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NOMENCLATURE

TPV Thermophotovoltaic

MTM Metamaterial

Magnetic permeability

Electric permittivity

Index of refraction

Electric flux density or electric displacement (C.m)
Magnetic flux density (T)

Electric field (V.m™)

Magnetic field (A.m™)

Angular frequency (Hz)

Wave number

Speed of light (m s™)

Tungsten

Charge of electron (1.60217657 x 107° C)
Damping Constant

Plasma frequency

Permittivity free space ( 8.85 x 10-12 F/m )

Frequency-dependent impedance
SRR Split ring resonator
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TE Transverse electric
™ Transverse magnetic
CST Computer simulation technology

HFSS High-frequency simulator system
FEM Finite element method

IR Infrared
TBB Blackbody temperature

o Electric conductivity (s m™)

A Plank’s constant (6.62606957x10>*m?kgs?)

K Boltzmann’s constant (1.3806x107% m2kg s 2K 1)
e(w) the emittance of the metamaterial emitter

FF fill factor

Jon photocurrent generated (A m?)
EQE External quantum efficiency

Moy Thermophotovoltaic cell efficiency

Eq Bandgap energy

E wave vector

E Electric field

H Magnetic field

S Poynting vector



electric susceptibility
magnetic susceptibility

Blackbody temperature
Bandgap wavelength

diode efficiency
spectral efficiency
Absorbed power
Radiated power
Output power

open circuit voltage
short circuit current

The current of Maximum PowerPoint
The voltage of maximum PowerPoint

Absorption

Surface Plasmon Polaritons
internal quantum efficiency

Magnetic polariton
Fabry Perot
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Abstract

This manuscript studies the potential of using a light-trapping strategy based on a Metamaterial
structure, which is made for enhancing photon absorption in ultrathin gallium antimonide (GaSb)
Thermophotovoltaic (TPV) cells. Through the use of the rigorous Finite Element Method (FEM), and
Finite Difference Time Domain (FDTD) approaches using the powerful software CST, it was found
that this nanostructured configuration can excite: magnetic polariton (MP), surface plasmon
polariton (SPP), and Fabry-Perot (FP) resonances, leading to increased absorption in the active layer.
Further discussion was conducted on the influence of geometric parameters, polarization sensitivity,
and incidence angle in the absorption peak yielded. Finally, the electrical proprieties with the
conversion efficiency of the ultrathin TPV cell-coupled Metamaterial structure have been computed.
The maximum cell efficiency that can be obtained is 11.3% under blackbody radiation of 2000k,
which is induced by the MP, SPP, and FP phenomena, and directly contribute to enhancing cell

conversion efficiency.

Keywords: GaSh TPV cells, thermophotovoltaic; ultrathin TPV cell, Plasmonics, Metamaterials, light

trapping.
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General introduction

Ultrathin cells have gained increasing attention due to their potential for reduced weight, reduced
cost and increased flexibility. However, the light absorption in ultrathin cells is usually very
weak compared to the corresponding bulk cells. To achieve enhanced photon absorption in

ultrathin thermophotovoltaic (TPV) cells, this work proposed a film-coupled metamaterial
structure made of nanometer-thick gallium antimonide (GaSb) layer sandwiched by a top one-

dimensional (1D) metallic grating and a bottom metal film.

Outline of the manuscript

Chapter 1: First, starting with a short historical brief of the Thermophotovoltaic (TPV)
conversion system. Then, the functionality of TPV systems, and their different components: Heat
sources, the spectral control concepts (selective emitters, filters). Further, low-gap TPV cells are
presented near close by their classification. Chapter 2: This chapter presents an important aspect
of Metamaterials (MTMs) research. The definition of metamaterials along with a historical
overview is briefly discussed. The recent interest in metamaterials and progress in the development
of this research area is briefly discussed, Moreover, we elucidate three major categories of
electromagnetic MTM, namely electric MTM (g <0), magnetic MTM (n < 0), and negative index
of refraction (n < 0) MTM. Chapter 3: This chapter presents an introduction to Plasmonic and
Surface Plasmon Polaritons phenomena, as well as plasmonic light trapping configuration and
optimization guidelines, a short investigation of surface plasmons polariton (SPP) in metallic
nanostructures based on metals has been represented, and which would be employed to create more

confined modes for Thermophotovoltaic and Photovoltaic applications. Chapter 4: This chapter



has been consecrated for the numerical simulation of ultrathin TPV cell based on Metamaterials
configuration, the optical proprieties have been extracted using finite-element method (FEM) and
FDTD Methods, a detailed discussion of their various characteristics such as absorption rate,
polarization sensibility for different incidence angle, then the electrical parameters with overall
conversion efficiency of the TPV system has been computed for a temperatures range from 1000
up to 2000K. Noteworthy, involving the light-trapping strategy, the absorption rate can be

improved and tailored for a true external quantum efficiency (EQE) of TPV cell
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Chapter 1. Thermophotovoltaic

Conversion System



I.1. Introduction

Our aim in this chapter is to look into the fundamental model of the thermophotovoltaic (TPV)
conversion system and clarify their constitutive components, such as the potentially used heat
sources, the spectral control mechanism (selective emitter, filter...), with some advantages
compared to conventional solar PV. In the far field of their development during the last years, we
will be exposed to, and display the current challenges facing TPV conversion systems, with the
recent outlook which can in advance improve the efficiency of TPV conversion by meeting the
requirements of earlier enhancement techniques, which may give feature ideas of major keys for

the TPV efficiency improvement.

I.2. The importance of Thermophotovoltaic conversion

The majority of energy used in today's industrial society is used in the transportation, building,
and industrial sectors. Additionally, combustions are the primary sources of this energy. As a
result, the use of combustions has given rise to widespread worries about supply security, rising
energy demand, and resource limitations for both (local and global) environmental impacts (such
as the dangerous acid rain and climate change) [1]. As a result, there is growing interest in
alternative energy sources and in using combustions effectively. Additionally, according to
Carnot's theory of energy conversion, the TPV system may be able to convert heat into electricity,

making it an attractive alternative to the current generation of electricity technologies[1].

The TPV conversion method has some inherent technological advantages over the current methods
for electricity supply [1]. Large amounts of waste heat produced during the conversion are a
drawback of central power generation. Even for contemporary combustion-powered and

combined-cycle power plants, waste heat inputs are about half of the outputs. The system's



complexity, problems with security supplies like blackouts, and distribution and transmission
losses are just a few of the drawbacks. However, to reduce inefficiency and lower maintenance
costs and noise levels, central power supply technologies must be scaled back. Large-scale fossil
power plants can be replaced by renewable generators (wind, solar PV). Additionally, their

widespread use requires high scale and high economic power [2].

On the other hand, a large portion of non-grid-connected electricity comes from rechargeable
batteries, which have some drawbacks in terms of a limited lifetime, as well as a slow charging
process, and low gravimetric energy density (MJ/kg). These drawbacks are offset by the small
scale range of power, most likely at the order of hundreds of watts to a few milliwatts, and the fact
that a large portion of non-grid connected electricity comes from rechargeable batteries.
Hydrocarbon fuels are easy to store and can be supplied quickly, and their gravimetric energy

densities are typically 100 times higher [2].

I1.3. Comparison of TPV with PV conversions

A TPV system operates on the same principle as a photovoltaic (PV) system, but the primary
energy source is the emitter's near-infrared radiation, which can be heated by an external energy
source like the combustion of gas, liquid, or nuclear fuel, as shown in figure 1.1, or even the waste

heat from a glass-making furnace [3]

The actual primary variations between TPV and PV systems are [4],[5]:

= The temperature level is much higher than, for instance, PV solar cells, whose input power
is only 1 kW.m2 when high-power output devices with output powers of 10-20 kW.m

have already been fabricated.



= |In PV systems, the sun produces almost blackbody radiation at temperatures of like 6000
K for a distance of 150 x 106 km. In contrast, in thin-film photovoltaic systems (TPV), the
radiators/emitters emit at temperatures of (1500 to 1800 K) for distances of the order of a
few centimeters, as we illustrate in Figure 1.1, [6], [3].

= Supply and demand are in phase, which gets around one of the biggest issues with solar
energy production—that it only occurs when the sun is shining. Hybrid solar thermal
systems are an option, and some of them have already been put into use. Such a system
uses oil or molten salts to store the extra heat generated by solar panels. TPVs can then be
utilized to produce electricity at night [7].

= TPV systems can be powered by a variety of fuels, including solar energy, used industrial
heat, gas burners, and theoretically even nuclear generators.

= TPV devices are ideal for use in remote locations or as portable power sources, such as for
military applications, because they are lightweight and have no moving parts, making them

quiet and low-maintenance.

The quality of the TPV converter cells themselves and insufficient efficiency for cooling the
devices are the main issues that TPV systems currently display. While additional study is required
to enhance the quality of the cells and spectral control elements of TPV conversion, a cooling

system could be used to generate heat simultaneously.



(a) Photovoltaic (PV) "
I

I

< 150.10° Km > 20 W /em? I

I

Solar = Eheotrichty :

EIErgy Mainly visible radiation ::"_ I

I

= I

I

i

S7T00 2C blackbody radiation at sun 1

I

I

_______________________________ I
_______________________________ -

TPV CELLS:
- =i
- LSk
- InfsnAs

< _dm > 4 1 Wics?
I
I w
Mainly TR I
radiation :

TPV cell

=
p=
=
=l
=
=
Z
it
=

\ SPACTRAL COMNTRON.:
Selective emitter
IR MNlter

Back surface reflector

SPACTRAL CONTROM.

FPhotonic crystals
Micro-structured Tungsten

Folyerystalline silicon carbide (Si0C)
Metamaterials.

Fig.1. 1: Photovoltaics versus thermophotovoltaics [5]



I.4. Operating principle of the TPV system

1.4.1. Components of the TPV system

Electricity production using TPVs is a highly interdisciplinary technology. Several thermo-
physical phenomena relating to the various components of the TPV system are involved in the

conversion of thermal radiation from the heat source into electricity.

Emitter  Filter Reflecting frame

<4+—— exhaust gas

—p air and fuel feed

_Therm.al Recuperative ~ Combustion TPV cells Cooling loop
insulation heat exchanger chamber

Fig.1. 2: Simple scheme of a fueled TPV system [5]

The following are the primary parts of a TPV device [4]:

= Heating system: Heating system: It emits the heat energy necessary to warm the emitter
component. A TPV device can use any heating method (such as a recuperative burner, solar
concentrator, or nuclear reaction) to provide thermal power;

= Optical system: To reduce radiation losses between emitter and cells, it is made up of an

emitter, a filter, and a reflecting frame. The primary purpose of the optical system is to



transform the heating system's heat energy into radiation and transfer it to the cells while
simultaneously realizing a spectral selection of radiation.

= TPV cells: They transform radiation into electricity. The radiation density is very high, so
their design differs slightly from that of a typical PV cell. For the same reason, using a

cooling system to lower their temperature is essential to prevent damage.

Figure 1.2 depicts an example design for a fueled-TPV system. In this instance, a combustion
chamber and a recuperative heat exchanger make up the heating system. Since a TPV device is
made up of various parts, its overall efficiency can be thought of as the sum of all the efficiencies

related to each energy transfer that occurs in the system.

1.4.1.1 Heat sources available for TPV conversions

The ability to heat up the absorber/emitter component using any blackbody heat source is a
remarkable benefit of TPV technology. TPV is a flexible technology because it only needs enough
temperature energy to complete the conversion. Based on various conventional and
unconventional heat sources, numerous studies for TPV structures have been proposed. It is

recapped in Ref [4] as follows:

= Nuclear-fuelled TPV was designed for deep space missions and is based on a radioisotope
general-purpose heat source (GPHS) [8].

= Bio-fuelled TPV is based on wood-powder combustion [9].

