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The GaAs solar cells are grown by low-pressure metalorganic chemical vapor deposition (LP-MOCVD) and fabricated by
photolithography, metal evaporation, annealing, and wet chemical etch processes. Anodized aluminum oxide (AAO) masks are
prepared from an aluminum foil by a two-step anodization method. Inductively coupled plasma dry etching is used to etch and
define the nanoarray structures on top of an InGaP window layer of the GaAs solar cells.The inverted-cone-shaped nanoholes with
a surface diameter of about 50 nm are formed on the top surface of the solar cells after the AAO mask removal. Photovoltaic and
optical characteristics of the GaAs solar cells with and without the nanohole arrays are investigated. The reflectance of the AAO
nanopatterned samples is lower than that of the planar GaAs solar cell in the measured range. The short-circuit current density
increased up to 11.63% and the conversion efficiency improved from 10.53 to 11.57% under 1-sun AM 1.5G conditions by using the
nanohole arrays. Dependence of the efficiency enhancement on the etching depth of the nanohole arrays is also investigated.These
results show that the nanohole arrays fabricated with an AAO technique may be employed to improve the light absorption and, in
turn, the conversion efficiency of the GaAs solar cell.

1. Introduction

GaAs is commonly used to fabricate the high conversion
efficiency III-V solar cell based on multijunction tandem
structure. An InGaP layer is utilized as a window layer on
top of the GaAs emitter in a GaAs-based solar cell. Because
of refractive index difference between InGaP and air, more
than 30% of the incident light can be reflected from the
surface of the solar cells [1]. It is therefore necessary to use
an antireflection coating layer for improving the conversion
efficiency. An antireflection coating using multilayers with
different refractive index materials such as MgF

2
, ZnS, ZnO,

SiO
2
, SiN
𝑥
, and TiO

𝑥
is usually used for the conventional

solar cells [2–4]. However, this layer can invoke unexpected
problems such as adhesion and thermal mismatch when the
solar cell operates under the strong-irradiation condition.
To overcome these drawbacks, surface texturing techniques

have been successfully introduced [1, 5–7]. By patterning
the window surface layer, one can significantly reduce
the reflection of the incident light through the enhanced
absorption from the textured structures. Nanopatterning
structures using metal nanoparticles or photonic crystal have
attracted much attention because they can improve the light
absorption due to the plasmonic and spontaneous effects
[8, 9]. Several groups reported on using two-dimensional
photonic crystals to improve conversion efficiency of Si or Ge
solar cells [10, 11]. However, using expensive nanopatterning
technique such as electron-beam lithography increases device
cost significantly. Therefore, nonlithographic approach using
nanoporous anodic aluminum oxide (AAO) template has
attracted a lot of attention as a key nanofabrication method
due to its simple and low-cost process [12]. Moreover, with
the AAO mask, we can fabricate the nanohole arrays with
a small diameter (below 100 nm) that is difficult to make by
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the conventional lithographymethods. It is worth noting that
by using such a small opening mask, we can fabricate the
nanoholes with an inverted cone shape that is close to the
optimized form for the light-management architectures to
achieve the high-efficiency solar cells [13].

In this study, we report on the improvement of the
GaAs solar cells with the nanohole arrays on the InGaP
window layer. The AAOmasks with an opening size of about
50 nm are prepared using a two-step anodization process.
The inverted-cone-shaped (ICS) nanoholes with different
depths are formed on the surface of the solar cell after
inductively coupled-plasma reactive-ion-etching (ICP-RIE)
processes. The conversion efficiency improved from 10.53
to 11.57% under 1-sun AM 1.5G conditions by using the
nanohole arrays.

2. Experiment Details

The GaAs single-junction solar cell structures, as shown in
Figure 1, are grown in a metalorganic chemical vapor depo-
sition (MOCVD) system on n-type GaAs (100) substrates.
Trimethylgallium (TMGa) and trimethylindium (TMIn) are
used as group III precursors, while arsine (AsH

3
) and phos-

phine (PH
3
) are used as As and P sources, respectively. Silane

(SiH
4
) and diethylzinc (DEZn) are used as n- and p-doping

sources, respectively. Ultra-high purity hydrogen gas (H
2
) is

used as a carrier gas. The reactor pressure and temperature
are kept at 50mbar and 680∘C, respectively. Device structures
from the substrate to the top consist of a 0.2 𝜇m thick GaAs
buffer layer for high crystal quality, a 0.05𝜇m thick highly
doped In

0.5
Ga
0.5
P back surface field (BSF) layer, a 3.5𝜇m

thick GaAs base layer, a 0.5 𝜇m thick GaAs emitter layer, a
0.2 𝜇m thick highly doped In

