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@ ® efficiency from (9.41%) to (11.59%). After adding

more matching layers, the cell's structure becomes
Zn0O/ZnS/V,0s/CNTS, increasing the conversion
efficiency to (14.25%). The ratio of conversion
efficiency of ZnS/V,Os/CNTS/CFTS is (17.22%),
the filling factor (67.74%), the short circuit current
(23.247TmA/cm?), and the open circuit voltage
(1.0937 V).
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1. Introduction
Semiconductors capture photons with
energies over the limited energy gap and
release the surplus energy through thermal,
radiative, or non-radiative processes.
Efforts are being made to improve the
semiconductor efficiency by producing
different types of solar cells [1]. Since these
materials are known for their high
efficiency, researchers have been drawn to
use the compounds of Copper Indium
Gallium Selenide (CIGS) and Cadmium
telluride (CdTe) in the production of thin
films for solar cells for several decades. An
alternate substance with good electrical and
optical characteristics that is readily
accessible and non-toxic would be Copper,
zinc, tin, and sulfur CuzZnSnSs (CZTS).
New compounds can be investigated by
substituting (Zn) with (Ni, Fe, Cd, Be, Mg,
Mn) and other elements. It is known as
quaternary chalcogenide, is found in the
Earth's crust, is synthesized at a reasonable
cost, is non-toxic, has a bandgap energy that
is near the ideal value, and has a high
absorption coefficient [2,3]. Because of
their excellent optical and electrical
qualities for the production of thin films,
interest in these materials has grown.

The substance CuNiSnS4 (CNTS) is one
of the significant compounds due to its
unique properties, including its proximity to
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the ideal direct energy gap (1.45eV-
1.74eV), availability in the earth's crust,
non-toxicity, p-type, high absorption
coefficient, and capacity to absorb the entire
spectrum. The compound is a potential
compound for producing solar cells since it
can be manufactured using spin coating, dip
coating, and other techniques [4-7]. In
2020, Beraich manufactured the CNTS thin
films with a quadruple structure, and the
SEM image showed that these films were
homogeneous and their energy gap was
within (1.6 eV-1.8 eV) [8]. This study will
investigate (CNTS) as an absorption layer,
compare the results from experiments with
those from simulations, and investigate
whether adding a back-reflection layer and
a buffer layer, adjusting the concentration
of donors and receptors, adjusting the
thickness, and other factors, could improve
the characteristics of cells. Therefore,
CNTS can be considered a candidate
material to be used as photovoltaic cells.

2. Modeling
2.1.Numerical Simulations in SCAPS

The University of Ghent in Belgium has
developed the solar cell capacitance
simulator (SCAPS) program (version
3.3.07 (SCAPS3307), which is compatible
with Windows 95, 98, NT, 2000, XP, Vista,
and Windows 7), a one-dimensional solar
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cell modeling tool, to simulate the standard
semiconductor crystalline materials like
CIGS, CdTe, or alternative materials like
SnS. When describing a cell's many
characteristics, such as optical absorption,
thickness, doping concentration, energy
gap, etc., the user is limited to describing a
cell with a maximum of seven layers. In
both the light and the dark environments,
the spectral responses may be computed as
a function of temperature. All solar cells are
subjected to this program's development. It
is an application that is free to use. It
depends on resolving equations involving
semiconductors. The Poisson equation is
first written by [9] as:

V(E) == (p—n+Nj = N) (D

Where E is the electrical field, g is the
elementary charge, ¢ is the permittivity of
the absorber, n(p) is the density of electrons
(holes), and Np (Na) is the donor (acceptor)
concentration.

As a result, the following connection
provides the continuity equation [10]:

dn 1

E=a(v(1n)+6n_Rn (2)
dp 1
E=—a(v(]p)+(;p—Rp (3)

Where ], (J,,) is the electron (hole) current

density, G, (Gp) is the electron (hole)
generation rate and R» (Rp ) is the electron
(hole) recombination rate.

The following equations can be used to
get the charge carrier equations for the
diffusion and drift current densities [11]:
Ju = q(uanE + D, V) (4)
Jp = a(wpPE + D, Vp ) (5)
Where pn (4p) is the Electron (hole)
mobility and D is the diffusion constant.

