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ARTICLE INFO ABSTRACT

Keywords: In this paper, we have developed a time-dependent model to study defect growth in the absorber layer of SbaSes
Degradation thin film solar cells. This model has been integrated with the AMPS-1D simulation platform to investigate the
SbsSe; . impact of increasing defect density at different positions within the SbaSes layer on the electrical parameters of
?}?ifsctzﬂ?; zumulatwn the solar cell. We adopted the Gloeckler standard model for thin films in AMPS to represent SboSes materials. The
Solar cells study focuses on tracking the degradation of device performance parameters as donor-like mid-gap states
AMPS-1D accumulate in the SboSes layer over time. We monitored the variation of key electrical parameters, including
efficiency (), fill factor (FF), open-circuit voltage (V,), and short-circuit current (Ji.), at three different posi-
tions: the interface with CdsS, the bulk of the SbySes layer, and the interface with the top contact. These positions
are susceptible to increasing defect density during prolonged operation and irradiation. To pinpoint the most
sensitive part of the SbaSes layer to defect accumulation, we divided the layer into three sub-layers. Our
simulation results highlight that the CdS/SbsSes interface is the most vulnerable position in the cell when it
comes to defect accumulation. The practical implication of this study is that special attention should be given to
the CdS/SbySes interface during material deposition and the development of high-stability SbaSes thin film solar
cells.”
Introduction cells from external factors. Several solutions have been suggested for

Thin film solar cells have emerged as a promising and cost-effective
alternative to traditional silicon-based solar cells. However, technolog-
ical advances have not been able to mitigate the degradation of thin film
solar cells. This degradation can occur due to a range of factors,
including exposure to moisture, temperature fluctuations, and the
presence of impurities or defects in the film [1,2]. Several studies have
shown that the performance of thin film solar cells can degrade signif-
icantly over time, leading to decreased power output and reduced effi-
ciency [3,4]. Therefore, understanding the mechanisms behind the
degradation of thin film solar cells is crucial for improving their dura-
bility and longevity. To address the degradation of thin film solar cells,
researchers have explored various strategies. These include the devel-
opment of emerging materials with improved stability, such as perov-
skites, metal-oxides, and Sb2Se3 materials [5,6]. Another approach is
the use of protective coatings and encapsulation techniques to shield the
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mitigating the degradation of SbaSes thin film solar cells. One of the
most recent absorber options, antimony selenide (SboSes), has gained
significant research interest due to its many benefits, including afford-
ability, environmental friendliness, and stability [7,8]. It can be used as
a bottom cell in a tandem solar cell or as a single-junction solar cell due
to its direct bandgap, which falls in the range of (1.1-1.3 eV). SbySes also
exhibits a high absorption coefficient and strong carrier mobility [9,10].
Recent studies have indicated that the power conversion efficiency
(PCE) of SbySes-based solar cells has rapidly increased from an initial
value of less than 3 % to about 9.2 %, indicating significant potential for
the material [11,12]. However, the performance stability of Sb2Se3 thin
film solar cells is a critical issue that needs to be addressed. See
(Table 1).

While much research has been conducted on the degradation of
CdTe, CIGS, and CZTS thin film materials, the recent advancements in
Sb2Se3 thin film solar cells highlight the need to investigate the
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Table 1

Value of simulation parameters used in amps-1d platform[19,20].
Material Properties ITO Cds SbySes
Thickness (pm) 0.050 0.050-0.060 1
Bandgap (eV) 3.3 2.4 1.08
Electron Affinity (eV) 4.5 4.2 3.7
Dielectric Permittivity 9 10 9.86
CB Effective Density of State (1/cm®) 1.8 x 10*® 2.2 x 10'® 19 x 108
VB Effective Density of State (1/ecm®) 1.5 x 10'° 2.4 10" 2.15 x 108
Electron Thermal Velocity (cm/s) 107 107 107
Hole Thermal Velocity (cm/s) 107 107 107
Electron Mobility (cm?/V.s) 10% 102 15
Hole Mobility (cm?/V. s) 25 25 5.1
Donor Density (Np) (em™®) 10'8 1.1 x 10" variable
Acceptor Density (N) (cm™3) 10'8 0 6.78 x 10'*

