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Abstract

In this work, we investigate the performance of a new generation of thermo-photovoltaic (TPV)
cells engineered from hybrid quantum nanostructures based on 111-V semiconductor materials.
The main objective of our research is to exploit the synergistic integration of narrow band-gap
antimonides with the unique optoelectronic properties of 111-V alloys, thereby enabling ultra-
broadband absorption extending from the visible to the far-infrared domain. This spectral
versatility opens the pathway for significantly enhanced photoelectric conversion efficiency,
surpassing the limits of conventional photovoltaic technologies. The novelty of this study lies in
the nanotechnology-driven design of the active medium: by tailoring the dimensional confinement
of carriers in 0D quantum dots, 1D quantum wires, and 2D quantum wells, it becomes possible to
precisely control absorption, carrier transport, and thermal management. Such nanostructuration
not only broadens the optical response but also enhances phonon scattering and thermal stability,
key challenges in high-performance TPV systems. The proposed approach thus provides a
multifunctional platform that unites photovoltaic and thermoelectric effects within a single hybrid
device, this research demonstrates a pathway toward highly efficient, spectrally versatile, and
thermally robust energy conversion devices, positioning hybrid nanostructured TPVs as a

disruptive technology in the future of renewable and sustainable energy.
Key words:

Thermo-photovoltaic (TPV) cells, Hybrid quantum nanostructures, 111-V semiconductor

materials, Nanostructuration, Phonon scattering, Photovoltaic, thermoelectric effects, engineering.
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GENERAL INTRODUCTION

Current challenges to combat global warming, and to preserve the quality of the air we
breathe by reducing carbon emissions and lowering greenhouse gas emissions, by generating
power using solar energy, which is cleaner and more ecologically friendly alternative to generating
power using fossil fuels or nuclear energy, which emit enormous amounts of carbon dioxide CO»
and other pollutants into the atmosphere. So, the new solar technologies on the horizon promise to
increase solar energy utilization by lowering costs and enhancing efficiency. In doing so, it not
only lessens reliance on fossil fuels but also safeguards the environment. With the largest solar
potential in the Mediterranean, Algeria boasts some of the world's highest solar resources due to
its geographic position and high sunshine rate abroad huge area especially uninhabited area such

as sahara.

Our goal is to improve photovoltaic solar cell performance by broadening the absorption spectrum
of solar radiation not only by absorbing visible radiation but also by absorbing the low energy
domain from Near Infrared (NIR) to Mid-Infrared (MIR) and Far Infrared (FIR), which represent
about 45% of the total spectrum of solar energy that reaches the ground, traditional solar cells

perform extremely badly or not at all in this spectrum.

To that end, we suggest designing thermo-photovoltaic solar cells that utilize three separate and

complementary methods for conversion:

1. Photovoltaic Generator (PG) it is direct optical absorption of the maximum of photons emitted
by the sun, photons carrying just the right energy are absorbed by trapped electrons by using
nanostructured materials, this absorption will be guaranteed.

2. Thermoelectric Generators (TG) Indirect thermal absorption this process takes place due to the
thermoelectric qualities, The energy conversion efficiency of thermoelectric devices is
primarily determined by the dimensionless figure of merit (ZT) of thermoelectric materials,
which includes both electrical and phonon transport features. the investigation of high figure
of merit thermoelectric materials continues to rely heavily on experimental efforts. These
thermoelectric processes are also employed to absorb the energy released in the form of

phonons by the hot carriers of high photo energy formed in the cell, which have generally

1



negative consequences in traditional photovoltaic cells: heating phenomena that degrade
performance, specifically, the extremely strong thermoelectric power of the antimonide
materials involved.

3. Investigate the thermoelectric properties of nanostructured materials, the limitations in
efficiency are understood by considering several important practical factors. These factors are
identified to be closely associated with a short carrier lifetime, high dark saturation current
density, small absorption coefficient, and limited diffusion length. But with the appearance of
nanostructured materials, we can achieve high figures of merit (ZT) by reducing thermal
conductivity while retaining or increasing electrical conductivity and the Seebeck coefficient.
Numerous synthesis and characterization approaches to create and tune nanostructures to

improve thermoelectric performance are employed.

