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In this work, numerical simulation results on SnSe solar cells are presented. The influence of loss mechanisms
such as radiative recombination, SnSe bulk recombination, and CdS/SnSe interface recombination on the device
is studied in detail under and without the influence of resistances for the first time. In the first step, our model is
validated by accurately reproducing the experimental available data. We found that non-radiative recombination
originated by SnSe bulk defects in combination with high series resistances are dominant loss mechanisms,
resulting in efficiency values lower than 2 %. In addition, the important role of the CdS/SnSe interface is also
evidenced, since SnSe solar cells without bulk defects and resistances would not be able to overcome the effi-
ciency barrier of 10 % because of the cliff-like band alignment. The role of each loss mechanism on SnSe solar cell
performance was studied as a function of material thicknesses, carrier concentrations, bulk and interface defects,
and resistances for device optimization. We demonstrated that conversion efficiency of 21.8 % with an open-
circuit voltage, short-circuit current density, and fill factor values of 0.82 V, 31.6 mA/cmZ, 84.6 %, respec-
tively can be achieved in the optimized device under the standard conditions of AM 1.5G illumination and 300 K.

Introduction

Currently, single-junction photovoltaics based on CIGS, and CdTe
have shown the highest photoconversion efficiencies (PCE) with values
higher than 20 % under AM 1.5 solar spectrum at 25 °C [1]. However,
the use of these semiconductors has several economic and environ-
mental concerns. First, some of the main constituent elements are non-
abundant, for example, elements such as Te, In, and Ga are prone to
limit this technology since the annual production rates are around 135,
167, and 600 tons, respectively in comparison to other elements such as
Se and Sn, whose lowest annual production rate is 2,200 tons for Se and
the greatest is 280,000 tons for Sn [2,3]. Second, it is well known that Cd
and Te are potentially harmful to the environment and human health.
The increasing demand for energy along with the necessity of devel-
oping energy sources that are clean, sustainable, and scalable have
motivated the scientific community to research alternative non-toxic,
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abundant, and affordable novel materials to try to achieve higher effi-
ciencies. In the last decade, tin selenide (SnSe) has received a great deal
of attention because of its optoelectronic properties, which make it an
adequate candidate for photovoltaics. SnSe, a binary VI-VI material,
exhibits an orthorhombic crystal structure and typically p-type con-
ductivity owing to Sn-vacancies [4]. Furthermore, it has been described
by an optical band gap (Eg) ranging from 0.95 to 1.3 eV, which is near
the optimal one for solar cell application. In addition, a high absorption
coefficient of around 10° cm ™! has been reported for SnSe material due
to the direct band gap transitions, which guarantees the highest photon
absorption at lower thicknesses. Besides, tin and selenium, are abundant
elements in the Earth’s crust, so the reactants used for synthesizing SnSe
thin films are affordable and additionally exhibit low toxicity [5-7]. In
addition, the simplicity of using only two elements makes the formation
of secondary phases less likely during thin film deposition, unlike other
complex compounds like the kesterite family consisting of four or more
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elements [8]. Some works have been focused on showing the viability of
photovoltaic devices based on SnSe material. In 2012, Mathews et al first
fabricated a SnSe/CdS solar cell through electrodeposition, which
exhibited a conversion efficiency of 0.03 %. Although this device
showed very poor efficiency, it demonstrated that photovoltaic appli-
cations of SnSe are possible [9]. Nowadays, SnSe-based solar cells have
been developed with efficiencies from 0.1 % to 6.44 % employing
different approaches [10-13]. Despite the effort exerted on improving
the PCE of SnSe-based photovoltaics, its maximum efficiencies are far
from being the theoretically predicted efficiency. The Shockley-Queisser
(SQ) report establishes the highest possible photovoltaic characteristics
for single-junction devices. For tin selenide (Eg ~ 1.2 eV), the efficiency
given by the SQ limit is roughly 33 %, while for the rest of the charac-
teristics, namely, short-circuit current density (Js), fill factor (FF), and
open-circuit voltage (Vo) are 39.99 mA/cm?, 87.7 %, and 0.94 mV,
respectively [14]. Recent studies using SCAPS-1D simulation have
shown that SnSe-based thin film solar cells under optimized conditions
can achieve efficiencies close to the SQ limit. Yadav et al performed a
simulation study based on an experimental report in which they opti-
mized and compared two Mo/SnSe/CdS/i-ZnO/AZO/Al solar cells, with
and without a NiO back-surface field layer. The highest efficiency ach-
ieved was 2.69 % and they concluded that the presence of the BSF layer
improved V,. and FF [15]. Similarly, Kumar et al simulated a Mo/SnSe/
CdS/i-ZnO/ITO/Mo solar cell varying thickness, band gap, density of
states, radiative recombination coefficient (RRC), and acceptor con-
centration (Np) in SnSe, achieving an efficiency of 27.72 % [16].
However, in these two works several remarks can be made about the use
of i-ZnO, very thin CdS layers, and how to tune some of the parameters
varied such as the radiative recombination coefficient (RRC), or
electron-to-hole mobility ratios (un:up). On the other hand, there are no
available theoretical and experimental studies on device behavior
considering the influence of likely loss mechanisms, which could help to
enhance device efficiency. Traditional deposition techniques for SnSe
thin films entail the formation of bulk defects, which play a dominant
role in carrier transport. In addition, since CdS and SnSe are described by
different lattice parameters and crystalline structures, the formation of
interface defects is expected, which can degrade the device’s perfor-
mance. However, a comprehensive study on the impact of radiative
recombination and non-radiative recombination based on bulk and
interface defects on CdS/SnSe solar cells is still pending. A detailed study
on the role of bulk and interface defects along with resistances in SnSe
solar cells can provide information on conditions required at the labo-
ratory level to achieve a new efficiency record. Based on the current
state-of-the-art literature, this work presents a deep understanding of the
influence of radiative, bulk, and interface recombination on CdS/SnSe
solar cells for the first time. An in-depth analysis of the behavior of the
different loss mechanisms as a function of absorber and buffer thick-
nesses, SnSe acceptor concentration, CdS donor concentration, and
defect densities is presented. Furthermore, the role of series and shunt
resistances on SnSe solar cells is also evaluated. For this purpose, a
typical single-junction ITO/CdS/SnSe/Au device is simulated and opti-
mized using SCAPS-1D to establish a set of parameters to consider for
further experimental development. Our model is validated by repro-
ducing the experimental information reported for a CdS/SnSe solar cell
with an efficiency of 0.63 % [10]. After the model validation, we
demonstrated that efficiencies slightly above 20 % can be achieved
without the inclusion of BSF, only by varying parameters that are easily
tuned experimentally. The parameters considered for the optimization
are the buffer and absorber thickness, the buffer/absorber interface and
SnSe defect densities, the absorber acceptor density and buffer donor
density, and device resistances. In this sense, this work provides the
experimental groups with not only the knowledge of the main causes of
low CdS/SnSe solar cell performances but also introduces the path guide
to be implemented at laboratories to further efficiency promotion.
This paper is organized as follows: Section 2 presents the model
details focusing on the main semiconductor equations to perform the
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numerical simulations, with a particular emphasis on the most likely loss
mechanisms governing SnSe solar cells. In Section 3, in the first step, the
numerical validation of the model is presented by comparing the model
outcomes with the experimental data. After that, the influence of buffer
and absorber thicknesses and carrier concentrations, as well as SnSe
bulk and SnSe/CdS interface defects on solar cell performance is eval-
uated under and without the effect of resistances to find material
properties that result in the device optimization. Finally, the conclusions
of the work are presented in Section 4.

