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ABSTRACT In this paper, a nano solar cell structure based on a two-dimensional photonic crystal (2D-PhC)
antireflection coating (ARC) trapping layer and a 2D- graded-index (2D-GI) GaAs active layer is presented.
These components improve the solar absorption, in-coupling efficiency, quantum efficiency, and optical
properties of the active layer. The proposed cell absorption and conversion efficiency were analyzed as a
function of the cell layer thickness in comparison with the Lambertian absorption and cell efficiency limits.
Additionally, each layer thickness was optimized to enhance the overall solar efficiency. All simulations
were conducted in the 300 to 1100 nm range using finite difference time domain (FDTD) analysis, where
the 2D-PhC structure was represented by indium tin oxide (ITO) nanorods in an air background. In addition,
p-Al(0.85)GaAs/n-Al(0.35)GaAs two-window confinement layers are utilized in contact with the 907-nm
GaAs active layer as a perfect match with the 1840-nm ITO-ARC layer to improve the confinement
efficiency. Moreover, p-Al(0.85)GaAs/GaAs and GaAs/n-Al(0.35)GaAs 2D-GI active layer structures are
used for index modulation to enhance the active layer properties and increase the cell short-circuit current.
The main objective of this study is to determine the optimum design of a solar cell that can provide the
highest power conversion efficiency using inexpensive semiconductor materials. One of the expected results
from this research is the design of a 100-4m? nano solar cell with 39.2% conversion efficiency, a short circuit
current density of 44.38 mA/cm?, and an open-circuit voltage of 1 V.

INDEX TERMS Two-dimensional photonic crystal (2D-PhC), light trapping, 2D-index modulation,
absorption, conversion efficiency, short circuit current, open circuit voltage.

I. INTRODUCTION

Because of the increase in human consumption of energy,
it has become necessary to search for sources of energy
that are renewable, safe, clean, and inexpensive. Solar
energy is the best candidate for this purpose. Many attempts
have been made to design the best and least expensive
structures for generating solar energy. Nanostructures have
been widely applied to solar cells, as they demonstrate
promising features for future high-efficiency and low-
cost applications. Compared with conventional solar cells,
nanocrystal solar cells have the advantages of producing
energy with higher efficiency, higher electrical storage
capacity, and lower pollution. There are many techniques for
implementing nanocrystal solar cells [1]-[14]. One of these
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techniques is based on reducing material usage by utilizing
thin-film crystalline silicon or GaAs solar cells with light-
trapping structures, which has the advantage of enhancing
the light absorption within the semiconductor absorber/active
layer. Effective light-trapping structures have various design
considerations studying the effect of these structures on the
cell efficiency versus the active layer thickness [1]-[10].
Other techniques implement perovskite solar cells using
organic/inorganic active layer for efficiency enhancement
and studying the radio frequency performance of GaAs
material [11]-[14]. Reducing light reflection on the surface
of solar cells is a key factor in increasing the amount of
light absorption, and hence, the conversion efficiency. The
values of the refractive indices of the materials used in the
manufacture of solar cells play a major role in controlling
the light reflections at the interface surface between the
cell and air. Therefore, an antireflection coating (ARC)
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and/or specific surface texture can be used with crystalline
silicon or GaAs solar cells to achieve a lower amount
of light reflection, thereby increasing the absorbed optical
power [15]-[22]. The heterojunction technique is also used to
enhance the carrier confinement inside the cell active layer,
thereby increasing the amount of photocurrent [23]-[27].
Recently, various solutions have been developed with the
aim of reducing the amount of reflection and consequently
increasing the conversion efficiency of solar cells. Almost all
of these solutions are related to two-dimensional photonic
crystal (2D-PhC) technology. Such solutions depend on the
addition of a thin-film layer on the surface of the cell. This
layer aims to increase the rate of cell light absorption by
modulating the refractive index of the dielectric material used
in this layer. Such layers are usually designed in the form of
two-dimensional (2D) periodic structures of dielectric pairs,
pyramids, skewed nanorods, hollow spheres, or parts of a
sphere [28]-[33]. In other studies that aimed to improve solar
efficiency, the effect of the doping concentration in the active
layer of the cell on the energy bandgap structure has been
analyzed. The main goal of these studies is to examine the
effect of extending the absorption wavelength range of silicon
materials on increasing photocurrent and solar efficiency.
The effect of the thicknesses of the cell active layer and
ARC layers has also been studied to investigate the impact
of the thicknesses on solar conversion efficiency [1]-[6]
and [34]-[42]. Nanotechnology can also be utilized to
improve the optical and electrical properties of dielectric
materials to improve their characteristics before using them
in any application. In addition, studying the energy band gap
of nanomaterials is important to determine the effect of the
doping concentration in these materials on the absorption
rate of light. This knowledge can be used to increase the
rate of light absorption by nanomaterials at wavelengths far
from the visible light range, thereby increasing the amount of
light energy absorbed [15]-[38]. All studies that have been
conducted in the literature have this in common: they address
the problem of increasing the conversion efficiency of solar
cells. Theoretically, the efficiency of a conventional solar cell
cannot exceed 33.5%.

