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| This study aims to enhance the optical and electrical performance of GaAs (gallium arsenide) solar cells by incorporating p-type and n-type |
Aly3Gag;As layers. The physical parameters were simulated by using density functional theory (DFT) through generalized gradient

| approximation (GGA) for potential exchange-correlation from implementation Win2K code. The SCAPS software and impedance |

| spectroscopy method were also used to investigate the solar cell characteristics. Our findings demonstrate that adding these layers significantly |

| improves efficiency by 31% compared to a standard GaAs pin-junction structure. This enhancement is attributed to optimized light |

| absorption and reflection through doping, leading to a high-performance solar cell. |

| |
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INTRODUCTION

As fossil fuels and related equipment became more expen-
sive, people became interested in renewable energy sources
[1], particularly solar energy [2]. The primary advantages of
solar energy that sparked significant interest at the time were
its cost-free nature, widespread availability across the globe
and its clean and inexhaustible supply compared to fossil fuels.
The improvement of solar energy utilization will be linked
not primarily to its financial benefits (which can increase as
fossil fuel savings decrease) [3], but rather to overall national
security considerations: no polluting emissions (smoke cont-
aining CO, and NOx from thermal power plants), no radioactive
hazards and no bulky waste (nuclear power plants) and the
possibility of limiting chlorofluorocarbons (CFCs) usage (cold
generation by absorption).

Solar energy is mainly utilized in several ways, including
photovoltaic conversion, which directly converts radiation into

electrical current using solar cells. In fact, various types of
structures have been developed for solar cell applications
employing distinct advanced materials, such as GaAs (gallium
arsenide) solar cells and its derivatives [3]. The gallium arsenide
GaAs compounds have been broadly utilized in later decades,
especially in space applications, since of their execution comp-
ared to silicon-based solar cells, in specific their high efficiency,
as well as the points of interest of adaptability and softness.
Nevertheless, one challenge was the rate of surface recombi-
nation, which primarily limited the efficiency of early GaAs-
based cells to around 10% [4]. The addition of Al,..Ga,As
(aluminum gallium arsenide) window layers to the GaAs surf-
ace was one partial solution to this problem. Today, these solar
cells have achieved efficiencies exceeding 25%.

The ternary material Al,3Gao;As is widely applied to the
construction of multi-junction structures [5]. The interface pro-
perties between GaAs and Aly3Gay.;As play an important role
in the electronic and optical qualities of the formed structures
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Fig. 1. 3D geometry optimized structure of GaAs doped with aluminium (30%): (a) supercell 1 x 1 x 1, (b) supercell I x 1 x5

[6]. The GaAs/Aly3Gag;As systems have garnered significant
attention from researchers due to their lattice constant differ-
ence exceeding 0.14% [7]. The metal-organic chemical vapour
deposition (MOCVD) and molecular beam epitaxy (MBE) are
the preferred methods for producing high-quality Aly;Gay;As
surfaces. Recent studies have linked the superior performance
of Aly3Gay;As/GaAs heterostructures to their exceptional optical
and electronic properties [8]. This work focuses on a compreh-
ensive analysis of the optical and electronic properties of GaAs
and Aly3Gay;As, as well as the GaAs/Aly3Gag;As systems, speci-
fically for applications in solar cells.

COMPUTATIONAL METHODS

Structural, electronic and optical properties: The physi-
cal characteristics of Aly3Gag7As and GaAs were investigated
via density functional theory (DFT) [9] using the GW approach
[10], starting from implementation (WIEN2k code) [11]. We
also used Tran-Blaha modified Becke-Johnson (TB-mBJ) exch-
ange potential approximation, the calculation gives 120 K-points
which is equivalent to 1000 K-points in the first Brillouin zone
(BZ) with amesh (10 x 10 x 10) k points corresponding. To get
energy convergence, the parameter RurKnmax was set to 7, where
Rwr denotes the smallest atomic sphere radius and K is the
magnitude of the largest k plane wave vector. The energy conver-
gence scale was set to (0.0001 Ry) for each calculation. The
other charge density and potential parameters were extended
from Fourier up t0 Gy = 12(Ryd)"”. The operation of the initial
supercell P 1 x 1 x 1 in DFT simulations makes all the sites
inequivalent in the GaAs structure (space group Fm3m; a=>b
=c=5.75A; o0=P =y=90°) as presented in Fig. 1. As a result,
the Aly3Gay;As exhibits 8 atoms, which are 2 Ga and 2As atoms.
Subsequently, we replace gallium atoms with aluminum up to
30% doping in the supercell (1 x 1 x 5).