Au

Sb>Ses Layer

Fig. 1. The schematic structure of a cds/ sbySes thin film solar cell.

degradation of this type of material under operational conditions to
improve their performance stability and commercialization potential
[13,14]. We have previously introduced a time-dependent analysis to
investigate the degradation of CdTe and CIGS thin film solar cells by
developing a time-dependent modelling method and linking it to the
Analysis of Microelectronics and Photonic Structures (AMPS-1D) simu-
lation platform [15,16]. In this study, we expand our research to Sb2Se3
thin films. Our current focus is on the accumulation of defect generation
at different locations within the bulk of the Sb2Se3 layer. We will
demonstrate how the accumulation of defects at various thicknesses of
the Sb2Se3 layer leads to a decrease in cell efficiency. Initially, we
showed that the degradation was solely attributed to defect generation.
However, further research has revealed that it is not only the defect
concentration that matters but also their distribution within the mate-
rial. The location and density of these defects play a crucial role in
determining how rapidly they accumulate and ultimately lead to per-
formance degradation. By identifying key areas of defect formation and
increasing their population under operating conditions, we can prevent
or slow down their accumulation and maintain optimal performance
levels. Several studies have reported on the use of simulation tools such
as SCAPS or AMPS to investigate defect concentration and carrier
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Fig. 2. Current-voltage characteristics of CdS/Sb,Se; thin film solar cell with
the typical value of the performance metrics. We have taken the resistance into
consideration which resulted in FF = 60 % in agreement with the experimental
data reported in literature [25].
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Fig. 3. The position of defect generation / accumulation at three locations at
the interface, bulk and junction of sb,Ses layer. The Sb,Ses has been inserted in
AMPS-1D platform in 3 divided layers to enable implementing the defect
growth in these locations.

transport in Sb2Se3 thin film solar cells. These simulation tools enable
the modelling of solar cell behaviour under various conditions and help
identify the factors that affect its performance [17,18].

In this research paper, a time-dependent model was created to
analyse defect growth in the absorber layer of SbySes thin film solar
cells. The model was integrated with the AMPS-1D simulation platform
to assess how increasing defect density at different positions within the
SbsSes layer affects the solar cell’s electrical parameters. The study
adopted the Gloeckler standard model for thin films in AMPS to repre-
sent SbySesz materials and tracked the degradation of device perfor-
mance parameters over time as donor-like mid-gap states accumulated
in the SbySes layer.

Theory & simulation

This study examines the standard model of thin-film solar cells with a
structure of ITO/CdS/Sb2Se3, where each layer contains a Gaussian
distribution of defect density. The SbySes layer has been divided into
three sub-layers, and the increment in defect density at each layer has
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Fig. 4. The variation of electrical parameters of the cell such as a) performance, b) fill factor, ¢) open-circuit voltage, and d) short-circuit current density when the

defect concentration at cds/sb,Ses junction increases by 1.5%.

been separately investigated. The defect generation/annihilation equa-
tion will be solved together with the continuity equation to describe the
dynamic process of changes in carrier concentration due to defect den-
sity. The electrical metrics of the solar cells, such as open-circuit voltage
(Voc), short-circuit current density (Js.), fill factor (FF), and performance
(7), will be analyzed. In Fig. 1a, the structure of the solar cell considered
includes all the standard values of parameters, as found in the literature
[19,20]. Fig. 1b depicts the energy diagram of the cell, with the
absorbing layer divided into three sub-layers. The model presented here
was well-developed by our group in the past and by the researcher in the
group of Prof. Victor Karpov in the school of physics of University of
Toledo, USA. It considers defect generation and annihilation as dynamic
processes over time under stress or normal operational conditions,
rather than static mechanisms [21,22].