The main objective of this research is to provide solutions

to improve cell efficiency. This can be done by the following:

o Optimizing the thin-film 2D-PhC structure using an
indium tin oxide (ITO)-ARC nanorod trapping layer
to reduce the reflection loss, enhancing the light path
to exceed the Lambertian absorption limit, and hence
increase the cell efficiency.

o Optimizing the heterojunction structure to improve the
quantum efficiency of the cells.

« Improving the active layer optical properties using
in-contact front and back 2D-graded index (2D-GI)
layers to extend the cell visibility wavelength range and
consequently increase the cell photocurrent.

To begin the analysis and attain the goal of this study, we will
consider the Lambertian efficiency and GaAs single-pass
efficiency limits as two references to compare the results of
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FIGURE 1. GaAs cell efficiency and Lambertian efficiency limit versus
active layer thickness using AM1.5G solar spectrum.

each solution. Fig. 1 illustrates the Lambertian light-trapping
efficiency compared with the single-pass GaAs efficiency
without any trapping structure with respect to the active layer
thickness, ignoring any type of loss [1].

In this study, the analysis and optimization of a light-
trapping structure based on a nanorod ITO 2D-PhC structure
at the top front of a 1-um GaAs active layer through a
p-Al(0.85)GaAs window confinement layer are performed.
The active layer is followed by an n-Al(0.35)GaAs window
confinement layer and an Al layer as the back reflector
electrode to support the top trapping structure [1]. Addition-
ally, to increase the carrier confinement and photocurrent,
two 2D-GI layers were employed at the front and back
surfaces of the active layer. 2D-GI Index modulation makes
the light paths smooth at the layer interface leading to
minimum reflections compared with the step-index variations
between layers. There are several advantages of using PhC
structures, such as perfect index matching between layers,
improvement of cell absorption through the solar spectrum,
and enhancement of the incident light coupling.

Finite-difference time-domain (FDTD) analysis was used
to optimize the cell layers’ dimensions to achieve optimum
absorption and cell conversion efficiency. GaAs is a direct
bandgap material with a high absorption coefficient for the
wavelength range from 300 nm to 880 nm. Above this range,
the absorption reaches zero [1]. All simulations have been
conducted for the wavelength range from 300 nm to 1100 nm
to ensure the above statement and show the extension in
absorption range due to the uses of the index modulation
layers that contact the GaAs active layer. Also, to observe
the absorption enhancement due to the use of the ITO
trapping layer at the front surface of GaAs Active layer. Such
enhancement is due to the impedance matching between the
medium of incidence and the confinement layer.