The filling factor (FF), the short circuit
current (Jsc), the open circuit voltage (Voc),
and the conversion efficiency must all be
known to assess the quality of photovoltaic
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cells since these variables are connected by
the following equations [11]:

Pmax Vmax I max
FF = = 6
P Voc.Js (6)
Pn Voc.Jsc. FF -
=P " 2 (7)

Where Vmax is the Voltage greatest, Pmax iS
the power greatest, Imax IS the current
greatest, and Pin is the Incoming power.

The following link between the
concentration of doping and recombination
and the age of minority carriers, which is
the average amount of time needed for their
recombination, may be used to estimate the
age of minority carriers [12].

1
t= GVaN, ®)
An
= 9)

Where 7 is the minority carrier lifetime, Nt
is the defects concentration, Vth is the
Thermal speed, o is the Conductivity, U is
the recombination rate and An is the excess
minority carrier concentration.
2.2. The Structure of the Solar Cell

The CNTS/ZnS/ZnO solar cell is made
up of three layers: a Zinc Oxide (ZnO)
window layer of transparent metal oxides
with a relatively large energy gap; a buffer
Zinc sulfide (ZnS) layer with an energy gap
suitable for the absorption layer gradient
with penetration; and finally, the CNTS
absorption layer with a relatively small
energy gap. It also has front and back
contacts made of aluminum and gold with
functional working contacts (5 eV and 4.1
eV, respectively). The cell is on a floor of

glass [13]. Tables (1) and (2) provide the

values for the program parameters and
faults, respectively, that must be taken into
account in the SCAPS program's absorption
layer to analyze the performance of the
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experimental cell. The installation of the
solar cell is shown in Figure 1.

AL )front)

ZnO Window Layer
buffer Layer ZnS
absorption Layer CNTS
(back) Au
glass

Figure 1: The installation of the solar cell

TJPS

The following issues need to be resolved if
solar cells are to become more efficient:

» Comparing the theoretical cell to the
experimental cell.

« Increasing the cell efficiency by adding
multiple back reflection layers.

» Adding additional layers of alignment to
enhance cell performance.

+ Combining the best alignment and
reflection layers for creating the ideal cell.

Table 1: The physical parameters of different layers [14-19]

Parameters symbol (unit) | CNTS ZnS Zn0O
Thickness W(um) 3.1 0.09 0.9
Bandgap Eg (ev) 1.74 3.18 3.22
Electron affinity x (ev) 3.87 4.5 4.4
Dielectric permittivity € 9 10 9

CB effective density of states Nc(cm™3) 22x 10® | 1.8x 108 2.2x 108
VB effective density of states Ny (cm™3) 1.8x 10 | 1.8x 10% 1.8x 10%°
Electron thermal velocity V,(cm/s) 1.0x 107 1.0x 107 1.0x 10’
Hole thermal velocity Vp(cm/s) 1.0x 107 1.0x 107 1.0x 107
Electron mobility p (cm?hs) |11 100 100

Hole mobility },Lp(CmZ/V.S) 11 25 25
Shallow uniform donor density Np (1/cm?) 0 1.0x 10 1.0x 10%°
Shallow uniform acceptor density Na (1/cm?) 3.3x 10V 0 0
Coefficient absorption a(l/cm) 5.0x 10* 1.0x 10° scaps

Table 2: the defect value in the cell

Defect properties Interface defect Absorber layer
p-CNTS/n-ZnS p-CNTS

Energy level with respect to reference (eV) 0.6 0.6

Total density Nt (cm) 1.0x 10" 1.0x 10 %

Capture cross section area of electrons (cm?)de | 1.0x 10 *° 1.0x 10 %

3. Discussion of Findings
3.1.Comparing the Experimental Cell to
the Theory
To simulate the performance of a solar
cell, the program utilized must be validated
and its consistency with real findings must
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be demonstrated. The practical research of
Ghosh, Anima, et al. [15] is simulated on
the SCAPS program. The results show a
high level of agreement between the
practical and theoretical results, as shown in
Table (3), but with an incomplete
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congruence of the two curves' properties
(V-1). The results shown in Figure (2)
demonstrate a drop in the filling factor,
leading to a fall in the conversion
efficiency. This is attributed to the flaws in
the p-CNTS/n-ZnS interface and the p-
CNTS absorption layer. When the number
of Nt faults decreases, the experimental

TJPS

work equals the theoretical work. Because
of the rise in the permanence of minority
carriers, which is inversely proportional to
the defects, as indicated in equation (8), the
recombination will decrease, and the
theoretical cell efficiency will increase over
the experimental cell, as shown in equation

(9).

