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Abstract: This work presents a copper zinc tin sulfide (CZTS)-based solar cell structure
(AI/ITO/C60/CZTS/SnS/Pt) with C60 as a buffer layer, developed using the SCAPS-1D simulator by
optimizing each parameter to calculate the output. Optimizing the parameters, the acceptor concen-
tration and thickness were altered from 6.0 × 1015 cm−3 to 6.0 × 1018 cm−3 and 1500 nm to 3000 nm,
respectively. Although, in this simulator, we can tune the value for the acceptor concentration to
6.0 × 1022, higher doping might present an issue regarding adjustment in the physical experiment.
Thus, tunable parameters need to be chosen according to the reliability of the experimental work.
The defect density varied from 1.0 × 1014 cm−3 to 1.0 × 1017 cm−3 and the auger hole/electron
capture coefficient was determined to be 1.0 × 10−26 cm6 s−1 for the maintenance of the minorities in
theoretical to quasi-proper experimental measurements. Although the temperature was intended
to be kept near room temperature, this parameter was varied from 290 K to 475 K to investigate
the effects of the temperature on this cell. The optimization of the proposed structure resulted in
a final acceptor concentration of 6.0 × 1018 cm−3 and a thickness of 3000 nm at a defect density
of 1.0 × 1015 cm−3, which will help to satisfy the desired experimental performance. Satisfactory
outcomes (VOC = 1.24 V, JSC = 27.03 mA/cm2, FF = 89.96%, η = 30.18%) were found compared to the
previous analysis.

Keywords: composite solar cell structure; CZTS; buffer layer; defects and minorities; SCAPS-1D

1. Introduction

Today’s world is experiencing problems for several reasons; among them are the
burning of fossil fuels and the excessive energy demand. Fossil fuel combustion creates
pollution by generating gases such as CO2, NO2, CO, SO2, etc. [1]. Low-cost renewable
energy can be used to address the environmental pollution caused by burning fossil fu-
els [2,3]. Photovoltaic (PV) solar cells that capture photons from the sun are a promising
alternative to fossil fuels due to their significantly lower lifecycle greenhouse gas [4,5]
emissions and their potential to replace fossil fuels completely. For example, covering
only 0.16% of the Earth’s land surface with 10% efficiency PV solar cells can satisfy the
global energy demand [6]. Furthermore, solar energy contributes to energy indepen-
dence, job creation, and economic growth, while also improving public health and quality
of life.

A solar cell or photovoltaic (PV) cell is a device composed of semiconductor materials
such as silicon, gallium arsenide, and cadmium telluride, among others, that converts
sunlight directly into electricity [7,8]. More than 80% of the current photovoltaic (PV)
industry is based on c-Si and p-Si wafer technologies [9,10]. When solar cells absorb
sunlight, they generate free electrons and holes at positive and negative junctions. If the
positive and negative junctions of the solar cells [11] are connected to direct current (DC)
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electrical equipment, the current is delivered to operate the electrical equipment. A thin-
film (TF) solar cell is a second-generation solar cell that is developed by coating one or
more thin layers of photovoltaic material onto a substrate such as glass, plastic, or metal.
Researchers are trying to introduce thin-film photovoltaic devices, an area that has greatly
increased in the last decade [12]. Several materials (such as CdTe, CIS, and CIGS) have
been employed by researchers to obtain low-cost and high-efficiency solar cells [13].

