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Abstract: Even though substantial advances made in the device configuration of the frontal layers of
the superstrate cadmium telluride (CdTe) solar cell device have contributed to conversion efficiency,
unresolved challenges remain in regard to controlling the self-compensation and minority carrier
recombination at the back contact that limits the efficiency. In this study, a SCAPS-1D simulator was
used to analyze the loss mechanism and performance limitations due to the band-bending effect
upon copper chloride treatment and subsequent Cu,Te layer formation as the back contact buffer
layer. The optimal energy bandgap range for the proposed back surface layer of Cu,Te is derived
to be in the range of 1.1 eV to 1.3 eV for the maximum conversion efficiency, i.e., around 21.3%.
Moreover, the impacts of absorber layer’s carrier concentration with respect to CdTe film thickness,
bandgap, and operational temperature are analyzed. The optimized design reveals that the acceptor
concentration contributes significantly to the performance of the CdTe devices, including spectral
response. Consequently, the optimized thickness of the CdTe absorber layer with a Cu-based back
contact is found to be 2.5 pum. Moreover, the effect of temperature ranging from 30 °C to 100 °C as the
operating condition of the CdTe thin-film solar cells is addressed, which demonstrates an increasing
recombination tread once the device temperature exceeds 60 °C, thus affecting the stability of the
solar cells.

Keywords: energy; solar photovoltaic cells; cadmium telluride; thin film; SCAPS; doping concentration

1. Introduction

In the last decade, the efficiency of cadmium telluride (CdTe) solar cells has grown
from 16.7% to 22.1% [1].

Given that CdTe grains are 1000 times smaller than silicon
grains, the CdTe device performance is substantially greater than ideal polycrystalline
gallium arsenide cells at 18.4% and close to the record for multi-crystalline silicon cells,
at 22.3% [2]. In recent years, various types of CdTe nanoparticles were prepared through
organometallic routes [3-5]. Despite CdTe’s rapid growth rate and high defect density, the
Attribution (CC BY) license (https://  addition of chlorine to CdTe has contributed to the superior CdTe device performance [6].
creativecommons.org/licenses /by / The chlorine inclusion typically enhanced doping potential, carrier lifetime, and mobility
40/). within CdTe grains, grain boundaries, and at the absorber’s frontal interface [7]. However,
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there are no reports on the reduction in recombination at grain boundaries using CdCl; [8].
Copper (Cu) inclusion, on the other hand, has been recognized as the most effective
dopant for increasing hole concentration and improving ohmic contact in superstrate CdTe
thin films [9]. Recent studies on the CuCl, treatment using optimum Cu concentration
indicated a reduction in deep defects, trap state levels, and recombination velocity, which
was reduced by some orders of magnitude due to the high permeability of Cu ions at
grain boundaries [10]. Moreover, many other p-type alternatives, such as Te, SbxTe, MoxO,
TixSe, CugSs, etc. [11-13], have been used to form ohmic contacts that also improved the
contact electrodes; however, such buffer layers could not be stable and optimal as much as
long-established Cu inclusive layers, due to their different shortcomings [14]. Metal oxides,
for example, have a high work function but poor electrical conductivity, and inefficient Cu
ions cause impaired stability using some of the specified buffers. Accordingly, CuCl, is
demonstrated as a beneficial treatment in the optimization of the back contact performance
by removing the oxides and forming a tellurium-rich p+ CuyTe layer [15]. Indirectly doped
narrow-gap CupTe has a low resistance, relatively high mobility, and hole concentration.
Experiments on the fabrication of a CdTe/CujyTe heterostructure highlighted the formation
of a short band offset at the CdTe/Cu,Te junction, making Cu,Cl a practical and beneficial
doping and treatment strategy for improving the efficiency of CdTe thin films [16,17]. Full
device performance was also reported with up to 19% efficiency after Cu,Cl treatment,
resulting from the reduced recombination rate at the CdTe bulk and front, as well as the rear
interface [18]. In addition, while multiple possible interactions can occur simultaneously
and increase the complexity of the analysis at the experimental scale, it is essential to
develop the proposed thin film layouts and study the particular response where at least part
of the mechanisms can be maintained as constant [19]. Simulation or numerical modeling
as an imperative tool enables designing and analyzing the performance of the solar cells,
particularly thin-film solar cells. It eliminates the prototypes’ production cost by enabling all
parameters to be modified in the modeling scale [20]. There have been reports of utilizing
PC1D, DFT, wxAMPS, MATLAB, AFORS-HET, SILVACO, and Solar Cell Capacitance
Simulator (SCAPS 1D) to model Cu integration in CdTe thin film devices [21-23]. The
suggested thin films’ electron properties cannot be accurately estimated by any of the
aforementioned tools; thus, SCAPS-1D is employed, with a focus on the importance of the
back surface field (BSF) [24]. SCAPS-1D originally created at the University of Ghent for
detailed numerical and analytical modeling of thin film technology, primarily for CdTe
and CIGS thin-film solar cells [25]. The recent findings employing SCAPS to investigate
the effect of Cu doping on the performance of CdTe thin films verify the model outputs’
compliance with empirically obtained results [26,27]. Moreover, the initial Fermi level
offset (IFLO) concept has newly been raised by comprehensive analysis using SCAPS,
which may assist doping levels in CdTe and the back contact material to be fully addressed
rather than simply utilizing the valance band offset (VBO) [28]. The key advantage of
adopting SCAPS-1D is the ability to analyze the characteristics of solar cells by using an
existing database. It also generates data based on the operating temperature and displays
recombination profiles. SCAPS-1D calculates the steady-state energy band, recombination
pattern, and carrier transport, using the Poisson and hole—electron continuity equations [29].
The Shockley—-Read-Hall (SRH) model is used to determine recombination currents for
bulk defects. Thereby, in this study, SCAPS modeling is carried out with the primary focus
on the CuCl, doping function and formation of Cu;,Te in accordance with the IFLO concept.
Ultimately, the maximum possible yield of the final proposed device, as well as the impact
of layer-based constraints, is presented.

