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Tungsten Disulfide-based Ultra-Thin Solar Cells for Space Applications

Sayan Roy and Peter Bermel

Abstract—2D materials such as Transition Metal Di-
Chalcogenides (TMDCs) are strong candidates for space
photovoltaics, as they are very lightweight, flexible and resilient to
ionizing radiation. Here, an ultra-thin tungsten disulfide (WS2)
based photovoltaic cell with photon management features has been
modeled, with performance improvement from enhanced
absorption. Our photovoltaic model consists of a 200 nm thick
WS2-based heterojunction solar cell, similar to the HIT
(heterojunction with intrinsic thin layer) solar cell structure,
together with a light trapping grating structure and an anti-
reflection coating layer. The photovoltaic cell with an optimized 1-
D grating light trapping structure and an appropriate anti-
reflection dielectric coating was demonstrated to give an efficiency
above 23% under the AMO solar spectrum in our model -
comparable to other single-junction space photovoltaic cells. The
material properties are taken directly from experimentally
observed results; the proposed device architecture with additional
optical features is based on experimentally fabricated devices and
structures, and is expected to be resistant to ionizing radiation in
the space environment. Our results show that our TMDC-based
photovoltaic system with light trapping and anti-reflection coating
is a strong candidate for space photovoltaic applications.

Index Terms—transition metal di-chalcogenides (TMDCs),
space photovoltaics, light trapping, anti-reflection coating,
absorption enhancement, radiation resistance.

I. INTRODUCTION

HOTOVOLTAICS is a growing and important

alternative to conventional energy sources on Earth and

outer space. In fact, it is the primary electric power
source in outer space for Earth-orbiting satellites and many
space exploratory missions, since refueling is difficult, and the
solar illumination is more intense in outer space. Solar cells not
only provide cheap and convenient power supply, but they also
offer long-term output and reliability for extended satellite
operations. In space photovoltaics, high conversion efficiency,
together with light weight, is desired because of limited area
and weight restrictions. An important and necessary feature is
resistance to radiation-induced degradation in space
environment, since the presence of large concentrations of high
energy particles and cosmic rays can significantly damage solar
cells. Long-term operational reliability is vital for
implementation in long-range space missions [1].

Until recently, silicon-based solar cells were most commonly
used in space with efficiencies around 14-15% [1]. More
recently, there have been steady advances in the best
performing designs for the space environment. These include
the incorporation of complex light trapping structures,
advanced anti-reflection coatings and improved radiation
tolerance. These improvements have led to high efficiency solar
cells based on GaAs with efficiencies around 18-19% [2]. Now,
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there is a high demand for the development of space
photovoltaic systems with efficiencies above 20% [1], [3].
Space photovoltaic modules consisting of III-V multi-junction
solar cells have been studied and demonstrated to exhibit
efficiencies above 30% [4], [S]. Such high efficiencies are
beyond the scope of single-junction technology. The goal of
this project is to present a single-junction ultra-thin solar cell
with performance comparable to existing single-junction solar
cells. The key focus is on ultra-thin device structure using a new
material, with lower mass, reduced cost, flexible features, and
enhanced radiation tolerance, together with competitive
performance among similar devices.

In addition to high efficiencies, recent research has focused
on developing space solar cells with ultra-thin active materials
and high radiation resistance. Two-dimensional (2D) transition
metal di-chalcogenides (TMDCs) are the perfect candidate for
future implementation in space photovoltaic technology due to
their unique potential features and benefits. TMDCs are
flexible, robust and can be fabricated with atomic-scale
thickness. They have promising electronic and optical
properties suitable for applications in photovoltaics [6], [7].

