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ABSTRACT

Atomically thin 2D layered semiconductor materials such as Transition Metal Di-Chalcogenides
(TMDCs) have great potential for use as flexible, ultra-thin photovoltaic materials in solar cells
due to their favorable photon absorption and electronic transport properties. In this dissertation,
the electronic properties, such as band structure and bandgap, and optical absorption properties of
a TMDC known as Tungsten Disulfide (WS;) were obtained from Density Functional Theory
(DFT) calculations to design conventional and unconventional solar cells. Using these properties,
a 1 um thick heterojunction solar cell based on monolayer and bulk WS, together with amorphous
silicon (a-Si) was modeled usingnumerical calculations and simulations. The maximum efficiency
of this cell is 23.3% with Voc =0.84 V and Jsc =33.5 mA/cm?2 under the AM1.5G terrestrial solar
spectrum. Next, a similar but even thinner solar cell with a thickness of 200 nm, together with a
light trapping structure and an anti-reflection coating layer, was modeled under the AMO space
solar spectrum; similar device performance efficiencies around 21-23% were obtained. The
performance of these solar cell models is comparable to many commercial cells in both terrestrial
and space photovoltaics. As conventional photovoltaics approach the Shockley-Queisser limit, the
need for unconventional materials and approaches has become more apparent. Hybrid alloys of
TMDCs exhibit tunable direct bandgaps and significant dipole moments. Dark state protection
induced by dipole-dipole interactions forms new bright and dark states in the conduction band that
reduce radiative recombination and enhance photon-to-electron conversion, leading to
significantly higher photocurrents. In our work, current enhancement of up to 35% has been
demonstrated by modeling dark state protection in a solar cell composed of Tungsten Diselenide
(WSe,) and Tungsten Sulfo-Selenide (WSeS), with the potential to exceed the Shockley-Queisser
limit under ideal conditions.

12



1. INTRODUCTION

Photovoltaics is the process of converting the energy from sunlight directly into electricity using
solar cells. It is a convenient method of harnessing the sun's energy. Solar cells convert the solar
radiation into electricity with minimum consumption of resources and pollution, making them
robust, reliable, and resilient. Photovoltaics is a growing and important alternative to conventional
sources of energy such as fossil fuel electricity generation. It is also an indispensable source of
power for space missions. Solar cells not only provide cheap and convenient power supply, but
they also significantly diminish the impact of environmental damage caused by conventional
electricity generation. They are one of the mostenvironment-friendly electricity generating source.
The environmental impactofelectricity generation, particularly the greenhouse effect, adds further
importance to the large-scale implementation of photovoltaics. Progress in photovoltaic research
would not have been possible without major advances in semiconductor materials and

manufacturing techniques.

1.1 Fundamentals of Photovoltaic Materials

When a semiconductor material is exposed to light, it absorbs the photons, exciting charge carriers
(electrons and holes), which and separated to create electrical current. This current is extracted
through conductive metal contacts and can then be used to power any external device or power
grid. The efficiency of a solar cell is the amount of electrical power coming out compared to the
incident energy, which is indicative of how effective the cell is at converting solar energy to
electricity. Efficiency heavily dependson the properties and features of the constituent materials,
as well as their geometries. An important property of semiconductors is the bandgap, which
indicates what wavelengths of light the material can absorb and convert to electricity. If the
semiconductor’s bandgap matches the wavelengths of incident light, then that solar cell can
efficiently convert most of the available energy. However, a semiconductor can only convert
photons with the energy of the bandgap with high efficiency. Photons with lower energy are not
absorbed and those with higherenergy are reduced to the bandgap energy by thermalization losses.

A lot of research studies and investigations are ongoing into the search for new

photovoltaic materials. Some requirements for an ideal solar cell material are:
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+ Bandgap between 1-2 eV.

« Thin film transparent and conducting structure.

» High Diffusion Length for electrons and holes.

* Tunability of electrical and optical properties.

» Consisting of readily available, non-toxic materials.

» Easily manufacturable and suitable for large area production.
» Good photovoltaic conversion efficiency.

* Long-term stability and reliability.

Electronic:
Dopability, Mobility,
Lifetime, Surface
Recombination,
~ Band alignment

Ideal PV material

Other: Earth-
abundance,
processibility, non-
toxicity and non-

flammability,
thermodynamic
N ; stability

Optical: Bandgap,
absorption,
refractive index,
photostability

Figure 1. Many factors are needed for a favorable photovoltaic material
(P. Bermel, personal communication, January 20, 2014).

1.2 2D Materials for Photovoltaics

Two-dimensional (2D) materials have gathered an increasing amount of interest from their unique
potential benefits for a wide variety of optoelectronic devices [1]-[10]. Transition metal di-
chalcogenides (TMDCs) are among the most attractive 2D layered materials that can be fabricated
with atomic-scale thickness and a significant bandgap, as a replacement for bulk semiconductors
for photovoltaic (PV) applications [2], [5], [8]. Ultra-thin multi-junction structures can be easily

stacked due to van der Waals interactions [2], [3]. The 2D monolayers of TMDCs have direct
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bandgaps while the bulk structures have indirect bandgap [2], [7]. They have promising electronic
and optical properties suitable forapplications in photovoltaics [1]. They have athin film structure,

which is both absorptive and conducting.

It has been reported that 2D TMDC materials can absorb up to 5-10% of incident sunlight
in less than 1 nm thickness and can achieve significantly higher sunlight absorption per unit
volume than commonly used solar absorbers such as GaAs and Si [11]. This could potentially
make for much more lightweight and flexible photovoltaic modules. Tungsten disulfide (WS,), a
Transition Metal Di-Chalcogenide (TMDC), is an important 2D layered material which has
attracted a great deal of interest because of its significant chemical and physical properties. It has
a band gap of 1.3-2.2 eV, well within the range of photovoltaic materials, which makes itattractive

for these applications.

Its 2D layered structure makes it possible to modify and tune its electronic properties by
doping with other atoms or molecules between weakly bonded layers. It is also possible to apply
external force or stimuli to modify its structure, and hence, its electronic properties. Like other
TMDCs, WS; has significant absorption of incident photons with energies above its bandgap,
make ita good absorber of solar radiation. It also exhibits excellent carrier transport properties, as
demonstrated by high typical mobility values and high minority carrier diffusion lengths. Recent
advances have demonstrated large scale fabrication and manufacture of TMDC-based devices.
TMDCs are, in general, very stable, and resistant to atmospheric conditions and extremities. A
major reason for using tungsten disulfide (WS,) over molybdenum disulfide (MoS,) is that the
latter can get easily oxidized in the ambient air [12]; this can lead to significant degradation of

devices operating in the natural environment.

Ultra-thin TMDCs have very favorable properties for a variety of nanoelectronic
applications. The intrinsic bandgap of most TMDCs, together with high mobility values, and the
ability to fabricate devices based on one to few layers of TMDCs has allowed for the design and
development of ultra-thin transistors based on single-layer TMDCs (Figure 2). Ultra-thin TMDCs
arealso suitable forapplications in various optoelectronicdevices wherethe directbandgap allows
high absorption coefficients and efficient electron—hole pair generation under photoexcitation.
Highly sensitive photodetectors can be fabricated using single-layer TMDCs due to favorable
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opticalabsorption properties (Figure 3). Monolayer TMDCs have great potential for optoelectronic

devices, light sensing and biomedical imaging.

Top gate Monolayer MoS,
Source

Si substrate

Figure 2. Single-layer MoS; transistor [8].

Laser beam ——
Monolayer MoS, e
ontact

v.-..-..q.."(‘..‘ J
- . e

SiO,
Si substrate

Figure 3. Single-layer MoS; photodetector [13].

As aresult of the potentially favorable electronic and optical propertiesof ultra-thin TMDC

semiconductors, they are strong candidates for implementation as the active materials in
photovoltaic applications. TMDC-based photovoltaic systems with 1 nm thick active layers can
attain power conversion efficiencies of up to ~1%, corresponding to more than an order of
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magnitude higher power densities than the best existing ultrathin solar cells (Figure 4). Two-
dimensional TMDCs have huge potential forimplementation solar radiationabsorption and energy

conversion at the nanoscale level.

Graphene !
I o r— f + M2

Figure 4. Nanoscale photovoltaics with single-layer TMDCs [11].

We have investigated the fundamental electronic properties of WS, in order to study and
explore device level applications, and understand the benefits and limitations of integration in new
and existing technology. We have calculated the electronic band structure, which gives us
important properties such as bandgap, electronic transitions, density of states and photon
absorption. The electronic band structure gives us the foundation to explore and obtain additional
properties of the material, such as effective density of states for carriers and absorption coefficient
forincident photons. These properties give us an insight and knowledge of potential applications
of these materials, which enables us to progress towards investigating device-level

implementations of WS; in various applications.

Using the electronic and optical properties of WS,, we have developed p-n junction solar
cell models using different structures of WS,, bulk WS, and a-Si to obtain a photovoltaic device
with high efficiencies, comparable to existing technology. The device simulations of our models
were carried out under the terrestrial solar radiation on the surface of the Earth. In addition, we
have also explored potential applications of WS,-based solar cell model in space photovoltaics

where this material can outperform existing technology.
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1.3 Space Photovoltaics

Space photovoltaics has played a major role in providing electric power for most space missions.
Solar radiation in space, one ofthe few local energy sources, can be converted directly to electricity.
Advances in space photovoltaic technology has opened up a vast array of opportunities for space
satellite and exploratory missions with longer and more reliable power supply requirements. The
space solar radiation, called air-mass zero or AMO, is the solar radiation unaffected by the Earth's
atmosphere. Itis around 30-40% more intense than the terrestrial solar radiation. There are some
key requirements for space photovoltaic systems. 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; the presence of large
concentrationsof high energy particlesand cosmic rays can significantly damage solar cells. Long-

term operational reliability is vital for implementation in long-range space missions [14].

Until recently, silicon-based solar cells were most commonly used in space photovoltaics;
there has been steady advances in the internal designs to be fine-tuned for best performance in
space environment. The performance of space solar cells has been greatly enhanced by
incorporation of complex lighttrappingstructures, advanced anti-reflection coatings and improved
radiation tolerance. Photovoltaic modules based on silicon initially gave efficiencies around 14-
15%. In the recent past, high efficiency solar cells based on GaAs has been developed which can
exhibit efficiencies around 18-19%. There is a big demand for the development of space

photovoltaic systems with even higher efficiencies above 20% [15].

In addition to enhanced power output and high efficiencies, recent research has focused on
developing space solar cells with ultra-thin active materials and high radiation resistance. Thin fil
solar cells have the advantage of low cost and light weight, but their design and progress has been
negatively affected by low efficiencies arising from reduced absorption of the broad-spectrum
space solar radiation. There is constant search for new materials which can generate high power

outputs in ultra-thin structures.

TMDCs are the perfect candidate for future implementation in space photovoltaic
technology. They can absorb a significantamount of solar radiation in ultra-thin material structures.

They have good absorptivity for high-energy photons. And they have the flexibility of integration
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and incorporation with existing photovoltaic technology. Two-dimensional TMDCs are
characterized by their ultra-thin structures, low weight and high power density, together with high
resilience and reliability. TMDCs have a high degree of resistance to radiation-induced damagg;
nanoelectronic devices basedon TMDCs have been demonstratedto exhibitnegligible degradation
in performance on exposure to high energy radiation in space environment. This makes them
advantageous and beneficial for applications in high radiation environments. They have strong
potential for implementation in space-based electronic and optical devices, and are very good

candidates for space photovoltaic applications [16].

In ultra-thin solar cells, the major factor behind the low efficiencies is the reduced absorption
of incident solar radiation in the thin materials. The incident light rays enter the cell through the
front surface and, if not absorbed, leave through the rear surface of the cell, or are reflected back
into the material if there is a planar reflector surface. The optical path length of the solar radiation
is much lower than thicker solar cells. There has been extensive research on the development of
sophisticated arrangements and complex structures that can extend the effective path length of
light inside the cell; this phenomenon is called light trapping, as it allows for enhanced absorption

of the incident solar radiation in an ultra-thin solar cell.

In photovoltaic systems, light trapping arrangement is used for enhancing the optical
absorption in a solar cell and, at the same time, decreasing the active layer thicknesses, which
resultsin light-weight, low-dimensionality and high efficiency devices [17]. Thinner devices allow
forimproved collectionof generated carriers, with less constraints on the minority carrier diffusion
lengths. With an appropriate light trapping structure, a thinner solar cell can retain the absorption
of the thicker device and also have a higher open-circuit voltage [18], [19]. An optimum solar cell
with light trapping is one in which the optical path length is 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 escaping out.

In almost all semiconductor materials, a significant portion of the incident radiation is lost
by surface reflection. Silicon, for example, has a high surface reflection of over 30% [20]. This is
a big loss of the incident radiation in solar cells; even solar cells with highly absorptive materials
can have reduced power outputs because of this loss of photons from surface reflection. This loss
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of incidentradiation can be reduced by a greatextentby incorporatinga 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.

An antireflective or anti-reflection coating is a type of optical coating applied to the top
surface of solar cells to reduce reflection. In solar cells with highly absorptive materials, this
improves the efficiency of the device since less light is lost due to surface reflection. An anti-
reflection coating consists of a thin layer of an appropriate dielectric material, with a specifically
chosen refractive index and thickness, such that interference effects in the material cause the wave
reflected from the top surface of the anti-reflection coating to be out-of-phase with the wave
reflected from the semiconductor surface [21]. These out-of-phase reflected waves interfere

destructively with one another which results in net zero reflection.

We have developed an ultra-thin WS,-based photovoltaic model for space applications. It
is beneficial to have the total active layer thickness around 100-200 nm to minimize radiation
damage without using additional radiation shielding structures. Solar cells with thick active layers
are susceptible to radiation-induced damage from high energy radiation and particles in space;
ultra-thin materials are much more resistant to radiation damage with considerably less
degradation of performance. We have incorporated an additional light trapping structure and an
appropriate anti-reflection coating layer in our photovoltaic model to propose an experimentally

feasible device structure with performance comparable to existing space solar cells.

1.4 Tunability and Variability of Electronic Properties of 2D Materials

TMDCs have the unique advantage of flexibility and tunability of their structure and composition,
which can allow for controlled variations of their physical and chemical properties. TMDCs have
the potential to be more versatile due to the possibility of fine-tuning their properties and features.
The band gap of TMDCs plays a key role in their electronic properties and device-level
applications, such as field effect transistors, photodiodes, phototransistors and solar cells [22]. It
is well known that TMDCs exhibit variation of their band gaps depending on the number of layers
[5]. Tunability of the bandgap enables controlled modification of the optical absorption and

electronic features, which can enhance optoelectronic device performance [23].
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Some ways to achieve tunability of properties are ion intercalation [24], addition of
biological species [25] and by chemical doping [26]. However, there are limitations of large-scale
variations and modificationsin terms of efficient distribution of dopants, the range of variations
of the properties, and the applicability to a large number of materials in the family [27], [28].
Bandgap modulation of TMDCs by the formation of hybrid alloys has been studied both
theoretically and experimentally [29]-[32], with good thermodynamic stability at room
temperatures [33], [34].

Recentstudies have shown thatthe band structure of monolayer MoS, can be modified and
tuned by substituting sulfur atoms with other chalcogen elements to form hybrid alloys [35]; this
allows for a mechanism of tunability for modifying the physical and chemical properties of MoS,.
Large-scale synthesis of high quality and uniform alloys of Mo-based TMDC alloys with several
hundred micrometer area is possible by chemical vapour deposition (CVD) to achieve bandgap
tunability over a large energy range [36].

It is possible to obtain alloys of TMDCs by altering their composition to contain more than
one kind of chalcogen atoms [37]-[39], leading to the formation of hybrid TMDCs with tunable
electronic and optical properties. We have investigated tungsten-based TMDC alloys containing
both sulfur and selenium atoms, whose electronic properties are intermediate of tungsten disulfide
(WS,) and tungsten diselenide (WSe,) with tunable direct bandgaps dependent on the sulfur and

selenium concentrations.

Ultrathin 2D materials for photovoltaics have gained considerable interest; but it also
essential to have robust materials which are resistant to atmospheric conditions. Transition metal
oxides have significant potential for photovoltaic applications as a wide bandgap semiconductor
[40], [41]. Transition metal oxides are very sturdy and resistant to atmospheric extremities.
Tungsten trioxide (WQ3) is a very versatile material; it can be deposited on and is compatible for
fabrication with many semiconductors. It also has strong absorption for high energy photons. The
electronic properties of WO3 were investigated to study the unique features of this material and
explore possible electronic and optical applications. The electronic properties of WO3; make it
suitable for implementation as a wide-bandgap semiconductor in solar cells. It can be used in
tandem with existing solar cells, or as the top junction of a multi-junction solar cell.
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1.5 Photovoltaics beyond the Shockley-Queisser Limit

Since its discovery in the 1960s, the Shockley-Queisser (S-Q) efficiency limit has generally been
viewed as a fundamental limit on the performance of conventional photovoltaic devices, because
the detailed balance principle defines anon-trivial loss associated with the radiative recombination
process [42], [43]. After decades of progress, recent work has brought certain high-performance
photovoltaics made from multiple materials within several percent of this limit [44]. Solar cells
have been shown to exhibit strong internal and external luminescence as they approach the S-Q
limit, which limits their maximum efficiencies [45].

Concentrators are the most straightforward approach to increase the S-Q efficiency, but
generally require operating at high temperatures, or with large cooling structures, and have not
been widely adopted commercially [46]. Solar cells composed of nanophotonic structures have
also been widely studied to help extend the S-Q limit (e.g., by restricting the range of incident
angles for increased open circuit voltage), but current experimental devices have significant
limitations in achieving higher efficiencies and stability [47]-[49]. As a result of these constraints,
there has been a growing interest in many unconventional materials and approaches with the
potential to break the S-Q limit [50], [51].

Arguably, the most successful approach is multijunction photovoltaics, where the solar
spectrum is split by stacking materials with different bandgaps [52]. However, the cost of publicly
known fabrication approaches can be orders of magnitude higher than single junctions [53].1n a
related approach, multiple spectrum solar cells transform the broad solar spectrum to a narrow
range of photon energies, such as in thermophotovoltaics [54]; however, a major challenge is in
obtaining higher efficiency devices. Multiple absorption is a mechanism where a single, high-
energy photon generates multiple electron-hole pairs for higher efficiencies [55], but there is
significant difficulty in the subsequent transport and collection of carriers. Another approachto
obtain increased incident energy absorption is hot carrier extraction [56], buta major challenge is

fabricating a device to efficiently extract this excess energy.

It is also possible to obtain AC solar cells by treating the incident photons as
electromagnetic waves, as demonstrated in optical rectennas [57], but scaling such devices to

optical frequencies is a major technical challenge. Upconversion of sub-bandgap energy photons
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is a novel method of absorbing incident photons which otherwise cannot be absorbed [58], but it
comes with major challenges such as long-term stability and absorption of excited photons.
Another approach uses multiple energy levels for demonstrable increases in photon absorption,

such as intermediate band solar cells [59] and quantum well solar cells [60].

In our work, we have presented another approach based on multiple energy levels in our
absorber. While most priortechniques use these levels to increase photon absorption, our approach
does not expect increased absorption. Instead, our approach uses the newly-formed energy levels
to greatly reduce carrier recombination for more efficient carrier extraction. This allows for higher
photon-to-current conversion with previously demonstrated levels of photon absorption. As
inspired by the Shockley-Queisser efficiency limit, anatural direction of designinghigh efficiency
photovoltaic systems is to reduce the carrier recombination rate. To this end, recent research has
investigated the possibility of using quantum effects in chromophore complexes to improve solar
cell performance [61]-[67].

Optically dark states created by dipole-dipole interaction between molecular excited states
can reduce radiative recombination in exciton transfer, effectively increasing the photocell
efficiency [61]-[65], [68]. Dark states have been observed across a wide range of experiments,
resulting in dramatic, readily observable effects. Electromagnetically-induced transparency in
atoms with 2 pairs of nearly degenerate transitions give rise to dark and light states with orders of
magnitude difference in transmission through condensates of these atoms [69]. Similarly, dark
states in polaritons have been observed experimentally to cause dynamic light trapping of incident
light pulses [70]. Dark states can also be observed in molecular systems to give rise to unusually

efficient luminescence of solid-phase emitter molecules[71].

A dark state is an electronic state of an atom, molecule or material that cannot directly
absorb (or emit) photons. It is well known that, in general, electronic systems can transition from
one energy level to another by emitting or absorbing one or more photons. However, not all
transitions between arbitrary states may be allowed in certain materials. An experimental signature
can be observed when a laser is used to excite atoms, which then spontaneously decay into a state
that is not coupled to any other level by the laser light, preventing the atom from absorbing or
emitting light from that state. This state, where a photon can be neither absorbed nor emitted, is
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described as a dark state. A dark state can also arise from quantum interference due to additional

interactions between the excited states of identical molecules, such as dipole-dipole interactions.

Recent studies have investigated dark states created by dipole-dipole interaction between
molecular exciton states in chromophore complexes, which can increase the photocell efficiency
by protecting the excitation from radiative recombination [61]-[68]. Such interactions and the
formation of stable bright and dark states are widely observed phenomena in experimental studies
of pigment-protein complexes in photosynthesis and have been associated with the very high
exciton capture efficiency in such processes. Although these studies pointto a promising design
principle for artificial photocells, they are quite limited to elementary models consisting of few
interacting chromophore centers, and the dark state protection mechanism has not been applied to

a specific material-based photovoltaic model.

In our proposed photovoltaic system, we have investigated the possibility of creating dark
states in a realistic material to enable dark state protection and increase photocell efficie ncy with
a realistic material model to facilitate experimental realization. We have used a photovoltaic model
based on pure and hybrid TMDCs to demonstrate the dark state protection mechanism’s ability to
enhance the photocurrent by suppressing radiative recombination, thus getting closer to an actual

material design to overcome the Shockley-Queisser limit.

