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Simulation and Improvement of the Efficiency of the CFTS Solar Cell Using
SCAPS-1D

Abstract
A simulation of the AZ0/i-ZnO/CdS/CFTS solar cell was carried out using SCAPS software. The results

were obtained (Voc=0.55V, Jsc=6.2 mA/cm?, FF=39 %, N=1.35 %). Simulation results were compared with

experimental research and we got convergence in the results (Voc=0.56 V, Jsc=6.5 mA/cm?, FF=37 %,
N=1.37 %). The simulated solar cell is improved by increasing the doping concentration and thickness of
the buffer and absorption layers. The efficiency of the solar cell was improved to n=4.29%, fill factor

FF=52.92%, open circuit voltage Voc=0.74 V and short circuit current Jsc=10.8 mA/cm?
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RESEARCH PAPER

Simulation and Improvement of the Efficiency of the
CFTS Solar Cell Using SCAPS-1D

Hardan T. Ganem*, Ayed N. Saleh, Muaamar A. Kamil

Department of Physics, College of Education for Pure Science, Tikrit University, Tikrit, Iraq

Abstract

A simulation of the AZO/i-ZnO/CdS/CFTS solar cell was carried out using SCAPS software. The results were obtained
(Voc = 0.55 V, Jsc = 6.2 mA/cm?, FF = 39%, n = 1.35%). Simulation results were compared with experimental research
and we got convergence in the results (Voc = 0.56 V, Jsc = 6.5 mA/cm?, FF = 37%, n = 1.37%). The simulated solar cell is
improved by increasing the doping concentration and thickness of the buffer and absorption layers. The efficiency of the
solar cell was improved to n = 4.29%, fill factor FF = 52.92%, open circuit voltage Voc = 0.74 V and short circuit current

Jsc = 10.8 mA/cm?.

Keywords: SCAPS, Solar cells, Simulation solar cells, CFTS

1. Introduction

F ossil fuels are nowadays the main source of
energy that is consumed all over the world. In
2015 the world's total energy consumption is 647.13
Mtoe and more than 86% of that energy is on fossil
and nuclear fuels. But fossil fuels are resource-
limited and create pollution by emitting carbon di-
oxide and impurities from Arsenic and other heavy
metals that are harmful to human health [1].

In the wake of the industrial revolution and tech-
nological development, digital technology topped
the scene, and scientists kept looking into the extent
to which it simulated the experimental reality, so
much software was invented and included in the
research arena due to the increasing need for energy
and the depletion of its stock and to find alternative
sources of energy, and the most important alternative
sources of energy are solar cells. So, it has cleared that
low coast and environmentally friendly, but low ef-
ficiency and needs large areas, which called on re-
searchers to increase the study on these cells to get
the best results. Semiconductors absorb photons that
have an energy greater than the forbidden energy

gap and lose the excess energy by thermal, radiative,
or non-radiative processes, and there are efforts to
increase their efficiency by achieving the manufac-
ture of various solar cells [2]. In the past, science and
technology had a huge impact on our society. Which
helped in the comprehensive understanding of ma-
terials and electronics that led to the increase of in-
ventions and progress [3], One of the successful
techniques for manufacturing thin films for solar
cells, which achieved good results, is the compounds
CdTe and CIGS, but Cd is a toxic element in nature,
as well as the elements Te, In and Ge are not avail-
able, so they are expensive, so the research continues
to find a successful alternative [4]. We show that the
compound CZTS, one of the important compounds
due to its membranes, is low-toxic and available in
the earth's crust and has a relatively high efficiency of
about 12.7%, and has an energy gap of 1.5 eV [5]. The
conversion efficiency of CZTS reached about 10%
[6,7] which is larger than the efficiency of CIGS,
which amounted to about 7.21% [8]. Note thatitisless
than the optimal efficiency on the Queasier Shockley
limit, which amounted to 28% [9]. It is still not
possible to achieve a conversion efficiency of 28% in
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solar cells due to the lack of understanding of the
properties of semiconductor materials, Because of
the chemical and compositional similarities, a
continuous series of Si(0P3,)-Ge(oP3,) solid solutions
can be assumed. The expected band gap value of
Eg = 1.361 eV for Si(oP3y) is very close to the
Shockley—Queisser limit and indicates that silicon
modification is a promising material for efficient solar
cells [10]. Numerical analysis plays an important role
in understanding the materials. CuFeSnS, quater-
nary compound (CFTS) attracted the interest of many
researchers for the manufacture of solar cells due to
its nontoxic elements, its abundance in the earth's
crust, and its relatively large energy gap (1.2—1.8 eV)
[11]. It can be prepared in many ways, including
thermal chemical spraying, vacuum evaporation,
rotational coating, and other methods. It is a quater-
nary dump that has p-type conductivity and has two
types of crystal structure [12,13]. In this research, we
will study the CFTS quadrupole by using numerical
modeling using the SCAPS program. Numerical
modeling or simulation are important methods that
save us time and reduce material costs. We will
discuss experimental research previously published
and enhance the performance of the solar cell by
addressing several things, including:

e Compare the experimental cell with the simu-
lation cell.

