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Introduction

Semiconductors absorb photons that have more
energy than the forbidden energy gap and lose excess
energy by thermal, radioactive, or non-radioactive
processes, there are efforts to increase their efficiency
by achieving the manufacture of various solar cells
[1]. The interest of researchers for several decades
brought the use of compounds (CIGS), (CdTe) in the
manufacture of thin films of solar cells because these
materials are characterized by high efficiency and in
return. Their cost is high and occupies a wide area,
some are rare and others are toxic, so researchers
sought to replace them with other materials, and they
found alternative materials such as (CZTS)
compound and they are non-toxic and available and
possess good electrical and optical properties and can
study new compounds and that by replacing (Zn) with
elements (Ni, Fe, Cd, Be, Mg, Mn) and other
elements called Chalcogenide quaternary they
available in the Earth's crust low cost when produced
are non-toxic and have energy gaps close to the ideal
value and have a high absorption coefficient [2 , 3].
Therefore, increased interest in these materials and
their excellent optical and electrical properties for
making thin films.

The compound Cu,NiSnS, (CNTS) is one of the
important compounds because of its distinctive
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The ZnO/ZnS/ CNTS solar cell was studied using SCAPS-1D

simulation. The cell efficiency was 9.38% and to improve the cell a back
reflection layer (BSL) was added, so the conversion efficiency increased
to 10.65% and we entered buffer layers, thus the cell structure became
ZnO / Buffer / CNTS the conversion efficiency increased to 10.78%. It
turns out that the effect of the buffer layer is greater than the reflection
layer. The best cell was ZnO/CdS/CNTS/Cu,O and the conversion
efficiency was 12.09%, fill factor 62.98%, short circuit current 20.01
mA/cm? finally open circuit voltage 0.95V.

characteristics, as it possesses a direct energy gap
(1.45-1.74eV). It is close to the ideal gap and is
available in the earth's crust, non-toxic, p-type, has a
high absorption coefficient and has the ability to
absorb the spectrum Solar and the compound can be
prepared using a spin coating or dipping coating and
other methods, so it is one of the candidate
compounds for the manufacture of solar cells [4,5].
We will in this research study (CNTS) Copper,
nickel, tin and sulfur as a absorption layer and
compare the experimental results with the simulation
results and the possibility of improving the
characteristics of the cell through add a back
reflection layer and buffer layer to get a highly
efficient cell.

Modeling

Numerical simulation SCAPS

Modeling can be done using the SCAPS program, a
one-dimensional solar cell simulation program
designed at the University of Gent in Belgium to
simulate traditional crystalline materials  for
semiconductor CIGS and CdTe. The user can
describe a cell with a maximum of seven layers for
different properties such as optical absorption,
thickness, doping concentrate, energy gap and other.
The spectral responses are determined and can be
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calculated in the dark and in the light. This program
has been developed and applied to all solar cells. It is
a freely available program. The program depends on
solving Poisson equation [6].

V(E) = g(p —n+Nf— Np)...1

Where q is elementary charge, E is the electrical
field, n is density of electrons, p is density of holes,
is the permittivity of the absorber, Np is donor
concentration and N acceptor concentration.

Then the continuity equation that is given by equation

b

n

EZE(VUn)-l_Gn_RnZ

dp _ 1

=" V() +G—Ry...3

Where G,, is electron generation rate ,G, is hole
generation rate, [, is electron current density , J,
hole current density , R, is electron recombination
rate and R, hole recombination rate.

The charge carrier equations for diffusion and drift
current can be obtained from the following equations
[8]1.

Jo=q(unE + D, Vn)... 4

Jp =a(WpPE + D, Vp) ....5

Where D is the diffusion constant, W, (1) is Electron
(hole) mobility.

To measure the quality of the photovoltaic cells the
fill factor FF, short circuit current Jg, voltage circuit
open V,. and conversion efficiency n as these
variables are related to each other with the following
equations [8].

FF — Pmax - Vmax Imax 6
Pt Voc Jsc
_ P_m _ Voc.Jsc. FF 7
Pin Pin

It can be determined the age of minority carriers
which is the average time needed to recombine
minority carriers and is associated with the traps and
recombine with the following relationship [9].