Solar cell structure and model details

The CdS/SnSe solar cell has the Au/SnSe/CdS/ITO structure, where
ITO, CdS, and SnSe are the transparent conducting oxide, buffer, and
absorber layers, respectively and Au is the metallic contact (MC). The
solar cell is thus composed of three semiconducting layers and a metallic
contact as shown in Fig. 1. For the simulation of the Au/SnSe/CdS/ITO
solar cell, the software SCAPS-1D is used. SCAPS finds the numerical
solution under steady-state conditions to transport equations by using
the Newton-Raphson method through the Gummel iterative scheme
[17], providing the photovoltaic characteristics. The semiconductor
equations in one dimension are the Poisson equation:

0 ¥ Pde
&(Eeoa) = *Q(p*n+ND*NA+%> (@)

In this equation, y is the electric potential across the p-n junction, Nj is
the acceptor concentration, Np is the donor concentration, p and n are
the hole and electron concentrations, respectively, q is the elementary
charge, and egq is the semiconductor permittivity. Finally, pger is the
charge density due to defects. The drift current equations for electrons
and holes:

0Egn
= o
OE
Jp = qny, (ij)
Where, u is the charge carrier mobility, Ep, and Eg, stand for the quasi-

Fermi levels splatted under illumination. Finally, the carrier continuity
equations:

@

7 + G(x) —Ry(n,p) =0 @
1 9dJ,
4 50 G0+ Ry(n.p) =0

Where, G(x) and R(n, p) are electron-hole generation and recombination
rates, respectively. To perform calculations, SCAPS requires the user to
input the electrical and optical properties of each layer of the device.
The simulation was conducted at 300 K and AM 1.5G spectrum (1000
W/m?), and the optoelectronic and geometric properties of the layers
are summarized in Table 1. The initial layer thicknesses used for simu-
lations are mainly based on the light penetration depth. For optical
calculations, uniform optical absorption coefficients were assumed. In
addition, default CdS and ITO absorption coefficient dependence on
wavelength given by SCAPS were used. SnSe absorption coefficient as a
function of wavelength was calculated from the semiconductor theory

TCO
Buffer

Fig. 1. Structure of the p-n heterojunction solar cell based on CdS/SnSe.
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Table 1
Geometric and optoelectronic properties of the semiconductor layers that build
up the CdS/SnSe solar cell.

Parameters Layer

SnSe CdS ITO
Thickness, t (nm) 800 100 400
Band gap, E; (eV) 1.2 2.45 3.65
Electron affinity, y (eV) 4.1 (18] 4.4 4.8
Dielectric permittivity, € (relative) 9.94 [19] 10 8.9
Conduction band density of states (1/ecm®)  1.96x10°  2.2x10'® 52x10'®
Valence band density of states (1/cm®) 3.8x10'® 1.8x10" 1.0x10'®
Electron thermal velocity (cm/s) 7.3x10° 1x107 1x107
Hole thermal velocity (cm/s) 1.25x107 1x107 1x107
Electron mobility, u, (cm?/Vs) 125 100 10
Hole mobility, p, (cm?/Vs) 371 [20] 50 10

Shallow donor density, Np, (1/cm®) 0 1x 10" 1x 10"
Shallow acceptor density, N (1/cm®) 1x10Y7 0 0

concerning direct band gap transitions, where the absorption coefficient
is proportional to /E — Eg, being E the photon energy, and Eg the
absorber band gap. We assumed that light penetrates the ITO layer and
transmits from ITO to the absorber, being attenuated in each layer by the
familiar exponential function depending on the material band gap
(Beer’s law) as follows: exp(—ax). Furthermore, for calculations,
reflection at the front surface and internal reflections were not required
to reproduce the experimental data, which accounts for dominant losses
owing to intrinsic defects rather than photon reflection. The SnS and CdS
absorption coefficients as functions of wavelength used for calculations
are presented in Fig. 2. Absorption coefficient values in the range of
10%-10° cm™! are representative of SnSe material, which accounts for a
penetration depth of light lower than 1 um. In this sense, SnSe thickness
near 1 pm can be chosen to guarantee complete photon absorption.
The solar cell band diagram is shown in Fig. 3. In this band diagram,
the rear surface of the absorber layer is at 0.0 pm, and the front surface
of the windows layer is at 1.3 um. The three different regions of the solar
cell appear in this diagram, the narrower band gap region corresponds to
the absorber, and it is seen that the successive layers have wider band
gaps, which ease the transport of electrons but limit the transport of
holes, then favoring the charge accumulation in the different regions but
also recombination in the bulk or interface [21]. This behavior is com-
mon in heterojunction solar cells that show the type II band alignment,
which has a negative conduction band offset, AE. < 0 [22]. A typical
cliff-like alignment at the CdS/SnSe interface is observed in Fig. 3. Band
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Fig. 2. Absorption coefficient dependence on wavelength for SnSe and
CdS materials.
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Fig. 3. Band diagram of CdS/SnSe solar cell.

