
Available online at www.sciencedirect.com
www.elsevier.com/locate/solener

Solar Energy 86 (2012) 541–547
Effective conversion efficiency enhancement of solar cell
using ZnO/PS antireflection coating layers

Khaldun A. Salman ⇑, Khalid Omar, Z. Hassan

Nano-Optoelectronics Research and Technology Laboratory, School of Physics, University Sains Malaysia, Penang 11800, Malaysia

Received 13 July 2011; received in revised form 14 October 2011; accepted 29 October 2011
Available online 3 December 2011

Communicated by: Associate Editor Takhir Razykov
Abstract

Zinc oxide (ZnO) film was deposited on a porous silicon (PS) layer using a radio frequency sputtering system while the PS layer was
prepared by a photoelectrochemical etching method. The ZnO/PS layers were found to be an excellent antireflection coating (ARC),
exhibiting exceptional light trapping at wavelengths ranging from 400 to 1000 nm because of their lowest effective reflectance. This,
in turn, leads to increase the efficiency of solar cell to 18.15%. The ZnO film was highly oriented with the c-axis perpendicular to the
PS layer. The average crystallite size of the PS and ZnO/PS layers were 17.06 and 17.94 nm, respectively. Photoluminescence emission
peaks proved the nanocrystalline characteristic of the PS layer and the ZnO film. Raman measurements of the ZnO/PS layers were deter-
mined at room temperature and indicate that a high-quality ZnO nanocrystalline film was formed. In the current paper, ZnO/PS ARC
layers are attractive and offer a promising technique to produce high-efficiency, low-cost solar cells.
� 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

A porous silicon (PS) layer formed on a crystalline sili-
con (c-Si) wafer using electrochemical etching exhibits pho-
toluminescent and electroluminescent properties similar to
those of semiconductors with a direct energy band gap
(Canham, 1990). The main improvement in the perfor-
mance of the PS layers is the rough surface and low effec-
tive refractive index compared with c-Si, which can
decrease the reflective loss of solar radiation and lead to
an increase of approximately 15–20% of the short-circuit
current density (Jsc) of solar cells (Yae et al., 2006; Vitanov
et al., 1997; Ueda et al., 1988). PS layers have become an
attractive material for solar cells because of their band
gap broadening, wide optical transmission ranging from
700 to 1000 nm, and surface roughness (Koshida and
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Koyama, 1992). PS layers are an excellent antireflection
coating (ARC) for solar cells (Ben Ranha and Bessais,
2010). The ARC can enhance the efficiency of solar cells
by increasing light trapping in the active region (Yoo,
2010; San Vicente et al., 2011).

In the last couple of years, many researchers have
increasingly focused on zinc oxide (ZnO) because of its
multiple applications, such as laser diodes (Ye et al.,
2007), transparent conductive contacts (Wong and
Searson, 1999), and solar cells (Bahadur et al., 1986; Sil
and Chakrabarti, 2010; Lu et al., 2010). ZnO has a direct
band gap (3.37 eV), a high exciton binding energy
(60 meV) at room temperature (RT), and a wurtzite crystal
structure (Pawar et al., 2011). Recently, ZnO has attracted
attention as one of the materials for the ARC of solar cells
because it has good transparency and an appropriate
refractive index (Yun-Ju et al., 2008; Kawakami et al.,
2003; Kim and Kim, 2003; Liu et al., 2001; Greene et al.,
2005; Tak and Yong, 2005; Chen and Gao, 2006; Riaz
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et al., 2009; Chen and Sun, 2010b). The integration of ZnO
films and c-Si samples is important. However, the deposi-
tion of high-quality ZnO films on c-Si samples introduces
stress between the materials because of the large mismatch
in lattice constants and thermal expansion coefficients (Hsu
et al., 2005). Despite these problems, ZnO thin films have
been successfully deposited on spherical solar cells as an
ARC with an efficiency of 11.8% (Minemoto et al., 2007).

The PS layer is a convenient material for accommodat-
ing the deposition of ZnO film onto pores in the layer
because the PS layer has a large internal surface area, high
resistance, and strong absorbability (Bisi et al., 2000). The
integration of ZnO films and a PS layer is more important
because the deposition of high-quality ZnO films on a PS
layer can introduce a large matching of lattice constants
and thermal expansion coefficients (Chen and Sun, 2010b).

