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ABSTRACT: In this study, the photovoltaic performance of CdTe based thin-film solar cells with an IGZO electron
transport layer (ETL) and Cu2O hole transport layer (HTL) is studied through SCAPS-1D simulation software. In order to
improve the performance of the cell, variations in absorber thickness, defect densities in ETL (IGZO) and HTL(Cu20O), and
different choices for front and rear contacts were examined. It is clear from the simulation results that variation in any of
these factors plays a vital role in improving the power conversion efficiency (PCE), open-circuit voltage (Vo ), short-circuit
current density (Js. ), and fill factor (FF). The most significant factor in improving efficiency turned out to be the absorber's
defect density, followed by selecting good contact materials. The maximum efficiency achieved via simulations gives values
of 18.84 mA/cm2 for Js. . 1.35 V for V,. , 90.46% for FF, and PCE of 23.01% under AMI1.5G radiation.
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1. INTRODUCTION
efficiency (PCE) and reduction in fabrication

With the rise in the world’s energy demand along
with the increasing threat posed by global warming
and carbon emissions, there has been an increased
emphasis on sustainable and low-carbon energy
sources [1]. Of all the renewable energy sources that
are present, the energy from the sun is considered
one of the best choices due to its plentifulness,
environmental friendliness, and sustainability [1, 2].
The PV technology, which converts the sun’s rays
directly into energy, has seen rapid advancements
through constant development in terms of material
composition, design architecture, and fabrication,
resulting in the enhancement of power conversion
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costs [2, 3]. Nonetheless, additional enhancements
in terms of PCE, stability, and fabrication cost
still need to be made in order to enable the
widespread use of PV technology [1, 2]. Among
various PV technologies, thin film PVs have
gained much popularity due to the requirement
of small amounts of semiconductor materials,
ability to fabricate large areas, and possibility of
low-cost production [4]. Several thin film absorber
materials such as a-Si, CIGS, CdTe, and thin film
materials of the next generation exhibit superior
photovoltaic properties [4, 5]. Out of these, CdTe
continues to be one of the most advanced thin film
technologies on account of its high value of optical
absorption, appropriate band gap, and scalability of
its manufacturing process [5]. This makes it a good
choice for further improvements of photovoltaic
properties. Although considerable progress has been
achieved in CdTe solar cells, device performance
is still influenced by carrier recombination, defect
states, and interface-related losses, which can
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reduce charge extraction and limit the open-circuit
voltage (Voc¢), fill factor (FF), and overall power
conversion efficiency [6]. Therefore, optimizing both
the absorber layer and charge transport layers is
essential for minimizing recombination losses and
improving carrier collection. Previous studies have
demonstrated that defect density, interface quality,
and transport-layer properties strongly influence
photovoltaic device performance [6, 7]. There are
numerous transport materials studied for their use
in the photovoltaic devices among which cuprous
oxide (Cuy0O) gained much popularity as a hole
transport material due to its wide bandgap, optical
transparency, p-type conductivity, and appropriate
electronic properties [7]. In the same way, indium
gallium zinc oxide (IGZO) became quite promising
as a transparent oxide semiconductor thanks to its
high mobility, optical transparency, wide bandgap,
and chemical stability that made it suitable for
electron transport applications [8]. Thus, using
Cuy0 and IGZO together will result in improving
charge separation and carrier transport with minimal
interface losses, which should positively affect CdTe
solar cell performance.

Numerical simulation has turned into an important
tool for studying and optimizing the photovoltaic
devices since it allows one to examine the
properties of materials and devices parameters
before conducting experiments [3]. SCAPS-1D is
one of such simulation software widely used in
modeling thin film solar cells due to its ability to
study carrier transport, recombination processes, and
current-voltage characteristics depending on different
conditions [9, 10]. Motivated by these considerations,
the present study numerically investigates a Front
Contact/CuyO/CdTe/IGZO/Back Contact thin-film
solar cell using SCAPS-1D. The influence of
absorber thickness, transport-layer thickness, defect
density, series resistance, shunt resistance, and
operating temperature on photovoltaic performance
is systematically examined. Furthermore, current
density-voltage (J-V), quantum efficiency (QE),
capacitance-voltage (C-V), and heatmap analyses
are employed to evaluate charge transport behaviour
and identify optimum operating conditions. The
findings of this work provide useful insights into the
optimization of efficient and stable CdTe thin-film
solar cells.

