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1. Introduction

The photovoltaic market is led by Si-based PV devices owing to
their high availability and excellent performance in converting
light to electricity."”* These PV cells have multiple drawbacks
including high cost, weather dependence, space requirements,
pollution concerns, and rigidity in the case of solar energy
space.® Contemporary studies highlight that perovskite solar
cells (PSCs) have attracted much attention reaching PCEs as
high as 25.6%.* The substantial growth in research on perovs-
kite solar cells (PSCs) can be attributed to their cost-effective
solution processing method and appealing optoelectronic prop-
erties. These properties encompass a tunable bandgap, high
absorption coefficient, minimal recombination rate and high
mobility of charge carriers. Perovskites have earned extensive
recognition in photovoltaics owing to their exceptional char-
acteristics in light absorption, separation of excitons and facil-
itation of charge transport. Top of Form>* However, organic
perovskite solar cell constancy is still a great concern. Humidity,
heat, UV light, and constant exposure to sunlight degrade organic
PSC performance.”® The study of degradation mechanisms in
organic-inorganic hybrid perovskites has attracted consider-
able attention due to their potential in photovoltaic applica-
tions and the critical impact of stability on their commercial
viability. These investigations are crucial for understanding
factors that lead to performance degradation over time, such
as moisture, oxygen exposure, thermal instability, light-induced
effects, and ion migration. Transitioning to inorganic or
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way for novel double heterojunction perovskite photovoltaic (PV) cells with remarkable performance.

chalcogenide perovskites presents a significant advancement
in overcoming the stability challenges faced by organic perovs-
kites. One prominent aspect involves the MA" acidic cation in
MAPbDI;. Consequently, under conditions involving sunlight
and oxygen, the deterioration of perovskites begins with the
reaction between superoxide and the methylammonium group
of atoms. Due to these challenges with organic perovskites, the
inorganic or chalcogenides perovskites are introduced. This
type of perovskites offers an excellent alternative to organic
perovskites. Using inorganic perovskites, which lack organic
elements, can boost the durability of perovskite crystals against
exposure to oxygen and light. However, it is noteworthy that
despite this improvement, inorganic perovskites have been
found to lack sufficient stability when subjected to external
factors of the environment. The instability in the phase of
organic perovskite primarily arises from transitions occurring
in the middle of preferred photoactive materials such as
perovskites that have the black phase and the less desirable
yellow phase, which is a non-perovskite material. In spite of
the fact that the transition occurred in the yellow phase is
reversible, it is accredited to the unfavorable factor relating
to tolerance, contributing to the overall instability of the
material.”

AgTaS; is a direct and narrow bandgap (0.97 eV) chalcogen-
ide perovskite belonging to the I-V-VI; group that is suitable
for both single and multi-junction solar cells.® The high carrier
mobility, high absorption coefficient, and stable crystal struc-
ture make AgTaS; an excellent candidate for highly efficient
solar cells.”'® Moreover, AgTaS; is environmentally friendly,
unlike lead-based perovskite materials.

Here, the numerical investigation on the functionality of an
n-CdS/p-AgTaSs/p'-Aly ¢Ga, ,Sb double heterostructure PV device
with AgTaS; as the main absorber layer has been performed.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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All simulations have been conducted using SCAPS-1D under
standard illumination, corresponding to 100 mW cm™ > sun
power at room temperature.

2. AgTaSs perovskite, cell build-up and
computational framework

AgTaS; represents a unique category of sulfur-based single
perovskites. Within the broader family of perovskites, sulfur
variants are noted for their ability to reduce trap-related losses,
increase grain size, and improve phase stability in perovskite
photovoltaic (PV) cells.*'"™"* Moreover, chalcogenide perovs-
kites, to which sulfur perovskites belong, are renowned for
their exceptional light absorption, high refractive index, adjus-
table bandgap, pronounced optical nonlinearity, and advanta-
geous defect chemistry. These properties are significantly
influenced by the material’s morphology, dimensions, and
surface traits, contributing to their distinctiveness in the field
of photovoltaics. Single crystal perovskites, known for their
superior thermal stability relative to polycrystalline thin
films, are seen as prime materials for creating stable and
highly efficient SCs. This advantage enables single PSCs to
serve as a good model for in-depth studies of surface pheno-
mena and grain boundaries within perovskite materials."*™®
They significantly contribute to advancing technological devel-
opment and enhancing the commercial prospects of perovskite
solar cells. These characteristics further facilitate enhanced
carrier mobility and extraction, leading to improved device
performance.