= Concentrated Solar TPV, wherein an optical system (mirrors or lenses) can focus solar
radiation on a TPV cell to a concentration ratio of up to 4600X [10].

= Heat sources are realized by the combustion of either gaseous fuel (like propane,

natural gas, or methane) or liquid fuel (like diesel or hydrocarbon fuels) [11].



Because of their temperature, bodies emit thermal radiation. A blackbody is regarded as a perfect
radiation absorber by definition. Since all materials will reflect some radiation, it is a perfect idea.

A blackbody is regarded as the ideal source of thermal radiation [12].

Planck’s law of radiation [5], [4], states that a blackbody (thermal heat source) emits its full power

per unit bandwidth per unit area (Wm—2m™1):

27.h.c? 1
E(Tes A) =" Eq(L. 1)
(elKTBB _1)

Where represents the Planck constant (6.626x10734 Js), the blackbody temperature (°C), the light
speed (2.98x108 m/s), the Boltzmann constant (1.380x10-23 JK), and the wavelength (m). The
total thermal radiation emitted over the entire wavelength spectrum corresponds to the total power
density emitted by a thermal source.

Blackbody radiation spectrum

T
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Fig.1. 3: Spectral radiance for selected blackbody temperatures (Tgg).



Additionally, we display in Figure 1.3 objects with chosen maximum temperatures for solar
cells (red line), TPV devices (blue line), and IR photon detectors, as well as the spectral
emittance of a blackbody that is determined by Equation (1.1). (green line). The lowest
emission wavelengths are at about 36.5 °C, while the highest emission wavelengths are at

about 5700 °C.

1.4.1.2 Spectral control components

For the TPV cells to convert energy successfully, spectral control is necessary. A small portion of
the total radiant energy is necessary for the conversion of TPV; typically, it is less than that. For
instance, at 950 °C Tgg (blackbody temperature), and 0.52 eV is the TPV cell band gap, only about
27% of the total radiant energy can be converted to electricity. The remaining 73% of radiant
energy cannot be converted into electricity [13], so to increase TPV efficiency, this unconvertible
energy must either be suppressed from being emitted from the source or completely reflected back.
And we can conclude that TPV conversion energy performance and efficiency have significantly

declined in the absence of a spectral control.

77TPV = 77ce|| X’]Spectral Eq(l 2)

Ntpyv: the efficiency of a thermophotovoltaic system
Hcen: the efficiency of TPV Cell

N Spectrat: the efficiency of spectral control
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Fig.1. 4: Operating principle of TPV spectral control [14].

Figure 1.4 illustrates an elementary design for the optical system concept and explains how the
optical system works to increase efficiency. An explanation of spectral control mechanism is a
system that only emits wavelengths that correspond to the gap and reflects all wavelengths that

have the gap. Thus, conversion efficiency would increase.

1. Absorber/Emitter component

This part, also known as a "radiator,” can be either a selective or a broadband absorber/emitter. It

can be categorized based on a variety of factors, including the following [1]:

o Optical properties (e.g. absorption, emissivity, polarization sensitivity).

o Thermal properties (e.g. melting point, upper operation temperature, evaporation rate).
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o Electrical properties
o Material composition.
o Design shape (e.g.1D, 2D, and 3D Photonic crystals (PhCs) structure. micro-structured).

o Auvailability and economics

Oil, gas, or even wood burners can be used to heat the absorber/emitter in a traditional TPV
system. The most recent absorber/emitter technology for TPV application can be essentially
summarized in four different innovative prototypes, which are commercially available for

large-scale power ranging from a few kW to a few MW for immobile applications [15].

o One of the most popular materials for broadband ceramic absorbers/emitters is silicon
carbide (SiC), which has a good emittance of 0.9% across the entire infrared spectrum [16].

o The use of 1D, 2D, and 3D Photonic Crystals (PhCs) structures is a cutting-edge method
to design selective absorbers/emitters. Depending on the periodicity of the unit cell
structure, PhCs intervene by employing their optical band-gap to suppress the
(emissivity=emittance) in a particular spectral range. The increase in selectivity of tungsten
surfaces involving PhCs band-gap properties is demonstrated experimentally by
Celanovicet al. [17].

o Micro-structured tungsten is an additional method for creating a selective emission for TPV
applications; this absorber/emitter is advised for use in a TPV system with GaSb.
Unfortunately, the design uses a convoluted conception process and its emittance strongly

depends on the angle [18].
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o Recently, many theoretical and experimental studies on high-temperature selective emitters
have been conducted to help reach 24% of efficiency. There are several approaches, such

as selective Metamaterial emitter (SME), selective Meta-surfaces (FSSs), etc... [19].

2. Optical Filter

In order, to reflect all wavelengths that are out of the photovoltaic cell's band gap, optical filters,
and reflectors are typically positioned between the emitter and the photovoltaic cell. Four different

categories can be used to categorize TPV filters [5] s:

1. Quartz glass: With high emittance values at some wavelengths and high transmittance
values at others, it functions as an absorptive filter. In a TPV system, quartz glass is
typically used to shield the TPV cells from extreme heat and to achieve a first selection of
radiation that lowers the thermal charge on the cells [4].

2. Interference (or dielectric) filters are low-pass filters that are realized as a multilayer stack
of thin dielectric films. In essence, they are made of two materials one with a high and one
with a low refractive index [1].

3. Plasma filters based on Transparent Conducting Oxides (TCOs): Referred to as Plasma
filters, these devices are made of a highly doped semiconductor layer and have optical
characteristics similar to those of insulators with low absorption and a wide reflectance
range [8].

4. Frequency Selective Surface (FSS) filters, also referred to as Meta-surfaces filters (MSFs)
are constructed from a collection of refractory metallic nano-patch elements that have been
deposited on a dielectric substrate. They are fantastic candidates for TPV applications

because of their spectral selection properties [20].
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I.5. TPV cells technologies

The primary application of TPV cells relies on the photogeneration of electrons and charge carrier
separation. The energy of the photon is absorbed by an electron with the highest energy level and
bound to nearby atoms (electron in the valence band), exciting it to an energy level where the
electron is free to move and generate current. This process produces an electron-hole pair when a
photon with energy greater than the semiconductor band gap strikes a semiconductor material
(conduction band). Another electron in the valence band may occupy the hole left by the absence
of an electron [4]. Diffusion length refers to the average path taken by charge carriers before

recombination. a semiconductor’s bandgap (also known as the cell bandgap EQ)

The p-n junction sector of the cell, which is made up of a layer of the n-type (high number of
electrons) and a layer of the p-type (high number of holes) put together in close contact, separates
the photo-generated charge carriers. Large-area p-n junctions are found in TPV cells [1]. The
diffusion of electrons into the p-type layer and their subsequent recombination with the holes there
are caused by the electron in the n-type layer. An electric field produced by the unbalanced charge

distribution balances this diffusion current.
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Fig.1. 5: Distribution of charge carriers at a p-n junction and operating principle of a TPV cell [14].
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Under the same circumstances, there are no moving charge carriers in the region near the
junction known as the "space-charge zone." If an electron-hole pair is created after the
absorption of a photon with sufficient energy, the electric field created by diffusion serves as a
separation zone: if the pair is created on the p-side, the electric field accelerates the electron into
the n-side, and vice versa [1]. The generated hole is brought into the p-side if the absorption
occurs on the n-side, as shown in Figure 1.5.

When there is no connected load in the TPV cell, the photo-generated current is at its maximum.
When the load is connected to the TPV cell, the photo-generated current from cell illumination
results in negative voltage, and the Shockley diode equation [4] describes the current-voltage

characteristic 1(\V) curve of a diode:
qV Eq(1. 3)
lie = 10| €XP| — |-1
diode 0 |: p( KT j :|

q: electron charge (1.6x107° C).

V: the voltage across the diode.

K: Boltzmann constant.

T: represents the absolute temperature.

lo: represents diode current saturation.

1.5.1. Electric properties of TPV cells

Open circuit voltage (Voc), short circuit current (lsc), and maximum power point are the three
primary properties of TPV cells (Vmp, Imp). The bend in the I-V curve known as the maximum

energy point is where the TPV cell's maximum power is produced [5].
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Fig.1. 6: Equivalent circuit of an ideal TPV cell, and qualitative (1) and power curve of a TPV cell [20].

Therefore, the equivalent circuit for a perfect TPV cell consists of a parallel connection of a
photocurrent source (Ipn), a diode, and a resistor (Rioad), as shown in Figure 1.6. In the best scenario,

the current passing through the load yields [21]:
qVv
Leen = Ton = laioe = 1o = 1o {eXp(ﬁj—i} (Eql. 4)

The power increases as the load increases, peaking at the so-called Maximum Power Point (MPP)
following the Maximum Current Point (Impp) and Maximum Voltage Point (Vwmpp), also known as
open circuit voltage (Voc). For higher values of Eg and constant blackbody radiation, Isc decreases
and we receive fewer photons with energy above Eg, whereas Vo increases. The Fill-Factor is yet
another crucial element of photovoltaic characteristics (FF). The fill factor determines the quality

of the TPV cell. It operates way better when the FF value is close by to unity [10].

FF = Ve % Lwe Eq(1.5)

Voe % Isc
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Figure 1.7 depicts the equivalent circuit of a real TPV cell, with a parallel resistance (Rsh)
representing leakage currents due to impurities caused by a partial shorting of the p-n junction,
and a series resistance (Rs) representing leakage currents due to material resistance and the

resistance of the cell surface metallic contacts [21].

VOa + RS'ICe
Lo = 1o — 1o [EXP(%(Vload + R )j_l} _(IdR—p”) Eq(1. 6)
ka
-
1.

A 4 R,

Fig.1. 7: Equivalent circuit of a real TPV cell [21].

The cell temperature is another significant factor that affects the performance of the cell. Cell
temperature coefficients, which are experimentally measured and calibrated as the percentage
variation of the cell parameters compared to temperature level, are typically used to account for
the cell temperature [22]. This is how the open-circuit voltage is determined:

oc q

0

VL x.n('iﬂj Eq(L. 7)

Where T is the temperature of the cell, n is the ideal factor, and lo is the reverse saturation current.
It is determined how to calculate the Vmp of the fill factor in equation (1.5):

17



KT Vv
V,p =V, ———In| M2
MP oC q KT

q

n Eq(l. 8)

Final calculations for the TPV conversion efficiency are as follows:

_|SC><VOC><FF Eq(l. 9
= 9. 9)

inc ret

Pret is the power that the TPV cell reflects, where Pinc expresses the power of radiation from the

cell. The system's energy effectiveness is calculated as follows [23]:

Eq(l. 10)

1, - refers to the TPV system's power output and system efficiency. The cell's short circuit current

density Jsc (MA/cm?) under a clearly defined blackbody spectrum is calculated. It can be stated

as[23]:

f Eq(l.11
Jsc=ije(w)EQE(w)dw q(1.11)
hcy

Where the measured external quantum efficiency, e(w) is the emittance of the emitter, h is Planck's
constant, and c is the speed of light (EQE). That explains how effectively the radiation that is
coming in is converted into electricity. In more detail, it is the proportion between the carriers
gathered from the solar cell and the number of photons of a specific energy that are incident. Figure

1.8 depicts a quantum efficiency plot as an example.
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Fig.1. 8: An example of external quantum efficiency plot solar TPV cell vs. ideal quantum efficiency as a
function of the wavelength of incoming photons [23].

In a perfect situation, the EQE is equal to 1 if all photons at a particular wavelength are absorbed
and the resulting carriers are extracted. The EQE is zero for longer wavelengths because there is
no light absorption below the bandgap. Recombination effects cause EQE in real cells to decrease.
The processes that reduce the EQE at particular wavelengths are specifically described in the
annotations in Figure 1.8. For useful devices, external quantum efficiency (EQE) is frequently
measured. It includes optical losses like front-surface reflection. Once all loss mechanisms have
been taken into account, it enables a realistic estimation of the performance of manufactured cells.
The internal quantum efficiency (IQE) of the devices can be determined by measuring their

reflectance and transmission [23].
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1.5.2. TPV cell classification

Additionally, TPV cells can be divided into high, middle, and low-bandgap cells:

High-band gap TPV cells: Due to their high band gap, these cells have low efficiency and
need to reach acceptable power density outputs at very high blackbody temperatures (over
1500°C) [19].