2. Methodology

SCAPS modeling is used here to analyze the charge-carrier transport and the effects of
doping effect on electrical output parameters of the CdTe thin-film solar cell. Following
the latest available literature on the most efficient CdTe solar cell with explicit fabrication
instructions [30], the CdTe thin-film structure is proposed. To account for the possible
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recombination at the Magnesium-doped zinc oxide (MZO)/CdTe interface, reasonable
neutral interface defects are defined and the Shockley—Read-Hall (SRH) model is used to
calculate recombination currents for bulk defects. Moreover, a fluorine-doped tin oxide
(FTO) transparent conductive layer serves as the front contact in the proposed configuration,
and silver (Ag) with a work function of 4.6 eV is inserted to complete the proposed thin-film
structure as the device’s output terminal. The complete information of the entire parameters
exploited in this simulation is presented in Table 1.

Table 1. Materials parameter used in SCAPS simulation.

Layer
P t
arameters FTO [31] MZO [32] CdTe[33]  Te:Cu[34,35]
Thickness, W (nm) 300 100 (500-5000) 2
Bandgap, Eg (eV) 3.5 3.6 1.4-15 1.1
Electron affinity (eV) 4.1 45 4.28 4.2
Dielectric Permittivity 10 10 9.4 10
(e/eo) '
CB effective density of 22 x 1017 2.2 x 107 8.0 x 1018 8.0 x 1018
states (cm™2) ’ ’ ’ ’
VB effective density of 1.8 x 1018 1.8 x 1018 1.8 x 101 1.8 x 101
states (cm™2) ’ ’ ’ ’
Electron thermal velocity 1.0 x 107 1.0 x 107 1.0 x 107 1.0 x 107
(cm/s) . . . .
Hole thermal velocity 1.0 x 107 1.0 x 107 1.0 x 107 1.0 x 107
(cm/s) . . . .
Electron mobility, > 5 5
uN (cm?/Vs) 1.0 x 10 1.0 x 10 5.0 x 10 1.5 x 10
Hole mobility,
uP (cm2/Vs) 75 25 60 10
Shallow donor density 1.0 x 102 1.0 x 1018 1.0 x 107 1.0 x 107
ND (Cm73) . . . 13 .
Shallow acceptor density - Vi (1.0 x 10 to 16
N (Cm_3) 1.0 x 10 1.0 x 10 1.0 x 1016) 1.0 x 10
Defect type - Acceptor Neutral -
Defect density (cm~3) 0.6 0.6 0.6 0.6