Since the discovery of the inorganic perovskite mineral
CaTiO;, perovskite structures have been typified by such a
configuration. The ideal single perovskite formula is ABX;,
wherein the larger ‘A’ cation contrasts with the smaller ‘B’
cation, while the X anion is positioned at the corners. In the
depicted sulfide-based perovskite, AgTaS;, a three-dimensional
lattice is formed where the silver ion (Ag'") is linked with the
cation tantalum (Ta>"), and the structure is stabilized by corner-
sharing sulfur anions (S*7) according to Fig. 1(a). This sulfur
substitution for the typically found oxide or halide anion (X) in
perovskites enhances thermal stability due to the chalcogenide
nature of sulfur."*'>'®

Fig. 1(a) delineates an orthorhombic crystallization of
AgTaS;, belonging to the Cmc2, space group featuring lattice
constants 3.3755 A, 14.0608 A, and 7.7486 A for a, b, and ¢,
consequently with a unit cell volume, V = 367.77 A%, The angles
alpha, beta, and gamma are each positioned at 90°, indicating
an orthogonal phase relationship.'® For the formation of a
perovskite structure, charge neutrality must be maintained
among the constituent ions. This implies that n(A) + n(B) =
3n(X), where n denotes the valence of the ions A, B, and X."”
This equation ensures that the overall electrical charge within
the perovskite structure is balanced, a fundamental criterion
for the stability and formation of these materials. Here, n(Ag) +
n(Ta)=1+5=6=3 x 2 = 3n(S) shows the charge neutrality of
the AgTasS; structure.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1(b) exhibits the conceptual diagram of the proposed
device. CdS is highly stable and is used as the window layer
because of its adjustable, wider, direct bandgap, and superior
carrier mobility with excellent light transmission proper-
ties.>***> The back surface field (BSF) layer reduces carrier
recombination and is composed of Al,sGa,,Sb. Recombina-
tion of electrons and holes can reduce the Voc and degrade
photo conversion performance.>® AgTaS; and a highly doped
BSF layer create a p-p' interface and prevent the electrons at
the surface from recombining with holes by developing an
electric field, thereby increasing the Voc and PCE.”* Previous
studies on Si solar cells, with Al,gGa,,Sb BSF layer, have
achieved a PCE as high as 38.3%.>° Highly doped p'-
Aly sGay »,Sb BSF layer generates an interface with the absorber
layer, AgTaS; as p/p’. AgTaS; possesses an ionization potential
of 4.97 eV with an affinity (E,) of 4 eV. CdS, on the other hand,
has an E, of 4.2 eV with an ionization energy of 6.6 eV.

Fig. 1(c) exhibits the illumined band structure of the
proposed structure. The BSF layer aligns with the absorber
layer as a result of E,, 3.69 €V, and an ionization potential of
5.09 eV of Al,gGa,,Sb. Here, the quasi-Fermi level (QFL) for
n-type material, Ep,, is just underneath the conduction band,
Ec, while the QFL for p-type, Epy, is just above the valence band,
Ey. Sunlight generates electrons at the conduction band of the
p-n and p-p' junction. An aluminium (Al) metal grid acts as a
cathode to accumulate electrons. Electrons, moving in the
opposite direction, are blocked by the BSF layer and accumu-
lated by Al. Holes are generated in the valence band and
acquired by the back contact molybdenum, Mo.

