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We prepared highly transparent magnetron-sputtered indium tin oxide (ITO) films
deposited at various RF powers for a-Si:H(p)/c-Si heterojunction solar cell applications.
The surface morphology of ITO films improved in terms of an increase in grain size as the
RF power increased. Rapid growth of the (400) plane was observed with increasing RF
power, while the (222) plane remain unchanged. The ITO film deposited at 100 W showed
the lowest resistivity of 3.8�10�4 Ω cm and highest visible transmittance of 90.19%. The
deposition rate and optical bandgap of ITO films were varied from 20 to 100 nm/min and
from 3.68 to 3.77 eV for RF power from 50 to 250 W, respectively. Highly transparent ITO
films were utilized as the front anti-reflection layer in heterojunctions with intrinsic thin-
layer (HIT) solar cells showed the efficiency of 16.3% for RF power of 100 W. The HIT solar
cells deposited at RF power of 100 W also exhibited higher carrier lifetime and implied
voltage.

& 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Solar energy is a renewable energy resource but it is
necessary to improve the performance and decrease the
cost to use solar cells as alternative energy resources.
Heterojunction with intrinsic thin-layer (HIT) solar cells
have emerged as high-efficiency devices that use hydro-
genated amorphous silicon (a-Si:H) and crystalline silicon
sity, College of
Cheoncheon-dong,
ublic of Korea.

skku.edu (J. Yi).
(c-Si) technologies. HIT solar cells are renowned for their
low cost, low deposition temperature, high efficiency and
good stability [1,2].

Transparent conductive oxide (TCO) films are used as
anti-reflection electrodes in most optoelectronic devices
such as flat panel displays and solar cell applications.
Various types of TCO films such as Al-doped zinc oxide
(AZO), Ga-doped zinc oxide and indium tin oxide (ITO) are
under ongoing investigation owing to their low resistivity
and high transparency [3–5]. ITO films are preferred as
TCO materials because of their high conductivity, visible
transmittance and wide optical bandgap for optoelectronic
applications. ITO films can be deposited via various tech-
niques including spray pyrolysis, sol–gel methods, atomic
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Fig. 1. SEM images of ITO films for RF power of (a) 50 W, (b) 100 W, (c) 200 W, and (d) 250 W.
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layer deposition, chemical vapor deposition (CVD), pulsed
laser deposition and magnetron sputtering [5–10]. Magne-
tron sputtering is preferred as it yields the films with
superior electrical and optical properties and good surface
uniformity and adherence. Radio-frequency (RF) magne-
tron sputtering is an efficient method because the film
properties can be controlled by varying the sputtering
parameters such as substrate temperature [11,12,27],
working pressure [13], film thickness [14], RF power
[15,16] and O2 flow rate [5,17]. The substrate temperature
and RF power are the most critical process parameters
since they influence the film quality and material proper-
ties such as the electrical, optical and surface behavior. The
influence of RF power on the electrical, optical, and
structural properties of AZO films was investigated by
Kuo et al. and Rahmane et al. [18,19]. Nisha et al. and
Vidhya et al. found that the electrical, optical and surface
characteristics of ITO films can be improved by RF power
[15,20]. Even though there have been several studies on
the influence of RF power on the electrical, optical and
structural properties of magnetron-sputtered ITO films,
the influence of highly transparent ITO films deposited at
various RF powers on HIT solar cells has rarely been
reported.

In this study we investigated the influence of RF power
on magnetron-sputtered ITO films for a-Si:H/c-Si hetero-
junction solar cells. The electrical and optical character-
istics of the ITO films as a function of RF power are
described, as well as their surface morphology and struc-
tural properties. The influence of RF power on HIT solar
cell performance and the effect of carrier lifetime on the
implied voltage are discussed.
2. Experimental details

Glass substrates (Corning Eagle) were used for the
deposition of ITO films by RF magnetron sputtering sys-
tem. The sputter ITO target was composed of 90 wt.% In2O3

and 10 wt.% SnO2 with 99.999% purity. The base pressure
of the chamber was fixed to 9�10�5 Torr and the working
pressure was 1.5�10�3 Torr. The substrate temperature
was kept constant at 200 1C while the Ar flow rate was
maintained at 20 sccm. The RF power was varied from 50
to 250 W during the sputtering process. A schematic
diagram of a-Si:H/c-Si heterojunction solar cell can be
found elsewhere [5]. Monocrystalline n-type Si wafers
(525 mm, 1–10 Ω cm) were used as the base material for
the preparation of HIT solar cells. Standard RCA 1 (H2O2–

NH4OH–H2O) and RCA 2 (H2O2–HCl–H2O) processes were
used to clean the wafers after an ultrasonic treatment.
Plasma-enhanced chemical vapor deposition (PECVD) was
used to deposit a-Si:H(p/i) layers of 7 and 5 nm in thick-
ness on the front side of a c-Si wafer. The a-Si:H(i/n) layers
with the thickness of 5 and 7 mm were deposited on the
rear side of the c-Si wafer. The 100-nm ITO films were
deposited on the front side of the HIT solar cell using a
metal mask placed directly on the a-Si:H(p)-coated surface.
Finally, thermal evaporation was used to deposit Ag/Al and Al
electrodes on the front and rear surfaces for good ohmic
contacts. The active area of the HIT solar cell was fixed to
0.6�0.6 cm2.