Theory and modelling

In the standard model of ITO/CdS/SbySes, each layer contains a
Gaussian distribution of defect density located as donor (at 1.8 eV),
acceptor (at 1.2 eV) and donor (at 0.75 eV) like defect states, respec-
tively. In this study, the SboSe3 layer was considered as the main
defective layer. Since defect generation under operation condition is a
dynamic process (time-dependent), the continuity equation can be
applied,

—&Xn =>—=1yn (@D)]

where N is the density of defect states and n is the carrier concentration.
The parameter v is the defect generation or annihilation coefficient and
is dependent on deposition quality of materials in interface and bulk
SbySes materials. In this study we set it at y = 0.8x1 03 Eq. (1) is applied
to the case that the concentration of the defect is uniform throughout the
absorber thickness. However, in reality, defect density is thickness
dependent and might be considered position and time dependent as well
e.g. in form of N(z,t). The carrier concentration will change in similar
way. The Eq. (1) can be written as,

AN(z,t) = ynAt 2)

It means that any small increase in the density of the defects during
the time will change the carrier concentration which is in turn will in-
fluence on the performance parameters. The prediction about AN in a At
will not be easy or reasonable for all the solar cells, we limit the cal-
culations to the following estimation,

AN = 15N; 3)

Ni is the initial density of defects. This limit suggests that the defect
density changes by the factor 1.5 times of the prior density. Then the
final density will be,
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Fig. 5. The variation of the electrical parameters such as a) performance, b) fill factor, ¢) open-circuit voltage, and d) short-circuit current density when the defect
concentration increases during the time at the middle of the Sb,Ses layer in sub-layer 3.

Simulation procedure: The increment is inserted into the AMPS
interface, and the electrical parameters, as well as the electron con-
centration (n), can be recorded using Eq. (1). At this point, we calculate
the electron carrier concentration (n7) and defect concentration (Nj)
based on the initial electron density (n;) and initial defect density (N;) for
a given yAt = 1000. We have set At = 100 h for this analysis in Eq. (2).
Subsequently, Ny and ny are input into AMPS-1D at various locations
within the Sb2Se3 layer, and the program is iteratively run to observe
significant changes in the current-voltage characteristics and overall
cell performance. Table I presents the parameter values used in this
simulation study.

The structure of the CdS/SbySes solar cell has already been imple-
mented in the AMPS platform, and reference parameters have been
generated to ensure that the solar cell is operating under proper con-
ditions before introducing the secondary concentrations of electrons and
defects. The initial current-voltage characteristics of the cell are pro-
vided in Fig. 2. The values of Ny and n; are inserted at three different
positions within the SboSes layer using AMPS-1D, as indicated by arrows
in Fig. 3. Layers 2 and 3 exhibit similar carrier transport properties, so
we focused on defect/electron accumulation in layer 3 and ensured that
this would have the same effect on layer 2. As carrier and defect con-
centrations change continuously from the interface of the SbaSes layer to
the back contact, it is advisable to track this variation point by point
[23,24]. However, in some thickness intervals, these changes are mini-
mal, so we have recorded data at only three points within absorber layer,
as shown in Fig. 3. The defect density at the interface between front-
contgct and back-contact electrodes with SbySes were set at 3.12x10"7
cm”

Results & discussion

The objective here is to observe the variation in #, FF, V,, and Js
over time under prolonged irradiation during normal operational con-
ditions at 100 mW/cm?, resulting in an increase in defect density. The
simulation has been conducted using AMPS-1D, employing the
Gloeckler standard model adapted for SboSes material. Optical, elec-
trical, and materials properties of the SbySes layer have been input into
the AMPS platform, and the SbySe3 layer has been divided into three
sub-layers to help us understand which part of the cell is more suscep-
tible to degradation and more sensitive to defect generation and accu-
mulation. Donor-like mid-gap states have been activated in AMPS, and
the program is iteratively run to obtain updated performance metrics
after increasing the defect density at a specific position.

Fig. 4 illustrates the variation in device metrics with increasing
degradation time, which is equivalent to the increment in defects after
100 h of stressing the device. Even a slight increase in defect density in
the mid-gap level for different time intervals leads to a significant drop
in performance parameters. Therefore, we obtained the variation in
electrical parameters such as V,. and J. over time using Eq. (1) with the
assistance of AMPS iterations. When AN changes by 1.5N;, with Ni
initially set at 10x10'2 cm ™3, the defect distribution at three points at
0.525 pm (at the very interface of CdS/SbySes), 3.68 pm (in the middle
of the Sb2Ses layer), and 4.62 pm (at the back contact) differs. In each
iteration, N and carrier concentration (n) values are recorded in the
AMPS interface, and yAt is calculated using Eq. (1).

