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Abstract

CZTS / CdS / ZnO / ITO solar cell was studied using Solar Cell Capacitance
Simulato-1D (SCAPS-1D) program. We performed an improvement on the
theoretical cell by increasing the doping and thickness of some layers. As a result,
the efficiency was shifted from 2.18% to 6.17% and several back reflection layers
(BSL) were introduced on the enhanced cell until. We obtained a highest conversion
efficiency of 13.99%. The best reflection layer (CZTSSe) was combined with the
best buffer layer (CdSe), with thickness of 0.9um, on the enhanced cell. Thereby, we
obtained a cell with a conversion efficiency of 16.53%. A second improvement was
made to the best obtained cell, where the CZTSSe with thickness of 0.05um and the
CdSe with thickness of 0.9um were combined. Consequently, the efficiency was
increased from 16.53% to 21.76%. By comparing the experimental results with
those obtained with the program, it was found that the program simulates reality, i.e.
the experimental and theoretical results matched.

Keywords: SCAPS-D, Simulation solar cells CZTS, Add BSL and buffer layers.
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1. Introduction

Semiconductors absorb photons that have more energy than the prohibited energy gap and lose
excess energy by thermal, radiate, or non-radiate processes. There are efforts to increase their
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efficiency by manufacturing various solar cells [1]. For decades, researchers have been interested in
using copper indium gallium selenide (CIGS) and cadmium telluride ( CdTe ) in the manufacturing of
thin film solar cells, because these materials are highly efficient. Nevertheless, they require high costs
and occupy a large area, some are rare and others are toxic. For these reasons, researchers have sought
to replace these materials with others. They found that non-toxic alternative materials such as copper
zinc tin sulfide (CZTS) are available and have good electrical and optical properties, as their efficiency
is 8.4%. However, this efficiency level is low as compared to that of CIGS, which is 20%. This is due
to the different mechanisms of loss resulting from the nature of absorption. Therefore, the effects of
thickness, doping, and defects must be analyzed to increase the efficiency of the cell [2]. New
compounds can be studied by replacing Zn with certain elements (e.g. Ni, Fe, Cd, Be, Mg, Mn) and
other elements called quaternary chalcogenides. These elements are available in the Earth's crust, have
low cost on production, non-toxic, have an energy gap near to the ideal value, and have a high
absorption coefficient [3,4]. Thus, thin films are made of these materials.

Cu,ZnSnS, (CZTS) thin film solar cells can be made using many kinds of technologies, such as
spin coating, electrostatic deposition, etc. In 1988, Ito and Nakazawa discovered for the first time the
photovoltaic effect of a CZTS film with an efficiency of 0.66%. Wang et al. scored the highest
conversion efficiency of 12.6%, while the reported efficiencies were still far below the physical limit
of 32% [5]. Therefore, numerical simulation has become an economical and effective method for
predicting changes in cell properties.

CZTS is a semiconductor compound that is available, inexpensive, and has a direct power gap of
1.5 eV, refractive index of 2.07, a high absorption coefficient of 10* cm ™, and suitable conversion
efficiency [6]. In this paper, we changed the stimulants and thickness of the layers, entered BSL
reflection layers and an insulating layer, and then collected the best reflective and buffer layers.
Ultimately, we compared the experimental cells with the theoretical cells to obtain a highly efficient
cell.
2.  Modeling
2.1. Numerical simulation in SCAPS-1D

Modeling can be performed using the SCAPS software. It is a one dimensional solar cell
simulation program designed at the University of Gent in Belgium to simulate the classical crystals of
semiconductor materials (CIGS or CdTe) or other materials, such as SnS. Also, the user can describe a
cell with a maximum of seven layers for different properties, such as optical absorption, thickness, and
doping concentration, among others [7]. SCAPS is designed to simulate J-V characteristic
curve.analysis, ac (C-V and C-f) properties, .and device spectral response quantum efficiency ( QE).
This program has been developed and applied to all solar cells. It is a freely available program that
depends on the solution of semiconductor equations. We start by writing the Poisson equation: [8]

V(E)=g(p—n+Ng—N;) 1
where E is electrical field, g is elementary charge, € is permittivity of the absorber, n(p) is density
of electrons (holes), and Np (N,) is donor (acceptor) concentration .

