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Abstract We report the properties of Al doped ZnO (AZO)
thin films on glass substrates and its effect on the effi-
ciency of amorphous silicon (a-Si:H) solar cells as the back
reflector. Oriented AZO thin films were grown using DC
magnetron sputtering by varying Ar gas flow rates. The
influence of Ar flow rate on the structural, electrical and
optical properties of AZO thin films suitable for transpar-
ent conducting oxide (TCO) and back reflector applications
was investigated. The (a-Si:H) solar cells, with and with-
out AZO back reflector, were fabricated on FTO coated
glass substrates using the PECVD technique. The solar cells
were tested using a Sun simulator under AM 1.5 condi-
tion. Enhancement in current density from 12.46 to 14.24
mA/cm? with the AZO back reflector was observed, thereby
increasing the efficiency of the solar cell from 6.38 to 7.82
%, respectively.
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1 Introduction

Improving the efficiency of amorphous silicon (a-Si:H)
solar cells by light trapping has been intensively studied in
recent years. The path length of the light travel inside the
device can be increased by reflecting at the rough surface
at the back of the active material, which can enhance the
absorption [1]. In the a-Si:H solar cells with p — i — n
configuration, the metal oxide based semiconductors are
introduced in between the active material and the metal back
contact. This reflects the unabsorbed light back into the
solar cell and therefore the light trapping can be achieved
efficiently [2]. Thin film a-Si:H solar cell requires a wide
bandgap transparent conductor as window (or front) elec-
trode for efficient light transmission as well as extraction of
photocurrent. These properties are most commonly realized
through the use of heavily doped, wide band gap metal oxide
semiconductor materials [3]. Presently, the most widely
used transparent conducting oxides (TCOs) for front elec-
trode application are InpO3, SnO; and doped ZnO, which
are typically doped using Sn (InpO3:Sn, ITO), F (SnO;:F,
FTO) and Al (ZnO:Al) or B (ZnO:B), respectively [4, 5].
Generally, transparent conductors deposited and annealed
at high temperature exhibit high transmission and electri-
cal conductivity, and are used as TCO for a-Si:H based
solar cells deposited on glass substrates [6—8]. However, in
the case of a-Si:H solar cells fabricated on flexible sub-
strates, which employs a substrate configuration, the TCO
layer is deposited after the deposition of a-Si:H layers. Nor-
mally intrinsic and doped a-Si:H layers are deposited at
200 — 220°C using the PECVD technique [9]. So, the TCO
layer that will be deposited on the a-Si:H layers needs to
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Fig.1 Schematic of p-i-n
a-Si:H solar cell on FTO coated
glass substrate (a) without back
reflector and (b) with AZO back
reflector

be deposited at relatively lower process temperatures than
that of a-Si:H layers. Since, TCO is used as top layer for
a-Si:H solar cell in substrate configuration, the selection of
the most appropriate material should possess properties like
compositional stability during processing [10], environmen-
tal stability [5], low toxicity [11, 12] and low production
cost. During this decade, numerous investigations have been
made on doped ZnO, because of its multifunctional proper-
ties, including optical [13], piezoelectric [14], and optoelec-
tronic properties [15]. Doped ZnO films have emerged as
an alternative to SnO;:F and ITO on laboratory scales [16].
Incidentally, doped ZnO films are more resistive to hydro-
gen plasma than ITO [10]. ZnO films can be conveniently
deposited by sputtering or by the low pressure chemical
vapor deposition technique [17-19].

In this study, the effect of Ar flow on the structural,
optical and electrical characteristics of the AZO thin films,
suitable for TCO as well back reflector applications in a-
Si:H solar cells is investigated. The role of AZO back
reflectors in enhancing the absorption of light was identified
by the improved short circuit current density of a-Si:H solar
cells.