Where N, is defects concentration, t is minority
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recombination rate, An is excess minority carrier
concentration and o is conductivity.

Solar cell structure

The CNTS / ZnS / ZnO solar cell is composed of the
ZnO window layer of transparent metal oxides having
a relatively large energy gap, then followed by the
ZnS buffer layer and has a suitable energy gap for the
absorption layer gradation with penetration, and then
the CNTS absorption layer that has a relatively small
energy gap. The front and back contact is Ohmic so
that we get the lowest energy loss [10]. The cell shall
be on the ground of the glass. Table (1) the defect
values to be entered in the absorption layer of the
SCAPS program to study the cell performance and
table (2) gives the values of the program parameters
and We took the series resistance (4.76 Qcm?) and the
shut resistance (980 Qcm?) and the temperature (300
k). Figure (1) shows the structure of the solar cell.

flat bands (front)

ZnO Windows Layer
buffer Layer ZnS
absorption Layer CNTS
(back) flat bands

glass

Fig. 1: The installation of solar cells.

To enhance the efficiency of solar cells the following
facts must be addressed:

. Adding different layers of back reflection to
increase cell efficiency.

. Adding various buffer layers to improve cell
performance.

Combine the best reflection layers with the best
buffer layers to get the best cell.

Table 1: defects value in the cell.

Defect properties Interface defect
p-CNTS/n-ZnS

Energy level with respect to reference (eV) 0.6

Total density Nt (cm™) 1.0x 10 2
Capture cross section area of electrons (cm®)3, | 1.0x 10 ™
Capture cross section area of holes (cm?)3, 1.0x 10

carrier life time, Vg is Thermal speed, R is
Table 2: Physical parameters for the basis cell layers.
Parameters symbol (unit) CNTS VAN Zn0O
[11] [12] [7]
Thickness W(um) 4 0.1 0.1
Bandgap Eg (ev) 1.74 3.3 3.3
Electron affinity 1 (ev) 3.87 4.4 45
Dielectric permittivity & 9 10 9
CB effective density of states Nce(cm™3) | 2.2x10% [ 1.8x 10" | 2.2x 10%®
VB effective density of states Ny(cm™3) | 1.8x 10" | 1.8x 10" | 1.8x 10"
Electron thermal velocity Vv, (cm/s) 1.0x 10" | 1.0x 10" | 1.0x 10’
Hole thermal velocity Vp(cm/s) 1.0x 10" | 1.0x 10" | 1.0x 10’
Electron mobility u (cm?/v.s) 11 100 100
n
Hole mobility U (cm2/v.s) 11 25 25
p
Shallow uniform donor density | Np (1/cm®) 0 1.0x 10" [ 1.0x 10®
Shallow uniform acceptor density | Na (1/cm®) | 1.0x 10Y 0 0
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Result and discussion

Device optimization

The solar cell was simulated to achieve the optimum
performance of CNTS solar cells by analyzing the
energy diagram and adding a number of layers of
back reflection and buffer layers with changing the
doping rates of the layers added to achieve the best
performance.

Energy band diagram

The CNTS / ZnS / ZnO solar cell energy diagram is
given in figure (2) in the presence of light and it has
been obtained through the SCAPS program. Through
the diagram, it is possible to see the gap separation
from the CNTS absorption layer due to the valance
band offsets (VBO) between CNTS/ZnS while the
movement of electrons at the back contact is stopped
by the effect of the conduction band offsets (CBO) at
the absorption layer. The energy gap of the
absorption layer is within the visible spectrum, which

increases the amount of energy-absorbed photons.
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Fig. 2: Energy band diagram.