2D TMDCs can achieve significantly higher sunlight
absorption per unit volume than commonly used solar absorbers
such as GaAs and Si [8], allowing for lightweight and flexible
PV modules. Tungsten disulfide (WS.), a 2D layered TMDC,
has strong potential for solar cell applications. It has excellent
absorption and carrier transport properties. It is vitally
important to develop solar cell materials that have a high degree
of resistance and resilience to high energy particles and cosmic
rays, to maximize the end-of-life performance of the solar cell
[9]. TMDCs have a high degree of resistance to radiation-
induced damage; nanoelectronic devices based on TMDCs
exhibit negligible degradation in performance on exposure to
high energy radiation in space environment. Therefore, they
have strong potential for implementation in space-based
electronic and optical devices, and are particularly good
candidates for space photovoltaic applications [10].

In ultra-thin solar cells, the major factor limiting efficiencies
is the reduced absorption of incident photons in the solar
spectrum. There has been extensive research on absorption
enhancement through light trapping by sophisticated optical
arrangements and complex structures [11], [12]. Light trapping
can enhance the optical absorption in a solar cell and, at the
same time, decrease the active layer thicknesses, which results
in lightweight, low-dimensionality and high efficiency devices
[13]. Thinner devices allow for improved collection of
generated carriers, with less constraints on the minority carrier
diffusion lengths.
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Many sophisticated arrangements and complex structures
have been developed to extend the effective path length of light
as optical confinement or light trapping. In photovoltaics, light
trapping is used to reduce the thickness of the cell without
lowering its light absorption. With an appropriate light trapping
structure, a thinner solar cell can retain high absorptivity and
also have a higher open-circuit voltage [14]-[16].

In almost all semiconductor materials, a significant portion
of broadband incident spectrum is lost to surface reflection.
Silicon, for example, has a high surface reflection of over 30%
[17]. This loss of incident photons can be reduced by a great
extent by incorporating a suitable dielectric material layer to
function as an anti-reflection coating which minimizes surface
reflection for a range of wavelengths in the incident solar
spectrum [14]. In solar cells with highly absorptive materials,
this substantially improves the efficiency of the device.

Here, an ultra-thin WS,-based photovoltaic model has been
developed for space applications. It is beneficial to have the
total active layer thickness around 100-200 nm to minimize
radiation damage [17], [18]. Solar cells with active layers of
thickness around microns are prone to significant damage from
high energy radiation and particles in the outer space
environment [19]; while ultra-thin materials with thicknesses of
around few hundred nanometers are much more resistant to
radiation damage with less degradation in their long-term
performances [11]. Considering the possible structural damage
of the material from radiation and corresponding degradation of
performance, our device models were investigated with
thickness limit of around 200 nm.

Next, additional features were introduced to the 200 nm-thick
baseline structure to realize efficiencies above 20%. A light
trapping structure and an anti-reflection coating layer were
incorporated in our photovoltaic model to increase absorption
of the incident solar illumination. These additional optical
features lead to enhancement of the short-circuit current (Jsc),
and a very small increase in the open-circuit voltage (Voc). The
baseline photovoltaic model with thickness of 200 nm yields
efficiencies of 15.8% at 40°C and 14.3% at 70°C, which is the
temperature range of satellite orbits; this is much lower than
efficiencies of current space photovoltaic technology.

An optimized 1D silver grating light trapping structure was
used to increase the optical path length inside the solar cell,
thereby enhancing photon absorption and the Jsc. The
efficiencies of our solar cell increased to 20.4% at 40°C and
18.5% at 70°C. In addition to light trapping, an appropriate
dielectric layer was also added to function as an anti-reflection
coating for reduction of surface reflection from our solar cell.
This led to further increase in the Jsc from the additional photon
absorption. The efficiencies of our final solar cell model
increased to 23.6% at 40°C and 21.4% at 70°C.

Some preliminary estimates of the radiation resistivity of
WS:; in comparison to common semiconductor materials have
also been presented. The proton stopping power of WS, was
analyzed for high-energy protons. From the proton stopping
power, the mean range, or continuous slowing down
approximation (CSDA) range, was calculated at the different
energies to understand the penetration depth of high energy

protons. The results were compared to those of silicon
(commonly used in photovoltaics) and lead (high radiation-
resistance). It was found that our ultra-thin solar cell model has
much better resilience than conventional solar cells with
thicknesses around few microns, for high energy protons (i.e.,
ionized hydrogen atoms) in the space environment.