Il. LITERATURE REVIEW
Figures that are meant to appear in color, or shades of
black/gray. Such figures may include photographs, illustra-
tions, multicolor graphs, and flowcharts

In [1]-[10], the authors introduce different solutions for the
cell absorption and efficiency enhancement using a photonic
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crystal structure or plasmonic surface for light trapping in
GaAs and silicon active layer or p-i-n superlattice based
InGaN/GaN. The important result in these research papers
is the contribution of the light-trapping structures to the
active layer thickness and efficiency. In [11]-[14], authors
proved new organic, inorganic, and hybrid inorganic-organic
inverted cells with a barrier layer and active organic active
layer for efficiency and reliability enhancement. Also, the
authors demonstrate a carrier collection mechanism using a
hole-collection treated graphene layer. In [15]-[28], a direct
numerical solution of Maxwell’s equations and drift-diffusion
equations were used to develop crystalline-silicon photonic
crystal (PhC) solar cells with conversion efficiencies in the
range of 29% to 30%. Other techniques have been developed
to achieve a conversion efficiency of 33.5%. These techniques
are based on using an optimized doped structure to extend the
absorption wavelength range up to 1200 nm. This wavelength
is too much above the bandgap wavelength, but the authors
extend the simulation wavelength to observe the effect of
doping on the absorption range. In [29]-[38], perovskite solar
cells were developed consisting of a 2D-PhC nano-disk array,
which was fabricated using nanosphere lithography. The
results show that the output photocurrent has low stability,
and the conversion efficiency is only 19%. In [39]-[47],
a dielectric film was applied with an anti-reflection coating
sub-wavelength structure to fabricate a thin-film silicon
solar cell and enhance the in-coupling efficiency at the
front surface. The results showed that the short-circuit
current is in the range of 29.1 to 30.4 mA/cm?, and the
conversion efficiency is approximately 9.9%. In [48]-[52],
some researchers used dye-sensitized nanocrystalline solar
cells, whereas others used quantum dots with the same solar
cells. In all of these studies, a nanostructured TiO; film
with visible light-absorbing dyes was utilized to develop
solar cells with conversion efficiencies greater than 10%.
Consequently, in [53], a porphyrin-sensitized solar cell with
cobalt (II/IIT) was used to develop solar cells with a 12.3%
conversion efficiency. In [54]-[66], various loss mechanisms
in crystalline solar cells were reported. These losses include
the following: 1) reflection loss resulting from the shiny
surface of the cell, 2) loss caused by the mismatch between
the band-gap energy of the material and the incident photon
energy; 3) weak absorption of long-wavelength photons;
4) reduction in photocurrent as a result of Auger recombi-
nation; and 5) defects in the semiconductor crystal lattice
surface, which also reduces the photocurrent generated by
the recombination of electron-hole pairs at the lattice surface.
In these studies, many methods have been developed to
reduce these losses. However, the results indicated that the
conversion efficiency of the developed methods was only
19.1%. In [67]-[75], thin-film crystalline silicon solar cells
with light-trapping structures were demonstrated to enhance
light absorption within the absorber layer. The trapping layer
was an inverted nanopyramid periodic structure fabricated on
a low-cost wafer. The designed solar cell produces a current
density of 37.5 mA/cm? at the highest quantum efficiency
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FIGURE 2. Nano solar structure based on 1-um GaAs active layer:
(a) planar reference cell structure and (b) proposed cell structure.

of 100%. The third generation of solar cells is based
on nanotechnology and has been developed in [76]-[82].
In this generation, quantum dots and nanoporous materials
were used. The developed solar cells in the market that
use the InAs/GaAs heterojunction system have conversion
efficiencies in the range of 24.6%. In [72]-[82], many trials
were conducted to produce stable quantum dot solar cells
with enhanced efficiency.

