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Abstract

It is well-known that the light-trapping effect is very important for improving cell efficiency and
reducing material cost. Certain kinds of light-trapping schemes have been explored and applied
to thin-film cells, especially to Si-based thin-film solar cells. This is considered less attractive in

https://doi.org/10.1088/1361-6463/abb434

GaAss thin film cells, due to the fact that GaAs has a high absorption coefficient, a direct
bandgap and suffers from strong surface recombination. In this paper, we describe the
development of a highly efficient light-trapping structure utilizing periodically patterned front
and back dielectric nanopyramid arrays keeping a completely flat GaAs active layer. It was
found that our proposed structure was superior for ultra-thin active layers. The optimized
structure yielded a photocurrent density of 20.94 mA cm~2 with an active layer thickness of
0.1 pm, which by far exceeded the reference cell photocurrent of 15.31 mA cm~2 with an
equivalent thickness. These results are very significant for directing research into the light

trapping and cost reduction of thin-film GaAs solar cells.

Keywords: nanopyramid array, GaAs solar cell, light trapping, absorption enhancement

(Some figures may appear in colour only in the online journal)

1. Introduction

GaAs solar cells have already received attention due to the
fact that GaAs material has several peculiarities such as a dir-
ect bandgap, a high carrier mobility rate and a low temper-
ature coefficient, etc [1, 2]. Compared to silicon solar cells,
however, the high cost hinders practical large-scale terrestrial
applications [3, 4]. Numerous methods have been explored to
increase the cost-effectiveness of GaAs solar cells while main-
taining a high conversion efficiency. Among the various meth-
ods, the most feasible method is to thin down the thickness of
the GaAs active layer [5, 6]. However, by doing so, the absorp-
tion efficiency for most of the available spectral range in the
active layer is significantly reduced, due to limited absorption.
Therefore, in order to increase the absorption of photons, vari-
ous light-trapping mechanisms have been proposed.

A kind of very attractive solar cell light-trapping
mechanism has been proposed, whereby the active layer is
patterned with an array of nanostructures on the top or bottom
of the active layer, where the active layer is part of the array,
such as nanolines [7, 8], nanopores [9], vertical nanocones

1361-6463/20/495107+7$33.00

[10], nanopyramids [11], and so on. This architecture traps
light through strong diffracted and propagated waveguide
modes at the interface between the semiconductor and the
light-trapping structures, which result in photon absorp-
tion enhancment. However, the literature mentioned above
mainly focuses just on crystalline silicon thin-film solar cells,
which have not yet been effectively applied to GaAs solar
cells serving as light-trapping structures. Because GaAs has
a much higher surface recombination velocity, if the act-
ive layer is directly patterned into an array of nanostruc-
tures, the surface damage will lead to a significant drop
in efficiency [12, 13]. Recently, however, numerous light-
trapping approaches for GaAs solar cells have been explored
[14-19], such as photonic crystal arrays combined with dis-
tributed Bragg reflection (DBR) [16], and plasmon enhance-
ment effects [18, 19]. However, almost all of the literat-
ure mentioned above focuses on light-trapping structures
either on the top or the bottom of the active layer. There is
little research into combination structures and their correl-
ation with the enhancement of thin-film solar cell photon
absorption. Recently, Prathap Pathi et al [20] reported an

© 2020 IOP Publishing Ltd  Printed in the UK
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ultrathincrystallinesilicon solar cell that was remarkably
improved by the combined effect of two-sided dielectric
nanocones, which patterned a light-trapping structure on
dielectric materials instead of the active layer, leading to a
Jye of 29.5 mA cm~2 for 3.6 um thick poly-Si. There is a
potential for 20 pum thick cells to provide 30 mA cm~2 of
photocurrent and an efficiency higher than 20%. However,
this light-trapping nanostructure has not yet been applied to
GaAs solar cells. Therefore, determining the optimal light-
trapping nanostructures for GaAs solar cells is still an open
issue, which we will address in this article.

In this paper, we develop a similar alternative light-trapping
architecture utilizing periodic nanopyramid arrays of dielec-
tric materials both on the front and back of the active layer
combined with a silver back reflector.