To study the electronic proprieties, we have used the appro-
ximation for exchange and correlation terms (mBJ-GG) appro-
ximation along the directions of high symmetry in the Brillouin
zone (BZ), calculated at the I'(0,0,0,0) point for the GaAs and
Aly3Gag;As. The optical properties were examined in terms of
absorption and refraction. The absorption coefficient o of the
materials studied depends on the electronic transitions of an
electron located in an energy level and the reflectivity index R
elucidates the dispersion of light and transparent behaviour of
the material.

GaAs solar cell examination: This work aims principally
to simulate solar cells based on GaAs/Aly3Gay;As systems using
the SCAPS software and estimate the optimum parameters to
design such a solar cell with high efficiency. The structure of
the considered solar cell is represented in Fig. 2 and mainly
consists of a GaAs-based cell, in which the p-Al,3Gay;As win-
dow layer (FSF) has been deposited on p-GaAs layer and the
n-Aly3Gag;As layer (BSF) is inserted between the n-GaAs layer
and the substrate [12].

TCO

p-GaAs

i-GaAs

n-GaAs
BSF n-Al, ,Ga, ,As

Al

Fig. 2. Schematic structure of p-i-n solar cell
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To optimize this solar cell design using SCAPS software,
several key physical parameters were employed as outlined in
Table-1. The SCAPS-1D software applied in this work is cap-
able of simulating both AC and DC electrical behaviour in solar
cells and displaying the results. For DC simulations, it provides
key performance indicators such as short-circuit current, open-
circuit voltage, fill factor and conversion efficiency through
current-voltage curves. In AC simulations, the software generates
complex impedance data at various frequencies. Both types of
simulations (AC and DC) are used to investigate the considered
solar cell. The electrical, optical and impedance properties are
generated and analyzed in order to optimize the solar cell effi-
ciency.

RESULTS AND DISCUSSION

Electronic properties of GaAs and Aly3Gay;As: As shown
in Fig. 3, the band structures of GaAs and Aly;Gay;As are
between -14.0 and 8.0 eV calculated with TB-mBJ approxi-

mation. The direct band gaps are 1.24 eV and 1.61eV of GaAs
and Aly3Gag;As, respectively. The substitution of the gallium
atom with aluminum leads to an increase in the band gap as a
result of the difference in existing energy between the valence
band and conduction band, due to the charge transfer between
Al, Ga and As. It should be observed that the system keeps the
symmetrical structure, with a direct band gap.

Optical properties of GaAs and Al)3Ga,;As: The extent
to which light is absorbed by the substance is influenced by the
movement of its electrons across different energy states. More-
over, the ability of the material to bend light and its trans-
parency are revealed by its refractive index. The absorption
spectrum of the GaAs and Aly3Gag;As are shown in Fig. 4a.
Their optical behaviour is extensive and becomes significant
in the range of 4.5 to 8 eV, which means that both GaAs and
Aly3Gag;As have higher absorption in the ultraviolet region
[13]. These properties are recommended to use these materials
in the photovoltaic. The reflectivity R spectrum is shown in

TABLE-1
PARAMETERS UTILIZED TO SIMULATE THE GaAs p-i-n SOLAR CELL WITH
FRONT SURFACE FIELD (FSF) AND BASE SURFACE FIELD (BSF)