Thin-film PV technologies are based on direct-bandgap materials like copper indium
(gallium) diselenide (CIGS), copper indium diselenide (CIS), and cadmium telluride (CdTe)
and have reached the commercialization stage, with the highest reported conversion
efficiency of 11% in module production [14–16]. Single-junction thin-film solar cells, which
have achieved high efficiency and show excellent performance, utilize GaAs [17], CdTe, or
Cu(In,Ga)Se2 (CIGS) [18] as the absorber. Due to the toxicity of Cd and Se and availability
issues for In and Te, the production of PV devices based on this absorber layer is limited [19].
In the case of GaAs and CdTe, the toxicity concerns associated with the use of arsenic and
cadmium, respectively, may limit their widespread application [20,21]. For CIGS, the use
of indium reduces its potential to reach the terawatt scale due to the limited number of
economic reserves and the high material costs resulting from the large demand from the
display industry [22]. Quaternary semiconductors with a kestrite mineral structure are
promising candidates to satisfy the requirements of low-cost and eco-friendly thin-film solar
cells [23]. Copper zinc tin sulfide (CZTS) has attracted the attention of many researchers as
it is a promising compound in the sense that it fulfills two essential conditions. Indeed, it is
composed of eco-friendly and low-cost elements [24]. A recent research paper explored
the use of a non-toxic Zn (O, S) buffer layer in CZTS solar cells as an alternative to CdS,
highlighting its tunable optical bandgap and potential for improved efficiency. However,
the challenges in accurately modeling defects and traps in the layers/interfaces and the
need for further optimization of the Zn (O, S)/CZTS solar cell structure for enhanced
performance represent obstacles [25]. Another finding was highlighted by Siham et al.,
demonstrating the exceptional performance of MoOx and CuI as HTLs, surpassing SnS
by a significant margin. Specifically, MoOx and CuI demonstrate remarkable power
conversion efficiency of 23.73% [26]. The incorporation of SnS as an ETL with CZTS has
been demonstrated in a previous study where the utilization of SnS2 as the ETL material
in conjunction with CZTS as the absorber layer material yielded the maximum efficiency
of 21.89%, an open-circuit voltage (VOC) of 0.97 V, a short-circuit current density (JSC) of
26.53 mA/cm2, and a fill factor (FF) of 84.86% [27]. Another study focused on enhancing
a Cu2ZnSnS4 (CZTS)-based solar cell’s performance by incorporating ultrathin Zr and W
interlayers at the SnO2:F/CZTS interface, aiming to improve the ohmic properties of the
back contacts and the overall cell efficiency [28].

The copper zinc tin sulfide (CZTS) mineral is found in nature [29]. The copper zinc tin
chalcogenide is a quaternary semiconductor of group I-II-IV-VI that was first elaborated
in 1966, and, afterward, its photovoltaic effect was confirmed in 1988 [24,30]. There has
been extensive investigation into the use of other materials to replace the harmful CdS
buffer layer in CZTS-based solar cells [31]. CZTS is classified into two crystallographic
types: stannite and kieserite. The two structures are similar except for the placement of
the Cu and Zn atoms. However, the CZTS material frequently arises in the kieserite phase
because it is thermodynamically more stable than stannite. The scientific community has
become more interested in non-toxic, low-cost, and readily available absorber materials.
CZTS-based materials are p-type semiconductors with a hole density of around 1016 cm–3,
which is characteristic of CIGS in high-efficiency CIGS solar cells [32]. Thus, it can be
stated that a Cu2ZnSnS4 (CZTS) quaternary semiconductor is a good choice for solar
absorber materials. The components of CZTS are abundant in the Earth’s crust (Cu: 50 ppm,
Zn: 75 ppm, Sn: 2.2 ppm, S: 260 ppm) and have exceedingly low toxicity. Moreover,
other properties of CZTS, such as the high absorption coefficient of over 104 cm–1 and the
direct bandgap value of about 1.4–1.5 eV, make these solar cells attractive candidates [33].
The highest laboratory-level CZTS solar cell efficiency is 8.4% [34], while the theoretical
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conversion efficiency of 18.05% for CZTS/CdS solar cells was reported in 2017 [35]. CZTS-
based materials are highly suitable for use as absorbers. Firstly, they possess a Shockley–
Queisser limit (SQL) of at least 30.9% (for a bandgap of 1.0 eV) [36]. This minimum is
close to the SQL maximum of 33.7% for a single-junction solar cell with a bandgap of
1.34 eV [37,38].

Fullerene-C60, also known as Buckminsterfullerene, stands out for its unique structure,
which simulates a hollow ball formed of carbon atoms; C60 has been utilized as a hole
blocking layer (HBL) and an electron injection layer (EIL) to enhance the performance [39].
It is adept in transporting electrons and is compatible with the materials used in solar
panels. Electron transport layers (ETL) promote charge extraction, minimize recombination
losses, and increase the overall device efficiency. The efficient movement of electrons from
the CZTS layer to the electrode reduces energy waste and improves the total solar panel
performance. In some previous studies, researchers have introduced SnS as a potential BSF
to achieve high power conversion efficiency in solar cells [40–42]. Surface recombination at
the back contact is a significant obstacle in these devices. To address this issue, this work
introduces back-surface field (BSF) layers to minimize back-surface recombination. Tin
sulfide (SnS) is employed as the BSF material in this context.