Middle-band gap TPV cells: These TPV cells match the wavelength of the spectrum peak
for a blackbody at 1300 °C. For middle TPV systems, cells with Eg=0.7 eV are the most
extensively studied; various hetero-structures are created with Eg values ranging from 0.53
t0 0.73 eV [24].

Low-band gap cells: These cells, which have recently been researched and developed and
appear appealing for low-temperature applications (less than 900°C), suffer from low Vo

voltage and a poor fill factor FF [25].
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InGaSh
InGaAsSh

GasSh

InAsShP
InGaSh

Two-junction (InGaAs)
Junction 1

Junction 2

Total

Ge

InGag 53 ASo.47

InGaAsSh
InGag 69 ASo31

Gao 03IN0.97AS0.815b0.13

InGaAs

InAs

GaSb and GalnAsSh

GaSh/GalnAsSh

GaAs/GalnAsSh

1n0.2Ga0.8Sh

In0.2Ga0.8As0.17Sh0.83

Tablel. 1:Development of TPV cell technologies [14].
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I.6. Advantages and limits of TPV conversion system

A. It makes sense to briefly review the main TPV characteristics after describing and
presenting the various processes and components that are typically included in a TPV
system to highlight why TPV can be a fascinating and appealing energy conversion
technology. The prospective benefit of Strong and dependable technology:

v The TPV system requires little maintenance because there are no moving parts.

v' An important power density output: Power densities higher than 1 Wcm™ can be
obtained, which is a hundred times or even higher than typical PV.

v The absorber/emitter can supposedly be heated using any heat source.

v Due to the spectral control system (such as the absorber/emitter and filter), the cell
efficiency is high. These technology's ages are listed below [4]:

B. The primary phenomena that restrict TPV efficiency are also shown in figure 1.9. Only that
portion of the incident photon energy that is required to overcome the TPV cell's Eg is
useful for creating an electron-hole pair. The excess photon energy enters the

semiconductor as heat.
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Fig.1. 9: The principal phenomena losses in the TPV conversion system [42]

When it comes to TPV cells, optical losses, and electrical losses are the two main categories of
loss mechanisms. The front surface of the cell's reflection, shadowing by the top contacts, sub-
bandgap losses, and lattice thermalization caused by extremely high and extremely low-energy
photons are some of the main sources of optical losses. Texturing the cell's surface to accept
photons from a wide range of incident angles and randomizing the angle at which they enter the
cell can reduce reflection losses. Surface texturing, such as Metasurfaces, can be used in
conjunction with a back surface reflector to significantly lengthen the optical path of photons
inside the semiconductor, thereby increasing the likelihood that they will be absorbed. Light
trapping is the name of this technique. Sub-bandgap (thermalization) losses resulting from the fact

that not all of the incident spectrum can be used because photons with low energy won't be
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absorbed in the cell, which lowers the output current. Single-junction cells make it difficult to get
around this problem, but multi-junction cells, which connect several cells with various bandgaps
in parallel, can be used to increase the absorption spectrum or an intermediate emitter can be added
(selective emitter). Lattice thermalization, the final optical loss, is brought on by energetic
electrons. An electron is excited to the conduction band using energy equal to the material's
bandgap, and any extra energy is converted to heat. This raises the cell's temperature, which leads

to the formation of more defects, narrows the bandgap, and lowers the output voltage.

In low bandgap materials with higher carrier densities, where the interactions between carriers are
stronger, Auger recombination is the most significant electrical loss for TPV. In the Auger
recombination process, two similar carriers collide; one is excited to a higher kinetic energy, and
the other recombine across the bandgap, transferring its energy to a different carrier. Eventually,
the extra energy is released as heat, which helps the lattice to become thermalized. Since it is

inherent to the material's physical processes, Auger recombination cannot be avoided [43]

Shockley-Read-Hall (SRH) recombination, which involves trap states in the bandgap, is another
kind. Free carriers are "captured"” by trap states, which impede their passage through the material.
They can be destroyed if the opposite charge is trapped before the first one is released, or they can
be released through thermal activation. The traps in the second scenario are referred to as
recombination centers. Trap states result from flaws in the semiconductor's crystal lattice. These
can be caused, for instance, by thermal cracking, surface states, or a mismatch in the lattice of the

layers below, which leads to stress build-up and the creation of dislocations.
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1.7. Conclusion

This chapter, a short review of how TPV system works with a brief history showing the TPV
conversion in different aspects, The advantage of those systems compared to conventional solar
PV systems is that it is possible to control the emission properties of the radiator to increase the
performances of the system can lead to acknowledging some of the features proprieties and ideas,
We spelled out the essential TPV components, and their diversity such as the used heat sources
(blackbodies) in; the spectral control devices, absorber/emitters, and filters then we describe how
semiconductor TPV cells can be improved playing on bandgap and all electronic parameters. As
the last point, TPVs technologies remain a very attractive renewable field, which should be
investigated further. Due to new developments as well as a growing application field for TPV

devices, widespread commercialization might occur soon.
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Chapter II: An Overview of

Metamaterials
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I1.1 Introduction

This chapter introduces the concepts of electromagnetic Metamaterials (MTMs) with a short
historical review, furthermore, they have exceptional optical properties and do not mostly exist in
nature such as negative permittivity with a ray of wires (and/or) permeability with split-ring
resonators (SRR), and negative refractive index. Therefore, we studied the basic theoretical aspects
of electromagnetic wave propagation in matters and their interaction in different materials such as
metals and dielectrics which are essential to know the term Plasmonics-based Metamaterials
supported in the metals/dielectrics interface which were required in our studies, especially in light

trapping configuration, this phenomenon it will be more discussed in Chapter 3.

I1.2 History of Metamaterials

Although the word metamaterials (MTMs) was first introduced by Smith in 2000 [44], their
earliest application can be traced back to the fourth century AD, when people first used MTMs to
decorate pieces of art; for example, the Lycurgus Cup made using ruby glass with gold
Nanostructures embedded. In 1898, Bose manufactured a kind of “twisted jute” material consisting
of period sub-wavelength meta-atoms with an artificial chiral effect. This is the first significant
MTMs structure engineered by modern technology [42]. In the 1940s — 1960s, scientists focused
on the interaction between microwave radiation and artificial dielectrics with periodical arrays of
metallic plates wires, and spheres [45], [46]. In 1968, a milestone paper in electromagnetic MTMs
research was published by Veselago [47]. In his paper, Veselago pointed out that the electric field
vector (E), magnetic field vector (H), and wave vector (k) formed a left-handed system. Therefore,
MTMs were essentially a left-hand material (LHM) that did not obey the right-handed law, like
normal materials [47]. Smith made the first demonstration of Veselago's prediction in 2000 [44].
The focus on the engineering uses of metamaterials began in 2000 when Pendry showed that it
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was possible to create the alleged "perfect lens™ using the special properties of MTMs [48]. The
gap between the various novel theories of MTMs and their practical application was filled by
Pendry's work. They are synthetic structures related to MTMSs that are spread out across split-ring
resonators (SRRS). Additionally, they serve to generate the necessary magnetic susceptibility,
which is a magnetic response in different MTM types up to 200 terahertz or even higher. These
media are capable of producing the strong magnetic coupling required for an applied
electromagnetic field (EMF), which is not possible with more traditional materials. By coupling
the periodic array and split-ring resonators, for instance, an effect similar to a negative permeability

is produced [49].

When an incident wave strikes a metal surface at a frequency that is below or closes to the plasma
frequency (wp), negative permittivity (€) results. The incident wave will primarily be reflected
from the metal in this scenario because the independent electrons can move up in a way that cancels
incident waves (more like a mirror). When the permittivity is positive and the electrons cannot
move in a way to cancel the incident wave, the wave will penetrate the metal if the frequency of
the incident wave is higher than the plasma frequency [49]. According to negative permittivity,
the incident light cancels out because there are enough free electrons to oscillate in the opposite

side phase. As a result, the light is blocked from entering.

I1.3 Classification of Metamaterials

Figure 2.1 can be used to show how electromagnetic MTMs are classified [50] :

%+ Double positive (DPS) materials or right-handed MTMs (RHM) are terms used to describe

mediums with (& > 0, > 0), which most dielectrics fall under.
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Epsilon-negative (ENG) mediums or electrical MTMs are defined as mediums with (< 0,
1>0). Numerous electrical plasmas exhibit these properties in specific frequency ranges,
including noble metals at optical wavelengths, doped semiconductors in specific frequency
ranges below the plasma frequency, and ferroelectric materials.

Mu-negative (MNG) mediums, also known as magnetic MTMs, are defined as mediums with
(e > 0, u <0). Some gyro-tropic or ferrite materials exhibit this property in specific frequency
ranges.

Double-negative (DNG) mediums or left-handed MTMs are terms used to describe mediums
with the symbols (¢ <0, u < 0). (LHM). Only artificial structures have been used to establish
this class of media. There is no such substance in nature.

It is possible to create MTMs with near-zero or zero refractive indices (NZI) when £20 or p20.
Such media also have properties that can be used to realize selective emission and tunneling

waveguides, including no spatial phase change and a very large phase velocity [51].
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Fig.2. 1: Classification of electromagnetic MTMs based on permeability (i) and permittivity (g).

The negative refraction index is caused by the possibility of both negative material permittivity
(¢) and permeability (i) in MTMSs. The following formula can be used to calculate the refraction

index n [52]:

n:i\/gr,urn:i\/gr,ur Eq(2. 1)

Refraction index n is consequently negative. The perfect lens and invisible cloak applications,
which are both MTMs, are built on this, the most significant and distinctive quality possessed
by MTMs. Maxwell's Equations in MTMs can be thoroughly examined to uncover more
intriguing properties [52]. The dimensionality of the structures, which form a bulked 3D design
with a significant number of constitutive elements oriented in each direction, is another aspect
of MTMs classification (X, y, and z). surface (2D) materials, when the structure is a thin film
with just one to three constitutive elements distributed evenly across its thickness. Meta-surface
(2D) or thin film (2D) MTMs are common names for these MTMs. They are also known as
meta-waveguides components, and they are linear (1D) structures that are designed at the

nanoscale [50].
I1.3.1 Properties of Metals
THz frequencies are now being used for MTM applications instead of radio frequency (RF) and
microwave frequencies, and the materials that were used to design these structures have changed
in propriety as well. Printed metal (such as copper...) wires on top of printed circuit board material

are frequently used to build MTM structures like frequency selective surfaces (FSS) that operate

at RF and microwave frequencies. The metal is regarded as an ideal electrical conductor at these
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frequencies (PEC). The metal's dielectric properties are assumed to be negligible, and the materials
can be thought of as having high electrical conductivity and negligible losses. The movement of
free electrons in groups within the metal's crystalline structure is a common contributor to the
electromagnetic response of metal. In this scenario, the electrons are taken to be completely free
to move wherever they please within the metal, with no restoring force or spring constant. As a
result, the resonance frequency predicted by the conventional Lorentz model is zero in this instance
and does not manifest itself in the study. The Drude free electron model is used to describe how

electrons move through metal. The equation of motion for free electrons in a metal is given by [53]

for the note harmonic incident electric field ( E,.e"*):

ft)=f eEe ™ Eq(2. 2)
m (o° +iT o)

Where T is the damping constant, e, and m stand for the charge and effective mass of the electron

respectively. By resolving this, we can determine the electron's displacement from its initial

position, or r:

£(w) =1- % 3 % %t Eq(2. 3)
o’ +iTw o’ +iI?  w.(0”+T?) at=

where p denotes the frequency of the volume plasma at which the density of the electron gas

oscillates [54]:

fne2
0

In particular, the optical properties of metals are treated elegantly and succinctly by the Drude

model, which is intended for the dielectric function of the metallic materials by equation (2.4). To
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accurately reflect reality, it must be altered though. It is a well-known fact that gold and silver,
which have nearly identical plasma frequencies, appear very differently when exposed to the
visible light regime, contrary to what the Drude model predicts [55]. Table 2.1 displays some

examples of these.