II. THEORY AND METHODS

A. Photovoltaic Model

A solar cell model starts with a p-n junction device design to
generate electron-hole pairs from incoming photons in the
incident solar illumination [20]. A 3-layer device architecture
was investigated for our photovoltaic model where the top layer
is a thin highly-doped layer (n-type), the middle layer is a
relatively thick intrinsic or light-doped layer (p-type), and the
bottom layer is a thin highly-doped layer (p-type), similar to a
silicon HIT solar cell structure. The electronic and optical
properties of monolayer and bulk WS, used in the device
simulations include the electronic band structure, bandgap,
absorption coefficient, conduction band effective density of
states N¢, valence band effective density of states Ny, carrier
lifetimes and relative dielectric constant. The electronic band
structure and absorption profile of WS, were obtained using
Density Functional Theory calculations and validated against
experimentally established results. These parameters were
taken from our previous work, as summarized in Table 1 [21].

TABLE 1
Properties of monolayer WS, bulk WS, and a-Si at 300K.
Monolayer Bulk WS: a-Si
WS2
Bandgap (eV) 2.15 1.29 1.7
(direct) (indirect) (direct)

Electron Affinity (eV) 4.7 4.5 4
Relative Dielectric Constant 5.1 13.4 11.7
Nc (em) 0.97x10"°  2.02x10"°  2.82x10'°
Nv (cm™) 1.34x10"°  2.48x10"°  2.65x10"
Electron Mobility(cm?V-1s) 200 200 1
Hole Mobility(cm?V-1s1) 50 50 0.003

The best-performing photovoltaic model in terrestrial
conditions obtained in our previous work is defined as Model
A, as shown in Fig. 1(A). It consists of three-layers in an n*-p-
p" junction stack. The top layer is a thin layer of highly-doped
n-type monolayer WS stack; the middle layer is a thick layer
of lightly-doped (almost intrinsic) p-type bulk WS,; and the
bottom layer is a thin layer of highly-doped p-type amorphous
silicon (a-Si). The total thickness of our device is limited to 200
nm. The optimal device structure is summarized in Table 2.

Our device simulations utilize the AMO space solar spectrum
to predict the performance and features of our WS»-based solar
cell model in potential space photovoltaic applications [22].
Since the average temperature range of most satellite orbits is
between 40-70°C [1], temperature values within this range were
used for the device model simulations. The output current from
the solar cell and the voltage across the terminals were
calculated using the Drift-Diffusion model in the tool ADEPT
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(A Device Emulation Program and Tool) on nanoHUB [23].
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Fig. 1. Photovoltaic device models

TABLE 2
Summary of device structure for Model A.

Fourier Modal Method (FMM)) and the S-matrix algorithm
[16]. This tool allows for fast and accurate prediction of optical
propagation (transmission, reflection and absorption spectra) in
structures composed of periodic, patterned, or planar layers.

B. Light Trapping Structure

An optimum solar cell structure with light trapping is one in
which the optical path length is at least several times the actual
device thickness, where the optical path length of a device is the
distance that an unabsorbed photon travels within the device
before it escapes out of the device [27]. Optically thin absorbers
support discrete guided modes, with a photonic mode density
that is dependent on the thickness and material properties of the
film. The maximum enhancement is reduced as the number of
available guided modes is decreased [28]. Periodic grating
structures can couple diffracted light into specific modes within
a narrow wavelength range.

One-dimensional (1D) surface gratings have become one of
the most studied diffractive structures used in light trapping
[29]. Simple grating lines diffract the incident light to the
absorbing material and significantly increase the interaction
length of long wavelength photons. An appropriately designed
1D grating structure can significantly enhance the absorption of
the incident photons around the band edge [30].