SCAPS-1D employs the Poisson equation, connecting charge
to electron and hole continuity equations with the result of the
PSC attribute. The Poisson equation, Hole continuity equation,
and electron continuity are defined by eqn (1), (2), and (3),
respectively:*

d2
T\i’:sfg (p(x) = n(x) + Np — Na + pp — pn) (1)
19/,
40, = Oor R @)
10J,
P ()

here, x = distance; \y = electrostatic potential; ¢, = relative
permittivity; &, = free space permittivity; p defines volume
concentration of holes; g means electron charge and n defines
volume concentration of electrons, subsequently, while N, and
N, are used to describe the donor and acceptor charges; and the
symbols pp and py represent the charge densities of electrons
and holes, correspondingly. The drift-diffusion equation using
electron and hole mobility helps to find out the transmission
attribute of carriers:*

J = %8EFP (4)
Pg o
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where, symbols p, = hole mobility; u, = electron mobility.

The effective density of states (DOS) at the conduction band
N. and effective DOS at the valence band N, can be determined
from the following equations:*°

3
KT\2
w=2(%)

2nh? ©)
KT\
my
NV:2( 2nh2) @)

where m] and mj present the electron and hole effective mass
for AgTaS;, which have the values of 0.61 and 0.27, which in
turn were used to calculate the N, and N, of the compound.8
In the simulation, a Gaussian energy distribution is applied
to model the defect states in each layer. The defect character-
ization in the BSF layer is considered neutral, indicating no net
charge contribution to the material’s conductivity or recombi-
nation processes. Conversely, for the window and the absorber
layers, defects are modeled as single acceptor types and single

1664 | Energy Adv, 2024, 3,1662-1671
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(a) Crystal structure of AgTaSs perovskite, (b) conceptual diagram, and (c) energy band structure of the AgTaSs-based perovskite SC.

donor types, in turn implying that these defects can accept or
donate an electron. This distinction in defect modeling is
critical for accurately simulating the electronic properties of
each layer and their impression on the device’s overall effi-
ciency. However, the SCAPS-1D simulator has proved itself to be
a reliable one in the era of solar cells that can provides results
similar to that obtained from the experimental study as docu-
mented in the literature.?*® Table 1 presents the input para-
meters used for the numerical analysis.

3. Results and discussion
3.1 Varying the properties of the absorber layer

Fig. 2(a) shows the output characteristics of the proposed
device for varying absorbing layer width, concentration of
doping and defects for the proposed perovskite-based solar
cell. As the width of AgTaS; ranges from 0.3 pm to 1.1 pm, Voc
remains constant at around 0.78 V. However, the insignificant
fall in Vo may be the result of a rising dark current with width
that increases the possibility of recombination.”® Contrary, the
Jsc has increased because, in the longer wavelength regime,
thicker AgTaS; absorbs more light and generates a large

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Characteristic delineating features of each device layer of AgTaSs PSC

Parameters n-Cds*®** p-AgTaS;*"° p'-Aly sGay ,Sb>**°
Depth (um) 0.1 0.7 0.2

Energy gap (eV) 2.4 0.97 1.4

Affinity of electron (eV) 4.2 4.0 3.69
Dielectric permittivity 10 13.64 12.04
Effective density of states at CB (cm ) 2.2 x 10'® 1.2 x 10" 7.8 x 10"
Effective density of states at VB (cm™?) 1.8 x 10" 3.52 x 10" 1.8 x 10"
Mobility of electron (cm® V™' s™7) 100 12 200
Mobility of hole (cm”® V™' s77) 25 1.2 420

Donor concentration, Np (cm™?) 1.00 x 10" 0 0

Acceptor concentration, N, (cm ?) 0 1.00 x 10'® 1.00 x 10"
Defect concentration (cm™>) 1.00 x 10" 1.00 x 10" 1.00 x 10™

number of carriers.*" Fill factor (FF) drops sharply from 78.11%
to 76.01% because of the shorter carrier lifetime relative to the
layer size.**** PCE increases from 25.64% to 27.89% up to
0.7 pm of AgTaS;, beyond which recombination of the carriers
prevents further increase in PCE.