J-V dark and light characteristics of solar cell

The program was run in the dark and light, to know
the characteristic of the diode and figure (3) shows
the properties of the curve (I-V) because the dark
current is very small and is a result of the thermal
activation energy of the minority carriers. When
lighting the solar cell creates an electron-hole pair
from incident photons that have energy of equal to
the energy gap of the solar cell.
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Fig. 3: Dark and illuminated (J-V) of photovoltaic cell.
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3-2- The effect of the back reflection layer

In order to further improve the studied cell ZnO / ZnS
/ CNTS we study the effect of adding different layers
of reflection back (BSL) and consist of the following
compounds (MoSe,, SnS, CdTe, Si, ZnTe, Cu,0,
CuO, CuShS,, MoS,, ClSe, CIGS , CZTS, CZTSe,
CFTS, CBTS, CZTSSe, and Cu,Te) we stabilize cell
parameters and then add the back reflection layers
with the doping concentrate changed only and figure
(4,2) shows the conversion efficiency of cell
different reflection layers that the best back reflection
layers are (Cu,O, CBTS , ZnTe ) the reason for the
emergence of a positive conduction band offsets
between the reflection and absorption layer In the
form of spike that prevents recombination and
increases cell efficiency [9]. Then the efficiency
begins with a gradual descending. Electron affinity
and the energy gap are important parameters that
determine the conduction band offsets if there is a
cliff between the absorption reflections layer the cell
performance decreases. The conduction band offsets
can be found by the following equation.

CBO = AE. = Xapsorbers — XReflection 10

Where ¥apsorbers ANd Xreflection 15 €lectron affinity
absorbers and reflection and CBO (AE, ) is
conduction band offsets.

There is a second equation to find the valance band
offsets

VBO = AEv = [XAbsorber + Eg(AbsorbeT) ] -
[XReﬂection + Eg(Reflection)] - 11

The figure (4,a) represents the values of the energy
gap and the electron affinity, so we note that the
reflection layers that have more energy gap than the
energy gap of the absorption layer (conduction band),
they have higher efficiency. CFTS generates a small
value Spike compared to Cliff, so its efficiency will
decrease, and as we have shown previously CIiff
reduces cell performance. Other layers have Cliff and
cell efficiencies decrease as Cliff increases. Figure
(4,b) which shows the of the electron affinity and the
energy gap for all materials. Figure (4,c) shows the
conduction band offsets and valance band offsets.
Table (3) shows the physical parameters of the
different layers of the back reflection.
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Table 3: The physical parameters of the different layers of the back reflection

Parameters symbol MoSe, SnS CdTe Si ZnTe | Cu,O[18] | CuO | CuShS2 | MoS2 | ClSe | CIGS
(unit) [13] [14] [15] [16] [17] [18 [19] [20] [21] [22]
Band gap Eg (ev) 1.060 1.1 1.45 1.12 2.19 2.17 151 15 1.7 1 1.05
Electron % (ev) 4.372 4.2 4.28 4.05 3.73 3.2 4.07 4.5 4.2 4.5 4.14
affinity
Dielectric & 13.6 125 9.4 119 10.3 7.11 18.1 10 13.6 13.6 10
permittivity
CB effective | N;(cm™3) 2.2x 1.0 75x | 2.58 1.17x 2.0x 2.2x 2.2x 22x | 22x | 1.0x
density of 10 | x10 | 107 | x10% | 10%® 10" 10% 10 10 | 10" | 10
states
VB effective | N, (cm™3) 1.8x 4.13 18x | 2.65 1.16x 1.1x 5.5x 1.8x 1.8x 1.8x | 1.0x
density of 10° | x10¥ | 105 | x 10 | 10" 10*° 10% 10" 10 | 10"® | 10%®
states
Electron V. (cm/s) 1.0 1.0 1.0x 1.0 3.2% 1.0x 107 | 1.0x 1.0x 1.0x 1.0x 1.0x
thermal x107 | x107 | 10" | x 107 10’ 10’ 107 107 10’ 107
velocity
Hole Vp(cm/s) 1.0x 1.0 1.0x 1.0 1.5x 1.0x 10" | 1.0x 1.0x 1.0x | 1.0x | 1.0x
thermal 107 x107 | 10" | x 107 10’ 10’ 107 10’ 10’ 107
velocity
Electron U (cm?/v.s) 100 25 500 1350 330 200 100 100 100 40 30
mobility n
Hole U (cm?iv.s) 25 100 60 450 80 80 0.1 25 25 10 15
mobility P
Shallow Np (1/cm®) 0 0 0 0 0 0 0 0 0 0 0
uniform
donor
density
Shallow Na (1/cm®) 1.0x 1.0 1.0x | 1.0 1.0x 1.0x 1.0x 1.0x 1.0x 1.0x | 1.0x
uniform 10% | x10%2 | 10® | x10%2 | 10® 10*° 10% 10% 10° | 10® | 10%
acceptor
density

