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Abstract:

We investigated CdTe thin-film solar cell configuration using Silvaco Atlas. We simulated a
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gjcl\flzgfeeiber 2023 fundamental CdTe cell at an ambient temperature of 298 K. Subsequently, we compared our
Revised: simulation results to both theoretical and experimental data. The outputs demonstrated a compelling
5 February 2024 concurrence with the performance of the experimental CdTe solar cell, renowned for its record-
Accepted: breaking efficiency, thereby validating our model. To surpass the current efficiency record of
20 March 2024 22.4% for the CdTe cell, we undertook a rigorous optimization process, focusing on two important
Published online: parameters: the thicknesses of the different layers and the doping densities. Following optimization,
25 May 2024 the optimal parameters determined were as follows: 20 nm —10'° cm ™3 for the ZnO and CdS

layers, and 3000 nm —5 x 10'* cm™3 for the CdTe layer. These optimized parameters resulted in a
© The Author(s) 2024 substantial enhancement, increasing the efficiency from 22.15% to 27.8%. The majority of prior

research studies have assessed CdTe solar cells at standard room temperature. However, operating
temperatures in real-world applications can vary significantly. We expanded our research to include
temperature optimization and its impact on CdTe cell performance. Our findings revealed that
performance significantly improves with reduced temperature. At a temperature of 250 K, the
CdTe cell achieved an efficiency of 32.36%.
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1. Introduction quently, as such, thin-film cells have become the preferred

alternative in contemporary solar cell development initia-

In response to the escalating global energy demand and
the damaging environmental consequences of conventional
energy sources, most notably fossil fuels, renewable energy
solutions are pivotal. Solar cells have presently emerged
as an indispensable and sustainable source of clean energy
[1, 2]. Despite crystalline silicon forming the basis of over
80% of commercial photovoltaic (PV) modules, they exhibit
limitations such as substantial material consumption and
reduced cost-effectiveness [3]. Thin-film PV technologies
have significantly mitigated active material consumption
in solar cells, consequently enhancing cost-effectiveness.
Additionally, these technologies have achieved higher effi-
ciencies compared to conventional silicon cells [4]. Conse-

tives, given their notable advantages over their bulky and
more expensive silicon counterparts.

The primary thin-film technologies deployed in photovoltaic
systems encompass CIGS, a-Si, and CdTe as absorber lay-
ers, all of which have currently reached the commercial-
ization stage [3]. Among these technologies, CdTe photo-
voltaic stands out as the most cost-effective option [3, 5].
CdTe technology not only offers superior cost-efficiency but
also commands a significant market share in comparison
to a-Si and CIGS technologies [2, 3]. The efficiency of
CdTe surpasses that of a-Si and closely approaches that of
CIGS [4]. Furthermore, CdTe cells present an array of ad-
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vantages, including reliability [5], flexibility [6], long-term
stability [7, 8], simplicity, and cost-effectiveness [8, 9]. As
an absorber material, CdTe emerges as a highly promising
choice, characterized by its straightforward binary com-
pound structure featuring wurtzite and zinc blende struc-
tures [7]. Notably, CdTe exhibits a high absorption coeffi-
cient (exceeding 10° cm~!) and boasts a direct band gap
(Eg) of 1.5 eV [7, 10-13]. Experimental CdTe solar cells
have consistently achieved rising conversion efficiencies in
various photovoltaic research centers. Remarkably, these
cells have achieved an efficiency of 16.5% at the National
Renewable Energy Laboratory (NREL) [5, 8]. The present
global record efficiency, at 22.4%, has been attained at First
Solar Research and Development (FSRD) [4]. Additionally,
numerous theoretical and simulation studies have delved
into CdTe solar cells, as evidenced by literature references
[14-23]. Nonetheless, the challenge of augmenting solar
cell performance endures as a central endeavor in the photo-
voltaic field.

In this context, the primary objective of the current study is
to enhance the performance of CdTe cells, surpassing the
existing efficiency of 22.4%. A secondary aim is to eval-
uate CdTe cells under diverse temperature conditions and
explore their implications for cell performance. Two pivotal
parameters are optimized to enhance CdTe cell performance:
cell thickness, a key factor in augmenting performance and
curtailing production costs, and doping density, a critical
parameter for elevating open-circuit voltage and, in turn,
cell performance. While prior studies have predominantly
maintained an operating temperature of 298 K for solar cells
[4]. Temperature differences between areas varied signifi-
cantly depending on time of day and month of the year, as
well as owing to the installation of photovoltaic panels in
diverse geographic regions. Therefore, it is imperative to
investigate the performance of CdTe cells across a range of
temperatures. To achieve this, we have investigated the in-
fluence of operating temperature on the cell’s performance
parameters.