Narrow bandgap materials are commonly used in conventional photodetectors, which detect
infrared light by interband absorption. In this study we will focus on intersubband photodetectors
using III-V compound semiconductors with mixing materials those with a larger bandgap was
spurred by the difficulties associated with the creation and processing of materials with small band
gaps. To create confined energy states in the device's valence or conduction bands or both,
quantum wells (QWs) or quantum dots (QDs) integrated into materials with larger bandgaps are
used. Infrared detection depends on the excitation of carriers from occupied energy levels in the
conduction or valence band to unoccupied levels within the same band. The active area of the
device is doped to provide free charge carriers. So, we must arrange them in nanometric quantum
heterostructures composed of successions of wells and quantum barriers that generate the energies

required for radiation absorption as well as the potentials.

Despite being sensitive to normal incidence radiation, p-type Quantum well infrared
photodetectors (QWIPs) show minimal absorption. QWIPs made from indirect bandgap n-type
semiconductors have been studied to address this limitation. AlAs/AlGaAs multiple quantum
wells (MQWs) on oriented substrates have been successfully used to create QWIPs, which operate
in the 5-20 pum range. Al-free material systems avoid oxidation, high temperature growth
requirements, deep-level defects, and other processing issues associated with Al-containing
materials. For quantum well infrared photodetectors (QWIPs), the following GaSb-based, material

have been studied.



The first chapter will be devoted to understanding the basic concepts of photovoltaic energy
conversion, as well as the three thermoelectric effects and an overview of the diverse applications
of thermoelectric materials. We will introduce the figure of merit and the essential parameters to

be managed in order to obtain high conversion efficiency.

The second chapter will offer a brief explanation of thermoelectric materials, as well as the general
properties of III-V materials, and the synthesis methods will be summarized. The last portion of
this chapter will focus on new research methodologies targeted at increasing their thermoelectric

performance.

Chapter three will present the research of the crystal structure of antimony-based I1I-V compounds.
Subsequently, we will explore the stability of these materials at the nanoscale, as well as the
influence of nanostructuring and the engineering of this technique on the thermoelectric properties
of the proposed compounds. We will present the cascade structure and its advantages for boosting

photoelectric and thermoelectric detection and conversion performance.

The fourth chapter, emphasis advanced photodetectors that rely on quantum engineering of the
electronic band structure to detect photons with energies below the semiconductor bandgap,
succeeding photon detection across a wide spectral range—from the visible to the infrared—
making them ideal for innovative technological applications. we analyze the optoelectronic and
thermoelectric properties of QCDs, including interband and intersubband transitions, lattice

thermal conductivity, and electronic transport characteristics.
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Chapter I: general introduction to thermoelectricity

1. Introduction

The interaction between radiation and matter plays a fundamental role in numerous fields of
science and technology, spanning several major domains of physics. Depending on the type and
energy of the radiation, as well as the physical properties of the material it encounters, radiation
can undergo various interaction mechanisms. These interactions may involve energy transfer,
particle creation or annihilation, absorption, scattering, or attenuation. Their description often
relies on classical physics laws, but many advanced applications require a unified treatment that
combines concepts from quantum mechanics and electromagnetic theory. Such a framework is

essential for predicting and understanding how radiation behaves in different materials [1].

In this chapter, however, we will limit our attention to those interactions that lead primarily to
energy transfer in the form of heat or electrical power. Particular emphasis is placed on the
mechanisms by which absorbed energy is converted into usable electrical energy an effect that
forms the basis of thermoelectric phenomena [2]. Previous studies have attempted to correlate
thermoelectric power with temperature, often relying on complex models [3]. Our goal here is to
present a clear and accessible foundation for understanding the physical principles governing
thermoelectricity. This chapter is structured as follows:

First, we provide a brief historical overview of the discovery of thermoelectric effects. Next, we
describe the three fundamental thermoelectric phenomena. We then introduce the basic operating
principles of thermoelectric devices and generators. Finally, we outline the key criteria for

selecting efficient thermoelectric materials, which will serve as a basis for the following chapters.
II. Electromagnetic radiation

Electromagnetic radiation (EMR) denotes to the energy propagated as electromagnetic waves.
These waves are characterized by electric and magnetic fields, there exist an immense range of
wavelengths with different frequencies, the electric field (E) and the magnetic field (B) oscillate
perpendicular to each other and to the direction in which the wave propagates, they are
synchronized to be always perpendicular. The electromagnetic radiation is ruled by the fourth

fundamental equations of Maxwell, these equations are:
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Maxwell-Gauss’s equation for electric field: this rule describes the relationship between a static

electric field (E ) and the electric charges that produced by E.

VE =% I.1

€o

Maxwell-Thomson’s Law for magnetic field: this rule demonstrates that the total magnetic flux
through any closed surface is zero, or that the magnetic field is a solenoidal field, so the magnetic

field is generated by a configuration called a dipole, which has no magnetic charge.
VB=0 1.2

Maxwell-Faraday’s Law of Induction: Explains how a changing magnetic field induces an electric

field.