e Improving the cell by changing the accepter and
thickness of the absorbent layer.

e Change the donor and thickness of the buffer
layer for best results.

e Compare the results after optimization with the
theoretical and experimental cells.

2. Modeling
2.1. The Cell Structure

The AZO/i-ZnO/CdS/CFTS/Mo solar cell consists
of three layers, first, the AZO/i-ZnO window layer
has a relatively large energy gap to allow the light
radiation to enter the other layers, and then the
second layer CdS buffer layer has an energy gap
and the medium value of electron affinity of To in-
crease the access of photons to the absorption layer
due to reducing the surface defects between the
window and the absorption layers [14] and finally
the third layer CFTS absorption layer possesses p-
type conductivity, small energy gap, and high ab-
sorption coefficient to convert maximum energy
from light to electrical energy and there is flat ohmic
contact In front of me and Schottky back contact of

Mo metal and have a working function of 4.6 V [15].
The cell also has a series resistance of 16.8 Q cm?
and a parallel resistance of 253.1 Q cm?® [16]. Fig. 1
shows the structure of the cell.

2.2. Numerical simulation

Simulation is an imitation of a virtual or a real
system using a computer through mathematical
equations. We will perform the modeling using the
SCAPS program. It is a one-dimensional solar cell
simulation program that was designed at the Uni-
versity of Ghent in Belgium to simulate traditional
crystalline materials for semiconductors such as
CIGS, CdTe, or other materials such as SnS, the user
can describe a cell with a maximum of seven layers
for different properties such as optical absorption,
thickness, doping concentration, energy bandgap,
and others. To determine the spectral responses.
And it can be calculated in the dark and the light as
a function of temperature, this program has been
developed and applied to all solar cells. It is a freely
available program [17] and the program depends on
solving semiconductor equations. We start writing
Poisson's equation [18].

9

V(E)=-

(P—n+Nj—Ny) (1)
where E is the electric field, q is the amount of
charge, p is the concentration of holes, n is the
concentration of electrons, ¢ is the relative permit-
tivity, Np is the donor concentration, N, is the
acceptor concentration.

Continuity equations are important equations and
are given by [19].

dn |

afa(v(]n)Jan —R, (2)
d

d’t’:{](v(]p) +G,—R, 3)

where ], is the current density of electrons, J, is the
hole current density, G, is the rate of generating
electrons, G, is the rate of generating holes, Ry, is the
rate of recombination of electrons, R, is the rate of

AZO/i-ZnO
CdS
CFTS

Back Contact (Mo)

Fig. 1. The cell structure.
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recombination of holes, and finally the charge car-
rier equations for the diffusion and drift current
density and we can get them from the following
equations [20].

In:q(“nnE+DnVn) (4)

Iy :‘J(Mp”E+DPVP) (5)

where D,, is the diffusion constant for electrons, D,
is the diffusion constant for holes, p, is the mobility
of electrons, and p,, is the mobility of holes.

To measure the quality of photovoltaic cells, it is
necessary to know the fill factor FF, the short circuit
current Jsc, the open-circuit voltage Voc, and the
conversion efficiency m, as these variables are
related to each other by the following equations [20].

P Vinax 1
PP — max — max .Imax
P, Voc . Js (6)
P, Voc.Jsc.FF
=" ——- 7
=p P, (7)

where p is the electrical capacity.

And is minority carrier lifetime (7), which is the
average time required to recombine the minority
carriers and is related to the defect concentration N;
and the recombination R, by the following rela-
tionship [17].

Table 1. Physical parameters of the various layers.

The quantum efficiency plays a distinctive role in
determining the parameters of the output of solar
cells. The quantum efficiency Qr is defined as the
number of electron—gap pairs generated when light
falls on the pair. The following equation

1

" oVaN, ®)
An
T= R, 9)

where Vy, is the thermal velocity, o is the electrical
conductivity, An is the difference in the concentra-
tion of minority carriers and Table 1 shows the pa-
rameters that were used in the program.

Can be written to find the quantum efficiency [21].

R

Qe=124 7‘ (10)

where Ra is the spectral response, 21 is the
wavelength.