Table 3: the theoretical and experimental results

Solar cell V (V) J(mA/cm?) FF % % 1
CNTS/ZnS/ZnO (Experimental) [15] 0.75 6.82 53.1 2.71
CNTS/ZnS/ZnO (Theoretical) 0.73 6.74 64.26 3.19

" Voltage(v)
0.8 0.9

=&—jtot(theoretical)

=fli—jtot(experimentall)

Figure 2: Voltage-current relationships for experimental and theoretical curves

Table 4: Outputs for experimental, theoretical, and improved cells

Cells V(V) J(mA/cm?) | FF% N %
ZnO/ZnS/CNTS (Theoretical) 0.7359 6.743 64.26 3.19
ZnO/ZnS/CNTS (After | 0.934 16.749 60.11 9.41
Optimization)

3.2.The Effect of Back Reflection Layer

To enhance the investigated cell
Zn0O/ZnS/CNTS, this study investigates the
effect of adding different back reflection
layers (BSL) composed of the following
chemicals ( MoSe2, SnS, CdTe, Si, ZnTe,
Cu20, CuO, CuShS;, MoSz, CulnSe (ClSe),
CulnGaSs (CIGS), CZTS, CZTSe,
CuFeSnS; (CFTS), CNTS, CuBaSnS4
(CBTS), MASNI3, CZTSSe, CuzTe). The
sole difference in the enhanced cell with the
stability of the cell characteristics is the
thickness and doping concentration of the
back-reflection layer. The parameters of the
back-reflection layers are shown in Table
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(5). In contrast to photons entering from the
absorption layer, which increases charge
carrier  concentration and minimizes
recombination, the connection becomes
more ohmic, and the photon's current
increases [21]. The best back reflection
layers are (Cu2O, CBTS, and CZTSe) for
two reasons: firstly, the total of the energy
gap and the electronic affinity equals or
exceeds the work function. Secondly,
because of the large potential barrier, the
quantity of photons reflected from the rear
surface increases [12]. The results of adding
different back reflection layers are clarified
in table 6.
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Table 5: the basic parameters of back reflection layer [22-31]

TJPS

Parameters symbol (unit) MoSe; | SnS CdTe Si ZnTe | Cu; | CuO | CuS | MoS | ClISe | CIG
) bS; |2 S

Bandgap Eg (ev) 1.060 |11-1.3]14-19 112 1219 |217 |151 |15 |17 1 1.05

Electron affinity y (ev) 4.372 12.5 4.28 405 | 373 |32 407 |45 |42 4.5 4.14

Dielectric permittivity €/e; 13.6 4.2 9.4 119 (103 |7.11 (181 |10 |13.6 |13.6 |10

CB effective density of states | 2.2 10.0 0.75 25,8 |1.17 |0.20 |22 20 |22 |22 1.0

Nc(cm”(-3))x 108

VB effective density of states | 1.8 4.13 1.8 265 | 1166 |11 |550 |10 |18 1.8 1.0

Nv(cm”\(-3)) x10'°

Electron thermal velocity | 1.0 1.0 1.0 1.0 10 |10 |10 |10 |10 1.0 1.0

Va(cm/s)x 107

Hole thermal velocity | 1.0 1.0 1.0 1.0 10 |10 |10 10 | 1.0 1.0 1.0

Vp(cm/s) x 10’

Electron mobility | 100 25 500 1350 330 | 200 | 100 | 100 | 100 | 40 30

pun(cm”2/v.s)

Hole mobility pp(cm”™2/v.s) | 25 100 60 450 80 [80 [01 |25 [25 |10 |15

Shallow  uniform  donor | 0O 0 0 0 0 0 0 0 0 0 0

density ND (1/cm?®)