Silver 9.2 14.0 0.0021 0.032
Gold 3.1 13.8 0.072 0.11
Copper 8.8 13.4 0.092 0.14
Aluminum 15.1 22.9 0.605 0.92

Table.2. 1: The plasma frequency wp, damping constant " of selected noble metals [54]

I1.3.2 Properties of dielectrics

Over a large portion of the electromagnetic spectrum, MTMs absorbers made of metal, metal-
dielectric, or dielectric materials have been realized and have shown novel applications and
properties. But because most absorbers are made of metals, which have a low melting point, a high
Ohmic loss, and a high thermal conductivity, their use is constrained. All-dielectric metasurface
absorbers based on hybrid dielectric waveguide resonances were created to overcome these
restrictions. The following Maxwell's equations [52], [5] can be used to examine the fundamental

physical background of a wave interacting with a [53]:

D=¢gE+P=¢,(1+7,)E=¢¢E Eq(2.5)

B=uH+M =p,(1+ 7, )H = g H Eq(2. 6)
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E represents the electric field (V/m), H the magnetic field (A/m), B the magnetic displacement (T
or Vs/m?), and D the electric displacement (C/m?). Equations provide the electric and magnetic

displacements in a homogeneous isotropic medium [56].
D=¢E Eq(2.7)

Eq(2. 8)

w|
|

kS
I

The relationship between equations (2.5) and (2.6) shows the pair of electric and magnetic
displacement (D,H) with the pair of electric and magnetic field (E, B), through a couple of
electric and magnetic susceptibilities (7., %,), with and, representing the vacuum permittivity and
permeability, respectively, through a couple of electric and magnetic polarizabilities (P, M). The
subscript r in the relative permittivity and permeability will be removed. To determine the solutions
of Maxwell's equations using the appropriate boundary conditions is basically how
electromagnetic waves interact with any material. As a result, the frequency-domain versions of

equations (2.7) and (2.8) can be expressed as [54]:

D(w) = &,&, (0)E (@) = & [1+ x,(®) ]| E(w) Eq(2.9)

B(w) = o1, (0)H (@) = 14, [1+ 1, (@) |H () Eq(2. 10)

Strongly dispersive MTMs are the norm for metal-dielectric composites [57]. Because metals are
much more dispersive than dielectric materials in the infrared or visible wavelength regime, the
origin of the dispersion in MTMs is primarily attributed to the metallic component. It is crucial to

check that the chosen dielectric constituent is transparent within the targeted wavelength range
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when designing an optical-MTM structure. Including the frequency influence of the dielectric

function & (w) in metallic media is also very beneficial.

I1.4 Nanostructured Metamaterials enhancement

Nanostructure MTMs, which are an extension of the science of MTMs to the quantum level, have
quantum coherent unit elements with desired (engineered) parameters. Additionally, some of these
elements' quantum states can be directly controlled, and the system can maintain global coherence
for a period of time longer than the traversal time of the relevant electromagnetic signal. These
characteristics regulate macroscopic quantum coherence, which transforms a quantum MTM into
a qualitatively unique system with several peculiar characteristics and applications [58]. As the
two-dimensional equivalent of MTMs, metasurfaces are a significant class of MTMs Nano-
structures and have a wide range of applications depending on their constitutive materials and

geometry.

Transparent
2D conducting

materials oxides

Refractory ) : X o
i lamond
plasmonic Plasmonic Dielectric

materials

2 Transition

ase metal

Other metals changing e
materials

Fig.2. 2: Emerging material platforms for optical MTM including noble and other commonly used in plasmonics
metals; semimetals and intermetallic compounds exhibiting metallic behavior (such as metal nitrides, hydrides,
oxides, borides, etc.); transparent conducting oxides; and dielectrics [59].
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However, based on their frequency responses, all MTM-based devices can be divided into three
categories: broadband, wideband, and narrowband [58]. All metasurfaces can be categorized into

the two general classes of plasmonic and dielectric metasurfaces, as depicted in Figure 2.2 [60].

Stealth tech- Microwave THz & photonic Dynamic & quantum
nology & FSSs  metamaterials metamaterials metamaterial devices & systems

Past: 2000 Present: 2020

Materials & fabrication technologies ‘
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copper etch lithography, » Hybridization with functional materials (nanocarbon,
FIB, nanoimprint organics, nanosemiconductors, phase change media)
I 1 » NEMS structures

Top-down metalworking:
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Fig.2. 3: Outlook of the future trends of MTM and meta-devices applications [61].
The research in Meta-surfaces will be centered on a variety of topics in the coming years, as shown
in Figure 2.3, including but not limited to [62]. In general, there is a clear tendency to shift the
focus of research from the microwave to the optical or the newly emerging THz region. The
expansion of the frequency range might seem simple and therefore not have as much physical
significance. We must therefore keep in mind that at various frequencies, the properties of the
materials themselves would change significantly. There will also be variations in the measurement

tools and fabrication processes. When using certain optical frequencies [63].
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A Plasmon is an oscillating quantum of free electrons. At the interface between metals and
dielectric media, free electron clouds in a metal can couple to light, produce surface plasmons, and
deal with the coupling between electronic oscillations and a material's electromagnetic field. Using
a metal nanostructure that has been properly designed, At the sub-diffraction scale, surface
plasmons may allow for light control. In addition to being able to direct light at the nanoscale,

plasmonic nanostructures can also greatly intensify the local electromagnetic field [64]

The incoming radiation's electric field polarizes the conduction electrons in metallic
subwavelength structures or Nanostructures. The resulting plasmon oscillations are localized
inside the particle and dispersed throughout the Nanostructure volume. Localized surface
plasmons are the name given to these plasmon oscillations (LSPs). A restoring force that tries to
entice the electrons back into the lattice is created when the electron clouds are expelled from the
structure. As a result, the Nanostructures restore the Coulomb force and act as an oscillator driven

by the incoming field while also acting as a simple dipole in the direction of the electric field.

Optical losses in plasmonic devices severely restrict the use of plasmonic Meta-surfaces in place
of conventional optical elements, despite all the promising applications for them. Heat is produced
as a result of the scattering that occurs in the materials as the oscillating electron clouds in the
metal interact with the incoming electromagnetic waves. Even though the high plasmonic property,
which is a large negative real part of permittivity, and low loss, or we can say a small imaginary
part of permittivity, are necessary for the best plasmonic material, the losses cannot be completely
avoided. The act of nanostructuring a metal results in the truncation of the magnetic field of an
incoming electromagnetic wave as the wave interacts with the free electrons of the structures, even
for a perfect plasmonic material with negligible loss. As shown in Table 2.2, the material also has

a different platform.

36



Material | Examples | Wavelength Advantages Limitations/challenges | Application
type range examples

) Visible-mid IR . . . . L .
TiN,  ZrN, High durability Higher optical loss in visible | -Local heating
HfN, . . . compared to noble metals and absorbers
-High melting point
W, Ta... . -Strict fabrication | -High
Refracto -CMOS compatible requirements temperature
vy ~Chemical stability (TiN) and  high
intensities

-Biocompatible (TiN) Fabrication of

-Low solubility epitaxial ~ Ag
TiN
-Epitaxially grown (TiN)
-Possibility of growing ;E;mf_d o
ultrathin films (few nm) plasmonics
iN

GST, V02, | Visible-mid IR . - Relatively slow modulation Nonvolatile
Phase YH2, MgH2, Dynamic tenability reversible

PdH2, (temperature) optical
SmNiO3 -Large optical switches
modulation

change

Dielectric Visible-Near

Si, TiO2, | |r Very low-optical loss | Larger device footprint Highly efficient
Si02, chemical robustness and ) .

Mechanical Low field confinement metasurfaces
Si3N4,
diamond

Table.2. 2:Different material platforms with their wavelength range, advantages, limitations, and
applications are described in Ref [60].



I1.5 Conclusion

This chapter set out to make a general theory of electromagnetic MTMS and a brief historical
review explaining involving MTMS idea in different domains, particularly in developing
Plasmonics phenomena, a better understanding of MTMS needs basics of electromagnetic
properties that were explained in both cases dielectrics and metals put an appearance of Plasmonics
that were discussed alongside with all the plasmonic requirements. In conclusion, we offered a
methodology to study and characterize the relevant materials already used for Plasmonics which

are deeply have been investigated in the next chapter.

38



Chapter III: A Plasmonic-based light

trapping strategy
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II1.1. Introduction

In this chapter, we need to expose ways of optical power confinements in subwavelength volumes
and find structures to control and light management at the nano-scale. Because their ability to focus
is constrained by diffraction, conventional methods of light concentration like dielectric lenses or
parabolic mirrors do not offer a possibility of achieving this objective. Other technics are required
so that propagating waves can excite oscillations that change in space much more quickly than
they do now. Such devices are common in the fields of RF engineering. Using noble metals is one
technique that could be used to address these optical problems. Resonant modes at the interfaces
between metals (e<0) and dielectrics (¢>0) can have rather localized distributions of
electromagnetic fields in space, even though electromagnetic waves cannot propagate inside bulk
pieces of conductors. Can we use metal components to effectively confine electromagnetic fields
in the visible and infrared spectra in the same way that metal RF antennas, metal coaxial cables,

and small LC resonators do? Plasmonics provides an answer to this query in the current chapter.

II1.2. Surface Plasmon Polaritons (SPP)

Surface waves called surface plasmon polaritons (SPP) can travel along metal and dielectric
interfaces. The fields exponentially decay away from the interface because they are essentially
inhomogeneous plane waves with an imaginary "propagation constant” in the direction orthogonal
to the interface. Such a surface-wave structure may potentially function as a waveguide with a
subwavelength cross-section size if this decay factor is high and the surface field concentration is
strong enough. We might also be able to realize subwavelength field confinement along the surface
if the propagation constant on the surface is large enough (much larger than the free-space

constant)[65].
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II1.2.1. Dispersion Equation

We must first introduce some fundamental philosophies about plane waves near planar interfaces
to comprehend the characteristics of these surface waves. When we refer to waves in this context,
we mean those whose complex amplitudes depend on the position vector r as exp™7*”, where r
may be a complex vector. Evanescent waves, also known as inhomogeneous plane waves, are
plane waves in this sense. Let's take a look at plane electromagnetic waves in an isotropic medium
near a planar interface with another material or a planar boundary. Since the tangential to the
surface (orthogonal to n) components of the plane-wave fields are continuous across the interface,

it is convenient to introduce a unit vector normal to the interface n and consider these components

in this scenario. Figure 3.1 illustrates this situation. In the formulak =k n+k,, the wavevector

k = w4/ is divided into its normal and tangential components, where kt n = 0. We write the

dispersion equation for plane waves where denotes the length of the wavevector.

k2 +k?=k? Eq.(3.1)
Thus
k =+k*—k? Eq.(3.2)
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Fig.3. 1: A transverse-magnetic (TM) polarized plane wave in a vicinity of a planar surface, shown by a vertical
line.