1.6 Overview of Dissertation

In Chapter 2, we have investigated the fundamental electronic and optical properties, such as band
structure and absorption coefficients, of WS, to develop the foundations of device level
applications, and understand the benefits and limitations of device level integration in new and
existing technology. Using these calculated properties, we have investigated and developed
photovoltaic models basedon WS, in Chapter 3. We have demonstrated applications of our models
for both terrestrial and space environments, and explored niche applications of solar cells based
on ultra-thin WS,. Our proposed photovoltaic models have the potential to exhibit performance
comparable to existing commercial solar cells. In Chapter 4, we have investigated an ultra-thin
solar cell model developed in Chapter 3 and introduced additional features in the structure to obtain
a high efficiency device. We have incorporated a light trapping structure and an anti-reflection

coating layer in our device model to obtain a high efficiency ultra-thin solar cell.
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In chapter 5, we have explored hybrid TMDC alloys and oxides based on tungsten to study
the unique features of these material and explore possible electronic and optical applications. We
have investigated monolayers of tungsten-based TMDC alloys containing sulfur and selenium,
which exhibit composition-dependent tunable electronic and optical properties. In Chapter 6, we
have developed a photovoltaic model based on pure and hybrid TMDC materials to demonstrate
dark state protection and correspondingenhancement of the output photocurrent, with the potential

to overcome the Shockley-Queisser limit.
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2. ELECTRONICAND OPTICAL PROPERTIESOF MONOLAYER,
BILAYER AND BULK TUNGSTEN DISULFIDE (WS,)

2.1 Background

Tungsten disulfide (WS,), a transition metal di-chalcogenide (TMDC), is an important 2D layered
material which has attracted a great deal of interest in recent years. It has significant chemical and
physical properties which makes it attractive for a variety of electronic and optical applications. It
has a band gap of 1.3-2.2 eV depending on the structure geometry and thickness, well within the
range of photovoltaic materials. Its 2D layered structure makes it possible to modify and tune its
electronic properties by doping with other atoms or molecules between weakly bonded layers. It
is also possible to apply external force to modify its structure, and hence, its electronic properties.
WS; has significant absorption of incident photons with energies above its bandgap, makingit a
good absorber of incident photons. It also exhibits excellent carrier transport properties, as
demonstrated by typically high mobility values. Its favorable electronic and optical properties

make it a strong candidate for photovoltaic applications.

Another material of the same family, molybdenum disulfide (MoS,), has similar promising
electronic, physical, and chemical properties. But tungsten-based compounds are more stable,
robust, and resilient on exposure to extreme environmental and working conditions. My aim is to
propose a material which not only has promising and favorable properties but is also suitab le for
implementation in a variety of applications under diverse operating conditions. For photovoltaic
applications particularly, it is necessary that the constituent materials are stable in harsh
environmental conditions and are resistant to exposure from temperature fluctuations, humidity
variations and particulate matter. Itis in these aspects that WS, stands out among other candidates

and warrants detailed investigation of its properties and potential applications.

The first step in studying the properties of WS, is to correctly understand the overall

structure of WS,, both from a unit cell and supercell aspects. Investigating the fundamental unit

This work has been presented in Optics for Solar Energy, pp. OM2D-4. Optical Society of
America, 2018.

It has also been published in Solar Energy Materials and Solar Cells, 174 (2018): 370-379.

26



cell allows us to study the fundamental electronic and optical properties of the material. It is
critically important to identify the smallest unit cell, as it is helpful in extending our understanding
of the fundamental propertiesto large-scale systems based on extended sheets and blocks of the
material. Understanding the structure and properties at the macro level enables us to explore its

stability and suitability for incorporation in device-level applications.

It is essential to study the fundamental electronic properties of WS; in order to progress to
device level applications, and understand the benefits and limitations of device level integration in
new and existing technology. The most fundamental feature of a semiconductor is the electronic
band structure, which gives us a lot of vital information such as bandgap, nature of electronic
transitions, density of states for excited carriers and absorptivity of incident photons. The
electronic band structure gives us an insight into the nature of the material, such as conductivity

of electrons and absorptivity of incident radiation.

The Kronig-Penney model demonstrates the evolution of energy bands as well as energy
band gaps from a simple one-dimensional periodic potential [72]. Although it is an overly
simplified model w.r.t the three-dimensional potential and band structure of an actual
semiconductor crystal, it is an instructive tool to demonstrate and understand how the band
structure of a material can be calculated for a periodic potential, and how allowed and forbidden

energies are obtained when solving the corresponding Schrddinger equation [73].

a V()

Vo

b 0 a-b a

Figure 5. The periodic potential assumed in the Kronig-Penney model. The potential barriers
with width b are spaced by a distance (a-b), and repeated with a period a [73].
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The Kronig-Penney model assumes a periodic potential as shown in Figure 5. It consists
of an infinite series of rectangular potential energy barriers with height Vo and width b, separated
by a distance (a-b) resulting in a periodic potential with period a. Solutions to this problem are
given as Bloch functions, where traveling wave solutions are multiplied with a periodic function

which has the same periodicity as the potential [72].

More specifically, solutions for k and E are obtained when the following equation is satisfied:

2 2

coska =F = %sinh absinf(a — b) + coshab cos ff(a —Db)

where

V2m(Vy —E) 2mE

e b=

This equation can be further simplified for the case where the barrier is a delta function with
area Vob, when it becomes:

sin fa

coska =F =P 5a + cosfa
where
_ V2mE p— mVyba
p= h ~ h?

This equation can be solved numerically, and only if the function F is between -1 and 1 since it
has to equal cos(ka). The energy E is plotted as function of ka/p and the function F in Figure 6.

The corresponding band structure is shown in Figure 7.

From Figure 7(A), it can be seen that the E(k) relation resembles a parabola except that
only specific ranges of energies are valid solutions to Schrédinger's equation and therefore are
allowed, while others are not. The range of energies for which there is no solutionis referred to as
an energy band gap; this is how the evolution of band gaps take place. The transitions between
allowed and forbidden energies occur at non-zero integer multiples of ka/zx. These correspond to
local minima and maxima of the E(k) relation. The reduced-zone diagram shown in Figure 7(C)

shows the first three bands and energy bandgaps.
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Figure 6. Solution to the Kronig-Penney model fora =1 nmand Vob = 0.2 nm-eV; energy E
versus ka/m and F, which equals cos(ka), from which the allowed energies can be identified [73].

Figure 7. Energy versus ka/z. (A) the E(k) diagram, (B) the E(k) diagram combined with the
reduced-zone diagram, and (C) the reduced-zone diagram only [73].

Starting with the band structure, additional properties such as effective density of states for
carriers and absorption coefficient for incident photons can be calculated. These properties give us
a deepinsightinto possible applications of these materials. Usingthese properties, we can progress
towards understanding and investigating device-level applications of WS, in conjunction with

existing technology and also exploring new technological advances.

29



2.2 Theory and Methods

2.2.1 Structure of Tungsten Disulfide (WS>)

A sheet of WS, consists of a layer of hexagonally arranged W atoms sandwiched between two
layers of hexagonally arranged S atoms [74]-[76]. The thickness of a single layer of WS, is 3.2 A,
while multiple layers are separated from each other by empty space of separation 2.96 A. There
are strong W-W, S-S and W-S covalent bonds within a layer, while adjacent layers are held
together by weak inter-layer attraction from van der Waals’ forces. The fundamental unit cell of
WS; has a trigonal prismatic structure as shown in Figure 8. The lattice parameter a is 3.154 A, as
determined by single-crystal electron diffraction [75].

A primitive unit cell consists of one W atom and two S atoms in a trigonal prismatic
configuration [74],[75], [77],[78]. Due to the weak nature of inter-layer attractions, it is possible
to obtain individual layered sheets of WS, and other TMDCs containing any desired number of
layers. This feature of TMDCs make them versatile 2D materials with the ability to tune their
properties by controllingthe number of layers in the structure. We can obtain any structure ranging
from a single monolayer and bilayer materials to a bulk material with multiple sheets of layers.
The electronic and optical properties of the material depend strongly on the number of layers

presentin the structure.

P a\ ’b : : -
s h . K b
- *' - M\
e Na

Figure 8. Left: illustration of the WS, structure where the big and small balls represent W and S
atoms, respectively. Right: the corresponding Brillouin zone where the k path used to plot the
band structure diagram is also shown (adapted from [74]).
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2.2.2 Electronic Band Structure of Tungsten Disulfide from DFT and GW Calculations

The electronic band structure of monolayer, bilayer and bulk WS, were investigated. Electronic
band structure is one of the most fundamental properties of a material and is the foundation for
understanding its various electronic and optical properties. Density functional theory (DFT) was
used to obtain the preliminary band structure of WS,. DFT is acomputational quantum mechanical
modeling method used in physics, chemistry, and materials science to solve the Schrodinger
equation [79] and investigate the electronic structure (density of states, band structure, etc.) of
many-body systems, in particular atoms and molecules [80], [81]. Using this theory, the properties
of a many-electron system can be determined by using functionals, i.e., functions of another
function, of the spatially dependent electron density. DFT is among one of the most popular and
powerful methods employed in solid-state physics, computational physics, and computational

chemistry, for solving the many-body Schrddinger equation [82].

For a many-body electronic structure calculation, the nuclei of the treated molecules or
clusters are represented as an electrostatic potential vV, in which the electrons are moving.
A stationary electronic state is then described by a wavefunction W¥(rs,..., ry) satisfying the many-
electron time-independent Schrédinger equation with the N-electron Hamiltonian, which included

electron-electron interactions:
. S h?
Ay=[T+V+ U]lpzz —%\7%r v(r) + ZU(ri,rj) Y = EY
i j

where, for the N-electron system, His the Hamiltonian, E is the total energy, T is the kinetic
energy, V/ is the potential energy from the external field due to positively charged nuclei, and U is
the electron—electron interaction energy. The operators T and U are universal operators, as they

are the same forany N-electronsystem, while V isanon-universal system-dependent operator [83].

It is possible to write all functions in terms of particle density:

Now the system energy becomes:

E[n] = T[n] +U[n] + fd3rV(r)n(r)
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where T[n] and U[n] are universal functionals and V[n] is a non-universal functional. Electron

correlations mean greatest difficulty is in evaluating V[n].

At the molecular level, solids can be often approximated as homogeneous electron gas
immersed in a uniformly positive charged background. In this limit it is known that exchange and
correlation (X-C) effects are local in character and the X-C energy is simply the integral of the X-
C energy density at each pointin space assumed to be the same as a homogeneouselectron gas

with that density. One well-known strategy involves local density approximation (LDA):

ELPA[n] = f d3rn(r) exc(n)

The LDA assumes that the density is the same everywhere. Because of this, the LDA
usually underestimates the exchange energy and overestimates the correlation energy. The errors
due to the exchange and correlation parts tend to compensate each other to a certain degree. To
compensate for this behavior, it is common to expand in terms of the gradient of the density in
order to account for the non-homogeneity of the true electron density. This allows corrections
based on the changes in density away from the reference location. These expansions, referred to
as generalized gradient approximations (GGA), consists of functionals that depend both on the
magnitude of the density n(r) and of its gradient | ’'n(r)|:

ESS4n,n,] = fd3r n(r) exc (ny,n,Vn,,Vn,))

The DFT calculations were performed using the open-source code Quantum ESPRESSO
[84], [85]. Quantum ESPRESSO is a quantum mechanical modeling tool to simulate many-body
systems, using first-principles electronic-structure calculations and materials modeling. DFT
calculations require pseudopotential files which simulate selected atoms from the periodic table.
The pseudopotentials developed for Quantum ESPRESSO were used in our simulations. It is very
important to correctly define the unit cell, such as position of atoms and cell dimensions, and use
appropriate pseudopotential files. The unit cell, as defined in the input file, is simulated using
periodic boundary conditions, such that the unit cell is copied in all directions in the 3D space for

the calculations to give the results for an extended material system.
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The most basic pseudopotentials (PPs) are obtained by LDA approach where the exchange
energy per particle in each spatial pointis taken as the exchange energy per particle from a uniform
electron gas with a density equivalent to the density in this same point, e.g., Perdew-Zunger (P2)
PPs [86]. GGAPPs are obtained by addinggradientcorrections to the LDAapproach, e.g., Perdew-
Burke-Ernzerhof (PBE) PPs [87]. We used LDA PPs in our initial calculations to validate the
procedure and computational methods. For the final simulations, GGA PPs were used to simulate

W and S atoms for better accuracy of the results.

The unit cell of WS, when periodically extended in the 2D plan simulates an extended
sheet of the material. The materials were modeled as cuboidal slabs by including a vacuum region
in the direction perpendicular to the surface. This allows for negligible interactions between the
adjacent layers during the calculations. It has been observed that a vacuum space of 10 A or more
gives accurate results for simulations of independent, isolated sheets. We have used vacuum
spacing of 20 A for additional accuracy in the simulations.

Since WS; has a thin 2D structure, there is no electronic dispersion in the vertical out-of-
plane direction. Thus, a horizontal sampling in the x-y plane of the first Brillouin zone is sufficient
to obtain accurate electronic dispersion. The Brillouin zone was sampled according to the scheme
proposed by Monkhorst-Pack [88] with a high-density in-plane 20x20x1 k-point grid with 400 k-
points. The bands were plotted along the k-point path as in Figure 8 (right, green). The k-point
path chosen covers all the significant high-symmetry points in the Brillouin zone; it gives an

accurate plot of the important and notable features of the electronic band structure.

The band structure obtained from DFT gives accurate information about the shape of the
energy bands, such as valence band maximum (VBM), conduction band minimum (CBM) and
other local extrema. But a well-known major problem of DFT is that the bandgap of the material
is significantly underestimated. The major reason behind this issue is that the calculated relative
locations of the VBMand CBM w.r.t. vacuum are very poor estimates, thus, resultingin inaccurate
predictions for the ionization potential I. A theoretically rigorous way to solve the issue of band
gap underestimation is to go beyond the DFT results and formulating the electronic band structure

using the GW approximation; it involves the expansion of the self-energy in terms of the single
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particle Green’s function G and the screened Coulomb interaction W to model the electronic

properties of many-body systems [74], [89]-[92].

From DFT calculations, the ionization potential of the material can also be obtained, which

is the difference between the electrostatic potential in the vacuum region (Vyac) and the DFT band

energy at the valence band maximum (&ygwm):

DFT _
I = Voac — €vem

For molecular systems, it is a well-known problem that the highest occupied molecular
orbital (HOMO) energy in LDA/GGA gives a very poor approximation of the ionization potential
due to the self-interaction error in the LDA/GGA X-C potential. Although DFT with LDA/GGA
X-C functionals cannot describe the band gaps and ionization potentials accurately, it can give an
accurate prediction ofthe bandgap center (BGC), or the average of the energiesat VBM and CBM.

The GW corrected ionization potential can be defined as:

1 1
W = [Vvac 5 (eypm + 8CBM)] + EECG;W

where EgCW is the GW fundamental band gap system.

The results from DFT calculations were used as the starting point for the GW calculations;
the simulations were carried out using the GWL package in Quantum ESPRESSO [84], [93]. The
bandgap energy correction value was obtained from the GW approximation, which when added to
the DFT bands gave the accurate band structure of bulk WS, matching with experiments [74]. The
GW calculation is computationally intensive; so, it is much more efficient to perform the

calculation for a single k-point instead of the entire Brillouin zone.

In summary, the first step is to run a DFT calculation over a specific k-point path to obtain
the preliminary band structure; the next step is to use the DFT simulation results and run a GW
calculation over a single k-point in the original k-point path. I have used the I'-point of the k-point
path as reference in my calculations. The energy gap between the conduction and valence bands
at the I'-point obtained using the DFT calculation results is lower than the actual experimental
value. The GW-corrected band structure gives the accurate energy gap. The energy difference
between the GW-corrected energy gap and the DFT energy gap is the essential bandgap correction.
This bandgap correction energy when added to the DFT-obtained bandgap gives the accurate band
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structure matching with experiments. This is a very accurate method to obtain the electronic band

structure for bulk materials.

However, for a material of WS, consisting of only a few layers, namely monolayer and
bilayer, it is important to include the excitonic effect due to the exciton binding energy [94]. The
bandgaps of monolayer and bilayer WS, obtained by DFT calculations followed by adding the
GW corrections are significantly higher than experimental results. The large overestimation in
these structures is due to the large excitonic effectin a two-dimensional system. This is a well-
known issue for 2D TMDCs in general. Subtracting the excitonic effect energy correction from
the DFT+GW bands givesavery accurate band structure and bandgap prediction, matching closely
with experimental results obtained via spectroscopic ellipsometry and electrochemical cyclic
voltammetry [5], [94]-[96].

The DFT calculations and GW approximation were first attempted with known materials
to become familiar with the calculation methods and the Quantum ESPRESSO tool. Preliminary
calculations were performed with silicon to validate our procedure. The results obtained from the
simulations with silicon were comparable to established results. The bandgap of bulk silicon
obtained from DFT calculations was found to be 0.6 eV; the bandgap correction energy obtained
from the GW calculations was found to be 0.54 eV. The actual bandgap, obtained by using the
DFT-calculated band structure followed by inclusion of the GW correction, was calculated to be
1.14 eV which is very close to the actual bandgap of 1.12 eV [72]. All the calculations and

simulations were carried out assuming a temperature of 300 K.

2.2.3 Absorption Coefficient Calculation

From the electronic band structure, the real and imaginary parts of the dielectric function (&) of
WS; can be calculated which gives us important information about the dielectric permittivity and
absorptivity of the material. The real part of the epsilon data gave the relative dielectric constant
of the monolayer, bilayer and bulk WS,. Using the real and imaginary parts of the epsilon data,
the values of the absorption coefficient (o) at the corresponding energies were calculated [97], [98]
for WS,. The plot of the absorption coefficient against energy gives a very clear picture of the
photon energies which are most likely to be absorbed by the different structures of WS,, and aid

in the design of a suitable photovoltaic absorber material for potential future applications.
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The absorption coefficient was calculated for monolayer, bilayer and bulk WS, materials.
The band structure and energy data from the initial DFT results were used in post-processing
calculations in Quantum ESPRESSO to obtain the real and imaginary parts of the dielectric tensor
(e) [99], [100]. The calculations were carried out using an energy range of 0 to 4 eV which covers
the energy of visible light and incoming photons in the incident solar radiation on Earth.
Increments of 0.01 eV in energy were used in the calculations to obtain accurate results for
absorption coefficient. A thermal broadening of about 0.1 eV energy was used with the calculated
results of the dielectric tensor to obtain realistic values of the absorption coefficient matching with
experimental measurements, since it is much easier and more probable to take measurements at
increments of 0.1 eV rather than 0.01 eV.

Initially, to test the validity and accuracy of the calculation method, the dielectric
permittivity (g) and absorption coefficient (o) of crystalline silicon (c-Si) was calculated using our
model and compared with the established literature values. The results obtained with silicon were
compared with data from the PhotonicsDB tool [101] on nanoHUB [102], which match the
Handbook of Optical Constants of Solids [103]; the close similarity between our calculated results
and the existing literature data confirm the validity and accuracy of the model. All the calculations

and simulations were carried out assuming a temperature of 300 K.

2.24 Additional Properties of Tungsten Disulfide
From the electronic band structure results, the electron and hole effective masses were calculated

from the band structure data of monolayer, bilayer and bulk WS,, using mi = hiz%. The effective

mass values were then used to calculate the conduction band effective density of states N¢ and the
valence band effective density of states Ny [104].

3

2rmykgT\2
Ne =2 ( hZ )3
Ny =2 ( h? )

These parameters give an accurate estimate of the maximum concentration of carriers that

can be accommodated in the conduction band and valence band, respectively. We also get an
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indication of the limits of carrier generation and dopant concentration, which are important

considerations necessary for device-level design and implementation.

2.3 Results and Discussion

The DFT simulations of bulk WS, using Quantum ESPRESSO gave the initial band structure along
the first Brillouin zone the bandgap was found to be 0.97 eV. A big limitation here is the value of
the bandgap obtained (0.97 eV), which issignificantly underestimated by DFT calculations. Using
the dispersion and energy values obtained from the results of DFT calculation, the GW
approximation gave the required bandgap energy correction (0.32 eV) to obtain the accurate
bandgap. This correction, when added to the DFT results, gave the correct bandgap and band
structure (Figure 9) matching with established results [74]. Bulk WS, was found to be an indirect

bandgap material exhibiting a bandgap of 1.29 eV, with direct transition startingaround 2.2 eV.

Energy (eV)

K-points

Figure 9. Band structure of bulk WS, showing indirect bandgap of 1.29 eV with direct transition
possibleat2.21 eV.

The bandgap of WS, is similar to a typical photovoltaic material, which makes it a very

good candidate for use in a solar cell. The band structure has a few interesting features in addition

to the photovoltaically significant band gap. Both indirect and direct optical transitions can occur
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in this material, depending on the energy of the incoming photon in the incident radiation. The
electronic dispersion determines the relative location of the CBMs and VBMs, which correspond
directly to the strength of these transitions. Subsequently, the regions where strong photon-electron

interactions take place can be understood and an appropriate structure can be designed.

Energy (eV)
o

r M : K I
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Figure 10. Band structure of bilayer WS, showing indirect bandgap of 1.64 eV with direct
transition possible at2.13 eV.

The band structures of bilayer and monolayer WS, were obtained using DFT calculations
followed by inclusion of GW corrections and excitonic effects (Figure 10 and Figure 11,
respectively). The bandgap of the bilayer WS, material was found to be 1.42 eV (indirect) from
DFT calculations; the GW correction obtained was 0.64 eV which had to be added to the DFT
results; and the exciton binding energy was calculated to be 0.42 eV which had to be subtracted
from the GW-corrected band structure. Thus, bilayer WS, was found to be an indirect bandgap

material exhibiting a bandgap of 1.64 eV, with direct transition starting around 2.13 eV.

The bandgap of the monolayer material was found to be 1.91 eV (direct) from DFT
calculations; the GW correction obtained was 1.14 eV, which hadto be added to the DFT results;
and the exciton binding energy was calculated to be 0.9 eV which had to be subtracted from the

GW-corrected band structure. Thus, monolayer WS, was found to be a direct bandgap material
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exhibiting a bandgap of 2.15 eV. Based on the band structures, both monolayer and bilayer WS,

can be considered suitable photovoltaic materials.

Energy (eV)
: o
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1

K-points

Figure 11. Band structure of monolayer WS, showing direct bandgap of 2.15eV.

For all the calculations, the unit cells were defined to include a vacuum space of 20 A
above the layers, in order to simulate isolated layers and eliminate the influence of adjacent layers
while using periodic boundary conditions. For the monolayer material, it was observed that a
vacuum of 8 A or higher was enough to obtain accurate simulation results without any multi-layer
effect; the unit cells with 8 A and 20 A vacuum spacing gave identical results without interference
from other layers above or below the unit cell. So, a spacing of 8 A between successive WS,
monolayers, where the W and S atoms are aligned in the same vertical axes respectively, can give
a thick multi-layer stack of monolayer WS,. Similarly, a vacuum space of 8 A between pairs of

WS; layers was used in the unit cell to obtain the accurate properties of a bilayer structure.

Using the energy eigenvalues and eigenvectors and the dispersion values from the DFT
calculations, the real and imaginary parts of the dielectric permittivity € were obtained for each of
the monolayer, bilayer and bulk WS, materials. From the dielectric permittivity data, the relative
dielectric constant (Table 1) and the value of the absorption coefficient o (um-1) for different

energies of the incomingradiation formonolayer, bilayerand bulk WS, (Figure 12) were obtained.
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Figure 12. Absorption coefficient o (/m) vs. energy and wavelength for monolayer, bilayer and
bulk WS,.

Initial preliminary simulations were carried out with silicon to check for validity and

accuracy of the calculation method; the dielectric permittivity (&) and absorption coefficient (o) of

crystalline silicon (c-Si) calculated using my model were consistent with existing literature. The

next set of simulations were carried out and verified with well-known materials of the TMDC
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family, namely MoS;, for additional validation of the model and accuracy. The values of o

obtained for MoS; are similar to the results reported in existing literature [105].