Shallow  uniform acceptor | 0.001 | 10000 1000 10000 100 | 10 1000 | 100 | 100 | 100 1000

density NA(1/cm®) x 108 0 0

Complement of Table 5[16,18,19,32-35]

Parameterssymbol (unit) CZTS | CZTSe | CFTS |CNTS | CBTS | MASnls CZTSSe | CuzTe

Bandgap Eg (ev) 1.4 14 1.3 1.74 1.9 1.3 1.3 1.18

Electron affinity y (ev) 4.5 4.1 3.3 3.87 3.6 4.17 4.2 4.2

Dielectric permittivity e/e; 9 9 9 9 54 8.2 13.6 10

CB effective density of | 2.2 22 2.2 2.2 2.2 2.8 2.2 0.78

states No(cm™3) x 108

VB effective density of | 1.8 0.18 1.8 1.8 1.8 0.39 1.8 1.6

states Ny, (cm™3) x 10%°

Electron thermal | 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

velocityV,(cm/s) x 107

Hole thermal | 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

velocityVp(cm/s) x 107

Electron mObilityp.n(CmZ/V.S) 60 100 ARERT N 30 0.16 100 500

Hole mObilitypp(CmZ/V.S) 20 12.5 YV,4A 111 10 0.16 25 100

Shallow  uniform  donor | 0 0 0 0 0 0 0 0

density Np (1/cm?)

Shallow uniform acceptor | 1.0 100 100 0.0033 | 1.0 100 100 100

density Na (1/cm?®) x 10%°
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Table 6: the results of adding different back reflection layers

cells V(v) J(mA/cm?) | FF% n %
1. | ZnO/ZnSICNTS ( Theoretical) | 0.7359 6.743 64.26 3.19
2. | ZnO/ZnSICNTS (After | 0.934 16.749 60.11 9.41

Optimization)
3. | ZnO/ZnS/ICNTS/MoSe: 1.01 16.759 57.66 9.76
4. | ZnO/ZnS/CNTS/SnS 1.103 16.867 61.54 11.46
5. | ZnO/ZnSICNTS/CdTe 0.89 16.9 60.18 9.05
6. | ZnO/ZnSICNTS/Si 1.1 16.83 61.56 11.43
7. | ZnO/ZnSICNTS/ZnTe 1.059 17.0 62.05 11.18
8. | ZnO/ZnSICNTS/Cu20 1.106 17.03 61.5 11.59
9. | ZnO/ZnS/CNTS/CuO 1.091 16.81 61.7 11.44
10. | ZnO/ZnSICNTS/CuSdS: 0.648 16.734 51.07 5.54
11. | ZnO/ZnSICNTS/MoS: 0.763 16.8 53.16 6.82
12. | ZnO/ZnS/ICNTS/CISe 2.69 16.89 24.32 11.06
13. | ZnO/ZnS/CNTS/CIGS 11 16.843 61.55 11.44
14. | ZnO/ZnSICNTS/CZTS 0.736 16.808 54.83 6.796
15. | ZnO/ZnSICNTS/ICZTSe 1.098 16.985 61.63 11.50
16. | ZnO/ZnSICNTS/ICFTS 0.959 17.275 41.79 6.93
17. | ZnO/ZnSICNTS/CNTS 1.02 16.96 61.91 10.74
18. | ZnO/ZnSICNTS/CBTS 1.099 17.025 61.59 11.53
19. | ZnO/ZnSICNTS/MASNI3 1.086 16.989 61.84 11.41
20. | ZnO/ZnSICNTS/CZTSSe 1.083 16.983 61.82 11.38
21. | ZnO/ZnS/CNTS/CuzTe 1.104 16.901 61.54 11.48

3.3.The Effect of Adaptation Layer (CuNiSnSs)