offset values of 0.3 and 1.55 eV for conduction and valence bands,
respectively are characteristics of CdS/SnSe solar cells, resulting in an
effective band gap of 0.9 eV at the CdS/SnSe interface. This reduced
band gap of 0.9 eV with respect to the SnSe one (1.2 eV) favors carrier
recombination at the junction interface. When electron-hole pairs are
created by the incident of light in SnSe and CdS materials, they diffuse
until reaching the depletion zone where they are separated by the
electric field of the junction, resulting in the electron drift to the CdS and
holes to the SnSe material; in their transport near the heterointerface,
they can recombine through interface defects due to the reduced band
gap, typical of cliff-like heterojunction, as shown in Fig. 3. Losses at the
CdS/SnSe interface are also justified by the fact that electrons are
accumulated at the absorber/CdS interface, since they have to overcome
a potential barrier of 210 meV to be transported to the ITO material, due
to band bending because of the built-in voltage of the junction, while
holes are not able to overcome a barrier of 1.55 eV due to the valence
band offset, also accumulating near the CdS/SnSe interface. Therefore,
in addition to recombination due to SnSe bulk defects, it is important to
consider the role of interface defects in carrier transport, which is an
important point analyzed in this work.

Sources of recombination

In this work, the most important sources of recombination are
considered. The recombination mechanisms are radiative (band-to-band
transitions), Shockley-Read-Hall (SRH), and non-radiative interface
recombination due to buffer/absorber interface defects. Radiative band-
to-band recombination stands for the lowest limit among the loss
mechanisms, which rate can be calculated by:

Uraa = x(np — n?) ()]

Where p, n, and n; are the hole, electron, and intrinsic concentrations,
respectively, and « is the RRC, found by the detailed balance theory for
semiconductors in thermal equilibrium, resulting in approximately
10712 cm 37!

To analyze the impact of non-radiative recombination (SRH), two
types of bulk defects at a single energy level are being considered. For
the absorber and buffer layers, middle band gap defects are assumed to
overestimate the impact of defects. The density of defects, N;, in each
semiconductor is treated as a variable, and therefore the carrier lifetime
and diffusion length too [23,24]. The Shockley-Read-Hall recombina-
tion rate for a single-level trap is given by:
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np —n?

)

Usrn = EE EE
Tn(p+ M€ KT ) + 75 (n+ nye kT )

Where E; is the intrinsic energy level and E; is the trap energy in the
semiconductor.

Similarly, the buffer/absorber interface recombination (IR) is
described by Pauwels-Vanhoutte as a particular case of SRH recombi-
nation [25]. The defects in the interface were considered neutral and
with a single energy level of 0.6 eV above the E, of the absorber. The
recombination rate for this mechanism can be evaluated by:

Ur = S[p(0") —pi] ©

Where S is the buffer/absorber interface recombination velocity, p is the
hole concentration at the interface, x = 0%, and p; is the intrinsic hole
concentration at the interface [22].

Results and discussion
Numerical validation of the model

For the numerical validation of the model, the results of a previously
reported CdS/SnSe solar cell were used [10]. To replicate the J-V
characteristics, parameters of the material and the device that were not
detailed by the report are adjusted. As a first approach, the character-
istics given in Table 1 were inputted into the software. Also, reported
values of series and shunt resistances were used [6]. These values of Rg
and Ry, are 54 Qem? and 106 Qem?, respectively. Finally, we introduced
bulk defects in SnSe, CdS, and CdS/SnSe interface defects. Fig. 4 shows
the experimental and modeled J-V curves. In this first approach, the
model does not match the experimental result. Hence, to fit the exper-
imental data, bulk and interface defect properties were modified along
with resistance values. In SnSe material, the density of defects was
increased to 10%° cm™> and the capture cross-section of holes and
electrons was kept at 1071° cm?. In CdS, the density of defects was fixed
at 8 x 10!7 cm ™3 with a hole and electron capture cross-section of 10712
cm?. The comparison between the experimental and theoretical data is
shown in Fig. 5, the V. and Jg. values of the model are very close to the
experimentally obtained ones. The fill factor value in Fig. 5 is mainly
corrected by series and shunt resistance which were changed to 26.8
Qcem? and 103 Qem?, respectively. These resistance values will be
considered as the representative ones in the next calculations.

In the original report on CdS/SnSe photovoltaics used to numerically
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Fig. 4. J-V Characteristics of the first approach to the CdS/SnSe solar
cell model.
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Fig. 5. J-V characteristics of the final adjusted CdS/SnSe solar cell model.

validate the model, the external quantum efficiency (EQE) curve was not
provided. Consequently, the EQE of the final model was obtained using
the software. Fig. 6 shows the EQE of the CdS/SnSe solar cell adjusted
model, which exhibits a maximum collection of charge carriers of 26 %
at wavelengths around 540 nm. In addition, the solar cell is responding
to the incoming light from 300 nm to around 1050 nm. A similar
behavior of the EQE was reported for a CdS/SnSe solar cell with a
different structure, indicating that in both solar cells, the active region is
the same [15]. In this case, the low EQE shows the presence of different
current density losses mainly attributed to recombination, which pre-
vents the solar cell from achieving high efficiency.

Effect of loss mechanisms on SnSe solar cell

To evaluate the effect of loss mechanisms, the current density-volt-
age characteristics under radiative recombination (R), Shockley-Read-
Hall recombination (SRH) due to bulk defects, interface recombination
(IR), and all mechanisms acting simultaneously were obtained. The J-V
curves for the diverse recombination configurations under representa-
tive resistances are shown in Fig. 7(a). For all calculations, the radiative
losses are assumed as default. The optoelectronic parameters of simu-
lated devices are given in Table 2. The best J-V characteristics are

30

—— Shinde et al. (SCAPS)|

20 1

10 4

External quantum efficiency (%)

300 400 500 600 700 800 900 1000 1100
Wavelength (nm)

Fig. 6. External quantum efficiency of the CdS/SnSe solar cell adjusted model.
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Fig. 7. J-V curves for different recombination mechanisms, (a) under representative resistances and (b) under ideal resistances.