The values of o obtained show that there is significant absorption of incoming photons of
energies above the direct transition energy value for monolayer, bilayer and bulk WS,. Bulk WS,
has decent absorption for photon energies above 2 eV. Bilayer WS, has better absorption for
photons with similar energies, while monolayer WS; has the best absorption profile for photons
with energies above 2 eV. The absorption profiles obtained for the different structures of WS,
show that this material has good absorption of photons within the energy range of the incident
solar radiation. This opens possibilities for implementation of WS, as a light absorbing material

for photovoltaic applications.

Although the calculated absorption profiles show that there is some non-zero absorption
for photons with energies below the bandgap energy, this scenario is realistically impossible and
will not be observable in experimental demonstrations. In order to maintain consistency with
experimental results and validation, all sub-bandgap absorption was neglected and the values of
the absorption coefficient (o) for sub-bandgap energies were taken to be zero for future reference

and device-level modeling.

Monolayer WS; has a direct bandgap of 2.15eV; bulk WS, has an indirect bandgap of 1.3
eV, but direct transition is possible around 2.2 eV. There is high absorption above the direct
transition energy, and very low absorption below that. If we look at the photoluminescence (PL)
spectraof WS, [85], [106], we can observe aspike around the indirectbandgap energy for the bulk
material while we see a spike around the direct bandgap energy for the monolayer material. Thus,
we can have some photon absorption at the indirect bandgap energy for bulk WS,, which is why
we can consider bulk WS; to be an indirect bandgap material with a bandgap energy of 1.3 eV for

future work and simulations.

From experimental observations, it is evident that there will be some photon absorption for
energies between 1.3 eV and 2.2 eV for bulk WS, [105], [107]. This is our main reason to keep
the calculated absorption coefficient values above the indirect bandgap (1.3 eV) and neglect all

absorption for energies below this threshold. For monolayer WS, any photon absorption below its
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direct bandgap energy (2.2 eV) is very unlikely, which is why we have used this energy value as

its bandgap and neglected all absorption for energies below this threshold.

From the band structure data, the electron and hole effective masses were calculated for
monolayer, bilayer and bulk WS,. The effective mass values were then used to calculate the
conduction band effective density of states Nc and the valence band effective density of states Ny.
The calculated values are summarized in Table 1. The values of Nc and Ny obtained for the
different structures are similar to those of many commonly used semiconductors, such as silicon
and gallium arsenide. These parameters give us an accurate estimate of the limits of carrier
generation and dopant concentration, which are important considerations necessary for device-

level design and implementation.

The electronic properties and parameters of monolayer, bilayer and bulk WS, are

summarized in Table 1.

Table 1. Summary of electronic properties of monolayer, bilayer and bulk WS..

Monolayer WS, Bilayer WS; Bulk WS,

Bandgap (eV) 2.15 (direct) 1.64 (indirect) 1.29 (indirect)
Direct Transition Energy (eV) 2.15 2.13 2.21
Conduction Band Effective 0.97*101° 1.32*101° 2.02*1019

Density of States Nc (cm?)

Valence Band Effective 1.34*10%° 1.72*10%9 2.48*101°
Density of States Nv (cm)

Relative Dielectric Constant 5.1 7.5 13.4

2.4 Outlook and Conclusion

Inthis chapter, we have developeda DFT-based model to calculate the bandstructure and resulting
key materials properties for various structures of WS,, which have been validated against

experimentally fabricated and characterized materials. The electronic and optical properties of
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monolayer, bilayer and bulk WS, were calculated and analyzed for potential implementation in

photovoltaic systems.

Bulk WS, was found to be an indirect bandgap material exhibiting a bandgap of 1.29 eV,
with direct transition starting around 2.2 eV. Bilayer WS, was found to be an indirect bandgap
material exhibitingabandgap of 1.64 eV, with directtransition startingaround2.13eV. Monolayer
WS, was found to be a direct bandgap material exhibiting a bandgap of 2.15 eV. The electronic
band structure and bandgap of monolayer, bilayer and bulk WS, are similar to a typical

photovoltaic material, which makes them very good candidates for use in solar cells.

The values of the absorption spectrum a(})/a(E) obtained for the different structures of
WS, show that there is significant absorption of incoming photons with energies above the
bandgap energy. The absorptivity is significantly higher for photons with energies higher than
direct transition energy value for monolayer, bilayer and bulk WS,. Bulk WS, has decent
absorption for photon energies above 2 eV. Bilayer WS, has better absorption for photons with
similar energies, while monolayer WS, has the best absorption profile for photons with energies
above 2eV. Theabsorption profiles of WS, show that this material has good absorption of photons
within the energy range of the incident solar radiation on the surface of Earth. This enables

implementation of WS, as a light absorbing material for photovoltaic applications.

These results show WS, has very favorable electronic and optical properties for use in
photovoltaics, along with the natural advantages of the light weight, flexibility, and earth
abundance of most TMDCs.
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3. TMDC-BASED PHOTOVOLTAIC MODELSUNDER TERRESTRIAL
AND SPACE SOLAR RADIATION

3.1 Background

Tungsten disulfide (WS;), a 2D layered TMDC, has attracted a great deal of interest in recent
research studies. It has significant and favorable electronic and optical properties which make it
attractive for potential photovoltaic applications. The electronic band structure and corresponding
bandgap, effective density of states for carriers, and absorption coefficient for incident photons of
WS, are similar to many high-performance semiconductor materials used in existing photovoltaic
technology. These properties present a great deal of promise for the potential implementation of

WS2 in a solar cell design.

As we have established in Chapter 2, WS, has an electronically and optically favorable
bandgap within the range of photovoltaic materials, which makes it a very good candidate for use
in solar cells. The absorption coefficient of WS, shows that this material has good absorption of
photons within the energy range of the incident solar radiation on the surface of Earth; This allows
for implementation of WS, as a light absorbing material for photovoltaic applications. Its 2D
layered structure enables modification and tunability of its electronic properties by doping with
otheratomsor molecules between weakly bonded layers. Italso exhibits excellentcarrier transport
properties, as demonstrated by typically high electron and hole mobility values. In this work, we
have used these calculated properties of WS, to progress towards understanding and investigating

device-level applications of this unique material in a photovoltaic system.

Bulk WS, was used as the starting material for designing a solar cell device model. Using
this as the baseline, monolayer WS, and amorphous silicon (a-Si) were added to improve the
performance. The electronic properties of monolayer and bulk WS,, absorption coefficientand
other material parameters were taken from our results presented in Chapter 2. Using these results,

a p-n junction solar cell was modeled and simulated using monolayer WS,, bulk WS, and a-Si to

This work has been presented in Optics for Solar Energy, pp. OM2D-4. Optical Society of
America, 2018.

It has also been published in Solar Energy Materials and Solar Cells, 174 (2018): 370-379.
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obtain a structure similar to HIT (Heterojunction with Intrinsic Thin Layer) solar cells, which are
known to have high efficiencies [108], [109]. The structure was simulated using the drift-diffusion
model to obtain the device performance parameters such asopencircuitvoltage (V oc), shortcircuit

current (Jsc) and efficiency.

The primary device simulations which we have developed in this work are based on the
terrestrial solar radiation on the surface of the Earth (AM 1.5G spectrum). The maximum device
efficiency which we obtained from our models was 23.3%, with Voc of 0.84 V and Jsc of 335
mA/cm2. These values compare favorably with the best HIT silicon solar cells observed in

experiments, with efficienciesaround 25% [108].

In addition, we have also explored potential niche applications of our proposed solar cell
model, where this material has the potential to outperform existing technology. We have
investigated implementationsof our WS,-basedsolar cell model in space photovoltaic applications.
The robust and extremity resistant nature of WS,, and TMDCs in general, can be harnessed to
develop high performing solar cells operating in extreme environments such as outer space. This
material has the potential to be a strong competitor to existing solar cell modules in space
photovoltaics. We have also simulated our solar models under space solar radiation (AMO
spectrum) to get a better understanding and insight into the performance of our device model for

space photovoltaic applications.

3.2 Theory and Methods

3.2.1 Material Properties

The electronic and optical properties of monolayer and bulk WS, were taken from Chapter 2. We
have used the electronic band structure,bandgap, absorptioncoefficient, conduction band effective
density of states N¢, valence band effective density of states Ny, and relative dielectric constant
from the results presented in our previous work. The electron affinity of bulk WS, was taken to be
4.5eV [110]. It has been seen that when a TMDC monolayer is aligned with bulk material, the
conduction band of the monolayer is below the conduction band of the bulk material with a band
offsetofaround 0.2 eV in the conduction band [111]; therefore, the electron affinity of monolayer

WS, was takentobe 4.7 eV in oursimulations. Ithasbeen observedin recentwork thatthe electron
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mobility of WS; can be as high as 234 cm2V-1s1[112], [113]. Experimentally prepared WS, can
exhibit some non-idealities, such as sulfur vacancies, which can lead to various electronic defects
and non-ideal behavior. We have compensated for such issues by taking conservative values for
the carrier lifetimes and mobilities, which are drawn directly from experiments. The electron
mobility of WS, was taken to be 200 cm?2V-1s-1, while the hole mobility was found to be between
one-third and one-fourth of the electron mobility [104], which can be as low as 50 cm2V-1s-,
Because of this relatively low hole mobility, we have utilized a design that sidesteps hole minority
carrier transport through the WS, layer, in favor of the comparatively higher electron mobility.
The bandgap, electron affinity, relative dielectric constant, Nc and Ny of a-Si were taken from
standard literature [114], [115]. The electron mobility was taken as 1 cm2V-1s-1 and the hole
mobility was taken as 0.003 cm?V-1s-1 for a-Si [116].

To design an appropriate photovoltaic model, monolayer and bulk WS, were used together
with amorphous silicon in p-n heterojunction model, similar to a silicon HIT structure. The
electronic properties of monolayer WS,, bulk WS, and a-Si which were used in the device

simulations are summarized in Table 2.

Table 2. Electronic properties of monolayer WS,, bulk WS, and a-Si used in device simulation.

Monolayer WS, Bulk WS; a-Si

Bandgap (eV) 2.15 (direct) 1.29 (indirect) 1.7 (direct)
Electron Affinity (eV) 4.7 4.5 4
Relative Dielectric Constant 5.1 13.4 11.7
Conduction Band Effective 0.97*101° 2.02*101° 2.82*101°
Density of States Nc (cm)

Valence Band Effective Density 1.34*101° 2.48*1019 2.65*101°
of States Nv (cm)

Electron Mobility (cm? V-1s?) 200 200 1
Hole Mobility (cm? V-1s?) 50 50 0.003
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3.2.2 Solar Spectrum

We have used both the terrestrial and space solar irradiance as the incident radiation on our solar
cell model. The primary device simulations which we have presented are based on the AM 1.5G
spectrum, which is the terrestrial solar radiation on the surface of the Earth [117]. To further
develop our model for applications in diverse environments, we have also carried out our device
simulations forthe AMO spectrum, which is the space solar radiation [117]. The spectral irradiance

for the AM1.5G and AMO solar spectra are shown in Figure 13.
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Figure 13. Terrestrial (AM1.5G) and Space (AMO) Solar Radiation [117].

The solar spectrum changes throughout the day and with location on Earth. Standard
reference spectra are defined to enable the performance comparison of photovoltaic devices from
different manufacturersand research laboratories in a convenient manner. The standard spectrum
for space applications is referred to as AMO; it has an integrated power of 1366.1 W/m2. For
terrestrial applications, there are two defined standards in use. The AM1.5 Global spectrum is
designed for flat plate modules and has an integrated power of 1000 W/m2. The AML1.5 Direct
(+circumsolar) spectrum is defined for solar concentrator work. Itincludes the direct beam from
the sun plus the circumsolar component in a disk 2.5 degrees around the sun. The direct p lus
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circumsolar spectrum has an integrated power density of 900 W/m2[118]. For most photovoltaic
measurementsand performancemonitoring, the AM1.5G spectrum isused as the standard incident
solar radiation on the solar cells; this makes it easier and convenient to compare the power output

and performance of different solar cells.

The air mass coefficient (AM) defines the direct optical path length through the Earth's
atmosphere, expressed as a ratio relative to the path length vertically upwards. The air mass
coefficient is used for characterizing the solar spectrum after solar radiation has traveled through
the atmosphere. The air mass coefficient is defined as:

1
cos(z)

AM =

where z is the angle (in degrees) of the tilt of the sun from the vertical direction on the surface of
the Earth. The standard AM1.5G spectrum is defined for a location where the sun is at angle of

around 48-49° from the vertical.

3.2.3 Design of a Photovoltaic Device

A solar cell model was designed with the major concept being a p-n junction device which would
be able to generate electron-holepairs from incoming photonsin the incidentsolar radiation [119}-
[121]. The output current from the solar cell and the voltage across the terminals were calculated
using the Drift-Diffusion model [104], [122]. The tool ADEPT (A Device Emulation Program and
Tool) was used on nanoHUB to simulate our structure models [123]. The simulation results
obtained from ADEPT have been shown to match closely with measurements of the current-
voltage relationships in light and dark conditions, as well as the external quantum efficiency, of

experimentally fabricated solar cells [124]-[126].

The quantum efficiency of a solar cell is the ratio of the number of carriers generated to
the number of photons of a given energy/wavelength incident on the solar cell. It can be regarded
as the collection probability of photons from the generation profile of a single wavelength,
integrated over the device thickness and normalized to the incident number of photons. The
external quantum efficiency (EQE) of a solar cell accounts for optical losses due to transmission
and reflection [127].
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The short-circuit current (Isc) is the current through the solar cell when the voltage across
the solar cell is zero (short circuit condition). The short-circuit current arises from the generation
and collection of light-generated carriers. For an ideal solar cell with low or moderate resistive
losses, the short-circuitcurrentis the largest currentwhich can be obtained fromthe solar cell. The
short-circuit current depends on several factors; the primary factor is the area of the solar cell. Itis
more common to mention the short-circuit current density (Jsc) to remove the dependence on the
area of the solar cell. The Jsc is directly dependent on the light intensity, or the number of photons,
in the incidentsolar spectrum. For mostterrestrial solar cells, the standard AM1.5G solar sp ectrum
is used as reference. The Jsc also depends on the optical properties (absorption and reflection) and

the collection probability of the solar cell, which is reflected in the EQE [128].

A
Jse= [ 2 rorsar

where,

EQE(L) — external quantum efficiency of photons with wavelength A

S(A) — intensity of photons of a particular wavelength A in the solar spectrum of a given air mass
A —wavelength of light

g — elementary charge

h — Planck’s constant

¢ — speed of light

The open-circuit voltage (Voc) of a solar cell is the maximum voltage available at zero
current [129]. The open-circuit voltage corresponds to the amount of forward bias on the solar cell
due to the bias of the solar cell junction with the light-generated current.

Voc = ﬂln <I—L+ 1)
q Iy
where,
IL — light generated current
lo — dark saturation current
n — semiconductor ideality factor (typically 1)
k — Boltzmann constant
T —temperature
g — elementary charge
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The Voc can also be determined from the carrier concentration:
kT |(N4 + An)An
Voc = —In|———F———
q n;
where,
Na —doping concentration
An — excess carrier concentration

n; — intrinsic carrier concentration

The efficiency of a solar cell is the fraction of incident power in the solar spectrum which
is converted to electricity. Itis the most commonly used parameter to compare the performance of
different solar cells. Efficiency is defined as the ratio of energy output fromthe solar cell to input

energy from the sun.

ADEPT is a detailed numerical device simulation code developed at Purdue University.
The semiconductor current equations, Poisson’s equation, and the hole and electron continuity
equations (assumingdrift-diffusiontransport), are solved numerically in 1D, subjectto appropriate
boundary conditions (an ideal Ohmic contact in our case). The electronic and optical properties of
each material, together with the operating conditions and device parameters, are defined in the
input files of the ADEPT simulations.

The complete drift-diffusion model is based on the following set of equationsin 1D:

Current equations

Jn = quCOUREC) + aDy T O
d
Jp = ap(IupEC) — qDy=r @)

Continuity equations

on 1

Fri EV-JN_ ™+ 9n (3)
dp 1

i —5V-]p -1+ gp 4)
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Poisson's equation
V.D=q({—-n+ Ny— Np) (5)

The devices were primarily simulated using the AM 1.5G spectrum [117] as the incident
solar radiation input for our model to obtain the optimum structure with best performance. For
some of our simulations, we have assumed a perfectly reflecting back surface optical reflector in
our system, so that all unabsorbed incident photonsare reflected back into the absorbing layers.
We have studied both cases of no back surface optical reflection and full back surface optical
reflection for our device models. A temperature of 300K was assumed for all simulations.

We have developed three solar cell models to explore and study the photovoltaic properties
of WS, and obtain the device with the best performance. We have investigated a 3-layer device
for our photovoltaic model where the top layer is a thin highly-doped layer (n-type), the middle
layer is a thick intrinsic or light-doped layer (p-type), and the bottom layer is a thin highly-doped
layer (p-type). All of our solar cell models have a 3-layer n*-p-p* device architecture, similar to a
silicon HIT solar cell structure. We have developed and studied the following solar cell device

models using WS, to investigate its properties and performance in photovoltaic applications:

1. Model A: Bulk WS, — Bulk WS, — Bulk WS; [Figure 14(A)]
2. Model B: Monolayer WS, — Bulk WS, — Bulk WS; [Figure 15(A)]
3. Model C: Monolayer WS, — Bulk WS, — Amorphous silicon [Figure 16(A)]

We have used model A as our baseline device and explored mechanisms to improve
operating performance, leading to the development of models B and C which have significantly
higher device efficiencies. We have explored and studied models B and C further to understand
their behavior and performance in a different operating environment. Following on from our
studies under terrestrial solar radiation, we have investigated the performance of models B and C
under the space solar radiation (AMO spectrum) to explore potential implementations our WS-

based solar cell models in space photovoltaic applications.

We have taken measures and precautions in our simulations to present our results which

are consistentwith experimentally fabricable and measurable devices. We have accounted for non-
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idealities in our materials and device architecture wherever possible. The goal of this project was
to presentasolar cell modelwhich would give the predicted performance and features when tested
and characterized experimentally. Thus, we refrained from incorporating near-ideal device

parameters and operating conditions.

It is evident that significant carrier recombination will occur in our proposed structures in
experiments, which can be accounted for by using conservative values of the carrier lifetimes in
our simulations. Based on prior experimental results in related TMDCs, the electron and hole
lifetimesforallthe layers with moderate to high dopingwere taken as 10 ns, while for intrinsically-
doped or lightly-doped bulk WS, the lifetimes were taken as 100 ns. For the carrier lifetimes, both
radiative and non-radiative recombination have been considered. For 2D semiconductor TMDCs
like WS,, the non-radiative electron and hole lifetimes are much higher than radiative lifetimes,
which is consistent with their direct bandgaps; thus, it is the radiative lifetime that is dominant in
the effective carrier lifetime [130]. The lifetimes used in our simulations account for the radiative
recombination of electronsand holes, which is the dominant recombination process. The carrier
lifetimesused in oursimulations are lower for heavily doped layers than lightly doped layers, since
there is a reduction in carrier mobility with increased doping which can lead to higher

recombination rates [131].

We have reviewed the literature on high levels of doping in silicon and WS, to determine
the maximum activated doping levels at room temperature. Several researchers have reported
doping levels as high as 1020 cm-3 in silicon [132]-[134]. As for WS,, there has not been nearly as
much work regardingits properties, since itis arelatively new material; butit hasa lot of properties
similar to molybdenum disulfide (MoS;) such as band structure, bandgap, absorption profile,
physical properties, etc., as they belong to the same family of transition-metal disulfides. Doping
levels as high as 1020 cm-3 have been experimentally demonstrated in MoS; [135]. This result is
also physically plausible, as the density of sulfur atoms in a transition-metal disulfide is around ~
1022 cm?3, In fact, itis possible to fabricate a doped MoS; structure where as much as 10% of the
sulfur atoms are replaced by dopant atoms [37], which would correspond to a doping level of 102
cm-3, Since WS, and MoS; have similar physical, chemical and electronic properties, this provides
evidence that it is possible to have doping levels as high as 1020 cm-2 in WS,. Nonetheless, out of

an abundance of caution, we have used conservative values for the doping levels, with the full
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understandingthatexperimental verification isultimately needed forany assumed level of doping.
In this work, we have ensured that the doping in any layer does not exceed the values of Nc or Ny
(effective density of states in conduction and valence bands, respectively) to avoid a scenario
where a significant number of dopant atoms are inactivated. With this limitation taken into
considerationandincorporation of fullyactivateddonors and acceptors, there will notbe any issues
with incomplete ionization. If there is any loss of majority carriers from inactivated dopants, the

loss can be compensated by injecting a higher concentration of dopants, within limits.

We have assumed Ohmic contacts in our simulations. The electron affinities of monolayer
WS,, bulk WS, and a-Si are 4.7, 4.5 and 4 eV respectively. The metals of choice should have
appropriate work functionsto provide a favorable Ohmic contact, with a zero or negative Schottky
barrier height. For an n-type semiconductor, the work function of the metal must be close to or
smaller than the electron affinity of the semiconductor. For a p-type semiconductor, the work
function of the metal mustbe close to or larger than the sum of the electron affinity and the bandgap
energy. For n-type monolayer WS, and bulk WS, we can have aluminum, chromium or silver as
the metal contacts, since they have work functions close to or lower than 4.5 eV. For p-type bulk
WS,, we can potentially use platinum, palladium, tungsten, gold, nickel or cobalt as the metal
contacts, since their work functions are above 5 eV. As for p-type a-Si, platinum [136] and
titanium/palladium [137] have beenexperimentally demonstrated to provide Ohmic contacts; there
is also potential to use lower cost metals with slightly lower work functions, such as tungsten and
cobalt. We have given some examples of metals which can be used in our device models in
experimental studies, but the list is not exhaustive; several commonly-used metals with an

appropriate work function can be used.

3.3 Results and Discussion

3.3.1 Device Modeling under AM1.5G Solar Spectrum

The initial device model which we have considered is an n*-p-p* homojunction structure made
from bulk WS, (Model A). The device was then modified by replacing the top bulk WS, layer
with monolayer WS, to obtain a heterojunction device (Model B) with improved performance,

since monolayer WS; has a higher direct bandgap and better absorption than bulk WS,. The final
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device was designed by replacing the bottom bulk WS, layer with a-Si (Model C) to obtain a
structure similar to HIT solar cells [109]. Incorporating a-Si in the device improves the
performance by creating monotonically increasing conduction and valence bands, which improve
carrier separation and electron and hole collection. Monolayer WS, and a-Si function as carrier
selective contacts, where the electrons are collected at the monolayer WS, end and the holes are

collected at the a-Si end.

Although one could compare the changes of individual parameters such as layer thickness
or material parameters, each individual comparison is not always very informative by itself,
because the carrier transport and optical absorption interact in a nonlinear fashion with respect to
certain parameters — for example, changing the electron affinity can exponentially decrease
electron current. Therefore, we have chosen to optimize three distinctive photovoltaic structures

(A, B, C) representing distinctive material sets with suitable device architectures.