The CdTe superstrate device structure consists of an n-MZO/p-CdTe heterojunction
with an n-type and p-type doping concentration of 1 x 10 cm~3 and 2 x 10'* cm~3,
respectively, as schematized in Figure 1a. For the CdTe absorber layer, the thickness was
varied between 0.5 um and 5.0 um; meanwhile, the bandgap of CdTe layer varied from
1.4 eV to 1.5 eV, corresponding to the acceptor-carrier concentration. The thicknesses for
the FTO layer and MZO layer were maintained at 300 nm and 100 nm, respectively, for all
cases, in accord with the previous studies [30]. Furthermore, the donor density, Np, was
fixed at 1.0 x 10'® cm~3, while the acceptor density, N, ranged from 1.0 x 10" cm~3 to
1.0 x 10'® cm 3 following the changes in doping concentration.

The SCAPS software interface is shown in Figure 1b. The dashboard panel consists
of a sequence of operations. A basic thin-film-solar-cells model by default was used to
obtain the temperature dependence of the effective charge density of states and thermal
velocity. However, bandgap settings and electron mobility parameters are temperature
independent. During the simulation, the modeled device was illuminated with an AM1.5
incident irradiance of 1000 W/m? in a room-temperature environment. In addition, to
ensure the accuracy of the outputs, the optical or absorption data recorded in the exper-
imental literature utilizing UV-Vis (Lambda-1050), (PerkinElmer, Waltham, MA, USA),
were employed, and only electrical aspects were analyzed in the present modeling [36,37].
Figure 2 depicts the intrinsic energy band of the included thin films. The band offset arrows
are shown to specify the carrier movements in both valence bands (VBs) and conduction
bands (CBs). Similarly, as coupled with the CdTe layer, the positive initial Fermi level offset
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(IFLO) displays a lower Fermi level, and the negative IFLO represents a higher Fermi level.
The placements of the CB and VB at the frontal layers are estimated to be ideal with a 0.3

eV barrier height [38].
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Figure 1. (a) CdTe device structure and (b) SCAPS simulation startup panel.
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Figure 2. Energy band alignments of the non-interacting layers in CdTe thin film.

The Poisson’s continuity equation is a primary equation used in this modeling to
elucidate the significance of electrostatic charge potential and to determine the conservation
of the carrier transport performance in the device [39], as given as in Equation (1):

i 8_1/) _ . +  A— Pdef
e (sosax)— q(p n+Np — N, + q) 1)

where ¢, is the vacuum permittivity; ¢ is the absolute permittivity; ¥ is the electrostatic po-
tential; g is the elementary charge; Np and N4 are the donor and the acceptor concentration
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respectively; and pg, s is the density defect. From this equation, the simulation analysis can
distinguish the current—voltage characteristics based on the proposed structure and defined
parameters. Moreover, the bias QE is an efficient method for qualitatively evaluating the
built-in potential strength and back barrier heights [40], as shown in Equation (2):

1
‘NFR5> 2

QE (V) = QE <1+ T

where Jr, Rs, and n stand for forward current, shunt resistance, and diode quality factor.
Ultimately, SCAPS was used in this research to assess the role of device performance
after CuCl, doping and to improve the absorber’s essential criteria for optimal device
development, rather than relying entirely on complex experimental procedures.

3. Results and Discussion

Cu doping into the back-contact by CuCl, treatment approach is a common method
to grow a p+ buffer between the p—CdTe and the metal electrode, as well as increasing
carrier transport at the rear surface, resulting in the formation of an ohmic contact in CdTe
thin films [41]. Excessive Cu+ diffusion into p-n junctions along grain boundaries, as well
as the rapid formation of recombination centers, leads to shorter carrier lifetimes and low
stability, making Cu-base back contact generation highly complex [42]. Thereby, the band
energy of the generated buffer, doping concentration, and CdTe layer thickness are the most
significant aspects in preventing Cu+ over diffusion into the bulk of the p-n junction [43].
The band-alignment plot shown in Figure 2 was based on charge-neutrality levels to
establish a general scheme of energy-band alignments for materials with strong chemical
bonds such as oxides and compound semiconductors in line with previous studies [44]. In
the case of non-interacting thin film layers, the energy-band alignment at the interfaces
can be described using the Schottky—-Mott (SM) model in SCAPS, which assumes that
the layers are separated by a thin insulating layer [45]. According to this model, the
Fermi level of each layer will adjust to maintain charge neutrality, and the resulting band
alignment will depend on the relative work functions of the two materials presented in
Section 3.1. Moreover, when materials are exposed to ionizing radiations, they can undergo
partial aging due to the formation of point defects, which alter the material’s electrical
characteristics, particularly the Eg [46]. Reasonable neutral interface defects are defined,
and the Shockley-Read—-Hall (SRH) model is used to calculate recombination currents for
bulk defects. Moreover, accuracy in band alignment is achieved in this study by defining
experimental data as thin film properties in SCAPS. Herein, the significance of the defined 2
nm [47] Te:Cu surface’s band energy upon overall device performance is explored, followed
by the evaluation of essential attributes for the development of Cu- back-contact-based
CdTe device.