Because both tangential field components are continuous across the interface, it is convenient to
introduce wave impedance as the ratio of the tangential to the interface components of the plane-

wave fields. For this example of transverse magnetic (TM) polarized waves, we have[65]:

Etz\/zcose.anz\/Zﬁanzﬁan Eq.(3.3)
3 e k e

In this instance, 6 is known as the "incidence angle" and it denotes the angle formed by vector k
and the interface's normal. The dispersion equation for surface waves that travel along an interface
and decay normally is now available for us to solve. To satisfy the boundary conditions, which
state that the tangential fields must be continuous across the interface, we only need to substitute
the corresponding material parameters of the two media. Equations (3.2) and (3.3) hold for plane-

wave fields on both sides of the interface. so that we have:

K Knp Eq.(3.4)

Here, we have taken into account that the unit vector n is directed in the opposite direction on the

other side of the interface. Assume that the medium on one side has permittivity and is a lossless
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metal and that the other half of the space is filled with a lossless isotropic dielectric. The normal

component of the wavevector of plane waves on both sides must be imaginary because we are

searching for solutions with |kt| > ‘kl,z‘ , which would exponentially decay away from the interface
(see (Eg. 3.2)). The signs k, , should be opposite because waves should decay in both the positive

(medium 1) and the negative (medium 2) directions of the unit vector n. Therefore, this equation
can only have nontrivial surface wave solutions if and have the opposite signs, which is exactly
what happens at our interface between lossless dielectric (positive €) and metal (negative ).

Finding the dispersion equation requires substituting the values of k_, , from (Eg. 3.2) and solving

for the propagation constant's tangential to interface component k;, we find the dispersion equation:

&89 Enér
K, = o\ 1y = O\[E | —— Eq.(3.5)
&tée, E1té,

When permittivities are swapped out for the corresponding permeabilities in the orthogonal (TE)
polarization's eigenvalue equation (Eq 3.4). It has no solutions for metal-dielectric interfaces

because both permeabilities are positive.
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Fig.3. 2: Example of dispersion curves for SPP in the case of negligible absorption. The wavenumbers are

normalized to the plasma wavenumber k p = @y ] EoHy - Plot parameters: &, = 2, the Drude model for
lossless conductors [65].

Figure 3.2 illustrates a dispersion curve example for surface waves at metal-dielectric interfaces

2

without accounting for losses in either medium. The Drude model (& = ¢, 1—2—"_]) with a
" — jov

loss factor of zero is used to simulate the dispersion of metal while neglecting the permittivity of

the dielectric. The resonance pitch (in some cases called the surface plasmon frequency)[65]:

Eq.(3. 6)
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Corresponds to the region where the propagation constant k: tends to infinity and the denominator

of (Eg. 3.5) tends to zero. There is a stop band in the frequency range @y, < @ < @, (there are no
solutions with real values of ki), and the waves are not surface-bounded at (® < @, ) because the
condition |kt| > ‘km‘ | is not met [65]. There is some decay in the passbands and some propagation

in the stop band for lossy metals and/or dielectrics because the propagation constant is complex at

all frequencies; see an example plot in Figure 3.3.
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Fig.3. 3: Example of dispersion curves for surface plasmon polaritons: absorptive metal. Plot parameters: ¢,, =2,
Drude model for lossy conductors, v/op = 0.2 [65].

Due to its relatively low dissipation losses compared to other metals, silver is typically the metal
of choice for applications in the visible and infrared ranges. The curves depicted in Figure 3.4 are
the results of calculations made using the measured silver permittivity data [65]. As in the earlier

examples, the dielectric medium is the same: an unbroken dielectric, We observe that the visible

45



(roughly 390-700 nm) and infrared spectrums are covered by the surface plasmon polariton, which
can propagate in the range from 200 THz (1o = 1.5 um) to 750 THz (4o = 0.4 m um= 400 nm)
spectra. At various frequencies, the wave's characteristics are very different, though. From the
same plot, we can see that the decay rate, which is represented by the imaginary portion of the

propagation constant, increases with frequency. Plotting the so-called propagation length, which
is equal to the inverse of the imaginary part of the propagation constant: L=1/1m(k,), helps to

better visualize it (ki). In Figure 3.5, this curve is displayed. The propagation length is only a few
microns at the high-frequency end of the visible spectrum, whereas, in the infrared range, it can be

two orders of magnitude larger than the wavelength.

-1 1 1 1 1

1 1 1
0 200 400 600 800 1000 1200 1400 1600
f[THz]

Fig.3. 4 Dispersion curves for surface plasmon polaritons on an interface between silver and a dielectric (
Ep = 2). Experimental data for silver properties [66]. The propagation constant is normalized to the fitting
value of the plasma wavenumber, corresponding to the plasma frequency wy/(27)=2175THz [67].

The confinement of the wave fields to the surface is another crucial factor. After all, the potential
to confine the field in subwavelength volumes is one of the primary reasons for using plasmonic

structures. In this instance, we seek a waveguiding structure with a cross-sectional area that is
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small to the wavelength. The field decay rate in directions normal to the surface, or the inverse
values of the normal component of the propagation constant, is used to measure the field
confinement (it's imaginary part). In Figure 3.6, the corresponding plots are displayed. We observe
that while the fields extend fairly far into the dielectric, especially at low frequencies, they decay
relatively quickly into the silver volume. Actually, at the appropriate frequency, the "width™ of the

plasmonic waveguide is comparable to the free-space wavelength.
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Fig.3. 5 Propagation length L (nm) of SPP on an interface between silver and a dielectric (&, = 2). Experimental
data for silver properties [66].
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Fig.3. 6 Confinement of fields of surface plasmon polaritons on an interface between silver and a dielectric (
&, =2). Experimental data for silver properties [66]

II11.2.2. Excitation of SPP modes

Surface waves between two media with wavenumbers k, , are bound to the surface because the

propagation constant along the interface, |kt| >‘k112‘, is greater than the wavenumbers in both

media. It means that such waves cannot be excited by propagating plane waves incident on the
interface because the exiting wave must be in phase synchronism with the surface wave and the

propagating wave's tangential component is always shorter than the length of the wavevector k, ,
. To convert fields whose variations in space propagate plane waves into fields with quick enough

variations in space, a coupling device is required [65].

Using a prism in the full-internal-reflection regime is one option. Due to the continuity of the
tangential field components, when a plane wave traveling inside a prism material is fully reflected

from one of the prism faces, the field outside the prism is not zero but instead decays exponentially
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away from the prism (because all the incident energy is reflected). Because the tangential
component of the propagation constant is larger than the length of the wavevector in the medium
outside the prism, it is obvious that this exponentially decaying field is a surface wave. Thus, phase
synchronism with the eigenwave of the interface mode is made possible by placing such a prism

close to an interface that supports SPP modes.

Utilizing a periodic structure is an additional choice (grating). Think about a dielectric/metal
interface that permits surface plasmons once more. The surface mode between the dielectric and
metal will be an infinite series of Floquet harmonics with the wavenumbers if we periodically

perturb the dielectric surface, such as by creating small parallel groves [65].

K, :kt+n%’” Eq.(3.7)

where D is the perturbation period, and n =+ 1, 2,... It is possible to choose the period so that one
of these harmonics propagates in phase with the incident plane wave, i.e., ki equals the tangential

wavevector of the incident propagating plane wave.

Furthermore, the coupling can be achieved by putting one or more tiny particles close to the
interface that is home to the surface plasmon polaritons. The particle must either be much smaller
than the wavelength of the surrounding space or exhibit subwavelength-scale shape or material
inhomogeneities. The spatial variations of fields are quick in the immediate vicinity of
subwavelength inhomogeneities, making coupling to plasmon waves with wavelengths smaller
than those of propagating waves possible. It can also be understood from the perspective of the
Fourier integral expansion of fields near a tiny inhomogeneity. The Fourier spectrum must have
large wavenumber plane-wave components that can synchronize with the surface mode to resolve

the fine spatial structure of the fields. Metal or dielectric Nanostructures or the tips of near-field
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scanning microscopes are typical examples of such couplers. Any surface inhomogeneity serves
as a coupler between surface modes and waves that are propagating. Another illustration is the
excitation of surface waves at surfaces of finite size by wave propagation illumination of the

surface edge [65].

I11.3. Plasmonic Applications

Resonant phenomena in optically tiny metal Nanostructures can be used for a wide range of
purposes, primarily by taking advantage of opportunities to focus and resonantly strengthen
electromagnetic fields in optically tiny regions. The capacity to direct light along plasmonic

structures is also useful.
Let's run down the principal application fields [68]:

Optical circuits (meta-Tronics);

Enhanced emission, fluorescence, and nonlinearities;
Enhanced solar cells;

Metamaterials, including superlenses;

Nanolasers;

YV V. V V V V

Applications in biology and medicine (mainly in sensors);

The main practical problem: high dissipation losses in resonant metal Nanostructures or in resonant

surface modes.

I11.4. Plasmonic light trapping configuration

The purpose of light trapping in thin film solar cells, the special qualities of plasmonic resonances

can be utilized by [69]:
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1. Near-field improvement, Nanostructures (NSs) can serve as an antenna for the incoming
light, concentrating the optical energy in the nearby electric field of the surface plasmon
mode (near-field confinement), as schematically depicted in Fig. 3.7A. However, for the
energy conversion to be effectient, the semiconductor's absorption rate must be greater than
the plasmon decay time's reciprocal (typical lifetimes from 10 to 50 fs). This method is
especially well suited for some materials, such as organic semiconductors, where it has
been shown to increase efficiency by a factor of (1.7), and where small carrier diffusion
lengths necessitate ultrathin absorbers for the effective collection of photocarriers [70].

2. Surface plasmon resonance (SPRs) are depicted in Fig. 3.7B. Using metallic gratings in
the rear mirror, the incident light can be coupled into electromagnetic waves that are
traveling along the interface between the metal back contact and the absorber layer.
Notably, the incoming light could be effectively turned 90 degrees in this configuration
and absorbed along the lateral direction of the solar cell. If only its absorption coefficient
were high enough to outweigh the losses in metal, the semiconductor would be able to
absorb the majority of the energy due to the evanescent fields' greater penetration depth
into it than into the metal. However, SPPs experience relatively high ohmic losses in the
visible and near-infrared (NIR) spectral ranges, which shorten propagation times and
subsequently restrict their use in solar cells [Chapter 8][69].

3. Far-field scattering, Figure 3.7C and D, which depicts far-field scattering. Due to the
Localised surface plasmon resonance (LSPR), metallic NSs grating can scatter light
effectively over a wide range of solar spectrum wavelengths. Additionally, scattering
occurs preferentially in the substance with a higher refractive index when NSs are placed

close to the interface between two different dielectrics. As a result of being redirected away
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from the specular direction, this scattered light has a longer path than it would otherwise
have because its wavelength is not well absorbed by the photovoltaic material.
Additionally, light that is scattered at angles greater than the critical angle for total internal
reflection (6, , which for the Si/air interface is approximately 16 degrees) may be coupled
into the guided mode and remain trapped inside the semiconductor slab. The far-field
scattering-based light-trapping technique has received the most attention in the last ten

years and is considered the most promising for photovoltaic applications [69].

(A) Near-field enhancement (B) Surface polaritons and scattering
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Fig.3. 7 Schematic illustration of plasmon-induced light trapping in thin film solar cells due to (A) near-field
enhancement, (B) surface plasmon polariton and plasmonic scattering provided by corrugated back metallic
mirror, and (C and D) far-field scattering from metallic Nanostructures placed either on the front (C) or on the
rear (D) side of the cell [69].
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II1.5 Optimization guidelines

The size shape and environment of plasmonic NS gratings have a significant impact on the
scattering and absorption of light phenomena. Cscai(Cans) iS @ quantity with area dimensions
determined by the ratio of the scattered (absorbed) energy to the incident irradiance [71], which
determines how much light is scattered (absorbed) by it. In the literature on single-particle
scattering, however, it is more usual to represent the dimensionless scattering (absorption)

efficiency [69].
Qscatt (Qabs), which is the proportion of Cscatt(Cabs) to the particle cross-sectional area:

Coea : C abs Eqg.(3.8
QScatt = St ’QAbs = —Abs q( )

A A

The total of the scattering and absorption efficiencies is the extinction efficiency (Qex):

QExt = QScatt + QAbs ECI(3 9)

Theoretical considerations and computational studies published in the literature can be used to
derive some optimization recommendations regarding the geometry of NS gratings and device

configuration.

e Size: Both Cscar and Qscart increase rapidly with the growing NS gratings diameter up to

100 nm. In addition, the spectral position of LSPR changes toward longer wavelengths and
broadens significantly [72], [73]. Hence, for solar cell applications, big NS gratings, with
sizes of 100 - 200 nm are generally a better choice. On the other hand, bigger NS gratings

may shift the dipolar resonance.
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Shape: The cross-sectional shape of the grating determines their spectral response as well

as the efficiency of light trapping into the photovoltaic and thermophotovoltaic material
because the light is preferentially confined or/and scattered toward the material with a high
refractive index. Hence, the most required are geometries with high contact area to the

substrate, i.e., cylinder or hemisphere [74].