Fig. 2(b) illustrates the impact of carrier densities in AgTaS; on
the perovskite solar cell output characteristics. Voc shows negli-
gible change when the doping varies from 10'* cm ™ to 10*® em 3.
This is because, at lower doping levels, the recombination current
decreases, thereby increasing Voc, whereas at higher doping
levels, an increment of recombination leads to a reduction
in Voc. Then, again, beyond 10'® ecm™®, the Vo enhances as
recombination decreases. This may happen due to the decrease in
the ideality factor, n, with the acceptor concentration.”*** The fill
factor grows proportionally with Vo, and it goes from 78.17% to
85.67%. A modest increase in Vy¢ indicates better FF, as the
relation between those is defined by an empirical formula with
the help of the diode parameter.”® FF is higher when doping is
10%° em 3, with the PCE reaching its maximum value at 33.53%.

Fig. 2(c) illustrates the influences of defects on the execution
of the PSC. The defect improves the dark current with an

(@)

(b)

increase in Shockley read hall (SRH) recombination and
diminishes the performance of the gadget.*® For defects in
the range of 10'* cm > to 10*® em 3, V¢ changes from 0.81 V to
0.52 V. This significant change affects the FF and PCE and the
Jsc changes marginally. PCE decreases from 29.91% to 16.62%
on account of V¢ and FF.

Quantum efficiency (QE) defines the photon absorption
efficiency of a perovskite-based SC. No change in QE occurs
when acceptor density is varied, as displayed in Fig. 3(a).
Enhancing the thickness increases QE proportionally. At 0.7 um
thickness, this structure can absorb around 95% of the incident
photons, as seen in the figure. The increment in current density
with absorber width is illustrated in Fig. 3(b). The thicker layer can
absorb more photons, which increases the photocurrent from
41.6 mA cm 2 current at 0.3 um to 46.37 mA cm™ > current at
0.7 um of the thickness. Beyond 0.7 um, the photocurrent of SC
saturates.

3.2 Varying the properties of the window layer

Fig. 4 displays the change in output characteristics of the
suggested PSC as a result of alteration in the width, carrier
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Fig. 2 The effects of changing the absorber’s (a) breadth, (b) carrier, and (c) defects on the offered cell.
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Fig. 4 The outcome of change in the window's (a) width, (b) doping volume, and (c) defects on the modeled PSC.

concentration and defect volume of the CdS window. Open
circuit voltage shows continual behavior at the level of 0.78 V
for the thickness of 0.05 um to 0.25 um. The FF shows a
saturation value of 77%. The Jsc drops to 44.65 mA cm ™~ from
47.05 mA cm* because of an increase in recombination with
the breadth of the window.*® The expansion of the breadth in
the SC design results in a greater number of photons being
absorbed outside the intended space charge region. Absorption
mitigates the electron-hole pair generation and intensifies the
flow of minority charge carriers, thereby increasing the rate of
charge recombination, which negatively impacts the opera-
tional efficiency of the solar cell.*® Owing to the increase in
recombination, PCE drops to 26.8% at 0.25 pm thickness,
whereas it is 28.35% when the thickness is 0.05 um.

Fig. 4(b) expresses that the photocurrent decreases when the
dopant concentration is above 10" cm ™. The current density

1666 | Energy Adv., 2024, 3,1662-1671

remains at 47 mA cm > for carriers altering from 10" to
10'7 em™3. At 10" ecm™? concentration, it falls to 45 mA cm™2
from 47 mA cm > A higher order of doping may lead to
parasitic free carrier absorption, which intensifies the recom-
bination level and causes Js¢ to decrease by 2 mA cm™2.°7*® The
Voc does not show any significant change. The fill factor shows
a minor change from 74.87% to 78.00% as per the equation
below:*°

FF—_fwp (8)
VocJsc

where Pyp states the topmost power of the solar cell, V¢ is

open circuit voltage and Jsc means short circuit current. PCE

has no notable change and remains fairly constant; hence, FF

escalates.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4(c) represents that the defects in the CdS window have
no influence on the characteristics of this projected SC. Even as
the volume of defects varies within the range of 10'> cm™ to
10"® ecm™?, the shrink in carrier diffusion length as a sequel
of diminishing the carrier lifetime is not significant enough
with respect to the window breadth.’® Consequently, the per-
formance of the cell is largely consistent.