3.1. Effect of Te:Cu Band Offset on the Performance of CdTe Thin Films

Primarily, the energy band variation is performed within the experimentally observed
Cu,Te bandgaps ranging from 0.5 to 1.8 eV [48,49], which are close to the bandgaps of SngSb19S1
thin films (Eg~1.67-1.68 eV) [50] and lower than those of Ce,Cd;_«S (Eg~2.24-2.40 eV) [51]
and Sb-doped Sn3O4 (Eg~2.15-2.84 eV) [52]. Thus, the optimum bang gap of CuyTe can be
established for the effective performance of the rare Te:Cu buffer in CdTe. The line graph
for Voc and Jsc-jy as a function of VBO and CBO at the CdTe/Te:Cu back buffer interface is
shown in Figure 3. The energy band at the p-n junction is altered by the proposed band
bending at the CdTe/Te:Cu back contact, which is also reported in other reports [53].

The band bending takes the shape of a desired +0.2 to +0.3 eV spike with rising band
energy from all variants, whereas the VBO varies widely. The maximal value of the hole
transport barrier (VBO) is at relatively low bandgaps (<0.7 eV) and when the energy band
exceeds the CdTe absorbers band (>1.7 eV). Moreover, Figure 4 depicts the relative device
performance when the width of the Te:Cu energy bands is varied. Regardless of the value
of the CBO, the VOC rises, as plotted in Figure 4b, at a stoichiometric ratio as the VBO
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becomes less negative, until it reaches a value of roughly —0.1 eV. The optimal bandgap
range is demonstrated to be 1.1 eV < Ege.cy < 1.3 €V, as validated by Figure 4b, where the
maximum power point is obtained from the back buffer with the indicated band range.
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Figure 3. Band diagram of the proposed CdTe thin films with (a) 0.5 < Egre.cy < 1.2 eV and
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Figure 4. (a) QE spectra, (b) J-V curves, and (c) integrated photocurrent density of proposed CdTe

thin films with varying Te:Cu bandgap.

The conduction and valence bands of the CdTe bend upward, toward the interface, by
defining the IFL of the Te:Cu back buffer below that of the CdTe. This action repels electrons
and limits interfacial recombination, allowing the over 20% efficiency to be achieved [54].
Figure 4c demonstrates the integrated photocurrent density and decreased recombination
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rate for samples with Eg < 1.6 and better device performance, highlighting the crucial
function of the BSF layer [55]. Performance parameters calculated by SCAPS upon varying
the Egte.cy are presented in Table 2. The energy band’s performance characteristics are
shown here to emphasize the changes in device performance caused by excessive Cu
doping at the BSF layer, loss in fill factor (FF) in direct proportion to the Voc, reduction in
the efficiency for Eg > 1.2 eV, and quick drop for Eg > 1.6 eV.

Table 2. Photoconductivity parameters of CdTe device for the BSF’s band-energy variation.

Parametors Device A (Bgcume=08eV) B (Egcure=12eV) C(Egcume =1.6eV) D (Egcute = 1.8 V)
Voc (V) 0.92 0.92 0.84 0.60
Jsc-jy (mA/cm?) 26.14 26.15 26.17 26.51
FF (%) 87.09 87.30 86.41 82.77
Eta (%) 20.94 21.04 19.00 13.25
V_MPP (V) 0.83 0.83 0.75 0.52
J_MPP (mA /cm?) 25.31 25.34 2531 25.35

