2) = 2.2 · 10.4%.

Film thickness (T hk) was measured by the ellipsometric

method using AccuMap-SETM V-1500 spectroscopic ellip-

someter. Surface resistivity (R) was measured by the four-

probe method using JANDEL RM3-ARC system. Surface

concentration (n) and Hall mobility (µ) of the main charge

carriers were measured using HMS-3000 system. Each of

the samples was measured several times: in 4−5 various

positions (after each measurement on HMS-3000 system,

the sample was rotated at 90◦). The total measurement

result is given as the average value from 4−5 measurements.

Optical transmission (t) and reflection (r) of films were

measured using Perkin Elmer Lambda 950 spectrometer

with integrating sphere, and absorbance (a) was calculated

as a = 100% − t − r .
For investigation of the oxygen content influence in the

vacuum vessel during magnetron sputtering of ITO thin

films on the HIT cell output parameters, SC were prepared

from high quality n-type c-Si wafers. The HIT cell diagram

is shown in Fig. 1. The wafers were preliminary subjected to

pyramidal texturizing in alkali solution, chemical treatment

and placed in fluoric acid before plasma-chemical vapor

deposition of a -Si : H intrinsic and doped layers. ITO films

were used as front and rear electrodes and deposited by

DC magnetron sputtering of ITO target (In2O3 = 95%

and SnO2 = 5%) at 200◦C and vacuum vessel pressure

max. 10−2 mbar. The DC power surface density

was 2.08W/cm2, and oxygen partial pressure (PO2
) in

vacuum vessel varied within PO2
= 4.5 · 10−7

−10−6 Torr.

The ITO layer sputtering was followed by silver grid

applied by screen printing and SC annealing during 40min

at 200◦C.

Oxygen partial pressure in the vacuum vessel was

detected using HIDEN HPR-30 A2 system with differential

pumping systems and HAL0 201 RC mass-spectrometer.

Investigations of test sample output parameters were carried

out using Pasan SpotLIGTH Highcap solar radiation pulse

simulator with GridTOUCH contact system developed by

Pasan for parameter measurement of busbarless solar cells.

Current-voltage characteristics (CVC) of HIT cells were

measured in AM1.5G conditions (1000W/m2).

3. Experimental results

Electrophysical measurements of ITO samples are shown

in the table. The obtained data was used to plot rela-

tionships of oxygen content in the total gas flow r(O2)
vs. surface concentration, Hall mobility of the main charge

carriers and surface resistivity of the ITO test samples

(Figs. 2−4).

The surface concentration and Hall mobility of the main

charge carriers of ITO films were measured using Van

der Pauw four-probe method. In addition, the electrodes

contacted with the angles of the test ITO film that had

a 1× 1 cm square shape. Thus, the electrical properties

of ITO layers were measured relative to r(O2). Surface

concentration of the main charge carriers varied from

n = −3.777 · 1020 to −1.019 · 1020 cm−3 with the change in

r(O2) from 2.2 to 10.4% (Fig. 2). For the whole test range

of r(O2), Hall mobility of the main charge carriers varied

from µ = 44.63 to 23.29 cm2/V · s (Fig. 2). Surface resistivi-

ty was increased in the range R = 34.94−292.4�/�, with

the change r(O2) = 2.2 — 10.4% (Fig. 3).
At low surface concentration of the main charge carriers

(n), the possible limiting factors for Hall mobility of the

main charge carriers (µ) include carrier-ionized impurity

and carrier-phonon scattering. However, at a higher electron

Electrophysical measurements of ITO samples

r(O2), % T hk, nm R, �/� µ, cm2/V · c n · 1020, cm−3

2.2 105.73 34.94 44.63 −3.777

3.3 97.29 41.96 48.73 −3.147

4.4 88.67 65.59 41.74 −2.562

5.2 106.73 36.57 43.33 −3.681

5.5 103.31 95.66 35.29 −1.795

7.6 94.41 86.9 39.42 −1.939

10.4 90.28 292.4 23.29 −1.019
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Figure 2. Hall mobility (µ) and surface concentration (n) of the

main charge carriers vs. oxygen content in the total gas flow r(O2)
during ITO thin film sputtering.
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Figure 3. ITO film surface resistance (R) vs. oxygen content in

the total gas flow r(O2) during ITO thin film sputtering.
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Figure 4. ITO film absorbance and transmittance vs. oxygen content in the total gas flow during ITO thin film sputtering, r(O2) in %:

2.2 (1), 3.3 (2), 5.2 (3), 10.4 (4). (Colored version of the figure is presented in electronic version of the article).

concentration n, ionized impurity scattering is the main

limiting factor for mobility µ [16,17]. The main charge

carrier mobility achieves its maximum value, when the

carrier transport was predominantly limited by electron-

phonon interaction and ionized impurity loss had no effect

on µ [17].
Figure 4 shows ITO film transmittance vs. absorbance

at various r(O2). Samples with n = −3.777 · 1020 and

−3.681 · 1020 cm−3 have low absorbance in the visible

and near-nfrared (NIR) spectra. In the near-ultraviolet

(NUV) band, Burstein–Moss shift may be also observed

(i.e. absorption edge shift with increase in n at decrease in

r(O2)).
Optical absorption of films in the near IR band was

found to increase significantly at r(O2) = 2.2 and 5.2%,

that could be associated with the increase in n measured

using Hall effect (Fig. 1). It shall be noted that the ITO

thin film applied at r(O2) = 5.2% shows higher absorbance

in the visible band as compared with the remaining

samples.

Investigation of the influence of the oxygen content in

the vacuum vessel during magnetron sputtering of ITO

thin films on the HIT cell output parameters are shown

in Figs. 5 and 6. Despite the oxygen partial pressure (PO2
)

during ITO layer sputtering, high VOC was observed on a

regular basis for all HIT cells which is indicative of the

efficiency of the hydrogenated passivation of amorphous

layers. With the increase in PO2
, short circuit currents (ISC)

and photovoltaic conversion performance (η) of HIT cells

were also increased. However, at PO2
> 6.22 · 10−7 Torr,

linear growth ISC stopped as a result of resistive loss in the

ITO layer. Since with the increase in PO2
, FF decreased

linearly (trend line FF), and linear growth ISC stopped at
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Figure 5. HIT cell short circuit current (ISC) and idle voltage

(VOC) vs. oxygen partial pressure in the vacuum vessel during the

magnetron sputtering of ITO thin film.
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Figure 6. CVC fill factor (FF) and photovoltaic converter

performance (η) of HIT cell vs. oxygen partial pressure in the

vacuum vessel during the magnetron sputtering of ITO thin film.

PO2
> 6.22 · 10−7 Torr, then η of HIT cells also did not

increase any longer.

4. Conclusion

The research findings have shown the influence of

oxygen contained in the total gas flow on the optical

and electrophysical properties of ITO thin films, as well

as the influence of the oxygen partial pressure in the

vacuum vessel during magnetron sputtering of ITO thin

film on the HIT cell output parameters. All ITO films with

r(O2) > 5.2% have shown low absorption in the visible

and near IR spectra, and optical absorption of films in the

near IR band increased dramatically with a decrease in the

oxygen content that could be due to the increase in the

surface concentration of the main charge carriers which, in

its turn, was confirmed by the Hall effect measurement.

Minimum surface resistivity and surface concentration of

the main charge carriers were achieved at the lowest r(O2).
With the increase in the oxygen content in the total gas

flow during ITO thin film sputtering, Hall mobility of the

main charge carriers decreased and the minimum mobility

of the main carriers achieved for ITO films was equal to

23 cm2/V · s. In addition, it was found that, when ITO

were used as front and rear contacts in HIT cells, high

photovoltaic conversion performance was achieved at the

oxygen partial pressure in vacuum vessel ∼ 6.5Torr, which

can be explained by optimum optical and electrophysical

parameters of the ITO film. Low-temperature deposition

and excellent optical and electrophysical properties of the

ITO film demonstrate that ITO is one of the best potential

transparent conductive electrode not only for solar cells, but

also for many temperature sensitive devices such as organic

LEDs and perovskite-based solar cells.
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