0.5
Ga
0.5
P window layer, and a

0.3 𝜇m thick GaAs cap layer for ohmic contact.
The solar cell devices with the aperture area of 0.25 cm2

are made using conventional fabrication processes. Metal
contacts are defined by a UV photolithography technique.
AuGe/Ni/Au and Ti/Pt/Au layers are deposited by an e-
beam evaporator for the n- and p-type ohmic contacts,
respectively.The samples then are annealed in an RTA station
at 385∘C for 30 s. The InGaP window layer is exposed by
selectively etching p+-GaAs cap layer in an acid solution
(CA :H

2
O
2
: H
2
O = 25 : 1 : 75).

Nanohole arrays are patterned on the surface of the
solar cell by an ICP-RIE etching using the AAO mask. The
AAO masks are prepared by a typical two-step anodization
process using a grain-free aluminum foil (99.99%, 100 𝜇m
in thickness, Tokai). The aluminum foil is electropolished
in a 1 : 4 solution of perchloric acid and ethanol. After the
first anodization in the 0.3M oxalic acid at 40V for 8 h, the
anodized oxide layer on the Al foil is removed in a mixture of
H
3
PO
4
and CrO

3
. The sample is then exposed for the second

anodization step resulting in a thin alumina film of 500–
600 nm on top of the Al foil by controlling the anodization
duration. A saturated HgCl

2
solution is used to remove the

Al film at the bottom, leaving a thick anodized alumina
layer. The removal of the barrier layer and hole widening
are conducted in a 5wt % H

3
PO
4
solution. The AAO masks
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Figure 1: Schematic structure of the fabricatedGaAs single-junction
solar cells.

are designed with a hole size of about 40 nm and a distance
between holes of about 100 nm in a quasihexagonal geometry
[14]. The AAO mask is placed on top of the GaAs solar cell
structure. ICP-RIE etching is then applied to transfer the
nanopattern from the AAO mask to the window layer of the
solar cell. The etching process uses a mixture of BCl

3
and Cl

2

with the flows of 5 and 30 sccm, respectively, under an ICP
source power of 200W and an RF bias power of 50W at a
chamber pressure of 10mTorr. The depths of the nanohole
arrays are controlled by etching time that is varied from 10
to 60 s. The nanohole arrays are finally formed on top of the
GaAs solar cell after removing the AAOmasks. A GaAs solar
cell without the nanohole pattern is used as a reference for
the solar cell performance investigation. The morphologies
of the GaAs solar cell with the nanohole arrays are studied
by a field emission scanning electron microscopy (FE-SEM).
To study the loss of the incident light, we carried out
reflectance measurements at room temperature with a UV-
Vis-NIR Cary 5000 Spectrometer from 300 to 900 nm. The
photovoltaic current density-voltage (J-V) characteristics of
the GaAs solar cells are evaluated by a solar simulator under
1-sun air mass (AM) 1.5 G-conditions at room temperature.
The photocurrent response of the fabricated cells is also
investigated with a quantum efficiency measurement system
at room temperature.

3. Results and Discussions

Figure 2 shows the SEM images of the nanohole arrays on
the solar cells. After a 40 s ICP/RIE etching and removal of
the AAOmask, the nanohole arrays have the quasihexagonal
symmetry with a mean diameter and depth of about 50 and
64 nm, respectively. The holes that formed on top of the
solar cells are slightly larger than those of the AAO masks
because the AAOmasksmay be etched out during the plasma
etching process and/or the surfaces of solar cells in contact
with the AAO masks are not completely smooth [12]. It is
worth to note that the nanohole arrays retain an ICS form
as can be observed clearly in the inset of Figure 2(b). The
ICS nanoholes can be formed after a short-time dry etching
process using masks with a small opening [15]. The depths of
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Figure 2: (a) Top- and (b) tilt-view FE-SEM images of the nanohole
arrays formed on the InGaP window layer after ICP etching. The
nanoholes have inverted-cone-shaped form with a top diameter of
about 50 nm and a depth of about 64 nm after 40 s etching.The inset
in (b) shows amagnification of the inverted-cone-shapednanoholes.

the nanohole arrays are measured to be about 16, 48, 64, and
95 nm for 10, 30, 40, and 60 s etching times, respectively.

Figure 3(a) shows the reflectance spectra at the surface of
the fabricated solar cell with andwithout the nanohole arrays.
It can be seen that all nanopatterned surfaces have lower
reflectances compared to the planar surface in the measured
wavelength regions. In addition, the reflectance is reduced
with the increase of the hole depth. The reduction of the
reflectance at the nanopatterned surfaces may originate from
the two possible mechanisms. The first one is based on the
redistribution of the incident light. When the incident light
comes to the solar cell surface with the nanohole arrays,
it can be scattered by the subwavelength holes and will be
redistributed. This redistribution results in a reduction of
the reflectance at the textured surface [16, 17]. The second
mechanism is based on the Fresnel reflection suppression
[17], that is, a gradual change in the refractive index along the
surface with the ICS nanoholes. The ICS nanohole structure
may result in a Fresnel reflection suppression when the
incident light comes to the solar cell surfaces. Figure 3(b)
shows the calculated effective refractive indices near the
surfaces of the solar cells with and without the ICS nanohole
arrays at a wavelength of 600 nm [18]. In the non-patterned
solar cell with a planar InGaP window layer, the refractive
index changes sharply from air (𝑛air = 1) to InGaP (𝑛InGaP =
3.62) at 600 nm. When the ICS nanoholes are fabricated

on the InGaP window layer, the refractive index changes
gradually because the hole diameter reduces continuously
from the top to the bottom. Because the reflection from an
interface between two materials with refractive indices of 𝑛

1

and 𝑛
2
is proportional to (𝑛

1
− 𝑛
2
)
1/2 [19], the refractive index

gradient exhibited by the nanohole arrays leads to a lower
reflection over a wavelength range of interest.

