Journal of Ovonic Research Vol. 18, No. 6, November - December 2022, p. 769 - 779

Numerical modeling of p-i-n GaAs solar cell performance
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This study aims to improve and evaluate the external quantum efficiency (EQE) of p-i-n
GaAs solar cells. The current densities of minority carriers and the geometrical and
physical cell parameters were calculated using the finite difference method. As a result,
the EQE simulation findings are extremely close to the experimental data, and a maximum
EQE of 57.26 %, with optimum layer thicknesses (pm) of p, i, and n are respectively
0.2,1,4, and n and p layers doping (cm™) of 102° cm™ and 4 x 107 ¢cm™. The adding of
pt-AlGaAs window layer increases the energy conversion efficiency (%) from 19.41 to
25.45.
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1. Introduction

Gallium Arsenide (GaAs) semiconductors are the most promising absorber
materials in second-generation thin-film solar cells, with conversion efficiencies better
than any silicon-based counterparts. During the last few years, the best (GaAs) laboratory solar
cell has improved its conversion efficiency by 1.8 percent, from 26.2% in 2012 [1-4] to 29.3 % in
2021 [5,6]. GaAs solar cells are useful because of its Eg=1.425 eV direct band gap, which makes
them appropriate for diode and photovoltaic (PV) cell applications. It is frequently expanded by
alloying, which is the exact fusing of two components together, in this case aluminum, to produce
Al,Ga;,As. A wide bandgap also indicates the material remains more semiconductive at higher
temperatures, as in silicon that has a bandgap of 1.12 eV. As a result, the thermal generation of
carriers becomes more dominant over the purposefully doped amount of carriers at higher
temperatures [7- 9]. The performance of GaAs solar cells has been improved using a technique
that focuses on improving their architectures, such as textured surfaces for light trapping and
surface passivation, such as the SiO,/Si interface to reduce surface recombination rate, and the use
of an AlGaAs window and a back surface layer (BSF) to reduce surface recombination velocity
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[10-13]. The p-i-n junction, which is made up of two layers of p and n regions with an intrinsic
layer in the center, is another type of solar cell structure. Based on the width of the intrinsic region
and the creation of an internal electric field that moves minority carriers away from the surface,
this structure provides a straightforward strategy to enhance absorption capacity [14, 15]. The
Layer window plays a significant role in improving the solar cell's performance. Unlike Silicon, they
serve to reduce effective surface to surface recombination of the solar cell issuer without absorbing
the beneficial light required for the device. On the basis of semiconductors made out of solar cells,
many materials for the window layer have been investigated for I1I-V [16]. It has been proven with
efficiency of 25% at one sun illumination in the case of GaAs solar cells, and high efficiency
Ga As solar cells all use a wide band-gap window layer on the surface to reduce front surface
recombination losses. The Al Ga.xAs window layer is one of the more crucial design areas in
high efficiency GaAs solar cells, and high aluminum content alloys are preferred to decrease
optical absorption [17, 18]. Using the finite difference method, our model gives a numerical
description of a p — i — n solar cell structure. The numerical resolution of the continuity equations
for minority carriers in each zone is used to calculate the current densities. This method is based
on Thomas's algorithm, which is special to the resolution of tridiagonal matrix [19- 21]. In this
study, The main goal is to first simulate a homojunction GaAs solar cell using the finite difference
method in order to evaluate photoelectric parameters (photocurrent density, doping levels of the
emitter and base layers), geometrics (thickness of different regions), and then to improve solar cell
efficiency by using Al,GaxAs (x = 0.8) type material as a window layer.