In this work, a 1D grating structure composed of silver was
considered for light trapping in our solar cell Model B; silver is
highly reflective, and is widely used in a variety of photovoltaic
systems. A wide range of light trapping geometric parameters
were investigated, particularly focusing on grating periods and
heights. The optimal light trapping structure was obtained by
investigating the grating period and height which gave the
maximum absorption enhancement of the AMO solar spectrum.

Top Layer Middle Layer Bottom Layer For each light trapping geometry, the device performance of our

Material Monolayer WS Bulk WS, 2-Si solar cell was obtained and compared to the cases with and

Bandgap (eV) 215 1.29 1.7 without the silver grating. The maximum absorption

Doping Type N P P enhancement was obtained from the grating with a height of
. 3 19 ) 1 100 nm; the optimal grating period was found to be 210 nm.
Doping conc. (cm3)  0.95x10 5x10"7 2.65x10 . . . . . .

Thickness (nm) 10 180 10 The simulations of our device model with the light trapping

Additional modifications and features were incorporated in
our initial photovoltaic model to enhance absorption of the
incident solar illumination, and correspondingly increase the
device performance efficiency. Light trapping and anti-
reflection coating were added to our initial device to obtain
improved device performance. The final device structure of our
photovoltaic system is shown in Fig. 1(C).

The initial solar cell together with light trapping and anti-
reflection coating was simulated using S4sim (Stanford
Stratified Structure Solver), freely available on nanoHUB [24]—
[26], to obtain the absorptivity of our device. S4sim was used
to analyze the improved optical performance and absorption
profiles after incorporation of additional optical features. S4sim
on nanoHUB has been demonstrated to be capable of
reproducing published experimental research results [24].

S4 is a frequency domain code to solve the linear Maxwell’s
equations in layered periodic structures. Internally, it uses
Rigorous Coupled Wave Analysis (RCWA, also called the

structure were performed using S4sim to obtain absorption
enhancement of the incident solar illumination [24]. The
dielectric function of silver was obtained from the PhotonicsDB
tool on nanoHUB [31]-[33]. Convergence tests were carried
out for the RCWA simulations with S4. We tested our
simulations for a range of Fourier orders; consistent converged
results were obtained when using 99 Fourier orders.

C. Anti-Reflection Coating Layer

Anti-reflection coatings consist of a thin layer of dielectric
material, with a specially chosen refractive index and thickness,
such that interference effects in the coating cause the wave
reflected from the top surface of the dielectric to be out-of-
phase with the wave reflected from the semiconductor surface,
thus minimizing the reflected energy [14]. Front coatings
generalize this concept by including reflections from the back
surface, which is particularly important for thin absorber layers.

A suitable dielectric layer with the appropriate refractive
index and thickness was used in Model C. This enabled us to
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study absorption enhancement realized by introducing the front
coating. The refractive index of WS is around 3 for incident
photons of energies 1.5-3 eV which corresponds to the region
of high intensity in the AMO solar spectrum [34]. A dielectric
layer with a refractive index of 1.5 was chosen, which is similar
to glass (Si0,). Our proposed anti-reflection coating material is
Spin-on-Glass (SOG) which can be accurately and uniformly
deposited as a coating layer with sub-micron thickness on
various semiconductor materials [35].

The thickness of the front coating was chosen to minimize
net surface reflection for maximum enhancement of the
incident spectrum absorption. The starting thickness of the
dielectric layer was taken as 100 nm and the additional
absorption enhancement in the device was investigated. The
optimal dielectric layer was obtained by investigating the
material thickness which gave the maximum enhancement of
absorption of the AMO solar spectrum. Various thicknesses
ranging from 100 nm to 200 nm were investigated; it was found
that a thickness of 150 nm for the dielectric layer gives the best
absorption enhancement by minimizing surface reflection.