3. Discussing the results

3.1. Comparing the experimental results with the

simulation results

To verify the validity of the program, experi-
mental results were compared with theoretical

Parameters symbol CFTS Cds i-ZnO AZO Defects Defects
(unit) CFTS/CdS  CFTS
Thickness W(um) 0.4 [16] 0.05 0.05 0.2
Bandgap Eg (eV) 1.87 [16] 2.4 [16] 3.3 [23] 3.3 [23]
Electron affinity % (eV) 3.3 [22] 4.2 [23] 4.4 [23] 4.4 [23]
Dielectric permittivity € 9 [22] 10 [23] 9 [24] 9 [25]
CB effective density of ~ Nc (cm™3) 22 x 10" 22 x10™ [23] 2.2 x10™® [24] 2.2 x10™® [25]
states [22]
VB effective density of Ny (cm™®) 1.8 x10% [22] 1.8 x10™ [23] 1.8 x10" [24] 1.8 x10" [25]
states
Electron thermal Va (cm/s) 1.0 x10” [22] 1.0 x10”7 [23] 1.0 x107 [24] 1.0 x107 [25]
velocity
Hole thermal velocity Vp (cm/s) 1.0 x10” [22] 1.0 x107 [23] 1.0 x107 [24] 1.0 x107 [25]
Electron mobility pn (cm*fv.s)  21.98 [22] 100 [23] 100 [24] 100 [25]
Hole mobility Mp (cm?/v. s) 21.98 [22] 25 [23] 25 [24] 25 [25]
Shallow uniform donor ~ Np (1/cm?) 0 a variable 1.0 x 10™ 1.0 x 10%
density
Shallow uniform N (1/cm?) a variable 0 0 0
acceptor density
Coefficient absorption o (1/cm) 5.0 x10* [4] scaps scaps 1.0 x 107*
Capture cross section de (cm?) 1 x 10719 x 10715
area of electrons and
holes
Energy level with Et (eV) 0.6 0.6
respect to reference
Total density Nt (cm™3) 1.0 x 10" x 10718
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Table 2. Experimental and theoretical cell outputs.

Cell structure Voc (v)  Jsc FF n
(mA/cm?)
AZO/i-ZnO/CdS/CFTS/Mo  0.56 6.5 37 137
(experimental)
AZO/i-ZnO/CdS/CFTS/Mo  0.55 6.2 39 135
(theriacal)

results by taking layers similar to the experimental
research layers and including all parameters of
experimental research [16]. It was found that the
theoretical results in the SCAPS program matched
the results of the experimental research to a large
extent, and it helped us to match the results by
introducing surface defects between the absorption
and buffer layer CFTS/CdS and introducing defects
to the absorption layer CFTS. Table 2 shows the
results of cell parameters for theoretical and
experimental research. Fig. 2 shows the relationship
of current with voltage. When the defects N, in-
crease, the conformity of the experimental work
with the theoretical one increases, because of the
decrease in the minority carrier lifetime, which is
inversely proportional to the defects, as shown in
Eq. (8), so the recombination will increase and as
indicated by Eq. (9), the efficiency of the theoretical
cell is less than that of the experimental cell.

3.2. The effect of the defects (Ny) of the CFIS
absorption layer

Reduce the defects of the absorption layer from
10"® ecm™® to 10" cm™>. It turns out that the
decreasing of defects increases the efficiency of the
cell, so it turns from 1.35 to 1.71, but we note the
stability of the parameters of the cell less than
10" cm 2 and Fig. 3 shows the current as a function
of the cell voltage with the presence of defects and
the absence of defects, so the efficiency is higher
when the defects decrease because reducing defects
increases the life of the minority carriers, which

voltage(v)
0.00
0 0.2 0.4 0.6
&22.00
g
2-4.00
<
)
5-6.00
2]
2
-8.00

-10.00 === jtot(thertacal) essssstot(expermantal)

Fig. 2. The current is a function of voltage for the experimental and
theoretical cells.

defects CFTS

e  QFE(find defects)
e  QF(no defects)

300 400 500 600 700
-20.00

Fig. 3. The current is a function of the cell voltage with and without
defects.

leads to less recombination as shown in the Eq. (8)
and (9). Fig. 4 also shows the quantum efficiency as a
function of the wavelength, and the little improve-
ment appears after the decrease in the percentage of
defects because the decrease in defects reduces the
number of trips, which increases the widening of
the energy gap, and the wavelength decreases, so
the quantitative efficiency increases according to Eq.
(10). Fig. 5 shows the features of the cell with
different concentrations of defects in the absorption
layer. We note that the decrease in the concentra-
tion of defects increases the performance of the cell.

