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In this study, a theoretical simulation was conducted to improve the performance of a solar cell with a
structure. ZnSnS/Cu by analyzing the effect of the back-reflection layer, varying its thickness, and doping. The
results showed that introducing a back-reflection layer is an effective strategy for increasing solar cell efficien-
cy by enhancing the internal reflection of unabsorbed photons and redirecting them toward the absorber layer.

Several materials have been tested as back reflective coatings such as:Si, Sb.Ses, Zn.Ps, CIGS, and
ZnTe. ZnTe showed superior performance across all cell parameters, with higher open-circuit voltage (Voc),
short-circuit current (Jsc), and fill factor (FF), achieving a maximum photovoltaic efficiency of 29.26% com-
pared to the reference value of 11.23%.

The results of changing the layer thickness also showed thatZnTe has an ideal thickness of 1.60 pm that
achieves the optimal balance between optical and electrical properties, contributing to improved carrier ex-
traction and reduced losses due to interference or random reflections.

ZnTe was preferable because it has high reflectivity and a wide energy gap, which returns unabsorbed
photons to the absorber layer and reduces charge loss, resulting in a significant improvement in cell efficiency.

As for doping the reflection layer, it has been shown that it contributes to tuning the electronic properties
at the backside of the cell, by improving conductivity and reducing recombination rates. Doped ZnTe is the
most compatible in terms of electronegativity, carrier speed, and state density, making it the ideal choice for
backscattering layers.

These results confirm the importance of careful layer design for thin-film solar cells, and the need to
fine-tune the reflective layer properties in terms of material, thickness, and doping, to achieve high and stable
conversion efficiencies.

Keywords: ZnTe, backscatter, solar cell efficiency, simulation using SCAPS-1D, photovoltaic perfor-
mance.
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1-Introduction

In recent years, solar cell technolo-
gies have witnessed remarkable devel-
opment driven by the need for clean
and renewable energy sources, and im-
proving solar cell performance is a ma-
jor goal for researchers and engineers
[1]. Among the promising materials
used in the manufacture of thin-film
solar cells, a compound appears Zn-
SnS is an environmentally friendly and
efficient absorber, thanks to its suitable
direct energy gap and the abundance of
its components in nature [2][3]. In ad-
dition, copper (Cu) is used to improve
electrical conductivity and enhance
the generation of photoelectron pairs,
which contributes to raising the cell ef-
ficiency [4].

The thickness of the absorber layer
plays a crucial role in determining the
amount of light absorbed and, conse-
quently, the number of electrons gen-
erated. Increasing thickness initially
results in greater absorption, but it may
also increase the recombination rates
of the carriers, reducing efficiency [5].
It is important to achieve the ideal bal-

ance between thickness and material

properties to ensure optimal photovol-
taic performance.

In addition, the back reflection layer
(Back Surface Reflector (BSR) is a key
factor in improving light absorption,
especially in thin-film cells. It reflects
unabsorbed photons back toward the
absorber layer, increasing the likeli-
hood of generating electron-hole pairs
[6][7]. Studies show that materials
such as ZnTe, CIGS, and Si1 are effec-
tive as reflection layers in many solar
structures [8].

Doping of active layers (either ab-
sorption or reflection layer) is used
to adjust the energy levels within the
material and improve conductivity and
charge transport. The density of donor
or tunable impurities can be controlled
to adjust the energy gap levels and the
voltage generated by the cell [9]. Fine
doping also reduces structural defects
that lead to carrier loss, which im-
proves the fill factor (Fill Factor) and
overall conversion efficiency [10].

This research aims to study the ef-
fect of absorption layer thickness,
back reflection layer addition, and dop-
ing modification on the performance of

solar cell made of Cu and ZnSnS using
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theoretical simulation, with analysis of
key performance parameters such as:
Voc, Jsc, FF, and Efficiency.

2-Simulation method

The theoretical simulation in this re-
search was done using the programsS-
CAPS-1D is a performance simulation
tool for ZnSnS/Cu thin-film solar cells.
This software enables modeling the ef-
fect of various variables, such as layer
thickness, back reflection layer type,
and doping level, on photovoltaic per-
formance parameters.

The physical properties of each lay-
er (such as energy gap, electronegativ-
ity, permittivity, effective density, etc.)
have been precisely entered, with op-
erating conditions such as temperature
and solar radiation intensity fixed. It
explains the table (1) Parameters of
back-reflection layers

Then one variable was modified in
each experiment (such as thickness,
type of reflective material, or doping
level) to study its direct effect on cell
performance.

1) Software used:SCAPS-1D for
simulation of multilayer solar cells.