Environment: High refractive index of the embedding medium is beneficial
for the redshift of LSPR. In addition, when the NS gratings are set close to the
interface between two dielectric materials, a strong preferential scattering
toward the high-refractive-index material occurs. Therefore, for rear-located
gratings, the coupling efficiency increases significantly with decreasing
spacing layer between Si and the NSs, which has been demonstrated
experimentally [75], and theoretically [76], and can be explained by an
overlap between NS near field and the substrate.

Device configuration: The high optical losses in the NS gratings at short wavelengths

can be stopped by placing them on the rear side so that they interact only with long
wavelength photons, which are not absorbed during the first pass through the absorber
material [75], [77]. Such configuration has been widely studied, resulting in the
experimental demonstration of high photogenerated currents; for instance, 16.9 and 21
mA/cm? have been achieved as the result of light trapping provided by a nanopatterned
back reflector (BR) in ultrathin a-Si:H [78], and mc-Si:H photovoltaic cells [79],
respectively. The nanopatterning is done, however, with complicated and expensive

techniques, like electron beam or nanoimprint lithography. An alternative approach takes
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advantage of self-assembled NSs fabricated in the PBR. It has been demonstrated that PBR
can provide efficient light trapping, comparable to state-of-the-art random texturing [80],
resulting in photocurrents of 15.6 mA/cm? achieved with a-Si:H solar cell [81] and 25.5

mA/cm? with me-Si:H [82].

II1.6 conclusion

The recent advancements in plasmonics for PV and TPV are summarized in this chapter. For the
development of ultra-thin-film PV cells, advanced light-trapping techniques are key to obtaining
higher efficiency at lower costs. In this chapter, we summarize the relevant knowledge that can be
extracted to unveil plasmonic processes and mechanisms. It is important to understand that
electrical parameters should be studied in conjunction with photophysics to ensure that the
improvement of plasmonic absorption leads to enhanced efficiency of charges and device
performance. Nanostructures, when incorporated into PV devices, enhance antireflection, optical
absorption, and wavelength spectrum and help in successful excitons dissociation. Moreover, it
has been shown that the plasmonic effect is highly dependent on the distance between the
nanostructures and the surface of the absorption layer. Furthermore, the positioning of
nanostructures inside or between different layers in PV devices impacts device performance
because of the different mechanisms induced. in the next chapter a trapping light in the
subwavelength region, nanostructures with specific sizes and geometries are anticipated to obtain

the maximum possible thermophotovoltaic conversion efficiency has been investigated.
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Chapter IV: Modeling of the Plasmonic light-

trapping ultrathin GaSb TPV cell
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IV.1 Introduction

In this chapter, we will present the common mathematic approaches used for electromagnetic and
optical 3D simulation as well as the mainly used software for that. Afterward, we will extract the
optical proprieties of the design under study such as absorption and reflection spectra in different
polarization and incident angle sensibility, the results can be validated by the original simulation
approved by referred paper. the geometric parameters effect, with the absorbed power per layer,
will be discussed also. Furthermore, the TPV efficiency has been calculated as well as the electrical

parameters that have been described and computed under different blackbody source temperatures.

IV.2 Numerical methods for plasmonic structures

For modeling a Plasmonic structure, several approaches are available, such as rigorous coupled-
wave algorithm (RCWA), finite-difference time-domain method (FDTD), Transmission Line
Method (TLM), finite-element method (FEM), method of moment (MoM) and others. Usually, the
computational electromagnetic approaches can be classified into either frequency-domain

simulation or time-domain simulation [83].

One of the most favorite methods for Metamaterials and Plasmonics problems is the FDTD method
proposed by Yee in 1966 [84]. Due to its simplicity, this approach is very popular in the
electromagnetic field, and it is especially useful for broadband simulations since one single
simulation can cover a wide range of frequencies [53]. However, the FDTD method has a major
disadvantage when it is used for complex geometry simulation. In this case, according to the best
references of the FEM method Jian’s [53], and Peter’s Books [85], which have focused on how to
develop and implement FEMs for solving Maxwell’s equations, the FEM is a better choice as

evidenced by several published papers and books in this way.
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IV.2.1 Transmission Line Method (TLM)

At an unchanging frequency, the equations are solved in the plane perpendicular to the surface for
a given propagation depth through the electromagnetic structure. The field is then transferred
during the modeled structure by successively applying Maxwell’s Equations to obtain the
scattering matrix for a simple layer of electromagnetic structure, and then by cascading the
scattering matrix for each structure, the transmission and reflection coefficients can be propagated

down through layers of the overall structure by successive matrix multiplication [53].
IV.2.2 Finite-Difference Time-Domain Method (FDTD)

This technique is a time-stepping approach that models how electromagnetic waves in reality
travel through an electromagnetic structure. The FDTD method has several different algorithms;
however, the most well-structured is the highly accurate algorithm introduced by Kane Yee [86]
and was first made commercially available by panoramic technology in 1999. Using the Yee
technique, the electromagnetic structure to be simulated is first broken up into a rectangular grid,

with the corresponding & and , calculated at each spatial position. This algorithm solves the

electric and magnetic fields in space and time by utilizing Maxwell’s curl equations. By combining
Maxwell-Faraday and Maxwell-Ampere equations with the constitutive equations for the electric

flux density, and magnetic flux density [53]:

B = eogrE Eq(4.1)

B =g H Eq (4.2)
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Along with the fact that the electric and magnetic current densities can serve as additional sources
of electric ( Jg, ) @and magnetic ( M) €nergy [53]:

3 = jsource + UE E ECI( 4. 3)

M = Msource + O'Eﬁ Eq( 4 4)

where o is the electrical conductivity and o, is the magnetic loss, we appear at Maxwell’s curl
equations for linear, isotropic, non-dispersive materials:

_ ~ . B Eq (4.5)
ﬁ:—EVXE—i(Msource'FUH H)
ot H M

- L . Eq (4. 6)
a—E:—EVX H —E(Jsource‘FUE E)
ot £ g

This produces a set of six coupled scalar equations aHy y , /ot , dEy y , /ot that represent a “Yee

cell,” in Fig 4.1, where every electric-field component is surrounded by four circulating magnetic-
field components and every magnetic-field component is surrounded by four circulating electric-
field components. The simulation volume is then extended by an array of Faraday’s law and
Ampere’s law contours. Thus, the method accurately simulates both the differential and integral

forms of Maxwell’s equations at all the points in the simulation volume [53].
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Fig.4. 1: The distribution of electric and magnetic field vector components in the rectangular Yee cell [87].

To calculate each E and H component at time t and position (X, y, z), the curl equations are

discretized in time, and the electromagnetic field propagates through the simulation volume by

exceeding from E,_ . (xvy,z,t=0) to E, ,(x+1Ly+1z+Lt=At), and so on. Finally, a Fourier

X,Y,z X, Y,z

transform of these results yields the field magnitudes and phases at every point and every

frequency [53].

IV.2.3 Finite Element Method (FEM)

Compared with the FDTD, the Finite Element Method (FEM) is an originally more complex and
universal method. This approach is a numerical process to find accurate and stable solutions to
boundary-value partial differential equations [88]. The first time was reported in 1943 by Richard
Courant in his work on elasticity and structural analysis, where the concept of mesh procedure of
a simulation was introduced. It was not until 1969 that the method was introduced to the field of
electromagnetic engineering after Silvester used this approach in the field of microwave

engineering [89]. FEM assumes that the resonant structure is surrounded by an artificial absorbing
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boundary condition that approximates the electric and magnetic fields approaching zero at infinity

[69], [53]:
Nx(VxE)-ik,AxNxE~0 Eq(4.7)
Nx(VxH)-ikAixnAxH =0 Eq (4. 8)

Following the treatment by Jin and Riley [53], the boundary conditions in equations (4.7) and (4.8)

are combined with the vector wave equation for the electric field of Maxwell’s equations:

Vx (28 v x E) —kig,E =ik, [“23 -V x£o M Eq (4.9)
Hi & Hi

where M, and J are the magnetic and electric current densities, respectively. We arrive at [[1]]:

m{(VXT)-%-(VX E)—kST.gij.E} dv =

ij

£ ﬁ.{(T x%.vx E)} ds —ijT.ikON‘g‘:z.J W(Z_Z'MH dv Eq(4. 10)

SB Ussurf 1
where V depicted the total volume of integration, S; is the artificial absorbing boundary surface,
S, s the surface of the structure being simulated, and T is an appropriate test function used for

integration convergence. The combining of the latest four equations offers:

m{(VXT)-%-(VX E)—kST.a,-.E} av =

1

£ xT). 20 (VvxE) ds —iky f (N xT).(AxE) dS — Eq (4. 11)

Ssurf Il SB

e | Ho Ho
ijT{uko g—OJ +VX(;.M):| dv.

1
The volume V has then meshed into sub-regions using trapezoidal, tetrahedral, or other types of

meshing formats, where the conformal nature of these meshes is especially useful with curvature
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surfaces. To get a solution to the electromagnetic problem suggested in equation (4.11), the E-field
tangent to each edge of an individual meshing cell is calculated, and a set of basis vectors are used
to extrapolate the resulting fields throughout the remaining simulation volume. The E-field within
the entire structure is then given by:
Rnay Eq (4. 12)
E=) RE
k=1

where R is the vector field component along a given meshing cell edge, R, is the total number

of edges within the simulation except S, and E, is the tangential electric field component along

surf »
the same edge. When the basis vectors, R are the same as those in the test functionT , we can
combine equations (4.11) and (4.12) to find the discretized, Galerkin formulation of the
electromagnetic problem for a single frequency:

Rmax
M, .E, =—([[[R]ik, 223 +Vx(Z2M) | dV Eq (4. 13)
Siie, JMOJQ s

ij
where M, is given by:
M, = ﬂf{(vx R))-22(VxR) —kZR,.&, Rk} dv —ikoﬁ(ﬁx R,).(AxR,) dS Eq (4. 14)
v Hij S,
1V.3 3D optical simulator software

There exist several commercially available software that can easily deal with the analysis and
simulation of 3D optical design and associated structures as well as general periodic structures,
such as High-Frequency Structure Simulation (HFSS) by ANSY'S based on FEM method solver,
with helpful adaptive mesh refinement, and integrated electromagnetic simulation software (IE3D)

by Zeeland software, with the software package (FEKO) The name is derived from the German
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acronym "FEldberechnungfur Kdérpermitbeliebiger Oberflache”, which are based on moment
method, and the computer simulation technology CST MICROWAVE STUDIO which is based
on three rigorous methods such as FDTD, FEM and TLM approaches, and multi-physics
COMSOL based on FEM approach.

In this work, we select the FEM and FDTD approach which is offered by the software CST
MICROWAVE STUDIO, The available numerical methods within CST STUDIO SUITE include
FDTD, TLM, and FEM [90]. In many cases, it is beneficial to use different approaches for the
same problem. The comparison of the results yields an additional validity check for your numerical
results. We note that this is not a time-consuming task. In contrast to the use of different software
tools for validation, you can use different solver methods in the same CST software without setting

up your computational model again [90].