The ITO film thickness was measured spectroscopically
(Nano-view, SE MF-1000) at room temperature. The sur-
face morphology of films was observed by scanning
electron microscopy (SEM; Hitachi S-4800). The electrical
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Fig. 2. (a) XRD patterns and (b) XRD peak intensity ratio I(222)/I(400) for
ITO films as a function of RF power.
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Fig. 3. (a) Resistivity, (b) Hall mobility and carrier concentration of ITO
films for various RF powers.
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characteristics like resistivity, carrier concentration and
Hall mobility were determined by Hall effect measurement
system (Ecopia HMS-3000). The optical transmittance of
ITO films was measured by UV-Vis spectrophotometer
(SCINCO S-3100) at room temperature. The structural
properties of ITO films were analyzed by X-ray diffraction
(XRD; Panalytical PW 3060) using Cu Kα radiation
(0.1541 nm). The performance of HIT solar cells was
characterized by measuring the current density–voltage
(J-V) characteristics under AM 1.5 and 100 mW/cm2 at
room temperature. The effective carrier lifetime of HIT
solar cells with and without an ITO layer was determined
in terms of the quasi-steady-state photoconductance using
a WCT-120 lifetime measurement system (Sinton
Consulting).

3. Results and discussion

Fig. 1(a–d) shows the SEM images of ITO films for
various RF powers. The film deposited at 50 Wwas smooth
and amorphous because of insufficient thermal energy.
When the RF power was increased from 50 to 100 W, a
random crystallographic orientation was observed on the
substrate. The surface grain size of ITO films gradually
increased with RF power. The maximum grain size was
observed by the film deposited at 250 W. Higher RF power
led to higher adatom energy during sputtering and
resulted in a larger grain size on the film surface [19,21].

Fig. 2(a) shows the XRD patterns for ITO films for
various RF powers. All the films except that prepared at
50 W were polycrystalline and exhibit various diffraction
peaks. The crystallinity of the films improved with increas-
ing RF power. An increase of RF power had no effect on the
(222) diffraction peak. As the RF power was increased
beyond 50 W, a (400) diffraction peak was observed at
2θ¼351 corresponding to In2O3 with a preferred [100]
orientation. There was a large increase in the (400) peak
intensity above 100 W. This was ascribed to an increased
O2 removal phenomenon due to the increase of RF power
[18,19]. The XRD intensity ratio I(222)/I(400) for the ITO films
is shown in Fig. 2(b). For the RF power of 50W, the I(222)/I
(400) ratio was 4.63. This ratio decreased from 1.3 to 0.266 as
the RF power was increased from 100 to 250W. For ITO films
sputtered in pure argon, the preferential orientation along
the [100] direction was always more pronounced at higher
RF power [22]. Higher RF power increases the mobile energy
of sputtered atoms on substrates and hence improves the
crystallinity of ITO films.



0

20

40

60

80

100

T
ra

n
sm

it
ta

n
ce

 (
%

)

Wavelength (nm)

RF Power (W)

 50

 100 

 150

 200

 250

300 500 700 900 1100

50 100 150 200 250

3.68

3.70

3.72

3.74

3.76

3.78

O
p

ti
ca

l 
B

a
n

d
g
a
p

 (
eV

)

RF Power (W)

Fig. 4. (a) Transmittance and (b) optical bandgap of ITO films for various
RF powers.
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Fig. 5. The current density–voltage (J-V) characteristics of HIT solar cells
for various RF powers.
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Fig. 3(a,b) shows the electrical characteristics (resistiv-
ity, Hall mobility, and carrier concentration) of ITO films
prepared at various RF powers. The resistivity of ITO films
was decreased from 5�10�4 to 3.8�10�4 Ω � cm when
the RF power increased from 50 to 100 W. As the RF power
increased from 150 to 250 W, the film resistivity increased
from 4.3�10�4 to 8.25�10�4 Ω � cm. The decrease in
resistivity with increasing RF power was related to film
crystallinity or to deviation from stoichiometry, while the
increase in resistivity can be attributed to the high-energy
bombardment effects of argon ions in the plasma [23]. The
improvement in resistivity of ITO films may also be related to
higher number of free carriers with increasing RF power. The
Hall mobility of the ITO films gradually decreased from 15 to
2.8 cm2/V � s while carrier concentration increased from
1.32�1021 to 4.7�1021 cm�3 as the RF power increased
from 50 to 250W. The increase in carrier concentration was
related to an increase in oxygen vacancies and Sn4þ con-
centration, as evident from the appearance of a (400)
diffraction peak in the XRD patterns with increasing
RF power.