Table Supplement (3)

Parameters symbol (unit) CZTS [23] | CZTSe CFTS CBTS CZTSSe | Cu,Te
[23] [24] [71 [12] [25]

Bandgap Eg (ev) 15 0.95 1.3 1.9 1.3 1.18
Electron affinity x (ev) 45 4.35 3.3 3.6 4.1 4.2
Dielectric permittivity & 10 13.6 9 5.4 13.6 10
CB effective density of states Ng(cm™3) 22x 10" | 2.2x 10" | 2.2x 10" | 2.2x 10" | 2.2x 10" | 7.8x 10"
VB effective density of states Ny(cm™3) 1.8x 10" | 1.8x 10" | 1.8x 10" | 1.8x 10" | 1.8x 10" | 1.6x 10"
Electron thermal velocity V,(cm/s) 1.0x 10’ 1.0x 10” | 1.0x 10" | 1.0x 10" | 1.0x 10" | 1.0x 10’
Hole thermal velocity Vp(cmi/s) 1.0x 107 1.0x 10" | 1.0x 10" | 1.0x 10" | 1.0x 10" | 1.0x 10’
Electron mobility u cm?ivs) | 100 100 21.98 30 100 500

n
Hole mobility W (cm2i.s) 25 25 21.98 10 25 100

p
Shallow uniform donor density Np (1/cm®) 0 0 0 0 0 0
Shallow uniform acceptor density | Na (1/cm®) 1.0x 10° | 1.0x 10 | 1.0x 10 | 1.0x 10® | 1.0x 10% | 1.0x 10%
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Fig. 4, a: Shows the conversion efficiency of cell
different reflection materials. Fig. 4, b: Shows the sum of the electronic affinity and
the energy gap for all materials.
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Fig. 4, c: Offsets of conduction and valance band values
after adding the back reflection layer

The effect of the buffer layer

Various buffer layers were added to the improved cell
after ZnO / ZnS / CNTS as the cell parameters
stabilized, so the change will only be in the buffer
layer in layer type and impurity concentration. It
turned out that the buffer layer had a significant effect
on the properties of the cell due to the large
difference in the energy gap between the absorption
and window layers [26]. And compounds that were
added as an buffer layer (SiC, V,0s, TiO,, ZnSe,

TJPS

CdS, In,S;) were the best buffer layers (TiO,, V,0s,
CdS) the reason for the high efficiency of CdS, V,0s
and TiO, to be the negative conduction band offsets
which helps to return electrons and increase
efficiency [27]. Table (4) shows the basic parameters
of the buffer layer and figure (5,a) show offsets
conduction and valance band values after adding the
buffer layer and figure (5,b) the values of the
electronic affinity and the energy gap for the various
buffer material. It appears that the buffer layers
constitute with the absorption layer a cliff in the
conduction band offsets that possesses a large
conversion efficiency, especially if the conduction
band offsets of the medium-value as in CdS. But that
the conduction band offsets is less than the window
layer is Its efficiency is very low as shown in figure
(5,c) for SiC energy band diagram and the figure
(5,d) shows conversion efficiency after adding the
buffer layers and the cell structure as follows ZnO /
ZnS / Buffer / CNTS.

Table 4: The physical parameters of the different layers of the buffer.

Fig. 5,a: Offsets conduction and valance band values
after adding the buffer layer.