In this work we have employed the Silvaco-Atlas numerical
simulation program. Our methodology encompasses the
initial design of a foundational CdTe solar cell, which is
benchmarked against performance parameters derived from
prior experimental and simulated cells. Subsequently, we
have conducted an exploration of various layer thicknesses
and doping densities to ascertain their optimal values. By
incorporating these optimal parameters, we have devised
the optimized cell, the performance of which is juxtaposed
with that of the basic cell. Furthermore, we have investi-
gated the influence of operating temperatures on the cell’s
performance parameters.

2. Materials and methods

2.1 Description of numerical modeling

In scientific investigation, models and simulations rooted in
actual physical phenomena have become critical tools for
unraveling the operational intricacies of devices and their
fundamental mechanisms. Such techniques, easily accessi-
ble, economical, and with accelerated turnaround compared
to experimental studies. They have the potential to reveal
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pivotal insights that often escape detectability in empirical
studies. Amid such potent tools, one finds Silvaco-Atlas a
notable simulation platform chosen by global researchers
to scrutinize and boost the performance of semiconductor
devices. Silvaco-Atlas’s value lies in its ability to accu-
rately predict thermal, electrical, and optical characteristics
in both traditional and cutting-edge semiconductor devices,
notably complex physical structure ones such as solar cells
[24].

In the framework of the current study, Silvaco Atlas as-
sumes an integral part in the modeling and enhancement
of CdTe solar cells, utilizing rudimentary semiconductor
equations, which include the continuity equation and the
Poisson equation that govern charge carriers, electrons and
holes [24-26].

The I-V curve, often known as the current-voltage relation-
ship, is critical for solar cell performance. Total current is
computed by combining photocurrent (/,;) and dark cur-
rent. The relationship shows how the dark and photocurrent
combine to generate total current, as expressed by the well-
known Shockley equation:

I= phIO(eXp(aqk‘;)1> ey
where [ is the current flowing through the solar cell, Iy is the
saturation reverse current, g is the electron charge, V is the
applied voltage, a is the ideality factor, k is the Boltzmann
constant, and 7 is the absolute temperature.
- The Igc (short-circuit current) when V = 0:

Isc =1 2

- The Vpc (open circuit voltage):

akT 1 h
Voc = — In(-= 3)
oc 4 ( I )
- The FF (fill factor):
P
FF = "™ 4)
Voclsc

- The n (Efficiency):

_ Prax _ VoclscFF
P, P,

)

Py 1s the maximum power, and P,, is the incident optical
power.

2.2 Structure and material characteristics of CdTe solar
cell

A CdTe cell fundamentally consists of several thin-film
layers meticulously organized in a sequential order. Com-
mencing from the glass substrate, the structure features an
n-doped ZnO (200 nm), dual-purpose in its roles as both a
TCO (Transparent Conductive Oxide) and the anterior con-
tact. Subservient to this is the n-doped CdS (100 nm) layer
acting as the buffer layer. The subsequent layer incorporates
a p-doped CdTe (1000 nm) serving as the absorber layer.
Concluding this sequence is the metallic layer that functions
as the rear contact as shown in Figure 1. This selected layer
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Figure 1. Structure of the fundamental CdTe cell.

organization leans on insights gathered from a wide collec-
tion of studies [5-22, 27]. When utilizing Silvaco Atlas for
the emulation of the CdTe cell, individual parameters are
allocated to each cell constituent. This emulation operates
under Standard Test Conditions (298 K, AM1.5G, and 100
mW/cm?) [4]. Pulling from empirical evidence noted in
extant literature, we derive the optical parameters for the
Zn0O and CdS layers [28, 29]. Conversely, the optical deter-
minants for CdTe are accessible through the Silvaco Atlas
library’s SOPRA database [24].

The electrical attributes for all materials employed in this
simulation are sourced from various references [4, 7, 14—
22,27, 30]. For a detailed enumeration of these electrical
parameters, please refer to Table 1.

3. Results and discussion

3.1 Evaluation of the fundamental CdTe cell

The simulation of the fundamental CdTe cell was carried out
using the parameters specified in Table 1. The results of this
simulation are demonstrated in Figure 2, which presents the
J-V curve. Additionally, Table 2 provides the photovoltaic
performance parameters associated with this simulation.

In order to validate the accuracy of our model, we compared
the performance parameters obtained from our simulation
with those derived from the highest recorded efficiency cell,
as well as other simulated cells. Table 2 offers a compre-
hensive summary of this comparative analysis, highlighting
the key parameters for solar cell performance, including 7,
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Figure 2. Current-voltage characteristics of the fundamental
CdTe cell.

