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ABSTRACT

The market for thin-film solar cells is gradually increasing and is expected to gro
The most extensively researched thin film technologies based on simulation rig

work aims to use free software that does accurate simulation using
(absorption coefficients) published in the literature. Moreover, to optimi

assess the performance of the solar cells, changes have been mag
of doping concentrations of buffer layers and absorber layers.
thickness Furthermore, the AZO Iayer output outperforms the

(Jsc), maximum power (Pm), fill factor (FF), and{g
useful in the creation and comprehension of hj

(TFSC); WXAMPS

1. Introduction

The leading research on thin film
copper indium gallium seleni
(CdTe), and copper zinc t
Since Shockley—Quei
there is still room fo
However, the fabyi
complex, and
d|ff|cult and

e on solar cell simulation [1-18]
reveals that aariety of simulation software is used for
solar cell desigri@and the most popular computer programs
for simulating solar cells are SCAPS-1D (Solar Cell
Capacitance Simulator- One Dimension) and Silvaco-Atlas
Technology Computer-Aided Design (TCAD) software.
Since TCAD is commercial software, there are few
opportunities for everyone to utilize it, and therefore has
not been used in this research. Although the SCAPS is free
software, the optical parameters (absorption coefficients)
are given by default. Because the default optical parameters
are not experimentally obtained values, using them could
result in inaccurate simulations.

SA

B¥s that 0-1 um is the best TCO
imulation. It has also been
layer will affect the results.

hus, in this research work, one of the main goals is to use
free software where the electrical and optical parameters
found in the literature can be used for accurate simulation
of CdTe, CIGS, and CZTS solar cells. In WxAMPS
(Widget Provided Analysis of Microelectronic and
Photonic Structures) software, optical parameters are not
given by default, and it is free and easy-to-operate
software; thus, it has been used for all kinds of thin film
solar cell simulation.

So far, the recorded laboratory efficiency in thin film
technology for CIGS, CdTe, and CZTS solar cells is
23.35%, 21.0%, and 10.0%, respectively [19]. The CdTe
solar cell simulation study shows that the typical solar cell
structure is ZnO/CdS/CdTe, and efficiency ranges between
17% and 23% [20-24]. Whereas ZnO/CdS/CIGS is the
most common solar cell structure seen in the CIGS solar
cell modeling study, and its efficiency ranges from 16.39%
to 21.3% [1-6, 25]. ZnO/SnS2/CZTS or ZnO/ CdS /CZTS
solar cell structure has been observed in the CZTS solar cell
simulation study, with efficiency spanning between
10.69% and 11.58% [7-12].

As seen from the reported simulation work, in most cases,
the ZnO serves the purpose of both transparent conductive
oxide (TCO) and the window layer for CdTe, CIGS, and
CZTS solar cells [1-12, 19-25]. However, in this work,
indium tin oxide (ITO) and aluminum zinc oxide (AZO)
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has been used as a transparent conductive oxide (TCO)
layer. The reason for choosing ITO and AZO is that they
are widely used in commercial applications and can reduce
energy loss by up to 30% [13]. Furthermore, the dispute
over AZO vs. ITO as TCO is still ongoing; another goal of
this research is to see which TCO performs well for CdTe,
CIGS, and CZTS solar cells. Therefore, both AZO and ITO
have been individually used as TCO layers in solar cell
simulations.

Moreover, simulation also assists the researchers in
studying and observing the behaviors and provides
insightful knowledge about how the devices operate.
Additionally, simulation offers the resources to optimize
the solar cell, which is the final objective of this study.
Therefore, the thickness of TCO layers and alteration of
doping concentrations of buffer layers and absorber layers
have been done in the simulation to obtain optimum
efficiency for CIGS, CdTe, and CZTS solar cells. In
addition, simulations have been conducted with three types
of absorber layers (CdTe, CIGS, and CZTS layer) to
differentiate from others' work and for better understanding
via comparison. Metal sulfides are a significant type of
semiconductor in which the bandgap can be somewhat
modified by simply manipulating the particle sizes, without
changing the chemical composition [26]. Among metg
sulfides, cadmium sulfide (CdS) has direct wide-bandga

recombination mech
mechanisms is more

bination through defects
nation  (SRH)), auger
ace recombination. Furthermore,
ally categorized according to the
region of the sOf@ cell where it occurs. The main locations
of recombinatio® are often at the surface (surface
recombination) or in the bulk of the solar cell (bulk
recombination). Another area where recombination can
take place is the depletion region (depletion region
recombination) [27-28].

Both the forward bias injection current (and accordingly
open-circuit voltage) and the current collection (and
consequently the short-circuit current) are impacted by
recombination losses. Surface and bulk recombination
should both be reduced to make it easier for the P-N

junction to capture all of the light-generated carriers. In the
recombination process, back contact has a greater impact
since it has a larger surface area with the semiconductor in
the solar cell. Reducing surface recombination velocity
(SRV) and the recombination process can be accomplished
by passivating the rear contact or producing a strong
electric field there. The generated carriers can be
immediately swept by a strong electric field at the rear
contact. The semiconductor region in contact with the
metal can be heavily doped to produce an electric field. A
heavily doped layer called the back-surface reflector (BSR)
layer, at the rear end (just before pntact) can create a

n@efficiency of the
o Reen used as the

BSR layer for CdTe an
selecting ZnTe as

telluride (ZnTe)

cuit current density (Jsc),
actor (FF), and efficiency (1) of
Rave been discussed in this paper.

ar cell (a¥So called a photovoltaic cell, as shown in
is an electrical device that converts the energy of
ectly into electricity by the photovoltaic effect [14].
otovoltaic effect is the mechanism through which a
hotovoltaic cell produces a voltage when exposed to light
r other forms of radiant energy [15].
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Fig. 1. Basic Structure of a Silicon Solar Cell.