In this work, a heterostructure is proposed via the junction (n/p) created with fullerene
(C60) and CZTS. The aim is to use this CZTS-based heterostructure with fullerene to
improve cell efficiency, along with the other outputs. In this structure, optimization is
implemented, showing comparatively better outcomes than the previous CZTS-based
heterostructure model [43]. This theoretical study is conducted using a computer-based
numerical simulation. The literature and comparative studies are discussed with regard
to similar previous works for a better understanding of the improvements in this rele-
vant field. In a physical experiment, a structure with the same parameters might show
poorer outcomes than in a simulation regarding actual defects and focusing on materi-
als with individual minorities. A clear difference can be seen through the comparison of
similar works.

2. Device Modeling and Simulation Parameters

The suggested structure, Al/ITO/C60/CZTS/SnS/Pt, was analyzed numerically using
the SCAPS-1D simulator. SCAPS-1D is a one-dimensional simulator that uses steady-state
solutions to three essential equations for semiconductor devices: Poisson’s equation, the
continuity equation for free holes, and the continuity equation for free electrons [44,45].
To utilize this computer-based simulator, the electrical and optical properties of each
designated layer are used as simulation input parameters. It enables the simulation of the
physical and electrical structures of heterojunctions, homojunctions, multifunction’s, and
even Schottky barriers. This simulator can regulate each layer’s specific input settings.

The Poisson equation:
div(ε∇Ψ) = −ρ (1)

The continuity equation for free electrons:

∂n
∂t

=
1
q

di
→
v jn + Gn − Rn (2)

The continuity equation for free holes:

∂p
∂t

= −1
q

di
→
v jp + Gp − Rp (3)

where ε = Dielectric permittivity; Ψ = Electrostatic potential field; n, p = Electron and hole
concentrations; Gn, Gp = Generation rate of electrons and holes; Rn, Rp = Recombination
rate of electrons and holes; jn, jp = Current densities of electrons and holes.
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Figure 1 shows the planar device structure of the designated final solar cell. The
substrate-type device structure is used here, and the construction of the device’s struc-
ture is mostly affected by the technological feasibility and success in CZTS-based solar
cell applications.
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Figure 1. Structural model of the proposed solar cell device (Al/ITO/C60/CZTS/SnS/Pt).

Table 1 shows the input parameters of each layer used to create the proposed heterostruc-
ture. Here, two parameters (the thickness and acceptor concentration) of the absorber, CZTS,
are tuned from 1500 nm to 3000 nm and 6.0 × 1015 cm−3 to 6.0 × 1018 cm−3, respectively.

Table 1. Parameters used to simulate the heterostructure cell ITO/C60/CZTS/SnS.

Parameter ITO [46] C60 [47] CZTS [43] SnS [46]

Thickness (nm) 50 20 1500–3000 100
Bandgap Eg (eV) 3.5 1.7 1.5 1.6
Electron affinity, χ (eV) 4.6 4.5 4.58 4.1
Dielectric permittivity 8.9 6.0 9.5 13.0
CB effective density of states (cm−3) 2.2 × 1018 1.0 × 1019 1.91 × 1018 2.18 × 1018

VB effective density of states (cm−3) 1.8 × 1019 1.0 × 1019 2.58 × 1018 4.46 × 1018

Electron thermal velocity (cm s−1) 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107

Hole thermal velocity (cm s−1) 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107

Electron mobility, µn (cm2 V−1 s−1) 10 50 50 15
Hole mobility, µp (cm2 V−1 s−1) 10 50 10 100
Donor concentration, ND (cm−3) 1.0 × 1019 1.0 × 1018 0.0 0.0
Acceptor concentration, NA (cm−3) 0.0 0.0 6.0 × 1015–6.0 × 1018 1.0 × 1019

Table 2 describes the characteristics of the front and back contacts employed in this
study. The value of the surface recombination velocity is utilized alternately for electrons
and holes, as described in prior published work [46,48–50]. Individual contact has been
assigned a work function.
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Table 2. Front and back contact parameters.