3.3. Concentration effect of doping

3.3.1. Effect of donors (Np) on CdS

The increase in the donor concentration increases
the efficiency of the cell and the doping concentra-
tion has been changed from 10" cm >to
10" cm >and 10" cm >was the best. The reason was
declared before. Fig. 6 shows the relation between
current and voltage in dopant concentration. And
the Fig. 7 finds out the relation of the quantum ef-
ficiency with the wavelength varies with the con-
centration of the doping. We notice an increase in
the quantitative efficiency with an increase in the
donor concentration, due to the increase in the
spectral response, which is directly proportional to
the quantitative efficiency, as shown in Eq. (10).
Fig. 8 shows that the increase in doping leads to an
increase in all cell parameters.

Voltage(v)

0.00
-0.1 0.1 0.3

-2.00
defects CFTS

0.7

J(mA/cm?)

e jtot(find defects)

e jtot(no defects)
-8.00

Fig. 4. Quantitative efficiency is a function of the wavelength of the cell
with defects and without defects.
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55
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5 o
F}ZO ® °

35
1.00E+14

——

1.00E+17

1.00E+15 1.00E+16 1.00E+18

1.00E+14 1.00E+15 1.00E+16 1.00E+17 1.00E+18
Nt defects

Fig. 5. Cell parameters as a function of concentration defects with of
absorption layer.

0 , Voltage(v)
“'EO.l 0.7 0.9
5 -3
g oner CdS

-6
= @ jtot(10E15) @ jt0t(10E16)

-9 jtot(10E17) jtot(10E18)

Fig. 6. Current as a function of voltage for different thickness values of
the buffer layer.

3.3.2. Effect of acceptors (N,) on CFTS

The doping concentration of the accepter layer was
increased from 10" cm ™ to 10'® cm ™ and the cell
efficiency increased and became 2.45%. Fig. 9 shows
the relation between the current and voltage at
different doping values and the best doping con-
centration was 10'® cm > because the concentration
decreasing leads to decreasing the density and
saturation current, so the open-circuit voltage in-
creases [26]. In Fig. 10, the relationship of efficiency
with wavelength is shown. We notice that the quan-
tum efficiency decreases with increasing the con-
centration, and the reason is that the increase in

80.00

doner CdS
_.60.00
=
$%.40.00
gzo 00
. “hm)
0.00
-20.00300 400 500 600 700
@  QF(10E15) emmm=  QE(10E16) QF(10E17)

QF(10E18) e QE(10E19)

Fig. 7. Quantitative efficiency as a function of wavelength for different
values of doping of the buffer layer.

1.00E+15 1.00E+16 1.00E+17 1.00E+18 1.00E+19
8
7 .___./.’—0——'
Jsc 6
5
1.00E+15 1.00E+16 1.00E+17 1.00E+18 1.00E+19
60

40 g——eo———O0—0

1.00E+15 1.00E+1A6 1.00E+17 1.00E+18 1.00E+19
2.5

2

1
1.00E+15 1.00E+16 1.00E+17 1.00E+18 1.00E+19

Np donors

Fig. 8. Cell parameters as a function of doping concentration of the CdS
layer.

Voltage(v)

0.1 0.1 0.3 0.9
Ng-s.o accepter CFTS
o
<
SN
—
-11.00
—t0t(10E14) @m—itot(10E15)
jtot(10E16) @ itot(10E17)
-15.00

e 0t (10E18)

Fig. 9. Current as a function of voltage for different doping values of the
absorption layer.

doping increases the number of traps, so the energy
gap decreases, which leads to an increase in the
wavelength, so the quantitative efficiency decreases
according to Eq. (10). Fig. 11 shows the increase in cell
parameters with increasing doping concentration.

3.4. W, the thickness effect
3.4.1. Thickness of CFTS

We changed the thickness and noticed an increase
in the cell performance when increasing the

80.00 accepter CFTS
60.00
o
X 40.00
SN
23]
O 20.00
b
0.00
300 400 500 600 700

e QE(10E14)
QE(10E16)
= (QE(10E18)

@ QE(10E15)
= QE(10E17)

Fig. 10. Quantum efficiency as function wavelength for different values
concentration doping layer absorption.
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0.00
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Na accepter

Fig. 11. Cell parameters as a function of concentration doping CFTS

layer.
e(v)
0-00
-025 50 0 02 04
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g -4.00

2

£
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@ tot(800nm)
e jtot(1200nm)
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-de88jtot(1400nm)

_mjtet(lSOOnm)

Fig. 12. Current as a function of voltage for different thicknesses values
of the absorbing layer.