Table 2
J-V Characteristics of the CdS/SnSe solar cell under different recombination
mechanisms with representative and ideal resistance values.

Representative resistances

Recombination Voc (V) Jsc (mA/cm?) Fill factor (%) Efficiency (%)
R-IR-SRH 0.38 5.70 32 0.7
R-SRH 0.44 5.71 30 0.8
R-IR 0.49 16.32 26 2.1
R 0.69 21.68 28 4.3
Ideal resistances

R-IR-SRH 0.42 7.57 58 1.8
R-SRH 0.51 7.57 57 2.2
R-IR 0.50 28.60 69 9.9
R 0.71 28.61 81 16.4
Experimental

Shinde et al. [10] 0.37 5.73 30 0.63

obtained when the radiative recombination is the only loss mechanism
in the device, with Js and Vo, around 22 mA/cm? and 0.7 V, respec-
tively. Conversely, the poorest solar cell characteristics are exhibited
when all recombination mechanisms are present. However, the most
relevant result is that the SRH recombination is the main responsible for
current and voltage losses in the solar cell. The lifetime of charge carriers
inversely depends on the defect density in the bulk semiconductor, so
the higher the density of defects the shorter the charge carrier lifetime,
which is in good correspondence with previous results on other chal-
cogenides such as antimony sulfide selenide, in which shorter minority
carrier lifetime values yielded lower efficiency and V.. values [26].
Table 2 shows that defects at the CdS/SnSe interface have a lower
impact on carrier transport than SnSe bulk defects, however, it should be
noted that the interface recombination cannot be neglected since effi-
ciency is limited to 2.1 % under this mechanism, demonstrating the
important role of carrier recombination due to cliff-like band alignment.
Under the radiative limit, only a 4.3 % efficiency is observed, which
indicates the necessity of analyzing other factors such as resistances.
Fig. 7(b) and Table 2 illustrate general solar cell improvement under
ideal series and shunt resistances, showing that an important issue
concerning this type of solar cell is the effect of resistances. In addition,
beyond the optoelectronic parameter values, a similar trend is observed
for the transport mechanisms under ideal resistances, in which bulk
defects are dominant rather than interface defects. However, even under
ideal resistances, if the CdS/SnSe interface recombination were domi-
nant, efficiency would be limited to values lower than 10 %, making also
this mechanism important in SnSe solar cells.

Buffer and absorber thickness variation on the J-V characteristics

To evaluate the impact of buffer and absorber thicknesses on the
photovoltaic characteristics, both CdS and SnSe thicknesses were varied
from 25 to 200 nm and 0.4 to 5 um, respectively. For these calculations,
the presence of representative resistances and ideal resistances is being
considered. Defect densities of 1 x 10%° cm™2 and 8 x 10'7 cm™ were
considered for SnSe and CdS materials, respectively, while at the CdS/
SnSe interface, a concentration of 1.5 x 107 cm ™2 was taken into ac-
count. The primary motivation for varying the thickness of the layers
that make up the junction is given by the remarkable relationship
existing between the thickness and the optical absorption coefficient,
diffusion length, and lifetime of the charge carriers, which affects the
generation and recombination rates of solar cells. In general, a small
thickness is desirable for the buffer region since most of the incident
light will reach the absorber region without being absorbed by the
buffer, in this way taking advantage of the short wavelengths of the
ultraviolet region and avoiding the effect of parasitic absorptions
[27,28]. On the other hand, the thickness of the absorber is typically the
highest, but without exceeding both the length that light can travel into
the absorber and the diffusion length of carriers for a better carrier
collection, so there is an optimal thickness depending on the loss
mechanisms governing the device. Beyond this optimal thickness, the
charge carriers contributing to the photocurrent are not so significant.
Fig. 8 shows SnSe solar cell characteristics for different CdS buffer
thicknesses under representative resistances and the different recombi-
nation mechanisms. The solar cell behavior with the increment of buffer
thickness varies according to the recombination mechanisms acting at
the time. For the radiative with interface recombination mechanisms (R-
IR), and radiative with Shockley-Read-Hall recombination (R-SRH), the
open-circuit voltage has contrasting behavior for thicknesses lower than
84 nm (Fig. 8(a)). For R-IR, the V,. decreases from 0.62 V to 0.50 V
between 25 nm and 84 nm, and then it remains steady around 0.48 V for
higher thicknesses. A higher CdS thickness results in higher parasitic
absorption near the CdS/SnSe interface, thereby reducing V. to a value
of 0.5V, which is kept constant for CdS thicknesses higher than 84 nm
since carriers photogeneration takes place away from the effect of
interface defects. On the other hand, for the R-SRH mechanism, V.
slightly increases to 0.45 V as the thickness enlarges, remaining un-
changed at this value for thicknesses greater than 60 nm. This increment
is due to a small amount of light being absorbed near the depletion re-
gion in the CdS material, instead of penetrating deeply into the absorber
where the generated charge carriers recombine before they can reach
the depletion region due to the presence of SnSe bulk defects. However,
when the thickness of the buffer increases above 60 nm, the light
absorbed in the buffer layer far from the depletion zone does not
contribute to the charge collection due to the short diffusion length in
CdS owing to the bulk recombination. The behavior of Js. shown in Fig. 8
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Fig. 8. The solar cell optoelectronic parameters for different buffer thicknesses and recombination mechanisms under representative resistances.