TCO / Window Layer
Buffer Layer (N-type)
Absorber Layer (P-type)

Back Surface Reflector
Back Contact

Fig. 2. The basic structure of a thin film solar cell where
TCO and window layer are the same.




A thin film solar cell is a solar cell whose thickness varies
from a few micrometers to a few nanometers and is
constructed by depositing some thin layers consecutively.
A general structure of a thin film solar cell is depicted in
Fig. 2. A thin film solar cell consists of different layers.
Such as front contact / Transparent Conducting Oxide
(TCO), window layer, buffer layer, absorber layer, back
surface reflector (BSR), back contact, and substrate. The
TCO and window layer can be separate or the same, as
shown in Fig. 2 and Fig. 3. Each layer has a specific
function, and these layers are described briefly in the
following section.

1CO

Window Layer

Buffer Layer (N-type)
Absorber Layer (P-type)

Back Surface Reflector
Back Contact

Fig. 3. The basic structure of a thin film solar c
TCO and window layer are separate layers.

Front contact is the topmost layer of the thi

produced by the cell and serve it to
1%t generation solar cell has
contacts. Whereas, in 2™ gen

is a transparent co
conductive oxide se

generation's fro

to enter the T,

acting like a

majori ason, it is called the
windo¥ he TCO layer can function

as both t layer at the same time (as

ency of the TCO layer increases,

ABO increases proportionally. The resistance
of the TCO laye@needs to be low because of the current
collection from the buffer layer. To trade-off between
transparency and conductance, sometimes TCO and
window layers are separated to improve the overall
performance of the solar cell. It is to be noted that the
bandgap of the window layer must be high for greater light
trapping and absorption of high-energy photons. The cell
absorbs a great amount of light in this layer. Under the
window layer is the buffer layer. The buffer layer, in
general, is an N-type semiconductor material, which along
with the P-type absorber layer, forms the P-N junction of

TFSC. The buffer layer is named so like this because it
adjusts the bandgap matching between the absorber layer
and the window layer. The doping concentration of a buffer
layer must be high so that the number of minority carriers
is reduced, and as a result, recombination can be
minimized.

Recombination on this layer degrades the working ability
of the solar cell. The absorber layer absorbs the low-energy
photon as the bandgap of this semiconductor material is
low. Generally, the absorber layer is a P-type
semiconductor material with a Diglier contribution from
photo-generated  electron-ha pairs  [16].
Furthermore, the thickness

g tact layer, a full path for the
cuit is made and used for current

utive layers are deposited. The substrate can be
plastic, etc. soda-lime glass (SLG) is generally used
hstrate in TFSC.

Types of Thin Film Solar Cells (TFSCs)

In TFSC technology, there are different types of solar cells.
These solar cells are named after the material used in the
absorber layer. The first type of TFSC is an amorphous
silicon solar cell. This type of TFSC uses a bulk amount of
silicon. However, thin film technology has evolved to
reduce the cost, and many solar cells, like CdTe, CIGS,
CZTS, etc., have been designed successively. This research
has simulated and optimized CdTe, CIGS, and CZTS
TFSCs. Thus, some information about each of these cells
is discussed in the following section.

2.1.1 Cadmium Telluride (CdTe) Solar Cell

Cadmium Telluride (chemical formula: CdTe) is today's
second most utilized solar cell technology. The first is still
1%t generation silicon solar cell. CdTe is a suitable material
for solar cell operation. Because it has a direct bandgap of
1.45 eV for AM 1.5 solar spectrum and is nearly optimal
for converting sunlight into electricity [18]. Furthermore,
one of the great advantages of CdTe solar cellsis it is a low-
cost manufacturing technology. Nonetheless, the main
problem with CdTe solar cells is their toxicity. Cd is
harmful to the environment. However, toxicity tests reveal
that CdTe is less harmful than elemental cadmium (Cd).
The Ames mutagenicity test results for CdTe are negative,
and it has minimal acute inhalation, oral, and aquatic
toxicity. According to the results that were reported to the
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European Chemicals Agency (ECHA), CdTe is no longer
categorized as dangerous to aquatic life or harmful when it
comes in contact with the skin. It has been discovered by
researchers from the Brookhaven National Laboratory of
the U.S. Department of Energy that the widespread usage
of CdTe PV modules poses no hazards to human health or
the environment [29]. As CdTe solar cell poses no serious
threat and it is still widely used, therefore, CdTe solar cell
simulation has been done.

It should be mentioned that the CdTe fabrication process
must take place in a controlled environment; otherwise,
toxic Cd emissions may be produced during the CdTe
production process. Thus, much research is running to find
an alternative to the CdTe solar cell and therefore,
simulations of CIGS, and CZTS have been done as an
alternative to CdTe solar cells. By using cadmium sulfide
(CdS) as a buffer layer, the toxicity of the buffer layer
CdTe solar cell is reduced further as the CdS material is
less toxic than the Cd material alone. Currently, much
research is running to find an alternative to the CdS buffer
layer to reduce the toxicity effect. Table 1 lists the most
prominent current research materials with thickness for
CdTe solar cells.