Various buffer layers are also added to the ZnO/ZnS/CNTS cell with the cell parameters
fixed, so the change will only be in the matching layer in terms of layer type, thickness, and
concentration of impurities. The matching layer increases the access of photons to the
absorption layer due to its reduction of surface defects. Between the penetration and absorption
layers [36], it is found that it has a significant effect on the cell parameters and that its effect is
greater than the effect of the back reflection layer (BSL) due to the large difference in the energy
gap between the absorption layer and the permeable layer, and the compounds consist of
materials (TiO. ,CdS, In2S3 ,ZnO:Al , V20s5,SiC). The best matching layers are (TiO2, and
V20s5) because TiO, has a high energy gap, allowing the most photons to enter into the
absorption layer, but V20s has very little mobility, resulting in an increase in the electric field
and an increase in the number of absorbed photons. The fundamental parameters are shown in
Table (7). Table (8) illustrates the results achieved by adding an adaptive layer to the enhanced
cell, with the cell composition of CNTS /Buffer/ ZnO/ZnS.
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Table 7: the basic parameters of buffer layer [14,26,29,33,35,37

TJPS

Parameters symbol (unit) | TiO2 | CdS | InzSs | ZnTe | V205 | SiC
Bandgap Eg (ev) 3.2 2.4 2.8 219 |23 2.3
Electron affinity v (ev) 3.86 |45 4.7 3.73 [399 |38
Dielectric permittivity €/e 9 9 135 |10.3 |4.28 |9.72
CB effective density of states Nc(cm™3) 1.8x | 18x |22x |1llx |22x |4.8X
1019 1019 1017 1018 1018 1015
VB effective density of states Ny (cm™3) 24x | 24x |18x |11x |1.8x |3.2x
1018 1018 10 19 1019 1019 1015
Electron thermal velocity Vi, (cm/s) 1-07>< 1.0x {1.0x |[1.0x |1.0Xx |1.0x
0% 1107 10" |107 [107 |10’
Hole thermal velocity Vp(cm/s) 1-07>< 1.0x [1.0x |[1.0x |1.0x |1.0x
07 1107 10" |107 [107 |10’
Electron mobility p (cm?/vs) | 100 | 100 | 100 330 1.26 | 900
Hole mobility up(cmzlv.s) 25 25 25 80 345 |40
Shallow uniform donor density | Np (1/cm®) | 1.0x | 1.0x |1.0x |1.0x |1.0x |1.0x
1017 1021 1022 10 17 1017 1021
Shallow  uniform acceptor | Na (1/cm®) |0 0 0 0 0 0
density
Table 8: the outcomes of applying the adjustment layer
Cells V(v) J(mA/cm?) | FF% n%
1. ZnO/ZnS/ TiO,/CNTS 1.040 19.347 69.91 14.08
2. Zn0O/ZnS/ CdS/CNTS 1.07 17.814 69.28 12.68
3. Zn0O/ZnS/In2S3/CNTS 0.986 17.954 69.87 12.37
4. Zn0O/ZnS/ZnSe/CNTS 2.22 18.9 32.8 13.87
5. ZnO/ZnS/Sn0,/CNTS 1.319 18.02 57.23 13.61
6. Zn0O/ZnS/V,0s5/CNTS 1.067 19.349 69.01 14.25
7. Zn0O/ZnS/SiC/CNTS 1.23 17.906 62.44 13.77

3.4.Results of the Best Buffer and Reflection Layers

Because TiO: has a relatively large energy gap ( 3.2 eV ), which leads to high efficiency,
and the compound V205 has little mobility, which leads to an increase in the electric field and
an increase in the number of photons absorbed, the two best buffer layers (TiO2, V20s) are
studied with all of the reflection layers. It is observed that the best reflection layers with the
matching layer TiOz are (MASnI3, CZTS, and SnS), while the best reflection layers with V205
are (CFTS, MASnI3, CNTS), as indicated in Tables (9 and 10). Table (11) compares the
experimental cell to the cell after improvement and cell parameters by adding the best back-
reflecting Cu20 layer, then the best cell after adding a V2Os buffer layer, and finally the best

cell after adding a CFTS back-reflective layer and a buffer V2Os layer.
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Table 9: the characteristics of a solar cell after adding the reflection layers and a TiO>
buffer layer