2. p-i-n GaAs solar cell structure

A diagram of the p-i-n solar cell structure based on the GaAs is illustrated in Fig.1, and the
employed physical parameters in the numerical simulation are listed in Table 1. This structure is
made up of a non-doped intrinsic region i-GaAs intercalated between two different areas, one of
which is n-GaAs and the other is p-GaAs. The p-i-n structure provides an electric field between the
p and n regions, which separates electron-hole pairs and prevents their recombination.
Furthermore, electrons are excited from the valence band to the conduction band during light
absorption, resulting holes in the valence band. The charge carrier types move through the material
and contribute to the photocurrent production. The present structure was examined utilizing the
Standard Conditions Test (STC), which includes an AMO solar spectrum with constant light
intensities of 100 mW/cm? and a cell temperature of 25°C.

Al Al

p- GaAS emitter

i- GaAS Intrinsic

n- GaAS  base
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Fig. 1. Schematic diagram of single p-i-n GaAs solar cell.



Table 1. Geometric and physical parameters set for simulation of the p-i-n GaAs solar cell.

Parameters

Emitter

Intrinsic

Base

Thickness (nm)

200

100

200

Acceptor doping density
N, (cm™3)

5x 101

Donor doping density
Ng(cm™3)

5x 101

Intrinsic Doping
Density N;(cm™3)

Mobility

Up = 400

1, = 8500

(em?2.v=1.s™)
Recombination velocity
(cm/s)

Sp=1><106 ---------- Sn=5>(104

3. Numerical simulation

A diagram of p-i-n GaAs solar cell structure used in the numerical simulation is illustrated
in Fig. 2.
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Fig. 2. Schematic structure of a p-i-n solar cell structure.

Minority carrier continuity equations in the p-region, i-region, and n-region are formulated
as follows in the permanent regime:

1dJn _
qax T Gx) —R,(x) =0 (1

1djm _ _ _

EE+G(X)—O (m=n,m = p) 2)
—é%+G(X) —R,(x) =0 3)

where, R, and R, are the electrons and holes recombination rates, respectively. They are

described in terms of excess concentration minority carriers (An for electrons, Ap for holes)
relative to the dark equilibrium state (ny, py). Their expression are respectively: R,, = i—n = % ,
n n

R, =22 =P The lifetimes of electrons and holes are indicated by the symbols t,and T,

P, T, P
respectively. The minority carriers concentrations (electrons and holes) in the p- and n- regions, at
equilibrium are ng, py respectively. The generation rate g(x,A) for a given wavelength A is
calculated using the incident flux photons ¢(x,2A), the absorption coefficient a(x,A), and the
reflexion coefficient losses R(x,) as follows: g(x,A) = (1 — R)pae™®* . The total photocurrent

density [, is the sum of the three components in each region; the drift current density of the
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electrons in the p-type region ], the drift current density of the photoholes in the n-type region Jp,
and the photogeneration in the intrinsic region J;.

Jorn (D) = Jn (D) + J;(D) + ], () 4)

where J;, , J,, are given by the following equations:

on(x

Jn®) = qni,E, (x,) + qDy o 5)
— 9px)

]p ™ = qpp-pEn(Xn) - qu Tox (6)

where up, pp, are the electron and hole mobility, and Dy, D}, are the electron and hole diffusion
coefficients respectively. E,, Ej, are the electric field in the p-region and n-region, as determined
by the poisson's equation:

aE _ px) (7)

dx £
where: p is the charge density in the three regions which is expressed as follows:
en; = |ep;|, for xo < x < x;

eNy ,forx; <x <x,
0, forx<xp and x > x,

—eNg, for x, < x < x
p(Y) = { ®)

By solving the Gauss equation (7), the electric field in the p-region, i-intrinsic, and n-
region is obtained:

Ng
—eT(x—xp),forxp Sx<xg
E(x) =

— = (x; = x0), for xg S x < x; ©)

%(x —x,),forx; <x < x,
The continuity equation for electrons density n(x) in the emitter region (O <x< xp)
takes the following form:

a? an(x) JE
Do 229 4 ) B2 4, B0 gy = 0 (10)

This equation is stated in the form of a 2™ order differential equation with a second
member that is depending on x:

a%n(x)
0x2

29 — By ()n(x) = D(x) (11)