Figure 4 shows the external quantum efficiency (EQE) of
the GaAs solar cells with and without the nanohole arrays at
different wavelengths. It reveals that the EQE of the nanohole
patterned solar cell is enhanced in the longwavelength region
near the bandgap energy of GaAs (700–900 nm), while this
value is slightly reduced in the short wavelength region
compared to that of the planar surface solar cell. In the
long wavelength region, the photocurrent can be further
increased as the nanohole array depths increase. This may be
attributed to a better light trapping with the deeper nanohole
arrays. In the short wavelength region, the loss of high energy
photons by thermalization and surface recombination due
to the increased surface states of the InGaP window layer
is more dominant than the efficiency gain by light trapping
effect [13, 20]. However, this reduction is small compared
to the enhancement of EQE at the long wavelength region
in the solar cells with the nanohole arrays. As a result, the
total conversion efficiency of the solar cell with the deeper
nanohole arrays shows a higher value compared to that of the
planar or shallow patterned solar cell, as shown in Figure 5.

Figure 5 shows the J-V characteristics of the GaAs single-
junction solar cell with and without the nanohole arrays. The
corresponding parameters are summarized in Table 1. It can
be seen that the photovoltaic characteristics vary with the
depth of the nanohole arrays. Especially, the short-circuit
current density (𝐽sc) changes a lot compared to the other
parameters due to the lower reflection. 𝐽sc is increased up to
7.2, 10.4, 11.6, and 12.9% when the depths of the nanohole
arrays on the surface of the GaAs solar cell are 16, 48,
64, and 95 nm, respectively. However, it is found that fill
factor (FF) and open-circuit voltage (𝑉oc) are degraded when
the nanohole depth increases. This may be attributed to
the plasma-induced damage during the anisotropic etching
process [21]. The damage is a complex function of many
plasma characteristics such as the plasma energy, chem-
istry of plasma gas, pressure, and temperature. The plasma-
induced surface states can cause a significant increase of
carrier recombination at the etched surfaces and a decrease
of the carrier life time, in turn, resulting in the reduction
of the photocurrent. Taking into account the competition
between the reduction of reflectance and the plasma damages
by the deep nanohole arrays, we found that about 64 nm
hole depth is the optimized value for the improvement of
conversion efficiency in the studied system. The conversion
efficiency improved from 10.53 to 11.57% under 1-sun AM
1.5G conditions by using 64 nm deep hole arrays.

4. Conclusion

In summary, the ICS nanohole arrays with the depths of
16, 48, 64, and 95 nm have been fabricated on the InGaP
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Figure 3: (a) Reflectance spectra at the surfaces of the solar cells with and without nanohole arrays and (b) calculated effective refractive
index at 𝜆 = 600 nm near the surface of the solar cells with and without inverted-cone-shaped nanoholes.
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Figure 4: EQE of the solar cells with and without the nanohole
arrays.

window layer of the GaAs single-junction solar cells using
the AAO masks. Characteristics of the solar cells with
and without the nanohole arrays have been investigated by
the reflectance, external quantum efficiency, and current
density-voltage curve measurements. The solar cells with the
nanohole arrays show a lower surface reflectance compared
to the unpatterned planar sample. The surface reflection is
reducedwith the increase of the nanohole depth.The external
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Figure 5: J-V curves of the GaAs solar cells with and without the
nanohole arrays.

quantum efficiency of the solar cell with the nanohole arrays
is improved at the wavelength region near the GaAs bandgap
energy due to the enhanced light absorption. The current
density-voltage characteristics of the solar cells show that the
conversion efficiency can be increased from 10.53 to 11.57%
under the AM 1.5G conditions by using the 64 nm deep ICS
nanohole arrays.
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Table 1: Current density-voltage characteristics of the GaAs single-
junction solar cells with various depths of the nano-hole arrays.

Sample 𝑉oc (V) 𝐽sc (mA/cm2) FF (%) Eff. (%)
Planar surface 0.994 13.622 77.81 10.53
16 nm depth 0.996 14.605 76.55 11.14
48 nm depth 0.995 15.044 75.87 11.36
64 nm depth 1.009 15.206 75.39 11.57
95 nm depth 0.973 15.373 72.52 10.85
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