9B 1.3

VE y

Maxwell-Ampeére’s Law (with Maxwell’s correction): Describes how a variation of magnetic field
creates an electric field, and how the variation of an electric field creates a magnetic field.

Therefore, these equations allow for the circulation of self-sustaining electromagnetic waves.

-

VE = u0f+ uoeoz—f [.4
Where:
E is the electric field
B is the magnetic field
p is the charge density
J is the current density
€o 1s the permittivity of free space

Uo is the permeability of free space
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Maxwell's equations lead to the understanding that both the electric and magnetic fields of an

electromagnetic wave satisfy the wave equation, and these fields oscillate in phase with each other.

The magnitude of the electric field (E ) and magnetic field (§ ) are related by:
|E| = c|B] L5

This relationship indicates that the strength of the electric and magnetic components of the wave

is proportional, with c representing the speed of light in a vacuum.

The intensity (I) of an electromagnetic wave refers to the power per unit area carried by the wave,

2 0 c 0 *

Where Eo is the amplitude of the electric field. Intensity is directly proportional to the square of

the electric field amplitude, meaning stronger electric fields result in higher intensity.

The behavior of an electromagnetic wave, specifically the electric field E, is given by the

following wave equation:
2
VZE-=—=0 1.7

. . . 9°E . .
Here, V2 represents the Laplacian (spatial derivatives), and the term Sz 18 the second derivative

of E with respect to time. This equation captures how the electric field oscillates and propagates

through space.

In general, objects emit electromagnetic radiation only if his temperature is higher than zero.
Ideally, the spectral radiance follows Planck’s law. In this case, the power emitted of the object is

similar of the power of a blackbody given by [06]:

1
hc
2 (gi7)

h is the Planck’s constant, c is the speed of light, A is wavelength, k;, is Boltzmann constant, and

1.8

2hc?
P(AT) ==

T is the temperature (k).
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%x10% Blackbody Radiation for Different Temperatures

T=300K
T=400K
T=500K]|
T=600K
T=700K

Spectral Radiance (W/m2/sr/nm)

0 / L L
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Figure I.1: Blackbody radiation curves for different temperatures (T =300 K, 400 K,
500 k, 600 k and 700 K) based on Planck’s law.

The graph shows the variation of spectral radiance emitted by blackbody as a function of
wavelength for a given temperature. We observe that the Peak Wavelength Shifts Left as
Temperature Increases, when the temperature was higher than the ambient temperature the power

of the object, can be obtained by integrating Planck’s radiation formula:

_ 2 0 da o0 da
—=2hc?| |, JORAT: _1—f0 o T L9

where A is the surface area and Tamb is the ambient temperature. This function is calculated by

Stephan Boltzmann for a black body radiation and the final form written as:
P _ 4 T
i 0sp(T™ = Tamp) L10

Where gy, is the Stefan-Boltzmann constant.
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III. Solar radiation

Solar radiation is made up of electromagnetic waves of very different natures, UV radiation mostly
absorbed by the upper atmospheric layers only about 6% reach the surface of the earth, somewhere
visible radiation represents approximately 47% of the solar spectrum, but also photons which are
less energetic and which are located in infrared range represent approximately 45% of the solar
spectrum. An important feature of infrared radiation is that it is mostly absorbed out by water vapor

and carbon dioxide in the atmosphere in front of the earth surface, as shown in Figure 02.

— Etr W¥*m-2*nm-1

Global tilt W*m-2*nm-1

g1.25 — T Direct+circumsolar W*m-2*nm-1
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Figure 1.2: Distribution of solar radiation across different wavelengths
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The electromagnetic spectrum in figure 02 refers to the full range of possible light frequencies of

electromagnetic radiation.
The Energy of electromagnetic wave is a function of wave length given by the relation

Where h is Planck's constant (h = 6.626 x 1073* J-s). Furthermore, the relationship between the

wavelength (L) and frequency is expressed by:
A=he/p .12

Spectral radiance in figure 02 ASTM G173 is a uniform reference solar spectrum that is widely
used for various energy-related calculation, this Spectral irradiance represents the solar radiation
reaching the surface of the earth under typical conditions after passing through the atmosphere.