cells V(v) J(mA/cm?) | FF% n%
1. | ZnO/ZnS/TiO,/CNTS/CZTSSe 1.2 19.161 63.42 14.6
2. | ZnO/ZnS/TiO2/CNTS/SnS 1.1.06 20.367 66.55 15.65
3. | ZnO/ZnS/Ti02/CNTS/MASNI3 1.268 20.934 61.44 16.31
4. | Zn0O/ZnS/TiO2/CNTS/MoSe> 0.945 20.886 57.13 11.28
5. | Zn0O/ZnS/TiO2/CNTS/CdTe 1.014 20.908 67.65 14.35
6. | ZnO/ZnS/TiO2/CNTS/Si 1.016 20.89 65.24 13.86
7. | ZnO/ZnS/TiO2/CNTS/ZnTe 1.043 20.08 56.22 12.26
8. | Zn0O/ZnS/TiO2/CNTS/Cu,0 9.18 20.9 9.13 17.53
9. | Zn0O/ZnS/TiO2/CNTS/CuO 2.09 20.909 39.69 17.01
10. | ZnO/ZnS/TiO2/CNTS/CuSbS, 0.8 20.908 57.12 9.55
11. | ZnO/ZnS/TiO2/CNTS/MoS, 1.021 20.919 59.16 12.64
12. | ZnO/ZnS/TiO2/CNTS/ClSe 0.879 20.886 61.35 11.27
13. | ZnO/ZnS/TiO2/CNTS/CIGS 1.034 20.9 69.18 14.96
14. | ZnO/ZnS/TiO2/CNTS/CZTS 0.843 20.908 58.87 10.39
15. | ZnO/ZnS/TiO2/CNTS/CZTSSe 1.033 23.451 63.17 15.31
16. | ZnO/ZnS/TiO2/CNTS/CFTS 1.044 23.45 62.49 15.31
17. | ZnO/ZnS/TiO2/CNTS/CNTS 1.025 20.912 69.97 15
18. Zn0/ZnS/TiO2/CNTS/CBTS 1.02 20.911 58.92 12.57
19.  Zn0O/ZnS/Ti02/CNTS/CZTSe 1.137 20.907 67.0 15.93

Table 10: the properties of the solar cell after adding the reflection layers and the V2Os buffer
layer

Cells V(v) J(mA/cm?) FF% n%
1 Zn0/ZnS/V20s/CNTS/Cu,Te 1.288 19.514 60.28 | 15.15
2 Zn0/ZnS/V20s/CNTS/SnS 1.261 19.345 61.33 | 14.97
3 Zn0/ZnS/V20s/CNTS/Si 1.242 19.205 62.11 | 14.82
4 Zn0/ZnS/V20s/CNTS/CdTe 1.93 20.919 66.09 | 15.11
5 Zn0/ZnS/V,0s5/CNTS/MoSe; 1.98 19.16 36.47 | 13.84
6 Zn0/ZnS/V,0s5/CNTS/ZnTe 0.971 20.63 4553 | 9.13
7 Zn0/ZnS/V,0s/CNTS/Cu20 9.26 20.923 9.04 17.54
8 Zn0/ZnS/V20s5/CNTS/CuO 1.154 19.77 66.07 | 15.08
9 Zn0/ZnS/V,0s/CNTS/CuSb; 0.844 18.909 63.22 | 10.10
10 Zn0/ZnS/V,0s/CNTS/MoS; 1.027 19.769 69.62 | 14.13
11 Zn0/ZnS/V,0s/CNTS/CISe 0.924 19.94 62.46 | 11.51
12 | ZnO/ZnS/V20s/CNTS/CIGS 1.166 19.173 65.45 | 14.63
13 | ZnO/ZnS/V,0s/CNTS/MASnIs 1.274 | 20.926 61.05 16.28
14 | Zn0O/ZnS/V20s/CNTS/CZTS 0.923 20.871 62.87 | 12.11
15 | ZnO/ZnS/V20s/CNTS/CZTSe 1.153 19.223 65.91 | 14.59
16  Zn0/ZnS/V,0s/CNTS/CFTS 1.0937 | 23.247 67.74 17.22
17 | ZnO/ZnS/V,05/CNTS/CNTS 1.296 | 20.775 60.16  16.2
18 7Zn0O/ZnS/V,0s/CNTS/CBTS 1.218 19.355 63.01 | 14.86
19 7Zn0/ZnS/V,0s5/CNTS/CZTSSe 1.211 19.22 63.3 14.74