(b) is such that when there is no SRH recombination, Jsc values are
above 15 mA/cm? and it decreases when the thickness increases owing
to the buffer parasitic losses. However, absorber defects drastically
reduce J. to values lower than 7 mA/cm?. Fig. 8(b) illustrates that Jg.
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values are mostly dominated by the SnSe bulk defects. A general result is
that short FF values are obtained for solar cells under all transport
mechanisms as presented in Fig. 8(c). In addition, Fig. 8(d) demonstrates
that efficiencies for R-IR-SRH and R-SRH under representative
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Fig. 9. The solar cell optoelectronic parameters for different buffer thicknesses and recombination mechanisms under ideal resistances.
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resistances are quite similar and lower than 4.5 %, being their trend
consistent with the behavior of V., Js, and fill factor.

Fig. 9 presents the optoelectronic characteristics under ideal re-
sistances for different buffer layer thicknesses. It is noticed that the fill
factor under ideal resistances is greater than under representative re-
sistances, this implies that better use of the received power is attained
for small series and high shunt resistance values, which shows that one
of the major issues with this kind of solar cells is the resistance values
reported so far [6]. Under ideal resistances, it is possible to achieve
higher V. and Js. values, which along with a high fill factor, yield higher
efficiencies. Under this regime, the main limiting factor concerns the
charge carrier recombination, for R-SRH and R-IR-SRH the efficiency is
limited in such a way that it is not affected by variations in the buffer
thickness. Due to the high defect density in the absorber region, the
diffusion length is too short that only charge carriers generated in the
depletion region are collected, and there is an offset between the gen-
eration and recombination rates, which results in roughly the same ef-
ficiency for different buffer thicknesses. It is demonstrated that if the
CdS/SnSe interface losses were dominant, efficiency values of about 10
% would be achieved in this technology. For the radiative recombination
mechanism, the efficiency reaches the maximum value around a thick-
ness of 50 nm, where high values of V,, Js, and FF are achieved as well.
Thus, a thickness of 50 nm can be used as an optimal value for the next
calculations.

In the next step, the influence of CdS donor concentration in the
range of 10'® to 10'® cm ™3 and thickness in the range of 20 to 150 nm on
SnSe solar cells is evaluated and analyzed in detail, considering the
simultaneous contribution of all loss mechanisms. The impact of CdS
donor concentration and thickness on Voc under and without the pres-
ence of resistances is presented in Fig. 10. In general, a Voc variation
from 0.25 to 0.42 V is observed under the presence of resistances, while
Voc values ranging from 0.28 to 0.55 V are found for ideal resistances.
For a CdS donor concentration lower than 107 cm™3, the increment of
CdS thickness, and the reduction in CdS donor concentration contribute
to a slight Voc decrease under the presence of resistances, while in the
case of ideal resistances Voc is nearly independent of the CdS concen-
tration and thickness. This result is mainly because of carrier recombi-
nation, which is more drastic under low CdS donor density and higher
thickness under the effect of resistances. For the highest CdS donor
densities, the impact of CdS thickness on Voc is nearly the same under
and without resistances, due to the low impact of CdS thickness on
carrier recombination. Fig. 10 also shows that a CdS donor concentra-
tion of about 10'7 cm ™3 and CdS thicknesses ranging from 20 to 70 nm
result in the best Voc values. Conversely, the lowest CdS donor con-
centrations allow the highest Voc values in the absence of resistances.
The Jsc dependence on CdS donor concentration and thickness is shown
in Fig. 11. The highest Jsc values are obtained at the lowest CdS
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thicknesses and the biggest CdS donor concentrations for SnSe solar cells
with and without resistances. A high CdS donor concentration allows the
depletion layer to broaden at the SnSe absorber material, thereby
guaranteeing a higher carrier separation and collection. In addition,
since higher CdS thicknesses result in a lower transmittance due to the
higher parasitic absorption at the CdS, the best Jsc values are obtained
for the lowest CdS thicknesses, which is in good correspondence with
other solar cell technologies where CdS has been used as the buffer layer
[29]. The presence of typical resistance values is translated into a Jsc
reduction of about 2.7 mA/cm? as shown in Fig. 11. The effect of CdS
donor concentration and thickness variations under and without the
effect of resistances on the fill factor is shown in Fig. 12. For CdS donor
concentrations lower than 107 cm™3, modest changes are found.
Conversely, CdS donor concentrations in the range of 10'7-10'® cm ™3
favor carrier transport thereby reducing series resistances and resulting
in higher fill factor values. Fig. 12 also shows a drastic drop in the
maximum expected fill factor from 61 % to almost 32 % under the
presence of resistances. This highlights the importance of reducing the
effect of resistances in SnSe device promotion. The SnSe solar cell effi-
ciency behavior as a function of CdS donor concentration and thickness
is presented in Fig. 13. For CdS donor concentrations lower than 107
cm™3, similar trends are observed for devices with and without re-
sistances, where the decrease in CdS donor concentration and the in-
crease in CdS thickness result in the lowest SnSe solar cell efficiencies.
This result is directly related to the Jsc behavior as presented in Fig. 11.
On the other hand, CdS donor concentrations in the range of 10*7-10'8
cm 3 and CdS thicknesses ranging from 50 to 100 nm allow maximum
solar cell efficiencies. In particular, maximum efficiency values of 0.69
and 1.92 % can be achieved for SnSe solar cells with and without re-
sistances, pointing out the need to focus on recombination losses rather
than device resistances for solar cell efficiency promotion. Fig. 13
demonstrates that a CdS thickness of 50 nm can still be considered
optimal in other calculations to avoid increased CdS parasitic losses.
To determine an appropriate absorber thickness, calculations are
carried out for a fixed buffer thickness of 100 nm and absorber thick-
nesses ranging from 0.4 to 5 um. The effect of both representative and
ideal resistances for each recombination mechanism is taken into
consideration. The first remarkable aspect to notice when inspecting
both Fig. 14 and Fig. 15 is that the increment of thickness in the absorber
leads to an increment in V., Js, and as a consequence the efficiency
when transport mechanisms such as radiative and interface recombi-
nation are dominant. In particular, a slight variation is observed under
the IR mechanism, while when SRH is dominant, solar cell character-
istics are nearly independent of thickness. This is a result of the high
impact of bulk defects on carrier transport in this type of structure,
preventing photogenerated carriers from reaching the depletion zone. A
different trend is observed for the fill factor of the solar cell with
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Fig. 10. V. for different CdS donor concentrations and thicknesses in SnSe solar cells. Under (a) representative resistances and (b) ideal resistances.
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Fig. 13. Efficiency dependence on CdS donor concentration and thickness in SnSe solar cells. Under (a) representative resistances and (b) ideal resistances.