Aq(x)

1 .
L%’

¢poa(1-R)e™%* n?
Dy, LN,

n qNg n qNg
where, A; (x) = g—an(x — xp); By(x) = g—n"T+ D(x) =

The continuity equation for the generated excess holes density p(x) in the base region
(x, < x < H) is treated similarly; it may be obtained by substituting only 'n’ in the equation (14)
with 'p’. We neglect the recombination coefficient ‘R’ in the intrinsic region ( Xy < x < X;), hence
the photogeneration current density in this region is given as:

Ji) = Jin (D) + Jip (D) (12)
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where the current density of the minority carriers (electrons, holes) [22, 23] are written as bellow:

For electrons: Jin) = qnunEi(Xp) +qD, ar;—ix) (13)
]
For holes: Jip(D) = qpE;(x,) — gD, 1;:0 (14)

The concentration of the minority carrier m(x) is numerically determined by using finite
difference scheme [24, 25] to solve continuity equations (11). This method consists to replace the
derivatives of the differential operators of the functions involved in the PDE using Taylor
formulas, so as to search an approximation solution of partial differential equations (PDE) at
points which are distributed on a grid. We noticeh unit interval [a b] of solar cell region defined

as h= %, the values of grid point x; have the following expression x; =a+ih fori=

0,1,2,...,N + 1 with x, = a and x;, = b and the carrier concentrations are noted by u(x;) = u;.
The cell's limits conditions impose boundary conditions to determine PDE solutions, which are
described by the continuity of both the current density at the front area's cell, characterizing by the
surface recombination velocity S,,, and the minority electrons concentration at the end of the
zone’s length. The obtained system of differential equations can be written in a tridiagonal matrix
which is solved using the Thomas’s algorithm [26] , as given as:

A,:m,:_l + Bi m; + Cimi+1 = D(xi); i= 1,2, N (15)

where A;, B;, C; and D(x;) are coefficients according to each region. The total photocurrent
density J,,of the chosen spectrum is expressed in the form:

Jon = [y Jpn(2) dA. (16)

The characteristic current — voltage J(V) described the relationship between the output
current density across the ideal cell and the voltage V, which is expressed as:

JOV) = Jpn = Js (exp (5i7) = 1) (17)

where s is the saturation current density of the p — n junction, q is the charge of the electron, T is
the cell temperature and « is an ideality factor and has a value typically between 1 and 2 . The
saturation current is given in the following simple expression:

Js = angbp (A.cm™2) (18)

NglLp

Ly, Ly, are the length diffusions both of holes and electrons respectively.

4. External quantum efficiency EQE and window layer

4.1. External quantum efficiency EQE

The external quantum efficiency EQE is defined as the ratio of the number of the produced
electrons Ngcollected by the solar cell to the number of the absorbed incident photons; The
expression of EQE is given as a function of wavelength A, as follows:

EQE() == (19)

Ne
Ny
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This parameter is used to evaluate the photocurrent J,,, produced by a solar cell; this is
done by integrating the EQE obtained over the entire spectrum of light radiation. This efficiency is
directly related to the photon energy Epy, incident flux ¢(4), and photocurrent J,,. It can be
approximated as:

_ ]ph(/l)-Eph(A) _

]ph(l)
EQE(2) =P oo = 1.24 x 0

(20)

4.2. Windows layer effect

Fig. 3 shows a schematic representation of the solar cell structure, and Table 2 lists the key
physical parameters used in the simulations. As illustrated in Fig. 3, the basic structure for
increasing solar cell performance is composed of a homojunction p-i-n-GaAs solar cell on which
an pt — AlygGay,As type window layer is deposited to produce the heterojunction. The
difference in lattice parameters between GaAs and Al,Ga;,As (0 < x < 1) is relatively tiny (less
than 0.15% percent at 300 K), particularly in the Al,Ga; As thin film material (in this study, x =
0.8 and band gap is about 2.09 eV because this usual x value of the window layer produces
satisfactory results) [27]. Due to its indirect band gap, the Al,Ga;As window layer is visible to
photons with energy up to roughly 2.1 eV and cuts off light gradually in the range 2.1-2.6 e¢V. This
layer must not only allow for the reduction of recombination at the cell's front surface, but also
make it more sensitive to photons with higher energy [28]. Table 2 shows the principal physical
parameters used in the simulation [29].