2 Experiment

Corning glass (Eagle Xg) was used as substrate to study the
structural, optical and electrical properties of the AZO thin
films. The substrates were cleaned with acetone, isopropyl
alcohol and deionized water to remove contaminants from
the surface. The AZO films were deposited using a DC mag-
netron sputtering system. A commercial (ITASCO, South
Korea) ceramic target of ZnO (2 wt% AlpO3) with 2 inch
diameter was used as the sputtering material. The glass sub-
strates were located 7 cm vertically above the target. The
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sputtering chamber was initially evacuated to 6x10~% mbar.
A controlled flow of Ar gas was introduced into the cham-
ber with the help of a mass flow controller. Basic parameters
like operating pressure (0.01 mbar) and power density (4.4
W/cm?) were kept constant throughout the process.

Upon the optimization of AZO thin film properties, the
film with suitable properties were used in the a-Si:H solar
cell for back reflector applications. The a-Si:H solar cells (
Iem X lem) in p — i — n superstrate structure were fabri-
cated on commercially available fluorinated tin oxide (FTO)
glass substrates using plasma enhanced the chemical vapor
deposition (PECVD) technique. The amorphous silicon lay-
ers were deposited at 220 °C with 13.56 MHz RF discharge
with SiHy4, Hj for intrinsic a-Si:H, SiHy, Hy, PH3 and SiHy,
Hj, CHy4, ByHg for n-a-Si:H and p-a-SiC:H layers respec-
tively. The process pressure of 1000 mTorr and the plasma
power of 10 W was maintained throughout the process. The
Al metal back contact was deposited by using thermal evap-
oration technique. Two sets of solar cells with following
structure are fabricated and the schematic is shown in Fig 1.

1. Cell 1: Glass/FTO/p-a-SiC:H/i-a-Si:H/n-a-Si:H/Al
2. Cell 2: Glass/FTO/ p-a-SiC:H/i-a-Si:H/n-a-Si:H/Al:
ZnO/Al

Surface morphology and roughness of the film were stud-
ied by using a Veeco Dimension V SPM atomic force
microscope (AFM).The crystalline nature of these films
was investigated by Seifert Analytical X-Ray diffractome-
ter (XRD) using Cu-K, radiation with a wavelength of
0.15418 nm. Thickness of the films was measured using
DektakXT (Bruker) stylus profilometer with depth resolu-
tion of 1 A max at 6.55 um range. The optical transmission
spectra were measured in the wavelength range from 200
to 1100 nm by using Perkin Elmer lambda 650 UV-VIS-
NIR spectrophotometer. FTIR studies were made by using
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Fig. 2 3D and 2D height profile
AFM Image of AZO thin film
deposited at different Ar flow
rates of (a) 40 sccm, (b) 30
sccm, and (¢) 20 sccm

100.0 nm

100.0 nm

Bruker Alpha T in the wave number range 400 to 4000
cm~! in specular reflection mode. The electrical properties
were measured using the Ecopia HMS 5000 Hall measure-
ment technique. The light generated current-density versus
the voltage (J-V) characteristics of the fabricated solar cells
were measured using solar simulator at AM 1.5 conditions.

3 Results and Discussion

3.1 Surface Morphology

The 3D and 2D height profile images obtained from AFM
studies of AZO thin films deposited at different Ar flow

a0 1: Height 50um

1
(1] 1: Height 100pm

rates at 150 °C temperature and 4.4 W/cm? power density
are shown in Fig. 2. The root mean square roughness of
the films deposited at 40, 30 and 20 sccm are 5.6, 8.9 and
8.3 nm, respectively. At 40 sccm of Ar flow rate, a rela-
tively smooth film is observed as sufficiently large Ar gas
density inside the chamber reduces the energy of sputtered
atoms in the plasma due to internal collisions before reach-
ing the substrate [20]. Not much change in roughness has
been observed at 20 and 30 sccm of Ar flow rates. However,
for solar cell applications the TCO should have texturing in
order to increase the light trapping mechanism by increasing
the diffuse transmitted light into the solar cells. According
to AFM studies, it is clear that the films deposited at 20 or
30 sccm of Ar flow may be suitable for TCO applications.
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Fig. 3 XRD pattern of AZO thin film deposited at 150°C at different
Ar flow rates