The simulations of the device model with the anti-reflection
coating layer were carried out using S4sim [24]. The dielectric
function of the anti-reflection coating material was obtained
from the PhotonicsDB tool on nanoHUB [31].

D. Device Performance Enhancement

Initially, only our primitive solar cell Model A with the active
layers, as shown in Fig. 1(A), was simulated to obtain the
absorption profile and performance parameters. The dielectric
functions of monolayer WS,, bulk WS, and a-Si were obtained
from our prior work [21]. A suitable light trapping structure,
composed of a periodic 1D silver grating with period 210 nm
and height 100 nm, was then added to the solar cell. This device
is denoted as Model B, as shown in Fig. 1(B). Model B was
simulated to obtain the new improved absorption profile. This
new absorption profile was used in the device performance
simulation in ADEPT to obtain the new enhanced device
efficiency and performance parameters of Model B. Our final
device consists of an appropriate anti-reflection coating with a
150 nm thick dielectric layer with refractive index of 1.5, in
addition to the light trapping structure. This device is denoted
as Model C, as shown in Fig. 1(C). This was again simulated to
obtain a further improved absorption profile. This absorption
profile was used in our device simulation in ADEPT to obtain
the maximally enhanced design parameters and device
performance for Model C. The device models were simulated
in ADEPT for the temperature range 40-70°C.

E. Radiation Resistance Estimation

Stopping Power (S(E)) is defined as the average energy
dissipated by ionizing radiation in a medium per unit path
length of travel of the radiation in the medium [36]. The
stopping power was obtained for high energy protons with
energies 1-100 MeV, which are present in high concentrations
in the outer space environment [37]. These particles have
potential for maximum damage to the electronic materials and
device performance.

dE
S(E) = — a

Using the proton stopping power, the CSDA range (Ax) was
calculated for the protons with energies 1-100 MeV inside WS;
[37]. The CSDA range closely approximates the average path
length traveled by a charged particle as it slows down to rest,
calculated in the continuous-slowing-down approximation. The
CSDA range is obtained by integrating the reciprocal of the
total stopping power with respect to energy.

Ey 1
. s

The values of S(E) and Ax for WS, were compared with those
of silicon to gain an insight into radiation resistivity, and
understand the potential advantages of our WS,-based ultra-thin
solar cell over silicon solar cells in outer space applications. Our
material was also compared with lead, which is known to be
very resistant to radiation.

Ax = E

III. RESULTS AND DISCUSSION
A. Initial Photovoltaic Model Performance

The device performance parameters and features of Model A,
namely, Jsc, Voc and efficiency, for temperatures 40°C and
70°C are summarized in Table 3. The efficiency is around
15.8% at 40°C and 14.3% at 70°C. The expected drop in the
efficiency with temperature arises from the reduction of the Voc
due to an increase in the temperature [38]. These efficiency
values are much lower than the efficiency of current space
photovoltaic systems [39]. It is necessary for our model to have
efficiencies above 20% to compete with existing single-
junction technology.

TABLE 3
Performance parameters of Model A.
Temperature 40°C 70°C
Voc (V) 0.86 0.81
Jsc (mA/cm?) 31.8 31.8
Efficiency (%) 15.8 14.3

The Voc for Model A at 40°C was 0.86 V and the Jsc was
31.8 mA/cm?, with 15.8% efficiency. The Voc obtained is
similar to that of many conventional solar cells; the Jsc is
reasonable for a solar cell, although well below the performance
of most commercial photovoltaic systems [40]. While the
overall efficiency is not very high, it is a promising starting
point to systematically improve our device.