2.1.2 Copper Indium Gallium Selenide (CIGS) Solar Cell

Culn(1-x)Ga(x)Sez. Where the value of
(pure copper indium selenide) to 1
selenide). The bandgap of
continuously with x from about

material is used instea
has an advantage
Nevertheless, th i
removed as, i
However, alte
Cds

buffer layer.
as a substitute for

(0.1-
BSR 1) | ZnTe/Sh,Te; | ZnTe/Sh,Tes -
pm
Back (o
Contact tr%) Ag/Mo/Al Ag/Mo/Al Ag/Mo/Al
Sulbstrate (L-2) Glass/plastic | Glass/plastic | Glass/plastic
ayer pm

LAV CdTe Solar CIGS Solar CZTS Solar
na‘;]e t Cell Cell Cell
Material list Material list | Material list
0.1 ITO/CTO/FT ITO/CTO/F | ITO/CTO/FT
Window/ to 0/Zn0O/ TO/ZnO/ 0/Zn0/
TCO 1.0) | SnO,/ZnMgO/ | SnOy/ZnMg | SnO,/ZnMgO/
um AZO O/AZO AZO
Bufter | (20 | CdSiznse/zn cas;zsgie/ " casiznse/zn
laver 100) CdS/In,Ss/ ZnS/ZnO/M CdS/In,Ss/
y nm ZnS/In,Se; 9Zno ZnS/In,Se;
Iy | (o) CdTe CcIGs czTs
layer pm

Footnote: t - represents thickness.

2.1.3 Copper Zinc Tin Sulfide (CZTS) Solar Cell

One of the critical issues with Cg d CIGS-based solar

anon-

Parameters of associated layers and
ar cells are presented in Table 1.

AMPS is “a popular simulation software for the
8ling of thin-film solar cells. In the software, the solar
e modeled as having a size of 1cm x 1cm and an
power of 100 mW/cm?. Also taken into consideration
re the standard values of air mass 1.5G and room
emperature 300K (25°c).

Specific electrical parameter values for each layer must be
included in the simulation to operate accurately. The values
of the electrical parameters for particular materials are
stated in Table 2.

Table 2. The Physical Parameters of Different Layers

Parameter ?gge C[ggs czrs | €8S | 208 | 70 | o | znTe
- - [B0- | [7,33, . : 4
: B0 | S | wase | G| 02| pa | M| R4
W [ | oo | [ [T
Es(ev) | 150 | 113 15 242 | 35 | 330 | 36 | 226
& 94 | 136 10 10 10 90 | 10 | 967
% (eV) 46 | 441 45 43 45 | 435 | 41 | 350
3 1 1 5 1 5
g | 3 00 o | 0 00 o | 330
Ko 40 25 25 55 5 s | 75 | 8
(cm®/vs) 0
Nc 8x 2.2x 2.2% 2.2% 1.5% 2.2% 2.2%x 7x
(cm™) 10V 1018 1018 10V 1018 1018 1018 1016
Ny 1.8x 1.8x 1.8x 1.8x 1.8x 1.8x 1.8x 2%
(cm?) 100 | 100 1020 100 | 108 | 10® | 10 | 10®
Np
(cm®) " 1x 5 x 1x 1x
Ref. 9 9 DT g | g5 | o | 20 | O
Value
Na
(cm®) 2% 2x 2% 1x
Ref. 100 | 100 101 g g g g 10
Value

Footnote: Thickness - W (um), Bandgap - Eg (eV),
Relative Permittivity - &, Electron affinity - ye (eV),
Electron mobility - un, (cm?/vs), Hole mobility - 1, (cm?/vs),
Conduction band density - N (cm®), Valence band density
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- Ny (cm®), Donor concentration - Np (cm™), Acceptor
concentration - Na (cm)

Some simulator settings can be modified, but only to a
certain extent. Changes can be made to the layer's thickness
and the N- or P-type material's doping concentrations.
These factors have been changed to produce a better
outcome. Optical parameter values (wavelengths and their
respective absorption coefficients) have been inputted
alongside electrical parameters. Table 3 contains the values
for the optical parameters taken from the literature [37-45].

Table 3. Wavelength and their Respective Absorption
Coefficient

Py Cds CdTe | znTe | AZO | CZTS ZnS CIGS ITO
(nm) [37] [37] [38] [37] [39- [41] [42] [42-
o (m™) a a a 40] a a 45]
m* | mY | o (m* | (m?) o
(m*) (m*)
320 1.49 x 6.94 6.32 6.06 -
107 x 107 x 107 x 108
360 1.26 x 4.52 3.70 4.84
107 x 107 x 107 x 10°
400 1.06 x 2.22 143 3.62 5.46 x
107 x 107 x 107 x 104 108
440 9.05 x 1.40 1.01 2.46 5.38 x
108 x 107 x 107 x 104 10°
480 7.23 x 1.17 7.67 2.61 5.24 x
106 x 107 x 108 x 104 108
520 7.12 x 9.66 5.20 319 5.19 x
10° x 106 x 106 x 104 10°
560 5.14 x 7.86 219 4.00 5.18 x
102 x 106 x 108 x 104 108

600 0.007364 6.44 147 5.00 5.26 x
x 108 x 106 x 104 10°
640 4.35 x 5.38 1.20 6.19 5.33 x
101 x 108 x 106 x 104 10°
680 (-)2.54 x 4.42 1.02 7.58 5.09 x

il x 108 x 106 x 104 10°

720 2.0x10° 3.37 8.82 9.19 5.21 %
& x 108 x 108 x 104 10°

760 3.87 x 2.30 7.72 110 5.24 x
10% x 108 x 10° x 10° 10°

800 (-)2.69 x 1.30 6.84 131
10 x 106 x 10° x 10°
Footnote: Wavelength — A (nm),
a (m?)