A three-layer junction device was designed to operate as a solar cell. The initial structure
(Model A) was an n*-p-p* device designed using only bulk WS, for all the three layers. The top
layer was a thin layer of highly-doped n-type WS,; the middle layer was a relatively thick layer of
lightly-doped (almost intrinsic) p-type WS,; and the bottom layer was a thin layer of highly-doped
p-type WS, [Figure 14(A)]. We then optimized the layer thicknesses and doping for highest
efficiency. The optimal device structure of model A is summarized in Table 3.

The device model was simulated for both cases of with and without back surface optical
reflector. The open circuit voltage (Voc) for the optimum case was obtained to be 0.76 V and the
short circuit currentdensity (Jsc) was 24.1 mA/cmzZ; the efficiency of the solar cell was 15.2%.
The significant parameters and features of the solar cell such as short circuit current density (Jsc),
opencircuitvoltage (Voc), maximum power voltage (Vwvp), maximum power currentdensity (Jup),
fill factor (FF) and efficiency were recorded for both the cases of with and without back surface
reflection (Table 4).

The band structure, current-voltage (1-V) relationship and external quantum efficiency
(EQE) plots for the case of full back surface optical reflection are shown in Figure 14(B-D). The
conduction and valence bands are monotonically increasing, which favor carrier collection. It can
be seen from the plot of the EQE that there is a significant improvement in carrier generation for
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wavelengths greaterthan 0.6 pm, which correspondsto absorptionin the space -charge region. The

current-voltage relationship shows excellent rectification, which is consistentwith a low seriesand

high shunt resistance.

Table 3. Summary of Model A device structure.

Top Layer Middle Layer Bottom Layer
Material Bulk WS, Bulk WS, Bulk WS,
Bandgap (eV) 1.29 1.29
Doping Type N P
Doping concentration (cm3) 2*101° 2.4*1019
Thickness (nm) 40 40

The open circuit voltage (Voc) obtained is similar to that of silicon solar cells [138]; the

short circuit current density (Jsc) is reasonable for a solar cell, although well below the theoretical

limit for the 1.29 eV bandgap of WS,. While the overall efficiency is not very high, it is promising

as a starting pointto systematically improve our device. It can be seen that using a perfect back

surface optical reflector increases Jsc by a significant amount, and improves the performance and

efficiency of the device.

Table 4. Performance parameters of Model A device.

No Back Surface Full Back Surface

Reflection Reflection
Open Circuit Voltage Voc (V) 0.76 0.76
i i H 2

Short Circuit Current Density Jsc (mA/cm?) 923 241
Maximum Power Voltage Vwr (V) 0.66 0.66
Maximum Power Current Density Jwp 211 298
(mA/cm?)

Fill Factor FF 0.82 0.82
Efficiency (%) 14 15.2
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Figure 14. Device structure and performance parameters of Model A:
(A) Device structure; (B) Band structure; (C) I-V plot; and (D) EQE.

This initial device was then modified by replacing the top bulk WS, layer with monolayer
WS, of same doping type [Figure 15(A)] to obtain a heterojunction device structure (Model B).
Monolayer WS, has a direct bandgap and provides a higher bandgap window layer for light
absorption atthe n*-p junction. This structure was then re-optimized for the highestefficiency with
respect to all the layers’ doping and thickness, subject to a monolayer maximum thickness of 10
nm and a maximal doping of 0.95*1019 cm=3. The optimal device structure of model B is
summarized in Table 5.

Model B device was simulated for both cases with and without back surface optical
reflection, and the performance parameters were recorded (Table 6). The band structure, current-
voltage (I-V) relationship and EQE plots for the case of full back surface optical reflection are
shown in Figure 15(B-D). The conduction and valence bands are also monotonically increasing in

this case, which favor carrier collection. There is an abrupt drop in the bands on the monolayer
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WS, side which helps in improved electron collection. It can be seen from the plot of the EQE that
there is a slight improvement in carrier collection for wavelengths between 0.6 pum and the band
edge. The introduction of a non-zero slope near the front of the cell also significantly improves
carrier collection for wavelengths below 0.6 um. For the optimized device structure of model B,
the open circuit voltage (Voc) was 0.77 V and the short circuit current density (Jsc) was 32.6

mAJ/cm?Z; the efficiency of the solar cell was 20.5% with a perfect back surface optical reflector.

Table 5. Summary of Model B device structure.

Top Layer Middle Layer Bottom Layer

Material Monolayer WS, Bulk WS, Bulk WS,
Bandgap (eV) 2.15 1.29 1.29
Doping Type N P P
Doping concentration (cm3) 0.95*101° 1013 2.4*101°
Thickness (nm) 10 2000 100

Table 6. Performance parameters of Model B device.

No Back Surface Full Back Surface

Reflection Reflection
Open Circuit Voltage Voc (V) 0.77 0.77
o . )

Short Circuit Current Density Jsc (mA/cm?) 326 326
Maximum Power Voltage Vwr (V) 0.67 0.67
MaX|muzm Power Current Density Jwmp 30.4 30.4
(mA/cm?)

Fill Factor FF 0.81 0.81
Efficiency (%) 20.5 20.5
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Figure 15. Device structure and performance parameters of Model B:
(A) Device structure; (B) Band structure; (C) I-V plot; and (D) EQE.

Compared to the homojunction device model A discussed previously, the open circuit
voltage (Voc) improves by about 2%; the short circuit current density (Jsc) increases greatly by
about 35%, and is now comparable to that of silicon solar cells. Overall, then, the efficiency of the
device model B is about 35% higher than the device model A, which is quite high and 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 recombination of carriers, unsuitable band structure,
incomplete absorption, inefficient carrier collection, etc. For instance, the band structure is still
non-ideal which penalizes our open circuit voltage by at least 50 mV, and also degrades the short
circuit current by at least 1.0 mA/cmz2. Thus, additional modifications were investigated to help us

approach the Shockley-Queisser limit as closely as possible.

The device model B was further modified to improve performance by replacing the bottom

bulk WS; layer with a-Si of same doping type [Figure 16(A)] to obtain a structure similar to HIT
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solar cells (Model C). Since a-Si has a lower electron affinity than WS, it was used to provide
monotonically increasing conduction and valence energy bands so that electrons and holes can
easily move towards the opposite contacts and there are no areas in the structure where there could
be accumulation and consequent recombination of the carriers. a-Si was also used in the structure
to prevent recombination of carriers at the back surface contact. This structure was re-optimized
with respect to the layers’ thicknesses and doping levels. The final device structure of model C
which gave highest efficiency is summarized in Table 7.

Table 7. Summary of Model C device structure.

Top Layer Middle Layer Bottom Layer

Material Monolayer WS, Bulk WS, a-Si
Bandgap (eV) 2.15 1.29 1.7
Doping Type N P P
Doping concentration (cm3) 0.95*101° 0.5*1018 2.65*101°
Thickness (nm) 10 800 10

Model C device was simulated for both cases with and without back surface optical
reflection, and the performance parameters were recorded (Table 8). The band structure, current-
voltage (1-V) relationship and EQE plots for the case of full back surface optical reflection are
shown in Figure 16(B-D). The conduction and valence bands are also monotonically increasing in
this case, which provide nearly ideal carrier collection. Also, the abruptdrop in the conduction
band on the monolayer WS, side which facilitates electron collection, while the abrupt jump in the
valence band on the a-Si side improves hole collection. The plot of the EQE is similar to the
previous case, with a small improvement near the band edge from a deeper space charge region,
resulting in a slightly higher Jsc. There is also an improvementin the Voc realized by a back

surface field plus an improved band structure achieved through the introduction of a-Si.
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Table 8. Performance parameters of Model C device.

No Back Surface Full Back Surface
Reflection Reflection
Open Circuit Voltage Voc (V) 0.84 0.84
Short Circuit Curregt Density Jsc 328 335
(mA/cm?)
Maximum Power Voltage Vwr (V) 0.75 0.75
Maximum Power Current Density Jvp 305 31.2
(mA/cm?)
Fill Factor FF 0.82 0.82
Efficiency (%0) 22.7 23.3
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Figure 16. Device structure and performance parameters of Model C:
(A) Device structure; (B) Band structure; (C) I-V plot; and (D) EQE.
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The performance of our final device model C is found to be much improved after the
incorporation of a-Si. The open circuitvoltage (Voc) for the bestcase is0.84 V and the shortcircuit
currentdensity (Jsc) is 33.5 mA/cmz?; the efficiency of the solar cell is 23.3%. The open circuit
voltage (Voc) for model C is much better than the previous structures (models A and B), and has
increased significantly (by about 10% relative, compared to the initial homojunction device model
A); the short circuit current density (Jsc) has also increased substantially (by about 38% relative,
compared to the initial device model A). Overall, the efficiency of the solar cell model C has
improved by about 53% relative versus the homojunction device model A; it is quite high, and
comparable to many high-efficiency single junction solar cells [115]. The presence of a perfect
back surface optical reflector helps slightly in improving Jsc, and thus, the Voc, as well as the
overallefficiency of the solar cell. These results create new possibilities for the fabrication and use
of ultra-thin 2D high-efficiency solar cells using a new material which has the advantages of ultra-
low weight per unit of power production, mechanical flexibility, as well as earth abundance,

compared to several commonly-used photovoltaic materials.

3.3.2 Device Modeling under AMO Solar Spectrum

Using the optimized device model from our results with the AM1.5G terrestrial solar radiation,
further simulations were carried out with the AMO space solar spectrum to investigate the
performance and features of our WS,-based solar cell model in potential space photovoltaic
applications. The temperature of most satellite orbits is between 40-70°C [14]; so, we have used
two temperatures of 313K and 343K for our device model simulations under the space solar
radiation. From our results presented in section 3.3.1, itcan be seen thatth e best performing device
structure is model C [Figure 16(A)]. So, we have chosen this device model as the starting point for

our simulations under the AMO spectrum.

We have used the same layers as presented in model C in section 3.3.1. Itis a three-layer
n*-p-p* junction device designed to operate as a solar cell. The top layer is a thin layer of highly-
doped n-type monolayer WS;; the middle layer is a relatively thick layer of lightly-doped p-type
bulk WS;; and the bottom layer is a thin layer of highly-doped p-type a-Si, as shown in Figure
16(A). Some modifications were made to the thickness of the constituent layers to better

understand the performance of our model with various thicknesses in a space environment. The
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thicknesses of the top and bottom highly-doped layers were kept unchanged at 10 nm each. The
thickness of the lightly-doped middle layer was initially taken as 980 nm, so the total thickness of
the device was 1 pum. The initial structure model is described in Table 9.

Table 9. Summary of modified Model C device structure for space applications.

Top Layer Middle Layer Bottom Layer

Material Monolayer WS, Bulk WS, a-Si
Bandgap (eV) 2.15 1.29 1.7
Doping Type N P P
Doping concentration (cm3) 0.95*101° 5*10% 2.65*10%°
Thickness (nm) 10 980 10

It is beneficial to design devices with thickness much less than 1 um for space applications,
since thicker devices can be significantly damaged by high energy radiation and cosmic rays in
the space environment without additional radiation shielding mechanisms. Most solar cells used
in space photovoltaic applications with high radiation concentrations typically have thicknesses of
around 100-500 nm of active layers to minimize radiation damage. So, we have decided to limit
our device thicknessto 1 um in order to present realistic models and maintain consistency with

experimentally feasible device architectures.

We have investigated our modified device model C with the total device thickness ranging
from 100 nm to 1 um. Each model was simulated under the AMO spectrum for temperatures of
313K and 343K. The significant parameters and features of the solar cell model such as short
circuit current density (Jsc), open circuit voltage (Voc) and efficiency were recorded for both the
temperatures 313K (Table 10) and 343K (Table 11). All the device simulations were carried out
using the tool ADEPT on nanoHUB.
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Table 10. Performance parameters of modified Model C device at 313K.

Thickness (nm) Voc (V) Jsc (MA/cm?) Efficiency (%0)
100 0.87 25.6 12.5
200 0.86 31.8 15.8
400 0.85 36.2 18.1
600 0.84 38.3 19.1
800 0.84 39.9 19.9
1000 0.83 41.1 20.5

Table 11. Performance parameters of modified Model C device at 343K.

Thickness (nm) Voc (V) Jsc (MA/cm?) Efficiency (%0)
100 0.82 25.6 11.3
200 0.81 31.8 14.3
400 0.80 36.2 16.4
600 0.79 38.3 17.3
800 0.79 39.9 18.1
1000 0.78 41.1 18.6

We can see that our device model gives an efficiency of 20% for the 1 um thick device at
a temperature of 313K. The efficiency drops to 18.6% for a temperature of 343K; this is an
expected drop in the efficiency since there is a reduction of the Voc due to an increase in the
temperature. The performance of our device model at around 20% efficiency is comparable to
existing space photovoltaic technology [15]. But our proposed solar cell model gives us only an
insight and not a conclusive picture of the applicability of our device in space photovoltaics. For
space applications, itis most beneficial to have the active layer thickness around 100-200 nm to
minimize radiation damage withoutusingadditional radiationshieldingstructures. We can see that
for a device thickness of 200 nm, the efficiency of our model is around 14.3-15.8% over the
temperature range of satellite orbits (313-343K). Thisis much lower than the efficiency of existing

space photovoltaic systems currently in use. Therefore, additional modifications and
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improvements to our photovoltaic model are required to propose a realistic and experimentally

viable device structure which can be competitive and comparable to existing space solar cells.

3.4 Outlook and Conclusion

In this work, we have developed several solar cell models to demonstrate photovoltaic properties
and applications of a WS;,-based solar cell design. To compensate for expected fabrication
impurities and crystal defects, conservative values for parameters such as carrier mobilities and
lifetimes were utilized in our device simulations. Initially, we developed a baseline solar cell
design using bulk WS, gives reasonable performance with an optimal efficiency of around 14%.
After making some modifications, such as introducing monolayer WS, and a-Si, which improve
the band structure and optical performance, the overall efficiency of the optimal solar cell model
increased significantly to over 23%, which is comparable to the performance of many commercial
single-junction solar cells. These results show that 2D monolayers of WS, have very favorable
electronic and optical properties for use in photovoltaics, alongwith the natural advantages of light

weight, flexibility, and earth abundance of most TMDCs.

One key challenge is to obtain high quality a-Si/WS; interfaces. It is assumed in this work
that crystalline WS, is grown on a-Si to best preserve the electronic and chemical properties of the
individual components, and to allow efficient carrier transport across the interface [139].
Nonetheless, WS, warrants further investigation, since there are several approaches thatcould lead
to further improvement of performance of our device. For instance, bilayer WS, can be used to
replace bulk WS,, since it has a higher bandgap than the bulk material, but with the same direct
transition energy, which can lead to a higher Voc and comparable Jsc. Second, applying a
horizontal strain or a vertical compressive force to WS, can tune its band structure and bandgap,
which can pave the way for a spectrally-adaptable photovoltaic cell; this could potentially also be
part of a multi-junction array. Third, the optical reflection implied by the non-ideal EQE of the
device can be investigated using various light trapping approaches, such as plasmonics. This
approach has yielded methods for guiding and localizing light at the nanoscale in previous work,
allowing for greatly improved absorption in photovoltaic devices [140]. Finally, since we are

working with ultra-thin layers, it might be beneficial and more accurate to go beyond the semi-
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classical drift-diffusion model, and look at quantum effects such as ballistic transport to better

understand electron transport and photon absorption at the atomic level.

As far as experimental validation of the optimized design goes, the full device structure
should have a back surface optical reflector, such as a screen-printed metal with an appropriate
work function as the first layer from the bottom [141]. On top of that, there should be a layer of
TCO (Transparent Conducting Oxide), such as ITO (Indium Tin Oxide), of appropriate thickness.
The TCO layer is used to collect the free carriers generated in our solar cell. On top of the TCO
would be our three-layer structure, which would be covered by another layer of TCO to collect the
generated carriersand allow transmission of incomingsolar radiation with minimal surface optical
reflection. A layer of glass can be placed as the topmost layer to protect the inner layers from
environmental impurities and disturbances. The monolayer WS; layer needs to be prepared such
that multiple layers can be stacked together with appropriate interlayer spacing which preserves
the electronic properties of monolayer WS, [78]. Since WS, has properties similarto MoS,, similar
dopants can be used inourdevice, such asalkali metals (Na, K, etc.) in place of tungsten atom (W)
as p-type dopants and halogen atoms (Cl, F, etc.) in place of sulfur atoms (S) as n-type dopants
[142]. In conclusion, there is a great deal of work yet to be performed on this emerging 2D
materials system, but the work to date presented in this paper provide specific predictions based

on first principles to help guide further theoretical and experimental investigations.

We have also demonstrated our WS,-based photovoltaic model for applications under
space solar radiation. Our solar cell design shows that it is possible to obtain efficiencies above
20% with the space solar spectrum, but a major issue encountered here is the total thickness of the
active layers in our device and possible radiation-induced degradation. The simulation results are
still a preliminary insightas much work is needed to be done in orderto propose an experimentally
feasible solar cell model for space photovoltaic applications. Itis most beneficial to develop an
ultra-thin device of around a few hundred nanometers or less, while incorporating additional
features such as light trapping structures and anti-reflection coating layers to get a higher device
performance. This would have the potential to make our solar cell model proposals competitive
with current technology; it would also strengthen our predicted results and make them comparable
with existing space photovoltaic systems.
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4. LIGHT TRAPPING FOR PERFORMANCE ENHANCEMENT OF
TMDC-BASED PHOTOVOLTAICSYSTEMS IN SPACE
APPLICATIONS

4.1 Background

Photovoltaics is the primary power source in outer space for Earth orbiting satellites and many
space exploratory missions, since the radiation originating from the sun can be received in high
concentrationsin outer space. The space environment is heavily characterized by a harsh radiation
environment consisting of high energy particles and cosmic rays; therefore, it is vitally important
to develop solar cell with semiconductor materials which have a high degree of radiation resistance
and resilience in the space environment; this is essential to minimize degradation of the end -of-
life performance of the solar cell [143]. Devices based on two-dimensional (2D) materials are
characterized by their low size and weight, together with high resilience and reliability. This makes
them advantageous and beneficial for implementation in high radiation environments. Transition
Metal Di-Chalcogenides (TMDCs) have been demonstrated to exhibit resistance to radiation-

induced damage, and are very good candidates for space photovoltaic applications [16].

As we have seen in Chapter 3, the photovoltaic model based on tungsten disulfide (WS,)
which gave the best performingsolar cell in terrestrial conditions was Model C. This model was
simulated under space solar radiation (AMO spectrum). We demonstrated that Model C with total
thickness of 1 um gave an efficiency above 20% for 313K and above 18% for 343K temperature.
These efficiency values are comparable to high performing solar cells currently used in space

photovoltaics. But the thickness of this model is too thick for space applications.

For space applications, it is most beneficial to have the total active layer thickness around
a few hundred nanometers to minimize radiation damage without using additional radiation
shieldingstructures [144]. Solar cells with thick active layers of magnitudes in the order of microns
are prone to significant damage from the high energy radiation and particles in the space
environment; while ultra-thin materials with sub-micron thicknesses are much more resistant to
radiation damage with less degradation in their performances over extended periods of time [145],
[146]. With consideration for possible structural damage of the material from radiation and

correspondingdegradation of performance, we have investigated our device models with thickness
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limit of around 200 nm; we have explored our device structures with the total thickness of the
active layers in the range 100-200 nm [147].

The photovoltaic model with thickness of 200 nm gave efficiencies around 14.3-15.8%
over the temperature range of satellite orbits (313-343K). This is much lower than the efficiency
of current space photovoltaic technology. It is necessary to incorporate additional modifications
and improvements in our photovoltaic model to propose a realistic and experimentally viable

device structure which can be competitive and comparable to existing space solar cells.

In this work, we have used the 200 nm thick Model C from Chapter 3 as the baseline solar
cell device and introduced additional features in the structure so the efficiency can be higher than
20%. The major issue here is reduction of the absorption due to the ultra-thin device structure. We
have incorporated a light trapping structure and an anti-reflection coating layer in our solar cell
model which increase the absorption of the incident solar radiation, and lead to better performance
of the device with higher current. These additional optical features lead to an enhancement of the
Jsc resulting from the increased photon absorption. There is no significant effect on the V oc. Our
goal of increasing the device performance efficiency is through enhancement of the Jsc; we have

not explored mechanisms of increasing the V¢ in this study.

We have used a 1D silver grating light trapping structure in our photovoltaic model to
increase the optical path length of light inside the solar cell. In photovoltaics, light trapping is used
to reduce the thickness of the solar cell without compromising the light absorption within the
device. The optimal improvement of the device performance was obtained by optimizing the light
trapping grating structure for maximum absorption enhancement. This resulted in an increase in
the Jsc from the increased photon absorption in the device, without affecting the Voc. The
efficiencies of our solar cell increased to 18.5-20.4% over the temperature range 313-343K as a

result of absorption enhancement from light trapping.

In addition to the optimized light trapping structure, we have also added an appropriate
dielectric material layer in our photovoltaic model to function as an anti-reflection coating to
further reduce the surface reflection from our solar cell and enhance the absorption. The dielectric
layer material and thickness was optimized to minimize the surface reflection and exhibit the

maximum improvement of the device performance. This led to further increase in the Jsc from the
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additional photon absorption in the device, without affecting the Voc. The efficiencies of our final
solar cell model increased to 21.4-23.6% over the temperature range 313-343K because of the

effect of the anti-reflection coating layer.

4.2 Theory and Methods
4.2.1 Photovoltaic Model

A solar cell model was designed with the major concept being a p-n junction device which would
be able to generate electron-hole pairs from incomingphotons in the incident solar radiation [119],
[121]. We have investigated a 3-layer device architecture 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.

TCO
Monolayer WS,
Bulk WS,
Amorphous Silicon
TCO

Figure 17. Initial photovoltaic model.

As we have seenin Chapter 3, the photovoltaic model which gave the bestperformingsolar
cell in terrestrial conditions was Model C as shown here in Figure 17. A three-layer n*-p-p*
junction device was designed to operate as a solar cell. The top layer was a thin layer of highly-
doped n-type monolayer WS, stack; the middle layer was a relatively thick layer of lightly-doped
(almost intrinsic) p-type bulk WS,; and the bottom layer was a thin layer of highly-doped p-type
WS, (Figure 17). The total thickness of our device structure was kept limited to 200 nm. The
optimal device structure of our photovoltaic model is summarized in Table 12. We have named it
Model C1 in this work.
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Table 12. Summary of device structure Model C1.

Top Layer Middle Layer Bottom Layer

Material Monolayer WS, Bulk WS; a-Si
Bandgap (eV) 2.15 1.29 1.7
Doping Type N P P
Doping concentration (cm) 0.95*10%1° 5*1017 2.65*101°
Thickness (nm) 10 180 10

To account for the non-negligible carrier recombination in our materials, we have
incorporated conservative values of the carrier lifetimes in our simulations. The electron and hole
lifetimes for the top and bottom layers with moderate to high doping were taken as 10 ns, while
for the lightly-doped bulk WS, middle layer the lifetimes were taken as 100 ns. We have also used
conservative values for the doping levels, with the full understanding that experimental verification
is ultimately needed foranyassumed level of doping. In thiswork, we have ensured that the doping
in any layer does not exceed the values of N¢ or Ny (effective density of states in conduction and
valence bands, respectively) to avoid a scenario where a significant number of dopant atoms are
inactivated. With this limitation taken into consideration and incorporation of fully activated

donors and acceptors, there will not be any issues with incomplete ionization.