back surface fiel

Window | Emitter 1 i- layer ! base

Fig. 3. band diagram of a photovoltaic cell p-n-GaAs in the presence of a normal p*- AlGaAs
window layer [18].

Table 2. Physical parameter values used in the simulation [30-31].

Material Parameters pt — AlygGay,As
Window thickness Xy (um) 0.02
Band gap energy Egv(eV) 2.09
Diffusion coefficient D} (cm?.s71) 4.6
Diffusion length LY, (um) 0.5
Velocity recombination SW (¢cm.s™1) 5 x 10*
Window doping N¥ (cm™3) 2x10%

Insight into the mechanisms of recombination at the GaAs surface is necessary for
precisely calculating the effect of the window layer. Indeed, solar cells made of GaAs and with a
window of the type p’- Aly3Gay,As (Fig. 2) reduce surface recombination, which is modeled using
an effective surface recombination velocity S Sggr, which is expressed as [32]:
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DY (XW)
W\ —ww tanh( = )+1
SN — S ex Eg—Eg |\ sfLy Ly 21
eff n €XP KpT /) SWLY (XW)
—Wtanh —w|t1
Dn LI‘I

5. Results and discussion

5.1. Electric field

In Fig.4 we represent the curve of the electric field depending on the thickness of the p-i-n
GaAs solar cell. Due to the important absorption of the light, we note that the intermediary region
delivers an important value of electric field. This curve demonstrates that the intrinsic region's
insertion permits charge carriers to be generated, and so contributes to the increase in
photogeneration current.
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Fig. 4. Electric field of p-i-n GaAs solar cell.

5.2. External quantum efficiency EQE

The output characteristic variation of the external quantum efficiency (EQE) as a function
of wavelength is shown in Fig. 4. The numerical simulation results of EQE correspond well with
the experimental values, demonstrating the quality of our numerical method, which is the finite
difference method. The optimum EQE values are found in the range of values between 300nm and
350nm. Furthermore, the EQE's maximum value is 57.26% and is located at 328.6 nm. The results
demonstrate that this layer is significant in photovoltaic characteristics, especially during
absorption. However, we note that the photo-carriers in the intrinsic region are involved in current
generation.

* Simulation
Measurement

25|
20
15

200 250 300 350 400 450 500
A{nm)

Fig. 5. Simulated EQE versus the wavelength of p-i-n GaAs solar cell.
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5.3. Effect of the geometric parameters

Given the significance of various types of layers in photovoltaic properties, particularly
during absorption phenomena. We have studied the effect of geometrical parameters such as the
base and intrinsic layer thicknesses, as well as the additional physical parameters indicated in
Table 1 are fixed, Xg=0.2um, N,=4x10" cm™.

5.3.1. Effect of the base layer thickness

In Fig. 6, we can see that as the base thickness grows, the short current density Jg
increases. Furthermore, the J variation is proportional to the base thickness, and the variation
increases rapid up to the optimal value Xz = 4um before stabilizing around a constant value.

5.3.2. Effect of the intrinsic layer thickness

The output characteristic of the cell’s EQE is shown in Fig. 7 as a function of the intrinsic
layer thickness W;. As can be seen, the EQE improves when the intrinsic layer thickness is
increased, which reaches a maximum of 57.26 % at W; = 0.1um. We concluded that the optimal
geometric values are Xg = 0.2um, W = 1um, and Xz = 4um, according to the results.