LAY
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Fig. 5, b: Shows the sum of the electronic affinity and
the energy gap for all materials.
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Parameters symbol (unit) TiO, Cds In,S3 ZnSe V205 SiC
[24] [28] [20] [29] [25] [30]
Band gap Eg (ev) 3.2 24 2.8 2.9 2.3 2.3
Electron affinity x (ev) 3.86 45 4.7 4.09 3.99 3.8
Dielectric permittivity & 9 9 13.5 10 4.28 9.72
CB effective density of states N(cm™3) 1.8x 10”° | 1.8x 10" | 2.2x 10" | 15x 10*® | 2.2x 10*® | 4.8x 10®
VB effective density of states Ny(cm™3) 2.4x 10" | 2.4x 10 | 1.8x 10" | 1.8x 10*° | 1.8x 10*° | 3.2x 10®
Electron thermal velocity V,,(cm/s) 1.0x 10" | 1.0x 10" | 1.0x 10" | 1.0x 10" | 1.0 x 10" | 1.0 x 10’
Hole thermal velocity Vp(cm/s) 1.0x 10" | 1.0x 10" | 1.0x 10" | 1.0x 10" | 1.0 x 10" | 1.0 x 10’
Electron mobility W (cm?iv.s) 100 100 100 50 1.26 900
n
Hole mobility W (cm2iv.s) 25 25 25 20 345 40
Shallow uniform donor density No (I/em®) | 1.0x 107 | 1.0x 10® | 1.0x 102 | 1.0x10Y | 1.0x 10" | 1.0x 10%
Shallow uniform acceptor density | Na (1/cm®) 0 0 0 0 0 0
05 17
e ZnO/SIiC/CNTS
oo 0 12 % ~—=
CNTS r 5 2 0.7 )
VB0 r 05 distance(pm)
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Fig. 5, c: Energy band diagram of SiC layer.
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Fig. 5, d: The conversion efficiency of all cells after the
addition of the buffer layer.
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The results of the buffer and reflection layers

To obtain the best cells we simulate the buffer layers
(V20s, CdS, In,S;, ZnSe, ZnTe, and TiO, with the all
back reflection layers. Figure (6) results obtained
from simulation and it is shown that cells containing
CdS buffer layer have high conversion efficiency and
the worst efficiency that have SiC buffer layer.

ZnSe/CNTS/BSL

i

SISO R S R ORI A A P~
& T Eg "’LS"C(}"@@“L Qc}‘bﬁ FE EF S

Fig.6, a: Results of solar cells after adding all the BSL
with ZnSe layer.
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Fig. 6, F: Results of solar cells after adding all the BSL
with SiC layer.

Study the properties of the best resulting cells:
Comparison of the properties of Curve (J-V)

To study the properties of a current voltage curve we
enter the parameters of each cell on the SCAPS
program. The comparison of cells in table (7) that
show how to improve the efficiency of the solar cell it
shows a comparison between Cell before
optimization and the cell parameters by adding the
best back reflection layer Cu,O and then the best cell
by adding a buffer layer CdS and finally represents
the best cell after adding the Cu,O back reflection
layer and CdS buffer layer and figure (7) shows the
relationship of voltages with current for all cells in
table (5) those values.

Table 5: Theoretical cells and the best results obtained

Fig. 6, b: Results of solar cells after adding all the BSL from the study.
with CdS layer. S | cell V(v) [ J(ma/em®) [ FF% [ n%
1. | ZnO/ZnSICNTS 0.75 | 18.28 67.92 | 9.38

) 1 2. | ZnO/ZnSICNTS/Cu,0 (BSL) | 0.75 | 20.66 67.92 | 10.65

TIOy/CNTS/BSL 1 3. | ZnO/ZnSICASICNTS (Buffer) | 0.93 | 18.01 63.93 | 10.78
10 4. | Zn0O/ZnSICAS/CNTS/Cu,0 0.95 | 20.01 62.98 | 12.09
oN%
8 Voltage(v)
7 é 0 0.2 0.4 0.6 1
6 - ; | == jtot(CdS/CNTS/Cu20)

. T3] :
& PEE SEGF S ESFESEES 13| o
(o4 =13

Fig. 6, c: Results of solar cells after adding all the BSL
with TiO, layer.
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Fig. 6, d: Results of solar cells after adding all the
BSL with V,Os layer.
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Fig. 6, e: Results of solar cells after adding all the BSL
with In,S; layer.
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Fig. 7: The reaction of current with voltage for several
cells.