Ill. METHODOLOGY AND ANALYSIS

A trapping layer consisting of a periodic nanorod 2D-PhC
structure using ITO was designed and optimized to enhance
cell absorption using FDTD analysis. The design process
considers the optimization of the light in-coupling parame-
ters. Fig. 2 (a) and (b) show the planar cell structure with
the same thickness as the reference and the proposed cell
structure, respectively. Sunlight was assumed to be incident
perpendicular to the top ITO 2D-PhC structure. The ITO
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FIGURE 3. Energy band diagram of the proposed structure ITO
ARC/p-Al(0.85)GaAs/GaAs/n-Al(0.35)GaAs/Al.

2D-PhC structure has a square lattice for simplicity and
consists of nanorod ITO in an air background [83]. This ITO
is followed by a p-Al(0.85)GaAs window confinement layer.
The active layer is an intermediate layer between this layer
and the other n-Al(0.35)GaAs window confinement layer,
followed by the Al back electrode reflector. Additionally,
the active layer is supported by two front and back 2D-GI
layers working as index modulation layers to increase the
cell photocurrent. It’s known that the index modulation
technique is used to reduce the light reflection and increase
the light confinement that supports the matching between
layers to reach the ideal matching condition. Additionally,
to prevent reflection at the top, the ITO refractive index is
designed to be a square product of the p-Al(0.85)GaAs and
air refractive indices, which is the condition for matching
between layers. The first step in the design is the calculation
of the ITO periodicity, which represents the lattice constant
a and nanorod diameter D. In the FDTD simulation, the
cell absorption is used as the cell reference enhancement
parameter to obtain the optimum dimensions of the cell
layers. The 2D-PhC periodic permittivity is represented by
Fourier harmonics, and Maxwell’s equations are solved in
the frequency domain. In addition, during the simulation, it is
assumed that the boundary conditions are periodic in the x-y
plane and there is a perfect matching layer in the z-direction.
Figure 3 presents the relevant energy band diagram
and electron-hole transportation mechanism. This figure
illustrates that the two index modulation layers have a gradual
band level that supports the electron-hole transportation and
diffusion from the active layer to the confinement layers.
All simulation results are compared with the solar cell
Lambertian limits, which were derived with the following
assumptions [18], [19]: a) neglecting intrinsic losses, the cell
is Lambertian scattered at the front or at the back surfaces
when the light is isotropically distributed at each energy
level, b) the wavelength inside the active layer is much
smaller than the layer thickness, A /n, making it suitable for
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FIGURE 4. Contour map of the cell normalized absorption with respect to
the lattice constant a and nanorod diameter D.

ray optics analysis, and c) the GaAs active region shows
insufficient absorption through the solar spectrum. This can
be represented by the following condition:

4n’ad < 1 (D

where, n is the active-layer refractive index, o« is the
absorption coefficient, and d is the active layer thickness.
Using the same assumptions, the absorption can be expressed
as a function of a(A)d.y, where d,g represents the photon
effective pass length through the active layer. At this point,
we can express the single pass absorption of the planar cell
as

Agingle ) = 1 — ¢7¥®d o

Using assumption number three, the maximum absorption of
the planar cell assuming an isotropic surrounding medium
can be expressed as

App () =1 = ¢~Hrat 3)

In the proposed cell structure, we can define the total
modified cell absorption as the sum of the layer absorption
through the cell, which can be expressed as

Amodied (1) = ) Ai(h) @)

where, A;(}) is the absorption spectrum in each layer of the
proposed cell. In addition, the cell absorption enhancement
factor F(A) at a certain wavelength A can be expressed as

Amodified A)
Asingle A)

Figure 4 shows the contour map of the cell absorption as
a function of the lattice constant @ and nanorod diameter
D of the ITO trapping structure. The result indicates that
the optimum lattice constant is 500 nm and the optimum
nanorod diameter is 190 nm, which represents the center point
of the smallest contour in Fig.3. When the photon energy
exceeds the band gap energy at 0° K, each photon can produce
an electron hole pair, which is the condition of maximum