Then, we apply the continuity equation that is given by the following relationship:[9]

dn 1

E;=5(VU%)+Gn—Rn ——————— 2
dp 1

E=—E(V(]p)+Gp—Rp —————— 3

where J,, (Jp) is electron ( hole) current density, G, (G, ) is electron (hole) generation rate, and R,
(Rp) is electron (hole ) recombination rate.
Finally, the charge carrier equations for the density of diffusion current and drift can be obtained
from the following equations:[10]
]n =q(|'lnnE+Dn Vn) ________ 4
Jp=q(m,PE+D,Vp) = ———————— 5
where W, (1) is electron (hole) mobility and D is the diffusion constant.
There are many basic equations that explain the work of solar cells. The following equation gives the
total current (the sum of the luminescence current 1,_and the dark current): [8,10]
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_ qvu _ _ o
I=1, [exp (ZF_) 1] I 6
where K is Boltzmann's constant and T is temperature in Kelvin.

To find the properties of the (V-I) curve of the solar cell under lighting, an open circuit voltage
(Vo) is the maximum voltage when the current is zero. The V. equation can be obtained by making
the total current of equation (6) equal to zero, so the equation becomes:

_ KT L_ 1) X Ly  _____
VOC—an( 1) an( ) 7

Io Io
where |, represents the saturation current of the diode and can be calculated through the following
equation:

s ["Egl _ . [aDen{ | qDunf
lo = DT exp [ﬁ] =A [LeNA TNy

where Eg is energy gap , Le(Ly) is diffusion length electrons (holes), and A is diode cross-section .

From equation (7), we observe the logarithmic increase of the open circuit voltage as the saturation
current decreases. The short circuit current I is obtained when the open circuit voltage is zero. In the
ideal case, the short circuit current is equal to the optical current. The relationship between the short
circuit current and the open circuit voltage can be written as follows:

Iye = I, [eVoc/KT —1] ——=—-9

To measure the quality of the photovoltaic cells, the fill factor (FF), short circuit current, voltage
circuit open, and conversion efficiency (n ) should be found, as these variables are related to each
other. They can be calculated by the following equations:[10]

FF — Pmax = Vmax Imax _______ 10
Pin Voc Jsc
Pm ]SC . VOC' FF
= 11
TR 5

where Ve is the highest voltage, P is the highest power, I.x is the highest current, and P;, is the
incoming power.

The lift time of minority carriers should be determined, which is the average time to recombine
minority carriers. It is associated with the concentration of doping and recombination, and can be
found with the following relationship [7]:

UVthNt
An

= — L 1
T R 3

where 1 is minority carrier life time , N, is defects concentration , Vy, is thermal speed , o is
conductivity , R is recombination rate, and An is excess minority carrier concentration.
2.2. Solar cell structure

The CZTS /CdS /ZnO /ITO solar cell is made of ZnO / ITO window layer of transparent metal
oxides having a relatively large energy gap. Then, the buffer layer CdS has a suitable energy gap
between the absorption layer and the window, i.e. the CZTS absorption layer, which has a relatively
small energy gap. Front and back contacts are made from aluminum and gold with work function
values of 5.25 eV and 4.1 eV, respectively [11]. Figure-1 shows the structure of the solar cell.

AL (front)
Window Layer [ITO/ZnO]
buffer Layer CdS
absorption Layer CZTS

(back) Au

glass
Figure 1-Structure of the solar cell.

In this study, the series resistance, the parallel resistance, and the temperature are taken as 3 Qcm?
1400 Q cm?, and 304 k, respectively. Table-1 gives the values of the parameters and defect values for
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the layer mentioned above, which must be entered on the SCAPS program to study the experimental
cell performance. Improvement of the efficiency of solar cells can be achieved by means of
addressing.the following facts:

Comparing the experimental cell with the theoretical cell.

Improving the theoretical cell.
Comparing the theoretical cell before and after improvement.
Adding various layers of back reflection to increase cell efficiency.

Adding various buffer layers to improve cell performance.