We have assumed Ohmic contacts in our simulations. The electron affinities of monolayer
WS,, bulk WS, and a-Si are 4.7, 4.5 and 4 eV respectively. The metals of choice should have
appropriate work functions to provide a favorable Ohmic contact, with a zero or negative Schottky
barrier height. For an n-type semiconductor, the work function of the metal must be close to or
smaller than the electron affinity of the semiconductor. For a p-type semiconductor, the work
function of the metal mustbe close to or larger than the sum of the electron affinity and the bandgap
energy. Carrier collection mechanisms have also been taken into account so that the free carriers
can be efficiently collected from the device. We have proposed a layer of TCO (Transparent
Conducting Oxide), such as ITO (Indium Tin Oxide), of appropriate thickness on both the top and

bottom of our device to collect the free carriers generated in our solar cell.
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Our device simulations were carried out with the AMO space solar spectrum to investigate
the performance and features of our WS,-based solar cell model in potential space photovoltaic
applications. The standard spectrum for space applications is referred to as AMO; it has an
integrated power of 1366.1 W/m2[117]. The temperature of most satellite orbits is between 40-
70°C [14]; so, we have used two temperatures of 313K and 343K for our device model simulations
under the space solar radiation. The output current from the solar cell and the voltage across the
terminals were calculated using the Drift-Diffusion model [104], [122]. The tool ADEPT (A
Device Emulation Program and Tool) was used on nanoHUB to simulate our structure models
[123]. Additional details about the material properties and simulation methodology have been
discussed in Chapter 3. The device performance parameters and features of our initial solar cell
model such as short circuit current density (Jsc), open circuit voltage (Voc) and efficiency for both
the temperatures 313K and 343K are summarized in Table 13.

Table 13. Performance parameters of Model C1 device.

Temperature 313K 343K
Open Circuit Voltage Voc (V) 0.86 0.81
Short Circuit Current Density Jsc (mA/cm?) 31.8 31.8
Efficiency (%0) 15.8 14.3

We can see that for our solar cell model of thickness 200 nm, the device performance
efficiency is around 14.3-15.8% over the temperature range of satellite orbits (313-343K). The
expected drop in the efficiency arises from the reduction of the Voc due to an increase in the
temperature [148]. These efficiency values are much lower than the efficiency of space
photovoltaic systems currently in use [15]. It is necessary for our model to have efficiencies above
20% to compete with existing space photovoltaic technology. Additional modifications and
improvements were incorporatedin our initial photovoltaic model to enhance the absorption of the
incident solar radiation, and correspondingly increase the device performance efficiency. We have

added a suitable light trapping structure and an appropriate anti-reflection coating layer to our
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initial solar cell model to obtain improved device performance. The final device structure of our

photovoltaic systemis shown in Figure 18.

Dielectric Layern = 1.5 : 150 nm
Monolayer WS, 10 nm
Bulk WS, 180 nm
Amorphous Silicon 10 nm
100 nm

1-D Grating Structure with Silver
Grating Period = 210 nm

Figure 18. Photovoltaic model with light trapping and anti-reflection coating.

The initial solar cell model together with light trapping and anti-reflection coating was
simulated usingthe tool S4 on nanoHUB [149]-[151] to obtainthe absorptivity of our initial device
and investigate the enhancement of absorption due to effect of adding the light trapping structure
and the anti-reflection coating layer. S4 was used to obtain the improved optical performance and
absorption profiles for our device model after incorporation of a suitable light trapping structure

and an appropriate anti-reflection coating layer.

S4 stands for Stanford Stratified Structure Solver, 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 Fourier Modal Method (FMM)) and the S-matrix
algorithm [18]. This tool allows for fast and accurate prediction of optical propagation through
layered periodic structures. S4 can compute transmission, reflection and absorption spectra of

structures composed of periodic, patterned, planar layers.

The S-matrix method is well-known method used to solve transfer matrix problems for all
grating models with upward- or downward-propagating and decaying waves as shown in Figure

19. The horizontal lines in Figure 19 represent real or numerical material interfaces. The letters u
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and d represent a set of wave amplitudes as column vectors for upward- and downward-

propagation waves in each layer, respectively.
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Figure 19. Abstract layered grating structure (adapted from [18]).

For an arbitrary layer p, where 0 < p < n, there is a stack S matrix S(P satisfying the equation:

d® d®P+1)

so that the waves in layer p+1 can be linked with medium 0. This equation can also be written in

a two-by-two sub-matrix form:

[umm [t Ri‘iﬁ][ u(®
o |~ ® (p) (P+1)
d Rdu Tdd d

where T and R are the transmission and reflection matrices, respectively. Therefore, given the
transmission of the upward incident wave amplitudes in medium 0 and the reflection of the
downward incident wave amplitudes in layer p+1, the upward wave amplitudes in layer p+1 and

the downward wave amplitudes in medium O can be calculated [18], [151].

Specifically, for the structure solved by S4, u(® =0, and d(™, which is the incident
planewave, is given. So u(™, which is the total reflection, and d(®, which is the total transmission,
can be easily computed as:

um = Rfj;‘”dm)

and
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_ p(n-1)
d©® = Tig d®
Then, the total absorption can be obtained by subtracting reflection andtransmissionfrom the total

incident wave amplitude.

The constituent materials and layers in the periodic device structure, together with their
corresponding real and imaginary dielectric functions, are defined in the input file. Each layer can
be modified to incorporate specific patterns in their structure to simulate complex geometries. The
multi-layer structure is simulated using periodicity to model optical performance of extended
systems. The S4 tool on nanoHUB has been demonstrated to be capable of reproducing published

experimental research results [151].

Initially, only our primitive solar cell Model C1 with the active layers was simulated to
obtain the absorption profile. The dielectric functions of monolayer WS,, bulk WS, and a-Si were
obtained from our results in Chapter 2. A suitable light trapping structure was then added to the
solar cell model, and this new system was simulated to investigate the enhancement of absorption
and obtain the new improved absorption profile. This new device has been called Model C2. 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 C2. Finally, an appropriate
anti-reflection coating layer was incorporated in our photovoltaic system in addition to the light
trapping structure. This final device model has been named Model C3. This model was again
simulated to investigate additional absorption enhancement and obtain a further improved
absorption profile. The absorption profile, thus obtained, was used in our device simulation on
ADEPT to obtain the maximally enhanced efficiency and parameters of our optimal photovoltaic

system using Model C3.

4.2.2 Light Trapping Structure

In solar cells with simple geometrical structures, the incident light rays enter the cell through the
front surface and, if not absorbed, leave through the rear surface of the cell, or are reflected back
into the material if there is a planar reflector surface. Many sophisticated arrangements and
complex structures have been developed that extend the effective path length of light inside the
device; this is often referred to as optical confinement or light trapping. In photovoltaics, light
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trapping is used to reduce the thickness of the cell without lowering the light absorption within the
cell. Light trapping can also be used to enhance the open-circuit voltage [18], [19]. With an
appropriate light trapping structure, a thinner solar cell can retain the absorption of the thicker
device and also have a higher voltage.

Consequently, an optimum solar cell structure with light trapping is one in which the
optical path length is 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. A solar cell with no light trapping features will usually have an optical path length of
one device thickness, while a solar cell with good light trapping may have an optical path length
of up to 50, indicating that light bounces back and forth within the cell many times [17], [152].
Light trapping is achieved by changing the angle at which light travels in the solar cell. A textured
surface will couple light obliquely into the photovoltaic material, thus giving a longer optical path
length than the physical device thickness.

Optically thin absorbers support discrete guided modes, with a photonic mode density that
is dependent on the thickness and material properties of the film. In general, the maximum
enhancement is reduced as the number of available guided modes is decreased [153]. Periodic
grating structures can couple diffracted lightinto specific modes within a narrow wavelength range
[154]. This provides a mechanism of coupling into guiding modes in the active materials as the

solar cell exhibits the trapping of light.

One-dimensional (1D) surface gratings have become one of the most studied diffractive
structures [154], [155] used in light trapping. Simple grating lines diffract the incident light to the
absorbing material and significantly increase the interaction length of long wavelength photons.
The single-pass absorption of photons in the band edge region of the active material is very low.
An appropriately design 1D grating structure can significantly enhance the absorption of the
incident photons around the band edge by light trapping [156].

The materials in our solar cell support guided optical modes. In the region where the
absorption of the active layer is weak, these guided modes typically have a propagation distance
along the film that is much longer than the thickness of the film. Light trapping is accomplished
by coupling incident plane-waves into these guided modes with the 1D grating structure [157]. As
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long as the periodicity and height of the grating are appropriately designed, i.e. atleastcomparable
to the free-space wavelength of the incident light, each incident plane-wave can couple into at least
one guided mode. Similarly, such a guided mode can couple to external planewaves, creating a

guided resonance [158].

In this work, we have considered a 1D grating structure composed of silver for light
trapping in our solar cell design, since silver is highly reflective, and it is easy to fabricate and
integrate with a variety of photovoltaic systems. We have explored various parameters of the light
trapping structure design and investigated a wide range of grating periods and heights. For each
configuration of the light trapping structure, the device performance of our solar cell model was

obtained and compared for the cases with and without the silver grating layer.

The simulations of our device model with the light trapping structure were carried using
the tool S4 on nanoHUB [151]. In order to accurately model the light trapping in our solar cell,
precise knowledge of the imaginary part of the dielectric function of silver, i.e. the extinction
coefficient, is very important. The dielectric function of the light trapping grating material was
obtained from the PhotonicsDB tool on nanoHUB [101]. We used our initial solar cell model and
added a 1D grating layer of silver with the appropriate period and height for our light trapping
structure (Model C2). This gave us the new absorption profile of our photovoltaic system, and
enabled us to study the absorption enhancement of the incident solar radiation due to the effect of
light trapping from the 1D silver grating. The new absorption profile was used in the device
modeling simulations in ADEPT to investigate improvement of our device performance in the
space solar spectrum.

4.2.3 Anti-Reflection Coating Layer

For mostsemiconductors, a large portion of the incidentradiation is lostby surface reflection. This
loss can be reduced by a great extent by using a suitable anti-reflection coating layer which
minimizes surface reflection for a range of wavelengths in the incident spectrum. Anti-reflection
coatings consist of a thin layer of dielectric material, with a specially chosen refractive index and
thickness, such thatinterference effects in the coating cause the wave reflecte d fromthe top surface

of the anti-reflection coating to be out-of-phase with the wave reflected from the semiconductor
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surface [19]. These out-of-phase reflected waves interfere destructively with one another which

results in net zero reflected energy, as shown in Figure 20.
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Figure 20. Constructive and destructive interference due to dielectric coating [21].

For our solar cell model, we have chosen a thin layer of a dielectric (an anti-reflection
coating) to reduce the reflectionof light from the front surface of the cell. The reflection coefficient
from a bare semiconductor material for light incident from air is given by:

_ (n—1)2+ k?
(n—1)%2+ k2

where n is the refractive index and k is the extinction coefficient of the semiconductor, both in

general functions of the wavelength A of light in vacuum. The extinction coefficient is related to

the absorption coefficient a by
_al
~ 41n
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For a single layer anti-reflection coating of refractive index nar between a top medium of
refractive index no (glass or air) and a semiconductor of refractive index ns, the reflection
coefficient becomes:

¢+ 12+ 2175, c0S(2B)

R =
1+ 12 + 211y cos(2pB)
where
r_nar_nol r_nsc_nar_ ﬁ—z—nnd
O 4+ n,’ T ng+ ng A0

and d denotes the thickness of the coating. The transmission coefficient is:

T=1—-R

In most cases of interest for all practical purposes, both roand r are positive and R goes

to zero when:

A 31 52
"~ 4n,,’ 4n,. ' 4n,,

The first value of d is often used under the name of quarter-wavelength rule in all practical
applications since A/nar is the wavelength of light in the anti-reflection coating material. The
thickness of the anti-reflection coating is chosen so that the wavelength in the dielectric material
is one quarter of the wavelength of the incoming wave. For a quarter wavelength anti-reflection
coating of a transparent material with a refractive index nar and light incident on the coating with
a free-space wavelength Ao, the thickness d which causes minimum reflectionis:

A
d= >
4n,p

Reflection is further minimized if the refractive index of the anti-reflection coating is the

geometric mean of that of the materials on either side; that is, glass or air and the semiconductor.
Ny = /NoNge

For our system, there is vacuum on top of the dielectric layer, which makes the optimized
refractive index of the anti-reflection coating:



While the reflection for a given thickness, refractive index and wavelength can be reduced
to zero using the equations above, the refractive index of a material is dependent on wavelength;
so, zero reflection occurs only at a single wavelength Ao. For our system, the value of this
wavelength is chosen where the reflection from the solar cell is the greatest. This can lead to the
maximum enhancement of the incident radiation absorption.

The simulations of our device model with the anti-reflection coating layer were carried
using the tool S4 on nanoHUB [151]. The dielectric function of the anti-reflection coatingmaterial
was obtained from the PhotonicsDB tool on nanoHUB [101]. We used our initial solar cell model
together with the light trapping structure and added a suitable dielectric layer on top with the
appropriate refractive index and thickness (Model C3). This gave us the new absorption profile of
our photovoltaic system, and enabled us to study the absorption enhancement of the incident solar
radiation due to the effect of anti-reflection coating. The new absorption profile was used in the
device modeling simulationsin ADEPT to investigate improvement of our device performance in
the space solar spectrum.

4.3 Results and Discussion
4.3.1 Absorption Enhancement due to Light Trapping

The absorption enhancementin our photovoltaic device due to the lighttrappingstructure is shown
in Figure 21. It can be seen that there is significant improvement in the absorption of the incident
solar radiation as a result of addition of the 1D silver grating structure which enhances the light
absorption in our device. When normalized with the AMO solar spectrum irradiance [117], the
improved absorption corresponds to an enhancement of the short-circuit current (Jsc) by about 26%
for the optimized grating structure. The optimal light trapping structure was obtained by
investigating the silver grating period and height which gave the maximum enhancement of

absorption of the AMO solar spectrum.

The 1D silver grating diffracts the incident light back into the absorbing material and
significantly increase 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 of our
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solar cell is very low. An appropriately designed 1D grating structure with silver significantly

enhances the absorption of the incident photons around this energy range by light trapping.

In the region where the absorption of the active layers is weak, the guided modes have a
propagation distance along the material that is much longer than the thickness of the device. The
incidentplane-wavesdiffracted by the lighttrappingstructure are coupled into these guided modes
with the 1D silver grating. As long as the periodicity and height of the grating are appropriately
designed, each incident plane-wave in the low absorptionregion can couple into at least one guided

mode, leading to significantly enhanced absorption in our solar cell.
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Figure 21. Absorption enhancement with light trapping structure (Model C2).

The peaks in the original absorption profile of our solar cell corresponds to the resonance
modes in the active materials which are absorbed in our device. The resultant absorption spectrum
consists of additional peaks, each corresponding to a guided resonance. The low energy incident
photons are diffracted by the 1D grating into the resonance modes of the material, leading to a
much longer optical path of these photons in the solar cell material. These guided modes have a
propagation distance along the material that is much longer than the thickness of the device. The

incidentplane-wavesdiffracted by the lighttrappingstructure are coupled into these guided modes
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with the 1D silver grating. The absorption of incident radiation 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. In order to enhance absorption over a substantial portion
of the solar spectrum and obtain broadband absorption enhancement, it is essential to design a
much more complex light trapping architecture (for example, 2D gratings and grooves) which can
additionally create a collection of significantly wider peaks over the energy range of the photons
in the incident solar radiation.

The enhancement of Jsc in our photovoltaic system for various geometries of the 1D silver
grating are summarized in Figure 22 and Table 14. The period and height of the grating were
optimized to obtain the structure with the maximum absorption enhancement. It can be seen that
the maximum enhancement of absorption is obtained from the grating with a height of 100 nm.
The enhancement increases with the higher periodicity of the grating up to a period of 210 nm,
and then drops offafter the threshold value. The maximum enhancementofthe device performance
is obtained for a grating with height 100 nm and period 210 nm; this corresponds to an
improvement of the Jsc by 26.4%.

Table 14. Jsc enhancement for various light trapping grating heights and periods (Model C2).
Jsc Enhancement (%)

M 100 200 300 400
110 18.6 16.4 13.8 11.3
160 22.7 20.1 17.6 15.4
210 26.4 23.9 21.4 18.9
270 20.8 18.2 16.1 135
335 14.2 11.9 9.4 7.2
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Figure 22. Jsc enhancement for various light trapping grating heights and periods (Model C2).

For our optimized photovoltaic Model C2, we have taken our light trapping structure as a
periodic 1D silver grating with period 210 nm and height 100 nm to obtain the maximum
enhancement of device performance arising from improved absorption of incident solar radiation.
Although we could have investigated much finer and complex grating geometries, we decided to
limit our features to measurements of 100nm or higherto accountforexperimental considerations.
We took these measures to propose models which are consistent with experimentally fabricable

and measurable devices.

4.3.2 Absorption Enhancement due to Anti-Reflection Coating

Using our optimized photovoltaic Model C2, having a periodic 1D silver grating with period 210
nm and height 100 nm as the optimized light trapping structure, we added a dielectric material
layer on top to function as an anti-reflection coating. This photovoltaic model with the additional

modification has been named Model C3.

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 [159], [160]. The ideal

refractive index of our dielectric layer should be:
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n, ~ v3i = 17

But the major purpose of this work is not to present an ideal system with the highest
theoretical performance using near-ideal device parameters and operating conditions. The goal of
this projectisto presentan experimentally realizabledevice architecture with performance as close
as possible to experimental conditions. We have proposed models which are consistent with
experimentally fabricable and measurable devices, and would give the predicted performance and

features when tested and characterized experimentally.

We have chosen our dielectric layer with a refractive index (nar) of 1.5, which is similar to
glass (SiO;). Our proposed material for our anti-reflection coating is Spin-on-Glass (SOG) which
can be accurately and uniformly deposited as a coating layer with sub-micron thickness on a

variety of semiconductor materials [161], [162].
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Figure 23. Absorption enhancement with anti-reflection coating dielectric layer (Model C3).

Based on our choice of the dielectric material, we chose the starting thickness of the
dielectric layer as 100 nm and investigated the additional absorption enhancement in our device.
Our device is not a single material device; it has a complex architecture. The actual thickness of
the dielectric layer which gave the best performance was obtained by exploring a range of layer

thicknesses and converging on the optimal value. We looked at various thickness values ranging

82



from 100 nm to 200 nmand found that a thickness of 150 nm for the dielectric layer gives the best

absorption enhancement by minimizing surface reflection.

The absorption enhancement in our device due to the anti-reflection coating layer is shown
in Figure 23. We can see that there is significant improvement in the absorption of the incident
solar radiation as a result of addition of the dielectric layer which reduces the surface reflection.
When normalized with the AMO solar spectrum irradiance [117], the improved absorption
correspondsto an enhancement of the short-circuit current (Jsc) by about 15% for the optimized
structure. 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 correspondsto the resonance modes of the
materials. There are also several local minima, which correspondsto 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 the higher absorption of the
previously lower absorption minima in the absorption profile. The surface reflection for photons
with energies in the local minima ranges is greatly reduced, which leads to the formation of new
absorption peaksin the enhanced absorption profile resulting from changes in the resonance modes.
The optimal dielectric layer was obtained by investigating the material structure which gave the
maximum enhancement of absorption of the AMO solar spectrum.
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Figure 24. Jsc enhancement for various dielectric layer thicknesses (Model C3).
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The enhancementof Jsc inour photovoltaic system for various thicknesses of the dielectric
layer ranging from 100 nm to 200 nm are summarized in Figure 24. It can see that there is some
enhancement of performance (about 5%) for a thickness of 100 nm; the enhancement increases
with an increase in the thickness of the material. The maximum enhancement of the device
performance is obtained fora 150 nm thick anti-reflection coating layer; this correspondsto an
improvement of the Jsc by 15.4%. The absorption enhancement then drops again for thicknesses
higher than 150 nm.

For our optimized photovoltaic device Model C3, we have taken our dielectric layer
material with a thickness of 150 nm to obtain the maximum enhancement of device performance
arising from improved absorption of incident solar radiation. Thus, our optimized Model C3
consists of a 150 nm thick dielectric layer with refractive index of 1.5 together with the optimized
Model C2 having the optimized light trapping structure with a periodic 1D silver grating of period
210 nm and height 100 nm.

4.3.3 Performance Enhancement of Photovoltaic System

Initially, only our primitive solar cell Model C1 with the active layers was simulated to obtain the
performance parameters. 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 (Model C2); this
new system was simulated to investigate the enhancementof device performance. Our final device
(Model C3) consists of appropriate anti-reflection coating layer in addition to the light trapping
structure. This model is composed of a 150 nm thick dielectric layer with refractive index of 1.5
together with the optimized light trapping structure having a periodic 1D silver grating of period
210 nm and height 100 nm. This was again simulated to investigate additional performance
enhancement and obtain a further improved photovoltaic device. The device models were
simulated on ADEPT for two temperatures (313K and 343K).

The performance parameters of our three photovoltaic models, such as short circuit current
density (Jsc), open circuit voltage (Voc) and efficiency, were recorded for both the cases
temperatures 313K (Table 15) and 343K (Table 16). The current-voltage relationship of our
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models (C1, C2 and C3), showing the Jsc and V¢, for both the temperatures are shown in Figure
25 (313K) and Figure 26 (343K).

Table 15. Performance parameters of device models C1, C2 and C3 at 313K.

Model C1 C2 C3
Open Circuit Voltage Voc (V) 0.86 0.87 0.87
Short Circuit Current Density Jsc (mA/cm?) 31.8 40.2 46.4
Efficiency (%0) 15.8 20.4 23.6

Table 16. Performance parameters of device models C1, C2 and C3 at 343K.

Model C1 C2 C3
Open Circuit Voltage Voc (V) 0.81 0.82 0.82
Short Circuit Current Density Jsc (mA/cm?) 31.8 40.2 46.4
Efficiency (%) 14.3 18.5 21.4

The open circuit voltage (Voc) for Model C1 at 313K was obtained to be 0.86 V and the
short circuit current density (Jsc) was 31.8 mA/cmz?; the efficiency of the solar cell was 15.8%.
The open circuit voltage (Voc) obtained is similar to that of many conventional solar cells; the
short circuit current density (Jsc) is reasonable for a solar cell, although well below the
performance of most commercial photovoltaic systems [15], [138]. While the overall efficiency is

notvery high, it is promising as a starting point to systematically improve our device.

