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This study investigates the effects of H2 plasma treatment on characteristics of Al-doped ZnO (AZO) thin
films prepared by RF magnetron sputter at 200 �C for amorphous silicon (a-Si) thin film solar cell
fabrication. Results of X-ray diffraction analysis showed that the structure of the plasma-treated film did
not change but its crystallinity deteriorated as compared to that of the as-deposited film. The electrical
resistivity of the AZO films decreased after H2 plasma treatment, regardless of plasma power. The most
improvements in the electrical and optical properties of the AZO film were obtained by applying H2

plasma RF power of 50 W, where the film resistivity decreased from 1.23 � 10�3 to 8.23 � 10�4 U cm and
the average optical transmittance in the wavelength range of 400e700 nm increased slightly from 89.5%
to 91.7%. To enhance light trapping in solar cells, surface-textured AZO films were developed using
diluted HCl etching and the haze ratio beyond 30% was obtained. Additionally, the a-Si thin film solar
cells consisting of the prepared AZO thin film as the transparent electrodes were fabricated. The effi-
ciency of the cell increased form 3.26% for the as-deposited AZO film to 5.14% for the 0.2%-HCl-etched
and H2 plasma-treated film.

Crown Copyright � 2010 Published by Elsevier B.V. All rights reserved.
1. Introduction

Transparent conductive oxide (TCO) thin films are widely used
for opto-electronic device applications, such as solar cells, flat
panel displays, gas sensors, and low emissivity windows [1e8].
Nowadays, indium-tin-oxide (ITO) films are the most used TCO
films for displays and solar cells in industry. However, a shortage
of indium may occur in the future because of the limited nature of
world indium reserves. Therefore, it is important to survey candi-
dates like tin oxide (SnO2) and zinc oxide (ZnO) films. ZnO has an
n-type wide bandgap with a wurtzite crystal structure. Conduc-
tivity of an undoped ZnO thin film is determined by its native
defects mainly including oxygen vacancies and zinc interstitials [2].
However, the conductivity of undoped ZnO films is not high enough
for contact layer application in thin film solar cells and is not very
stable at high temperatures [9]. Therefore, ZnO films are doped to
enhance further their conductivity and stability using dopants such
as aluminum, gallium, indium, etc. [4,10]. In particular, aluminum-
doped ZnO (AZO) films have been widely investigated in recent
years because of their comparable high optical transmittance, low
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electrical resistivity, as well as good stability in hydrogen plasma
[11,12].

Researchers have employed many deposition techniques to
prepare ZnO-based thin films, including molecular beam epitaxy
(MBE) [13], pulsed laser deposition (PLD) [14], sol-gel method [15],
chemical vapor deposition (CVD) [16], spray pyrolysis method [17]
and DC/RF magnetron sputtering [18e22]. Among these processes,
RF magnetron sputtering is one of the most promising method for
depositing ZnO thin films owing to the inherent ease with which
the deposition conditions can be controlled well [8].

To enhance properties of ZnO-based films, some post-treatment
techniques have been studied [11,23,24]. Oh et al. [11] and Fang
et al. [23] reported the effects of post-deposition annealing in
vacuum and in an H2 ambient on the electrical properties of AZO
thin films. Strzhemechny et al. [24] described that remote plasma
hydrogenation could increase electron concentrations in ZnO
single crystals. The post-deposition treatment of TCO films using
plasma-enhanced CVD (PECVD) is more convenient and practical
for large-area applications such as thin film solar cells and has been
demonstrated as to enhance the electrical properties of AZO thin
films [25].

Silicon thin film solar cells in the p-i-n superstrate structure
require TCO films as transparent electrodes, which should combine
low electrical resistivity and high optical transparency in the
required spectral range. Sputtering technique usually yields flat
rights reserved.
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AZO thin films. However, a suitable textured surface is very
important to scatter an incident light, particularly the long wave-
length light (red and near-infrared), to extend the effective path
length within the active silicon layer and subsequent light trapping
inside the absorber material of the solar cell [26]. Wet chemical
etching of AZO films has been adopted to develop the textured
surface for enhancing the efficiency of solar cells [3].