Table 1 shows that material
used as back contact.
been used in the si
software does n
But in real lif
the current ice. Furthermore,
ible in WxAMPS
rial where the consecutive
e glass, plastic, etc. It is
e glass (SLG) as substrate in
SLG is slightly different from
normal glass. Wlken SLG is used as a substrate, the sodium
ions diffuse int@ the absorber layer and improve the
working capability of the solar cells. The simulations have
been done for only front contacts, buffer layers, absorber
layers, and BSRs.

The thickness range of the absorber layer, buffer layer, and
BSR are presented in Table 1 (which has been obtained
from the literature). For simplification, in all of the
modeling, the thickness of the absorber layer, buffer layer,
and BSR has been maintained at 2 pm, 0.02 um, and 1 pum,
respectively. The thickness optimization of these layers has
not been done in this study and is kept for future work. But

to find the best TCO with the best thickness, thickness
variations with aluminum-doped zinc oxide (AZO) and
indium tin oxide (ITO) have been carried out in the range
of 0.1 um - 1.0 um for all the solar cells. Moreover,
cadmium sulfide (CdS) and its alternative zinc sulfide
(ZnS) have been used as buffer layers. ZnTe has been
utilized as the BSR for CdTe and CIGS solar cells, except
for the CZTS solar cell (due to an unexpected error in
simulation). In this simulation work, all the combinations
used for CdTe, CIGS, and CZTS solar cells and their
respective outcomes have been disclosed in the results and
discussion section.

4, Results

4.1 Impacts of Thic s Variati
Conductive Oxi C rs
Reflector (BSR)

O and@iuffer layer configurations for

re AZO/CdS/CdTe/ZnTe,
O/CdS/CdTe/ZnTe, and
respectively. In addition, four other

exist without the ZnTe BSR. The

AZO/ZnS/CdTe/ZnTe Vs.
AZO/ZnS/CdTe

AZOICdS/CdTe/ZnTe Vs.

AZO/Cds/CdTe 18

Efficiency (%)
=
P

-
=)

i
i
o

0 0.5 1 15

0 05 1 15
Thickness (um) Thickness (um)
With BSR e \ith BSR
(@) (b)
ITO/CdS/CdTe/ZnTe Vs.
ITO/ZnS/CdTe/ZnTe Vs.
2 ITO/CdS/CdTe " ITO/ZnS/CdTe
S5 =15
s \ S
§ > 10
10 e
3 3
E S 5
w g £
0
0 0 0.5 1 15

0 15

Thickness (um)
e \\/ith BSR

05 1
Thickness (um)
e \\/ith BSR

(©) (d)

Fig. 4. TCO Thickness Variation with Efficiency for CdTe
Solar Cell (a) AZO/CdS/CdTe/znTe (With BSR) Vs.
AZO/CdS/CdTe (Without BSR) (b) AZO/ZnS/CdTe/ZnTe
(With BSR) Vs. AZO/ZnS/CdTe (Without BSR) (c)
ITO/CdS/CdTe/znTe (With BSR) Vs. ITO/CdS/CdTe
(Without BSR) (d) ITO/ZnS/CdTe/znTe (With BSR)Vs.
ITO/ZnS/CdTe (Without BSR).



It has been observed that the ZnTe BSR layer is slightly
more efficient than without the ZnTe BSR layer for all
combinations of CdTe solar cells. This is because the BSR
layer reflects the incident light back to the absorber layer
of the solar cell, thus extending the light path and causing
the "light trapping effect" [46]. However, very little
increase in efficiency is observed with BSR solar cells than
without BSR solar cells, and it is in the range of 0.77% to
1.25%.

TCO thickness variation for CdTe solar cells with BSR is
shown in Fig. 5 (As the solar cells with BSR have
marginally greater performance than those without BSR
solar cells, for this reason, the without BSR solar cells are
not shown in this instance). To find out the optimum
thickness of the TCOs (AZO and ITO), the thicknesses
have been varied from 0.1 to 1.0 um.

From the simulation, it can be seen that for each case of the
respective  TCO, 0.1 um thickness has the highest
efficiency. Whenever the thickness of TCOs is increased
from 0.1 to 1 um, the consequences are always associated
with a reduction in efficiency. This is because when the
thickness increases, the sheet resistance increases, and thus
the overall conductivity decreases. The experimental study
agrees that if the sheet resistance increases, then the overall
conductivity also decreases [47]. However, it is also se

from the experimental study that low thickness dg
always have the best value. Because when a layer

is minimized, many complications arise,
simulation, those factors have not been co ed.