Parameters FSF (Al,;Ga,-;As) p-GaAs i-GaAs Negas BSF (Aly;Ga,;As)
Thickness (nm) 20 150-200 490 200-20 40
Dielectric perm (g,) 12.048 12.4 124 12.048
Affinity, %, (eV) 3.740 4.07 4.07 3.740
Band gap, E, (eV) 1.803 1.24 1.24 1.803
Electron mobility, p, (cm® V' s™) 2300 8500 8500 8500 2300
Hole mobility, p, (cm* V' s™) 145.6 400 400 145.6
DOSCB: N (cm™) 6.5 x 10" 1x10% 1x10" 1x10" 6.5 x 10"
DOSVB: N, (cm”) 112 % 10 1.00 x 10" 1.00 x 10" 1.00 x 10" 112 % 10"
Acceptor concentration, N, (cm™) 2.00 x 10'® 2.00 x 10'*-1.00 x 10" 0 0 0
Donor concentration, Ny, (cm™) 0 0 2.00 x 10"® 2.00x 10"
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Fig. 3. The band structures of GaAs and Aly3Gag;As calculated by (TB-mBJ) potential
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Fig. 4. (a) The absorption coefficient and (b) the reflectivity spectrums calculated by (mBJ) potential for GaAs (red line) and Aly;Gag;As

(blue line)

Fig. 4b. The R(0) is 26% and 25 % for GaAs and Aly3Gag;As,
respectively. The maximum reflectivity value is 39.3% at 3.2
eV and 2.9 eV for GaAs and Aly3Gay;As, respectively in visible
light. The small matter of reflectivity and the absorptivity in the
infrared region indicates that both compounds are transparent
in this range.

Electrical parameters of solar cell: There are a few fund-
amental electrical parameters that characterize a photovoltaic
cell, counting short-circuiting current (ISC), open-circuit
voltage (Voc), form factor (FF), efficiency (1) and spectral
response. Among them 1M and FF parameters are the specific
intrigued in this study [14,15]. The efficiency 1 characterizes
the capacity of a photovoltaic cell to convert incident radiation
into electrical current and is given by the ratio between the maxi-
mum power and the light power generated by the photovoltaic
cell [13]:

n=1io 0
ES
where E is the illuminance (W/m?) and S is the cell surface

(m?).

Under standard test conditions (STC) 1 for solar panels,
which are characterized by solar radiation of 1000 W/m?, a solar
spectrum AM 1, 5 and 25 °C ambient temperature, the maxi-
mum power is called peak power (P.). Efficiency is expressed
as follows [16]:

— PC 2
n 1000.S &
There are many technologies available on the market [17],
with crystalline and amorphous silicon accounting for over 80%
of global market for terrestrial applications, with efficiencies
from 15 to 20% STC for crystalline silicon and from 5 to 12%
for amorphous silicon [18]. Gallium arsenide (GaAs)-based
photovoltaic cells, generally designed for space applications,
has efficiencies ranging from 25 to 40% [ 19]. Photovoltaic cells
are also characterized, as mentioned above, by another para-
meter called the form factor (FF) defined by the ratio between
the maximum power and the power formed by the rectangle
JseX Vo [20]:

Form factor (FF) = P—‘“

JSC X VOC (3)

This factor is a signal of the quality of photogenerator, as
well as the nature of resistances operating in the cell if they
are in series or parallel. The optimal solar cell performance is
achieved as the form factor nears 100% [21]. In the following
parts, all these parameters were investigated in our case as a
function of Al,Ga,.,As layer, doping and temperature effects.
Effect of Al,Ga;..As layer using SCAPS-1D: The para-
meters utilized for the GaAs-based p-i-n solar cell at T =300 K
are recorded in Table-1. The results of the GaAs solar cell
junction types using SCAPS-1D are summarized in Table-2
and Fig. 5. All through the reenactment, the standard solar
cell conditions are AM 1.5 at 300 K and 1000 W/m? irradiance.
The existence of the two windows (BSF) and (FSF) allows amp-
lifying the photovoltaic cell’s performance. Consequently, the
form factor can exceed 90% and the efficiency can reach 31%.