FF, Voc, and JSC.

The results presented in Table 2 demonstrate a significant
agreement between the performance of our simulated cell
model and the experimental results reported in [4]. No-
tably, our model outputs surpass those of the simulated cell
presented in previous study [14]. This tough alignment pro-
vides substantial support for the validity of our model and
the parameter set utilized in our simulation, establishing a
reliable foundation for subsequent simulations carried out
within this study.

3.2 Optimizing of CdTe cell

After identifying the CdTe cell structure, the subsequent ob-
jective is to enhance their photovoltaic parameters, such as
n, FF, Voc, and J,.. The strategy involves the precise reg-
ulation of key parameters that significantly influence their
overall efficiency. These crucial parameters primarily neces-
sitate meticulous calibration of layer thickness and control
of doping concentration. Through a comprehensive and
structured examination of the impact of these parameters
on efficiency, our ultimate aim is to establish an optimized
cell to attain the highest possible efficiency.

3.2.1 Optimizing CdTe cell structure

The optimization process of the CdTe cell structure involved
adjusting the thickness of each layer while keeping the other
layers’ thickness constant. The objective was to find the
ideal thicknesses values that can improve the cell’s perfor-

Table 1. Different material parameters used in the simulation of CdTe cell.

Parameters p-CdTe n-CdS n-ZnO

Energy Bandgap, Eg (eV) 1.5 24 33

Doping density (N4, Np) (cm™3) Ny =10  Np=10Y Np=10Y
Relative Permittivity, &, (Fcm™!) 9.4 10 9
Electron affinity, y (eV) 4.28 4.18 4.5

Density of states at Conduction Band, N. (cm™3) 8 x 107  22x10"® 22x10'8

Density of states Valance Band, N, (cm™3) 1.8x 10" 1.8x10"Y 1.8x10"Y
Hole mobility ,, (cm?/V s) 40 25 25
Electron mobility , (cm?/V s) 320 100 100
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Table 2. Performance parameters of the fundamental CdTe cell.

Performance parameters

Other Simulated cell [14]

The experimental cell [4]  Our simulated cell

Efficiency 1 (%) 22.14
FF (%) 78.89
Voc (mV) 884

Jse (mA/cm?) 31.73

22.4 22.15
79.3 77.35
899.6 891

314 32.15

mance.

The thickness of the CdTe was varied between 500 and
8000 nm, while maintaining the thickness of the other lay-
ers: CdS at 100 nm and ZnO at 200 nm. Figure 3 illustrates
the primary performance parameters, such as efficiency (7),
FF, J, and Vyc, as a function of the CdTe thickness.
Figure 3 clearly shows that increasing the CdTe thickness
has a significant impact on these performance parameters.
In the range of 500 to 3000 nm, increasing the CdTe thick-
ness results in a decrease in FF from 82.74% to 72.3%.
This decrease can be attributed to increased bulk resistance
and series resistance due to the thicker CdTe layer. How-
ever, within this range; Jy., Voc, and efficiency (1) exhibit
significant increases. Specifically, the efficiency increases
from 17.8% to 23.96%, accompanied by a decrease in FF.
Beyond 2500 nm, these values stabilize. Consequently, the
optimal CdTe layer thickness, where the efficiency peaks
at 23.96%, is determined to be 3000 nm. The increase in
efficiency can be attributed to the higher absorption of pho-
tons with increasing CdTe thickness, resulting in a greater
number of electron-hole pairs and an increased photocur-
rent (I,,), Voc, and overall efficiency. However, further

increases in CdTe thickness surpass the diffusion length,
rendering the additional light absorbed non-contributory
to the photocurrent. This observation aligns with findings
from a previous study [22].

In the second phase, the thickness of the CdS layer was sys-
tematically adjusted between 20 and 200 nm, while keeping
the dimensions of the other layers constant: CdTe at 1000
nm and ZnO at 200 nm. Figure 4 presents a comprehensive
overview of the key performance parameters as a function
of the CdS thickness. It demonstrates an improvement in
all performance parameters as the CdS layer thickness in-
creases from 20 to 200 nm. Notably, there is a sharp decline
in efficiency from 24% to 21%, representing a 3% decrease.
This decrease can be attributed to the higher photon absorp-
tion capacity of a thicker CdS layer, a finding corroborated
by similar experimental results previously reported [31],
limiting the number of photogenerated carriers and thus,
the photocurrent in the absorber layer. Consequently, the
performance parameters dependent on photocurrent also
decrease. The maximum efficiency of 24% is achieved at a
CdS thickness of 20 nm, identifying it as the optimal CdS
thickness that enhances cell performance while reducing
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Figure 3. Effect of CdTe layer thickness on cell performances: (a) n, (b) FF, (c) Voc, (d) Jsc.
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Figure 4. Effect of CdS layer thickness on cell performances: (a) 1, (b) FF, (c) Voc, (d) Jsc.

overall thickness.