representative and ideal resistances. When representative resistances
are assumed for calculations, the increment in thickness results in higher
series resistances, thereby reducing Jsc and also the fill factor as
observed under the R and R-IR mechanisms. However, under the effect
of bulk defects that play the most important role in carrier losses, the fill
factor is not affected by the variation of absorber thickness. A remark-
able difference is also observed for Jsc under R and R-IR mechanisms.
Under the presence of representative resistances, lower Jsc values for the
R-IR mechanism are obtained but when resistances are neglected Jsc
values corresponding to both R and R-IR mechanisms are nearly the
same, which accounts for resistive losses at materials and

semiconductor/metal contact rather than losses at CdS/SnSe interface.
In general, Voc presents a very short variation with absorber thickness
changes for all the transport mechanisms. Figs. 14 and 15 also demon-
strate that the low efficiency reported for CdS/SnSe solar cells is mainly
aresult of very low Jsc values due to the effect of SnSe bulk defects along
with losses due to resistances. The reduction of SnSe defects could by
itself result in an efficiency promotion from 0.8 % to 2.2 %, being also
necessary the mitigation of parasitic resistance effects to accomplish
performance values of 10 %. For further calculations, a SnSe thickness of
1.7 um is considered, for which efficiency values are near the maximum
ones.
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SnSe bulk defects vs surface defects at the CdS/SnSe interface

So far, SnSe bulk and CdS/SnSe interface defects have been
demonstrated to be dominant under the effect of resistances. The
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Efficiency (%)
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knowledge of the influence of these defects on SnSe solar cells under and
without the effect of resistances is required to promote this technology.
The SnSe bulk and CdS/SnSe interface defect effect on Voc for SnSe solar
cells under and without the effect of resistances is illustrated in Fig. 16.
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Fig. 16. V,, for different surface defect densities at the CdS/SnSe interface and bulk defect densities in SnSe. Under (a) representative resistances and (b) ideal
resistances. For calculations, SnSe and CdS thicknesses of 1.7 um and 50 nm, respectively were considered.

In general, the best V, values are obtained when bulk defect density is
low, being V,. more sensitive to bulk defects than interface defects when
interface defect density values are lower than 10® cm™2. For higher
interface defect concentration values, Voc is almost constant for SnSe
bulk defects shorter than 10%° em™3, which indicates that CdS/SnSe
interface losses become dominant. V,. values close to 0.7 V are shown
for CdS/SnSe and SnSe defect densities lower than 10° cm ™2 and 106
cm 3, respectively. Fig. 16 also demonstrates that for SnSe bulk defect
densities higher than 10*! cm 2 and under the effect of resistances, Vo is
independent of the CdS/SnSe interface defect density, while under the
ideal resistances, an increment in Voc is expected with the reduction of
CdS/SnSe interface defect density. However, a similar maximum V. of
0.72 V is expected for optimized devices with and without the effect of
resistances, being only noticeable the effect of resistances in the region
of SnSe bulk defect density higher than 102! em 3. In general, since Voc
is almost the same with and without the effect of resistances, we can
elucidate that high series resistances are limiting the device
performance.

Fig. 17 shows that resistances are an important issue in CdS/SnSe
devices. Jsc values independent of defect density at the CdS/SnSe
interface are obtained for a bulk defect density larger than 10'° cm™3,
which indicates that under a high bulk defect density the influence of
interface defects is almost negligible. The increase of bulk defect density
results in the Jsc reduction as expected since SRH recombination in-
creases. Under the effect of representative resistances, Jsc values are
shorter. On the other hand, when bulk defect density is shorter than
10'° em ™3, an increase in Jsc is found with the reduction of CdS/SnSe
interface and SnSe bulk defect densities even under the influence of
resistances. However, in this regime, bulk defects have a more dominant
role than interface defects. Fig. 17 also illustrates that in the device
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Fig. 17. J for different surface defect densities at the CdS/SnSe interface and bulk defect densities in SnSe. Under (a) representative resistances and (b) ideal
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without resistances, the CdS/SnSe interface defects impact on Jsc is
almost negligible. The negative effect of series resistances in CdS/SnSe
solar cells is demonstrated by the Jsc drop from 33.3 to 23.9 mA/cm?.
The influence of SnSe bulk and CdS/SnSe interface defects on effi-
ciency is presented in Fig. 18 under the effect of representative re-
sistances (a) and ideal resistances (b). Fig. 18(a) shows that the highest
efficiency that can be attained is around 3 % considering the technical
limitations to obtain the level of defects that would allow this; this value
of efficiency is in correspondence with a reported work on CdS/SnSe
solar cells [15]. Fig. 18(b) shows that under the negligible effect of re-
sistances during the calculations, efficiencies ranging from 12 % to 19 %
can be achieved considering the optimal thicknesses of SnSe and CdS,
and N¢ from 2x 10 to 1 x 108 cm 3 along with N from 7 x 10°to 2 x
108 ecm 2, respectively. The highest efficiencies can be obtained for bulk
and interface defect density values lower than 10*” em ™ and 10% em 2,
respectively. Conversely, the lowest efficiency values are observed in
both devices for bulk density values higher than 102° cm 3, for which
the effect of interface defects can be almost neglected. This figure also
demonstrates that under ideal resistances, the effect of interface defects
would be more detrimental for the device when bulk defect density is
lower than 10'® cm ™3 since efficiency variations from 1.2 % to 4.5 % are
found depending on interface defects under the effect of resistances,
while a variation from 5 % to 19.4 % is expected for ideal resistances.