TABLE-2
SIMULATED CELL PARAMETERS AS
A FUNCTION OF STRUCTURE TYPE

JCC
Structure type V., (V) (mA/en?) FF (%)  m (%)
Without FSF and BSF 1.02 28.95 88.35 26.10
With FSF and BSF 1.29 26.29 90.35 30.67
30 T T
201
5
< 15
3
o
51 — (p—i-n)
—— (FSF—p-i-n—BSF)
0 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0 1.4

Voltage (V)
Fig. 5. Effect of the FSF and BSF on the (J-V) characteristic
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Fig. 6. Effect of doping on solar cell performance

Doping effect: The effect of window layer doped on form
factor and efficiency are shown in Fig. 6. The form factor incre-
ases with increasing doping content. As well, the yield with
doping until reaches the maximum at N = 10" cm™, then decre-
ases once this value is exceeded.

Temperature effect: Solar cells are used almost every-
where in the world and now also on other planets, such as Mars
and the climatic conditions vary throughout the year. Thereby
leads to fluctuations in the operating temperature of the photo-
voltaic cell. Therefore, their performance will be strongly influ-
enced. We studied the effect of temperature, whereas the other
parameters remained unchanged. The achieved results are illus-
trated in Table-3, Figs. 7 and 8.

TABLE-3
SIMULATED CELL PARAMETERS AS
A FUNCTION OF TEMPERATURE TYPE

Temp. (K) Ve (V) Jee (mA/em’) EF (%) n (%)
273.15 1.3590 25.92 91.33 32.19
283.15 1.3403 25.92 90.99 31.61
303.15 1.3014 25.92 90.29 30.46
323.15 1.2623 25.92 89.56 29.31
343.15 1.2228 25.92 88.80 28.15

251
201~ t
g 151
£ : 5 !
Sol—T=2msk
- T=283.15K
— T=303.15K i ; i
—— T=2343.15K
0 T I T T
0.9 1.0 1.1 1.2 1.3 1.4
Voltage (V)

Fig. 7. Effect of temperature on the (J-V) characteristic

The increase in the temperature leads to a relative reduc-
tion in the performance of the photovoltaic cell, whose effici-

ency decreases from 32.19% at T =273 K to 28.15% at T =
343 K. This reduction can be explained by decreasing the other
main electrical parameters, the open-circuit voltage; and form
factor. The Voc decreased from 1.359 V to 1.2228 V by increa-
sing the temperature from 273 K to 343 K, respectively.

Impedance spectroscopy method: Impedance spectro-
scopy method (ISM) is a powerful method extensively used for
characterization of a wide range of electronic materials and
photovoltaic devices [11,22]. This versatile method allows for
evaluating cell performance by measuring electrical character-
istics such as resistance and capacitance [23]. Furthermore, it
offers a deeper understanding of the movement and distribution
of charges within the semiconductor substance. Certainly, the
impedance parameters acquired from the AC simulation utili-
zing SCAPS-1D software are illustrated in Fig. 9a-b. As can
be seen, in the low frequency regime, the impedance complex
is characterized by a semicircle for each frequency and can be
modeled as a resistor Ry, a parallel connection of a resistor R,
and a capacitor C. The theoretical analysis of front surface
field (FSF) and base surface field (BSF) provides the electrical
values which are 0.285 kQ, 3.35 10" kQ and 1.42 10® F of R,
Rpand C, respectively. Fig. 9b represents the real and imaginary
parts of the complex impedance as a function of frequency.
The peak frequency ®, = 2rf, is indicated in both Fig. 9.

Conclusion

Based upon the first principal density function theory
(DFT), we have investigated Alyo3GaosAs and GaAs for its
structure. This study focuses on the analysis of the electronic
and optical properties, we have found that these materials are
promising candidates for light-absorbing materials in photo-
voltaic applications due to their optimum direct band gaps,
also focus on the effect of p(FSF) and n(BSF)-type window
layers of Alo3Gao;As deposited on GaAs substrate, as supp-
orted by the evaluation of the optical and electrical properties
in the efficiency and the form factor. The Al3Ga,;As exhibits
very high absorption. Their form factor increases from 88.35%
to 90.35%, the yield from 26.10% to 30.67% and the Voc
evolves from 1.02 v to 1.29 v, while the Jsc decreases from
28.95 mA/cm® to 26.29 mA/cm?®. The Aly3Gao;As presents a
wide absorption range in the ultraviolet region. Thus, the
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