2) Basic structure of the cell: ZnO/

ZnSnS/Cu, with a back reflection layer
inserted where required.

3) The following properties were
entered for each layer:

4) Energy gap (Eg), electronegativ-
ity (Electron affinity), relative permit-
tivity (er), effective density of states
(Nc and Nv), carrier velocity (elec-
trons and holes), mobility (Mobility),
and doping density (NA or ND).

5)Variables tested:

a) layer thickness ZnSnS (0.1 to 3
pm)

b) layer thickness reflective ZnTe
(0.01 to 1.5 pum)

c) Change the reflection layer type
(ZnTe, Si, CIGS, ...)

d) Changing the doping density of
the absorbing and reflecting layer

5) Operating conditions: constant
temperature (300K), AM1.5 spectrum,

with continuous illumination.
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Table (1) Parameters of back-reflection layers
Parameters symbol (unit) | Sb2Se3 Yes CIGS ZnTe
Thickness W(um) 0.05 0.05 0.05 0.05
Bandgap Eg (ev) 1.2 1.12 1.05 2.2
Electron affinity x (ev) 4.04 4.05 4.14 3.73
Dielectric r 18,000 11.9 10 10.3
permittivity
B effecti it
CBeffective density | 10 | 228418 | B+192580 | E+181,000 | 17E+18
of states
VB effective densit
CHECVE CESIY | Nom® | 1.8E+19 | E+192.650 | E+181,000 | 1.16E+19
of states
El h 1
cctron fherma V (em/s) | LOOOE+7 | E+71,000 | E+71,000 3.2E+7
velocity
Hole thermal velocity Vp(cm/s) 1.000E+7 E+71,000 E+71,000 1.5E+7
Elect 3.3E+2
ceron w(chvsym® | 1.5E+1 | E+31.350 | E+13,000
mobility
Hole mobility wy(c/vs)m’ 5.1E+0 E+24.500 E+11,500 S8E+1
Shallow uniform | iy (1) 0 0 0 0
donor density
Shallow uniform
. NA (1/cm3) 1E+17 1E+17 1E+17 1E+17
acceptor density

3- Models physical and mathe-
matical simulation of solar cells

1. Poisson’s equation

Describe this equation represents
the distribution of electrical potential
within a solar cell as a result of the dis-

d*Ww(x)
dx?

2. Continuity equations
It 1s used these equations calculate

the change in electron and hole con-

tribution of charges (electrons, holes,
and donor or acceptor impurities). It
is essential for calculating the internal
electric field that stimulates the move-
ment of carriers through the different

layers [11].

_ (%) * [p(x) — n(x)+ N; — Ng]ooeeel (1)

centration over time due to electric cur-
rent, photo generation, and recombina-

tion. They represent the law of charge



239 ||

dudlyell deoladl - dyyUl duds - duodellg dugy il Sluwlyadl ddoo
02026 Jluu - cbjuoll ogle - ol alaoll - Jgurellg eIludl bl

conservation for carriers within a solar

cell [12].
Equation electrons:[12]
] 14 ],
== (E)a_lz-ﬁ G(x) = R(X) e oe. (2)

Equation gaps:[12]

5 5
. _G)£+ G(x) = R() - o (3)

3. Drift diffusion equations
It 1s used these equations calculate
the current resulting from the move-
ment of electrons and holes within the
solar cell, whether due to the electric
field (drift) or the concentration gradi-
ent (diffusion). They are essential for
understanding the distribution of the
resulting current within the layers|[ 13].
Equation current for electrons:[13]
ds dn
Jo = qpang-+ qDa .. (4)
Equation current to gaps:[13]

Jp = qupp%— qﬂpg
4. Shockley-read—hall recombi-
nation model (SRH recombination)
describes this model describes the
recombination mechanism of carriers
(electrons and holes) through interme-
diate energy levels located within the

energy gap, resulting from crystal de-
fects or impurities. It is considered one
of the most important models of carrier
loss 1n solar cells| 14].

R (np — n;%)
FHO [+ n)+ (e + 0]

(5)

4- Results and discussion

4-1Results of zeroing series and
parallel resistors

In the first phase of the study, a sim-
ulation was performed of the solar cell
situation under ideal conditions by ze-
roing the series resistance (Rs) and par-
allel resistance (Rsh), in order to iso-
late the effects of internal and external
electrical losses. This step 1s necessary
to determine the maximum theoreti-
cal performance of the solar cell and
provide a reference against which any
subsequent improvements to the cell
structure or material properties can be
evaluated.