Combining the best buffer layer with different reflection layers to achieve the best cell.
Improving the best cell combination between reflection and buffer layers

;I'able 1-The physical parameters of different layers with interface defects

Defect of
Parameters S(y;?lli)tc))l CZTS CdS Zno ITO interface
CZTS/CdS
Thickness W(um) 0.75[12] | 0.06[12] | 0.05[12] | 0.23[12]
Band gap Eg (ev) 1.47[12] | 2.4[14] 3.3[9] 3.6[16]
Electron affinity 1 (ev) 4.5[13] 4.5[14] 4.6[9] 4.1[16]
Dielectric
nermittivity & 10[13] 10[14] 919] 10[16]
CB effective density N¢(cm=3) 2.2% 2.2X 2.2X 2.2X
of states C 1018[13] | 10"°[14] | 10%[9] | 10"[17]
VB effective density Ny (cm=3) 1.8x 1.8x 1.8x 1.8x
of states \ 10™[13] | 10™[14] | 10[9] | 10%[17]
Electron thermal V. (cmis) 1.0x 1.0x 1.0x 1.0x
velocity n 107[13] | 107[14] | 107[9] 10'[17]
Hole thermal Vp(cmis) 1.0x 1.0x 1.0x 1.0x
velocity P 107[13] | 107[14] | 107[9] 10'[17]
Electron mobility pn(szlv.s) 100[13] 100[15] 100[9] 100[17]
Hole mobility up(szlv.s) 25[13] 25[15] 25[9] 25[17]
Shallow uniform 3 1.0x 1.0x 17
donor density Nop (1/em™) 0 10% 10% 1.0x10
Shallow uniform 3 15
acceptor density Na (1/cm®) | 3.3x 10 0 0 0
Coefficient 4 5
absorption a(l/cm) 1.0x 10 scaps scaps 1.0x 10
Capture cross
section area of (cm?)de 1x 10719
electrons and holes
Energy level with E, (V) 06
respect to reference
Total density N, (cm™) 1.0x 1010

3.
3.1. Comparing the experimental solar cell with the theory

Results and Discussion

To simulate the performance of the solar cell, a comparison between the experimental design of
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Guo et al. [12] with the theoretical results was performed. The results of SCAPS program showed a
high match between the experimental and theoretical results, as shown in Table-2. The defects of the
CZTS / CdS interface contributed to this match. However, the incomplete match of the I-V curve, as
shown in Figure -2, go to a decrease in the fill factor of the experimental cell that results in a decrease
in the conversion efficiency. This is due to the presence of interface defects which decrease the
minority carrier lifetime, according to equation (12), and thus increasing recombination, according to
equation (13).
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Table 2-Theoretical and experimental results
S cell structure V(v) | J(mAlem?) | FF% | 1%

. ITO/ZnOICdS/CZTS ( 037 13.14 379 | 1.93
Experimental)

ITOIZNOICASICZTS | 35 | 1332 | 41.02 218
(Theoretical)

N

Voltage(v)

0.00E+00 T T T
0

0.1 0.2 0.3 0.4 0.5 0.6

-2.00E+00 -
-4.00E+00 - == jtot(mA/cm?2)

-6.00E+00

=f—jtot(experimental)

-8.00E+00

J(mA/cm?)

-1.00E+01

-1.20E+01

-1.40E+01

Figure 2-1-V curve for experimental and theoretical work.

3.2. Effects of absorption layer
3.2.1. Concentration of Accepter (Na)

After comparing the theoretical and the experimental results, we attempted to improve cell output
parameters of ITO/ZnO/CdS/CZTS by increasing the concentration of accepter for the CZTS layer
from 10" cm™ to 10" cm™. The results revealed an increase in FF, V., and n values and a decrease in
Jse, @s shown in Figure-3. The increase of the carrier density caused a decrease in the saturation current
of the device, consequently resulting in an increase in V., according to equations 7 and 8. The value
of Js. decreased due to the higher carrier densities, according to equation (9). will boost the
recombination process and reduce the probability of the collection of the photo generated electrons
[18]. The photons of longer wavelength have less energy and are deeply absorbed in the CZTS layer.
Thus, the collected conversion efficiency is  more dependent on the influence of concentration
density, where we found the best concentration to be 10* cm™.