thickness of the absorbing layer. And the reason is
that the increase of the thickness leads to an in-
crease of photons that have less energy than the
forbidden energy gap [27] and the largest thickness
of 2 um was chosen and Fig. 12 shows the

QE(200nm)

thicness CFTS
03:0134

60—
E\i @  QE(800nm)
[T740:00=m  QE(1000nm)
O e  QE(1200nm)
2080 (E(1400nm)
=, e
300 500 600 700
e QE(2000nm)

Fig. 13. Quantitative efficiency as a function of wavelength for different
thicknesses values of the absorbing layer.
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VOCO.72
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; M
6
Jscs
0
0 0.5 1 1.5 2
55
50 o~
FFas
40
0 0.5 1 1.5 2
4
n;
0 0.5 1 1.5 2
W: thickness

Fig. 14. Cell parameters as a function of the thickness of CFTS layer.

0.00 Voltage(v)

-0.2 0 0.2 0.4 0.6
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-9.00
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-12.00
e itot(50nm) emmwjtot(150nm) es==jtot(250nm)
e itot(350nm) es===jtot(450nm) e===jtot(550nm)

Fig. 15. Current as a function of voltage for different thicknesses values
of the buffer layer.

relationship of current with voltages for different
thicknesses. Fig. 13 shows the relationship of
quantum efficiency with wavelength for different
thickness values. We note an increase in the quan-
titative efficiency with an increase in thickness,
because increasing the thickness leads to an

75.00 thickness CdS

50.00
&
é’2500
3 25
o m)
0.00
300 400 500 600 700
e (QE(50nm) e (QE(150nm)
e QE(250nm) e (QE(350nm)
e (QE(450nm) e QE(550nm)

Fig. 16. Quantitative efficiency as a function of wavelength for different
thicknesses values of the buffer layer.
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Fig. 17. Cell parameters as a function of CdS layer thickness.

Table 3. Theoretical cell and cell output after optimization.

Cell structure Voc(v) Jsc FF n
(mA/cm?)

AZO/i-ZnO/CdS/CFTS/Mo  0.55 6.2 39 1.35

(theriacal)

AZO/i-ZnO/CdS/CFTS/Mo  0.74 10.80 52.92 4.29

(optimization)

increase in the diffusion length and an increase in
the life of minority carriers, which reduces the
recombination [28] and Fig. 14 shows the cell pa-
rameters for different thicknesses.

3.4.2. Thickness of CdS

The buffer layer thickness provides a simple effect
on the solar cell. Fig. 15 and Fig. 16 show the rela-
tionship of current with voltage, as well as the
relationship of quantitative efficiency with the
wavelength of different thicknesses of the CdS layer.

And Fig. 17 shows the cell parameter for different
thicknesses of the buffer layer. There is a slight in-
crease in efficiency from 4.15 to 4.29 and also a small

600 | after improving

~3.00

o
§).00
%0010 0 0.1 02 03 04

-12.00 e jtot(theoretical) emssjtot(optimization)

Fig. 18. The current is a function of the voltage of the theoretical cell
before and after the optimization.

75.00 after improving

~—~50.00

QE(%
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Fig. 19. The quantitative efficiency is a function of the wavelength of the
theoretical cell before and after the optimization.

increase in the short circuit current and the stability
of both the fill factor and the short circuit voltage.

3.5. Comparing the theoretical cell with the cell
after optimization

Comparing the theoretical cell with the cell after
optimization, note that the cell performance
increased and Table 3 shows the parameters of the
cell before and after the improvement. We notice
that the cell efficiency increased from 1.35 until it
became 4.29 and Fig. 18 shows the relationship of
current with voltage and the extent of improvement
in the cell. Fig. 19 shows the relationship of quan-
titative efficiency with the wavelength of the theo-
retical cell and the cell after optimization.

4. Conclusion

The AZO/i-ZnO/CdS/CFTS solar cell was simu-
lated using the SCAPS program and compared with
the experimental cell, where the parameters of the
experimental research were entered and supple-
mented by other researches. It was found that there
is a good match between the experimental and
theoretical work after interring surface defects of
CFTS/CdS and defects of the CFTS absorption layer.
To improve the experimental cell, we changed the
concentration of the accepter and the thickness of
the absorbent layer. We noticed that the increase in
doping and thickness increases the efficiency of the
cell, due to the decrease in the saturation current
and the increase in the open-circuit voltage. Then
we made a change in the donor concentration and
thickness of the buffer layer, and we noticed an in-
crease in efficiency, but the effect of thickness was
little, so the cell efficiency reached 4.29.
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