AZO Vs. ITO for CdTe Solar Cell (With BSR)

N
3]

.20
E\O/ f—
= 15 \
o
c
2 10
2
w s
0
0 0.2 0.4 0.6 0.8 1 12
Thickness (um)
AZOICdS/CdTe/Znte AZO/ZnS/CdTe/ZnTe
ITO/CdS/CdTe/ZnTe ITO/ZnS/CdTe/ZnTe
Fig.5. T Mn for CdTe Solar Cell.
The Al-dope ) thin films have less change in

efficiency due @ thickness variations than the indium tin
oxide (ITO), as sAbwn in Fig. 5.

The reason is due to the alteration of the thickness; the
variation in sheet resistance is low for AZO in comparison
to ITO, where sheet resistance changes considerably. With
0.1 pm thick TCO, the AZO/CdS/CdTe/ZnTe solar cell
attained the best efficiency of 20.179%, and the
AZO/ZnS/CdTe/ZnTe solar cell came in second with
17.88% efficiency.

4.1.2 CIGS Solar Cell

Simulating a CIGS solar cell just requires replacing the
CdTe absorber layer of a CdTe solar cell with a CIGS
absorber layer. Similar to CdTe solar cells, there are four
TCOs and buffer layers with BSR for CIGS solar cells, and
they are called AZO/CdS/CIGS/ZnTe, AZO/ZnSICIGS
ZnTe, ITO/CAS/CIGS/ZnTe, and ITO/ZnS/CIGS/ZnTe,
respectively.  Furthermore, four other  separate
combinations also exist without the ZnTe BSR.

In Fig. 6, the performance of the CIGS solar cells in these
eight combinations with and without ZnTe BSR is
depicted. Similar results to thosgegiithe CdTe solar cell
have been found here. The res pstrate that, for all
combinations of CIGS sol R layer is slightly
more effective than the i i

but has no

future work
A

AZQICdS/CiGS/ZnTe Vs.
AZOICdS/CiGS

AZO/ZnSICIGS/ZnTe Vs.
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(© (d)

Fig. 6. TCO Thickness Variation with Efficiency for CIGS
Solar Cell (a) AZO/CdS/ CIGS /ZnTe (With BSR) Vs.
AZO/CdS/ CIGS (Without BSR) (b) AZO/zZnS/ CIGS
/ZnTe (With BSR) Vs. AZO/ZnS/ CIGS (Without BSR) (c)
ITO/CAS/ CIGS /ZnTe (With BSR) Vs. ITO/CdS/ CIGS
(Without BSR) (d) ITO/ZnS/ CIGS /ZnTe (With BSR)Vs.
ITO/ZnS/ CIGS (Without BSR).

Note: In Fig. 6. (c) and (d) are quite near to each other. It
may be difficult to understand if printed in black and white.



AZO Vs. ITO for CIGS Solar Cell (With BSR)
12
1o \

0 0.2 0.4 0.6 0.8 1 1.2
Thickness (um)

AZO/CdS/CiGS/ZnTe

ITO/CAS/CIGS/ZnTe

Efficiency (%)

AZOIZnSICIGS/ZnTe
ITO\ZnS\CIGS\ZnTe

Fig. 7. TCO Thickness Variation for CIGS Solar Cell.

Fig. 7 depicts the variation in TCO Thickness for CIGS
solar cells with BSR (Here, only the solar cells curves with
BSR are shown because these cells have slightly better
efficiency than the solar cells without BSR). In all of the
TCO scenarios, it is found from the modeling of CIGS solar
cells that the thickness of 0.1 um has the maximum
efficiency. Analogous thickness observations have been
made of CdTe solar cells. In addition, Fig. 7 also depicts
that, as thickness increases from 0. 1 to 1.0 um, efficiency
decreases.

Furthermore, Fig. 7 shows that AZO thin films exhibit |

efficiency change due to thickness variation than IT i
films. The two most efficient CIGS solar
AZO/ZnSICIGS/ZnTe and ITO/ZnS/CIGS/Z
which have 0.1 um thick TCO and efficj

14.48% and 12.75%, respectively.

4.1.3 CZTS Solar Cell

AZO Vs. ITO for CdTe Solar Cell (Without BSR) 4
25
S 20
é, \
> 15
& ==
S 10
E
L
5
0
2 0. .o 8 2
0 0 ! ThICkOHGESS (um)0 ! '
AZOICdS/CZTS AZO/ZnS/CZTS
ITO/CAS/CZTS ITO/ZnS/CZTS
Fig. 8. TCO kness Variation for CZTS Solar Cell.

As stated earlier, the ZnTe as the BSR layer for CZTS solar
cells has been left out of this study, due to an unexpected
error that occurred when it was used in the simulation. An
alternative BSR layer for CZTS solar cells may be Copper
telluride (Cu,Te). Simulation has been performed (not
shown or discussed in the paper) and it works with CZTS
solar cells. The consequence of thickness variation of AZO
and ITO without BSR is shown in Fig. 8. On every
occasion, an increase in thickness from 0.1 to 1 pum results
declination in the efficiency of the TCOs. Once again,
compared to the ITO layer, the AZO layer shows less

efficiency change due to thickness variation. The top two
combinations, with 0.1 pum TCO thickness, are
AZO/ZnS/CZTS and 1TO/ZnS/CZTS, having efficiency
values of 21.15% and 18.86%, respectively.

4.2 Impacts of Doping Concentrations
4.2.1 CdTe Solar Cell

As previously mentioned, for all simulations, the buffer
layer, absorber layer, and BSR layer thicknesses have been
set to 0.02 pm, 2 um, and 1 pm, respectively.