2. Structure and approach

Our designed solar cell architecture is shown in figure 1(a),
including a square photonic crystal array of dielectric TiO,
nanopyramids with a height of 4; and pitch of a on the top
of a flat GaAs active layer, followed by lower TiO, nanopyr-
amid arrays with height 4, and the same pitch a and a back
reflector. To start out, we assume the back reflector is made
of a perfect electric conductor (PEC) [21], and then we will
consider a more realistic silver back reflector with metal loss.

TiO, was chosen as the dielectric layer, because it has the
dual characteristics of passivating the GaAs surface and trans-
porting electrons.

The top nanopyramid array diffracts the incident light into
the active layer. Due to the gradual transition of the refract-
ive index from air to the dielectric, impedance mismatch and
reflection loss are reduced. The bottom photonic crystal array
is very effective for the diffraction of long-wavelength photons
reaching the back of the active layer.

We start out by designing and optimizing the front and
rear nanopyramids’ photon crystal arrays utilizing the rigorous
coupled wave analysis (RCWA) method to obtain absorption,
reflection and transmission in the active layer [22, 23]. In this
paper, experimentally measured wavelength-dependent com-
plex dielectric functions €(A) of GaAs [24], TiO, [25], Si3Ny
[26] and Ag [27] are utilized.

The RCWA method expresses the electromagnetic field as
the sum of coupled waves. The periodic permittivity func-
tion is expressed using Fourier harmonics. Each coupled wave
is related to a Fourier harmonic, so that the entire vector
Maxwell equation can be solved in the Fourier domain. To
solve the simulation equation, the structure is considered to
be a multilayer periodic structure, which is decomposed into
a stack of layers with vertically homogeneous regions. A
multi-layer structure is designed in the vertical direction (z
direction) and has a periodic structure in the x-y direction.
Considering the periodic boundary conditions, we only use
a single period in the x-y dimension. From the simulation,
the total reflectance (R (A\)) and transmission (7' ()\)) for each
incoming wavelength can be obtained. The absorption at each
wavelength is then A (A\) =1 —R(\) — T(\). The calculated

total absorption in the GaAs layer is weighted by the air mass
(AM 1.5) solar spectrum and integrated from 0.4 pum (Ay;,) to
0.9 pm (Amax) to obtain the average absorption (Aw).

aw) = Aoy Lan 1
<W>_A£“ N4 (1)

where \ is the incident wavelength, and 4L

4x 1s the incident
solar spectrum [28]. Here, it should be noted that the Four-
ier harmonic number H plays an important role in determin-
ing the accuracy of the simulation result, because it is used
to expand the refractive index and field in the Fourier space.
The greater the value of H used, the more accurate the simula-
tion results will be, but at the expense of more simulation time
and memory. Therefore, we needed to conduct a convergence
study on a number of different harmonics to see the changes in
the simulation results. Figure 1(b) shows the absorption con-
vergence plot for different H values. It is found that the absorp-
tion becomes almost stable for values of H equal to or more
than five, thus in our simulation, a H of five is used.

We then compare the performance of our structure to both
the reference cell with a planar anti-reflector combined with
a PEC reflector. and the Yablonovitch limit absorption. For
the case through the active layer without considering reflec-
tion losses and perfect light trapping, the absorption spectrum
in an active layer with thickness ¢ is given by the Yablonovitch
limit [29, 30]

1

Ay=1— ——
Y 1+4n2at

2
where « is the absorption coefficient and # is the real part of
the refractive index.

Finally, we characterized and compared the short-circuit
current density (J;.) among nanopyramid arrays, with refer-
ence to the light-trapping structure and the Yablonovitch limit
of an ultrathin GaAs active layer.

3. Results and discussion

We performed a systematic set of optimizations for all para-
meters with the purpose of achieving maximum photon
absorption by maximising antireflection at the front surface
and minimizing transmission at the back surface over the solar
spectrum (0.4-0.9 pm) for a GaAs cell.

The large index mismatch between the dielectric material
and the air causes significant reflection losses for flat struc-
tures. This can be reduced using ergonomic tapered nanostruc-
tures which grade the refractive index from dielectric material
to the air value. Therefore, to achieve effective antireflection, a
high aspect ratio(/;/a) is preferred to provide a smooth index
transition from the air to the dielectric material [21]. To start
with, we demonstrate an optimization study of only the upper
nanopyramid array, without the rear reflector. The optimiza-
tion includes the array pitch (a) and the nanopyramid height
(hy), where these two parameters affect each other. Therefore,
we have used a contour map to show the optimization of the
nanopyramid structure. The total absorption (Aw) of a GaAs
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Figure 1. (a) A GaAs solar cell architecture with double-sided dielectric nanopyramid arrays combined with a back reflector. (b)
Convergence of the calculated absorption as a function of the harmonic number H.

active layer with a 0.7 pum thickness is a function of a and
h;, as shown in figure 2(a). Obviously, the total absorption
has a strong inter-dependence on the nanopyramid pitch and
height.