Parameter
Front Contact Electrical Properties Back Contact Electrical Properties

[Al] [Pt]

Surface recombination velocity of electrons (cm s−1) 1.0 × 107 1.0 × 105

Surface recombination velocity of holes (cm s−1) 1.0 × 105 1.0 × 107

Work function (eV) 4.26 5.65

Table 3 displays the interface defect parameters for three interfaces constructed using
(i) n-type/n-type, (ii) n-type/p-type, and (iii) p-type/p-type structures, with a Gaussian
energy distribution utilized in the junction (n/p) established in this structure.

Table 3. Interface defect parameters.

Parameter ITO/C60 C60/CZTS CZTS/SnS

Defect type Neutral Neutral Neutral
Capture cross-section of electrons (cm2) 1.0 × 10–19 1.0 × 10–19 1.0 × 10–19

Capture cross-section of holes (cm2) 1.0 × 10–19 1.0 × 10–19 1.0 × 10–19

Energetic distribution Single Gaussian Single
Total defect density (cm−2) 1.0 × 1010 1.0 × 1010 1.0 × 1010

Table 4 shows the defect parameters for specific semiconductor layers, which are calcu-
lated as a combination of minority and crystal defects. The defects range from 1.0 × 1014 to
1.0 × 1017 cm−3 for a reasonable conclusion with a comparably superior outcome. We use a
single energetic distribution and the capture cross-sections of electrons and holes are kept at
1.0 × 10−15 cm2 for each semiconductor layer. The Auger hole/electron capture coefficient,
which has been set at 1.0 × 10−26 cm6 s−1, is crucial in maintaining the minority carrier
concentrations in theoretical models. This value ensures consistency when comparing
theoretical predictions to quasi-experimental measurements, thereby enhancing the reliabil-
ity and accuracy of the experimental validation. To physically replicate a heterostructure
cell, a composite composed of appropriate semiconductors is necessary. Semiconductors
frequently require minority and crystal defects to create a junction.

Table 4. Individual layers’ defect parameters.

Parameter At Each Layer (ITO, C60, CZTS, SnS)

Defect type Neutral
Capture cross-section of electrons (cm2) 1.0 × 10−15

Capture cross-section of holes (cm2) 1.0 × 10−15

Energetic distribution Single
Reference for defect energy level Et Above EV (SCAPS < 2.7)
Total density (cm−3): uniform 1.0 × 1014–1.0 × 1017

Auger hole/electron capture coefficient (cm6 s−1) 1.0 × 10−26

3. Simulation Results and Discussion

Structure—Al/ITO/C60/CZTS/SnS/Pt

3.1. Band Diagram

Figure 2 shows the band diagram of the introduced heterostructure to illustrate its
band bending and quasi-Fermi levels. Here, the two solid lines in blue and red indicate the
valance band and conduction band, respectively. Fn and Fp indicate the electron–hole pair
generation in this device.



Electron. Mater. 2024, 5 150
Electron. Mater. 2024, 5, FOR PEER REVIEW 6 
 

 

 
Figure 2. Energy band diagram of the proposed heterostructure cell—ITO/C60/CZTS/SnS. 

3.2. Effect of Absorber Layer Thickness and Acceptor Concentration on PV Performance 
The principal design specifications that affect solar cell activities are the absorber con-

centration and absorber layer thickness. The acceptor concentration (NA) and absorber 
layer thickness must be adjusted to achieve optimal solar cell performance. To assess the 
cell performance, the absorber layer thickness and acceptor concentration were adjusted 
in 4 steps, from 1.5 µm to 3.0 µm and from 6 × 1015 cm−3 to 6 × 1018 cm−3, respectively. The 
dual effects of the absorber layer thickness and concentration on the PV parameters VOC, 
JSC, FF, and %η in the structure under assessment, Al/ITO/C60/CZTS/SnS/Pt, are presented 
in Figure 3. The figure indicates that the absorber layer concentration is a key component 
of the cell performance, and adjusting the absorber layer and CZTS acceptor concentration 
can alter the %η. Figure 3a–d show the open-ci 

 

 

 

rcuit voltage, short-circuit current, fill factor, and efficiency. 

Figure 2. Energy band diagram of the proposed heterostructure cell—ITO/C60/CZTS/SnS.