Additionally, section 4.1 sh
thickness is always 0.1 g

e optimal TCO
value has been

lor) values of the four combinations
in Table 4.

4.Voc, Jsc, FF, Pm, and n of CdTe Solar Cell

Dc of Jsc Voc Pm FF n
N-type (mA/cm?) V) (mw (%) (%)
e (cm®) lem?)
)
AZO/CdS/CdTe/ZnTe

2x10'° 1x10" 28.04 0.98 20.18 73.56 20.18

2x10% | 1x10% 30.09 0.92 22.51 80.91 22.51

AZQ/ZnS/CdTe/ZnTe

2x10' | 5x10% 28.67 0.98 17.88 63.64 17.88

2x10* | 4x10% 29.14 0.98 20.19 70.70 20.19

ITO/CAS/CdTe/ZnTe

2x10'6 1x10" 24.91 0.972 18.32 75.63 18.32

2x10* | 1x10Y 28.36 0.97 19.92 72.43 19.92

1TO/ZnS/CdTe/ZnTe

2x10% 5x10% 25.39 0.976 15.72 63.44 15.72

2x10% | 5x10% 25.61 0.98 16.75 66.72 16.75

Footnote: Dc is donor concentration, Jsc is short circuit
current density, Voc is open circuit voltage, Pm is
maximum power, FF is the fill factor, and 7 is efficiency.
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The simulation has demonstrated how changing doping
concentration has an impact on solar cell efficiency. The
optimal doping concentration has been taken into account
when drawing the I-V curves of all four combinations of
CdTe solar cells (as shown in Fig. 9). The
AZO/CdS/CdTe/ZnTe solar cell has the best efficiency of
22.51% out of the four combinations. The open circuit
voltage (Voc), short circuit current density (Jsc), maximum
power (Pm), fill factor (FF), and efficiency of
AZO/CdS/CdTe/ZnTe solar cell are respectively 0.92 V,
30.09 mA/cm?, 22.51 mW/cm?, 80.91%, and 22.51%. One
intriguing finding is that, after optimization, the AZO layer
outperforms the ITO layer in CdTe solar cells.

4.2.2 CIGS Solar Cell

For the simulation of the CIGS solar cell, the TCO, buffer
layer, absorber layer, and BSR layer thicknesses have been
set to 0.1 um, 0.02 um, 2 um, and 1 pum, respectively.

In addition, using the data from Table 2, the four BSR
combinations (discussed in section 4.1.2) have been
simulated, and the results are highlighted in blue in Table
5.

Table 5. Voc, Jsc, FF, Pm, and n of CIGS Solar Cell

Dc of Dc of Jsc Voc Pm FF
P-type N-type (mA/cm?) V) (mwW (%)
CdTe (cm®) lem?)

(cm?®)

AZO/CdS/CIGS/ZnTe

The four combinations of the CIGS solar cells' I-V curves
have been drawn and shown in Fig. 10. The
AZO/CdS/CIGS/ZnTe solar cell has the best efficiency
among the four combinations. The Voc, Jsc, Pm, FF, and
of the AZO/CdS/CIGS/ZnTe solar cell are 0.70 V, 42.05
mA/cm?, 2092 mW/cm?, 71.19%, and 20.92%
respectively. One interesting thing is, before and after
optimization, the efficiency of the solar cell is 7.63% and
20.92%, respectively. Therefore, it is observed that there
has been a dramatic increase in the efficiency of
AZO/CdS/CIGS/ZnTe solar ceIIs after the optimization of

ors in the design
g a CdTe solar

time, simulation of four
Is was carried out first.

, Pm, and n of CZTS Solar Cell

Jsc Voc Pm FF n
(mA/em?) V) (mwW (%) (%)
lem?)
AZOICdS/ICZTS

1x10% 27.48 0.89 13.93 56.92 13.93

2x10%° 1x10" 39.07 0.66 7.63

2x10* | 1x10% 42.05 0.70 20.92
AZO/ZnS/CIGS/ZnTe

2x10* | 5x10% 28.39 0.63 8

2x10* | 5x10™ 25.77 0.81

1x10% 27.32 0.95 22.11 85.37 22.11

AZ0O/ZnS/CZTS

5x10% 27.97 0.88 21.15 85.90 21.15

5x10% 27.89 0.95 22.85 86.44 22.85

ITO/CAS/ICZTS

ITO/CdS/CIGSIH

2x10% 1x10Y
2x10% | 1x10%

1x10" 24.52 0.88 18.04 83.97 18.04

1x10% 24.16 0.94 19.62 85.98 19.62

ITO/ZnS/ICZTS

2x10" | 5x10% 25.03 0.88 18.86 85.98 18.86

2x10% 5x10%

2x10* | 5x10% 24.97 0.94 20.35 86.32 20.35

2x10% | 5x10%

Footnote: Dc is
current densit
maximum po

Alteratlon of
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Footnote: Dc is donor concentration, Jsc is short circuit
current density, Voc is open circuit voltage, Pm is
maximum power, FF is the fill factor, and 1 is efficiency.

The outcomes of these four combinations have been
highlighted in blue in Table 6. Next, changes in doping
concentrations of P-type & N-type layers have been made
in the same ranges as those of the CdTe and CIGS solar
cells, and the optimum results are highlighted in red in
Table 6.