The largest absorption occurs with a pitch ranging from
0.5-0.65 pm and a height range of 3.5-5 pm; the highest
weight absorption (Aw) of 0.55 is obtained with a pitch and
height of 0.55 pm and 4.5 pm, respectively. From figure 2(a),
it can be found that this structure with only the front light-
trapping structure exhibits a good tolerance for high photon
absorption efficiency with regard to variation in the parameters
of a and h;. For example, a nanopyramid pitch of 0.55 ym can
be coupled with a front array height of 3.5-5.0 um. Therefore,
it is possible to manufacture our proposed device utilizing the
available semiconductor processing techniques and this still
has the ability to provide optimal results.

Figure 2(b) exhibits the reflection spectrum for an optimal
nanopyramid pitch and height of 0.55 and 4.5 ym. Reflec-
tion of less than 20% is clearly demonstrated and the average
reflection level is below 10% in the wavelength range from
0.4-0.85 pum. Nanopyramid arrays can suppress reflection, due
to the nanopyramids’ average graded index from air to the act-
ive layer, because their cross-section gradually increases from
zero to the maximum at the planar film surface. The reflec-
tion suppression is very broadband, since the index-matching
is largely independent of wavelength [21].

Next, we kept the upper nanopyramid array optimal geo-
metry fixed, and then calculated the average absorption (Aw)
as a function of the height of the back side of the nan-
opyramid construction. In our simulation, for computational
convenience, the same pitch is chosen for the front and rear
nanopyramid arrays. The optimal height(/,) of the back nan-
opyramid is around 0.48 pm, which is shown in figure 3.

In order to determine whether the optimal parameters will
vary with the thickness of the active layer, we performed
systematic optimization calculations for the active layer in
the thickness range from 0.1 to 1 pm. It was found that for
different active layer thicknesses, the optimal photonic crystal

parameters corresponding to the maximum absorption were
almost the same, which is consistent with references [20, 21].

The optimal parameters are summarized in table 1. Figure 4
shows the absorption spectrum for a GaAs solar cell with an
active layer 0.1 pm thick, corresponding to the optimal nan-
opyramid array parameters.

From figure 4, many diffraction peaks can be observed
within the entire spectrum of interest and these result in an
overall absorption efficiency enhancement. The diffraction
mechanism can be expressed as follows. With an active layer
thickness of ¢, all resonances should pick up a round trip phase
variance of 2m, so that k, = mm /1. The wavelength of the dif-
fraction resonant mode is given by [31]

2wn ()

A=
\/G,% +G2 + (mm /1)

3

where m is an integer, n (\) is the refractive index of GaAs, and
G, and G, are the components of the reciprocal lattice vectors
(Gy=i(2m/a) and G, =j(27/a),a is the array pitch). The
diffraction resonances occuring for integer values of i, j, and m
satisfy equation (3), exhibiting absorption peaks in the range of
interesting wavelengths. The peaks overlap and form an over-
all absorption enhancement. Our simulations show that dif-
fraction resonance is most effective, and the highest absorption
efficiency is obtained, when a is equal to 0.55 pm.

In order to better understand the absorption enhancement
effect in the proposed light-trapping structure, we have com-
pared it to a reference cell (with a frontal Si3N4 anti-reflection
layer and a rear PEC reflector) and the Yablonovitch limit.
The calculated absorption spectra with different light-trapping
structures are shown in figure 5, keeping an ultrathin active
layer of 0.1 pm thickness.

Starting from the case with a front anti-reflection struc-
ture only as shown in figure 5(a), it can be observed that
the proposed structure exhibits a significantly high absorption
enhancement in the entire wavelength range of 0.4—0.85 pm.
In particular, when the wavelength is greater than 0.55 pm, the



J. Phys. D: Appl. Phys. 53 (2020) 495107

Y S Peng and S F Gong

<Aw>
0.55
0.54
0.53
0.52
0.51
0.5

0.4 0.6 0.8
a(um)

1.0 (b) ’—

=
o
:

=
=y
A

Reflection(a. u.)
o o
D . B

e
=

1

0.9

4 0.5 0.6 0.7 0.8

Wavelength (um)

0.