2. SIMULATION METHODOLOGY AND
CELL ARCHITECTURE
In our study, numerical device simulations are

done using the Solar Cell Capacitance Simulator
(SCAPS-1D). SCAPS-1D allows us for numerical

modelling of layered photovoltaic structures by
solving Poisson’s and Carrier continuity equations
which are under steady state conditions [3, 9].
The proposed solar cell model is based on the
heterojunction structure defined as:Front Contact
/ 1GZO/ CdTe / CuyO / Back Contact. In
this architecture, Cadmium Telluride (CdTe) is
acting as the primary absorber layer owing to its
optimal direct bandgap (1.7 eV) and high optical
absorption coefficient. This allows efficient photon
capture within a thin film [11]. Cuprous Oxide
(Cuy0) acts as the Hole Transport Layer (HTL)
at the back contact. The p-type semiconductor
characteristics and suitable valence band offset of
Cu,O facilitate effective hole extraction and serve as
an electron-blocking layer to suppress back-surface
recombination [12, 13]. Indium Gallium Zinc Oxide
(IGZO) acts as the n-type Electron Transport Layer
(ETL) / window layer at the front contact. IGZO has
a wide direct bandgap (3.05 ev) and high electron
mobility. Because of this IGZO minimizes parasitic
optical absorption losses in the high-energy spectrum
while promoting efficient electron transport to the
front contact [14, 15]. This configuration ensures that
photogenerated electrons migrate toward the front
contact via IGZO while photogenerated holes are
extracted at the back contact via , enabling effective
charge separation and reducing recombination losses.
All layers' physical parameters, including thickness,
bandgap, doping density, carrier mobility, and defect
density, are set based on literature and optimized
in SCAPS-1D to enhance device performance. The
standard AM1.5G illumination with an intensity of
1000 mW/m? is used to simulate the conditions
for solar operation. Summary of layer wise input
parameters is shown in Table 1. Hence by adjusting
absorber and interface defect levels thickness, we
can enhance light absorption and generate more
electron-hole pairs and achieve better short-circuit
current density and power conversion efficiency
(PCE) [16].

3. NUMERICAL MODELLING

To get the highest efficiency possible for solar
cells it required various computational modelling
techniques. Numerical modelling is essential as the
cost and time required to fabricate solar cells can
become unsuitable [17, 18]. This approach eliminates
the need for potentially hazardous experimental
investigations of material properties, allowing
researchers to simulate and refine the structure
digitally. Furthermore, it gives us a systematic
framework for evaluating the relative impact of
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Fig. 1. (a) Structural representation CdTe based thin film solar cell (b) Schematic of energy levels depicting carrier
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Fig. 2. Graphical representation of the working of SCAPS 1D simulation.

different material parameters on device performance,
especially valuable in the rapidly advancing field
of perovskite solar cells (PSCs) [17]]. SCAPS-1D
is a simulation tool developed by Burgelman and
colleagues and is widely used to analyze and
optimize solar cell structures [3, 9]. These tools
enable researchers to study electrical behaviors,
including recombination, carrier transport, and
energy band alignment, within a one-dimensional
framework [18]. The governing equations describe
the steady-state behavior of semiconductors under
illumination. The Poisson's equation is used to

define the relationship between electrostatic potential
i, electric field E, and charge density p in a p—n
junction, and is expressed as follows [9]:

&

Ty _ 8E_ P
0x?

ox €5

= L p—n+ N — Ny £ Nue(2)]
(1
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¢ denotes the electrostatic potential, q signifies
charge, €, indicates the static relative permittivity,
and n and p represent electrons and holes,
respectively. The characters N;) and N, denote the
donor and acceptor densities, respectively, whereas
Naes(z) represents the defect density of acceptor
and donar. [9]

The continuity equations for electrons and holes

ensure charge conservation across the device and
are given as [9]:

%

ax—l-G—U(n,p):O )
djp B
%—%G—U(n,p)—O (3)

The current density equations that describe the
movement of carriers via drift and diffusion
mechanisms are [9]:

. Op
Jp = qnu, B — qu% 4
) on

T

Where, pun and pp are the carrier mobilities, q is
the electronic charge, and Dn and Dp are the carrier
diffusion coefficients [9].