Different methods have been proposed to deposit ZnO
films on PS layers, such as chemical vapor deposition
(Haga et al., 2001), a sol–gel process (Fujihara et al.,
2001), direct current sputtering (Harding et al., 1991),
and Radio Frequency (RF) sputtering (Cai et al., 2009;
Choi et al., 2010; Vasanelli et al., 1987).

In the present work, a ZnO film was deposited on a PS
layer using an RF sputtering system, and the PS layer was
prepared by the photoelectrochemical etching (PECE)
process. The objective of this work was to fabricate a
high-efficiency solar cell using the ZnO/PS ARC layer
technique.

The authors suggest using ZnO/PS layers as a promising
ARC to enhance and increase the light conversion
efficiency of solar cells.

2. Experimental

A PS layer was fabricated by PECE process of an n-type
c-Si (100) wafer with a resistivity of 1–20 X cm and a thick-
ness of 356–406 lm. Initially, the c-Si wafer was cleaned to
remove the oxide layer using the Radio Corporation of
America method.

The PECE cell had a circular aperture at the bottom
sealed with the c-Si sample. The cell, made of Teflon, was
Fig. 1. The photoelectrochemical etching (PECE) cell set up.
a two-electrode system connected to the c-Si sample as the
anode and platinum (Pt) as the cathode (Fig. 1). The c-Si
sample was placed in an electrolyte solution HF
(48%):C2H5OH (98%), 1:4 (by volume) to enable conduc-
tion of electrons inside the solution. A current density of
60 mA/cm2 and an etching time of 20 min were used to pre-
pare the PS layer. Illumination was provided by a 150 W
Xenon lamp positioned over the c-Si sample for maximum
possible illumination. The synthesis was carried out at RT.
Finally, the sample was rinsed in ethanol and air-dried after
the etching process.

To fabricate the solar cell, the sample was coated with
photoresist. Next, a mask was placed directly above the
PS layer and exposed to ultraviolet (UV) radiation for
40 s to form a patterned coating. P-type doping was
achieved using the spin coating method by placing boron
liquid on the center of the PS layer, followed by spin coat-
ing at RT at a speed of 1000 rpm for 10 s. The layer was
then placed in a furnace at 100 �C for 15 min to remove
moisture. Dopant diffusion was accomplished using a tube
furnace at 1000 �C for 60 min under flowing (4 L/min)
nitrogen gas.

The 135 nm-thick ZnO film was deposited on the PS
layer by RF sputtering with a power of 200 W at ambient
temperature using an A500 EDWARDS sputtering unit.

The growth conditions of the ZnO film deposited onto
the PS layer are summarized in Table 1.

Annealing of the ZnO/PS layers was done at 500 �C for
30 min under flowing (4 L/min) nitrogen gas.

Annealing improved the quality and optical properties
of the ZnO film. Silver evaporation was used on the p-type
of the sample to form a metallization grid pattern, and
aluminum evaporation was used on the n-type to form a
reflector contact. Annealing was carried out at 400 �C for
20 min to insure optimal contact.

Scanning electron microscopy (SEM) and energy disper-
sive X-ray (EDX) analysis (JSM-6460 LV, Japan) were used
to determine the surface morphology and composition of
the PS and ZnO/PS layers, respectively. X-ray diffraction
(XRD) measurements were carried out using a high-
resolution X-ray diffractometer system (PANalytical X’pert
Table 1
RF sputtering conditions for ZnO film deposition.

Target ZnO 99.99%

Target diameter 7.5 cm
Distance between the target and substrate 10 cm
Substrate PS layer
Substrate temperature 25 �C
Ultimate pressure 1 � 10�6 mbar
Vacuum (plasma) pressure 1.74 � 10�2 mbar
Gas Ar 99.99%
RF sputtering power 200 W
Deposition rate Dr2 0.20 A�s
Deposition time 13 min
The required thickness of ZnO film 135 nm



Fig. 3. SEM image of ZnO/PS layers.
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PRO MRD PW3040, Almelo, The Netherlands) to
determine the ZnO crystallite structure using CuKa radia-
tion with a wavelength of 0.15406 nm. Photoluminescence
(PL) and Raman studies were carried out using a spectros-
copy system (Jobin Yvon HR 800 UV, Edison, NJ, USA).
Optical reflectance of the c-Si sample, PS, and ZnO/PS lay-
ers were obtained using an optical reflectometer (Filmetrics,
F20, USA). I–V characteristics were studied under the air
mass 1.5 global (AM 1.5G) illumination condition (Chen
and Sun, 2010a).

