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In this study, an optical simulation of Cu(In,Ga)Se2 (CIGS) solar cells by the rigorous coupled-wave analysis (RCWA) method is carried out to

investigate the effects of surface morphology on the light absorption and power conversion efficiencies. Various sub-wavelength grating (SWG)

nanostructures of periodic ZnO:Al (AZO) on CIGS solar cells were discussed in detail. SWG nanostructures were used as efficient antireflection

layers. From the simulation results, AZO structures with nipple arrays effectively suppress the Fresnel reflection compared with nanorod- and

cone-shaped AZO structures. The optimized reflectance decreased from 8.44 to 3.02% and the efficiency increased from 14.92 to 16.11%

accordingly. The remarkable enhancement in light harvesting is attributed to the gradient refractive index profile between the AZO nanostructures

and air. # 2012 The Japan Society of Applied Physics

1. Introduction

The transparent conductive oxide (TCO) layer is important
and widely used in thin-film solar cells. Particularly,
aluminum-doped zinc oxide (AZO) is a promising alter-
native material for application as a window layer, mainly
due to its low cost, thermal stability, and non toxicity.1–5)

Meanwhile, antireflection coatings (ARCs) play an im-
portant role in enhancing the light trapping by minimizing
the Fresnel reflection loss at the interface between air
and AZO.6–10) Even though single-layer or multilayer thin-
film ARCs have been used, they still have some
disadvantages such as material selection, thermal expan-
sion mismatch, and interfacial instability in the thin-film
stacks.11,12) A sub-wavelength periodic nanostructure not
only produces a gradient refractive index profile between
the AZO and air, but also provides good thermal stability
and durability.13,14)

Thin-film Cu(In,Ga)Se2 (CIGS) solar cells promise to
be the next-generation of photovoltaic devices, since CIGS
solar cells have major potential as a source of low-cost,
high-efficiency solar electricity, and its efficiency has
reached above 20.3%.15–20) Highly efficient solar cell
devices normally consist of a thin buffer layer of CdS
deposited onto a CIGS absorber layer, and a highly resistive
ZnO layer was introduced between the CdS and ZnO:Al
to prevent leakage current.21–23) To further improve the
conversion efficiency, the antireflection function of the
surface with sub-wavelength grating (SWG) nanostructure
has been investigated technique.24–32)

To the best of our knowledge, however, there have been
no detailed investigations on CIGS solar cells with AZO
periodic SWG nanostructures. In this work, we use the
rigorous coupled-wave analysis (RCWA) method to simu-
late the antireflection characteristics of three periodic SWG
nanostructures—nanorod arrays (NRs), nanocone arrays
(NCs), and nanonipple arrays (NNs) on AZO/ZnO/CdS/
CIGS/Mo/glass, as shown in Fig. 1. The electrical and
optical properties of AZO SWG structures with various
shapes, thicknesses and sizes have been studied.

2. Simulation

We analyzed the optical characteristics of CIGS solar cells
with SWG nanostructures in a broad spectral range using the
RCWA method. The device characteristics of CIGS solar
cells are investigated numerically with the APSYS simula-
tion program, which was developed by Crosslight Software
Inc. In the simulations, several layers, including a 600-nm-
thick AZO transparent conductive oxide layer, a 50-nm-
thick intrinsic ZnO layer, a 50-nm-thick CdS buffer layer, a
2-�m-thick CIGS absorber layer, a 500-nm-thick Mo bottom
contact, and a glass substrate comprise the CIGS solar cell
structure. First, we depict three nanostructure arrays: rod,
cone, and nipple on the cell. Then, the AZO periodicity was
fixed to optimize the bottom radius and height of the AZO
SWG structure. Furthermore, omnidirectional antireflection
characteristics were investigated with the incident angle
varied from �70 to 70�. Table I shows the basic parameters
of the AZO, intrinsic ZnO, CdS, and CIGS layers for the
simulations. Besides, all the simulations were performed
under an AM 1.5G light spectrum, and the initial thickness
of the AZO film was set to be 600 nm. For comparison, the

ZnO nanostructure

Fig. 1. (Color online) Schematic of CIGS solar cell with AZO

nanostructures.
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total thickness of the AZO nanostructure (rod, nipple, and
cone) and underlying AZO film is 600 nm throughout the
simulation. To emphasize the dissimilarity of artificial
nanostructures, we have that assumed all the interfaces in
CIGS solar cells are specular.

3. Results and Discussion

The antireflective properties of AZO films depend strongly
on the surface structure. Figure 2 shows the short-circuit
current density (Jsc) of CIGS solar cells with various AZO
SWGs while the period of the AZO SWG structure was
fixed at 300 nm. The Jsc can be calculated as follows:

Jsc ¼ e

hc

Z 1000nm

400nm

�½1� Rð�Þ�IAM1:5G d�; ð1Þ

where e is the electron charge, h is Planck’s constant,
IAM1:5G is the intensity of the AM 1.5G solar spectrum, and
the Rð�Þ is the simulated reflectance of the CIGS cell, where
the multiple reflection and interference have been taken into
account.33) Moreover, the transmittance is negligible in this
case because of the metal bottom contact. We suggest that,
therefore, the absorption of photons can be extracted to
electrons completely.