As it can be seen in the flowchart, typical
architecture involving solar cells are solved with
the help of SCAPS-1D, showing the point of
view of user by taking inputs for the problems
identified to getting the outputs that can involve
multiple steps. SCAPS-1D already includes the
basic formulae required for solar cell properties
like general recombination rates and current density
(3, 9].

4. RESULTS AND DISCUSSIONS

In this section we are going to discuss the outcome
of the estimation of the performance characteristics
of thin film solar cell based on the absorber CdTe
. The hole transport layer (HTL) is CuyO, and the
electron transport layer (ETL) is IGZO.

4.1 Bandgap analysis of CdTe thin film solar cell

Optimization of the energy band alignment between
the absorber material and its neighboring charge
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Fig. 3. Illustration of single ETL and HTL CdTe-based thin
film solar cell under AM1.5G illuminance.

transport layers is essential for the efficient
operation of CdTe thin film solar cells. Appropriate
band alignment at the interfaces is important
for optimizing carrier transport and minimizing any
losses that can occur due to interfacial recombination
[5]. Appropriate conduction band alignment at the
interface between the absorber material and the
electron transport layer (ETL) ensures a good
path for the electron extraction process, whereas
appropriate valence band alignment at the absorber
and hole transport layer (HTL) interface ensures
good hole transport [3]. The energy-band diagram of
the simulated thin-film solar cell structure consisting
of Cu,O (HTL)/CdTe (absorber)/IGZO (ETL) is
presented in Figure 3. In the proposed configuration,
CdTe acts as the active absorber layer with a
bandgap of 1.740 eV and is energetically positioned
between CuyO and IGZO. The electron affinity
values considered in the simulation are 3.90 eV for
CdTe, 4.160 eV for IGZO, and 3.40 eV for Cu,O.
These electron affinity and bandgap parameters are
used to determine the conduction band offset (CBO)
and valence band offset (VBO) at the respective
interfaces, which strongly influence carrier transport
and recombination behaviour within the device [3].

For CdTe/IGZO interface:
CBO = xcdre — X1620 (6)

VBO = (xcdre + Ey care)

(7
— (xi6zo + Ey1620)
For Cu,0O/CdTe interface:
CBO = Xxcu,0 — Xcdre ()
VBO = (Xxcu,0 + Eg.,CUzO) )

— (xcdre + By care)
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Fig. 4. The performance of the CdTe-based thin film solar cell was evaluated under standard AM1.5G illumination by

changing the thickness of the CdTe absorber layer.

The determined offsets are useful in understanding
the charge transport property of the suggested
device. Suitable conduction band offset at the
interface between CdTe and IGZO helps in the
efficient extraction of electrons to the ETL and
also minimizes the accumulation of electrons at the
interface [3, 14]. Just like conduction band, valance
band offset at the interface of Cuy,O and CdTe helps
in minimizing the chance of back electron transfer
and recombination [3, 5].

The choice of CuyO and IGZO as the charge
transport layers provides desirable electrical and
optical properties that help in efficient carrier
transport in photovoltaic devices. IGZO has been
widely studied as the transparent oxide for use as
an electron transport layer owing to its desirable
properties such as optically transparent, good
electrical properties and ability for efficient electron
extraction in photovoltaics [14]. The electric field
created in the solar cell is a result of the difference

in work functions of the front and back contacts [3].

This study evaluates interface defects in a neutral

state at the CuyO/CdTe and CdTe/IGZO interfaces.

The defect states are generated at an energy position
of 0.6 eV higher than the valence band with capture

cross-sections of 1x10-19cm? at both interfaces,
as illustrated in Table 2. Interface and absorber
defect states could serve as recombination sites and
decrease the lifetime of the carriers; this impacts the
photovoltaic properties [6]. It is thus important to
regulate the interface defects to reduce non-radiative
recombination [6].

4.2 Impact of active layer thickness on output:

Figure 4a to 4d illustrates the combined influence
of CdTe absorber thickness (0.2-2.0 pm) and bulk
defect density (10'3-10*® cm™2) on the photovoltaic
performance of the proposed IGZO/CdTe/Cu,O
solar cell. The contour maps indicate that device
performance is affected more strongly by defect
density than by absorber thickness.