B. Absorption Enhancement due to Light Trapping (Model B)

The maximum enhancement of the device performance was
obtained for the 1D silver grating with height 100 nm and
period 210 nm. The enhancement of Jsc for various geometries
of the grating structure is summarized in Fig. 2. The absorption
enhancement in Model B is shown in Fig. 4. There is significant
improvement in the absorption of the incident solar illumination
due to the 1D silver grating structure, which enhances light
absorption in our device. When normalized with the AMO solar
spectrum irradiance [22], the improved absorption corresponds
to an enhancement of the Jsc by about 26.4%.
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The 1D silver grating diffracts the incident light back into the
absorbing material which significantly increases the interaction
length of long wavelength photons. The single-pass absorption
of incident photons in the band edge region (1.3-1.7 eV) of the
active materials in our solar cell is very low. An appropriately
designed 1D silver grating structure significantly enhances light
trapping of the incident photons around this energy range.

The peaks in the original absorption profile of Model A
correspond to the resonance modes in the active materials
which are absorbed in our device. The absorption spectrum of
Model B consists of additional peaks, each corresponding to a
new guided resonance. The low energy incident photons are
diffracted by the 1D grating into these modes, leading to a much
longer average optical path of these photons in the solar cell
material, compared to the thickness of the device. The incident
plane-waves diffracted by the light trapping structure are
coupled into these guided modes with the 1D silver grating. The
absorption of incident solar photons is strongly enhanced in the
vicinity of each resonance.

However, a major limitation of a 1D grating light trapping
structure is that each individual resonance has a narrow spectral
width. To enhance absorption over a substantial portion of the
solar spectrum and obtain broadband absorption enhancement,
it is essential to design a more complex light trapping
architecture (for example, 2D gratings with grooves) to create
significantly wider and more numerous peaks over the energy
range of the incident solar illumination. Although we could
have investigated much finer and complex grating geometries,
we decided to limit our features to measurements of 100 nm or
higher to account for experimental considerations. We took
these measures to propose models which are consistent with
experimentally fabricable and measurable devices.
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Fig. 2. Jsc enhancement for various light trapping grating
heights and periods.

C. Absorption Enhancement due to Anti-Reflection Coating
(Model C)

The Jsc enhancement for various thicknesses of the dielectric
layer ranging from 100 nm to 200 nm is summarized in Fig. 3.
The maximum enhancement of the device performance was
obtained for a 150 nm thick anti-reflection coating layer. The
absorption enhancement in Model C is shown in Fig. 4. There
is significant improvement in the absorption of the incident
solar spectrum due to the additional dielectric layer which
reduces surface reflection. When normalized with the AMO
solar spectrum irradiance, the improved absorption corresponds
to an enhancement of the Jsc by 15.4%.

Since our photovoltaic model structure consists of ultra-thin
materials, the system is very responsive to the effect of the

additional anti-reflection coating layer. There are several local
maxima in the original absorption profile, which correspond to
the resonance modes of the materials. There are also several
local minima, which correspond to high surface reflection from
the material. Due to the effect of the dielectric layer, there is a
change in the absorption peaks of the material; the resonance
modes are shifted which accounts for higher absorption of the
previously lower absorption minima in the absorption profile.
The surface reflection for photons in the local minima
wavelengths is greatly reduced, which leads to the formation of
new absorption peaks in the enhanced absorption profile,
resulting from changes in the resonance modes.
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Fig. 3. Jsc enhancement for various dielectric layer
thicknesses.

In our anti-reflection coating, there is room for possible
further reduction of surface reflection. It may be possible, in
future work, to design and fabricate a perfect anti-reflection
coating layer using complex dielectric architecture to obtain
even lower reflection of the incident spectrum.
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Fig. 4. Absorption enhancement with light trapping (Model B)
and anti-reflection coating (Model C), and initial absorption
(Model A).

D. Performance Enhancement of Photovoltaic System

The performance parameters of our photovoltaic models (A,
B and C), such as Jsc, Voc and efficiency, were recorded for
temperatures 40°C (Table 4), 50°C (Table 5), 60°C (Table 6)
and 70°C (Table 7). The current-voltage relationship of our
models, showing the Jsc and Voc, are shown in Fig. 5 (40°C)
and Fig. 6 (70°C).