This study investigated the structural, electrical, and optical
properties of AZO thin films deposited by RF magnetron sputtering
and post-treated by H2 plasma at various RF powers. Besides, the
effects of diluted hydrochloric acid (HCl) etching on surface
morphology of AZO thin films and the characteristics of amorphous
silicon (a-Si) thin film solar cells fabricated using the prepared AZO
films as front electrodes were explored.
Fig. 1. XRD spectra of the AZO thin films treated with different H2 plasma RF power.
2. Experiments

AZO thin films were deposited on glass substrates (Coning 1737)
using RF magnetron sputtering with a target consisted of 98 wt%
ZnO and 2 wt% Al2O3. The substrates with an area of 33 � 33 mm2

were cleaned with isopropyl alcohol (IPA) and deionized (DI) water,
and then dried under blown nitrogen gas. The base pressure was
5 � 10�6 Torr and the working pressure was 5 � 10�3 Torr. The
deposition temperature was at 200 �C. The as-deposited AZO films
were then treated by H2 plasma at 200 �C for 30 min in a typical
PECVD chamber. To acquire textured AZO films, wet etching was
performed in diluted HCl with concentrations of 0.1%, 0.2%, and
0.5% in H2O. Afterward, p-i-n a-Si:H thin film solar cells were
fabricated using PECVD on the textured AZO film coated glass
substrates at a temperature of 200 �C. An Al layer was thermally
evaporated as back electrodes of solar cells.

Film thickness was measured by a spectroscopic ellipsometer
(Nano-view SE, MF-1000). The resistivity, Hall mobility, and carrier
concentration were measured using a four-point probe apparatus
(Napson, RTe70/RGe5) and the Van der Pauw method (BIO-RAD,
HL5500IU). X-ray diffraction (XRD) (PANalytical, 18 kW rotating
anode x-ray generator) analysis was employed to evaluate film
structure. Surface morphology was observed by a field emission
scanning electron microscope (FE-SEM) (JEOL, JSM-6700). Optical
transmittance was measured as the transmittance ratio of a film
coated substrate relative to an uncoated substrate by a UV/VIS/NIR
spectrophotometer (Jasco, V-570). Currentevoltage characteristics
of solar cells were measured under an illumination intensity of
300 mW/cm2 and an AM 1.5 G spectrum. All measurements were
performed at room temperature.
Fig. 2. Resistivity, Hall mobility, and carrier concentration of the AZO thin films as
a function of H2 plasma RF power.
3. Results and discussion

3.1. Structural, electrical, and optical properties of plasma-treated
AZO thin films

Sputtered AZO thin films with a thickness of 330 nm are
prepared to study the effects of post-treatments on the character-
istics of the films. Fig. 1 shows the XRD data of the AZO thin
films treated at different H2 plasma RF powers. All the AZO films
had a strong (0 0 2) peak at 2q ∼ 34.31�, indicating a preferential c-
axis orientation perpendicular to the substrate with a hexagonal
wurtzite structure. The peak intensity of the plasma-treated film
decreased, revealing deteriorated crystal quality due to hydrogen
incorporation into the films during post-treatment. Besides, it was
found that the full width at half-maximum (FWHM) of the (0 0 2)
peak increased slightly with increasing H2 plasma RF power. The
increase in FWHM corresponds to the decrease in crystallite size as
deduced from Scheer equation [27]. The observation from FS-SEM
(not shown here) also exhibits the similar trend that surface grain
size decreases gradually with increasing H2 plasma RF power.

Fig. 2 shows the resistivity, Hall mobility, and carrier concentra-
tion of the AZO thin films as a function of H2 plasma RF power. The
film resistivity showed a tendency to decrease after H2 plasma. The
resistivity decreased form 1.23 � 10�3 U-cm for the as-deposited
films to 8.23 � 10�4 U-cm for the 50 W-plasma-treated films. In
addition, the carrier concentration increased with increasing RF
power. The Hall mobility increased first at the low RF power (25W)
and then tended to decrease at the high RF powers (S50 W).
However, the variations in the carrier concentration and Hall
mobility for various plasma-treated films were not obvious. The
improved electrical properties are due to not only the desorption of
negatively charged oxygen species from grain boundary surfaces
[23] but incorporated hydrogen atoms as shallow donors by the H2

plasma treatment [24,28,29]. In addition, the passivation of surface
and defects at grain boundaries, which diminishes scattering and
trapping of free carriers and enhances the doping effect of Al, also
contributes to the conductivity of the film [11]. Oh et al. [11,23]
reported that hydrogen annealing treatment caused desorption of
negativelychargedoxygenspecies andpassivationoffilmsurfacesof