Figure 2. (a) The contour map of absorption as a function of /; and a for an active layer of 0.7 pm thickness; (b) The reflection spectrum

with an optimal frontal nanopyramid array.
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Table 1. Summary of the optimal parameters of nanopyramid
arrays.

No. arameter Value(um)

1 Array pitch (a) 0.55
Upper nanopyramid height (4;) 4.5

3 Bottom nanopyramid height (/) 0.48

absorption for the optimal structure greatly exceeds that for the
reference structure, and many diffraction absorption peaks are
clearly observed. This shows that the front nanopyramid array
is particularly advantageous in reducing reflectance loss and
coupling long wavelength photons into the active layer.
Alternatively, when the back reflector structure only is
added to the flat active layer, the absorption spectra are as
shown in figure 5(b). The rear nanopyramid array affects only
photons that reach the back reflector without being absorbed
in the active layer and generates enhanced absorption.
For the reference cell, one absorption peak is observed at a
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Figure 4. The absorption spectrum for a 0.1 pm thick active layer
with an optimal light-trapping structure.

short wavelength of around 0.55 um, where a waveguide effect
occurs in the plane of the structure. For nanopyramid struc-
ture cells, in the long wavelength regime of 0.6-0.85 pum, the
absorption is significantly enhanced and exhibits several dif-
fract peaks due to the diffraction effect from the back nanopyr-
amid arrays.

The optimal front- and rear-nanopyramid arrays were com-
bined and generated a high absorption enhancement over a
wide wavelength regime (figure 5(c)), which is shown by red
line in the figure. One can observe that the absorption is very
close to the Yablonovitch limit in the long wavelength regime
of 0.55-0.85 pm, and the absorption exceeds the Yablonovitch
limit at some specific wavelengths where waveguiding occurs
in the plane of the structure.

Next, it is necessary to study the absorption enhance-
ment as a function of GaAs active layer thickness for differ-
ent light-trapping architectures. In order to clarify the rela-
tionship among different structures, an integration absorption
enhancement (IAE) is defined as the total amount of absorbed
solar photons divided by the total amount of incoming solar
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Figure 5. Comparison of absorption spectra for different light-trapping configurations with a 0.1 pm thick active layer are shown in (a) the
front cell only, (b) the back cell only, and (c) both the optimal and typical cells as well as the Yablonovitch limit.

photons. The mathematical expression is shown as follows in
equation (4).

R4 () ey

min

Amax dal
f Amin - dX dA

IAE = x 100% )

Figure 6(a) shows the IAE as a function of active layer thick-
ness for the optimal and reference cells with different light-
trapping structures as well as for the Yablonovitch limit. For
the solar cell with optimal nanopyramid arrays, the optimal
a, h; and h, are 0.55 pum, 4.5 pm and 0.48 um, respectively;
for reference solar cells, the optimal anti-reflector Si3Ny layer
thickness is 60 nm.

As expected, the benefit of light trapping is more pro-
nounced for thinner films. It can be observed that the /AE
nearly saturates when the active layer thickness is approxim-
ately 3 um, corresponding to the thickness that almost fully
absorbs the incident light and that does not require rear light
trapping, whereas the IAE drops significantly as the active
layer thickness is reduced to less than 1 ym. For example, at
0.1 pm, the IAE is around 68.85% for the cell with the optimal
nanopyramid arrays and is 26.8% lower than its saturation
value of 87.30% at 3 um. This significant reduction indicates
that the light-trapping structure is particularly important for
improving the photon absorption of the ultra-thin active layer.

For our designed structure, the front nanoarray is more
effective compared to the back nanoarray. The [AE values
are around 58% and 45% for the front-only and back-only
nanoarrays with an active layer 0.1 pum thick, respectively. A
substantial absorption enhancement is exhibited as the active
layer thickness increases; an IAE saturation value of 87.01%
is obtained for the front-only nanoarray,which significantly
excees the back-only nanoarray’s benefit with a saturation IAE
of 59.09%.