This initial device was then modified by adding the light trapping structure (Model C2).
For the optimized device structure of Model C2, the open circuit voltage (Voc) was 0.87 V and the
short circuit current density (Jsc) was 40.2 mA/cmz?; the efficiency of the solar cell was 20.4%.
This enhancement of the Jsc, and correspondingly efficiency, is the result of improved absorption

of the incident solar radiation from the additional light trapping structure.
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Compared to Model C1 discussed previously, the short circuit current density (Jsc)
increases greatly by about 26%, and is now comparable to that of current space photovoltaic
technology. Overall, the efficiency of the device Model C2 is significantly higher than C1, 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 reflectionof the incident radiation.
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Figure 25. Current-Voltage characteristics of our photovoltaic models at 313K.
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Figure 26. Current-Voltage characteristics of our photovoltaic models at 343K.
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The device Model C2 was further modified by incorporating an anti-reflection coating
layer on top (Model C3). The performance of our final device Model C3 is found to be much
improved because of additional absorption arising from reduction of surface reflection. For the
optimized device structure of Model C3, the open circuit voltage (Voc) was 0.87 V and the short
circuitcurrentdensity (Jsc) was 46.4 mA/cmz2; the efficiency of the solar cell was 23.6%. The short
circuit current density (Jsc) for Model C3 is much better than the previous structures (models C1
and C2), and has increased significantly (by about 46% relative, compared to the initial device
Model C1). Overall, the efficiency of the solar cell model is very high, and comparable to many

high-efficiency single junction solar cells.

The performance trends are similar for a temperature of 343K. For Model C1, the open
circuit voltage (Voc) was obtained to be 0.81 V, the short circuit current density (Jsc) was 31.8
mA/cmz, and the efficiency of the solar cell was 14.3%. For Model C2, the open circuit voltage
(Voc) was 0.82 V, the short circuit current density (Jsc) was 40.2 mA/cm?, and the efficiency of
the solar cell was 18.5%. For Model C3, the open circuitvoltage (Voc) was 0.87 V, the shortcircuit
current density (Jsc) was 46.4 mA/cm2, and the efficiency of the solar cell was 21.4%. The
expected drop in the efficiency at the higher temperature arises from the reduction of the V oc due
to increase in temperature. This enhancement of the Jsc, and correspondingly efficiency, is the
result of improved absorption of the incident solar radiation from the additional light trapping

structure and anti-reflection coating layer.

We have incorporated a light trapping structure and an anti-reflection coating layer in our
solar cell model to increase the absorption of the incident solar radiation, and lead to better
performance of the device with higher current. The additional optical features in our device lead
to an enhancement of the Jsc resulting from the increased photon absorption, without affecting the
Voc. Our goal in this project was to increase the device performance efficiency through

enhancement of the Jsc; we have not explored mechanisms of increasing the Voc in this study.

In addition, there is no significant deterioration of the intrinsic bandgap energy of WS, due
to the effect of increase in the temperature. For a temperature increase from 313K to 343K, the

bandgap of WS, reduces by around 8-9 meV [148]. This is similar to the drop in the bandgap
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energy value for silicon; it’s bandgap drops by around 10 meV for increase in temperature from
313K to 343K [163].

We have analyzed the proton stopping power S(E) of WS, and silicon, and also compared
the parameters to those of lead which is known to be very resistant to radiation. We obtained the
stopping power for high energy protons with energies 1-100 MeV, as shown in Table 17 [164].
The retarding effect on the protons due to the proton stopping power is almost linear in the depth
of the material. Using the proton stopping power, we calculated the mean range, or continuous
slowing down approximation (CSDA) range, of the protonsinside the materials forenergies 1-100

MeV. Our results are summarized in Table 18.
Eo 1
Ax = f ——dE
o S(E)

For a 1 MeV proton, the stopping power of WS, is about 20% higher than that of silicon.
If we look at higher energy protons of 10-100 MeV, we can see that the stopping power of WS, is
almost double that of silicon. For comparison, the stopping power of lead is about thrice as much
as that of silicon for high energy protons. If we look at the CSDA ranges for the protons with
energies 10-100 MeV, the range in silicon is almosttwice that of WS, and about thrice that of lead.
From these results, it can be concluded that WS, hasa much higher radiation resistance than silicon;

WS, is intermediate of silicon and lead in terms of resistance to radiation.

Table 17. Proton stopping powers for silicon, WS, and lead (MeV/cm).

Proton Energy (MeV) S(E) Silicon S(E) WS S(E) Lead

1 404.7 478.7 711
10 80.6 136.5 200.8
50 22.9 45 65.5
100 13.6 27.2 40.1
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Table 18. CSDA ranges for silicon, WS, and lead (um).

Proton Energy (MeV)  Ax Silicon Ax WS, Ax Lead

1 17 15 11
10 715 461 312
50 12240 6577 4479
100 41790 21280 14632

If we compare a 10 pum thick silicon solar cell and 10 um thick WS; solar cell, the WS-
based device is twice as much resistant than silicon on exposure to high energy proton radiation
(10-100 MeV). Furthermore, if we compare two WS,-based solar cells of thicknesses 200 nm and
10 um, we can infer that our 200 nm ultra-thin device is about 50 times more resistant to radiation
than the 10 pum device due to the reduction of thickness. On comparison of our 200 nm WS,-based
solar cell to a 10 um thick silicon-based solar cell, it can be concluded that our device is around
100 times more resistant to radiation-induced damage compared to the silicon device. Thus, by
using an ultra-thin WS,-based solar cell, we can achieve an enhancement of the resistivity to high

energy radiation by a couple of orders of magnitude 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 [147]. The primary reason
behind this degradation is the reduction of the minority carrier diffusion lengths on exposure to
radiation. This leads to a loss of free carriers due to recombination in the material, and reduced
carrier collection efficiency at the end contacts. However, a solar cell with a thickness of around
100-200 nm is much more resistant to this effect. Even with a reduction of the minority carrier
diffusion length, these devices are enough thin for efficient carrier collection of the photon-
generated free carriers in the material. 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 due to the

ultra-thin nature of our solar cell model.

These results create new possibilities for the fabrication and use of ultra-thin 2D high-

efficiency solar cells for space photovoltaic applications using a new material which has the
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advantages of ultra-low weightper unit of power production, mechanical flexibility, resilience and
reliability, compared to several commonly-used photovoltaic materials in existing space

photovoltaic systems.

4.4 Outlook and Conclusion

In this work, we have developeda solar cell model based on tungsten disulfide (WS,) for proposed
implementation in space photovoltaic applications. The electronic and optical properties of
monolayer and bulk WS, were obtained from the results presented in Chapters 2 and 3. We carried
out the device performance simulations with the AMO space solar spectrum over the temperature

range encountered in satellite orbits (313-343K).

Initially, we developed a baseline solar cell model with a total thickness of 200 nm, based
on Model C presented in Chapter 3. This model gave reasonable performance with optimal
efficiencies around 14.3-15.8% over the temperature range 313-343K. After adding a light
trapping structure consisting of a 1D silver grating to our solar cell, the absorption of the incident
was greatly enhanced. The overall efficiency of the optimal solar cell model with light trapping
increased significantly to 18.5-20.4%, which is comparable to the performance of many
commercial single-junction solar cells used in space applications. Further modification was made
to our device by incorporating a dielectric material layer to function as an anti-reflection coating.
The device performance of our final photovoltaic model was further enhanced to 21.4-23.6% due
to reduction of surface reflection. These results show that a solar cell based on WS, have very
favorable performance features and properties for use in space photovoltaics, along with the

natural advantages of light weight, flexibility, earth abundance and resilience.

Our solar cell design shows that it is possible to obtain efficiencies above 20% with the
space solar spectrum. We have solved the issue of low absorption in ultra-thin layers by
incorporating a light trapping structure and an anti-reflection coating layer. The simulation results
provide an insight towards development of an experimentally feasible solar cell model for space
photovoltaic applications. Nonetheless, our photovoltaic system warrants further investigation,
since there are several approaches that could lead to further improvement of performance of our
device. In light trapping, simple grating lines are often regarded as disadvantageous, because one-

dimensional structures mostly affect the absorption enhancement of a plane of incident angles
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instead of the full hemisphere. Inaddition, 1D gratings lead to sharp and not broad resonance peaks
in the absorption spectrum, restricting the absorption enhancement to only narrow wavelength
intervals. Investigation of 2D light trapping architectures can lead further enhancement of our
device performance. In our anti-reflection coating, there is room for improvement in further
reduction of surface reflection of the incident radiation. It may be possible to design and fabricate
a perfect anti-reflection coating layer using complex dielectric architecture to obtain even lower

reflection of the incident spectrum.

We have taken measures and precautions in our simulations to propose models which are
consistent with experimentally fabricable and measurable devices. We have accounted for non-
idealities in our materials and device architecture wherever possible. The goal of this project was
to presentasolar cell modelwhich would give the predicted performance and features when tested
and characterized experimentally. Thus, we refrained from incorporating near-ideal device
parameters and operating conditions.
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5. ELECTRONICPROPERTIES OF HYBRID TUNGSTEN-BASED
TMDC ALLOYS AND OXIDES

5.1 Background

TMDCs have attracted significant attention in recent years due to their fascinating chemical and
physical properties which make them attractive for a variety of electronic and optical applications.
Most TMDCs have optically favorable bandgaps and promising electronic properties. The 2D
layered structure of TMDCs makes it possible to modify and tune their electronic properties by
doping with other atoms and manufacturing hybrid alloys. We have looked into ways to make
these materials more versatile with further modification and tunability of their physical and

chemical properties, advancing the work presented in Chapter 2.

It is possible to obtain alloys of binary TMDCs with more than one kind of chalcogen
atoms [37], leading to the formation of hybrid TMDCs with tunable electronic and optical
properties. In this work, we have explored monolayers of tungsten-based TMDC alloys containing
sulfur and selenium, whose properties are intermediate between pure tungsten dilsulfide (WS,)
and pure tungsten diselenide (WSe,) — for example, with tunable direct bandgaps dependent on
the sulfur and selenium concentrations. TMDC alloys were investigated by altering the
composition to contain more than one chalcogen atom, leading to hybrid TMDCs with tunable
electronic and optical properties and significant dipole moments. The band structure and
corresponding bandgap of pure and hybrid TMDCs were obtained by Density Functional Theory
(DFT) calculations together with GW corrections using QuantumESPRESSO [82], [84], [89], [94].
The calculated electronic properties of the hybrid TMDC alloys show a strong linear dependence
on their respective chalcogen compositions; this allows for fabrication of TMDCs with any target
desirable bandgaps. The TMDC alloys exhibit tunability of electronic properties and other unique

features which allow for a variety of novel applications.

This work has been presented in 2019 IEEE 46th Photovoltaic Specialists Conference
(PVSC), pp. 0772-0776. IEEE, 2019.

It has also been published in Advanced Functional Materials, March 2021.
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Ultrathin 2D TMDCs for photovoltaics have gained considerable interest; but it also
essential to consider related, robust materials which are resistant to atmospheric conditions and
extremities. Transition metal oxides have significant potential for photovoltaic applicationsas a
wide bandgap semiconductor [40], [41]. Transition metal oxides are very sturdy and resistant to
atmospheric degradation. Tungsten trioxide (WQOy3) is a particularly versatile material; it can be
deposited on and is compatible for fabrication with many semiconductors. It also has strong
absorption for high energy photons. The electronic properties of WO3were also investigated with
DFT calculations. The electronic band structure, bandgap and density of states were calculated to
study the unique features of this material and explore possible electronic and optical applications.
The electronic properties of WO3 make it suitable for implementation as a wide-bandgap
semiconductor in solar cells. Itcan be used in tandem with existingsolar cells, oras the top junction

of a multi-junction solar cell.

5.2 Theory and Methods

5.2.1 Hybrid Tungsten-based TMDC Alloys

TMDCs have a trigonal prismatic structure where each layer consists of a plane of hexagonally
arranged transition metal atoms sandwiched between two planes of hexagonally arranged
chalcogen atoms [74]-[76], as shown in Figure 27. The thickness of a single layer of a typical
TMDC is 3.2 A, while multiple layers are separated from each other by empty space of separation
around 3 A. The fundamental unitcell of WS, has a trigonal prismatic structure, as shown in Figure
27, where the lattice parameter a is around 3.16 A for WS, and 3.29 A for WSe,.

Tungsten-based monolayer TMDC alloys were investigated by altering the composition to
contain more than one chalcogen atom, leading to hybrid TMDCs with tunable properties. We
have studied monolayers of tungsten-based TMDC alloys containing both S and Se atoms; the
bandgap is an intermediate value depending on the chalcogen composition. To simulate the alloys
and understand their properties, we modeled a periodic supercell containing four individual unit
cells of the TMDC containing a total of 4 tungsten atoms and 8 chalcogen atoms. The composition
of tungsten was kept fixed at 4 atoms. The pure TMDC layers were modeled by using 8 S atoms

for WS, and 8 Se atoms for WSe; in a monolayer configuration. The alloys were modeled by
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introducing both S and Se atoms together in the supercell of the monolayer, in all possible
combinations starting from pure WS, to pure WSe;, to obtain a hybrid structure. We started from
a supercell of pure WS,; then, we replaced a S atom with a Se atom to obtain a hybrid alloy with
87.5% S and 12.5% Se concentrations. We investigated various hybrid alloys by replacinga S
atom in the supercell with a Se atom to obtain structures with 12.5%, 25%, 37.5%, 50%, 62.5%,
75% and 87.5% Se concentrations. A cell relaxation calculation was carried out for each of alloy
to obtain the lattice parameter of the supercell with the lowest energy and most stable structure.
The band structure and corresponding bandgap of each alloy were obtained and studied to identify

unique features of the hybrid materials.

Figure 27. Left: 2D monolayer WS,. Center: Trigonal prismatic structure of WS,. Right:
Brillouin zone with the k-point path (green) used to plot the band structure [74], [165].

5.2.2 Band Structure Calculation

The DFT calculation technique was used to investigate the electronic properties of the TMDC
materials. DFT is a powerful quantum mechanical method to study properties of a material using
many-body perturbation theory [82]. The DFT calculations were performed using the tool
Quantum ESPRESSO [84], [166], [167]. Quantum ESPRESSO is a quantum mechanical modeling
tool to simulate many-body systems. DFT calculations require pseudopotential files which
simulate individual atoms from the periodic table. GGA pseudopotentials (which add gradient
correction to the more basic LDA ones), as described by the Perdew-Burke-Ernzerhof (PBE)

scheme [87], were used to simulate the W and S atoms. The Brillouin zone was sampled according
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to the scheme proposed by Monkhorst-Pack [88] with a high-density in-plane 20x20x1 k-point
grid with 400 k-points. Since TMDCs have an ultra-thin 2D structure, there is no electronic
dispersion in the vertical out-of-plane direction. The bands were plotted along the k-point path as
in Figure 27 (right, green). Additional details about DFT calculations and techniques have been

discussed in Chapter 2.

Before getting started on the band structure calculations, it is important to identify the unit
cell of the materials under study accurately. WS, and WSe; have the same trigonal prismatic unit
cell with a thickness of 3.2 A; but their unit cells have different lattice parameters. The lattice
parameter of WS, is 3.16 A, while that of WSe; is 3.29 A; the lattice parameters of the alloys are
intermediate values depending on the chalcogen composition. It is vitally important to use the

correct lattice parameter for the simulations of the alloys in order to obtain accurate properties.

For each intermediate alloy, a cell relaxation calculation was carried out with the unit cell
to find the corresponding lattice parameter. A relax calculation is simulation carried out for a unit
cell or super cell to obtain the most stable structure with the lowest energy [84]. It is an iterative
process to find the optimum cellular dimensions of the stable structure. The most primitive
relaxation calculation involves changing the cellular dimensions in small increments to obtain the
parameters which give the lowest energy, keeping the relative positions of the atoms intact. For a
typical cell, all the dimensions are increased/decreased in increments to find the optimum cell

dimensions which exhibit the lowest energy and hence the most stable structure.

For our choice of TMDC materials, both WS, and WSe; have the same unit cell height. So,
it is a fair assumption thatall the intermediate alloys will also have a unitcell of similar height.
We have kept this parameter fixed in our calculations in order to run faster simulations. The only
cell dimension which is varied in our simulations is the in-plane lattice parameter which varies
from 3.16 A to 3.29 A dependingon the alloy composition. Initial cell relaxation calculations were
carried with WS, and WSe; to validate our methodology and simulation techniques. Starting from
both higher and lower initial values, we were able to obtain the relaxed lattice parameters of 3.16
A and 3.29 A for WS, and WSe,, respectively. For the hybrid monolayer TMDCs, the relaxation
calculations were carried for each alloy ranging from 12.5% to 87.5% Se concentrations,
corresponding to 2-7 Se atoms in the defined input cell. Using the calculated lattice parameters of
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the intermediate alloys, the band structure and corresponding bandgap were calculated for each

material under consideration.

The band structure obtained from DFT gives accurate information about the shape of the
energy bands (such as valence band maxima and conduction band minima), but the bandgap is
significantly underestimated. This problem was solved by formulating the electronic band
structure using the GW approximation together with the DFT results; it involves the expansion of
the self-energy in terms of the single particle Green's function G and the screened Coulomb
interaction W to model many body systems [89], [92], [93]. The simulations were carried using
the GWL package in Quantum ESPRESSO. The bandgap energy correction value obtained from
the GW approximation was added to the DFT bands to account for the underestimation of the
bandgap; however, for a TMDC monolayer, it is necessary to include the effect of the exciton
binding energy [94]. The bandgaps of monolayer TMDCs obtained by DFT and GW calculations
are higher than experimental results; this overestimation is due to the large excitonic effectin a
two-dimensional system. When the energy correction due to the excitonic effectis subtracted from
the DFT+GW bands, we get very accurate band structure and bandgap that match closely with
experimental results [1], [2], [5]. All the calculations and simulations were carried out assuming a

temperature of 300K.

The band structure calculations were validated using similar molybdenum-based TMDC
alloys containing both S and Se atoms. Recent experimental studies have investigated electronic
properties of such Mo-based hybrid alloys [37]. We have compared our results to the experimental
studies to authenticate our calculations and simulation techniques. Our calculated results were in

close agreement with the experimentally established electronic properties.

5.2.3 Dipole Moment of Hybrid TMDC Alloys

Pure TMDCs (WS, and WSe,) have no dipole moment due to symmetrical structure. Introducing
multiple chalcogen atoms in a hybrid material breaks the structure symmetry and leads to
significant dipole moments. For each intermediate alloy, the electronic charge distribution in the
unit cell was calculated, from which the net dipole moment per unit cell was obtained. The DFT
results from the band structure calculation were used to obtain the charge distribution in the pure

and hybrid TMDCs, from which the dipole moment of each material was calculated. The
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calculations were performed using the post-processing operations in Quantum ESPRESSO [84].
The calculation methodology was initially tested with a water molecule to validate our simulation
techniques. From our calculations, we obtained a dipole moment of 1.8 D for a single water

molecule which is consistent with previously established results [168].

5.2.4 Structure and Electronic Properties of Tungsten Trioxide

Tungsten Trioxide (WO3) is a layered material, similar to TMDCs, with a single layer thickness
of 7 A (Figure 28). It has an orthorhombic unit cell with in-plane lattice parameters of 3.70 A and
3.96 A [169]. Its stratified structure enables the addition of different donor atoms into the free
spaces, and thus allowing for customizable physical and chemical properties. Bulk WO3 consists
of double-layers of linked distorted WOg octahedra (Figure 28). In each double-layer, WOgq
octahedra form edge-sharing zig-zag rows. The adjacent layers of WO3 are held together only by
weak van der Waals forces to make the lamellar formation, while the intra-layer interactions
between W and O atoms within a single layer are dominated by strong ionic and covalent bonding.
The nature of the W—O bond changes considerably with the equilibrium bond distance, and varies
from strongly covalent for the shortest bond to predominantly ionic for the longest bonds in the
WOg; octahedron. The fundamental thickness of the double-layer structure of WO3 including one

van der Waals gap is 1.4 nm.

The structure of WO3 is much more complicated to simulate, compared to most TMDCs.
A unit cell of WO3; was defined with 8 W atoms and 24 O atoms. In order to validate that our
defined unit cell for WO3 is the lowest energy and most stable structure, a cell relaxation
calculation was carried out with the unit cell parameters to confirm that the lattice parameters are

consistent with stability and lowest energy.

The electronic band structure and corresponding bandgap of WO3; was obtained by DFT
calculations, together with GW calculation for bandgap correction, using the tool Quantum
ESPRESSO. GGA pseudopotentials were used to simulate the W and O atoms. The Brillouin zone
was sampled according to the scheme proposed by Monkhorst-Pack with a 20x20x5 k-point grid
consisting of 2000 k-points.
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The band structure calculation results from the DFT simulations were used to obtain the
density of states of WO3to get an in-depth understanding of the electron distribution in the valence
bands and available states in the conduction bands. This would give us a broad overview and
important information about the optical properties of this material, such as availability of electrons
forexcitation fromthe valencebands, photons with energies which can be most favorably absorbed,
and the concentration of electrons which can be excited to the conduction bands. These features
will be useful in determining possible implementations of WO3 in electronic and photonic
applications. The density of state calculations were performed usingthe post-processing operations
in Quantum ESPRESSO [84].

Figure 28. Structure of Tungsten Trioxide (WQO3) [169].

5.3 Results and Discussion

5.3.1 Band Structure of Tungsten-based TMDC Alloys

The lattice parameters of unit cells for WS, and WSe, were known from previous experimental
studies and referenced literature, and further verified by our cell relaxation calculations using DFT
simulations on Quantum ESPRESSO. The relaxation calculations for the intermediate alloys gave
us the lattice parameters of the unit cells for each alloy. We investigated tungsten-based TMDC
alloys containing both S and Se chalcogen atoms, with Se atom concentrations of 12.5%, 25%,
37.5%, 50%, 62.5%, 75% and 87.5%.
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The height of the individual layers is around 3.2 A for all the TMDC materials under
consideration, regardless of the chalcogen composition. A relaxation calculation was not needed
for the height of the unit cells. The in-plane lattice parameter varied depending on the constituent
chalcogen atom composition. We obtained the in-plane lattice parameter for each of the seven
hybrid alloys. It was found that the lattice parameter varies approximately linearly with the Se
atom concentration; it increases proportionately with the Se atom composition starting from 3.16
A (WS,, 0% Se) to 3.29 A (WSe,, 100% Se). The results are summarized in Figure 29.

In-plane lattice parameter (A)
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Figure 29. Variation of in-plane lattice parameter in a tungsten-based TMDC alloy as a function
of selenium concentration.

Using the calculated lattice parameters for each alloy and the pure TMDCs, the unit cells
and atomic locations were defined in our input files for the electronic band structure calculations.
The electronic band structures and corresponding band gaps of WS,, WSe, and the intermediate
alloys were obtained from the DFT calculations. The bandgaps of WS, and WSe, were found to
be 2.15eV and 1.67 eV, respectively. These values are consistent with experimental studies on
tungsten-based TMDCs [166], [170]. For a tungsten-based TMDC alloy containing both Sand Se
atoms, the bandgap is an intermediate value between 1.67 eV and 2.15 eV depending on the
chalcogen composition. It was found that the bandgap of the alloys exhibits an inverse linear

relationship with the corresponding Se atom concentration; it shows an approximately linear

99



decrease with increasing Se concentration from WS, (2.15 eV) to WSe; (1.67 eV). The results are

summarized in Figure 30.
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Figure 30. Variation of bandgap in a tungsten-based TMDC alloy as a function of selenium
concentration and comparison to experimental bandgaps from existing literature.