F() = 5
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where, A, is the band gap wavelength, I (1) is the AM1.5G
solar spectrum and A(A) is the cell absorption [84]. Using
the results in Fig. 4, we can calculate the ultimate cell
efficiency as a function of the active layer thickness d.
Fig. 5 shows the proposed cell efficiency and the Lambertian
efficiency limit versus the active layer thickness. This figure
indicates that when the active layer thickness is less than
170 nm, the Lambertian efficiency outperforms the proposed
cell efficiency; when the thickness exceeds this value, the
proposed cell efficiency surpasses the Lambertian limit and
reaches the optimum efficiency of 33.7% at an active layer
thickness of 978 nm, including the GI layer thickness. In these
calculations, the ITO trapping layer thickness is assumed
to be 2 um, which is approximately twice the active layer
thickness.

Maxwell’s equations and semiconductor drift diffusion
equations were used to improve the optical properties
of the active layer and confinement layers and evaluate
their characteristics using FDTD simulation tools. In our
simulation, we assume that the cell quantum efficiency
is unity, and the shadowing coupling efficiencies product
NsNe = 6.6% [22]. The confinement factor and photocurrent
are important parameters in the operating wavelength range
of 300 to 1100 nm. Therefore, the main objective of this task
was to enhance the cell efficiency by optimizing the thickness
of each layer. The first step is the optimization of the ITO
layer thickness: assuming d = 978 nm,d; = 0.2d,d, =
0.05d, and d3 = 0.1d, the proposed cell efficiency reaches
35.4% at an ITO layer thickness of 1840 nm. Then, we can
start the simulation again assuming d = 978 nm,dyp =
1840 nm,d» = 0.05d, and d3 = 0.1d and solve for
dy, the thickness of the p-window confinement layer. The
results indicate that the cell efficiency reaches 36.2% at an
optimum window layer thickness of 210 nm. Repeating the
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process for d3, the n-window confinement layer, the proposed
cell efficiency increases to 36.7% when d3 = 98 nm.
The final step is the solution for d>, the thickness of the
2D-GI index modulation layer. This process reveals the best
enhancement of the proposed cell efficiency, reaching the
optimum value of 39.2% at d = 52 nm, as shown in Fig. 6.
In addition, Fig. 6 shows that below and above the optimum
layer thicknesses, the cell efficiency is degraded, except for
the optimum thickness of the ITO-ARC layer, where the cell
efficiency remains constant.

IV. RESULTS AND DISCUSSIONS

Using the optimum parameter results in the previous section,
we calculated the proposed cell absorption, efficiency, and
electrical characteristics. Fig. 7 shows the proposed cell
absorption compared with a single-photon pass through the
planar cell structure and the Lambertian absorption limit
considering the shadowing effect, coupling effect, and a
quantum efficiency that is still unity. From 300 nm to
700 nm, all normalized absorptions are approximately the
same; at wavelengths greater than 700 nm, the proposed cell
absorption outperforms the other absorptions because of the
perfect impedance matching between layers resulting from
using the PhC light-trapping layer structures. Considering
this result, we can use Eq. (5) to calculate the absorption
enhancement factor, F(1).
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Reflection/transmission coefficients for the proposed cell
structure compared with the single-pass GaAs cell and
Lambertian limit of the same 978 nm active layer thickness
are shown in Fig. 8. From the figure, one can observe
that above 700 nm the proposed cell has low reflection
and transmission due to better index matching between
layers provided by the index modulation layers. In the
ultraviolet and visible regions, the reflection/transmission
coefficients of the proposed cell, single-pass cell, and
Lambertian limit are the same and very low. Overall, the
absorption of the proposed cell is better than the others due
to increasing the diffraction of photons within the active
layer provided by the index modulation layer ITO trapping
layer.