Acceptor concentration vs bulk defects in SnSe

In typical structures, the acceptor concentration in the p-type semi-
conductor influences the depletion width in the buffer region and
therefore the strength of the electric field that will separate the electron-
hole pairs and will contribute to increasing the photocurrent. To find the
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resistances. For calculations, SnSe and CdS thicknesses of 1.7 um and 50 nm, respectively were considered.
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Fig. 18. Efficiency for different surface defect densities at the CdS/SnSe interface and bulk defect densities in SnSe. Under (a) representative resistances and (b) ideal
resistances. For calculations, SnSe and CdS thicknesses of 1.7 um and 50 nm, respectively were considered.

SnSe acceptor concentration value that optimizes the device perfor-
mance, the variation of both acceptor concentration and bulk defect
concentration was carried out. Results on the Voc, Jsc, and efficiency are
given in Figs. 19, 20, and 21, respectively. For the calculations, the
thickness of the absorber and buffer layers are 1.7 ym and 50 nm,
respectively, and the CdS/SnSe interface defect density is 10® cm 2. The
increment of the acceptor density concentration in the absorber gets the
quasi-fermi energy level of holes close to the valence band allowing
higher V. values of around 0.85 V as seen in Fig. 19, whereas the bulk
defect density does not affect the Voc as far as it is kept lower than 107
em 3. In addition, series resistances in the device do not affect the Vyc
values, and it is demonstrated that the low shunt resistance value has a
negligible effect. Conversely, Jsc is drastically affected by the presence
of resistance. In Fig. 20(a), the highest J values are around 23 mA/cm?
under representative resistances, however, under ideal resistances, these
values can be around 33 mA/cm? for the same range of acceptor and
defect concentrations as shown in Fig. 20(b). Consequently, series re-
sistances are dominant in SnSe solar cells. For bulk defect concentrations
lower than 107 em ™3, an increase in Jsc from about 13 to 25 mA/cm? is
expected with increasing acceptor concentration as depicted in Fig. 20
(a), whereas under ideal resistances Jsc barely changes as shown in
Fig. 20(b). Bulk defect concentrations lower than 107 e¢m™2 have a
negligible impact on Jsc values under representative and ideal re-
sistances. Conversely, bulk defect concentrations higher than 10'7 cm™>
would increase carrier losses, drastically reducing the carrier collection
and thereby Jsc; under this regimen the effect of acceptor concentration
is negligible. The increment in Jsc for higher acceptor concentrations is
related to the increment in electron-hole pairs collection due to a
stronger electric field. On the other hand, due to the slight variation of
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Vo, and Jsc for bulk defect density values lower than 10" cm’g, solar
cell efficiency in this range is nearly constant for a particular acceptor
density value as shown in Fig. 21(a) and (b). Besides, in such a range, the
device shows a clear dependence of efficiency on acceptor concentration
under representative and ideal resistances. Unlike the case of ideal re-
sistances for which the increase of acceptor concentration would result
in an efficiency increase from 13 % to 23 %, when representative re-
sistances are considered in the calculations, efficiency is only increased
from about 2 % to 6.3 %, which is still higher than the current highest
efficiency achieved experimentally. Even though the solar cell efficiency
increases, the resistances degrade the photovoltaic characteristics. This
result is mainly due to the impact of resistances on Jsc, since Voc re-
mains steady under representative and ideal resistances, thereby high-
lighting the need to reduce the effect of series resistances on Jsc for the
next efficiency promotion. For the solar cell optimization, an acceptor
density of 2 x 10'° em ™2 will be considered in the next calculations.

Temperature effect on SnSe solar cell

The temperature effect on SnSe solar cells is presented in Fig. 22,
where temperatures ranging from 250 K to 400 K were evaluated. For
calculations, experimental band gap values reported in the literature for
SnSe were considered [30]. In particular, a linear decrease function of
band gap with temperature was assumed as reported experimentally for
SnSe material, accounting for p = 0 in the typical equation of semi-
conductor band gap variation with temperature, reported by Varshni
[31]. By using Varshni’s equation, it is possible to evaluate the SnSe
band gap for temperatures in the range 250-400 K. Fig. 22(a) shows the
J-V characteristics, while the behavior of the optoelectronic parameters
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Fig. 19. V,. for different acceptor densities and bulk defect densities in SnSe. Under (a) representative resistances and (b) ideal resistances. For calculations, an
interface defect density of 10° cm™2 as well as SnSe and CdS thicknesses of 1.7 ym and 50 nm, respectively were considered.
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with the temperature is presented in Fig. 22(b). The temperature in-
crease is translated into a Jsc increase and a Voc reduction, which is due
to the band gap decrease with temperature. The band gap decrease fa-
vors higher photon absorption, thereby promoting Jsc of SnSe solar cell
but Voc is reduced owing to the increased carrier recombination rate.
Since higher temperatures contribute to bigger disorder in carrier
transport, the fill factor is decreased. These parameters contribute to an
efficiency degradation from 23.1 % to 17.8 % with the temperature
increasing from 250 K to 400 K.

Photovoltaic characteristics of the optimized vs non-optimized devices

The J-V curves of both optimized and non-optimized solar cells have
been calculated for comparison. The final optimal parameters and those
first used to reproduce the experimental data given by Shinde et al are
given in Table 3. Fig. 23 shows the comparison of both J-V results, where
it is observed that the optimized solar cell has a high FF since ideal re-
sistances are being considered. The Jsc is 31.6 mA/cm? which is
roughly 81 % of the maximum theoretical value established by the
Shockley-Queisser limit, and around six times the value reported for the
non-optimized solar cell [14]. As a result of the optimization of the
acceptor density and defect densities, the open-circuit voltage also
showed a significant increment to 0.82 V. Finally, an optimized CdS/
SnSe solar cell efficiency of up to 22 % is expected, because of the high
FF, Jsc, and Voc, demonstrating that SnSe is quite attractive for solar cell
fabrication; nevertheless, further experimental studies are pending.
Table 4 presents similar theoretical results reported for SnSe solar cells
calculated under AM1.5G, room temperature, and ideal resistances. Voc,
Jsc, FF, and efficiency values in the range of 467-890 mV, 28.48-38.62
mA/cm?, 68.1-86.6 %, and 9.05-29.3 %, respectively have been theo-
retically reported for optimized SnSe solar cells, which are in good
correspondence with the values reported in this work. Unlike some of
the results reported in Table 4, our work demonstrates that it is possible
to obtain optimized SnSe solar cell efficiencies higher than 20 % without
the incorporation of a hole transport layer.