Furthermore, an ongoing detailed study on the ideal quantity of Cu dopant has
revealed that the lower device efficiency with the reduction in the amount of Cu is primarily
due to the insufficient ohmicity and hole concentration of the CdTe layer itself rather than an
insufficient dopant ratio [56]. Thus, controlling the CdTe absorber thickness and its related
band-bending limit allows the back surface to become less susceptible to recombination
states [57]. In addition, the thickness of absorber layer is the key point for the absorption of
a longer wavelength. When the absorber layer thickness increases, the light absorption of
the longer wavelength also increases, which enhances the electron-hole pair generation and
the performance of the CdTe solar cell [58]. Hence, the following analyses are all initiated
respective to the optimal range of carrier density in CdTe layer. The variation of the CdTe
layer thickness from 0.5 to 5 um is presented in Figure 5a—d in terms of Voc, Jsc-y, FE,
and 1. Interestingly, the CdTe thickness seems unlikely to give significant impact to Voc
from 1013 em 3 to 10'8 cm 3. However, the Voc increased after the carrier concentration
increased to more than 10'® cm 3. However, this is an expected result because a very high
acceptor’s carrier concentration tends to lead to a higher Voc since it happens to boost the
built-in-potential in CdTe-absorber-layer region [59]. Thus, the carrier collection is much
improved, and the space-charge region (SCR) is reduced [60]. Moreover, in Figure 5b, the
variations of current density, Jsc-jy, are evaluated. It shows the significant role that the
CdTe absorber layer’s thickness plays, as well as the acceptor carrier concentration. The
Jsc-jv values increase when the CdTe absorber layer’s thickness increases. As expected,
the Jsc-jy gradually declines when the acceptor-carrier concentration increases. Between a
thickness of 0.5 um and 2.5 um, the Jsc-jy value is at its lowest. Furthermore, higher hole
densities in the absorber form a compact space charge area and stronger band bending near
the Te:Cu layer [56].

When the absorber layer’s thickness increased to higher than 2.5 um, the Jsc-jy showed
a slight increase toward 27 mA /cm?. Subsequently, even with a higher acceptor concen-
tration, when the CdTe absorber layer reaches around 4.0 um, the Jsc-jy remains almost
unchanged around 26.8 mA/ cm?, thus following the IFLO > 0 theory [28]. The fill factor
(FF) of the CdTe solar cell performance is presented in Figure 5c. In general, the rudimental
observation from the plot displays similar traits to the Voc contour plot in Figure 5a. Hence,
the fill factor of solar cell devices correlates with the Voc values. While the CdTe absorber
layer thickness increases, the FF also slightly increases when the acceptor-carrier concentra-
tion increases. It can be seen from Figure 5c that, when the carrier concentration exceeded
around 10'® cm 3, the FF was around 86% and 83% for CdTe thickness 2.5 um and 5.0 um,
respectively, thus confirming the direct effect of CdTe carrier concentration on the Voc and
FF changes. Lastly, Figure 5d illustrates that the conversion efficiency, 1], increases when
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the acceptor-carrier concentration, along with CdTe absorber layer’s thickness, increases.
Here, the efficiency is presented to be directly correlated to the Voc and FF values. Hence,
when the carrier concentration exceeds 10'® cm~3, regardless of thickness, the efficiency
increases to more than 18%. Overall, for the minimum carrier concentration of 106 cm =3
and minimum thickness of 2.5 um are shown to be crucial to achieve high efficiency and
improved current in the Cu- back-contact-based CdTe device.
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Figure 5. Contour plot of (a) Voc, (b) Jsc-jy, (c) fill factor, and (d) efficiency with CdTe-layer-thickness
and acceptor-concentration variation.

3.2. Spectral Response Analysis

The spectral response or the ratio of the current generated by the solar cell to the
incident energy of sunlight is similar to quantum efficiency. When the number of photons
incident on the solar cell is compared to the number of output electrons of the solar cell, it
determines the quantum efficiency. When exposed to light, the generation of extra electron—
hole pairs increases the drift current, decreasing the build-up potential at the junction and
increasing Cu diffusion toward the junction [19]. In contrast, in a short-circuit scenario,
the photogenerated current travels through the device, presumably recombining electrons
and holes. Furthermore, it is reasonable to picture an electron flow coming from the back
contact, which opposes the ionic form of Cu atoms and explains why, as previously said, the
degradation effects are greater under open-circuit conditions in Cu-doped samples. Thus,
by plotting the CdTe devices’ external quantum efficiency (EQE), the useful wavelength
range of the CdTe solar cell can be observed. Figure 6 illustrates the spectral response of the
SCAPS modeling analysis on the Cu-dopped CdTe solar cell with respect to acceptor-carrier
concentrations.
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Figure 6. Effect of acceptor-carrier concentration on the CdTe solar cell’s spectral response.