3. Results and discussions

Fig. 2 shows the pores randomly distributed on the PS
surface. Some pores appeared star-like and had elongated
shapes with an average diameter of 6.2 nm, as calculated
using the following equation (Ossicini et al., 2003).

EðeVÞ ¼ Eg þ
h2

8d2

1

m�e
þ 1

m�h

� �
; ð1Þ

where E(eV) = 1.81 eV is the energy band gap of PS
obtained from the PL peak of the PS layer as shown in
the inset of Fig. 6, Eg = 1.12 eV is the energy band gap
of c-Si, h is Planck’s constant = 4.13 � 10�15 eV s, d is
the diameter of the pore, and m�e and m�h are the electron
and hole effective mass, respectively (at 300 K, m�e ¼
0:19mo;m�h ¼ 0:16mo, and mo = 9.109 � 10�31 kg). More-
over, the surface of the PS layer was etched completely.
The formation of numerous, new, tiny pores inside the ini-
tial pores and above the pore walls can be clearly distin-
guished, which increased the porosity (P) of the PS layer
to 91% according to the following equation (Hyunwoo
et al., 2006):

P ð%Þ ¼ m1 � m2

m1 � m3

; ð2Þ

where m1 and m2 are the sample weight before and after
anodization, respectively; and m3 is the sample weight after
removing the PS layer using a 3% KOH solution in 50 s
(Faÿ and Shah, 2008).

The ZnO film was deposited on the PS layer by RF sput-
tering as shown in the SEM image in Fig. 3. The deposition
Fig. 2. SEM image of the PS layer.
of ZnO inside the pores along the walls partially filled or
covered the pores.

Fig. 4 shows the EDX spectrum and atomic composi-
tion of the ZnO/PS layers. A description of the atomic
composition of the elements in the layers is given by the
percentage, as shown in the inset table in Fig. 4. The con-
centrations of these elements are indicated by the peaks,
and it is very clear that the elements corresponding to the
peaks comprised the layer. Carbon was detected as a con-
taminant in the sample.

Fig. 5 shows that the ZnO/PS layers exhibited a domi-
nant diffraction peak at 2h = 69.0978� corresponding to
the PS (100) layer (Minemoto et al., 2007). The diffraction
peak at 34.2398� corresponds to the (002) plane of the
ZnO film, indicating that the ZnO nanocrystalline film
was highly oriented along the c-axis vertical to the PS layer
(Chen and Sun, 2010b). The diffraction peak at 44.3560� is
related to Si Carbide (SiC) from the XRD sample holder
(Hassan et al., 2011). The sharp diffraction peak from the
ZnO film with a weak FWHM of 0.29 [2h] indicates the
high quality of the ZnO film.

The average crystallite size was calculated using the
Debye–Scherrer formula as follows (Cullity, 1959):

D ¼ 0:9k
B cos h

; ð3Þ

where D is the average grain size, k is the X-ray radiation
wavelength (0.15406 nm), h is the diffraction Bragg angle
and B is the FWHM value in the radians unit. The FWHM
value obtained from XRD peak for PS layer was 9.8696 �
10�03 radians and for the ZnO film was 8.0930 � 10�03

radians.
The values of average crystallite size obtained from

XRD were 17.06 nm for the PS layer and 17.94 nm for
the ZnO film. The decrease in average crystallite size
indicated an increase in the porosity of the PS layer (Yon
et al., 1987). In addition, the strain (ezz) of the nanocrystal-
line ZnO film grown on the PS layer along the c-axis can be
calculated using the following equation (Tsay et al., 2010):

ezzð%Þ ¼
c� co

co
; ð4Þ



Fig. 4. EDX spectra of ZnO/PS layers.

Fig. 5. XRD spectrum of the ZnO/PS layers.