In order to achieve SnSe solar cell efficiencies higher than 20 % as
expected under optimal conditions, several aspects should be addressed
in laboratories. The main experimental challenges that the scientific
community faces for fabricating highly efficient SnSe solar cells are the
reduction of defects at SnSe bulk and CdS/SnSe interface, as well as the
minimization of resistance impact. In previous review works, these
points have been highlighted as important [6,38]. Aspects such as SnSe
poor crystallinity, the formation of defects, small grain size, and the
formation of secondary phases reduce diffusion length and consequently
carrier collection, resulting in low Jsc values [6,38]. Despite CdS being
commonly used as a buffer material in SnSe solar cells, its relatively low
band gap contributes to parasitic absorption losses in the short wave-
length region, and it is also characterized by the formation of a cliff-like
band alignment, having a negative impact on the device performance.
On the other hand, important disagreements in crystallographic struc-
ture and lattice parameters between SnSe and CdS result in the forma-
tion of interface defects, thereby enabling carrier recombination. In this
sense, the fabrication of smooth surfaces, very thin passivation interfa-
cial layers, or even the use of an alternative buffer layer with better band
alignment and lattice matching to the SnSe film are important points for
promoting SnSe solar cell performance. On the other hand, compact,

Table 3
Parameters of the optimized solar cell and the non-optimized solar cell.

Parameters Shinde et al. (SCAPS) Optimized solar cell.
Tcds, tsnse 100 nm, 800 nm 50 nm, 1.7 pm

Rs, Ren 26.8 Q cm?, 103 Qem? 0, very high

Nis 1.5x 10”7 cm 2 1x10° cm 2

N; 1x10% em 3 1x10% em ™3

Na 1x10"7 em™ 2x10" em™3
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Fig. 23. Optimized vs non-optimized SnSe solar cell.
Table 4

Simulated photovoltaic characteristics of solar cells with SnSe absorber. All the
simulations were performed under AM 1.5 solar spectrum, 300 K, and ideal
resistances.

Structure Voc Jsc (mA/ FF n (%) Reference
(mV) em?) (%)
ITO/CdS/SnSe/Ni 788 38.62 85.8 26.1 [32]
AZ0/i-Zn0O/CdS/SnSe/ 818 33.36 82.3 22.69  [15]
Mo
ITO/Zn0/Zn(0,S):N/ 467 28.48 68.1 9.05  [33]
SnO,/SnSe/Mo
FTO/CdS/SnSe/Cul/Ni 860 32.99 86.2 24.5 [34]
FTO/CdS/SnSe/Sb,Ses/ 840 38.42 86.6 28.2 [35]
Au
FTO/WS,/SnSe/CuyO 890 38.23 86.3 29.3 [36]
/Ni
Zn0:Al/Zn0O/ZnMgO/ 823 33.45 74.8 20.59 [37]
SnSe/NiO/Mo
ITO/CdS/SnSe/Au 820 31.60 85 21.8 This work

smooth, and pin-hole-free layers can prevent leakage current, thereby
increasing shunt resistance. The experimental study on SnSe doping to
increase carrier concentration as well as the use of the alternative back
contact with high work function resulting in ohmic contact at the SnSe/
metal interface are also necessary to reduce the series resistance. The use
of a thin anti-reflection coating (ARC) — with a thickness of one-quarter
the wavelength of the incoming wave for which reflection reduction is
desired to take advantage of interference — is also an attractive proposal
to increase the Jsc of SnSe solar cells by reducing the reflection losses.
The proper application of the quarter-wavelength ARC can improve the
SnSe solar cell efficiency. In general, secondary phase formation, bulk
and interface defects, band alignment, absorber doping, back contact,
and the use of an ARC layer are currently opportunity areas for
improving SnSe solar cells. All these points constitute a guide for
experimental groups working on SnSe solar cells for the further pro-
motion of this technology.

Conclusion

In summary, a numerical simulation was presented, where the
impact of loss mechanisms such as radiative, SnSe bulk, and CdS/SnSe
interface recombination was evaluated under and without the effect of
resistances for the first time to get a better understanding of SnSe solar
cell performance. The comparison between the model outcomes and the
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experimental data showed good agreement, validating the important
role of SnSe bulk defects and resistances in carrier losses. Furthermore,
CdS/SnSe interface recombination was introduced as the second most
important loss mechanism. We demonstrated that the simultaneous ef-
fect of radiative, SnSe bulk, and CdS/SnSe interface recombination can
result in efficiencies of 0.7 % under the effect of resistances, while for
ideal resistances efficiencies of about 1.8 % are expected. When the
impact of the loss mechanisms is individually evaluated, efficiency
values of 0.8 %, 2.1 %, and 4.3 % with resistances and 2.2 %, 9.9 %, and
16.4 % without resistances are obtained for SnSe bulk defect recombi-
nation, CdS/SnSe interface recombination, and radiative recombination,
respectively. As a result, the first issues that must be addressed at lab-
oratories are the reduction of both SnSe bulk defect density and resis-
tance effect. However, it was pointed out that even under the negligible
effect of SnSe bulk defects and resistances, SnSe solar cell efficiency
would be limited to a value of 9.9 %, thereby requiring further studies to
improve the CdS/SnSe interface. The detailed study on the effect of each
loss mechanism on SnSe solar cells showed that an optimized solar cell
efficiency of 21.8 % with Jsc, Voc, and FF values of 31.6 mA/cm?, 0.82
V, and 84.6 %, respectively can be obtained by choosing N, N, and Nig
of 2x 10"° cm’3, 10'° cm’3, and 10° cm ™2 respectively, and with CdS
and SnSe thicknesses of 50 nm and 1.7 um, respectively, under ideal
series and shunt resistances. In this sense, this work offers the route to
further experimental improvement that would make this technology
competitive with the current CdTe and CIGS ones.
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