Figure 9 demonstrates the absorption enhancement factor;
the results show that the enhancement factor is approximately
1.5 from 300 nm to 425 nm. At wavelengths greater than
425 nm, the factor increased to 8.2, starting from 650 nm to
880 nm, and the cell efficiency enhancement factor is 145%
compared with the single-pass absorption and efficiency,
respectively. In the aforementioned range, the light-trapping
structure is responsible for coupling, guiding, and deflecting
the incident photons for absorption inside the modified active
layer with the 2D-GI index modulation.

The number of electron hole pairs combined at a certain
wavelength A and collected at the cell electrodes can be
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expressed as [1]:
A
Ren(R) = = 3 nsiel (AL (7

where £ is Planck’s constant and C is the free space speed
of light. Integrating Eq. (7) over the wavelength range from
300 to 1100 nm, we can obtain the total number of electron—
hole pairs that are collected by the cell electrodes, as in
Eq. (8).
1100nm

Ne—pn = Ne—p (M) d 3

300nm

During the simulation, the incremental step AX was 0.5 nm,
using the previous equation and with no absorption above the
GaAs energy band gap value of 1.432 eV. The short-circuit
current density Js. can be simply calculated from Eq. (9) as:

Jse = qNe_p )]

where, g is the electron charge. Additionally, the proposed
cell open-circuit voltage V. can be expressed as:

KT J
Voe = —In(=2 + 1) (10)
q Jso
Assume T = 2980K, K is Boltzmann’s constant, and J,

is the cell junction reverse saturation current. Considering
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Eqg. (9) and Eq. (10), the maximum conversion efficiency of
the proposed cell can be rewritten as:

_ FFVolye

Py
where, P;, = f I (1) dA is the incident optical power and F
is the cell filling factor, which is represented by (12) as:

Vindm
VocJse

where, V,,J,, is the voltage current density product that
represents the maximum power point of the cell. Fig. 10
illustrates the proposed cell conversion efficiency curve
compared with the Lambertian efficiency limit as a function
of the active layer thickness considering all the optimum
parameters calculated in this study. This graph indicates that
when the active layer thickness exceeds 70 nm, the proposed
cell structure with the PhC layers outperforms the Lambertian
efficiency limit. In addition, when the active layer thickness
reaches 907 nm, including the 104-nm thicknesses of the
GI layers, the proposed cell efficiency reaches the optimum
value of 39.2%. This figure also shows that it is possible to
design a 70-nm GaAs nano solar cell with an efficiency of
17.5%, which is better than that of the same thickness using
Lambertian efficiency conditions.

Figure 11 demonstrates the variation in the proposed cell
efficiency versus the incident angle. The result indicates
that when the incident angle increases, the efficiency of
the proposed cell decrease. Additionally, within the incident
range from 00 to 40°, the proposed cell is less sensitive to
the incident light, and the cell efficiency decreased by 36%
only. For the solar cells based on the 2D-PhC structures,
the absorption can be controlled by the Bloch modes that
correspond to the almost flat photonic bands.

Then the weak variation of its characteristics with the
incidence angle explains the lower decrease of the PhC
based structure global efficiency. In addition, the minimum
drops in cell efficiency and then increase at the minimum
tilted incident angle are due to two reasons. First, the
zeroth-order reflection path length can slightly increase by
the tilted incidence angle; second, the first-order reflections

n (11

FF =

12
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TABLE 1. FDTD simulation parameters.

Dimension 3D
General Background index 1
Sampling time (fs) 1000
of X-Span 10 um
-E Geometry Y-Span 10 pm
2 Z-Span Different layers
2 stability
E Mesh ”?"tifrllje factor 0.99
| setting dt(fs) 0.069
Mesh step size 25 nm
Boundary conditions Z-metal, X and Y perlodlc and
symmetric
Source shape Plane wave
General Normalized 1
'%‘ amplitude
s Phase 0 and variable
° X-Span 10 um
E Geometry Y-Span 10 pm
3 Z-Span 1pum, 50 nm
Start 0.3 pm
length
Wavelength 5 1.1 um

z(microns)

-1 ]
*(microns)

a) Planar reference cell field distribution.