3.2. Effect of Absorber Layer Thickness and Acceptor Concentration on PV Performance

The principal design specifications that affect solar cell activities are the absorber
concentration and absorber layer thickness. The acceptor concentration (NA) and absorber
layer thickness must be adjusted to achieve optimal solar cell performance. To assess the
cell performance, the absorber layer thickness and acceptor concentration were adjusted
in 4 steps, from 1.5 µm to 3.0 µm and from 6 × 1015 cm−3 to 6 × 1018 cm−3, respectively.
The dual effects of the absorber layer thickness and concentration on the PV parameters
VOC, JSC, FF, and %η in the structure under assessment, Al/ITO/C60/CZTS/SnS/Pt, are
presented in Figure 3. The figure indicates that the absorber layer concentration is a key
component of the cell performance, and adjusting the absorber layer and CZTS acceptor
concentration can alter the %η. Figure 3a–d show the open-circuit voltage, short-circuit
current, fill factor, and efficiency.

Figure 3a shows that although the open-circuit voltage fluctuates in response to modi-
fications in the acceptor concentration, it is mostly unaffected by changes in the absorber
thickness. Additionally, the concentration of 6 × 1016 is followed by an increased range of
open-circuit voltages. This can be attributed to the drop in the reverse saturation current
that occurs with increased carrier concentrations, which increases the VOC. Figure 3b illus-
trates how the short-circuit current decreases with the acceptor concentration but slightly
increases with the thickness. The increase in the short-circuit current observed with the
increasing CZTS thickness and decreasing acceptor concentration can be attributed to the
enhanced absorption of longer-wavelength photons within this layer. In Figure 3c, the fill
factor exhibits behavior similar to that of the open-circuit voltage, although it is not as-
signed the same value at every thickness. Additionally, the key output efficiency increases
at the concentrations of 6 × 1017 to 6 × 1018 and the thickness increases significantly. The
fill factor (FF) shows a slight drop when the CZTS layer thickness grows, and the acceptor
concentration is reduced. This is mostly due to an increase in the device’s series resistance.
Although it is difficult to sustain high doping for every material, CZTS exhibits superior
efficiency at higher doping levels. However, this value is still limited since the highest
value that we can obtain is 1022.
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performance ((a) VOC, (b) JSC, (c) FF, and (d) %η) of CZTS-based solar cell.

In summary, every output displays the maximum range of values at the highest
thickness. Furthermore, three outputs, excluding the short-circuit current, show the max-
imum values following the concentration of 6 × 1017 cm−3. Although the outcomes of
this study are obtained at lower concentrations compared to previous research, 6 × 1018 is
recommended as the optimal value for comparable performance.

Table 5 provides an overview of the optimal input conditions and final outcomes
obtained from this proposed structure. These output parameters outperform those of
earlier CZTS-based work, although the input values were kept consistent with past studies.

Table 5. Optimum inputs (thickness and acceptor concentration) and outputs at optimum conditions.

Optimum Input Conditions Output Parameters at Optimized Input Conditions

W (µm) NA (cm−3) VOC (V) JSC (mA/cm2) FF (%) η (%)

3.0 6 × 1018 1.2405 27.039539 89.96 30.18

Figure 4 shows the normalized values of all outputs (VOC, JSC, FF, and %η), plotted
against the acceptor concentration in Figure 4a and the thickness in Figure 4b. The nor-
malized values are estimated based on the highest values of the individual outputs. The
efficiency (%η) was obtained at the maximum while keeping the other outputs (VOC, JSC,
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and FF) satisfactory. The optimal input factors (thickness = 3 µm and NA = 6 × 1018 cm−3)
result in a normalized value of %η = 1.0 and other normalized outcomes of 0.90 or higher.
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3.2.1. Effect of Defect Density