3.3 Varying the properties of the BSF layer

Fig. 5 demonstrates the consequences of varying the properties
of AlygGay,Sb BSF on the output characteristics of AgTaS;-
based PSC. Fig. 5(a) examines changes in the BSF layer’s
thickness from 0.1 um to 0.5 pm, observing its effect on the
solar cell’s performance. Notably, the Voc remains largely
unaffected by this variation, while the Jsc shows a marginal
increase from 46.36 to 46.38 mA cm 2. This improvement in Jgc

© 2024 The Author(s). Published by the Royal Society of Chemistry

may be attributed to a stronger electric field at the interface,
which effectively reduces the surface recombination velocity.
Therefore, the insertion of the BSF layer elevates the cell’s
efficiency from 20.96% to 27.9%.>%*!

Fig. 5(b) explores the impact of doping concentrations
ranging from 10"> cm > to 10"® cm>. Here, the device current
remains almost unchanged. Nonetheless, there is a slight

Table 2 The performance factors of the AgTaSs-based PV cell without
and with the Alg gGag »Sb layer

Device structure

PV parameter CdS/AgTasS; CdS/AgTasS;/Al, sGa, ,Sb
Voc (V) 0.56 0.78

Jsc (mA em™?) 46.22 46.37

FF (%) 80.87 77.06

PCE (%) 20.96 27.89
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Table 3 Comparative analysis of perovskite-based solar cells

Solar cells Type Voc (V) Jsc (mA em™?) FF (%) PCE (%) Ref.
ZnO/CdS/CH3;NH;SnI;/GaAs Numerical 0.96 33.86 73.2 23.8 21
bl-Y:TiO,/MAPbI; ,Cl, (solution)/spiro-MeOTAD Exp. 1.13 22.75 75 19.3 45
FTO/c-TiO,/mTiO,/Pbl,:CH;NH;1/spiro-OMeTAD/Au Exp. 1.09 22.4 80 19.1 46
FTO/SnOZ/PCBM/perOVSkite/SpirO-OMeTAD/Ag Exp. 1.19 19.4 79 17.9 47
mp-TiO,/FAPbI;/MAPbI; (ETL)/spiro-MeOTAD Exp. 1.03 20.97 74 16.01 48
ITO/SnO,/MBM/perovskite/spiro-OMeTAD/Ag Exp. 1.17 24.16 81.86 24.16 49
ITO/AMD PTAA/FA, 4Cso.1PbL;/PCBM/BCP Exp. 1.148 24.97 83.84 23.89 50
ITO/P3CT-N/CsPbl;/PCBM/C60/BCP/Ag Exp. 1.238 20.52 80.89 20.17 51
FTO/c-TiO,/ChPbl;-CsPbl;/Carbon Exp. 1.11 20.13 80.79 18.05 52
n-CdS/p-AgTaS;/p Al sGa, ,Sb Numerical 0.78 46.37 77.06 27.89 This work

decrease in the FF value to 0.27%, attributed to a lower ratio of
generation to recombination.*” This leads to a decrease in the
overall PCE from 27.97% to 27.89%.