The electrical parameter changes are presented in the following re-
sults. When the defect increment occurs at the CdS/SboSe3 interface, the
efficiency decreases sharply initially and then at a slower rate over
longer time intervals. The change in the parameters during the initial
intervals is more pronounced compared to the later ones. The fill factor
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Fig. 6. The variation of the electrical parameters such as a) performance, b) fill factor, c¢) open-circuit voltage, and d) short-circuit current density over the time when
the defect concentration increases at the junction of Sb,Sez layer and metallic electrode.

(FF) exhibits a rapid decline initially, followed by reaching a constant
and optimum value. The presence of defect states alters the space charge
characteristics of the cell in a manner like interface states.

When the defect density increases in the middle of the SbySes layer
(sublayer 3 as shown in Fig. 3), the electrical parameters vary as
depicted in Fig. 5. In this case, the efficiency begins to decrease over
longer periods, and it reduces more rapidly over shorter time intervals.
Consequently, the defect density in the middle of the SbySes layer can
decrease efficiency over longer durations, while the rapid increment of
defects leads to efficiency reduction within shorter time frames. This
explains why efficiency is lower for smaller yAt and increased N, as
shown in the left part of the results in Fig. 5.

Finally, the variation in electrical parameters over time is depicted in
Fig. 6, where the defect density increases at the end of the SbaSes layer
where the junction with the electrode is sensitive to defect growth and
accumulation and can hinder the hole passivation and electron’s flow
through the absorbing layer to electrode.

In Fig. 6, the variation in defect concentration over time at three
different points within the absorber layer and metallic electrode is dis-
played. This figure illustrates the change in electrical parameters over
time as the defect concentration increases at the end of the absorber
layer, demonstrating the impact of defect concentration on the perfor-
mance of the photovoltaic device. As the defect concentration increases,
the generation/recombination rate may be affected, leading to a decline
in the device’s efficiency. This decline is evident in key electrical pa-
rameters such as short-circuit current (Js.), open-circuit voltage (V,),
fill factor (FF), and conversion efficiency. Additionally, there is an in-
crease in series resistance (Rs) and a decrease in shunt resistance (Rg)
with the increasing defect concentration.

The variation of the n carrier concentration against time at three
different positions of the absorber layer is shown in Fig. 7. it is likely that
there will be a variation in defect concentration over time at different

points within the absorber layer. The accumulation of impurities and
defects may be highest at the junctions between different layers, such as
the ITO/CdS or CdS/ SbySes interfaces [22-24]. These areas may
experience the highest levels of stress, such as temperature and light
soaking, leading to increased defect concentration and degradation over
time. In contrast, areas deeper within the absorber layer may have lower
defect concentrations, as they are less exposed to external stressors. The
exact variation of defect concentration over time will depend on the
specific materials and manufacturing processes used in the production of
the thin film solar cells.

Other parameters also influence the results mentioned above. For
instance, the balance between the carrier cross-sections, 6, and 6, can
impact the space charge of the absorber layer near the interface, leading
to a shift in the Fermi levels. This, in turn, can control the effect of defect
densities. A similar mechanism can be predicted for the acceptor and
donor concentrations in the absorber and window layers, respectively.
As illustrated in Fig. 8, when studying the increase in defect density,
attention should be paid to the concentrations of Ny and Np in the cell
layers. The concentration of impurities can affect the generation/
recombination rate and cause degradation over time. Impurities can be
induced or accumulated at the junction, and examples of impurities that
cause degradation include Clg-V¢g, Cucq complexes, and those with a
density of 10'8-10%° ¢cm ™2 at TCO/CdS or CdS/SbsSes interfaces.