For Model B, the Voc was 0.87 V and the Jsc was 40.2
mA/cm?, with 20.4% efficiency. This enhancement of the Jsc,
and correspondingly efficiency, is the result of improved
absorption of the incident solar illumination from the light
trapping structure. Compared to Model A, the Jsc increases
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greatly by about 26%; the efficiency of the device Model B is
significantly higher than A, and is comparable to commercial
solar cells. The results are very promising, but it is possible to
improve the device even further, since there are still losses due
to surface reflection of the incident photons.

TABLE 4
Performance parameters of device models A, B and C at 40°C.

Model A B C
Voc (V) 0.86 0.87 0.87
Jsc (mA/cm?) 31.8 40.2 46.4
Fill Factor 0.79 0.80 0.81
Efficiency (%) 15.8 20.4 23.6
TABLE 5
Performance parameters of device models A, B and C at 50°C.
Model A B C
Open Circuit Voltage Voc (V) 0.85 0.85 0.85
Jsc (mA/cm?) 31.8 40.2 46.4
Fill Factor 0.78 0.79 0.80
Efficiency (%) 15.3 19.7 22.8
TABLE 6
Performance parameters of device models A, B and C at 60°C.
Model A B C
Voc (V) 0.83 0.83 0.83
Jsc (mA/cm?) 31.8 40.2 46.4
Fill Factor 0.77 0.78 0.79
Efficiency (%) 14.8 19.1 22.1
TABLE 7
Performance parameters of device models A, B and C at 70°C.
Model A B C
Open Circuit Voltage Voc (V) 0.81 0.82 0.82
Jsc (mA/cm?) 31.8 40.2 46.4
Fill Factor 0.76 0.77 0.78
Efficiency (%) 14.3 18.5 21.4

The performance of Model C is found to be much improved
because of additional absorption arising from reduction of
surface reflection. The Voc was 0.87 V and the Jsc was 46.4
mA/cm?, with 23.6% efficiency. The Jsc is much better than the
previous structures (A and B), and has increased significantly
(by about 46% relative, compared to Model A). The
performance trends are similar for temperature of 70°C. Model
A has Voc 0.81 V, Jsc 31.8 mA/cm?, with 14.3% efficiency.
Model B has Voc 0.82 V, Jsc 40.2 mA/cm?, with 18.5%
efficiency. Model C has Voc 0.87 V, Jsc 46.4 mA/cm?, with
21.4% efficiency. This enhancement of the Jsc, and
correspondingly efficiency, is the result of improved absorption
of the incident solar illumination from the light trapping
structure and anti-reflection coating layer.

The efficiency of Model C is comparable to some of the
previously developed high-efficiency single junction solar cells

under AMO spectrum, namely, solar cells based on silicon
(20.8%), GaAs (21.8%) and InP (19.9%) [3]. For a better
comparison to the current best-performing single-junction solar
cells, we have also simulated our solar cell model under the
AML.S terrestrial solar spectrum at 25°C. The efficiency of our
device (Model C) was found to be 26.9%. This is similar to the
highest performance crystalline silicon solar cell which has an
efficiency of 26.7% [40]. In addition, our solar cell efficiency
is slightly below the best performing single-junction terrestrial
solar cell, which is based on GaAs with an efficiency of 29.1%
[40].
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. J-V characteristics of our photovoltaic models at 40°C.
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Fig. 6. J-V characteristics of our photovoltaic models at 70°C.

The goal of increasing the device performance efficiency is
through enhancement of the Jsc; mechanisms of significantly
increasing the Voc were not explored here. In addition, there is
no significant deterioration of the intrinsic bandgap of WS, due
to increase in the temperature. For a temperature increase from
40°C to 70°C, the bandgap of WS, reduces by around 8-9 meV,
which is similar to the drop in bandgap energy for silicon [38].