e |(MA/cmM 2) —=\/ (V)
15 -
14 3
12+ 1 =
10 -
3 0.5 i
6 . ’ \ 0 T T i
100424 H00EH16 1.00E+18 1.00E+20 | 1 0OE+14 1.00E+16 1.00E+18 1.00E+20
g TN —t—FF % |
70 -
4 - 60 -
50 -
2 40 4
30 -
0 - ‘ ; 20 ‘ ; ,
1.00E+14 1.00E+16 1.00E+18 1.00E+20 | 1.00E+14 1.00E+16 1.00E+18 1.00E+20

Accepter CZTS layer Na(cm™)
Figure 3-Concentration of accepter for the absorption layer as a function of cell parameters.
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3.2.2.  Thickness (Winickness)

The thickness of the CZTS absorption layer was changed while maintaining all other cell
parameters stable. Note from Figure-4 that the increase in the thickness leads to an increase in V., 1,
and Js . As for the filling factor, it increases to a certain value and then decreases. These effects of
changing absorber thickness on conversion efficiency of the cell are due to the fact that the number of
the absorbed photons depends on both the thickness and absorption coefficient of the absorber. This is
shown in the following equation:

a(hA W)=1-exp(-2(1)W)

where W is thickness of the cell and (4) is absorption of the cell with a wavelength of A. The

increase in thickness leads to the absorption of photons that have less energy than that of the energy
gap [7]. The best absorption layer thickness was found to be 0.9 pum.

) (MASCM2) s \/ (V)
1.20E+401 1 ]
1.10E+01 0.95 4
1.00E4+01 09
9.00E+00 ]
8.00E+00 ] 0.85 P_‘_____‘,———‘_."—"‘
7.00E+00 + v Y 0.8 + '

5.00£-01 7.00E-01 9.00E-01 'J.UDE:Q! 7.00E-01 9.00E-01
e 1% e FF%
7.00E+ 65
6.00E+00 - 63

e 4 o
5.00E+00 */”“x—‘——‘ 61 = v N\’
4,00E+00 59
3.00E+00 - 5
55 ; :

2.00E+00 -+ ' T 5 .

S OO - ——— 5.00E-01 7.00£-01 9.00E-01

Thickness CZTS layer W (um)
Figure 4-Thickness of the absorption layer as a function of cell parameters.

3.3. Effects of Np window layer

The buffer layer (CdS) and the first window layer (ITO) did not show any change of cell
parameters when changing the thickness values and their donors. Thus, we made a change of donor
concentration for the second window layer (ZnO). Figure-5 shows that the increase in concentration
leads to an increase in Vo and ny . As for the filling factor and short circuit current, they remained
constant, while the best concentration of the window layer was 10 cm?, because the increase in
donors leads to a decrease in saturation current and an increase in open circuit voltage, which
increases the performance of the cell [19]. Upon changing the thickness of the window layer, there
was no improvement in the cell.

—o—J(mA/cm2) ——V/(v)
1.20E+01 - 1.00E+00 -
9.50E-01 |
.15E+ -
1.15E+01 9.00E-01 -H—’/_._‘
1.10E+01 - 8.50E-01 4
————— 8.00E-01 |
¢ ——ty *—e
1.05E+01 =il
1.00E+01 . ; ' 7.00E-01 ; ; ;
1.00E+15 1.00E+17 1.00E+19 1.00E+21 1.00E+15 1.00E+17 1.00E+19 1.00E+21
o ——FF%
7.00E+00 7.50E+01 -
6.60E+00 - 7.00E+01 -
6.20E+00 - 6.50E+01 -
5.80E+00 | »—-0’//*_*_.-—‘ 6.00E+01 4»—-4———“"'4\&-0—0—0
5.40E+00 4 5.50E+01 -
5.00E+00 : ‘ = 5.00E+01 : . :
1.00E+15 1.00E+17 1.00E+19 1.00E+21 1.00E+15 1.00E+17 1.00E+19 1.00E+21

Donor ZnO layer Np (cm™)
Figure 5-Donor concentration of window layer as a function of cell parameter.