Fig. 6. PL spectra of ZnO/PS layers.
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where c is the lattice constant of the strained ZnO film cal-
culated from XRD data, and co is the unstrained lattice
constant for ZnO. The obtained value of strain is 0.36%.
A positive value is associated with tensile strain (Ghosh
and Basak, 2004). The low value of the tensile strain
revealed that the ZnO nanocrystalline film preferred to
grow along the c-axis, and gave evidence of a high-quality
crystal resulting from a small lattice mismatch between the
ZnO film and the PS (100) layer (9.9%) compared with
(39–40.2)% between the ZnO film and c-Si (10 0) obtained
by the sputtering method (Phan and Chung, 2011;
Gopalakrishnan et al., 2006).

The PL spectra of the PS and the ZnO/PS layers were
measured by a He–Cd excitation laser source at 325 nm
at RT (Fig. 6).

The PL spectrum of the PS layer (shown as an inset in
Fig. 6) shows a very intense PL emission peak at
683.5 nm, which revealed the good quality of the PS layer
(Chen and Chen, 1999).

The left PL peak at 387.5 nm UV emission was caused
by the near band edge emission in the wide band gap of
the ZnO which resulted from the direct recombination of
photogenerated charge carriers (Yu et al., 2009; Umar
et al., 2006).

The original value of the PL peak of the bulk ZnO was
367.655 nm (Steiner, 2004). Therefore, the red shift in the
PL peak of ZnO film toward a longer wavelength of
387.5 nm was attributed to Zn vacancies in the ZnO energy
band gap. Moreover, we believe that contamination of the
ZnO/PS layers caused the red shift in the PL peak of the
ZnO film (Fig. 6) (Hyunwoo et al., 2006). The right,
high-intensity PL peak at 637.5 nm (red emission) is
attributed to the PS layer (Liu et al., 2003).

The blue shift in the PL peak of the PS layer toward a
shorter wavelength of 637.5 nm is attributed to the
quantum confinement effect of electrons in nanosized
particles in the PS layer (Chen and Chen, 1999; Hummel
et al., 1995). In addition, the observed emission at
637.5 nm is related to the surface oxidation by ZnO
deposition (Kayahan, 2010).

The red emission peak for the PS layer containing a
shoulder peak of 605 nm (yellow orange emission) in the
visible (VIS) region is related to the high number of
intrinsic structural defects resulting from Zn vacancies
(Jayakumar et al., 2010).
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As a result of the high porosity of the PS layer, the blue
shift in the PL peak is possible and the high intensity of the
strong red emission will occur from the PS layer (Umar
et al., 2006; Liu et al., 2003; Prabakaran et al., 2008). In
other words, in low-dimensional structures, the probability
of the recombination of electrons and holes will be higher,
leading to an increase in optical confinement energy and,
finally, an increase in photo-conversion efficiency (Wu
et al., 2000).

Raman spectra of all layers were measured by an
Argon–Ion excitation laser source at 514.5 nm at RT
(Fig. 7). A sharp solid line was formed in the c-Si sample
spectrum with an FWHM of 3.0 cm�1 at 521 cm�1 because
of the scattering of first-order phonons (Liu et al., 2003).

The penetration depth of the Argon–Ion laser is greater
than the thickness of the ZnO film; hence, the spectrum of
the PS layer displayed a very strong Raman intensity peak
that red-shifted and became broader at 517 cm�1 with an
FWHM of 8.6 cm�1 compared with the c-Si sample. The
observed phonon frequency at 302 cm�1 was also related
to the c-Si substrate in the ZnO/PS layers (Hassan et al.,
2011), which has a broadened FWHM and a high intensity
compared with the c-Si sample and the PS layer as shown
in the inset of Fig. 7.

The formation of the PS layer led to a peak-shift asym-
metry and an increase in the peak intensity. This feature of
Si nanocrystals is attributed to the quantum confinement of
optical phonons in the electronic wave function of Si nano-
crystals (Vinod and Lal, 2005).