As shown in Figure 4a, the PCE increases rapidly
with absorber thickness up to approximately 1
um, beyond which the contours become nearly
horizontal, indicating saturation due to sufficient
photon absorption within the CdTe layer. Similar
thickness-dependent behaviour has been reported in
CdTe-based solar cells, where increasing absorber
thickness improves carrier generation until an
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Fig. 5. The PV parameters on the output of the Thin Film Solar Cell under AMI1.5G illuminance at different HTL

Layer Thickness and defect density.

optimum thickness is reached [19]. The highest
efficiency (~24.4%) is obtained in the low-defect
region (1013-10' c¢m™3), whereas increasing defect
density shifts the contours towards lower efficiency
values. This reduction is attributed to the formation
of defect-assisted recombination centres, which

increase carrier losses within the absorber layer [20].

As seen in Figure 4b, the Vo is more dependent
on the defect density than the absorber thickness
since the contour lines are almost horizontal. In
addition, Voo decreases from 145 V to 1.17 V
as the defect density is increased from 103 to
10 cm™ due to increased recombination and

increased carrier losses in the device [20, 21].

Jsec, on the other hand, is seen in Figure 4c to
increase with absorber thickness before saturation at
~1 pm since the absorber thickness improves the

absorption of photons and carrier generation [19].

The defect density, however, limits the J,. values
in all thicknesses as it reduces the carrier lifetime
and the collection efficiency due to recombination
[20, 21]. In Figure 4d, it is observed that the
FFs depend slightly on the absorber thickness

while they significantly reduce with an increase in
defect density. In particular, the FF reduces from
approximately 91% to 69%. This behaviour confirms
that the defect states limit the carrier transport
and recombination losses, leading to poor charge
extraction efficiency [20]. Hence, the contour maps
show the optimum range for absorber thickness to
be 1 — 1.5 um and 10" — 10 cm™3 for defect
density.

4.3 Impact of the HTL thickness and Defect
density on outputs.

Once the best absorber thickness is known, then the
influence of the HTL material of Cu,O is studied
in order to know how to achieve efficient hole
extraction with minimum losses due to recombination.
Figure 5a to 5d presents the dependence of FF, V,.,
PCE, and J,. on the thickness of Cu,O and defect
density of HTL. The HTL thickness varied between
0.10 and 0.50 pm, while the defect density ranged
from 10 to 10'® cm™3. As can be seen from
the contour plots, the higher CuyO thickness leads
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Table 1. The employed inputs for the simulated device configuration.

Parameters  Terms ETL (IGZO) [22] Absorber Layer (CdTe) HTL (CuyO) [22]
t (pm) Thickness 0.030 2.00 0.050
E, (eV) Bandgap 3.050 1.74 22
X Electron affinity 4.160 39 34
Er Relative Permittivity 10 9 7.5
N, (cm™3) Eff. DoS at CB 5 x 10'8 1 x 102 2 x 1019
N, (ecm™3)  Eff. DoS at VB 5 x 1018 2 x 10%° 1 x 10%°
i, (cm?/Vs)  Electrons Mobility 1.5 x 10! 2 x 10! 2 x 102
up (cm?/Vs)  Holes Mobility 1x1071 1 x 10! 8.6 x 103
N, (cm™?) Dopant density (Acceptor) 0 1 x 10%° 1x 108
Ny (em™)  Dopant density (Donor) 1% 107 0 0
N; (em™3)  Defect Density 1 x 101 1 x 10 1 x 10%
Table 2. Input interface defects parameter used in the simulations.

Parameters Cu,0/CdTe CdTe/IGZO

Def. type Neutral Neutral

Cap. cross-section of e (cm?) 1x 1071 1x1071°

Cap. cross-section of h (cm?) 1x 1071 1 %1071

Energy distributions Single Single

Ref. for defect energy level Above the highest Ey  Above the highest Ey

Energy with respect to ref. (eV) 0.6 0.6

Total density (cm™3) 1 x 100 1% 100

to the increase in the efficiency of the solar cell.
Improvement in terms of thickness is noted for all
four characteristics of the device. As the Cu,O layer
becomes thicker, the regions related to higher values
of PCE, V,., J,., and FF also cover a wider area,
with the maximum efficiency being recorded when
the thickness is about 0.50 um. In such a case, the
PCE of the cell is around 23.01%, alongside the V.
value of about 1.35 V, J,. value of 18.84 mA cm 2,
and FF value close to 90.46%. The improvement
in terms of thickness is noted due to the fact that
CuyO does not serve as an absorber but acts as a
hole-selective layer [23].