1149




Ganem and Saleh Iragi Journal of Science, 2021, Vol. 62, No. 4, pp: 1144-1157

3.4. Comparing the theoretical cell with the cell after improvement

Through the previous figures, the concentration of receptors and thicknesses values for the
absorption layer were selected to be 10*® cm™ and 0.9 pm, respectively, while the concentration of the
donor was 10°* cm®, and thus the cell became well characterized. Figure-6 shows an increase in
voltages after improvements and a decrease in current. The reason for this is the increase in the
concentration of doping, which is shown according to the equations 6, 7, and 8. Also, we increased the
thickness of the absorption layer, which led to an increase in the absorption of photons and an increase
in the generation of electron-hole pairs [19]. Figure-6 shows the |-V curve I-V properties of the
theoretical cell and the cell after improvement. Table -3 shows the theoretical cell parameters of the
cell after improvement.

Voltagr(v)

-1.00E+004> 0.1 0.2 0.3 0.9 1

-3.00E+00 -

=¢—jtot(Enhanced )
&5.00E+00 -
§ =fi—jtot(Theoretical)
& -00E+00
£

.00E+00

-1.10E+01

-1.30E+01

-1.50E+01

Figure 6- 1-V Relationship of the theoretical cell and the cell after improvement.

Table 3-Outputs for experimental and theoretical cells before and after improvement

S cell structure V(v) | JmA/ecm®) | FF% %
1. ITO/ZnOICAS/ICZTS ( Experimental) 0.37 13.14 37.9 1.93
2. ITO/ZnO/CdS/CZTS ( Theoretical) 0.38 13.32 41.92 2.18
3. ITO/ZnO/CdS/CZTS (After optimization) 0.84 10.64 68.63 6.17

3-5- Back surface layer

To increase the efficiency of the improved cell (ITO/ZnO / CdS / CZTS), we will add the different
layers of the back reflection with the constancy of the parameters of all other layers, which are Si,
CIGS CZTS, CMTS, CZTSSe , and CuSdS, . The addition of a suitable BSL helps in reversing the
photons coming from the absorption layer and increasing the charge concentration. It also reduces the
recombination and, thus, the connection becomes more ohmic [20]. Table-4 shows BSL parameters,
where the best BSL was shown to be the CZTSSe, due to the low energy gap which reduces the height
of the potential barrier and reduces the recombination of minority carriers upon back contact
[15].Figure-7 shows the height of the potential barrier and Table-5 shows the outputs of the improved
cell after adding the different reflection layers.
Table 4-The physical parameters of different BSL layers

symbol | sns | si | MT | czrs | C4TSS | CUSb | (g

Parameters . S e S,
(unit) [21] | [22] [23] [21] [26] [27]
Band gap Eg (ev) 1.1 | 112 | 1.6 | 1.4[24] 1 1.5 1.05
Electron affinity v (ev) 4.2 | 405 | 4.35 | 4.5[24] 4 4.5 4.14
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Dielectric permittivity & 125 | 11.9 9 9[24] 13.6 10 10
CB effective density of N (cm™?) 1x | 258x | 2.2x zlgfé 22% 2.2x | 1.0x
states ¢ 101 | 10* | 10% 24] 10% 10" | 10%®
VB effective density of | 5 | 413 | 2.65 | 18x 11353 18x | 18x | 1.0x
states v x 1019 x 109 10" [24] 10" 10" | 10
Electron thermal V., (cmis) 1.0 1.0 1.0x | 1.0x 1.0x 1.0x | 1.0x
velocity n x107| x 107| 10’ 10’ 10’ 10’ 10’
Hole thermal Vp(cmis) 1.0 1.0 1.0x | 1.0x 1.0x 1.0x | 1.0x
velocity P x 107 | x 107| 10’ 10’ 10’ 10’ 10’
2
Electron mobility ”n(cs’;l Nl 25 | 1350 | 0.16 10%[15 100 | 100 | 30
2
Hole mobility ”p(”;l Nl 100 | 450 | 016 25[15] 25 25 15
s
F 3
Shallow unlf_orm donor | Np (1/cm 0 0 0 0 0 0 0
density )
Shallow uniform Na 1.0 1.0x | 1.0x 1.0x 1.0x 7.0x 1.0x
acceptor density (/em®) | x 1014 10%® | 10 | 10Y 10" 10® | 10"

Table 5-Outputs of the improved cell add various layer back reflection.