The simulation results showed that
the open circuit voltage (The voltage
(Voc) reached 0.654 V, representing
the no-load voltage and reflecting the
separation quality of photo carriers at
equilibrium. The short-circuit current
(Jsc) was recorded at 20.5329 mA/cm?,
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indicating good photon absorption and
conversion efficiency in the absence of
conductive barriers. The fill factor also
reached a high percentage of 83.57%,
indicating that the voltage-current
curve is close to the ideal shape, mean-
ing that the cell is capable of main-
taining high voltage and current in the
maximum operating region.

The photovoltaic conversion effi-

ciency in this case reached 11.23%,
which is reasonable and satisfactory in
the absence of the effects of losses as-
sociated with resistors. This theoretical
evaluation provides a clear framework
for assessing the impact of any sub-
sequent modification to the solar cell,
whether by adding new layers such
as backscattering, or by adjusting the
thickness and doping.[15].

Table (1) Cell outputs after zeroing the series and parallel resistors

Cell outputs Value it
open circuit voltage 0.654262 v
short circuit current 20.5329 mA/cm?2

milli factorand 83.5651%
Conversion efficiency 11.2261%
-2.50E+01 - v
-2.00E+01 -
"E -1.50E+01 - —— jtot{mA/cm2)
3
T -1.00E+01 -
] ]

-5.00E+00 -

U.mE—H:HJ-|||||||||||||||||||||||||||||||||||||||||||||

0 01 02 03 04 05 06 07 08 09
Viv)
Figure (1) The relationship between voltage and current
after zeroing the series and parallel resistors
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Figure (2) Quantum efficiency after zeroing the series and parallel resistors
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4-2 Results of adding a reflection
layer

After determining the performance
of the solar cell under ideal conditions
(with zero series and parallel resistors),
we moved on to study the effect of in-
troducing a back reflection layer (Back
Surface Reflector (BSR) is used to
improve light absorption and increase
cell efficiency. This layer is an effec-
tive means of reducing light loss by
reflecting unabsorbed photons back
toward the absorber layer, increasing
the potential for generating additional
electron-hole pairs.

Several materials were tested as
back-reflective

coatings, including

: S1, SbaSes, Zn.Ps, CIGS, and ZnTe.
The results showed significant varia-
tion in cell performance depending on
the type of material used. For example,
when ZnTe was used as the reflective
layer, the open circuit voltage (Voc)
increased to 1.592 V, compared to the
baseline value of 0.654 V, a significant
jump in voltage that indicates a clear
improvement in charge transport and
reduced losses. The short circuit cur-
rent (Jsc) also increased to 21.163 mA/
cm?, and the fill factor to 86.83%.
These improvements were reflect-
ed in the photovoltaic conversion effi-
ciency, which reached 29.26% when
using ZnTe had the highest efficiency
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among all tested materials, compared
to 11.23% in the original state without
a reflection layer. Other materials, such
as CIGS, Zn2Ps, Sb.Ses, and Si, were
also efficient, but ZnTe outperformed
in all indicators (Voc, Jsc, FF, n).
This

demonstrates the importance of engi-

remarkable  improvement

neering the back-cell interface and se-
lecting materials with suitable optical
and electrical properties, especially in
terms of high energy gap, electronega-
tivity, and conductivity, which enhance
photon reflection and reduce non-radi-

ative recombination.[16].

Table (2) Cell outputs after adding the reflection layer

Reflection layers Voc(v) Jsc(mA/cm?2) FF% %
Original after zeroing |, (<4767 20.5329 83.5651 11.2261
the resistors
SO 0.682671 20.69662577 80.2348 11.3364
Sp2Se3 0.78604 21.087749 80.9536 13.4187
Zn2P3 0.823532 20.59277912 84.7003 14.3642
CIGS 0.859979 20.559552 86.3683 15.2706
ZnTe 1.592214 21.163409 86.8277 29,258
v —_— i oY)
-2.50E+01 wila_glaall
—Tn2P3
-2.00E+01 — 1G5
—Sh25e3
 -1.50E+01
E InTe
Ey
£ io0e:01
-
-5.00E+00
] 05 1 15 2
0.00E+00
Viv)
Figure (3) Current-voltage relationship after adding the back reflection layer
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Figure (4) Quantum efficiency of the best back reflection layer (ZnTe)
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4-3 Results of changing the thick-
ness of the reflection layer ZnTe

After finding out that the materi-
al ZnTe represents the ideal choice as
a backscatter layer. A series of simu-
lations were conducted to analyze the
effect of varying the thickness of this
layer on solar cell performance. This
analysis aimed to determine the opti-
mal thickness that achieves the highest
possible efficiency without causing op-
tical losses or unwanted optical inter-
ference effects.