In the final phase, the thickness of the ZnO (TCO) layer was
varied between 20 and 260 nm, while keeping the thickness
of the other layers constant CdTe at 1000 nm and CdS at
100 nm. Figure 5 provide insights into the primary perfor-
mance parameters in relation to the ZnO thickness.

Figure 5 demonstrates that increasing the ZnO thickness
from 20 to 260 nm leads to a modest improvement in all
performance parameters. Since ZnO serves as a transparent
conducting oxide, its exceptional transparency character-
istics are limited. A thicker ZnO layer tends to absorb
a significant number of photons that could reach the ab-
sorber layer, resulting in a reduction in photogeneration and
subsequently, a decrease in the cell’s performance. The
maximum efficiency of 22.35% is achieved at a thickness
of 20 nm for the TCO layer, identifying it as the optimal
ZnO layer thickness.

3.2.2 Doping density optimization

We conducted a systematic adjustment of the doping density
in different layers of the CdTe thin-film solar cell, with the
specific aim of identifying the optimal values that would
lead to the highest performance of the cell. In particular,
we focused on varying the acceptor doping density (N4) in
the CdTe absorber layer, while keeping all other parameters
constant.

The range of N4 in the CdTe absorber layer was varied from
10' to 10'® cm™3. Figure 6 presents the results of this
variation, showing the primary performance parameters as a
function of the N4 in the CdTe layer. Several trends become
apparent, as the Ny in the CdTe layer increases from 10'*
to 3 x 10'* cm—3, there is a noticeable increase in the FF.

However, beyond 3 x 10'* cm—3, the FF declines before
showing a rapid linear increase. On the other hand, the Jy.
initially experiences a slight decrease as the N4 increases
from 10'* to 10" cm™3, followed by a significant linear
drop. This can be attributed to the reduction in the width of
the depletion region, which is a significant factor contribut-
ing to photocurrent, as the N4 rises [25].

Furthermore, it is worth noting that an increase in the Ny
of CdTe from 10'* to 10'® cm ™3 leads to a significant in-
crease in the Vpc by 390 mV, from 661 to 1051 mV. This
increase in V¢ can be attributed to the inverse relationship
between the N4 and the reverse saturation current Iy, which
influences V¢ [32]. These variations in Jy. and V¢ also
have an impact on both the F'F and the overall efficiency of
the solar cell.

In terms of efficiency, it rapidly increases by 5.1% as Ny
increases from 10'# to 5 x 10 ¢cm™3, reaching a maxi-
mum efficiency of 22.35% at this doping density. Beyond
5x 10" ecm 3, the efficiency starts to decrease.
Additionally, we investigated the effect of varying the donor
doping densities (Np) in both the CdS buffer layer and the
TCO layer, while keeping other parameters constant. Our
observations indicate that changing the Np had no signifi-
cant impact on the performance of the solar cell. This can
be attributed to the fact that most of the depletion region
and potential shift occur within the CdTe absorber layer (N4
< Np). Therefore, we concluded that the optimal donor
doping densities for CdS and ZnO should remain at their
initial levels.
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Figure 5. Effect of ZnO layer thickness on cell performances: 1, (b) FF, (c) Voc, (d) Jsc.

3.3 Improved CdTe cell 3000 nm and a acceptor doping density (NA) of 5 x 104
cm 3 for the CdTe absorber layer, a thickness of 20 nm and
a donor doping densities (ND) of 10! ¢cm~3 for the CdS
buffer layer, and identical properties for the ZnO layer. The

An improved CdTe cell was constructed and simulated, us-
ing specific parameters for optimizing layer thickness and
doping density. These parameters included a thickness of
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Figure 6. Effect of acceptor density on CdTe cell performances: n, (b) FF, (c) Voc, (d) Jsc.
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J —V characteristics for both the improved and reference
(fundamental cell) cells are presented in Figure 7. A de-
tailed analysis of the performance for the improved cell is
summarized in Table 3. This table facilitates an immediate
and convenient comparison with the performance metrics
of the fundamental cell.