Fig. 3. (a) Optical transmittance spectra and (b) optical bandgap of the AZO thin films
treated with different H2 plasma RF power.
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grain boundaries, thus improving the electrical properties and
stability of AZOfilms. VandeWalle [28] indicated that hydrogenwas
a donor source in ZnOfilms andHofmannet al. [29] proved thepoint
experimentally. The secondary ion mass spectrometry (SIMS)
analysis (not shown here) shows that the increased hydrogen
content in the plasma-treated film may support the mechanism.

Fig. 3(a) and (b) show the optical transmittance spectra and
energy bandgap of the AZO thin film treated at various H2 plasma
RF powers. For transmission measurement, the AZO thin films were
irradiated at a perpendicular angle of incidence with glass being
the reference. The average optical transmittance (T) of the plasma-
treated films in the visible wavelength range (400e700 nm) was
more than 90% while the highest T was obtained at RF powers of
50e75 W, as Table 1 lists. In the ultraviolet range, all the films
exhibited a sharp absorption edge that was due to the onset of
Table 1
Average optical transmittance (T) and optical bandgap (Eg) of the AZO films treated
at various H2 plasma RF power.

As-dep. 25 W 50 W 75 W 100 W

T (%) 89.5 90.4 91.7 91.7 90.8
Eg (eV) 3.462 3.525 3.542 3.542 3.542
fundamental absorption of ZnO. The absorption edge slightly shif-
ted to the lower wavelength side after H2 plasma treatment.

The absorption coefficient, a, can be calculated from the
relation [30]:

T ¼ ð1� RÞ2expð�adÞ (1)

where T and R are the transmittance and reflectance of films, and
d is the film thickness. The optical bandgap is determined by
applying the Tauc model, and the Davis and Mott model in the high
absorption region [30]:

ahv ¼ C
�
hv� Eg

�1=2 (2)

where hn is the photon energy, Eg is the optical bandgap, and C is
the constant. Eg can be calculated by plotting (ahn)2 vs. hn and by
extrapolating the linear portion of the absorption edge to find the
intercept with energy axis, as Fig. 3(b) exhibits. Eg of the AZO thin
films shifted from 3.462 eV to above 3.525 eV after H2 plasma
treatment, as Table 1 lists. The broadened Eg may result from the
increase in carrier concentration. This can be explained by the
Burstein-Moss effect [31], which specifies the bandgap increases
with increasing carrier concentration.

For the application as the transparent electrodes of solar cells,
the films must have low resistivity and high optical transparency. A
way for evaluating this compromise is by means of figure of merit
(FOM). FOM defined by Haacke [32] is one of the important indices
for judging the effectiveness of different processes. FOM is defined
by:

FOM ¼ T10=RS (3)

where T is the average visible transmittance and RS is the sheet
resistance of films. Fig. 4 exhibits FOM of the developed AZO thin
films. FOM of all the plasma-treated films significantly increased,
revealing that the H2 plasma treatment was an effective technique
to enhance the opto-electrical properties of AZO thin films. The
films treated at an RF power of 50W had the highest FOM. Thereby,
the following study on HCl etching and thin film solar cells will
adopt this plasma condition (50 W).
3.2. Surface morphology of diluted HCl-etched AZO thin films

To obtain textured AZO films, diluted HCl etching was carried
out at room temperature. Fig. 5(aed) displays the SEM images of
the AZO thin films with and without HCl etching. The surface of the
as-deposited film exhibited a relatively smooth granular structure,
as Fig. 5(a) shows. Fig. 5 (b), (c), and (d) show the SEM images of the
Fig. 4. Figure of merit of the AZO thin films as a function of H2 plasma RF power.



Fig. 5. SEM images of the as-deposited and the diluted HCl-etched AZO thin films.

Table 2
Sheet resistance, thickness, and haze ratio of the as-deposited and HCl-etched AZO
thin films.