IV.4 Design of Plasmonic light-trapping ultrathin GaSb TPV cell

Figure 4.2 depicts the periodic ultrathin TPV cell-coupled metamaterial structure under study, it
has been suggested and numerically investigated in a new study (2018) offered by Qing et al from
the School for Engineering of Matter, Transport and Energy Laboratory, Arizona State University,
USA [91], which is made of a nanostructured silver (Ag) grating on a Gallium antimonide (GaSb)
active layer and Ag back reflector. The Ag grating has a thickness of h = 30 nm, period of A =200
nm, and width of w=100nm, while the thickness of the GaSb spacer is d = 30nm. Note that the
bottom Ag back reflector could be as thin as 100nm to be opaque in the visible and near-infrared
regions. The rigorous coupled-wave algorithm (RCWA) method has been used by this research
team to simulate the optical properties of the ultrathin TPV cell-coupled Metamaterial structure
shown in Fig. 4.2. RCWA, FEM, FDTD, and TLM are widely used methods to extract the optical

properties of nanostructured devices [92], which previously discussed. Based on Floquet’s
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theorem, the methods solve the solutions of periodic differential equations expanded with Bloch
waves. The dielectric function of Ag, &,,, is given by a Drude model [93]:

2
[0

e =g D Eq( 4. 15)
SRR P a

where ¢, =3.7 is the infrared dielectric constant, &, =9.2eV is the unscreened plasma

frequency, and I' = 0.02 eV is the damping coefficient at room temperature. The optical properties

of GaSb were taken from Ref [94].

GaSb

Fig.4. 2: Schematic of the ultrathin TPV cell-coupled metamaterial structure under study with three layers of
nanostructured Ag grating, ultrathin GaSb layer, and Ag back reflector layer [91]

IV.5.1Simulation outcomes

IV.5.1.1 Absorbance spectra at normal incidence

CST MICROWAVE STUDIO SUITE software offers a variety of meshes and algorithm solvers,

which also benefits in an easy possibility of cross-verification of methods and meshes in the same
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design. The mesh influences the accuracy and speed of our simulation, so it is worth spending
some time understanding the meshing process [90]. The available numerical methods within CST
STUDIO SUITE include FDTD, TLM, FEM, and moment method (MoM), by using different
mesh types, for example, FDTD and TLM: performs by hexahedral mesh, FEM: performs by
tetrahedral mesh, planar MoM: performs by surface mesh. In many cases, it is beneficial to use
different meshes for the same optical design. The comparison of the results yields an additional
validity check for your numerical results. Note that this is not a time-consuming task. In contrast
to the use of different software tools for validation, you can use different solver methods in the
same CST software without setting up your computational model again, and this is what we will
accomplish in the current section [90]. The spectral of normal absorptance of the Plasmonic light-
trapping TPV cell design was calculated under transverse magnetic (TM) and transverse electric

(TE) incident waves, as shown in Figure. 4.3. a and b.
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Fig.4. 3: Simulated absorbance spectra for the Plasmonic light-trapping TPV design using CST MICROWAVE

STUDIO, compared to the RCWA approach spectra [91]. (a) TE mode and (b) TM mode polarizations.

The green region represents the useful photon region above the GaSb bandgap (Epn>Eg). The
computed FEM, FDTD, and TLM absorbance spectra exhibited a good agreement between them

and also with the numerical absorbance spectra simulated by the RCWA approach applied by Qing
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et al [91]. It is observed that there are three major absorption peaks (a =0.85at 4 =0.35 um , a
=0.78at A =1.74 um , and o = 0.93at 1 = 0.87 um) under TM incident waves, while there is
only one major absorption peak (oo = 0.63 at A = 0.73 um) under TE incident waves. All the

absorption peaks are above the bandgap of GaSb and thus could efficiently enhance the light
absorption for photon-generated carriers. It is important to understand the physical mechanisms
that are responsible for enhanced light absorption in the ultrathin TPV cell-coupled MTM

structure.
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Fig.4. 4: Comparison of normal absorptance between different samples including the ultrathin TPV cell-coupled
MTM structure, a GaSh-on-Ag structure, and a free-standing GaSb under TM waves.

Figure 4. 4 compares the normal absorptance of three configurations structures under normal TM
incident waves; the first: is an ultrathin TPV cell-coupled MTM structure, the second is a GaSb-

Ag structure, and the third is a free-standing GaSb layer. All configurations have a 30 nm of GaSbh
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active layer. It is found that without the upper nanostructured Ag grating, the absorption peak at
A =175 um aswell as the peak at 4 =0.35um disappears, while the peak at A =0.85 xm still
apears but slightly blueshifts. For a free-standing active layer, the normal absorptance is less than
0.15 particularly in the wavelength range from 4 = 0.7 um to the bandgap due to the small

intrinsic absorption coefficient of GaSh material [91].

IV.5.1.1.1 Excitation of Magnetic Polariton (MP) resonance

The resonance peak at 4 = 1.69 um is attributed to the excitation of magnetic polariton (MP).
To explain the underlying mechanism for the absorption peak, the electromagnetic power density
at the x-z cross-section inside the structure is illustrated in Fig. 4.5 (a). The nanostructured Ag
grating, the GaSb layer, and the Ag back reflector in two periods are illustrated. It can be seen that
the electric field inside the GaSb active layer forms a current loop between the upper Ag grating
and the lower Ag substrate. In addition, the magnetic field is confined in the GaSb layer with one
order of magnitude higher than the incident one, indicating strong light confinement at the

resonance wavelength 4 =1.69um . These features are the main characteristics of MP resonance,

which have been deeply discussed in Refs [95], [96], [97].
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Fig.4. 5: (a) Electromagnetic power density at A=169 pum for normal incidence where MP is excited under TM
waves; (b) schematic of the LC circuit model described by Qing et al [91]
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The GaSb layer between the top grating ridge and the Ag back reflector can be considered as a

capacitor with capacitance C_, while the top nanostructured Ag grating and the bottom Ag back
reflector can be treated as inductors with inductances L, and L, respectively represent the

parallel-plate inductance and the kinetic one. The expressions for C,, L., and L, are listed below

[98].

c - GasW Eq (4. 16)
"

L =0.5u,wd Eq (4. 17)
L = -W

K = W Eq( 4. 18)

where C, is a coefficient accounting for non-uniform charge distribution at the metal surface and
it is in the range 0.2<c, <0.3 [99], &,is the permittivity of vacuum, eq is the permittivity of the
GaSbh layer, 4, is the permeability of vacuum, and _ is the real part of the permittivity of Ag.

0 =A147K is the skin depth of Ag material[100], where A is the wavelength of the incident wave,
and k is the extinction coefficient of Ag. The total impedance of the LC circuit model is[100]:

Eq (4. 19
= 20(L, +L,) -2 a(4.19)
@C

m

z

total

Magnetic resonance occurs when the total impedance of the circuit is zero, i.e., Z,,, =0, which

yields the analytical MP resonance wavelength:

Ay = 27Co4[C, (L, + L) Eq (4. 20)
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The empirical model can give a simple explanation of some absorption peaks, but FDTD and FEM
give a profound study of different optical phenomena, with the opportunity to compute

electromagnetic fields scattered and/or absorbed by each layer in the design.

IV.5.1.1.2Excitation of SPP modes

The absorption peak at A = 0.85 uzm for the ultrathin TPV cell-coupled MTM structure under

normal incident TM waves is due to the excitation of SPP modes at the air-nanostructured Ag
grating interface. SPP waves represent the interaction between electromagnetic waves and the
oscillatory movement of free charges near the surface of the metal materials [101]. The excitation
of SPP between two nonmagnetic materials is determined by the dispersion relation at TM

polarization [98]:

Kopp = (0 CO)\/glgz (& +¢,) Eq (4. 21)

where Ke,p denotes the wavevector of the SPP mode, ¢ and ¢, are the dielectric functions of the
materials at each side of the interface respectively, whose real parts should have opposite signs to
excite SPP, o is the angular frequency and C; is the speed of light in air. The SPP dispersion curve

for a planar interface usually lies on the right side of the light line due to the nature of evanescent
waves. However, SPP can be excited with propagation waves with periodic gratings because large
in-plane wavevectors can be matched by high-order diffracted waves according to the Bloch-

Floquet condition [101]:

Ky j =ket—— Eq( 4. 22)

70



where j is the diffraction order in the x-direction and K, =@/C is the parallel component of the

wavevector in a vacuum. The resonance frequency for SPP modes can be theoretically obtained

by solving ‘kSPP|= K, ;| - The wavelength at which SPP is excited at the air-Ag interface is

predicted to be 4

« =0.85um , which matches well with a peak at (4 =0.87xm) from our simulation.

1Vv.5.1.1.3 Excitation of Fabry-Perot (FP) resonance

When the ultrathin GaSb layer was located on an Ag back reflector to form a GaSh-Ag

configuration, it is observed that there is an absorption peak at (A = 0.35.m ) with an absorptance
a= 0.85, as shown in Fig. 4.4. This peak is attributed to interference inside the GaShb layer. The

spectral normal reflectance (Rl)of the GaSbh-Ag structure can also be analytically calculated by

the thin-film optics method [101]:

L2
h, + r23eM

2ip
1+r1,r,.e

R, = Eq (4. 23)

where I3, is the reflection coefficient at the interface from air to GaSb and I, is the reflection
coefficient at the interface from GaSb to Ag. £ =22n,d cosé,/ A is the phase shift inside the
ultrathin GaSb layer, where N, is the refractive index of GaSb and 0, is the refraction angle inside

GaSb. The absorptance of the GaSb-Ag structure can be calculated by A, =1-R, due to its
opaqueness. To verify that the absorption peak 1=0.87um is caused by the excitation of FP

resonance, the total phase shift y in the ultrathin active GaSb layer is calculated by [101]

v=¢+4,+2p Eq(4. 24)
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where ¢, = arg(r21) and ¢, = arg(r23)are the phase shifts caused by the reflection at the interface

from GaSb to air and the interface from GaSb to Ag, respectively. FP resonance occurs when the
total phase shift in the active layer is a multiple of 2z, leading to standing waves existing in the

cavity. The calculated phase shift y at 4 =0.87um is zero, which means that there exists a
constructive interference effect inside the thin-film GaSb layer thus improving the light trapping
mechanism. When an Ag grating is added onto the GaSbh-on-Ag configuration to form an ultrathin
TPV cell-coupled metamaterial structure, the upper Ag grating layer modifies the reflection
coefficient I, at the top interface of GaSb which becomes an air-Ag-GaSb interface, resulting in
a slight peak shift from 4=0.84um t0 0.87 ;,m under TM waves as shown in Fig. 4.4 . Therefore,
it is reasonable to deduce that this absorption peak at A =0.87um in the ultrathin TPV cell-
coupled MTM structure is also caused by FP resonance [102]. Note that, FP resonance also results
in a similar absorption peak for TE waves but at a slightly different wavelength 1 =0.74um, as

shown in Figure. 4.4.

IV.5.1.2 Geometric dependence of MP, SPP, and FP resonances

The effects of geometric parameters on the MP, SPP, as well as FP have been evaluated. The
normal absorptance of the ultrathin TPV cell-coupled MTM structure was calculated by
independently varying grating width (w), period (A), and active layer thickness (d), and
maintaining the values of the rest geometric parameters. Figure.4.6 (a) shows the spectral
absorbance of the structure with grating width changing from 80 nm to 120 nm. It can be observed
that the absorption peak due to the excitation of MP shifts to longer wavelengths when the grating
width increases, which is consistent with previous results [103]. Figure.4.6 (b) shows the

comparison of the MP resonance peak simulation as a function of grating width, MP resonance
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wavelength monotonically increases with the grating width (w), which is due to the increase of the
capacitance and inductance values according to Equations. (4.16;4.18) as well as a monotonically
decreasing absorbance rate. On the other hand, the absorption peak associated with SPP and the
one associated with FP is little affected by the grating width, as SPP peaks only depend on the
grating period according to the dispersion relation, and FP peaks only depend on the spacer

thickness according to a marked phase shift.