Imperfections in a realistic active material are caused by dislocations and grain bound-
aries. These flaws act as carrier recombination centers, reducing the carrier lifetime and
mobility. Figure 5 displays the combined effect of the defect density and absorber layer
thickness on the solar cell performance to evaluate the device’s performance. The influence
of the defect density between 1 × 1014 cm−3 and 1 × 1017 cm−3 and the thickness between
1.5 and 3.0 µm is explored in this study. Figure 5 illustrates how VOC fluctuates slightly
with the thickness at a defect level below 1 × 1015 cm−3, where a regular variation in
the defect density is noted. When the acceptor concentration is lower, VOC indicates its
highest output; however, as the thickness increases, it also increases the value of VOC. The
reducing behavior of JSC is quite similar to that of VOC. However, JSC reaches higher values
when the thickness drops between 2.5 µm and 3.0 µm, and this value is affected by an
increase in defects. Additionally, FF and η mostly follow the JSC and VOC outputs. The
efficiency is roughly the same as the short-circuit current, although the fill factor is larger
at moderate thickness values. When the defect density in the absorber layer surpasses
1 × 1016 cm−3, the cell performance deteriorates significantly. This decline is likely due to
an increase in trap-assisted carrier recombination, as illustrated in the figure. The power
conversion efficiency (PCE) decreases from 31.21% to 19.31%. According to this research,
Shockley–Read–Hall (SRH) recombination significantly affects the loss of cell efficiency
when the absorber layer contains many defects. This process involves carrier recombination
in semiconductors through defect states within the bandgap. Such defects, often resulting
from impurities or structural imperfections, can capture and recombine charge carriers
(electrons and holes), thus lowering the overall efficiency of the semiconductor device.
After combining these, we discovered that this absorber layer, with a greater thickness,
can address the issue of lower outcomes, as shown at the above concentration. This can
therefore continue to be increased because this range of thicknesses does not affect the
experimental work.
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3.2.2. Effect of Series and Shunt Resistance

Series resistance (RS) and shunt resistance (RSh) have a substantial impact on the
solar cell efficiency, primarily due to interlayer connections, metal contacts, and manu-
facturing defects within the cell structure. Figure 6 illustrates the variation in RS from
0 to 6 Ω-cm2, while keeping the shunt resistance constant at 1 × 105 Ω-cm2 for the
Al/ITO/C60/CZTS/SnS/Pt structure. During the RS variation, the power conversion
efficiency (PCE) of the proposed device structure decreased. Specifically, as shown in
Figure 6a, the PCE dropped from 29.5% to 26% as RS increased. Additionally, the fill
factor (FF) value also decreased with the increase in RS. The JSC and VOC performance
remained nearly constant with the increase in RS, indicating that the RS variation does not
significantly impact these parameters for the studied device configurations. RS comprises
the resistances between various terminals, such as the absorber, the ETL, the HTL, and the
front and back contacts of the cell, which do not affect the current up to a certain threshold.

Series resistance (RS) originates from internal resistances, interface barriers, charge-
collecting interlayers, and metal electrodes. In contrast, shunt resistance (RSh) is caused by
leakage pathways like pinholes in the photoactive layer and recombination losses. The effect
of the VOC, JSC, FF, and PCE values with RSh variation is visually represented in Figure 6b,
with RSh ranging from 101 to 107 Ω-cm2. The VOC, JSC, FF, and PCE values displayed
a similar trend with increasing shunt resistance (RSh). All performance parameters rose
rapidly from 101 Ω-cm2 to 103 Ω-cm2 and then stabilized as RSh continued to increase.
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3.2.3. Effect of Temperature

A thorough understanding of the solar cell’s performance at elevated operating temper-
atures is crucial in assessing its stability. High temperatures typically cause layer distortion,
resulting in performance instability in most solar cell designs. To investigate the effect of
the temperature on the solar cell efficiency, the temperature range was adjusted from 298 K
to 480 K. Figure 7a,c,d demonstrate that with rising temperatures, the power conversion
efficiency (PCE), fill factor (FF), and open-circuit voltage (VOC) decrease across the solar
cell configurations. However, in Figure 7b, the short-circuit current (JSC) exhibits a slight
upward variation, increasing marginally from 27 to 27.4 mA/cm2, contrasting with the
more pronounced decreases observed in the other parameters. Nevertheless, the open-
circuit voltage (VOC) decreased for the optimal device configurations as the temperature
increased. This was due to the inverse relationship between VOC and the reverse saturation
current density, J0. As the temperature rises, J0 increases, as shown in Equation (4), which
illustrates the relationship between VOC and J0.