Upon examination of the data presented in Table 3 and
Figure 7, it becomes apparent that the optimized solar cell
exhibits notable enhancements in various performance pa-
rameters. Specifically, there is a substantial increase of
20.36 mV in open-circuit voltage (Vpc), a gain of 10.33
mA/cm? in short-circuit current (Js), resulting in a 5.65%
improvement in overall efficiency. Conversely, there is a
5.53% reduction in the fill factor (FF).

fficiency ()

3.4 Operating temperature optimization

Our investigation into the effects of operating temperature
on CdTe solar cells, aiming to define the ideal temperature,
involved testing our recently optimized cell over a temper-
ature interval of 250 to 400 K. The test outcomes are de-
lineated in Figure 8, outlining the relationship between the
performance parameters and operating temperature. This
phenomenon has been extensively investigated in the litera-
ture. For instance, Asaduzzaman et al. conducted a study on
a CdTe-based thin-film solar cell, revealing their sensitivity
to temperature variations [33].

Insights gathered from Figure 8 highlight a significant and
positive correlation between lower temperature levels and
cell performance parameters. A steady linear enhancement

in efficiency, Vpc, and FF is noted as the temperature is

dropped from 400 to 250 K. Concurrent to this, J. depicts
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Figure 8. CdTe cell performances versus temperature: 1, (b) FF, (c) Voc, (d) Jsc.
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Table 3. Performance parameters of the fundamental and optimized CdTe Cell.

Performance parameters

Improved cell

Fundamental cell

Efficiency 1 (%)
FF (%)
Voc (mV)

Jse (mA/cm?)

27.8 22.15
71.82 77.35
911.36 891
42.48 32.15

a boost by 2.29 mA/cm?2. It is to be noted that the augmenta-
tion in performance parameters is largely due to the signifi-
cant rise in V¢, resulting from its temperature-dependent
nature. The subsequent enhancements in the remaining per-
formance parameters are related to their shared dependence
on Voc.

Supplementing this, Figure 8 illustrates the increase in Vpc,
from 681.3 to 1017.8 mV, as a result of the temperature drop
from 400 to 250 K, which accounts for an approximate in-
crement of 2 mV/K. Simultaneously, there is a considerable
surge in efficiency, scaling from 18.34% to 32.36%. The
efficiency spectrum reveals a growth rate of about 0.1%/K,
clarifying that a decrease in temperature by 10 degrees
can lead to a significant 1% climb in efficiency. The peak
of efficiency is attained at 250 K, registering at 32.36%,
which signifies an impressive rise of 4.56% in comparison
with the standard room temperature performance at 298 K.
Consequently, we establish 250 K as the ideal operating
temperature.

In essence, a reduction in operating temperature consid-
erably amplifies cell efficiency. This emphasizes the im-
portance of maintaining lower operational temperatures,
whenever practicable. The realization of reduced cell tem-
peratures can be achieved through careful placement in
cooler settings or by applying a variety of photovoltaic
cooling measures. Several photovoltaic cooling methods,
such as water-cooling and forced air-cooling, have been
adopted to lower the operational temperature of solar cells
and panels [34, 35]. Among these, the use of phase change
materials (PCMs) in a notable conductive cooling approach
shows promise. Recent studies indicate that the application
of PCMs can contribute to a reduction in PV panel tem-
perature by 35.6 K [36]. This correspondingly elevates the
efficiency of the CdTe cell by 3.56%.

4. Conclusion

The conducted simulation and optimization process on the
CdTe thin-film solar cell have yielded critical understanding
towards the enhancement of its performance and reaching
superior efficiency. The derived results affirm that tuning
the layer thicknesses and optimizing the doping densities
can considerably affect the cell’s efficiency. Insights gained
from the optimization process reveal the CdTe absorber
layer’s efficiency apex at a thickness of 3000 nm. Simi-
larly, both the CdS buffer layer and the ZnO layer demon-
strate optimal performance at a thickness of 20 nm. The
respective doping densities for the CdTe, CdS, and ZnO
layers were found to be 5 x 10'* cm™3, 10! cm—3, and
10" cm—3. Through the application of these optimal pa-
rameters, a high efficiency of 27.8% was achieved with the

CdTe solar cell. Additionally, lowering the cell’s operat-
ing temperature contributed to a substantial improvement
in its efficiency. Remarkably, the cell’s efficiency peaked
at 32.36% by maintaining an optimal temperature of 250
K, outperforming the record efficiency by 10.26%. Con-
sequently, these results suggest that significant efficiency
enhancement can be achieved by the reduction of the cell’s
temperature. Therefore, strategies to achieve lower cell
temperature might involve placement in cooler regions or
the application of specialized photovoltaic cell cooling tech-
niques. These insights offer valuable direction for those
aiming to construct high-efficiency CdTe solar cells and
potentially set unprecedented benchmarks in solar cell effi-
ciency.
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