S cell structure V(v) J(mA/cm?) FF% n%
1- ITO/ZnO/CdS/CZTS Experimental 0.37 13.14 37.9 1.93
2- ITO/ZnO/CdS/CZTS Theoretical 0.38 13.32 41.92 2.18
3- ITO/ZnO/CdS/CZTS After optimization | 0.84 10.64 68.63 6.17
4- ITO/ZnO/CdS/CZTS/Si 0.82 9.63 66.89 5.29
5- ITO/ZnO/CdS/CZTS/CIGS 0.84 9.79 65.67 5.45
6- ITO/ZnO/CdS/CZTSICZTS 0.89 9.98 63.21 5.66
7- ITO/ZnO/CdS/CZTSICMTS 0.99 15.84 62.1 9.77
8- ITO/ZnO/CdS/ICZTS/CZTSSe 0.76 26.19 70.07 13.99
9- ITO/ZnO/CdS/CZTS/SnS 18 10.5 33.89 6.41
10- ITO/ZnO/CdS/CZTS/CuShS, 0.98 13.74 61.68 8.31
1.35
11> H Ec(CZTSSe)
0.95 == Ec(CMTS)
5.0.75 1.25 - —
i’,o.55 —é:gg / e Ec(CuSbS)
0.35 -0.65 ‘
0.45 T T 1
0.15 1 0 0.05 0.1
_0.05 d T T T T
0 0.2 0.4 0.6 0.8 1.2 1.4
-0.25 distance

Figure 7-the relationship of energy to distance.
3.5. Effects of buffer layer

Various buffer layers were added to the cell after the improvement of ITO / ZnO / CZTS with
keeping the parameters of the other cell layers stable and the removal of the buffer layer (CdS). Hence,
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the change will only be in the buffer layer in terms of layer type and concentration of doping. Also, the
buffer layer concentration increases the photons access to the absorption layer due increased
homogeneity between the window layer and absorption [28]. It turned out to have a significant effect
on the parameter of the cell due to the large difference in the energy gap between the absorption layer
and the window layer. The components of the added buffer layer consist of TiO, , In,S; , PCBM ,
CdSe, SnS, , V,0s , and CdS. The best buffer layer was the CdSe. The large electron affinity causes
the placement of the edge conduction band of the buffer layer near the edge valence band of the
absorption layer. Hence, it will allow the passage of photons to the absorption layer, which increases
its efficiency. As a result, large quantum efficiency will be gained. Table-6 shows the main
parameters of the buffer layer and Table-7 shows the results obtained when adding the different buffer
layers to the cell after improvement.

Table 6- Main parameters of the buffer layer added to the cell after improvement.

Parameters symbol TiO, | InS; | V.05 | CdO | CdSe SnS, PCBM
(unit) [29] [26] [30] [30] [31] [32] [33]
Band gap Eg (ev) 2.26 2.1 2.3 2.28 1.75 2.38 2.1
Electron affinity x (ev) 4.2 4.7 3.99 4.5 4,95 4.16 3.9
Dielectric £ 10 | 135 | 428 | 53 | 106 10 3.9
permittivity
CB effective Nc(cm™3) 2.0 1.8 2.2 2.2 2.2 2.2 2.2
density of states ¢ x 1017 x 10| x 10'®| x 108 | x 108| x 10'® | x 10'°
VB effective Ny(cm™3) 6.0 4.0 1.8 1.8 1.8 1.8 2.2
density of states v x 107 x 1013 | x 101°| x 10 | x 10'?| x 109 | x 10*°
Electron thermal v, (cmis) 1.0 1.0 1.0 1.0 1.0 1.0 1.0
velocity n x 107 | x107 | x107 | x107 | x107 | x 107 | x 107
Hole thermal Vp(cmis) 1.0 1.0 1.0 1.0 1.0 1.0 1.0
velocity P x 107 | x 107 | x 107 | x 107 | x107 | x107 | x 107
Electron mobility pn(szlv.s) 100 400 1.26 146 100 5 0.001
Hole mobility up(szlv.s) 25 210 345 395 25 5 0.002
Shallow uniform N (1/cm3) 1.0 1.0 1.0 1.0 1.0 1.0 1.0
donor density b x 1017 x 1022 | x 101%| x 10%° | x 10%?2| x 10'® | x 10?°
Shallow unlfo_rm N, (1/cm?) 0 0 0 0 0 0 0
acceptor density
Table 7-Outputs of the improved cell after adding various layers buffer
S cell structure V() J(mA/cm?) FF% %
1. ITO/ZnOITIO,/CZTS 1.0 13.78 60.55 8.38
2. ITO/ZnO/In,Ss/CZTS 0.85 15.71 72.29 9.69
3. ITO/ZnO/PCBM/CZTS 0.83 6.35 59.89 3.19
4, ITO/ZnO/CdSe/CZTS 0.85 21.41 73.42 13.48
5. ITO/ZnO/SNS,/CZTS 0.99 13.0 60.71 7.83
6. ITO/ZnOIV,0s/CZTS 0.93 8.62 59.02 4.78
7. ITO/ZnO/CdO/CZTS 1.0 13.74 60.49 8.34