S7


https://doi.org/10.25130/tjps.v28i5.1367

Tikrit Journal of Pure Science (2023) 28 (5): 49-64 I J I : ;

Doi: https://doi.org/10.25130/tjps.v28i5.1367

3.5.Investigating the Attributes of the Best-Performing Cells

3.5.1. Comparing the (V-1) Curve's Properties

The settings of each cell are entered into the SCAPS software to investigate the attributes
of a current-voltage curve. The comparison between the cells shown in Table (11) reveals how
to enhance the efficiency of the solar cell. Figure (4) depicts the voltage-current relationship for
all cells in Table (11).

Table 11: the best results obtained from the study

cells V(v) |J(mA/lcm?) | FF% n%
1. | ZnO/ZnS/ICNTS (Theoretical) 0.7359 | 6.743 64.26 3.19
2. | ZnO/ZNnSICNTS (After | 0.934 | 16.749 60.11 9.41
optimization)
3. | ZnO/ZnSICNTS/Cu20 (BSL) 1.106 |17.03 61.5 11.59
4. | ZnO/ZnS/V>0s/CNTS (Buffer) 1.067 | 19.349 69.01 14.25
5. | ZnO/ZnS/V.0s/CNTS/CFTS 1.0937 | 23.247 67.74 17.22

Voltge(V)
1 1.1 1.2 1.3 1.4

=4@=J(CNTS theoretical)

== J(CNTS after optimization )
J(CNTS/p-Cu20)

== )(n-V205/CNTS)

=== J(V205/CNTS/CFTS)

J(mA/cm?2)

Figure 4: the voltage-current relationship for multiple cells

3.5.2. Energy Plan

Figure (5) clarifies the states of the energy level. Figure (5a) shows the states of the conduction
band and the valence band with the Fermi level of electrons and gaps. we note the gradation of
the access layer and compatibility because the electronic affinity and energy gap for both layers
are close. There is a rise between the absorption layer and the buffer layer in the conduction
beam due to the difference in affinity and the energy gap between them, as shown in Table (1).
As a result, a rise in the barrier voltage will be generated between the two contacting layers,
which varies depending on the type of the two layers and their parameters. So, the positive
conduction beam displacement will be (+CBO), which is the height of the absorption layer with
the buffer layer, leading to an increase in the reunion. When there is a negative conduction
beam displacement (-CBO), the absorption layer is located underneath the buffer layer, which
enables the passage of light photons, inhibits recombination, and, to a certain extent, boosts the
efficiency of the solar cell. If it surpasses it, the cell's efficiency will suffer. The mismatch of
the lattice constant between the contacting layers is due to the differences in grain size and the
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injection of impurities into the junction [12]. Figure (5b) shows a decrease in the conduction
band and the Fermi level of electrons. The reason for this is that the electronic affinity for the
absorption layer is smaller than the affinity for the buffer layer [38]. The second reason is that
less doping and defects after improving the cell result in the formation of negative conduction
bundle displacement (-CBO), which reduces the recombination. In Figure (5c), the addition of
a back-reflection layer and the appearance of protrusions at the end of the energy diagram result
in an increase in photon absorption and a decrease in the recombination of the generated
electrons. Because it reflects photons and returns them to the absorption layer, the conversion
efficiency is increased [6]. In Figure (5d), when the V2Os layer is added between the absorption
and transmission layers, there is a drop in the conduction beam displacement (CBO +), which
enhances the recombination as previously stated, as well as an increase in the beam
displacement. The link (-CBO) between the absorption layer and the additional layer reduces
the recombination and increases the efficiency of the solar cell. The energy levels arise in the
last scenario, as shown in Figure (6), when the cell is joined to a reflection layer and a buffer
layer ZnO/ZnS/V20s/CNST/CFST. Due to the affinity and energy gap, a drop will emerge
between ZnS/V20s, resulting in an increase in the recombination and a decrease in the
efficiency as previously described [39]. In addition, there is an increase in the ratio of V.05
/ CNST, which leads to an improvement in the efficiency due to a decrease in the
recombination. Moreover, there is a rise at the end of the energy diagram between the two layers
CNTS/ CFTS to increase the number of photons returning to the absorption layer as a result of
the back-reflection layer, which boosts the conversion efficiency since the photons return to the
absorption layer. The absorption layer promotes the creation of electron-hole pairs.