Z(micrans)

W L 1 1
0.7 0.4 01 0.2 05
x(microns)

b)  Proposed cell field distribution with only ITO-ARC optimized.

0.063
-1.0

z({micrans)

04 0.1 0.2 05
x(microns)

¢) Proposed cell field distribution with all layers optimized

FIGURE 13. Cell electric field distribution within 50 nm of the center of
the active layer in the range 300-1100 nm: a) planar reference cell, b)
proposed cell with ITO layer optimization only, and c) proposed cell with
all layers optimized.

can be broken by the tilted incidence, same as in the blazed
grating case. The proposed cell short-circuit current density
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TABLE 2. Summary of the optimal parameters through optimization steps.

No. Optimization Step Parameters ?r/lz;l:;es Cell efficiency
1 Active layer thickness including the thicknesses of GI layers d 1000
2 ITO structure lattice constant a 500
3 ITO structure nanorod diameters D 190
4 Design the ITO structure layer thickness dj 2000
5 ITO-ARC Trapping Layer D/a ratio 0.38 33.7%
6 Front window confinement layer p-Al(0.85)GaAs d, 200
7 Back window confinement layer n-Al(0.35)GaAs d; 100
8 2D-GI modulation index layer thickness d> 50
9 Al back electrode thickness 800
1 Active layer thickness including the thicknesses of GI layers d 978
2 ITO structure lattice constant a 500
3 ITO structure nanorod diameters D 190
4 ITO structure layer thickness d, 1840
5 Optimize the ITO-ARC Trapping Layer ~ D/a ratio 0.38 35.4%
6 Front window confinement layer p-Al(0.85)GaAs d, 200
7 Back window confinement layer n-Al(0.35)GaAs d; 100
8 2D-GI modulation index layer thickness d>» 50
9 Al back electrode thickness 800
1 Active layer thickness including the thicknesses of GI layers d 978
2 ITO structure lattice constant 500
3 ITO structure nanorod diameters D 190
2 Optimize the V\]iindow Confinement IDT/S :;E;Cture layer thickness dy é§3480 36.7%
6 ayers Front window confinement layer p-Al(0.85)GaAs d, 210
7 Back window confinement layer n-Al(0.35)GaAs d; 98
8 2D-GI modulation index layer thickness d>» 50
9 Al back electrode thickness 800
1 Active layer thickness including the thicknesses of GI layers d 907
2 ITO structure lattice constant a 500
3 ITO structure nanorod diameters D 190
2 Optimize the 2D-GI Index Modulation IDT/S :;E;Cture layer thickness dy (1).83480 39.2%
6 Layers Front window confinement layer p-Al(0.85)GaAs d, 210
7 Back window confinement layer n-Al(0.35)GaAs d; 98
8 2D-GI modulation index layer thickness d> 52
9 Al back electrode thickness 800

versus open-circuit voltage is illustrated in Fig. 12. In this
calculation, the parasitic absorption loss at the interface
between the n-Al(0.35)GaAs dielectric layer and the Al
back electrode is considered. The use of the 2D-GI index
modulation layer reduces this parasitic loss compared with
the planar cell PhC-free structure. This enhances the proposed
cell short-circuit current compared with the planar cell
structure by a factor of 1.35 at an open-circuit voltage of 1V,
as shown in Fig. 12. The proposed cell structure can produce
a short-circuit current of 44.38 mA/cm? at a 1-V open-circuit
voltage, which is a good cell characteristic compared with the
results in the literature.