Figure.4.6 (c), (d) shows the spectral absorptance with the grating period (A) changing from 150
to 250 nm. Here the SPP peak barely changes with the grating period, which is different from the
previous results [98], where the SPP resonance wavelength increases with the grating period.
Therefore, the influence of the cell period on the SPP resonance wavelength is negligible. On the
other hand, the grating period does not affect the FP peak wavelength but slightly shifts the MP

peak location as can be observed in Figure. 4.6(c), (d).

Figure .4.6(e) and (f) show the spectral absorptance with the spacer thickness changing from 20
nm to 50 nm. It can be seen that the FP peak shifts to longer wavelengths when the spacer thickness
increases in TE mode, agreeing well with the result predicted by the phase shift in Eq. (4.17), as
shown in Figure.4.6 (f). This is due to the increase of the phase shift in the ultrathin active layer.
On the other hand, the SPP peak is not affected by the spacer thickness and the MP absorbance

peak strongly changes when d is larger than 30 nm.
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Fig.4. 6: (a) The normal absorptance with varying grating width (w); (b) Comparison of the MP, FP, and SPP resonances with varying
grating width; (c) The normal absorptance spectra with the varying grating period (A); (d) Comparison of the MP, FP, and SPP resonances
with the varying grating period (A); (e) The spectral normal absorptance with varying spacer thickness (d); (f) Comparison of the MP, FP,

and SPP resonances with varying spacer thickness (d).
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1V.5.1.3 Behaviors of MP, SPP, and FP at oblique incidences

Figure. 4.7 illustrates the contours of the spectral-directional absorptance of an ultrathin TPV cell-
coupled MTM structure in terms of wavelength and incident angle for TM and TE polarization to
gain insight into the behavior of MP, SPP, and FP at oblique incidences. As shown in Figure.4.7(b),
there are three bright bands under TM waves, which indicate three major absorption peaks. The

first one around A =1.6,m is attributed to the excitation of MP. The flatness of the band indicates

that the excitation wavelength of MP does not change at oblique incidence angles, which is

consistent with the observations from previous studies [98]. The second one around A =0.2um is

associated with FP resonance for TM modes. It can be seen that we have two regions for the FP
resonance under TE polarization, which barely decrease under the highest incidence angles. The

third one around A =0.8um is because of the principal excitation of SPP. Note that the principal

SPP resonance condition is too insensitive to the incidence angle work, but exhibits new SPPs
modes for large incident angles, which is due to the small nanostructured Ag grating period. On
the other hand, as shown in Figure. 4.7(a), under TE waves there is only the bright band due to FP
resonance, as MP and SPP can only be excited under TM waves for 1D grating structures. Note
that the FP resonance is insensitive to the incidence angle [91]. Moreover, the absorption due to

FP resonance under TE waves is much weaker than that under-TM waves.
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Fig.4. 7: Contour of the spectral-directional absorptance of the ultrathin TPV cell-coupled Metamaterial structure
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IV.5.1.4 Energy absorbed by the ultrathin GaSb layer

Although light absorption can be significantly improved in the ultrathin TPV cell-coupled
Metamaterial structure by exciting MP, SPP, and FP resonances, only the energy absorbed by the
active layer can contribute to the photon-generated carriers, while the energy absorbed by metals
in the structure is lost. Therefore, it is important to evaluate the amount of energy absorbed by the
active layer rather than that by the entire structure. The entire structure can be divided into three
layers: the first layer is the Ag grating, the second one is the GaSb layer, and the third one is the

Ag substrate. The energy absorbed per unit volume inside each layer can be obtained by [104]:

1 " 2 Eq (4. 25)
P= Egogia)|Ei|
and the absorbed power in each layer can be normalized to the incident power [104]:
JPav, Eq (4. 26)

Abs, = - >
0'5(:0‘90‘9} a)| Einc| A\

where 5i" is the imaginary part of the relative permittivity of layer i, V; is the volume of layer i, Aj

is the area that the light source is incident upon, E; is the electric field inside layer i, and E;, is

the incident electric field.
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Fig.4. 8: The spectral absorbance of the ultrathin TPV cell-coupled metamaterial structure

The power absorbed by the entire structure is simply the sum of the energy absorbed by each layer.
Figure 4.8 shows the normalized energy absorption in the GaSb layer, the metals, and the entire
structure. It can be seen that most of the energy is absorbed by the GaSb active layer, while some

non-negligible energy between 1.5 um to 2 um is absorbed by Ag layers.

IV.5.1.5 Electrical properties and TPV performance of the ultrathin GaSb cell

To evaluate the performance of the ultrathin TPV cell-coupled metamaterial structure as an

ultrathin TPV cell, short-circuit current density, open-circuit voltage, output electric power, and

cell efficiency were calculated. The short-circuit current density J  (A/ sz) is calculated by [105]

a(2)7,(1)a(2)da Eq (4. 27)
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where h is Planck’s constant, Eq is the bandgap of the GaSb cell (0.72 eV), a(4) is the normalized
energy absorption in the GaSb layer only (average value over TM and TE waves), e is an
elementary charge, 77;(4) is the External quantum efficiency (EQE) of the GaSb cell, and q(1)

is the radiative heat flux from a TPV emitter. The EQE of the ultrathin GaSb cell in this calculation
is assumed to be 100% according to Qing et al[106], as a perfect EQE of TPV cell, in our
calculation we took the true values of EQE of the ultrathin from Ref [106]. Because the large
recombination losses for minority carriers are significantly reduced and the surface recombination
losses can also be significantly reduced using a good passivation layer. The radiative heat flux
from a blackbody emitter can be calculated by [107]:

A°[exp(C,/AT)-1]

E,.(T)

Eq (4. 28)
where C, =3.742x10°W.um* /m? | C,=1.439x10* um.K , and T is the blackbody temperature.
The total incident radiative flux onto the TPV cell Pi, can be calculated by [107]:

Eq( 4. 29)

n

P, =, v (T)z,d4

where &, is the spectral emissivity of a diffuse TPV intermediate emitter which is supposed perfect
in our study. The open-circuit voltage V,, is calculated by [105]:

Vo, =(kgT, /€)In(J /o +1) Eq (4. 30)
where K; is the Boltzmann constant, T, is the cell temperature which is assumed to be 300 K, and

J,, is the dark current which can be calculated by [105]
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n’D, n’D, Eq (4. 31)
Jy=e i Thi e
LN, LN,

where N, is the intrinsic carrier concentration of GaSh, N and N, are respectively the donor
concentration and acceptor concentration, D, and D, are respectively the hole diffusion coefficient
and electron diffusion coefficient, and L, and L, are respectively the hole and electron diffusion
length. The parameters for calculating J, are from Ref [108]. The output electric power P, can
be calculated by [105]
P =3V, (1-1/y)[1-In(y)/ y] Eq(4.32)

where Y=1In(J,./J,) . Finally, the heat-to-electricity conversion efficiency for this ultrathin
TPV cell-coupled Metamaterial cell can be expressed as the ratio of the output electric power P,

cell

to the total incident radiative heat flux P, [91]:

Eq (4. 33)
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Fig.4. 9: (a) Normalized Spectral for radiative heat fluxes from a blackbody at different temperatures. The EQE
for the ideal case of Ref [91], and the true case of the active layer [106], are also presented; (b) the short circuit
current Jsc in TPV cell under blackbody radiation with different blackbody temperatures; (c) the effect of the
incoming wavelength on Jsc and Vo, (d) Peenr, and 7, variation under blackbody radiation of T = 2000 K.

Figure 4. 9(a) shows the spectral distribution of radiative heat fluxes from blackbody sources at
temperatures from 1600 to 2000 K, with EQE of the GaSb active layer. As we can see here the
adequate Blackbody for the cell is 2000 K. Thus enhancing the TPV efficiency is required a good

choice of Blackbody temperature [1].

Figure 4.9(b) shows the short-circuit current of the ultrathin GaSb cell under blackbody radiation

at different temperatures. a good agreement with Quing et al results has been observed here, the
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variation between them induced by using a true EQE for the active layer. The short-circuit current
can be greatly enhanced with the ultrathin TPV cell-coupled Metamaterial structure and increases
with the blackbody temperature. For example, when the blackbody temperature is 2000 K, the

short-circuit current of the ultrathin GaSb cell with an ultrathin TPV cell-coupled metamaterial
structure is 5.95A/cm? , which is two times the short-circuit current of a free-standing GaSb active

layer.

Figures 4. 9(c) and (d) show the effect of incoming wavelength on the GaSb cell under blackbody
radiation of 2000 K. Here the varying wavelength range impacts directly the performance of the

GaSb TPV cell. The wavelength has a significant influence on the cell performance. As the

wavelength increases the short-circuit currentJ,, increases, while open-circuit voltage V,, barely

changes. The output electric power P, also decreases when decreasing the P, (incoming

wavelength) decreases at a faster rate, resulting in increasing cell efficiency; . The maximum cell

efficiency can be obtained 7,, =11.3% , which is related to the MP, SPP, and FP peaks

contributing to the cell conversion efficiency.
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IV.5.1.6 Conclusion

In this chapter a Plasmonic light-trapping structure has been simulated, using several numerical
approaches such as FDTD, TLM, and FEM. The CST MICROWAVE STUDIO optical software
has been managed to analyze and simulate the nanostructured structure under different modes of
polarization and for a wide wavelength range from infrared to visible. We have numerically
verified that the absorption of visible and near-infrared light in an ultrathin GaSb layer can be
greatly enhanced with an MTM structure through the plasmonic phenomenon. The mechanism for
the absorption enhancement near the bandgap of the active layer is shown to be the excitation of
MP, which has been clarified with the electromagnetic power distribution. Moreover, SPP and FP
resonance are excited at visible wavelengths for selective absorption. It is seen that the MP
resonance wavelength can be easily tuned by changing the grating width, and the FP resonance
wavelength can be adjusted by changing the spacer thickness. With the coupled plasmonic
structure, the short-circuit current in the ultrathin GaSb cell is greatly enhanced. The cell
conversion efficiency can be further improved up to 11.3% under blackbody radiation of 2000K.
The results and understanding gained here will facilitate the evelopment of next-generation low-

cost high-efficiency ultrathin infrared thermophotovoltaic and hybrid cells.
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Overall conclusion

The work contained in this manuscript started by studying and modeling a variety of TPV
technologies. The key components of an efficient TPV system are light management and the high-
quality choice of TPV cells. Our choice of Plasmonic-based light trapping of ultrathin TPV cells
operating at visible and near-infrared wavelengths is based on a new design suggested by the USA
research team (Qing et al 2018), first of all, the optical simulation of the structure is numerically
modeled by the FEM and FDTD method by (CST MICROWAVE STUDIO). The under-study
design with an ultrathin GaSb active layer scores a remarkable TPV conversion efficiency of up
to 11.3% under blackbody radiation of 2000K, this is a good conversion efficiency compared to
its thin dimension. In conclusion, it is evident that this study has shown that the suggested ultrathin
TPV cell and by using a Metamaterials-based light trapping management system can operate
efficiently at a high temperature, and revealed that they may operate at high and modest (wasted
heat) temperatures all at one system if we optimize the suggested design. These findings will assist
to grow up in the next-generation ultrathin PV and TPV cells and detectors that are inexpensive
and efficient. Our future work will be focused on the combination of two or three ultrathin active
layers cells into a single tandem cell structure based on plasmonic light trapping enhancement

between them to convert as possible the incident waves for the largest working temperature range.
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