The parameters such as CdTe absorber layer thickness and CdTe bandgap are fixed at
2.5 um and 1.50 eV, respectively. For the EQE response, the wavelength range extends from
200 nm to 900 nm. For all acceptor concentrations (N4 ) of CdTe thin films, as simulated by
SCAPS, the EQE shows a reducing pattern plot for the wavelengths close to the 800 nm.
It corresponds to identical pattern for CdTe optical absorption that can determine the
bandgap. The observations also agree with the results reported earlier [61]. The maximum
absorption occurs in the range between 400 nm and 830 nm, where the average EQE is at
least 80% with a maximum of 90% for CdTe with N »:10!3 cm 3. However, a CdTe with
Na:10'8 cm~3 obtained 90% absorption for the wavelength range from 600 nm to 900 nm.
It is worth mentioning that the SCAPS results described here correspond to numerical
modeling, including the parameters of other thin films’ layers, such as MZO and ITO. Since
CdTe solar cell is a heterojunction, absorption from other layers within the visible-light
range with defect parameters significantly tends to affect the spectral response analysis in
the simulation [62]. Moreover, a higher acceptor concentration in the order of 10 em 3 to
10'® cm~3 tends to limit the space charge region’s width, leading to the decrease of photon
collection, as well as defects acting as recombination centers [63]. From the simulated
EQE, it is also observed that higher acceptor concentration leads to Jsc-jy loss, primarily
due to loss of long-wavelength photo-generated carriers. Theoretically, when the acceptor-
carrier density in the absorber layer is comparable to the donor-carrier density in the buffer
layer and the space charge region (SCR) is narrow, a huge number of photo-generated
carriers with a short lifetime will recombine even at the back surface region, where there
is no built-in electric field to assist carriers’ collection [59]. Consequently, an acceptor
concentration over 10'® cm 2 with longer lifetime carriers is vital for the CdTe thin-film
solar cell’s performance.

3.3. Effect of Acceptor Concentration and Operational Temperature of CdTe Solar Cell

The working or operating temperature of a solar cell plays a significant role in eval-
uating its performance and stability. Figure 7a—d illustrate the effect on CdTe devices
as a function of the carrier concentration on the operating temperature. The operating
temperature varies from 300 K to 400 K in the SCAPS parameter. The Voc in Figure 7a
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Figure 7. Contour plots of (a) Voc, (b) Jsc-jv, (c) FF, and (d) efficiency as the function of concentration
and operational temperature of the CdTe solar cell.

When the operating temperature exceeds more than 340 K, the Voc decreases in
response to the bandgap energy (Eg) increase for both the CdS layer and CdTe layer that is
indirectly correlated to the Voc, as reported in [64]. Thus, as can be observed in Figure 7b,
the current density, Jsc-jy, does not show any significant change when the temperature
increases. It can be seen that the Jsc-jy decreases when the acceptor concentration increases.
This is an expected result, as the Jsc-jy value is totally dependent on the spectral irradiance,
as reported theoretically in details by Passler [65]. The Jsc-jy values remain constant,
corresponding to the acceptor concentration and operating temperature. For an acceptor
concentration close to 101> cm =3, the Jsc-jy value is approximately 25.5 mA for all operating
temperatures. Figure 7c shows that the fill factor, FF, decreases when the temperature
increases. However, when the acceptor concentration increases, the FF gradually rises, as
well. For an operating temperature of 300 K and an acceptor concentration of 10'3 cm 3, the
FF value is 76% and gradually increases to 86% from a 10'> cm~3 acceptor concentration.
Meanwhile, 400 K as the operating temperature of CdTe solar cell would limit the FF
around 86% as the acceptor concentration reaches 10'® cm 3. A similar trend for Voc was
observed for the SCAPS output obtained from the theoretical values that suggests that the
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FF values are directly correlated to Voc output. Nonetheless, the operating temperature in
CdTe thin-film solar cell does not contribute much to calculated FF values, as it is mainly
controlled by the Voc parameters, as discussed in [66]. In Figure 7d, the efficiency, n, reveals
that the operating temperature has a substantial effect in the stability of the solar cell’s
performances. It is noteworthy to mention that the acceptor concentration also significantly
contributes to the CdTe efficiency, as well. For an operating temperature of 300 K and
acceptor concentration of around 10'3 cm~3, the CdTe solar cell’s efficiency reaches between
10% and 12%. However, for the maximum operating temperature of 400 K, the efficiency of
CdTe solar cell reaches between 8% and 11% for the similar acceptor concentration. When
the maximum acceptor concentration of around 10'® cm=3 is achieved, more than 20%
efficiency is observed for a CdTe cell operating temperature between 300 K and 340 K.
Hence, an operating temperature of more than 360 K limits the increase of efficiency below
20% even for the ideal case of 10'® cm~3 of acceptor concentration in this simulation. The
working or operating temperature is highly correlated to the optical characteristics and
is able to change the bandgap of the materials, especially causing the CdTe layer to shift
toward a higher bandgap [64]. This understanding was developed through the relative
calculations among the efficiency, temperature, and acceptor-carrier concentration.