3.6. Combining the best buffer layer with different reflection layers
We took the best buffer layer (CdSe) with the different layers of the reflection back, then we
inserted them into the improved cell. As shown in Table-8, it appears that the best of these cells was
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ITO/ZnO/ CdSe/ CZTS / CZTSSe. We observe that the best back reflection layer is CZTSSe, which
was combined with the best buffer layer (CdSe) to form the best cell obtained by the present study.
Table-8 explains the parameters of cells.
Table 8-Outputs of the solar cell after adding the various BSL with the CdSe Buffer layer.

S Cell structure V(V) J(mA/cm?) FF% | % n
1. ITO/ZnO/ CdSe/CZTS/Si 0.85 21.08 70.29 12.73
2. ITO/ZnO/ CdSe/CZTS/CIGS 0.9 21.2 67.78 12.97
3. ITO/ZnO/ CdSe/CZTS/CZTS 0.95 21.22 64.67 13.14
4. ITO/ZnO/ CdSe/CZTS/CMTS 1.04 22.95 60.14 14.14
5. ITO/ZnO/ CdSe/CZTS/CZTSSe 0.76 30.86 69.83 16.53
6. ITO/ZnO/ CdSe/CZTS/CuShsS, 0.87 21.43 69.29 13.02

45 =4=)(mA/cm2)| 08 - ¢ 5 ¢ ¢ ==/ (V)
¥ % e & < 07 1
§ h 06 -
%: 85 05
= | S04
= 30 7 |
25 , < ‘ 0.2 ; . ‘
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100E+13  100E+15  100E+17  1.00E+19 100E+13  100E+15  100E+17  1.00E+19
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Figure 8-Reflection layer thickness as a function of cell outputs.
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Figure 9-Concentration of the absorption layer as a function of cell outputs.

3.7. Comparison of cells
After obtaining the most efficient cell, we attempted to improve it by changing all parameters of
the layers in terms of thickness and the concentration of doping. It was found that the concentration of
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the accepter for the absorption layer (N,) and the thickness of the back reflection layer only affect the
performance of the cell. When we increase the thickness of the BSL layer from 0.05um to 0.2um, as
shown in Figure-8, an increase in the values of n and Jsc and a decrease in FF were observed. As for
the open circuit voltage, it remained constant, and the reason, as we showed previously, is to increase
the electrons that return back to the absorption layer by increasing the thickness. When the doping
concentration of the absorption layer was increased from 10" cm™ to 10" ¢cm™, as shown in Figure -9,
we noticed an increase in the conversion efficiency to 10" cm™. As for the filling factor, it was only
slightly decreased , where the voltage and current were about constant. Thus, the efficiency was
enhanced from 16.53% to 21.87%. Table-9 shows a comparison of the experimental cell with the
theoretical cell and the cell after improvement. It shows the best cells obtained after adding reflection
and buffer layers and combining them to achieve the best cell. Figure-10 shows the 1-V curves for all
cells.

Table 9-Outputs of the experimental and theoretical cells and cell after improvement, with the best
results obtained from the study.