A different trend is observed when the HTL defect
density is increased. Although the optimum thickness
remains close to 0.50 pm, the high-performance
region becomes progressively smaller as the defect
density rises from 10'3 to 10'® cm™3. The contour
maps reveal that PCE is the most sensitive parameter,
followed by J,. and V.., while the variation in

FF is comparatively moderate. This behaviour
indicates that additional defect states promote
non-radiative  Shockley—Read—Hall recombination,

allowing more carriers to recombine before reaching
the contacts and thereby reducing the overall
conversion efficiency [24]. The interplay between
the results from the contour plots indicates that
optimizing the electrical characteristics of the HTL
layer is as crucial as choosing its thickness. In the
considered range, an increase in the CuyO thickness
is helpful for the carrier extraction, but the effect
becomes less pronounced in the case of a high
defect density. Consequently, the highest device

efficiency is achieved by employing a 0.50 um
Cu,0O layer with low HTL defect density, since
in this case charge transport is better and losses
due to recombination become smaller. This finding
is supported by recent numerical analysis, which
demonstrated that transport layer optimization is the
most effective at a low defect density [25].

4.4 Combined impact of ETL layer thicknesses
and Defect density on the performance of Device

After establishing the optimum hole transport layer,
the performance of the IGZO electron transport
layer was examined by varying both its thickness
and defect density. Rather than influencing each
photovoltaic  parameter independently,  Figure
6a to 6d shows a remarkably similar contour
pattern for FF, V,., PCE, and J,.. In every case,
the highest-performing region is confined to the
lower-left corner of the contour maps, corresponding
to a thin ETL with a low defect density. As either
variable increases, this region steadily contracts,
indicating that efficient electron extraction depends
on the combined optimization of both structural and
electrical properties of the transport layer.

This change becomes most evident in the PCE
contours. Rather than having the drop in efficiency
occur immediately, the contour lines become
displaced in the direction of lower efficiencies as
the IGZO layer thickens from 0.10 to 0.50 um. The
displacement indicates that increased thickness of the
transport layer means higher resistance for electrons,
which makes it less efficient for carrier collection.
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Fig. 6. The PV parameters on the output of the Thin Film Solar Cell under AM1.5G illuminance at different ETL

Layer Thickness and defect density.

There is a similar trend seen in the J,. contours,
where the drop in current occurs in nearly the same
direction as the displacement in efficiency contours.
These trends suggest that the cause of the decrease in
efficiency is charge collection efficiency, rather than
optical absorption [26].

The case is different for V,. and FF. Despite
their decreasing trends with the increase in thickness
and defects, contour gradients of both V,. and FF
are smoother compared to that of PCE. Thus, the
electrical properties of the junction remain relatively
constant whereas the process of carrier transport
becomes increasingly challenging. Due to the rise
in the defect density up to 1018 c¢cm™, the contour
lines become more compressed and closer to lower
values due to the enhanced trapping of carriers and
recombination in the ETL and the interface between
the CdTe and 1GZO [27].

Taken together, the contour maps suggest that
ETL thickness alone does not determine device
performance. A thin transport layer is beneficial
only when accompanied by good electrical quality,
whereas increasing defect density suppresses the
advantage gained from thickness optimization.
Within the investigated range, the combination

of an IGZO thickness of 0.10 um and a defect
density of 10'® ¢m™ provides the most favorable
operating condition, producing the highest V,.,
J.e, FF, and PCE. Similar conclusions have been
reported in recent numerical optimization studies
of CdTe solar cells, where reducing transport-layer
resistance together with interface recombination led
to significant improvements in device efficiency
[25].