Fig. 11 shows the four different I-V curve configurations
for CZTS solar cells.
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The solar cell made of AZO/ZnS/CZTS has the highest
efficiency out of the four combinations. AZO/CdS/CZTS
solar cell closely comes second in efficiency. The
efficiency of these two solar cells is 22.85% and 22.11%,
respectively.  Because the efficiency of the
AZOI/CdS/CZTS solar cell is so close to that of the
AZO/ZnSICZTS solar cell, there is a probability that it will
overtake the AZO/ZnS/CZTS efficiency. Nevertheless,
AZO/ZnSICZTS has the best result with Voc, Jsc, Pm, FF,
and n of the solar cell are 0.95 V, 27.89 mA/cm?, 22.85
mW/cm?, 86.44%, and 22.85 % respectively. It is clear
from Fig. 11 and Table 6 that the AZO layer perform
better than the ITO layer in the CZTS solar cell.

4.3 1-V curves, Energy-Band Diagram

The best CdTe, CIGS, and CZTS models
sections 4.2.1, 4.2.2, and 4.2.3, are AZO/
AZO/CdS/CIGS/ZnTe, and AZO/ZnS/CZYS,
For these three structures, 1-V curv en dr
depicted in Fig. 12.

»

1-V Curves of Best CdTe, CIGS and CZTS Solar Cell
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Fig. 12. I-V C&s of Best CdTe, CIGS, and CZTS Solar
Cell

Among these three structures, CZTS solar cell has the best
efficiency of 22.85 %. Followed by CdTe and CIGS solar
cells with 22.51% and 20.92%, respectively.

The energy-band diagram of AZO/CdS/CdTe/ZnTe,
AZO/CdS/CIGS/ZnTe, and AZO/ZnSICZTS, solar cells
are sown in Fig. 13, Fig. 14, and Fig. 15 respectively.

Energy-Band Diagram of AZO/CAS/CdTe/ZaTe Solar Cell

Eacn (V)
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Fig. 13. Energy-Band Diagra «% CdS/CdTe/ZnTe
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Energy-Band Diagram of AZO/CAS/CIGS/Za'Te Solar Cell

' CHX
- | - e s
A0S & b b . X B
P S L — e |

N l‘:'”' o |

Eaergy deV)

Vg = 24248
Noayp-

L
" " 2 "

X ()

ig. 14. N—Band Diagram of AZO/CdS/CIGS/ZnTe
Cell

axis on all three energy-band diagrams indicates the
ess of each layer, and energy is shown on the y-axis
. The TCO and buffer layers are the first and second
yers. AZO and CdS serve as the TCO and buffer layers in
all three solar cells as shown in Fig. 13, Fig. 14, and Fig.
15. Because the thickness of CdS is 0.02 um, (whereas the
thickness of AZO is 0.1 um) the length of CdS appears
small in the energy -band diagrams. The length of the
absorbers layers (CdTe, CIGS, and CZTS) in the energy-
band diagram are quite big, as all are 2 um in length. Lastly,
the ZnTe BSR layer, which has a length of 1 um is shown
in Fig. 13 and Fig. 14. No BSR layer has been seen in Fig.
15 because CZTS lacks a ZnTe BSR layer.

Energy-Band Dugram of AZO/CAS/CZTS Solar Cell

CATS,
Ya= 15
) P

Eneryy eV
®
g

X sy

Fig. 15. Energy-Band Diagram of AZO/CdS/CZTS Solar
Cell

The energy-band diagram schematic demonstrates that
there are three types of heterojunctions in Fig. 13 and Fig.
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14 and two heterojunctions in Fig. 15. The first two
heterojunctions are formed between TCO:buffer layer and
buffer layer:absorber layer. The third heterojunction is
formed between the absorber layer:BSR layer and is
depicted in Fig. 13 and Fig. 14. Differences in band gaps of
two different semiconductors in contact result in band edge
discontinuities (band offsets) at the interface. At the
heterojunction interface, there appears a discontinuity of
the conduction bands AEc and the valence bands AEv. The
AEc and AEv values are calculated from the energy-band
diagram and are given in Table 7.

Table 7. AEc and AEv values of CdTe, CIGS, and CZTS
Solar Cell

Solar 18t 2nd 3rd
Cell Heterojunction | Heterojunction | Heterojunction
CdTe AEc =0.05 AEc=-0.3 AEc=1.1
AEv=-0.93 | AEv =-0.62 | AEv=-0.34
CIGS AEc =0.05 AEc=-0.11 AEc=0.91
AEv=-0.93 | AEv =-1.18 | AEv=0.22

CZTS | AEc=0.05 AEc=-0.2 -
AEv=-0.93 | AEv =-0.72

5. Discussion

In this work, initial simulations have been conducted usig
the reference values taken from the literature. TH8

varying the doping concentration (buffer I
absorber layer) and TCO thickness. Signific
efficiency have been found after optimi
Table 8).