For the reference solar cells, the TAE exhibits a similar
variation in trend to our design cells. The major absorp-
tion enhancement also comes from the frontal antireflection
effect. However, the highest-performance architecture is based
on our proposed solar cells with their optimal light-trapping
structures, especially for cells with ultra-thin active layers.
For example, for the optimized and reference cells with an act-
ive layer thickness of 0.1 um, the IAE values are 68.85% and

53.83%, respectively. The absolute increase is 15.02%, and the
relative increase is around 27.90%.

In addition, the reference cell exhibits almost the same
absorption enhancement as our optimal cell when the active
layer thickness is greater than 1 ym. For example, for an act-
ive layer 2 pum thick, the JAE of the optimal cell is around
87.16%, whereas that of the reference cell is approximately
86.38%. This means that, for ultra-thin solar cells, our struc-
ture has advantages over the reference structure, exhibiting a
more effective light-trapping function. However, it could also
be observed that although our proposed structure was able to
achieve a much higher absorption efficiency, this IAFE is still
below the Yablonovitch limit value of 93.97%, as shown in
figure 6(a).

We will now make a comparison of the short-circuit current
density (Jy.) among solar cells with different light-trapping
structures for the same active layer thickness of 0.1 pm, to
highlight their comparative performance. It should be noted
that the purpose of this study is to demonstrate the optical
effect mechanism of nanopyramid array light trapping for solar
cells; we will not cover the details of the charge carrier col-
lection and transport properties of the cell. Therefore, it is
assumed the internal quantum efficiency (IQE) is equal to
one, i.e. the absorption of each incident photon generates an
electron-hole pair. The short-circuit current density J,. is a
spectrally-integrated quantity, defined as:

e Amax dl e M dl
Joe=— M (N IQE (X)) —dA=— M (N) —d\ (5
= e ] MOIOER) Gar= o M) Tax )
Here, j—;\ is the incident solar spectrum, e is the electronic

charge, A is the incident wavelength, % is Planck’s constant, ¢
is the speed of light.

The values of J;, for solar cells with different light-trapping
structures are shown as figure 6(b). The optimal nanopyr-
amid structure achieves 20.94 mA cm—2, while the reference
cell only achieves 15.31 mA cm™2. Furthermore, the values
of J,. for our optimal ‘front-only’ and ‘back-only’ structures
are 17.46 and 13.35 mA cm™2, respectively, outperforming
that of the reference structure with a ‘front-only’ value of
12.22 mA cm~?2 and a ‘back-only’ value of 9.99 mA cm~2.
However, the J,. is still below 27.62 mA cm™~2, corresponding
to the Yablonovitch limit at the equivalent thickness of 0.1 pm.
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To characterize the loss of a real back reflector, we replaced
the PEC layer by a flat silver layer for the optimized structure.
The average absorption (Aw) for the PEC was only slightly
lower than the silver back reflector by 0.04-0.017 W m~—2,
as seen in figure 7, indicating small losses in the silver back
reflector.

In addition, when we extended our optimization to include
nanopyramid arrays made of other dielectric materials such
as SiN, we observed similar geometrical configurations and
absorption enhancements. Therefore, this strategy has great
flexibility for the nanopyramid array design regarding the
material choice for the front and rear photonic crystal arrays.

Finally, it should be noted that the optimized structure
could be fabricated using either the Langmuir—Blodgett
(LB) assembly method and reactive ion etching (RIE) or
nanoimprint lithography (NIL) of sol-gel-derived TiO, layers.
The nanopyramid array provides an experimentally realistic

strategy for efficiency improvement and cost reduction of
GaAs solar cells.

4. Conclusion

In conclusion, we developed a highly efficient light-trapping
architecture utilizing periodically patterned front and rear
dielectric nanopyramid arrays with a completely flat GaAs
active layer, ensuring that the absorber layer had completely
flat interfaces, which was expected to result in high elec-
tronic quality and low carrier recombination, where the front
and rear nanopyramid arrays were separately optimized. The
absorption performance has been compared with both the
Yablonovitch limits and the reference planar cell; the results
demonstrate that our proposed structure is superior for the
ultra-thin active layers. The optimized structure yields a pho-
tocurrent of 20.94 mA cm~2 and considerably exceeds the ref-
erence cell photocurrent of 15.31 mA cm™2 with an equivalent
thickness of 0.1 pm. These conclusions are important for dir-
ecting research into the light trapping and cost reduction of
thin-film GaAs solar cells.
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