Energy diagram

We notice from figure (8) the four states of the
energy level shows the states of the conduction band
and the valence band with a Fermi level of electrons
and holes and we note the gradient of the window and
buffer layer because the electron affinity and the
energy gap for both layers are converging and we
notice. The first case as in figure (8,a) Cliff between
the absorption and buffer layer conduction band due
to the difference of the electron affinity and the
energy gap between them and as shown in table (1).
The second case as shown in figure (8, b) higher
potential barrier will be generated between the two
contacting layers and varies according to the type of
the two layers and the parameters of the layers, so the
positive conduction band offsets (+ CBO) it occurs in
which the back reflection is Spike than the absorption
layer and this leads to an decrease in recombination.
This leads to the return of electrons reduces
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recombination and increases the efficiency of the
solar cell. The three case as shown in figure (8, c)
when adding a layer of buffer that creates Cliff in the
energy diagram leads to an increase in the number of
holes because it reflects the holes and returns them to
the absorption layer so that it increases the conversion
efficiency [4]. The last case as in figure (8, d)

TJPS

showing energy levels. When the cell is add
reflection and buffer layers ZnO / CdS / CNST /
Cu,O will appear CIiff between CNTS/CdS and spike
between Cu,O/CNTS due to the affinity and energy

gap.
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Fig. 8: Energy diagram (a) Cell before optimization (b) The cell after adding the reflection layer (c) The
cell after adding an buffer layer (d) The cell after adding the reflection and buffer layer.

Quantum Efficiency

The number of pairs of electron- hole caused by the
light falling on the cell. Figure (9) shows the quantum
efficiency and its relationship to the wavelength of
the best cells obtained. We find that the absorption is
small at wavelengths less than 380 nm for cells that
have the CdS buffer layer and the reason for this is to
recombination the front surface which reduces the
absorption of light and absorption in the CdS layer
due to its small energy gap compared to the other
layers but the quantum efficiency becomes 90% at the
wavelength of 385 nm and then begins the gradual
descending. As for the back reflection cell and the
cell before addition, the quantum efficiency is 90%
until reaches 380 nm and then increases to become
100% due to the gradual increase in the spectral
response, because the spectral response increases as
the wavelength increases, according to the following
relationship. [31]

= e — — — — — 12

1.24

85

Where R, is spectral response, and QE is Quantum
efficiency.

The quantum efficiency is zero at long wavelengths.
so no light below the energy gap can be absorbed.
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Fig. 9: Quantum efficiency as a function of the
wavelength of the best studied cells.

Conclusions

The ZnO / ZnS / CNTS cell was simulated by
SCAPS. then we entered different layers of reflection
on the cell ZnO / ZnS / CNTS / BSL showing an
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increase in the conversion efficiency from 9.38% to
10.65% then add different buffer layers between the
absorption and window layers ZnO / buffer / CNTS
the conversion efficiency has increased 10.78% then
we introduced the layers BSL with the buffer layers
shows the best of these cells ZnO / CdS / CNTS /
Cu,0 and conversion efficiency 12.09%.
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CNTS/ZnS/ Zn0O dsweaddl Adil) Jlo Labaiad) 4k daja dafj il
SCAPS-1Daladiul

Ghall, S, s dnnla , Al pslel] sl LS, oLl masd

gaidlall

Ala) &3 3al) awaily ¢ 79.38 dulall 5oL culS; .SCAPS-1D 5Slas alaainls ZNO / ZnS / CNTS el ) Al cus
ZnO / Buffer / adall (a5 ciaaald dlse Slis Wasy ¢ 710.65 ) disail 5eUS @sly @l ¢ (BSL) Ala (ulSadl s
ZnO / lede Jsuan) & 38 Juadl o5 ulSaY) Ads (o ST ADlad) dialall 585 o il L 710,78 ) smill 56U sl CNTS
aalg 1als 20.01 MA/CM? syeaill 5500 li « 62.98% il ale « 12.09% Jusaill 36l cuilS; CdS / CNTS / Cu,0
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