Table 8. Increase ation
Solar Cell Increase in
efficiency
(%)
11.55
12.92
8.73
6.55
174.18
23.96
ITO/CdS/CIGS/ZnTe 11.82 2.872
1TO/ZnS/CIGS/ZnTe 12.75 15.77 23.69
AZQ/CdS/CZTS 13.93 22.11 58.72
AZO/ZnS/CZTS 21.15 22.85 8.038
ITO/CAS/CZTS 18.04 19.62 8.76
ITO/ZnS/CZTS 18.86 20.35 7.90

The numerical simulation demonstrates that the optimum
TCO thickness is 0.1 um. The efficiency of solar cells with
AZO layers is consistently better than those with ITO
layers. It may be because the AZO layer has better optical

transparency and thermal stability [48]. Simulation results
also show that the ITO layer overall works well with CZTS
solar cells, specifically with ITO/CdS/CZTS solar cells. It
is anticipated that ITO will surpass AZO's performance if
suitable material, thickness, and doping concentrations are
chosen. Nevertheless, the debate about the values of AZO
vs. ITO for thin film solar cells is still ongoing [49].
Currently, both TCO materials are used by the
manufacturers.

It has been observed from the solar cell simulations that,
for most of the cases CdS buffer lageghas better efficiency
than its counterpart ZnS buffeglie though, the best
efficiency has been obtain itl olar cells having

ZTS solar cells if the bandgap
ayer is appropriately calibrated.

pplying the ZnTe BSR layer causes minor
ement than without the ZnTe BSR layer. However,
thickness adjustment of ZnTe BSR is projected to

8U1d be noted that during the simulation of ZnTe as the
SR layer for CZTS solar cells unexpected error occurred;
hence it has been omitted from this study. In this work, the
effects of using a back-surface reflector (BSR) layer made
of zinc telluride (ZnTe) have been done for CdTe and CIGS
solar cells.

S

Thin Flim Solar Cell Market Size 2021-2030

(USD Billion)
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2312 o
% 21.35

PN 19.72
14.34 15.53 s
13.24 : | | |
0 I I
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Year

USD Billion
= n
a S

=
o

(3]

Fig. 15. Thin Flim Solar Cell Market Size 2021-2030

The market for thin film solar cells was estimated to be
worth USD 13.24 billion in 2021 and is anticipated to grow
to USD 27.11 billion by 2030, as shown in Fig. 15 [50].
The vast majority of commercial thin-film modules
produced worldwide are CdTe-based PV modules [51]. In
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contrast, CIGS holds the second-largest market share
among thin film technologies [52]. However, the efficiency
of CZTS solar cells is still much lower than CdTe and CIGS
PV devices. Therefore, the CZTS PV module is not
available in today’s market. Experimental research on
CZTS solar cells is still ongoing. Currently, researchers
from South Korea's Daegu Gyeongbuk Institute of Science
and Technology have achieved a new efficiency record of
11.4% for a cell based on a copper zinc tin sulfide thin film
applied to a flexible substrate [53]. According to Solar cell
efficiency tables (Version 61), the efficiency of CdTe,
CIGS, and CZTS solar cells is 22.1%, 23.35%, and 11%
respectively [54]. Furthermore, the efficiency of CdTe and
CIGS PV modules are 19.5% and 19.2% respectively. In
this work, the best efficiency of CdTe, CIGS, and CZTS
solar cells found in the simulations is 22.51%, 20.92%, and
22.85 % respectively. The efficiency of CdTe and CIGS
observed in the simulation is comparable to that of CdTe
and CIGS solar cells currently available. However, the
efficiency of the CZTS solar cell is found higher in
simulation. If the CZTS solar cell is fabricated using the
simulated parameters, it is anticipated that some
enhancements may be possible.

In light of the above discussion, it is experimentally
feasible (or will be possible) to integrate CdTe, CIGS, ang
CZTS-hased solar systems for use in real applications.

Crystalsol, an Austrian producer of CZTS so
reported that the cost per watt for a CZTS
plastic substrate is $0.49 [55]. Similarly, th
manufacturing costs are presently about
the US [56]. Whereas the CdTe

by 2025 and $0.15 by 2030.
solar cells will be due to_j
and manufacturing of
solar cells at low cost
of photovoltai

y other solar cell
ny of its parameters
and money. Furthermore,
cell fabrication processes
gl can De done with several equipment
iques have some advantages and
disadvantages,\@s well as the equipment, may have some
technological itations. For example, the physical
technique ensures a larger grain size than the chemical
technique. This larger grain size affects the electrical
characteristics, and in general, the larger the grain size, the
more efficient the substance is. However, the physical
techniques (i.e. close-spaced vapor transport (CSVT),
Sputtering, etc.) are expensive and the manufacturing
process is halted by the vacuum room, whereas chemical
techniques (i.e. spray pyrolysis, chemical bath deposition,
etc.) are less expensive but less effective. Therefore, if the
technology is not mentioned, it is challenging to explain the

have severs
and technig

benefits, and drawbacks of the fabrication process. Because
of this, it is essential to create an efficiency-to-cost ratio for
technologies, and it needs to be high [59].

Potential future advances of thin film solar cells are quite a
few. But the most prominent is semi-transparent solar cells
which can be used as building windows. It is possible
because very recent MIT researchers have developed a kind
of ultrathin, lightweight solar cells that can be seamlessly
added to any surface [60-61].

6. Conclusion

has been to use
erical simulation

One of the main objectives of

26.53%
(P+Type),

/CdTe/Graphene
O/CdS/CZTS/CuS

and CZTS models are for
O/CdS/CIGS/ZnTe, and
ctures having efficiencies 22.51%,
®respectively. The simulation results
at among these three types of solar cells, the
is the best. However, after optimization, all
solar cells show promising results. Thus, it is hoped
s study will help the novices, scientists, researchers,

, and CZTS thin-film solar cells and to fabricate high-
fficiency thin-film solar cells in the near future.
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