The optical transmittance of ITO films prepared at
various RF powers is shown in Fig. 4(a). All the ITO films
were highly transparent in the visible (400–800 nm)
wavelength region and showed average transmittance of
above 85%. For the film prepared at 50 W, the average
visible transmittance was 90.14%. The transmittance
decreased from 90.19% to 83.61% as the RF power
increased from 100 to 250 W. The maximum visible
transmittance (90.19%) was observed for ITO films pre-
pared at 100 W. The ITO films showed even higher
transmittance in the visible-near infra-red (Vis-NIR) wave-
length (400–1100 nm) region. There was a decrease in
transmittance at higher wavelengths with increasing RF
power that may be related to free carrier absorption. An
increase of carrier concentration for the ITO films resulted
in an increase in free carrier absorption. Nisha et al.
reported that an increase in carrier concentration with
RF power led to reflection of incident wavelength in the
infra-red (IR) region by TCO films [15].

Fig. 4(b) shows the optical bandgap of ITO films for
various RF powers. The direct transition model was used to
obtain the optical bandgap from plot of photon energy (hv)
versus (αhν)2. The absorption coefficient α was determined
from the relation α ¼ (1/d) ln(1/T), where d is the film
thickness and T being the transmittance. The optical
bandgap of ITO films increased from 3.68 to 3.77 eV as
the RF power was increased from 50 to 150 W. As the RF
power was further increased from 150 to 250 W, the
optical bandgap of films decreased from 3.77 to 3.678 eV.



Table 1
Performance of HIT solar cells for various RF powers.

RF power (W) Voc (mV) Jsc (mA/cm) FF (%) Efficiency (%)

50 650 33.1 70.43 15.2
100 650 34.91 71.6 16.3
150 635 34.0 68.4 14.8

Table 2
Effective carrier lifetime and implied voltage (Voc) for HIT solar cells
before and after ITO film deposition for various RF powers.

Carrier lifetime
(ms)

Voc

(mV)

HIT solar cell-2 before ITO
deposition

1126 672

HIT solar cell-2 with ITO (100 W) 1053 670
HIT solar cell-3 before ITO
deposition

880 665

HIT solar cell-3 with ITO (150 W) 362 628
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Widening of optical bandgap was related to the Burstein–
Moss effect, while narrowing of optical bandgap can be
attributed to electron–electron and electron–impurity
scattering due to higher carrier concentration [5,15,16].

Fig. 5 shows the current density–voltage (J-V) charac-
teristics for HIT solar cells prepared at various RF powers.
The HIT solar cell prepared at 50 W showed a short-circuit
current density (Jsc) of 33.1 mA/cm2, a fill factor (FF) of
70.43%, and an open-circuit voltage (Voc) of 650 mV. The Jsc
increased from 33.1 to 34.91 mA/cm2 and FF from 70.43%
to 71.6% as the RF power was increased from 50 to 100 W.
The increase in Jsc was related to the resistivity, transmit-
tance, optical bandgap and crystallinity of the ITO films. As
the RF power was further increased from 100 to 150 W,
there was a decrease in Jsc from 34.91 to 34.0 mA/cm2, FF
from 71.6% to 68.4%, and Voc from 650 to 635 mV for the
HIT solar cells (Table 1). The variations in Voc and FF for the
HIT solar cells mainly depend on the resistivity, crystal-
linity and work function of the ITO films [5,24]. The
maximum HIT solar cell performance was shown to be;
Jsc ¼ 34.91 mA/cm2, Voc ¼ 650 mV, FF ¼ 71.6%, and η ¼
16.3% for RF power of 100 W.

Fig. 6 shows the carrier lifetime of HIT solar cells as a
function of minority carrier density for various RF powers.
The excess carrier lifetime is a measure of how long a
generated carrier remains in an excited state. Therefore,
higher carrier lifetimes are preferred for high implied
voltage (Voc) [25,26]. The HIT solar cells with and without
an ITO layer had a carrier lifetime of 1053 and 1126 ms,
respectively, for RF power of 100 W. The HIT solar cell
deposited at 150 W had a low carrier lifetime of 362 and
880 ms with and without an ITO layer, respectively. The
carrier lifetime influences Voc of HIT solar cell, as reported
by Taguchi et al [26]. The HIT solar cell deposited at 100 W
had Voc of 670 and 672 mV with and without ITO layers,
respectively (Table 2).
4. Conclusion

In summary, magnetron-sputtered ITO films with low
resistivity of 3.8�10�4 Ω cm and high visible transmit-
tance of 92% were deposited at various RF powers. An
increase in RF power influenced the surface grain size of
ITO films and the crystallinity improved along the (400)
orientation. Higher RF power resulted in a decrease of ITO
film conductivity was related to high-energy bombard-
ment effects of argon ions in the plasma. The decrease in
optical transmittance at higher RF power was due to free
carrier absorption resulted from an increase in carrier
concentration. The change in optical bandgap for ITO films
was due to the Burstein–Moss effect and electron–electron
and electron–impurity scattering. The highly transparent
ITO films were used as the front anti-reflection layer in HIT
solar cells. The best photovoltaic parameters were
observed to be; Voc ¼ 650 mV, Jsc ¼ 34.91 mA/cm2, FF ¼
71.6%, and η ¼ 16.3% for RF power of 100 W. The HIT solar
cell deposited at 100 W had an implied voltage of 710 and
712 mV with and without ITO layer, respectively.
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