The ZnO wurtzite hexagonal crystal structure belongs to
space group C4

6m in the group theory with two formula units
per primitive cell (Vinod and Lal, 2005). Therefore, the
Raman-active zone center for optical phonons is 2A1 +
2B1 + 2E1 + 2E2, where A1 and E1 symmetry are polar
phonon modes with two different frequencies for trans-
verse-optical (TO) and longitudinal-optical (LO) phonons,
respectively. The 2B1 are silent modes.
Fig. 7. Raman spectra of ZnO/PS layers compared to the c-Si sample.
The E2 symmetry is a nonpolar phonon mode with two
frequencies: E2 (high), related to oxygen atoms, and E2

(low), related to the zinc sub-lattice (Alim et al., 2005).
The E2 (high) mode appears as two bands at 442 and
492 cm�1 related to E2 (high) due to oxygen atoms present
after the ZnO deposition (Vinodkumar et al., 2010).

Fig. 8 shows the reflection spectra of all layers compared
with the c-Si sample. The PS layer consists of nano-silicon
crystals and nano-pores. Therefore, the refractive index
was decreased and controlled by the pores with respect to
the high porosity, leading to a decrease in reflection (Asp-
nes et al., 1979). The PS reduced light reflection at wave-
lengths ranging from 400 to 1000 nm compared with the
reflectivity of the c-Si sample.

The lowest effective reflectance was obtained from the
ZnO/PS layers, which clearly reduced light reflection and
increased light trapping at wavelengths ranging from 400
to 1000 nm compared with the reflectivity of the c-Si sam-
ple and PS layer.

The synthesis of ZnO/PS ARC layers in the solar cells
enhanced the photo-conversion process with high transpar-
ency and increased light absorption in the near-UV/VIS
region of the solar spectrum. This is expected to increase
the efficiency of solar cells compared with the solar cell
without and with a PS ARC layer, respectively (Fig. 9)
because the transparency and trapping of the incident radi-
ation resulted from the passivation and heterogeneous
properties of the ZnO/PS ARC layers. The solar cells were
characterized under a 100 mW/cm2 illumination condition.

The I–V measurements of the solar cells with ZnO/PS
ARC layer confirmed that Isc increased from 14.46 and
33.90 to 35.50 mA/cm2 and Voc increased from 367.20
and 595.00 to 627.30 mV compared with the solar cell with-
out and with a PS ARC layer, respectively. This leads to an
18.15% increase in conversion efficiency compared with
3.64% and 15.50% for the solar cell without and with a
PS ARC layer, respectively.
Fig. 8. Reflection spectra of the ZnO/PS layers compared to the c-Si
sample and the PS layer.



Fig. 9. Current–Voltage curves of solar cells with ZnO/PS ARC layers
compared with and without a PS ARC layer.

Table 2
Current–Voltage measurements of solar cells with ZnO/PS ARC layers
compared with and without a PS ARC layer.

Solar cells Vm

(mV)
Im

(mA/cm2)
Voc

(mV)
Isc

(mA/cm2)
FF
(%)

g (%)

With ZnO/PS ARC
layers

550.00 33.00 627.30 35.50 81.50 18.15

With PS ARC layer 503.00 30.82 595.00 33.90 76.40 15.50
Without PS ARC

layer
287.90 12.67 367.20 14.46 68.65 3.64
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In the present work, the solar cell with ZnO/PS ARC
layers displayed increases in (Isc), (Voc), and conversion effi-
ciency compared with the solar cell with and without a PS
ARC layer (Table 2).
4. Conclusions

The surface morphology of the PS and ZnO/PS layers
was characterized using SEM. Nano-pores with an average
diameter of 6.2 nm were produced in the PS layer using the
PECE process. This resulted in an increase in porosity up
to 91%. The ZnO film was successfully deposited inside
the nano-pores of the PS layer along the walls in order
for the pores to be partially filled or covered using the
RF sputtering system. The ZnO film was highly oriented
with the c-axis perpendicular to the PS layer. The average
crystallite size of the PS and ZnO film was 17.06 and
17.94 nm, respectively. The PL emission peaks proved the
nanocrystalline characteristic of the PS layer and the
ZnO film. In addition, a high-quality ZnO nanocrystalline
film was formed.

The lowest effective reflectance was obtained for the
ZnO/PS layers. These layers were found to be an excellent
ARC in enhancing and increasing the light conversion
efficiency of solar cells to 18.15%, which is close to the
efficiency of the commercial solar cells with standard
alkaline-textured pyramids and SiNx single-ARC layer.
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