3.2 Crystallographic Structural Studies

The structural studies of AZO thin films deposited at differ-
ent Ar flow rates are reported using XRD analysis. Typical
XRD pattern of AZO film grown at different flow rate is
shown in Fig. 3. All the films deposited at 150°C with dif-
ferent Ar flow rates, exhibited single c-axis oriented peak
at 260 value of 34.14°, 33.85° and 34.24° corresponding to
(hkl) value of (002) which matches wurtzite phase of ZnO
(JCPDS #36-1451). At this temperature, the deposited films
are polycrystalline in nature and the crystallite sizes of the
films were calculated by Scherrer formula [21] using the
data obtained from XRD. The crystallite sizes in the films
are 21.98, 20.50 and 25.61 nm for the films deposited at 40,
30 and 20 sccm, respectively. Increase in the crystallite size
of the film was observed from 40 to 20 sccm of Ar flow rate
and in between at 30 sccm the crystallite size was decreased.
The values were given in Table 1.
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Fig. 4 Spectra of AZO thin film deposited at 150°C at different Ar
flow rates
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Fig. 5 a UV-Vis transmission reflection spectra of AZO thin film
deposited at 150°C and (b) Tauc’s plot for evaluating band gap of AZO
thin film deposited at 150 °C at different Ar flow rates

3.3 Chemical Bond Formation

In order to verify the bond formed between Zn and
O, the AZO thin films were characterized using Fourier
Transformed Infra-Red spectroscopy (FTIR). The spectrum
shows (Fig. 4) two peaks at 422 and 471 cm™!, which
belong to Zn-O stretching mode of vibration [22]. No other
peaks of impurity were observed ensuring chemical purity
of the deposited.

3.4 Optical Characterizations

UV-Vis transmission and reflection spectra of AZO thin film
deposited at 150°C are shown in the Fig. 5(a). The overall
transmission of the films deposited at a deposition tempera-
ture of 150 °C and at a power 4.4 W/cm? is more than 80 %
with a compliment reflection throughout the visible region.
These values are very similar to ~85 % transmission of the
ITO films reported previously for TCO applications [23,
24]. Generally, active layers in the a-Si:H solar cells absorb
light in the wavelength range of 400-800 nm [25]. So the
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Table 1 FWHM, grain size,

and roughness of AZO thin Process Parameters Peak Position(®) FWHM (°)  Grain size (hm) RMS Roughness (nm)
films
40 sccm  34.14 0.392 21.98 5.6
150°C 44 W/em?  30scem  33.85 0.423 20.50 8.87
20 scem  34.24 0.339 25.61 8.3

TCO material also should exhibit better transmission in the
above mentioned wavelength range, in order to allow more
light entering into the solar cell, to enhance the efficiency
of the solar cell. From the transmission data, the band gap
of AZO films was calculated using Tauc’s plot (Fig. 5(b))
following Eq. 1.

(@hv)? = A(hv — E,) (1)

where « is the absorption coefficient, / is the Planck’s con-
stant and v is the frequency of radiation. The band gaps (E;)
of the AZO film deposited at 40, 30 and 20 sccm of Ar
flow rate are 3.46, 3.35 and 3.48 eV, respectively. According
to Burstein-Moss (B-M) effect, the band gap of the doped
semiconductors will increase with the increase of carrier
concentration due to the Fermi level shift [26]. In the present
investigations, the calculated band gap values are following

Table 2 The values of A, Ty, T,, and Refractive Index (n) for the
AZO films deposited at different flow rates.

X (nm) Ty T Refractive N Refractive
index of glass (s) Index (n)
40 sccm
437 0.883 0.759 1.55 2.274813 1.9849
495 0932 0.83 1.55 2.11001 1.881931
606 0.944 0.872 1.55 1.972398 1.786665
780 0.944 0.889 1.55 1.904416 1.735194
1.847173
30 sccm
475 0.84 0.768 1.55 2.047232  1.839739
516 0.857 0.786 1.55 2.028001 1.826412
572 0.862 0.792 1.55 2.019104 1.820177
645 0.864 0.788 1.55 2.047297 1.839784
740 0.862 0.796 1.55 1.999435 1.806229
1.826468
20 sccm
520 0.894 0.843 1.55 1.911031 1.740362
568 0.92 0.858 1.55 1.944738 1.766143
624 0.929 0.865 1.55 1.948144 1.768699
689 0.927 0.866 1.55 1.936806 1.760156
775 0918 0.862 1.55 1.920631 1.747797
1.756632

the equivalent trend with the carrier concentration values
measured using Hall Effect measurements given in Table 2.