These results create new possibilities for fabrication and use
of ultra-thin high-efficiency solar cells for space photovoltaic
applications using a new 2D material which has the advantages
of ultra-low weight per unit of power production, mechanical
flexibility, resilience and reliability, compared to several
commonly-used photovoltaic materials.

E. Radiation Resistance of WS>

The stopping power for high energy protons with energies 1-
100 MeV were obtained from existing sources, as shown in Fig.
7 [37]. The CSDA range (Ax) of the protons are summarized in
Fig. 8. For protons with energies of 10-100 MeV, the stopping
power of WS; is almost double that of silicon. For comparison,
the stopping power of lead is about three times of silicon. The
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CSDA ranges of protons with energies 10-100 MeV in silicon
is almost twice that of WS, and about thrice that of lead.

If we compare a 10 pm thick silicon solar cell and our 200
nm WS;-based device, the silicon cell is about 50 times thicker
than our model. The energy decay of protons in a material can
be approximated as a linear dissipation of energy as the proton
passes through the device, based on the stopping power of the
material. For a 10 MeV proton, the stopping power of silicon is
80.6 MeV/cm and that of WS, is 136.5 MeV/cm. The total
energy dissipated in a 10 pm thick silicon structure is about 80.6
eV, while the total energy dissipated in our 200 nm thick WS,
device is about 2.7 eV. The energy dissipated in WS, is roughly
30 times less than that of silicon for 10 MeV protons. The
estimated reduction in energy dissipation in our solar cell is
around a factor of 40 for 1 MeV protons and a factor of 25 for
100 MeV protons, using a similar analysis.
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Fig. 7. Proton stopping powers for silicon, WS, and lead
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Fig. 8. CSDA ranges for silicon, WS, and lead (um).

From these preliminary calculations, it can be estimated that
our 200 nm WS, device is around 25-40 times more resistant to
high energy radiation (1-100 MeV protons) than the 10 pm
silicon device due to the ultra-thin structure. The most
significant benefit of choosing an ultra-thin device is the
reduction of radiation damage due to lesser energy dissipation
of high energy particles in the material. Our 200 nm thick
device will absorb only a fraction of high energy radiation
compared to devices with thicknesses of the order of microns.
Thus, by using an ultra-thin WS;-based solar cell, we can
achieve significant enhancement of the radiation resistivity in
the space environment.

It has been demonstrated in recent studies that solar cells with
thicknesses of the order of a micron are prone to significant
damage from high energy radiation [18]. The primary reason
for degradation is the reduction of minority carrier diffusion
lengths on exposure to radiation. This leads to loss of free
carriers due to recombination in the material, and

correspondingly reduced carrier collection efficiency at the end
contacts. However, a solar cell with thickness of around 100-
200 nm is much more resistant to this effect. Even with
reduction of the minority carrier diffusion length, these devices
are enough thin for efficient carrier collection. Since our device
has a thickness of 200 nm, we expect there won’t be significant
degradation of performance due to reduction of the minority
carrier diffusion lengths, as most of the generated carriers will
be collected efficiently at the end contacts.

IV. CONCLUSION

In this work, a solar cell model based on tungsten disulfide
(WS,) has been developed for proposed implementation in
space photovoltaics. Our model consists of a 200 nm thick WS,-
based solar cell, together with a light trapping structure
consisting of a 1D silver grating, and an appropriate dielectric
material layer to function as an anti-reflection coating. The
device performance of our final photovoltaic model was 23.6%
at 40°C and 21.4% at 70°C. The estimate of radiation
absorption and energy dissipation shows that our ultra-thin
solar cell is much more resilient to high energy radiation, as
compared to solar cells with thicknesses of the order of microns.
Since our model has been tied directly into experimental
observations, this WS, based photovoltaic device can be
competitive and comparable to the performance of existing
single-junction solutions, while adding natural advantages in
terms of light weight, flexibility, earth abundance and
resilience.
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