3.4. Effect of CdTe Bandgap Energy and Acceptor Concentration

One of the most important aspects for achieving higher performances and stability in
a CdTe device is the optical bandgap energy. For the CdTe thin-film solar cell, the optimum
bandgap is 1.50 eV. Figure 8a—d explains the simulation output for the CdTe device as a
function of the bandgap and the acceptor concentration. The results obtained are Voc, Jsc-jy,
FF, and efficiency for Figure 8a—d, respectively.
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Figure 8. Contour plots of (a) Voc, (b) Jsc-jy, (c) FE, and (d) efficiency as the function of CdTe bandgap
energy and acceptor concentration.
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Interestingly, the simulation results for all parameters” output reveal that the carrier
concentration in the Cu-doped CdTe absorber is the most effective factor to contribute to
the CdTe device’s performance. In Figure 8d, the efficiency increases by over 20% only
with the carrier concentration of 1017 cm~2 and above for a CdTe bandgap of >1.48 eV,
whereas it continuously rises up around 21% of efficiency when the CdTe bandgap reaches
1.50 eV. As demonstrated here, bandgap energy is highly correlated with carrier density, as
it controls the photo-generated carriers through absorption by photon excitation between
the conduction band (CB) and valence band (VB) [67]. The stability of the CdTe solar cells’
performance by this simulation is established through the CdTe absorber’s bandgap opti-
mization. Theoretically, when the solar cell is illuminated, absorption happens, followed
by generation of electron-hole pairs as the inception of the carrier generation process,
and affects the conductivity [68]. Thus, the output parameters change as the acceptor
concentration increases from 103 cm =3 to 108 cm 3.

4. Conclusions

The inclusion of CuCl, treatment and the development of Cu,Te buffer layers were
examined through the changes brought in device-performance variables. The links be-
tween the back-contact characteristics, absorber thickness, doping density, and operating
temperature with energy band offset transitions were also explored. The setting IFLO < 0,
which counteracts with the electrons and reduces the interface states, enabled improved
efficiency in Cu-doped back-contact-based models. Changes in the conversion efficiency
with operating temperature and acceptor doping level considerably impacted the stability
of the solar-cell performances. This correlation suggests that temperature has an influence
on optical characteristics, and a temperature over 60 °C can cause detrimental effects via the
CdTe bandgap expansion. With 25 °C as the operating temperature and around 10'® cm 3
of acceptor concentration, the CdTe solar cell’s efficiency decreased to about 11%. The
efficiency of the CdTe solar cell further decreased to 8% for a 400 K operating temperature.
In addition, changes in the CdTe acceptor concentration led to the spectral response change,
especially in the longer wavelength region. However, the bandgap energy obtained from
the simulation results did not show any effect on the device’s performance characteristics.
All in all, the incorporation of the CuyTe back layer with an optimized Egre.cy = 1.2 eV
resulted in the output parameters of Voc =0.92 V, Jsc = 26.15 mA/ cm?, FF = 87.3%, and
conversion efficiency of 21.04% as the best case here. A future study can center on the
incorporation of novel materials with superior characteristics, as well as the optimization
of experimental parameters in BSF and contact development for an improved Voc and
increased carrier concentration rate. There is still a need to investigate BSF characteristics
and how they impact defects, grain boundaries, carrier recombination, and mechanisms
involved in CdTe devices. Finally, the contact formation and stability over time, as well
as the scalability and repeatability of these procedures for the large-scale manufacture of
CdTe solar cells, can be investigated.
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