S Cell structure V(v) | J(mA/cm?) FF % % 1
1- ITO/ZnO/CdS/CZTS ( Experimental) 0.37 13.14 37.9 1.93
2- ITO/ZnO/CdS/CZTS ( Theoretical) 0.38 13.32 41.92 2.18
3- ITO/ZnO/CdS/CZTS (After optimization) | 0.84 10.64 60.7268.63 | 6.17
4- ITO/ZnO/CdS/CZTS/CZTSSe 0.76 26.19 70.07 13.99
5- ITO/ZnO/CdSe/CZTS 0.85 21.41 73.42 13.48
6- ITO/ZnO/CdSe/CZTS/CZTSSe 0.76 30.85 69.83 16.53
7. ITO/ZnO/CdSe/_CZ_TS_/CZTSSe 0.77 413 68.36 21,76
(After optimization)
Voltage(
'2$ 01 02 03404 05 06 07 F 09 1 11 12 13 14 15
-6 )
-10 —¢—jtot(throretocal)
-14 _
] == jtot(Improvment)
€18 )
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Figure 10- I-V Curves for all studied cells.

3.9. Quantum Efficiency (QE)

Quantum efficiency is the number of electron-hole pairs generated due to the fall of light on the
diode. Figure-11 shows the quantum efficiency and its relationship to the wavelength of the best cells
obtained. The first cell is the theoretical cell obtained from simulation. It appears that the quantum
efficiency value starts with approximately 60% at the wavelength 100 nm and then begins to decrease
rapidly to reach zero value at 355 nm. The reason is that the value of the absorption coefficient is high
at short wavelengths absorption and occupies a short recombination time near the surface, which leads
the generated carriers to return and unite before trapping them at the p-n junction [34]. Thereafter, the
value starts to sharply fall until the zero value due to the recombination of the front surface [35]. The
second cell after improvement had quantum efficiency of 52% at 100 nm, which increases until it
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reached 92% at 375 nm, then started to gradually decrease until it reached zero at 850 nm. The reason
is the low propagation length and reflectivity. In addition, the absorption becomes zero at long
wavelengths because the quantum efficiency is inversely proportional to the wavelength, according to

the relationship Qg = 1.24 % R, (W/A) [29]. The third case was when adding a layer of BSL, where

the efficiency was 52% at wavelength of 100 nm and then increased until it reaches 98% at 370 nm ,
then started gradually to decrease reaching zero at 1250 nm . For the fourth case, when there was a
buffer layer, the quantum efficiency was 52% at 100 nm and then increased until it reached 100% at
350 nm. Then, it was stabilized at up to 700 nm and began to very sharply decrease at up to 720 nm.
The cause of this deficiency was the boundary of the energy gap of the absorbent layer. It then began
to gradually drop to zero at 850 nm, because the the energy gap areas started to enter the other layers.
The fifth case was when there were two layers of reflection and buffer, where the quantum efficiency
was 52% at 100 nm. The value increased until it reached 100% at 350 nm, then stabilized until 710
nm . Then it started with a sharp fall of two phases at 710 nm and at 850 nm, followed by a gradual
decrease until it reached zero at 1250 nm .The most efficient cell was achieved in the sixth case,
because it started at wavelength of 100 nm with an absorption of 52%, then increased until it reached
100% at 350 nm. Thereafter, the value was stabilized at up to 720 nm and then began to gradually
decrease until it reached zero at 1250 nm.
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6.00E+01
N
®OOE+01 &
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== QE(Improved)
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Figure 11-Wavelength relation with quantum efficiency.

4. Conclusions

The ITO / ZnO / CdS / CZTS cell was simulated by the SCAPS program and compared with an
experimental cell after entering all the parameters form this research. We have completed the
comparison by results from other researches and found a very large convergence between the
experimental and theoretical work, where the defects increased the symmetry of the two works. Then,
the theoretical cell was improved by increasing the doping concentration and thickness of the
absorption layer and increasing the doping concentration of the window layer, which increased the cell
efficiency. Then, we added BSL to the cell and increased the efficiency because the back reflection
layer reduced the recombination at the back surface, This was due to the high potential barrier was
added buffer layer increasing the efficiency of the cell because it allowed the photons to pass through
to the absorption layer. Then we inserted the best reflection layer with the best buffer layer in the
optimized cell and made a second improvement, which also increased the efficiency from 16.53% to
21.76%.
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