The band structure of a monolayer of pure WS, is consistent with our results from Chapter
2 (section 2.3). The band structures of monolayers of pure WSe, and the hybrid alloy WSeS (50%
S, 50% Se composition) are shown in Figure 31. The band structures of each material were plotted
along the same k-point path in the Brillouin zone. The bandgaps of all the hybrid alloys are direct
in nature, similar to WS, and WSe,. The band structures of the pure and hybrid materials show
similar features such as the valence band maximum (VBM), conduction band minimum (CBM),
and other local extrema. It can be seen from the band structure figures that the direct transition
point for electrons is located at the K-pointin the Brillouin zone. Thus, we see that the hybrid
tungsten-based alloys have very similar electronic properties compared to pure tungsten-based
TMDCs. The primary feature which changes in each of the materials is the bandgap energy, which
is dependent on the chalcogen composition. These results show that it is possible to engineer a
material which can exhibit any desired bandgap for a target application. If we just consider a
tungsten-based TMDC containing sulfur and selenium, it is possible to fabricate a hybrid material

which can have any desirable direct bandgap in the range 1.67-2.15 eV, and also exhibit the
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favorable electronic and optical properties of TMDC semiconductors. This unique feature can be
extended forother TMDCsto obtain hybrid materials with any customizable bandgap overa wider

energy range. This has the potential to open up new possibilities in fabrication and manufacture of
tunable bandgap semiconductors.

Energy (eV)

r M K r
K-points
(A) Pure Tungsten Diselenide (WSey)

Energy (eV)

K-points
(B) Tungsten Sulfo-Selenide (WSeS)

Figure 31. Band Structure of tungsten-based TMDCs.
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5.3.2 Dipole Moment of Hybrid Tungsten-based TMDCs

Pure TMDCs, in general, have no dipole moment due to symmetrical molecular structures and
corresponding symmetric charge distributions in their structures. The dipole moments of WS, and
WSe;, have been confirmed to be zero from our DFT calculations; they have the same chalcogen
atoms located symmetrically on both sides of the tungsten atoms. Any localized charge density is

neutralized by the structural symmetry of the material.

Starting from pure WS,, the dipole moment of the hybrid TMDC alloys was found to
increase linearly with increasing Se concentration from 0% to 50% because of a break in the
symmetrical molecular structure and appearance of asymmetrical electronic charge distributions.
For Se concentrations above 50%, the dipole moment of the alloys decreased with further increase
of Se concentration due to reappearance of symmetric atomic positions and charge distribution.
Among the alloys, tungsten sulfo-selenide (WSeS) was found to have the highest dipole moment
(0.27 D per molecule) since it has the most asymmetrical structure with only S atoms on one side
of W atoms, and only Se atoms on the other side of W atoms. The dipole moments of the hybrid

and pure TMDCs are summarized in Table 19.

Table 19. Dipole Moments of TMDC Alloys [WSe»xS;i-x)]-

Selenium Concentration [X] | Dipole Moment [D]

0 0.0
0.125 0.07
0.25 0.14
0.375 0.21

0.5 0.27
0.625 0.21
0.75 0.14
0.875 0.07

1 0.0

1D (Debye) =3.33564*1030 C.m

The charge distribution of the intermediate alloy, WSeS, through vertical sections of the
material is shown in Figure 32. It can be seen in Figure 32(A) that there is an asymmetrical

distribution of the electronic charge on either side of the tungsten atom because of the presence of
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different kinds of chalcogen atoms on the top and bottom of the material layer. The charge
distribution is different for the individual S and Se atoms in the hybrid alloys, which breaks the
charge distribution symmetry in the structures and leads to the formation of significant dipole
moments in the materials.
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Figure 32. Charge Distribution in Tungsten Sulfo-Selenide (WSeS).
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5.3.3 Electronic Properties of Tungsten Trioxide (WO3)

The electronic band structure of WO3; was obtained by DFT calculations together with GW
corrections on Quantum ESPRESSO. WO; was found to be an indirect bandgap material
exhibiting a bandgap of 1.86 eV with direct transition starting around 2.72 eV, as shown in Figure
33. The bandgap of WOg3 is similar to a typical wide bandgap semiconductor, which makes it a
strong candidate for use in variety of electronic and photonic applications. Our results are

consistent with established experimental results for the electronic properties of WO3[171].
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Figure 33. Band Structure of Tungsten Trioxide (WOy3).

The band structure shows an interesting feature typical of most TMDCs; both indirect and
directoptical transitions can occur in this material dependingon the energy of the incoming photon
in the incident radiation. The electronic dispersion determines the relative location of the CBMs
and VBMs, which correspond directly to the strength of the electronic transitions. Subsequently,
the regions where strong photon-electron interactions take place can be understood and an

appropriate device-level structure can be designed.

The density of states of WO3 was calculated by DFT post-processing simulations using the
results of the band structure calculations. The density of states of WO3 is shown in Figure 34; it
gives us an in-depth understanding of the electron distribution in the valence bands and the
available states in the conduction bands. It can be observed that there is distinct energy gap of 1.86

eV which corresponds to the bandgap of the material.
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Figure 34. Density of States of Tungsten Trioxide (WQO3).

If we look at the top of the valence band over an energy range of around 0.8 eV, we can
see that there are very low number of states where electrons can reside ; these states are also known
as pseudo-gap states. But for energies just lower than this range, there are a large number of
electronic states which correspond to higher concentrations of electrons. This shows that although
indirect transitions of electrons are preferred because of energy considerations, direct transitions
are also very favorable in this material for higher concentrations of high energy photons as there
are much more electrons available at the direct transition energy of around 2.7 eV in the electronic
band structure. These results show that WOj3 is a very promising candidate for implementation as

a wide bandgap semiconductor in various electronic and photonic applications.

5.4 Outlook and Conclusion

In this work, we have developed a DFT-based model to calculate electronic properties of hybrid
TMDC alloys and oxides based on tungsten. Our methodology and simulation techniques have
been validated against experimentally fabricated and characterized materials. The electronic band
structure and bandgap of hybrid tungsten-based TMDC alloys containingboth sulfurand selenium
atoms were calculated and analyzedforelectronicand photonic applications. Our results show that
it is possible to engineer a hybrid material which can target a range of bandgap values suitable for

a particular desired application, such as a photovoltaic cell.
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If we consider tungsten-based TMDCs containing sulfur and selenium, it is possible to
obtain a hybrid material which can have any desirable direct bandgap in the range 1.67-2.15¢V,
and also exhibitthe favorable electronic and optical properties of semiconducting TMDCs. Recent
studies have shown that is possible to experimentally fabricate hybrid TMDC alloys based on
molybdenum [37]. This unique feature of bandgap tunability in hybrid TMDCs can be extended
for other TMDC alloys to obtain hybrid materials with any customizable bandgap over a wider
energy range. This has the potential to open up new possibilities in fabrication and manufacture of

tunable bandgap semiconductors and materials engineered for desired target applications.

The significant dipole moments of the hybrid TMDCs open up further possibilities to
explore novel applications in nanoelectronics. Recent studies have shown that dipole-dipole
interactions between molecules with dipole moments leads to the formation of dark states in the
conduction band which can suppress radiative recombination. This mechanism of dark state
protection can lead to an increase in the efficiency of photovoltaic systems. In the next chapter, we
have investigated dark state protection due to dipole-dipole interactions in a photovoltaic model
based on hybrid TMDCs for increasing the photovoltaic efficiency with a realistic material model

to facilitate experimental realization.

Transition metal oxides have strong potential as wide bandgap semiconductors in
photovoltaic applications. These materials are sturdy, resilient and resistant to environmental
degradation. WOg3 is a very promising photovoltaic material. It has good absorption of high energy
photons; it can be deposited on a wide variety of materials; and it is compatible for incorporation
with many semiconductor devices. The electronic properties of WO3show that this material is a
promising candidate for use as a wide bandgap semiconductor. Transition metal oxides are known
to exhibit good absorptivity of high energy photons [171]. WO3 can be implemented in device-
level designs for a variety of electronic and photonic applications. It can be implemented in multi-
junction solar cells in conjunction with existing photovoltaic materials and technology; WO3
would allow better absorption of high energy photons and lead to higher efficiencies. It can be
implemented in tandem with silicon and TMDC-based solar cells to obtain higher efficiencies due
to incorporation of WO3as a wide bandgap photovoltaic material. WO3 can be deposited favorably
on a variety of materials, including silicon and other TMDCs, which makes it easy to fabricate and

incorporate this material with existing photovoltaic systems.
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6. CURRENT ENHANCEMENT THROUGH DARK STATE
PROTECTION

6.1 Background

Recentstudies [61]-[65] have investigated dark states created by dipole-dipole interactionbetween
molecular exciton states in chromophore complexes, which can increase the photocell efficiency
by protecting the excitation from radiative recombination [66]—[68]. Such interactions and the
formation of stable bright and dark states are widely observed phenomena in experimental studies
of pigment-protein complexes in photosynthesis and have been associated with the very high
exciton capture efficiency in such processes. Although these studies pointto a promising design
principle for artificial photocells, they are quite limited to elementary models consisting of few
interacting chromophore centers, and the dark state protection mechanism has not been applied to
a specific material-based photovoltaic model. Therefore, it is the goal of the current study to
investigate the possibility of creating dark states in a realistic material to enable dark state
protection and increase photocell efficiency by suppressingradiative recombination with a realistic

material model to facilitate experimental realization.

In this work, we have used a photovoltaic model based on TMDC materials to demonstrate
the dark state protection mechanism’s ability to enhance the photocurrent, thus getting closer to an
actual material design to overcome the Shockley-Queisser limit. Our primary focus is on
suppressing radiative recombination. We have investigated an ideal model where losses occur
primarily through recombination from the excited state; losses from the dark state, as well as other
losses, are considered to be negligible. For sufficiently high-quality materials, non-radiative loss
is much smaller than radiative loss. Additionally, the Shockley-Queisser Limit is derived by
considering the non-radiative loss preventable, while treating radiative losses as unavoidable,

which is thermodynamically required for a two-level system without dark state protection [172].

This work has been presented in 2019 IEEE 46th Photovoltaic Specialists Conference
(PVSC), pp. 0772-0776. IEEE, 2019.

It has also been published in Advanced Functional Materials, March 2021.
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A donor-acceptor solar cell hasbeen modeled composed of pure tungsten diselenide (WSey)
as the acceptor materialand a TMDC alloy, tungsten sulfo-selenide (WSeS), as the donor material,
in analogy with a heterojunction solar cell. For the donor, two layers of WSeS are placed one on
top of the otherand the dipole-dipole interactionbetweenthe two layers splits the conduction band
into a bright band and a dark band. The dark band can then enable the dark state protection
mechanism and enhance the photocurrent generated. WSeS has a large permanent dipole moment,
whereas WSe; does not have any permanent dipole moment, thus the donor-acceptor coupling is

a dipole-induced dipole interaction.

It should be mentioned that a similar mechanism can also be theoretically observed in bulk
semiconductors which havean indirectbandgaptogether with possible directtransition of excitons
of comparable energies. In such a material, an electron can be excited by incident photons to the
conduction band at the direct transition point. The excited electrons can then be transported to the
lower energy valleys, correspondingto an indirectbandgap, by thermalization and phonon-assisted
transfer. If the impact of phonons at this state can be suppressed, then it would inhibit decay of the
electrons through indirect radiative transitions. Such a state, under ideal operating conditions

including very low temperature, could also be regarded as a dark state in the bulk material.

But there are major challenges in realizing such dark states in bulk material systems,
particularly at room temperature. Bulk materials have broad phonon spectrum, which limits the
effectiveness of protecting the electrons in these dark states. It is very complicated to create a
scenario where electrons can be transported to the lower energy valleys with phonon -assisted
transfer, and ata same time phononic effects are suppressed at these valleys to prevent radiative
decay of the electrons. That is why it is difficult to fully suppress indirect transition of electrons in
bulk materials at room temperature. By contrast, ultra-thin 2D material systems are much more
effective than bulk materials in suppressing the effect of phonons and controlling radiative

recombination processes.

Our numerical model demonstrates the first application of the dark state protection
mechanism to a material based photovoltaic system with a photon current enhancement of up to
35%. We have also calculated the carrier and energy dynamics, to understand all the possible

energy losses in our photovoltaic model assuming perfect dark state protection. Using this
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information, we have made a preliminary estimate of the maximum possible efficiency of a
photovoltaic system exhibiting dark state protection. Our results show that it is possible to design

a system with an ideal energy conversion efficiency exceeding the Shockley-Queisser limit.

The electronic properties of WSe, and WSeS, namely band structure with corresponding
bandgaps and dipole moments were taken from the results presented in Chapter 5. The exciton
transfer dynamics were calculated by a model based on Pauli master equations [61], [62] and the

photocurrent was calculated by the standard model for photocells [63], [66], [67].

6.2 Theory and Methods

6.2.1 Donor-Acceptor Photovoltaic Model

We have used a donor-acceptor photovoltaic model composed of TMDC materials (Figure 35).
The material structure model is shown in Figure 35(A). We have modeled our photovoltaic system
based on a two-layer single junction heterojunction solar cell, where the top layer is the photon-
absorbing layer, described as the donor layer, and the bottom layer is the current extraction layer,

described as the acceptor.

The energy diagrams and photovoltaic dynamical models are shown in Figure 35(B) and
Figure 35(C). Figure 35(B) shows the standard donor-acceptor model without dark state protection.
A standard donor-acceptor model is a four-level system where electrons in the donor are initially

in the ground state g. The cycle begins with the absorption of photons, leading to generation of

excitons in the excited state e with the )y process. The excitation can then be transferred to the

acceptor through electronic coupling and emission of phonons by the ) process. The r process
is reversible which leads to radiative recombination loss; excitons can fall back to the ground state
due to radiative recombination. In the acceptor, excitons in the excited state « decay to the ground
state S8, where the output current is determined by the decay rate between levels o and g with the
1" process. The cycle is completed by the decay of excitons from the S state in the acceptor to the

ground state g in the donor.
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Figure 35. Donor-Acceptor Photovoltaic Model: (A) Structure Model; (B) Standard photon-to-
electron conversion with donor and acceptor; (C) New bright and dark states arise from strong
excitonic coupling due to dipole interactions.

Figure 35(C) shows the improved model with dark state protection. The new additional
feature of our model is the formation of new optically excitable states through strong excitonic
coupling between the donor layers, as shown in Figure 35(C). The formation of stable delocalized
excited states arising from dipole-dipole interactions leads to a splitting of the conduction band in
the donorwith the formation of abrightstate b andadark state d . Virtually all photon absorption

and emission take place through the bright state. In this model, the initial absorption of photons
leads to excitation on the brightstate with the ) process. The thermalrelaxationprocess },4 brings
the excitations from the bright state b into the dark state d where radiative recombination is

forbidden. The decay of excitations from b to d by the 7, process is a very fast mechanism; it is

much faster than any other optical or transfer process, such as 7y and ). . Since radiative

recombination cannot occur through d , photon re-emission is suppressed, and fewer excitons are

lost through recombination before getting transferred to the acceptor. The excitation is then
transferred from d to @ by the Y process. The output photocurrent is determined by the I”

process from & to g . The cycle is completed by the decay of excitons from the g state in the
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acceptor to the ground state g in the donor. The dark state protection from recombination leads to
an increase in the number of excitons available in the acceptor, and hence, gives a higher
photocurrentin the solar cell. The overalldynamics is represented by Pauli master equations whose

details can be found section 6.2.3.
The bright and the dark states form when there is coupling between two identical exciton

E J
states. In terms of a 2 by 2 Hamiltonian H = (J E] , the diagonal elements are the energy of the

exciton states, and the off-diagonal elements are the coupling strength. Diagonalizing this
Hamiltonian yields two eigenstates with one symmetric state (the bright state) and one anti-
symmetric state (the dark state). The bright state is optically active, while the dark state is optically
inactive. In this work, we have used the same principle and theory as in previous studies [61]-{68]
and implemented them in an extended system where the donorsandacceptors are 2D sheets instead
of isolated molecules. As shown in Figure 35, if we consider each sheet of the double-sheet
structure of the donor as a collective excitation state, then the two sheet states are coupled to each
other through dipole-dipole interactions between the molecules of the sheets. Then the problem
reduces to the 2x2 Hamiltonian given above, where now E is the energy of a single donor sheet,
and J is the collective couplingstrength between two sheets. Consequently, by this design we have
created the bright-state/dark-state split on the TMDC sheets under the same principle established
in the previous studies. In our calculations, we have used single unitcells of the donorand acceptor
moleculesto modelthe excitonic interactions, asin recentstudies. We also used periodic boundary
conditions in our calculations to account for 2D sheets of the donor and acceptor materials, so that

our results are consistent for the extended system presented here.

Any exciton generated with energy much higher than the bandgap energy will quickly
undergo non-radiative (phononic) decay within the band, and then settle at the bottom of the
conduction band. This phononic process is usually 1000 times faster than any optical process. In
this regard, all excitons generated by photons with energies higher than the bandgap thermalize
from the higher energy states to the band edge before any other process can take place. Thus, itis
safe to assume that in our model, all excitons start within approximately the thermal energy kT

from the bottom of the conduction band before any charge migration and harvesting can happen.

111



We have assumed that the donor-acceptor excitation transfer rate constant in our model is
greater than or equal to the excitation rate constant from ground to the donor. The excitation is
transferred to the acceptor fast enough to ensure the donor is never saturated; there will not be a
scenario where there would be excess carrier accumulation in the donor and absorption of photon
would stop due to saturation. Excess carriers are removed from the donor dark state by quickly

transferring the excitation to the acceptor, and then to the ground, thereby completing the cycle.

We have used a donor-acceptor photovoltaic model composed of pure and hybrid TMDC
materials (Figure 35). There are a couple of fundamental requirements which have to be taken into
account for the choice of donor and acceptor materials. Firstly, the donor should have a higher
bandgap than the acceptor. This is to ensure that the band alignment and energy dynamics are
consistent with the donor-acceptor model and we do not have a scenario where additional energy
is required to transfer the excitons from the donor to the acceptor. Secondly, the donor material
should have a significant dipole. This is to ensure that there are strong dipole-dipole interactions
between the donor molecules which lead to the formation of distinct, stable bright and dark states.
In addition, it is preferable to have materials from the same family with similar molecular
structures and comparable work functions. This has the potential be nefit of easier fabrication and

experimental demonstration.

The material structure model is shown in Figure 35(A): WSeS with a bandgap of 1.87 eV
was chosenasthe donorinoursystem; WSe, with a bandgap of 1.67eV was chosen as the acceptor,
since its lower bandgap favors the band alignment and energy dynamics of our model. Pure
TMDCs have no dipole moment. But, as described in Chapter 5, hybrid alloys of TMDCs exhibit
significant dipole moments. It was found that, among the materials in the family of tungsten-based
hybrid TMDC alloys, WSeS has the maximum dipole moment. So, this compound was chosen as

the donor material in our device.

The donor consists of two layers of WSeS arranged one on top of the other. There is strong
dipole-dipole coupling between the two donor layers because of the large permanent dipole
moment in each layer, and consequently the conduction band splits into a bright band and a dark

band. The induced polarization in the acceptor layer was calculated with the electric field from the

donor layers. The donor-acceptor coupling energy (7 ) was calculated from the dipole-induced
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dipole interaction energy between the WSeS layers and the WSe, layer, as described in section
6.2.2. Radiative lifetimes of excitons in TMDCs are around 5-17 ps [173], [174], corresponding to

a recombinationrate (/) of 40-130 peV. We have performed simulations of our model for three

different values of y; (80 peV, 100 peV, 120 peV) to account for the different radiative

recombination rates. The exciton generation rate in our model is simulated by a hot photon bath at

5800K to model the solar radiation.

6.2.2 Donor-Acceptor Coupling Energy

In our donor-acceptor photovoltaic model, the donor consists of two layers of WSeS with
significant dipole moments arranged one on top of the other, while the acceptor is a single layer
of WSe, with zero dipole moment. The electric field due to the dipole moment in the donor layers
was calculated by numerical methods for extended sheets of the donor layers. The induced

polarization inthe acceptor layer was calculated from the electric field from the donor layers, using
Quantum ESPRESSO [84]. The donor-acceptor coupling energy (7. ) and the corresponding

exciton transfer rate was calculated from the dipole-induced dipole interaction energy between the
WSeS layers and the WSe, layer. The donor layers exhibit strong dipole-dipole interaction
between the individual layers.

2011y

Upne = —
tnt 41re o d3

where,
K1 and W, — dipole moments of donor layers, and
d — spacing between the donor layers.
The donor-acceptor interaction is a dipole-induced dipole interaction.
U ,uza
MET (4mey)2d6

where,

U - dipole moment of donor,

a - polarizability of the acceptor,
d - donor acceptor separation.

Using the above formulas for isolated systems, we used numerical methods to obtain the

interaction energy for extended sheets of the donor and acceptor materials.
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6.2.3 Current Enhancement due to Dark State Protection

The exciton transfer dynamics, including exciton generation from photons and corresponding

output current, is represented by Pauli master equations [61], [62].

The exciton transfer dynamics illustrated in Figure 35(B) can be represented by the

following Pauli master equations:

g g
e[ (140, (E.~E,)) P —N. (E. ~E,) £, |
Poo = Ve (1+ M (E.~Ey)) 2 =1 (E. =y ) £y | M
- [(1+ n.(E,~E,)) oy —n.(E, Eg)pgg]
Puw = Ve | (141, (E.~E,)) P =1, (E.~E,) o, |- TP,
Pop = Ve [(1+ n.(E, ~E,)) oy —ne(E, —Eg)pgg]+rpaa
and the dynamics illustrated in Figure 35(C) can be represented by:
P =—7a| (14 (B~ E, )) i~y (B~ E, ) g |
s | (141, (Ey —Ey)) 2 = (B, — By ) P |
Pas = Vs | (141, (Ey —Ey)) oo~ (Ey — Ey ) P |
~7e[ (141, (E;~E,)) psg —N. (B4 ~E,) P
foo = 7r] (141 (B~ E,)) Aiw — M (B By ) 2y | @
+yc:(1+nc(Eﬁ—Eg))pﬁﬂ—nC(Eﬁ E,) P |
Paw = Ve | (141, (B4 —E,)) Pas =N (B4 —E..) Pr |- TP

where each p,, is the population in the X state, the n, (E) is the optical distribution number
defined by n, (E)=(e*" —1)*l with T, =5800K (temperature of the sun),and the n, (E) is the
thermal distribution number defined by n_(E) = (" —1)7l with T, =300K (room temperature).