The difficulty of fabricating the ITO nanostructure on
the GaAs nanostructure represented the layered ARCs to
satisfy the requirement of omnidirectional antireflection and
broadband [85]. Table 1 presents the simulation parameters of
the proposed cell structure. These parameters are classified
into source settings and FDTD settings when the boundary
conditions are set to metal in z-direction and periodic-
symmetry in Xx-y directions. Therefore, all settings are
adjusted to conduct the simulation in a wavelength range from
300 —1100 nm.

44154

Figure 13 illustrates the electric field intensity within
50 nm of the z-axis center of the active layer in the wavelength
range from 300 nm to 1100 nm. Fig. 13-a represents the field
intensity of the planar cell without any Trapping structure.
Whereas Fig. 13-b represents the field distribution of the
proposed cell when only the ITO-ARC layer thickness is
optimized, and Fig. 13-c represents the field distribution
of the proposed cell when the thickness of all layers is
optimized. The results of field distributions in Fig. 13-b
and Fig. 13 are focused on 2 pm around the x-axis center.
The results show that the electric field intensity of the fully
optimized cell is improved by a factor of 3.285 compared
with the planar cell and 1.278 compared with the proposed
ITO-layer optimization only. This is due to the enhancement
of carrier confinement and the photocurrent in the fully
optimized cell. In these results, the simulations conducted
in the wavelength range from 300 nm to 1100 nm, and the
incident light is normal to the cell front surface.

Table 2 Summarize the optimum dimensions and efficiency
of the proposed cell. The bold values are the current
optimized values in each step during the optimization
process. Fig. 14 shows the electric field intensities of the

VOLUME 10, 2022
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proposed cell at ten different wavelengths from 350 nm to
1050 nm within 50 nm of the z-axis center of the active
layer and 8 um of the x-axis center. These figures illustrate
that the optimum wavelength range for absorption started
from 550 nm to 880 nm, as shown in Fig.14-c—Fig.14-h.
These results confirm that shown in Fig.9. From 350 nm to
450 nm, the wavelengths of higher photon energy and the
electric field intensity of the proposed structure in this range
are improved by a factor of 2.25 compared with the field
intensity results from the planar cell. The coupling of light
from 880 nm to 1100 nm has been reduced compared with
that in the range from 550 nm to 880 nm, which is due to the
reduction in the photon energy at higher wavelengths. The
results shown in Fig. 14-i and Fig. 14-j prove the extension
in the absorption range of the proposed cell. This extension
is due to the modification in the bandgap of the proposed cell
by the added index modulation layers.

The index modulation layers make a smooth continuity
in the band diagram around the active layer edges. Finally,
the proposed structure provides high field intensity in the
wavelength range from 550 nm to 880 nm below this range,
from 350 nm to 500 nm, the enhancement is approximate
twice the field intensity provided by the planar cell, and
above this range, from 880 nm to 1050 nm, the field intensity
provided by the proposed structure is low, but this not occurs
in the planar cell because the index modulation layers do not
exist.

V. CONCLUSION

In this paper, an improved optical design of a nano solar
cell is presented based on a 900-nm thin GaAs active layer
with a 2D-PhC light trapping ITO-ARC structure at the top,
with the help of an Al back reflector electrode layer to
collect the electrons. In addition, for further improvement,
a 2D-PhC structure working as a 2D-GI index modulation
layer was added in contact with the active layer to increase the
photocurrent, achieving an efficiency of 39.2% and a short-
circuit electric current of 44.38 mA/cm?. The results showed
a significant improvement in the absorption through the
photovoltaic spectra of solar cells. The results were compared
with the Lambertian limit and compared with the results of a
GaAs planar solar cell with the same active layer thickness.
These results show an absorption of up to eight times that
of the planar cell in the light spectrum from 650 to 880 nm.
The results also proved that the proposed cell efficiency
was enhanced by 45 percent and 31 percent compared with
those of the planar cell and Lambertian limit, respectively.
The added layers confine the low-energy photons inside the
active layer and increase the light spectrum of the cell to
1050 nm. Finally, it is notable that the improved cell can be
manufactured at a low cost.
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