15.5

145

Jsc (mA.cm'z)
=

135

12,5
o 5 10 15 20 25 30 35

xn(gem)

Fig. 6. Base thickness x, Effect on J..

E.? _____ W =02um
wask | e W, =04um
g — = —W_=06.m

— Y 3=1 Dum

15

10
100 200 300 400 500 600 700 800 200

A (nm)

Fig. 7. EQE(A) characteristic variation as a function of wavelength.
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5.4. Characteristic J(V) of a pin GaAs solar cell

With the previous geometric and physical values, as well as others in Table 1, are used.
We represent the solar cell’s characteristic J (V) based on p-i-n GaAs structure in Fig. 8 by using
the finite difference method. It is can be seen that the characteristic solar cell’s J(V) is “hand in
hand” with literature results and follows the typical form of photoelectric cells.

15

10+

| ——#— p-i-n GaAs Solar cell J{V) with finite difference method

Current density(mé&/cm?)

0 0.1 02 0.3 0.4 05 06 0.7 0.8 0.9
Voltage (V)

Fig. 8. p-i-n Gads solar cell’s J(V).

25

—#%— p-i-n Gahs Solar cell J(V) without intrinsic layer
—— p-i-n GaAs Solar cell J(V) with intrinsic layer

10

Current density(mA/cm?)

o

0 0.1 02 03 0.4 05 D6 07 08 0.9
Voltage (V)

Fig. 9. p-i-n Gads solar cell’s J(V) with and without intrinsic layer .

On the other hand, to investigate the impact of the intrinsic layer on energy conversion
efficiency, we compare the J(V) characteristic with and without the intrinsic layer. Fig. 9 indicates
that the short circuit current J is increased from 19.41 mA/cm’ to 24.45 mA/cm?®, while the

voltage V.. remains constant at 0.9995 V, and subsequently the energy conversion efficiency 7 is
increased.

5.5. Window layer effect on solar cell’s J(V)

To determine the importance of the window layer in the GaAs solar cell, we have carried a
comparative study between two cells; the first one is with window and the second one without
window layer. Fig. 10 shows the p-i-n GaAs solar cell’s J(V) with and without AlygGag,As
window layer type. It can be seen, that adding a window layer increases the short-circuit current
while keeping V. unchanged. Indeed, the p*—AlygGag,As/ p — GaAs heterostructure junction
reduces the velocity recombination S,, in response to the difference in band gap energy of the two
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materials, forming a potential barrier that inhibits minority carriers from crossing it and
contributing to photocurrent production.
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Table 3 shows the photovoltaic parameter values for the two cells. By adding a window
layer Al gGag ,As type, the photocurrent increased from 22.97 to 25.75 mA/cm” and the energy
conversion efficiency 1 increased from 19.41 %to 25.45%.

Table 3. Simulated photovoltaic parameters of a p-i-n GaAs solar cell with and without window.

Photovoltaic parameters | cell without window | Cell with window
Jsc  (mA/cm?) 22.97 25.75

Voo (V) 0.9919 0.9995

1n(%) 19.41 25.45

6. Conclusion

We have simulated the external quantum efficiency of p — i — n GaAs solar cell, using the
finite difference method. This model has permitted us to study the influence of intrinsic region cell
on the photovoltaic performance covering all solar spectrum, and the effect of adding a p* —
AlygGag,As window layer on the performance solar cell. The obtained results show an
improvement in the performance cell when the wavelength is located between 300nm and 350 nm.
EQE has a maximum value of 57.26 %, which is found at a wavelength of 328.6 nm. The
comparison between simulation and experimental values are in good agreement, which is show the
certitude and the accuracy of our numerical method. Furthermore, it demonstrates that both the
intrinsic and window layers have a considerable impact on the performance of the pn — Gads
solar cell; this leads to an increase in energy conversion efficiency, with the optimum value of
25.45 %.
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