4.5 Combined impact of the series-shunt
resistances on outputs:

The effects of  series resistance (Ry)
and shunt resistance (R,,) on the Front

Contact/CuyO/CdTe/IGZO/Back Contact solar cell
are shown in Figure 7a to 7d. It can be seen
from the contour plots that the optimal device
parameters are achieved for low Rs (0-0.5 Q-cm?)
and high R,;, (108-10'° Q-cm?), when all the four
parameters of interest (Voo, Jso, FF, and PCE)
attain maximum values. Similar results have been
obtained in SCAPS-based optimization analysis of
CdTe solar cells [28][28].
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The Vpe contour in Figure 7a is rather
horizontal, which means that the Voo parameter
is predominantly affected by R,. An increase in
shunt resistance results in a decrease in leakage
currents, and, therefore, Voo gradually rises up to a
certain value of R,;,, above which the improvement
becomes insignificant [10]. In turn, the contours
in Figure 7d are almost vertical, and this means
that the Jgo parameter is mostly dependent on Rs.
Increased series resistance leads to a loss of carriers
during transport, which causes a decrease in Jg¢o
[18].

The distribution contours of FF and PCE shown in
Figure 7b and Fig. Figure 7c are an outcome of the
joint effect of the two resistance parameters. The two
parameters attain their highest values in the range of
low Rs and high R,,. On the other hand, increasing
the value of Rs or reducing the value of Ry, leads
to degradation of the device performance [28].

4.6 Dependence of Temperature in performance of
the Device:

Temperature is another important factor which has a
strong effect on the performance of thin film CdTe
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Fig. 8. Temperature dependence of photovoltaic

parameters Jsc, Voc FF, and PCE for the CdTe-based
thin film solar cell under AM1.5G illumination.

solar cell [29]. In the case of this study CdTe based
solar cell is examined under AM1. 5G illumination
under the influence of temperature at 300-380 K.
Figure 8 shows that when temperature is increased,
the open-circuit voltage (Voc), power conversion
efficiency (PCE) and fill factor (FF) shows a constant
decline. The intrinsic carrier concentration (n;) is
directly proportional to temperature. As a result the
reverse saturation current density (J) increases. This
leads to enhanced charge recombination [30]. From
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the diode equation, the reverse saturation current
Jo increases exponentially with temperature, which
reduces Voo as:

kT Jse
Voe® — In ( + 1) (10)
q Jo

Where k is Boltzmann's constant, q is the elementary
charge, T is temperature, J, is the reverse saturation
current and Jgo is the short-circuit current. The fill
factor is strongly related with Voo and internal
series resistance. When Vo decreases and thermal
agitation increases recombination losses, as a result
FF decreases [30].

The bandgap (Eg) of CdTe slightly get narrowed
when we increase the temperature. A slightly smaller
bandgap enables the solar cell to absorb slightly
longer wavelengths of light. This leads to a marginal
increase in Jgo [31].

The small gain in Jgc is far too minor to offset
the significant reductions in Voe and FF. As a result,
overall Power Conversion Efficiency (PCE) declines
as temperature goes up [29].

4.7 Impact of Temperature on J-V Characteristics
of the Device

Figure 9 shows the J-V characteristics of the
1GZ0/CdTe/CuyO-based thin-film solar cell with
different temperatures, namely, in the range from
300 K to 400 K.
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Fig. 9. Simulated J-V characteristics of the CdTe
based Thin Film Solar Cell at different temperatures,
showing degradation in output performance with increasing
temperature.

The J-V characteristics have been simulated via
SCAPS-1D simulator under standard AMI1. 5G
illumination. The J-V characteristics represent the
plot between the total current density (J;;) and

voltage (V), depicting the effect of temperature
on the electrical performance of the device [31].
With the increment in the working temperature,
the position of J-V curve starts shifting gradually,
indicating the change in charge transport properties
of the device [11, 31]. At low voltage, the value
of current density remains constant, but a drastic
increase in the forward current density is seen when
the applied voltage reaches the knee region. This
indicates the occurrence of better carrier injection,
which results in an increase in the reverse saturation
current at high temperature, which is mainly due
to the recombination process caused by temperature
activation [11]. The open-circuit voltage (V,.) gets
decreased because of temperature elevation, and the
slope of J-V curve around maximum power point
becomes less steep [11, 30].

According to the diode equation, reverse
saturation current (J,) increases exponentially as the
temperature increases, which causes the open-circuit
voltage to decrease as follows:

kT Jse

Ve ® —In <+1> (11)
q Jo

where k is the Boltzmann constant, q is the

electronic charge, T is the absolute temperature,
Jo is the reverse saturation current, and J,. is the
short-circuit current.