The rates )z and . are the radiative recombination rate and the donor-acceptor transfer rate,
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respectively. The thermal relaxation rate },, is usually very large compared to all the other decay
rates involved; and here we define itto be 7, =1000y; in accordance with previous studies [61]-

[65]. 7,4 is the same for both the relaxation from b to d and the reverse process, while the

difference in ratesis accounted for by the thermal distribution (1+n, (E, —E, )) for the relaxation

and nC(Eb—Ed) for the reverse process. The rate I defines the output currentas | =®el'p,_,

where € here is the elementary charge and @ is the photon flux in our system. The photon flux is
the incident solar irradiance reaching the surface of the Earth absorbed by our two-layer TMDC-

based donor material.

6.24 Maximum Efficiency with Dark State Protection

The efficiency limit of our donor-acceptor solar cell model was calculated using the carrier and
energy dynamics, and the incident photons in our system were taken from the data of the AM1.5G
solar spectrum [117]. For a particular bandgap of the donor, it is assumed that all the incident
photons with energies higher than the bandgap are absorbed by the donor. The excited carriers in
the donor are taken as relaxed to the band edge (dark state) for current extraction and the
corresponding thermalization loss is taken into account. There is additional thermalization loss
during the excitation transfer from donor to acceptor since the acceptor has a lower bandgap. The
outputenergy obtained from each carrier is the bandgap of the acceptor, where the excitons decay
from the excited state to the ground state, and in conjunction with the Carnot loss [43]. The range
of donor material bandgaps was taken as 0.5-3 eV, with the acceptor bandgap taken to be 0.2 eV

lower than that of the donor.

where,

n  — Efficiency (%)

P;y — Total input power from AM 1.5G spectrum,

Poyr — Output power obtained from across the acceptor material bandgap.

Any exciton generated with energy higher than the bandgap will quickly undergo non-

radiative (phononic) decay within the band and then settle at the bottom of the conduction band.
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This phononic process is usually 1000 times faster than any optical process such that it is safe to
assume all excitons start in the bottom of the conduction band before any charge migration and

harvesting can happen. Consequently, the voltage is always limited by the band gap.

In the quantum heat engine model widely used by Chin, Scully and others [61]-[67],
voltage is calculated to be eV = (E, — Eg) — kT In W, where W = ppg /paq, With p,,, being the

steady state population of the acceptor’s excited state, 0, the steady state population of the

acceptor’s ground state. eV s therefore equal to the original acceptor bandgap (Ea - Eﬁ) plus a

thermodynamic correction. This makes the voltage always consistent with thermodynamics. For
our system in steady state, there is no excess carrier accumulation in any of the excited states due
to continuous donor-acceptor transfer of excitons; as a result, the entropy-associated reduction in
voltage is very small compared to the bandgap of the acceptor.

In a standard solar cell, there are additional voltage reductions due to the Carnot loss and
the angular entropy factor from photon emission [172]. The maximum power-point voltage (V)

of a solar cell with a bandgap E; is given by the relationship involving the Carnot factor n and

the entropic voltage loss due to the number of arrangements W':

kgT,
Vmp = Egnc — Be <In(W),
where the number of arrangements W = %fz—c?, T, = 300 K (roomtemperature), T;, = 5800 K
h Paa

(temperature of the sun) and the Carnot factorn, =1 — T,/T, =~ 0.95. The angular entropy

factoris A = %ln (%%) ; itdepends on the size of the solar disk (£2;,) as viewed from the Earth,
h

the angularradiation fromthe solar cell (2.), and the concentrationfactor ¢ (whichis1inourcase,
since we are not looking at concentrated sunlight). In our model, radiative recombination and
corresponding photon emission is suppressed by the dark state, preventing some entropic losses.
The only significant voltage reduction remaining in our system is due to the Carnot loss, which is

around 5% of the bandgap energy for optimal photovoltaic materials.
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6.3 Results and Discussion

6.3.1 Enhancement of Output Photocurrent

There is strong dipole-dipole coupling between the two donor layers because of the large
permanent dipole moment in each layer. This leads to a split in the conduction band into a bright

band and a dark band, which was obtained by DFT calculations to be an 18 meV energy gap. The

donor-acceptor coupling energy and the corresponding transfer rate ). was obtained using

numerical methods in MATLAB,; 7. was calculated for donor-acceptor separation spacing

ranging from 3 A to 12 A. It can be sees that the exciton transfer reduces exponentially as the
donor-acceptor separation increases, as shown in Figure 36. For higher separations, there is
reduction in the strength of donor-acceptor interaction which leads to a weaker coupling energy
and a correspondingly lower exciton transfer rate. For the equilibrium donor-acceptor spacing of
3 A [78], the coupling energy is 515 ueV, which decreases with increasing donor-acceptor

separation to a value of around 50 peV for 10 A separation. For our initial simulation, we have
used a radiative recombination rate (7z) of 100 ueV to demonstrate the fundamental benefit of

current enhancement through dark state protection.
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Figure 36. Donor-Acceptor Coupling Energy ¢ .
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For the equilibrium separation of 3 A and corresponding coupling energy of 515 peV, an
enhancement of 13.4% in the output photocurrent was obtained. The current of the system without
dark state protection is 4.9 mA/cm2, while introducing dark state protection increases the current

to 5.56 mA/cmz2, If we look at the donor-acceptor separation scenario where the values of radiative
recombination rate (75 ) and donor-acceptor coupling energy (7 ) are comparable to each other,
we obtain a larger current enhancement of around 35% with the output photocurrent jumping from
0.99 mA/cm? to 1.34 mA/cm? due to dark state protection (for 7, =80 peV). The increase in

currentis the result of the suppression of radiative recombination in the donor material where the

photon absorption and exciton generation take place.

We have also performed some additional simulations for different values of the radiative

recombination rate (). Ourinitial calculationstook into account ', as100 peV. We have further

studied cases with 7, of 80 peV and 120 peV to account for the different radiative recombination

rates found experimentally in TMDCs. Our results show that there is significant enhancement of
the output photocurrent for the model in Figure 35(C) compared to the one in Figure 35(B) due to

dark state protection. The current enhancement for different values of donor-acceptor coupling

energies for each of the three cases of 7 are summarized in Figure 37.

There is significant current enhancement of around 10-15% for the different values of }

foracouplingenergy (/¢ ) of around 500 peV (which corresponds to equilibrium donor-acceptor

separation of 3 A). For cases where the coupling energy is smaller than or comparable to the
radiative recombination rate, we can obtain current enhancements as high as 35-40% with dark

state protection. This is due to the competition between the donor-acceptor transfer process

and the recombination process 7. When the donor-acceptor transfer rate is small compared to the

radiative recombination rate, significant loss can occur through the recombination process unless
itis suppressed by dark state protection. By implementingdipole-dipole interactions and dark state
protection in our donor-acceptor model (WSeS and WSe,), a current enhancement of up to 35%
can be obtained. The results presented in Figure 37 shows that for systems where the donor-

acceptor coupling energies are small compared to the radiative recombination rates, we can obtain
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a significantly high percentage enhancement of the output photocurrent by dark state protection

by incorporating
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Figure 37. Improvement of output current due to dark state protection for various donor-acceptor
coupling energies for 7;=100 peV, and comparative performance for different values of 7z =80
and 120 peV.
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6.3.2 Maximum Efficiency of Photovoltaic Model with Dark State Protection

The maximum possible efficiency of a donor-acceptor solar cell model with dark state protection
was calculated (Figure 38) forthe AM1.5G spectrum [117] and compared with the well-known
Shockley-Queisser limitforsingle junction solar cells [42], [43]. The calculations were carried out
for donor material bandgaps from 0.5 eV to 3 eV, with the corresponding acceptor material
bandgaps taken as 0.2 eV lower than the donor. It can be seen that the efficiency limit of our

photovoltaic model is significantly higher than the Shockley-Queisser limit over the entire
bandgap range of 0.5-3eV.

45 - Donor-Acceptor Model Limit
with Dark State Protection

40

35 4

30 ~
Shockley-Queisser Limit
25 -
20 1

15

Efficiency (%0)

Our Donor-Acceptor
Device Efficiency
Limit is ~30 %

10 A

Bandgap (eV)

Figure 38. Efficiency limit of a donor-acceptor photovoltaic system with dark state protection.

Our efficiency limit calculation is an idealistic approach to evaluate the efficiency of a
donor-acceptor model with perfect dark-state protection. Itis assumed that all the incident photons
with energies above the donor bandgap are absorbed and correspondingly excitons are generated,
there is no radiative recombination in the donor (dark state protection is perfect), and there is no
loss of excitons during the I' process in the acceptor. We have accounted for carrier
thermalization losses during the relaxation to the band edges in the donor and acceptor. For our
donor material (WSeS) with a bandgap of 1.87 eV, we can get a maximum efficiency of around
30% usingthe donor-acceptor photovoltaic model with dark state protection under ideal conditions,
compared to a maximum efficiency of around 26% as per the Shockley-Queisser limit for a

semiconductor of the same bandgap 1.87 eV. In our model, we haveovercomethe detailed-balance
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limit, but we are still within the ultimate efficiency as described by Shockley and Queisser, which

is the maximum efficiency that can be achieved without radiative recombination.

The efficiency limit calculation is a purely theoretical estimation as it doesn’t account for
many non-idealities; dark state protection might not be perfect at room temperature or with a
conduction band splitting of less than 100 meV. A major challenge in attaining our predicted
efficiency is obtaining 100% photon absorption in only a few layers of the donor material. The
absorption of a two-layer TMDC donor system is around 6-7% of incident photons in the incident
solar spectrum (AM1.5G), which results in the low current values of around 1 to 5 mA/cmz2in our
system; this is consistent with experimental photovoltaic cells consisting of 2-3 layers of TMDC
materials. These values are well below those found in commercial solar cells, which typically have
short-circuit currents around 30-40 mA/cm2. To obtain an efficiency above the Shockley-Queisser
Limit, it is necessary to add enough layers so that over 95% of the above bandgap energy photons
in the incident solar spectrum could be absorbed.

In addition, there could also be significant loss of carriers through recombination in the
donor if the donor-acceptor coupling energy and the corresponding transfer rate is low, compared
to the generation rate of excitons in the donor; this scenario would lead to an accumulation of
excess carriers in the donor which are not transferred to the acceptor, and hence lost through
recombination or other processes. On the other hand, if we can extractthe hotcarriers with energies
above the band edge in the donor and efficiently transfer the high energy excitonsto the acceptor,
this can lead to lower thermalization losses and allow for even higher efficiencies. Although not
outright conclusive, the maximum efficiency limit shown in Figure 38 gives an insight into the
possible improvements that can be obtained with incorporating the dark state protection

mechanism into a TMDC-based donor-acceptor photovoltaic system.

6.4 Outlook and Conclusion

We have demonstrated a TMDC-based donor-acceptor photovoltaic model, where the dark state
protection mechanism is used to reduce carrier recombination and enhance photon-to-electron
conversion, leading to significantly higher current output. TMDCs have already been shown to
have great potential as ultra-thin photovoltaic materials in solar cells. In this work, we have

explored and modeled a heterojunction-like solar cell composed of tungsten diselenide (WSe,) as
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the acceptor material and tungsten sulfo-selenide (WSeS) as the donor material. The dipole-dipole
coupling between the two layers of the donor material splits the conduction band and enables the
dark state protection of excitation from radiative recombination, achieving a photocurrent
enhancement as high as 35% over the standard model without dark state protection. The
enhancement is more significant when the donor-acceptor transfer rate is comparable to or smaller

than the radiative recombination rate.

The principal model which we have presented in this work exhibits the unique feature of
dark state protection in an experimentally realizable system, compared to prior work on this
specific topic which focus on elementary models of hypothetical molecules. While we used
experimental literature values wherever possible, we did make certain assumptions about
unknowns and considered the most optimistic scenarios. However, since this phenomenon of sark
state protection could still be seen as an improvement compared to a control without radiative
recombination suppression, it is possible to observe this effect across a wide range of possible
experimental conditions. For instance, even if non-radiative losses are present, the enhanced
currentdue to dark state protection observed experimentally could be lower than that which we
have modeled in this work, but it will still be higher than the system which does not have any dark
state protection. The ideal values presented in this work provide an upper limit for the potential
benefits of this approach, to help motivate further work in the field; importantly, experimental
realization and measurement of dark state current enhancement does not require extraordinarily

optimistic or even unusual parameter values.

As a potential device model for implementation, we propose a contact for hole collection
on the WSeS side and a contact for electron collection on the WSe, side of appropriate work
functions, similar to carrier collection mechanisms in the structure of heterojunction solar cells.
Although a preliminary estimate, the efficiency limit of such a model has been calculated to
potentially overcome the Shockley-Queisser limit if all photons above the bandgap energy are
absorbed with perfect dark state protection, and there is no loss during carrier collection in the
acceptor. Thisopens up possibilities forexploringnew materials and devicearchitectures for ultra-

thin, ultra-efficient photovoltaic devices.
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Our estimate of the maximum efficiency gives a possible future direction of this work, if
dark state protection can be experimentally realized. It includes all the required physics in an ideal
system, but does not include all non-idealities. The idealized assumptions highlight the
fundamental limits of the system with dark state protection and present an upper-bound limit of

the maximum possible efficiency of this system.
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7. SUMMARY

Transition Metal Di-Chalcogenides (TMDC) are 2D layered materials which have attracted a great
deal of interest in recent years due to their promising physical and chemical properties, and
potential for implementation in a variety of electronic and optical applications. We have carried
outa detailed investigation of the electronic and optical properties of tungsten disulfide (WS,) and
related TMDCs. WS, has an optically favorable band gap for photovoltaic applications; it has
significant absorptivity of photons with energies above its bandgap. It also exhibits excellent
carrier transport properties, as demonstrated by typically high mobility values. Its 2D layered
structure makes it possible to modify and tune its electronic properties by altering the structure
with dopants. Its favorable electronic and optical properties make it a strong candidate in
photovoltaics. We have explored various device models and architectures to demonstrate
photovoltaic applications of WS, and related TMDCs, and proposed new designs which have the

potential to overcome many existing limitations of photovoltaic performance.

In Chapter 2, we developed a DFT-based model to calculate key materials properties for
various structures of WS,, which have been validated against experimentally fabricated and
characterized materials. It is essential to study the fundamental electronic properties in order to
progress to device level applications and understand the benefits and limitations of device level
integration in new and existing technology. The most fundamental property is the electronic band
structure, which gives us a lot of vital information such as absorptivity of incident photons and
availability of excited carriers. The electronic and optical properties of monolayer, bilayer and
bulk WS, were calculated and analyzed for implementation in photovoltaic systems. The study of
these properties allows us to progress towards understanding and investigating device-level
applications of WS,.

Bulk WS, was found to be an indirect bandgap material having a bandgap of 1.29 eV, with
direct transition startingaround 2.2 eV. Bilayer WS, was found to be an indirect bandgap material
having a bandgap of 1.64 eV, with direct transition starting around 2.13 eV. Monolayer WS, was
found to be a direct bandgap material exhibiting a bandgap of 2.15 eV. The bandgaps of the

different structures of WS, are summarized in Figure 39. The electronic band structure and
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bandgap of monolayer, bilayer and bulk WS, are similar to a typical photovoltaic material, which

makes them very good candidates for use in solar cells.
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Figure 39. Summary of bandgaps of WS,

The values of a obtained for the different structures of WS, show that there is significant
absorption of incoming photons with energies above the bandgap energy. The absorption profiles
of WS, show that this material has good absorption of photons within the energy range of the
incident solar radiation on the surface of Earth and outer space environments. This enables
implementation of WS; as a light absorbing material in a solar cell. These results show WS, has
very favorable electronic and optical properties for photovoltaic applications, along with the
natural advantages of light weight, flexibility, and earth abundance of most TMDC:s.

In Chapter 3, we have used the calculated electronic and optical properties of WS, to
progress towards understanding and investigating device-level applications of this unique material
in a photovoltaic system. Bulk WS, was used as the starting material for designing a solar cell
device model. Usingthis asthe baseline, monolayer WS, and amorphous silicon (a-Si) were added
to improve the performance. A p-njunction solar cell was modeled and simulated usingmonolayer
WS;, bulk WS, and a-Si to obtain a structure similar to HIT (Heterojunction with Intrinsic Thin

Layer) solar cells.
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Initially, our baseline solar cell design using only bulk WS, gave reasonable performance
with an optimal efficiency of around 14%. After making some modifications to our model, such
as introducing monolayer WS, and a-Si, which improve the electronic band structure and optical
performance, the overall efficiency of the optimal solar cell model increased significantly to over
23%, which iscomparable to the performance of many commercial single-junction solar cells. The
maximum device efficiency which we obtained from best performing photovoltaic model was
23.3%, with V¢ of 0.84 V and Jsc of 33.5 mA/cm2.

The primary device modeling and simulations which we have developed in this work are
based onthe terrestrial solar radiation on the surface of the Earth (AM 1.5G spectrum). In addition,
we have also investigated potential implementations of our proposed WS,-based solar cell model
in space photovoltaic applications, where this material has the potential to outperform existing
technology. We simulated our solar cell models under the space solar radiation (AMO spectrum)
to gain better understanding and insight into the performance of our proposed device for space

photovoltaic applications.

TMDCs have been demonstrated to exhibit resistance to radiation-induced damage, and
are very good candidates for space photovoltaic applications. Our solar cell design shows that it is
possible to obtain efficiencies above 20% with the space solar spectrum, but a major issue
encountered here is the total thickness of the active layers in our device and possible radiation-
induced degradation. It is essential to design an ultra-thin device with a maximum thickness of
around a few hundred nanometers to minimize damage from radiation. The reduced absorption in
thin WS, layers of our solar cell can be compensated by incorporation of additional features such
as light trapping structures and anti-reflection coating layers to enhance the incident radiation

absorption and obtain a higher device performance with an ultra-thin device model.

In Chapter 4, we developed a photovoltaic system based on WS, for proposed
implementation in space photovoltaic applications. We have demonstrated that our photovoltaic
model with thickness of 200 nm exhibits efficiencies around 14.3-15.8% over the temperature
range of satellite orbits (313-343K). We have incorporated a light trapping structure and an anti-
reflection coating layer in our solar cell model which collectively increase the absorption of the
incident solar radiation, and lead to better performance of the device with higher current; we have
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proposed a realistic and experimentally viable device structure which can be competitive and

comparable to existing solar cells for space photovoltaics.

We have used a 1D silver grating light trapping structure in our photovoltaic model to
increase the optical path length of light inside the solar cell. The efficiencies of our solar cell
increased to 18.5-20.4% over the temperature range 313-343K as a result of absorption
enhancement from light trapping. In addition to the light trapping structure, we have also added an
appropriate dielectric material layer in our photovoltaic model to function as an anti-reflection
coating, in order to reduce the surface reflection from our solar cell and enhance the absorption
even further. The efficiencies of our final solar cell model increased to 21.4-23.6% over the
temperature range 313-343K because of the effect of the anti-reflection coating layer, which is
comparable to the performance of many commercial single-junction solar cells used in space
applications. These results show that a solar cell based on WS, have very favorable performance
features and properties for use in space photovoltaics, along with the natural advantages of light

weight, flexibility, earth abundance and resilience.

The 2D layered structure of TMDCs makes it possible to modify and tune their electronic
properties by doping with other atoms and manufacturing hybrid alloys. It is possible to obtain
alloys of TMDCs by altering their composition to contain more than one kind of chalcogen atoms,
leading to the formation of hybrid TMDCs with tunable electronic and optical properties. In
Chapter 5, we have developed a DFT-based model to calculate electronic properties of hybrid
TMDC alloys and oxides based on tungsten. We have explored monolayers of tungsten-based
TMDC alloys containing sulfur and selenium, whose propertiesare intermediate of pure tungsten
dilsulfide (WS;) and pure tungsten diselenide (WSe,) with tunable direct bandgaps dependent on

the sulfur and selenium concentrations.

The electronic band structure and bandgap of hybrid tungsten-based TMDC alloys
containing both sulfur and selenium atoms were calculated and analyzed for electronic and
photonic applications in Chapter 5. Our results show that it is possible to engineer a hybrid
tungsten-based TMDC alloy which can have any desirable direct bandgap in the range 1.67-2.15

eV for a particular target application, and also exhibit the favorable electronic and optical
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properties of semiconducting TMDCs. The TMDC alloys exhibittunability of electronic properties

and other unique features which allow for a variety of novel applications.

Transition metal oxides are very versatile, sturdy, and resistant to atmospheric extremities;
they are known to exhibit good absorptivity of high energy photons. The electronic band structure,
bandgap and density of states were calculated to study the unique features of this material and
explore possible electronic and optical applications. The electronic properties of tungsten trioxide
show that this material is a promising candidate for implementation as a wide-bandgap
semiconductor. It can be incorporated in multi-junction solar cells in conjunction with existing
photovoltaic materials and technology. It can also be implemented in tandem with silicon and
TMDC-based solar cells to obtain higher efficiencies due to effect of WO3 as a wide bandgap
photovoltaic material.

The significant dipole moments of the hybrid TMDCs open up further possibilities to
explore novel applications in nanoelectronics. Recent studies have shown that dipole-dipole
interactions between molecules with dipole moments leads to the formation of dark states in the
conduction band which can suppress radiative recombination. This mechanism of dark state

protection can lead to an increase in the efficiency of photovoltaic systems.

In Chapter 6, we have investigated dark state protection due to dipole-dipole interactions
in a photovoltaic model based on hybrid TMDCs for increasing the photovoltaic efficiency with a

realistic material model to facilitate experimental realization.

We have modeled a donor-acceptor solar cell composed of puretungsten diselenide (WSe,)
as the acceptor materialanda TMDC alloy, tungsten sulfo-selenide (WSeS), as the donor material,
in analogy with a heterojunction solar cell. The dipole-dipole coupling between the two layers of
the donor material splits the conduction band into a bright band and a dark band and enables the
dark state protection of excitation from radiative recombination; this leads to a corresponding
increase in the output photocurrent. Our numerical model demonstrates the first application of the
dark state protection mechanism to a material based photovoltaic system with a photon current
enhancement of up to 35%. We have also made a preliminary estimate of the maximum possible
efficiency of our photovoltaic system after taking into account all the possible energy losses in our
modelassumingperfectdarkstate protection. Our results show thatitis possible to design a system
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with an ideal energy conversion efficiency exceeding the Shockley-Queisser limit, if dark state

protection can be experimentally realized.

Theresearch projectsand results presented in this dissertation give a promisinginsight into
the advancements and potential breakthroughs that can be achieved in nanoelectronics and
photonics using ultra-thin TMDCs. Over the next few years, there would be great value in
establishing collaboration with research groups focused on experimental work to fabricate,
characterize, and test the photovoltaic devices proposed in the research described in this
dissertation. Experimental observations and verifications of TMDC-based device models would
lead the way for commercial development of nanoelectronic and photonic devices based on ultra-
thin 2D TMDCs. In addition, similar investigations can also be carried out with other relatively
unexplored materials using the same theoretical techniques and simulations as described in the
research projects. This would have a strong potential for exploration of new materials for unique
and novel applications in a variety of electronic and optical devices.
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