Sheet resistance (U/,) Film thickness (nm) Haze ratio (%)

As-deposited 13.7 900 0.37
0.1% HCleetched 15.6 808 22.9
0.2% HCleetched 17.3 735 32.6
0.5% HCleetched 26.6 491 35.1
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etched films with HCl concentrations of 0.1%, 0.2%, and 0.5%,
respectively, for 30 s. The surface roughness increased significantly
after HCl etching and the etching caused the film surface to develop
a crater-like surface structure. With increasing HCl concentration
the feature size increased, but the shape of the etched surface
changed from steep to flat. The haze ratio of the films before and
after HCl etching was measured using a haze meter (Nippon Den-
shoku, NDH 2000), as Table 2 records. The sheet resistance of
the etched films increased with increasing HCl concentration due
to thinned film thickness. However, the haze ratio apparently
increased from 0.37% (as-deposited film) to more than 30% (>0.2%
Fig. 6. Structure of the superstrate p-i-n a-Si:H thin film solar cell.
HCl-etched films), revealing that the etched AZO films would
effectively scatter an incident light and enhance light trapping
inside the absorber material of solar cells.
3.3. Characteristics of a-Si:H thin film solar cells fabricated on the
developed AZO thin film coated glass

Superstrate p-i-n a-Si:H thin film solar cells have been fabri-
cated using a single-chamber PECVD at 200 �C to demonstrate the
opto-electrical properties of the plasma-treated AZO film. Fig. 6
shows the structure of the superstrate p-i-n a-Si:H thin film solar
cell. No antireflection coatings have been deposited on the cell.
Fig. 7 shows the measured currentevoltage characteristics of the
solar cells (substrate size 3.3 � 3.3 cm2) under illumination. Table 3
lists the values of open-circuit voltage (VOC), short-circuit current
density (JSC), fill factor (FF), and efficiency (h) for the devices with
the developed AZO films as the front transparent conductive films.
The efficiency of the cell with the 0.2%-HCl-etched AZO film
increased form 3.26% (as-deposited film) to 4.44%. Moreover, it
Fig. 7. Currentevoltage characteristics of the p-i-n a-Si:H solar cells under illumination.



Table 3
Values of open-circuit voltage (VOC), short-circuit current density (JSC), fill factor (FF),
and efficiency (h) for the solar cells with the as-deposited, 0.2%-HCl-etched, and H2

plasma-treated AZO thin films.

AZO type VOC (V) JSC (mA/cm2) F.F. h (%)

As-deposited 0.882 6.99 0.528 3.26
0.2% HCl-etched 0.872 7.47 0.682 4.44
0.2% HCl-etched þ plasma-treated 0.870 9.00 0.656 5.14
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could be raised to 5.14% when the AZO film was treated by H2
plasma. The increased efficiency is mainly ascribed to the increased
short-circuit current density.

4. Conclusions

The aim of this study was to study and develop AZO thin films
for the application as transparent electrodes in thin film silicon
solar cells. The requirements for such films are low resistivity, high
transparency, and an appropriated surface structure. First, this
work investigated the opto-electrical properties of AZO thin films
deposited by RF magnetron sputtering and subsequently treated
by H2 plasma at various RF powers. The resistivity of the AZO
film decreased by 33% (form 1.23 � 10�3 to 8.23 � 10�4 U cm) after
the 50 W-H2 plasma treatment. The average optical transmittances
of the plasma-treated films in the visible wavelength range
(400e700 nm)were over 90%. The optical bandgap of the AZO films
shifted from 3.462 eV to more than 3.525 eV after H2 plasma
treatment. Upon diluted HCl etching, the AZO film developed
a good surface texture and its haze ratio apparently increased from
0.37% for the as-deposited film to more than 30% for the 0.2%e0.5%
HCl-etched films. Finally, the a-Si:H thin film solar cells were
prepared on the developed AZO films with low resistivity, high
transmittance, and good light scattering properties. The efficiency
of the cell increased form 3.26% for the as-deposited AZO film to
5.14% for the 0.2%-HCl-etched and H2 plasma-treated film. The
enhanced efficiency demonstrates the potential of the H2 plasma
treatment for solar cell applications.
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