The study included modifying the
thickness of the layer. ZnTe in a very
fine range (between 1.602 and 1.608

um). The results showed high stability
in current (Jsc = 21.163 mA/cm?) and
voltage (Voc = 1.602—1.608 V), reflect-
ing ZnTe’s ability to maintain effective
reflection within this range. The fill
factor (FF) also showed a slight im-
provement with increasing thickness,
reaching a peak value of 86.91%.
More importantly, the conversion ef-
ficiency (n) reached its highest value
at 29.5121% when the thickness was
1.607827 pum, which is the maximum
efficiency recorded in this study. Be-
yond this value, the efficiency showed
a slight tendency towards decreasing

despite constant current and voltage,
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indicating that excessive thickness concluded that there is an optimum

may lead to unfavorable optical in- thickness for the layer.ZnTe, ranging

terference effects, or to weakening of approximately from 1.60 to 1.61 pm,

electrical transport from the back layer ensures the highest possible conversion

towards the contacts[17]. efficiency without negatively affecting
Based on these results, it can be other photovoltaic properties.

Table (3) Cell outputs when changing the thickness of the reflection layer (ZnTe)

% FF% Jsc(mA/cm?2) Voc(v) layer thickness
29.5121 86,731 21.163408 1.607827 0.01wm
29,463 86.8914 21.163409 1.602193 0.03wm
29.4638 86.8975 21.163409 1.602123 0.05um
29.4662 86.9045 21.163409 1.602126 0.07wm
29.4684 86.9107 21.163409 1.602132 0.09um
v
-2.50E+01
— 0.0 pm
-2 D0E+01
— 0.03 pm
E -1.50E+01 0.05um
;E} 0.07um
= -1.00E+01
B — 0.09um
-5.00E+00
0.00E+00
0 0.5 1 15 2
Viv)
Figure (5) Current-voltage relationship when changing
the thickness of the reflection layer (ZnTe)

4-4 Reflection layer doping results of doping the back-reflection layer on
In this phase of the study, the effect solar cell performance was analyzed.
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The electronic structure of the reflec-
tive layer was modified by introducing
acceptor or donor impurities in specif-
ic proportions. The goal of this step 1s
to improve electrical conductivity and
control the energy compositions at the
interface between the reflective layer
and the absorber layer, leading to im-
proved carrier transport and reduced
recombination rates.

Four materials used as back reflec-
tion layers were compared:Si, Sb2Ses,
CIGS, and ZnTe, with the thickness
uniform for all samples at 0.05 pm.
The results showed that the doped
ZnTe material has the highest energy
gap (Eg=2.2 eV), a feature that allows
it to act as an effective barrier that pre-
vents electron leakage to the back layer

and enhances internal reflection.

Also ZnTe has excellent electronic
properties in terms of electronegativ-
ity (3.73 eV), high electron velocity
(3.2x107 cm/s), and high mobility (p.
= 330 cm?/V's and pun = 80 cm?/V-s),
all of which support fast and efficient
carrier transport and reduce the proba-
bility of recombination in the back lay-
er[20].

Compared to other materials such as
compared to Si or CIGS, doped ZnTe
showed better matching in terms of ef-
fective density of states in the conduc-
tion band (CB) and valence band (VB),
which contributes to improved voltage
stability and easier charge extraction.

Table (4)Performance results of reflection layers after doping

The material Voc (V) Jsc (mA/cm?) FF (%) n (%)
Without reflection layer 0.654262 20.5329 83.5651 11.2261
Yes 0.682671 20.6966 80.2348 11.3364
SbaSes 0.786040 21.0877 80.9536 13.4187
Zn2Ps3 0.823532 20.5928 84.7003 14.3642
CIGS 0.859979 20.5596 86.3683 15.2706
ZnTe 1.592214 21.1634 86.8277 29.2580
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Figure (6) Current-voltage relationship when doping the reflection layer (ZnTe)

Conclusions

The study showed that introducing
a back-reflection layer is a key factor
in improving solar cell efficiency, as it
contributed to increasing voltage, cur-
rent, and fill factor. It was found that the
material ZnTe was the most effective
of the materials tested, achieving the
highest efficiency of 29.26%. Variable
thickness results also demonstrated
that there is an optimal thickness that
achieves the best performance without
introducing additional losses. Doping
the reflective layer confirmed its role
in improving electronic properties and

reducing losses. Therefore, controlling

the reflective layer properties in terms
of material, thickness, and doping is
key to improving the efficiency of thin-
film solar cells.
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