VOC =
AkBT1

q

[
ln
(

1 +
JSC
J0

)]
(4)

In this equation, kBT1
q represents the thermal voltage, where kB is the Boltzmann

constant, q is the electron charge, and A denotes the ideality factor.
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Additionally, as the temperature of the model increases, the material defects are ex-
acerbated, leading to a further decrease in VOC. Figure 7b demonstrates that the current
increases slightly due to the reduction in the bandgap with the rising temperature. How-
ever, this increase is minimal, and the change in current remains nearly constant as the
temperature continues to rise.

3.2.4. Effect of Capacitance and Mott–Schottky

Figure 8a,b illustrates the capacitance per unit area (C) and the Mott–Schottky (M–S)
plot as functions of the bias voltage (V), respectively. From these C–V measurements, the
built-in voltage (Vbi) and charge carrier density (Nd) can be derived using the established
M–S analysis method. This technique is traditionally applied to semiconductor devices
with fixed depletion layers and space charge regions, such as those with p–n junctions or
semiconductor/metal interfaces. Equation (5) provides the value of the junction capacitance
per unit area (C).

1
C2 =

2ε0εr

qNd
(Vbi − V) (5)

Here, ε0 represents the vacuum permittivity, εr denotes the donor’s dielectric constant,
and V stands for the applied voltage (Figure 8b).

The donor density (Nd) is derived from the slope of the linear segment, while the
built-in voltage Vbi is determined by extrapolating the linear portion to intersect the voltage
axis. This device exhibits voltage-independent capacitance ranging from −0.4 V to 0.5 V,
with an exponential increase observed beyond 0.5 V (Figure 8a).
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3.2.5. Effect of Generation and Recombination Rate

Figure 9a,b depicts the rates of carrier generation and recombination, respectively.
During carrier generation, electron–hole pairs are formed as electrons are excited from
the valence band to the conduction band, leaving behind holes in the valence band. This
generation process results from the emission of electrons and holes.
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Figure 9. (a) Generation rate and (b) recombination rate for the proposed structure.

Recombination is the reverse of generation, where electrons and holes from the conduc-
tion band pair up and are annihilated. The recombination rate in a solar cell is influenced
by the charge carrier’s lifespan and density. Initially, electron–hole recombination is re-
duced due to defect states within the absorber layer. These defect states create energy
levels that affect the electron–hole recombination profile within the solar cell structure.
Consequently, the recombination rate distribution is non-uniform, as indicated in Figure 9b,
due to imperfections and grain boundaries.

3.2.6. J–V and QE Characteristics

Figure 10a shows the J–V characteristic changing pattern of the proposed structure.
The current density exhibits a high value of 27 mA/cm2. In addition, the voltage is higher
than 1.0 V, which indicates that the structure exhibits better performance.

Figure 10b illustrates the quantum efficiency (QE) curve across different wavelengths.
The proposed configuration achieved a peak QE close to 100% at a wavelength of 300 nm.
However, recombination, which prevents charge carriers from entering the external circuit,
generally reduces the QE of most solar cells. The QE is influenced by the same factors that
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affect the collection probability. For example, modifications to the front surface can impact
carriers generated near the surface. Additionally, highly doped front surface layers can
lead to free carrier absorption, which decreases the QE at longer wavelengths.
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4. Conclusions

This numerical work has been performed using several input parameters that lead
to unique characteristics for different materials. From these parameters—the thickness,
bandgap, electron affinity, dielectric permittivity, CB/VB effective density of states, electron–
hole thermal velocity, electron–hole mobility, and acceptor/donor concentration—we have
optimized the thickness and acceptor concentration for the absorber layer. Additionally,
in this work, we sought to examine how the proposed structure behaved with defects
and minorities. Thus, after optimizing two input parameters, the thickness and acceptor
concentration, we tuned the layer defects and set the appropriate band-to-band recombi-
nation (auger hole–electron capture coefficient) and three interface defects. Finally, the
calculated results (open-circuit voltage, short-circuit current, fill factor, and efficiency) for
the optimized structure were obtained as 1.2405 V, 27.039539 mA/cm2, 89.96%, and 30.18%,
respectively, which are comparatively better than those obtained in preceding studies.
However, in this study, the optimized input parameters were maintained according to
previous studies. It is hoped that the accuracy and reliability of our method will inspire
researchers to conduct further experimental work.
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