3.5 Refractive Indices Using Swanepoel’s Calculations

The refractive indices (n) of the film were calculated
from the transmission spectra, using Swanepoel’s calcu-
lations. The property that thin films absorb light in the
ultraviolet, visible and near infrared regions can be sig-
nificantly utilized due to their uses in photothermal and
photovoltaic conversion of solar radiation. Swanepoel pro-
posed a straight forward idea that the n and « of the thin film
can be calculated using the transmission spectrum alone
[30, 31]. The series of transmission maximum (77) and
transmission minimum (7},) were observed as a function of
wavelength (A) in the transmission spectra of the film using
envelope method (Fig. 6). The refractive index of the film is
calculated by

n() =[N+ (N? —sH1/2]1/2 )
where N is defined as,
Ty —Tn s*+1

N=2 3
ST, T2 )

and s is the refractive index of the glass substrate (s = 1.5).
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Fig. 6 Transmission spectra of AZO thin film deposited at 150°C /

4.4W/cm? / 30 sccm on corning (EagleXg) glass substrate from the
experimental results
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Table 3 Deposition rate, carrier concentration, sheet resistance, resistivity, and mobility of the AZO thin films

S. No. Sample Dep Rate nm/min Carrier Concentration Sheet Resistance Resistivity Mobility
(cm™?) (2/Square) (£2-cm) (cm?/V-s)
20 sccm 3.33 3.08x10%0 22 1.23x1073 17.0
30 sccm 1.66 2.04x10%0 52 1.49x1073 25.6
40 sccm 1.33 2.31x10%0 168 2.63x1073 12.4

The values of A, Tjsand T, for the AZO films deposited
at different flow rate are tabulated in Table 3 and from
the Swanepoel’s calculations the refractive indices are
found to be 1.847, 1.826 and 1.756 for flow rates in the
descending order. In order to reduce the optical losses of
a-Si:H solar cells, the refractive index of the TCO mate-
rial should be in between 1.8-2.0 as the refractive indices
of a-Si:H and air are ~3.8 and 1, respectively. Thus the
measured values are in the desired range suitable for TCO
applications.

3.6 Thickness and Electrical Characterizations

Thicknesses of the AZO thin films were measured using
stylus profilometer. The results indicate an increase in depo-
sition rate with decreasing Ar flow rate. The thickness of
the films for different flow rates, carrier concentration, sheet
resistance, resistivity, conductivity and mobility of the films
were obtained from the Hall measurement technique and
the values are tabulated in Table 2. The resistivities of the
films were 2.63x1073, 1.49x10~3 and 1.23x1073Q-cm for
the Ar flow rates of 40, 30 and 20 sccm, respectively.
Figure 7 shows the trend obtained for the electrical prop-
erties of the AZO thin film with the change in the process
parameters. The carrier concentration and the corresponding
mobility of the film at 40 sccm were 2.31x10%° cm™3and
12.4 cm?/V-s, respectively. A maximum value of carrier

concentration of 3.08x10%° cm~3 and mobility of 17 cm?/V-
s are observed at Ar flow rate of 20 sccm. But the film
deposited at 30 sccm shows a high mobility of 25.6 cm?/V-
s, since the carrier concentration of the film is decreased to
2.04x10?°cm—3. This may be due to decrease in the crystal-
lite size. Generally, the mobility increases with the decreas-
ing carrier concentration and vice versa with increasing
carrier concentration (~1020 cm3 ) due to scattering behav-
ior of electrons [27]. The results obtained in the present
investigations are compared with the previous work on the
prominent TCO material of ITO [28, 29]. The obtained
results of AZO, having enhanced electrical and optical
properties, are comparable to that of ITO films which are
annealed at high temperatures above 300°C.