From the above, it is clear that the J-V curve
confirms that an increase in operating temperature
negatively affects the electrical properties of the
IGZO/CdTe/Cuy,O solar cell. Therefore, thermal
stability is very important for CdTe-based thin-film
solar cells [11, 31].

4.8 Study of Quantum Efficiency (QE) and
Capacitance-Voltage (C-V) Characteristics

The quantum efficiency (QE) and Capacitive-Voltage
(C-V) characteristics for the presented perovskite
solar cell based on the PeDAMA; Pbyl 3 are shown
in Figure 10 and 11, offering insights into their
optical and electrical properties.

4.8.1 Quantum Efficiency Analysis:

The Quantum Efficiency (QE) curve is an indication
of the capability of the solar cell in converting
incident photons to charge -carriers at various
wavelengths. This also indicates the optical
absorption and carrier collection efficiency [32].
For the simulated device, there is a high Quantum
Efficiency of 88-90% for the range of wavelengths
between 500-680 nm, showing that the photons
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are absorbed and charge carriers are extracted
efficiently in the visible spectrum [32, 33]. Past
700 nm, the Quantum Efficiency drops sharply to
nearly zero value at 720 nm, which corresponds
to the cut-off wavelength due to the absorption
limit of the absorber layer. This is because the
cut-off wavelength depends on the absorber band
gap (1.72-1.73 eV) for CdTe [5, 33].
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Fig. 10. Quantum Efficiency (QE) vs Wavelength of the
CdTe based Thin Film Solar Cell.
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Fig. 11. Capacitance—Voltage (C-V) curve of the CdTe
based Thin Film Solar Cell.

4.8.2 Capacitance/Voltage (C/V) Analysis

The graph shows how the capacitance varies in
relation to the change in voltage in the range between
—1.5 V and +1.3 V. The value of capacitance is
relatively low and constant (280-300 nF/cm?) as far
as bias voltage is concerned in reverse and forward
bias below 0.5 V. The above behavior is due to

geometric capacitance and fully depletion of the
junction wherein the depletion layer width does not
vary much for low bias voltages [34, 35].

As the value of forward bias voltage increases
beyond 0.8 V, there is a sudden rise in capacitance
till it attains a value of 580-600 nF/cm? at 1.3 V.
The above increase in capacitance is because of
charge storage effect caused by carrier injection,
diffusion capacitance, and accumulation of charge
carriers in hetero-junction interface [34, 36].

From the above C-V characteristics, it can be
seen that the control of the depletion width and
the charge separation efficiency of the device is
very good at low bias voltage, while there is
improved charge injection at operating bias. Also,
C-V characteristics may be studied by applying
the Mott-Schottky equation to get the values of
important electrical parameters like built-in potential
and carrier concentration [34, 35].

5. CONCLUSION

A numerical study of a Front Contact / CuyO
/ CdTe / IGZO / Back Contact thin-film solar
cell was conducted to analyze the impact of
various parameters on photovoltaic efficiency.
The wvariations in absorber thickness, transport
layer thickness, defect density, series and shunt
resistance, and the operating temperature were
considered in order to find the best operational
conditions of the investigated cell. According to the
results of simulations, photovoltaic performance is
dependent upon the combination of three phenomena,
namely optical absorption, charge transport, and
recombination. The use of an absorber thickness
of 2.0 um and the thickness of transport layers
of 0.5 pm for both Cu;O and IGZO ensured
the best balance between light absorption and
charge extraction. Lowering the defect density of
the transport layers prevented the formation of
recombination centers, while low series resistance
and high shunt resistance decreased the electrical
losses and improved the photovoltaic performance.
At the same time, raising the temperature of
operation from 300 K to 380 K resulted in a gradual
decrease of Voo, FF, and PCE due to increased
recombination and reverse saturation current. The
results showed that the developed device under
optimized conditions attained a power conversion
efficiency of 23.01% with open circuit voltage of
1.351 V, short circuit current density of 18.84 mA
cm()? and fill factor of 90.46%. In general, this
study proves that the simultaneous optimization of
the material properties and the electrical parameters
is vital for attaining the optimal performance of the
CdTe thin-film solar cell.
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