In Fig. 5(c), the analysis shows that variations in defect
density, spanning from 10"* cm to 10"® em ™, do not signifi-
cantly affect the performance of the cell. The measurements
across this span of bulk defects indicate that they maintain
a constant value, suggesting that the defect density in this
interval does not substantially influence cell operation. This is
a frequent observation in recent studies.”’®’”*%*> As carrier
diffusion length exceeds the breadth of the BSF layer for these
defects, no deterioration is observed in the study.*®**

3.4 Ultimate outcome of AgTaS; PSC

The exhibition of the contribution of the Al, gGa, ,Sb BSF layer
is showcased in Fig. 6. The current vs. voltage (J-V) curve is
shown in Fig. 6(a). Without the Al, gGa, ,Sb layer, the voltage is
0.56 V, photocurrent is 46.22 mA cm > and the efficiency is
20.96%. But, with the inclusion of BSF in this PSC structure, the
voltage has an incremental value of 0.78 V. The builtsin
potential created in the p-AgTaS;/p'-Al, sGag ,Sb junction helps
to increase the voltage.”’ The current of the PSC remains fairly
constant. The PCE of the device increased to 27.89%. However,
the FF slightly diminishes from 80.87% to 77.06%, which may
happen as a consequence of the change in diode properties.”®

Fig. 6(b) reveals the absorption power at different wave-
lengths of light with and without the BSF layer. From the
figure, it is visualized that QE is lower in the wavelength range
of 400-500 nm. CdS absorbs a large number of shorter wave-
length photons. This absorption results in window gain, which
leads to lower QE.**** In near 600 nm wavelength, QE increases
beyond 95% as the absorber layer absorbs photons of all
wavelengths. The BSF layer helps marginally increase quantum
efficiency.

Table 2 shows the performance parameters of AgTaS; PV
cells with and without the Al, gGa,,Sb layer. The PCE ascends
from 20.96% to 27.89% when the BSF layer is used. The single-
junction n-CdS/p-AgTaS; model has a V¢ of 46.22 V and a Jg¢ of
46.22 mA cm 2 with 80.87% FF. The double heterojunction
n-CdS/p-AgTaS;/p-Aly sGa, ,Sb has 0.78 V of V¢, 46.37 mA cm ™2
of Jsc and 77.06% FF. Elevation of the PCE for this double
heterojunction solar cell conforms to the detailed balance limit
unveiled by Shockley-Queisser (SQ).

1668 | Energy Adv., 2024, 3,1662-1671

There are many previous reports of various perovskites-
based solar cells. Table 3 shows the relative studies on different
perovskite solar cells. Organic perovskites have shown impress-
ive performance, but the instability of this type of perovskite
makes it a very disadvantageous material. Also, the use of lead
halides in SC industries leads to toxicity in the environment.
The efficiency and short circuit current density of some pre-
vious literature works are much lower than those in this work.
Also, the thermal stability of AgTaS; is superior to that of
organic perovskites. These disadvantageous issues make it a
preferable material in this era.

4. Conclusion

AgTaS;-based n-CdS/p-AgTaS;/p'-Aly sGay,Sb PSC system has
been successfully designed and optimized with the help of the
SCAPS-1D simulator. Window layer CdS frames a p-n junction
with the AgTaS; absorber layer and this layer produces a p-p*
junction with the AlygGay,Sb BSF layer. The depth of the
different PSC panels is optimized to 0.7 um for the absorber
layer, 0.1 pm for the window layer, and 0.2 um for the BSF layer.
Doping concentration has been taken as 1.0 x 10'%, 1.0 x 10"°
and 1.0 x 10" ecm ™ for the respective layer. Defect density for
Cds, AgTaS;, and Al, gGa, ,Sb has been optimized at the value
of 1.0 x 10™ em™>. After optimizing the physical parameters of
each layer, the optimal PCE has been up to 27.89%. Jsc, Voc,
and FF increased to 46.37 mA cm 2, 0.78 V and 77.06%,
respectively. Voc has shown an increment from 0.56 V to
0.78 V after adding a thin BSF layer. Jsc rises to a small
extent after adding the BSF layer from 46.22 mA cm > to
46.37 mA cm * as a consequence of the reduction in carrier
recombination. The p-AgTaS;/p‘-Al, sGa, ,Sb junction produces
a high potential barrier and raises the Vo as well as the PCE.
This result paves the way for a highly efficient AgTaS; inorganic
perovskite solar cell.
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