4 Back Reflector in a-Si:H Solar Cells

Hydrogenated amorphous solar cells in p — i — n
configuration were fabricated on textured FTO coated glass
substrates. p-a-SiC:H layer of 18nm, i-a-Si:H layer of 310
nm and r-a-Si:H layer of 30 nm thickness were deposited
using PECVD at 220°C using the process gases mentioned
in the experimental section. Prior to the fabrication of solar
cells, intrinsic and doped a-Si:H layers were optimized by
changing the gas flow ratios. The dark and photo conduc-
tivity of i-a-Si:H was optimized to the order of 10~° and

Fig. 7 Resistivity, mobility and 4.0x10° — - 3.2x10°
carrier concentration of AZO | — ™ Resistivity 126
thin film deposited at 150 °C at 3 | —®— Mobility ®. "
different Ar flow rates 3.6x10 Carrier Concentrati 124 q13.0x10™ _
1 )
= 3| | —_ £
s 3.2x10 122 ; 42.8x10° S
| c
Siz.sxw"— 1207 .-
2 ] 5 126x10° ®
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Fig. 8 I-V Characteristics of a-Si:H solar cells with and without AZO
back reflector

107> S/cm. The obtained gain was 10*. No photo gain was
observed in the doped a-Si:H layers. Transmission spec-
tra for the doped and intrinsic a-Si:H layers were recorded
in the range of 300-1000 nm using UV/VIS —NIR spec-
trometer, and the measured band gap values for p-a-SiC:H,
i-a-Si:H and n-a-Si:H were 1.85, 1.76 and 1.75 eV respec-
tively. Solar cells were fabricated without AZO and with
90 nm of AZO layer, optimized at 30 sccm of Ar flow in
between n-a-Si:H and Al metal layer. I-V curves of solar
cells with and without back reflector layer were shown in
Fig. 8. Solar cell parameters are listed in Table 4. The
effect of back reflector AZO is clearly visible by enhancing
the current density from 12.46 to 14.24 mA/cm?, thereby
increasing the efficiency from 6.38 to 7.82 %, respectively.
The role of back reflector is to increase the back reflec-
tion of unabsorbed light again into the solar cells, thereby
increasing the light absorption mechanism in the active lay-
ers of the solar cell. This will increase the photo generated
carrier density, which in turn will affect the generated photo
current density [32]. The incorporation of Al:ZnO layer in
between, n-a-Si:H and Al back contact, not only improves
the light trapping mechanism, but also reduces the inter dif-
fusion of Al layer into the n-a-Si:H layer. In addition to
light scattering and diffraction upon interaction of light at
the metal back contact, an enhanced plasmonic absorption
takes place at the rough metal surface. Thereby introducing
a back reflector reduces the optical absorption at the metal
surface [33].

Table 4 A-Si:H solar cell parameters

Parameters Without back reflector ~ With back reflector AZO
Voe(V) 0.849 0.854

Jsc(mA/cm?) 12.46 14.24

FF 0.603 0.643

Efficiency (%)  6.38 7.82

5 Conclusion

Owing to the inherent advantages of AZO compared to its
conventional counterpart ITO, it is imperative that it should
be optimized for photovoltaic applications. A highly con-
ductive AZO layers were optimized for TCO and back
reflector applications in a-Si:H solar cells with DC mag-
netron sputtering technique. AZO thin films were deposited
at a plasma power density of 4.4 W.cm™2, process tem-
perature of 150°C and Ar gas flow rate of 20, 30, and 40
sccm. The film with 30 sccm of Ar flow rate showed the
desired roughness, good transmission with the high mobil-
ity and low resistivity, making it suitable candidate for TCO
and back reflector application in amorphous silicon solar
cell. The achieved transmission and resistivity values were
"85 % and 1073Q-cm, respectively, as compared to "85 %
and 107#Q-cm of ITO grown at “300°C. The a-Si:H solar
cells in p — i — n configuration were fabricated on FTO
coated glass substrates. The effect of back reflector AZO is
clearly visible by enhancing the current density from 12.46
to 14.24 mA/cm?, thereby increasing the efficiency from
6.38 to 7.82 %, respectively.
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