What is evident in Figs. 7 and 8 is that when the concentration of
recombination centers changes, the efficiency variation is sharp during
the initial time intervals, but it slows down in subsequent times.
Furthermore, these results indicate that the variation in defect density is
not uniform throughout the absorber thickness; it is more probable at
the junction and around the space charge region (SCR). The variation in
Vo at the junction (Fig. 5) reaches the lowest value (<0.5 V), while the
minimum V,, at the end of the absorber layer is 0.6 V. This suggests that
Voc does not change uniformly across the cell because of the stronger
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Fig. 7. The variation of the defect concentration versus time at three different points of the absorber layer a) at the junction of cds/sb,Ses, b) the middle layer in bulk

of Sb,Ses layer, and c) at the junction of Sb,Se; and metallic electrode.

effect of recombination centers at the junction over time. The variation
in V. appears to have a slight distribution throughout the thickness. In
all cases, the variation in FF is less than 10 %. There is a cliff for FF at the
junction, possibly because increasing the defect density in the junction
reduces the SCR and decreases the recombination lifetime, resulting in
higher recombination at the junction and a lower FF. However, FF in-
creases later and reaches a constant value. In this case, the high density
of defect density becomes comparable with the acceptor concentration
in the absorber layer, reducing the recombination rate and increasing
the FF.

Correlation of simulation and experimental data

We acknowledge the importance of calibrating our simulation with
experimental data to build confidence in our modeling results. It is
important to note that modeling the degradation trend of solar cells with
lower than 10 % performance is not sensible for researchers. We have
identified literature where the drop in performance parameters agrees
well with our modeling results. Wen et al. reported over 5 % drop in
performance of SbaSes solar cells at higher temperatures [25]. This is in
agreement with the degradation trend in Fig. 4 where the performance
of the cell drops from 15 % to about 10 % in the initial stages of defect

growth at the interface of SbySes layer. We assign this to a strong value
of electric field weakening at the p-n junction upon defect growth under
stress which impacts on carrier transport at the interface. In a separate
study by Hu et al., the drop in current and voltage of the cell was five
times upon stressing the cell under heat and temperature elevation to
over 325 K [26]. This is in agreement with our study as in Fig. 6 we
observed a decrease in V. from 0.8 V to lower around 0.5 V which is due
to increased defect growth at the bulk of the cell where the defect in-
crease can impede the smooth drift or diffusion of electrons and holes.

Kumari et al. presented SCAPS-1D modeling of the SbySes solar cells
and realized over 0.8 V open-circuit voltage due to use of NiO as the
hole-transporting layer [27]. Mamta et al. have also presented MoSe;
back surface layer to significantly increase the open-circuit voltage of
SbsSes solar cell [28]. which is in line with our results in Figs. 4-6 where
the V. could rise to over 0.8 V if we continue the defect generation rate.

Conclusion

A time-dependent modeling method has been developed to investi-
gate the degradation of performance parameters of SbaSes thin film solar
cells by increasing the defect density at three different positions within
the SbySes layer (at the interface with CdS, in the bulk of the SbySes
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layer, and at the interface with the top contact). This time-dependent
model was developed and linked to the AMPS-1D platform to investi-
gate the increment of defects within the mid-gap of SbySes. The simu-
lation analysis emphasizes changes in the electrical parameters of a solar
cell due to an increase in defect density, utilizing the Gloeckler standard
model for SbySe; materials within the AMPS platform. The variation of
n, FF, Voc, and J, with respect to time is tracked at three different points
within the absorber layer. An increase in defect density results in
changes in carrier and defect concentrations, which are recorded using
Eq. (1) and yAt. The efficiency of the cell decreases sharply at the
beginning and then gradually over time if the defect increment occurs at
the CdS/Sb,Ses interface. The FF exhibits a sharp decline initially, fol-
lowed by stabilizing at an optimum constant value. The presence of
defect states alters the space charge within the cell similarly to interface
states. Changes in solar cell efficiency are attributed to the concentration
of recombination centers, affecting V,. and FF. The efficiency variation is
pronounced initially and then slows down. The variation in defect
density is not uniform throughout the absorber thickness, being more
pronounced at the junction and around the space charge region. V.
varies unevenly across the cell due to the stronger influence of recom-
bination centers at the junction over time, showing slight distribution
through the thickness. FF displays a cliff at the junction but subsequently
increases and reaches a constant value. A high density of defect density
becomes comparable to the acceptor concentration within the absorber
layer, reducing the recombination rate and increasing FF.
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