2 7 ZnO /ZnS/CNTS (a)

e=e==  Ec(dV)
Fn(eV)
= Fp(eV)

Ev(eV)

1 ZnO/ZnS/CNTS (b)

|
5

2 ¢ = Zn0O/ZnS/CNTS/Cu,0(c)

Fn(eV)
=  Fp(eV)

Ev(eV) distance
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Figure 5:(a) Energy diagram of the theoretical cell; (b) The improved cell; (c) The enhanced cell
following the addition of a reflection layer; and (d) The enhanced cell following the addition of a buffer

layer
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Figure 6: The enhanced cell after adding the reflection and buffer layers.

3.5.3. The Quantitative Efficiency

Figure (7) depicts the quantitative
efficiency of the best cells and their
connection to wavelength. The theoretical
cell obtained from the simulation is the
initial cell. It is observed that the
quantitative efficiency ranges from around
(95%) at wavelengths (300nm) to (400nm).
Because the absorption coefficient at short
wavelengths is high, absorption occurs
close to the surface because the
recombination period is short, resulting in
the produced carriers recombining before
being trapped at the junction PN [40]. Then,
it begins with a sudden fall until the
qguantum efficiency hits (50%), due to a
decrease in the absorption coefficient,
which promotes the recombination, causing
the quantum efficiency to decrease, and
then a slow decrease begins until it
approaches zero (710nm). The survivability
of the carriers is improved by decreasing
structural flaws, improving the durability
factor, and enhancing the absorption inside
the depletion area. The absorption
coefficient is wavelength dependent [14].
The second cell, after improvement, has a
quantitative efficiency of (100%) at

60

(300nm) until it reaches (375nm), which is
due to a large diffusion length as it absorbs
deeply, then gradually decreases until it
reaches (690nm), which is due to a decrease
in diffusion length and reflectivity [41]. The
quantum efficiency IS inversely
proportional to the wavelength; hence, the
efficiency is zero at (720nm) from the

relationship Q = 1.24=% [34]. The third

case occurs when adding a (BSL) layer is
similar to the second case. The fourth case
occurs when there is a buffer layer, the
quantum efficiency is (100%) at (300nm).
Then, it begins with a slight gradual
decrease until it reaches (690nm) and the
qguantum efficiency is (79%). After that, it
begins with a very sharp decrease and it
becomes Zero at (720nm) and sharp at the

cut-off wavelength, as indicated by the

. . 1.24
following equation: »= g because the

light with less energy than the gap cannot
stimulate an electron from the valence band
to the conduction band. In the fifth case,
when there are two reflective and matching
layers, the quantum efficiency is (100%)
from (300nm) to (660nm) and then begins
to decline sharply until (705nm). Then, the
efficiency is (91%), with a rapid fall, and
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the quantum efficiency is (20%) at the
wavelength (720 nm). After that, there is a

TJPS

steady reduction, and the
efficiency is (10%) at (900 nm).

guantum

100 18

0 T

=@=QE(CNTS theoretical)

QE(CNTS/Cu20)
—>4=QF(V205/CNTS)
QE(V205/CNTS/CFTS)

300 400

500 A(hm) 600

700 800 900

Figure 7: the quantum efficiency of the best-researched cells as a function of wavelength.

4. Conclusions

There is a significant congruence
between theoretical (simulation) and actual
findings, which improves the program's
applicability in solar cells. The direct
influence of doping ratios, thickness, and
crystalline flaws on cell performance is
observed because lowering the percentage
of doping and defects, and increasing the
absorption improve the cell efficiency by
reducing the electron capture-gap. Adding a
back-reflection layer improves the cell
efficiency by reducing the recombination.
Adding a buffer layer improves the cell
efficiency even more than adding a
reflection layer since it leads to
homogeneity between the absorption and
window layers. This study reveals that the
best cell is ZnO/ZnS/V,0s/CNTS/CFTS
and the efficient conversion ratio is
(17.22%).
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