From the refractive index variation from air to the AZO
film, the rod-shaped nanostructure definitely shows an

abrupt change in the effective refractive index. In contrast,
the effective refractive indexes of the cone- and nipple-
shaped nanostructures change gradually and thus both have
similar optical performance. According to the calculation, it
is noteworthy that close-packed nanonipple and nanocone
patterns have higher Jsc, and the AZO SWG nanostructure
with 200-nm-thick bottom radius, 100-nm-thick height,
300 nm period has highest Jsc (34.8mA/cm2). Furthermore,
we modulate the period of close-packed nanocone and
nanonipple patterns to determine the optimum condition.
Figure 3 reveals the close-packed array with a height of
300 nm, and the Jsc has reached 35.28mA/cm2. In addition,
the current density increased only slightly when the height of
the SWG nanostructures exceeds 300 nm.

To evaluate the performance of omnidirectional antire-
flection characteristics, Figs. 4(a)–4(d) show the simulated
angle-dependence reflectance of CIGS solar cells with flat
and various SWG nanostructures. When the incident was
angle increased, the overall reflectance generally increased.
Compared with the the flat CIGS solar cell, it is noticeable
that the AZO SWG not only shows lower reflectance, but
also smaller variations in angle- and wavelength-dependence
reflectance.

Fig. 2. (Color online) Short-circuit current density of CIGS solar cells

with various AZO SWG nanostructures.

Table I. Base simulation parameters for CIGS solar cell. ", dielectric
constant; �n, electron mobility; �p, hole mobility; NA, effective density of

states in conduction band; ND, effective density of states in valence band;

Eg, band gap energy, and �, electron affinity.

AZO i-ZnO CdS CIGS

Thickness (nm) 600 50 50 2000

" 9 9 10 13.6

�n (cm2 V�1 s�1) 50 50 10 300

�p (cm2 V�1 s�1) 5 5 1 30

NA (cm�3) 0 0 0 8� 1016

ND (cm�3) 3� 1020 5� 1017 1� 1017 0

Eg (eV) 3.3 3.3 2.4 1.2

� (eV) 4 4 3.75 3.89

(a) (b)

Fig. 3. (Color online) Contour plots for the calculated short-circuit

current density as a function of the periods and heights of CIGS solar cells

with close-packed (a) nanonipple and (b) nanocone patterns.

(a)

(c)

(b)

(d)

Fig. 4. (Color online) Contour plots for reflectance as a function of the

wavelength and incident angle of CIGS solar cells with (a) bare,

(b) nanorod-shaped, (c) nipple-shaped, and (d) cone-shaped AZO SWG

structures.
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Figure 5 shows the photovoltaic current–voltage (J–V )
curves of CIGS solar cells with flat and nipple-shaped SWG,
and the base parameters are summarized in Table II. From
the results, the bare CIGS solar cell and the cell with the
nipple-shaped SWG represented average conversion effi-
ciencies (�) of 14.92 and 16.11% with open-circuit voltage
(Voc) at �0:62V, Jsc values of 32.84 and 35.28mA/cm2,
and fill factors (FFs) of 72.64 and 72.7%, respectively. The
Jsc of the CIGS solar cell with the nipple-shaped SWG is
higher than that of the bare one, thus the enhancement of
photovoltaic efficiency. The extra gain (Gp) in photocurrent
is calculated as

GP ¼ �Jsc
Jsc

¼ Jscðwith SWGsÞ � Jscðwithout SWGsÞ
Jscðwithout SWGsÞ : ð2Þ

Owing to the enhanced antireflection effects, the extra gains
in photocurrent Gp for the CIGS solar cell with nanorod-,
cone-, and nipple-shaped SWG are 5.9, 6.7, and 7.4%,
respectively. Thus, the CIGS solar cell with the nipple-
shaped SWG can reach the conversion efficiency of 16.11%
owing to the increase in short-circuit current.

4. Conclusion

In summary, the performance of CIGS solar cells with
various AZO SWG nanostructures was simulated by the
RCWA method. By using close-packed patterns, the simu-
lation results indicates that the optical reflectance can be
suppressed and the short-circuit current density increase
accordingly. Under optimum conditions, the conversion
efficiency of the CIGS solar cell with the nipple-shaped
SWG structure is 16.11%, while that of the flat cell is
14.92%. The 8% enhancement in the conversion efficiency
is attributed to the effective antireflection effect due to
the gradual change in the refractive index. These results

demonstrate that the fabrication of AZO SWG nanostruc-
tures is an effective approach to enhance the conversion
efficiency of the CIGS solar cells.
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Fig. 5. (Color online) J–V characteristics of bare CIGS solar cell and cell

with nipple-shaped SWG structure.

Table II. Photovoltaic parameters of CIGS solar cells with nipple

structure and bare cell.

Sample
Voc

(V)

Jsc
(mA/cm2)

FF
�
(%)

Bare CIGS 0.62 32.84 72.64 14.92

Nipple 0.62 35.28 72.7 16.11
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