The spectrum is divided into several parts based on wave length.
III.1. UltraViolet radiation

UltraViolet (UV) radiation the most part of natural UV radiation is absorbed by Earth’s atmosphere
less than 6% of Ultar-Violet type A and type B (UVA) and (UVB) can reach the earth’s surface,

UV radiation can be classified into three arrays:

e Ultar-Violet type A (UVA) 315 -400 nm Least energetic but penetrates deep into the
skin, causing aging and long-term damage.

e Ultar-Violet type B (UVB) 280 -315nm Causes sunburn and is the primary culprit
behind skin cancer.

e Ultar-Violet type C (UVC) 100 - 280 nm Most harmful but totally absorbed by Earth's

atmosphere, and does not reach the surface.
III.2. Visible radiation

Visible solar radiation, is the portion of the electromagnetic spectrum that the human eye can
perceive. It falls between wavelengths of approximately 380 nm (violet) and 750 nm (red), as
shown in figure 02 the sun emits the most radiation in the visible range, peaking at around 450 nm

to 500 nm.

10
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II1.3. Infrared radiation

InfraRed (IR) radiation described as photons with low energies about some meV to some eV, IR

radiation can be subdivided into many arrays according to wavelength:

e Near-Infrared (NIR) — ~0.75—1.4 pm (just beyond visible red).

e Short-Wave IR (SWIR) — ~1.4-3 pm.

e Mid-Wave IR (MWIR) — ~3—8 pm.

e Long-Wave IR (LWIR) — ~8—15 pm.

e Far-IR (FIR) — ~15-1000 um (overlaps with sub-millimeter/terahertz)

Based on these divisions many detectors technology can be defined, where the most traditional
photovoltaique designed to absorb visible and only small part of near-infrared light to generate
electricity, However, a significant portion of the Sun's energy in the infrared (IR) spectrum cannot
be converted to energy by using this kind of panels. Developing solar cells that can efficiently
convert infrared radiation into electricity has been a major focus in new generation photovoltaic
research. The aim is to Combining visible and IR-absorbing materials by using specific materials

and structures can operate in large range of solar spectrum from visible to Mid-InfraRed [07].
IV. Radiation-matter interaction "photoelectric effect"

The radiation-matter interaction is based on the "photoelectric effect", a physical phenomenon
discovered in 1839 by the French scientist Edmond Becquerel, who noticed that certain substances
produce an electric current when exposed to light. However, this phenomenon would not be
properly understood until 1905 in the framework of the quantum theory of the photoelectric effect
developed by Albert Einstein based on the ideas developed in 1900 by Max Planck in his theory
of black body radiation [03].

IV.1. Photon detection versus thermal detection

Thermoelectric detectors are categorized into two types: photon detectors and thermal detectors.
Photon detection becomes obvious when incoming photons of energy E = hv are absorbed by the
detecting material usually semiconductors, resulting in the excitation of free electron-hole pairs.
Typically, the material is either a bulk semiconductor or a low-dimensional substance such as

nanostructured materials. The electrical power originates from the alteration in electron dispersion

11
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within the detector. Otherwise, thermal detection is characterized as the process by which a
measurable attribute of the detecting substance alters owing to the temperature increase of that
material caused by radiation absorption. The primary thermal processes are the thermoelectric

effect.
V. Photo-electric absorption phenomena

Absorption can occur either through an intra-band or inter-band process. Inter-band
absorption occurs during an electronic transition from an initial state (Ev, kv) in the valence band

to a state (Ec, kc) in the conduction band (Figure 1.3).

E E
Conduction A Conduction
band /
Direct Ee 1 e Photon | " E, " Indirec
band gap Ey ..o, Photon - AN\ E, band gap
/ Phonon
Valance Valance
band band
> k > k

Figure 1.3: Photon absorption in direct and indirect bandgap semiconductor [5].
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This transition is supposed to be direct if the energy and wave vector conservation conditions
decree that: kv = kc. While an indirect transition, can exist if the absorption is accompanied by the

emission or absorption of a phonon, and in this case, the relationship becomes:

e The photoelectric effect refers to the capacity of matter to release free electrons, known as
photoelectrons, upon exposure to light. Heinrich Hertz initially saw and described it in
1887. Classical Maxwell’s wave theory posits that when light flux rises, the energy required
for electron ejection or emission from the medium also increases.

» The photovoltaic effect is a specific instance of the photoelectric effect, was identified and
articulated some years before Hertz's findings. In 1839, Alexandre Becquerel discovered
the photovoltaic phenomenon while examining the influence of light on electrolytic cells.
This phenomenon refers to the generation of a potential difference in a substance when

subjected to light exposure.
V.1 The principle of thermophotovoltaics

Photovoltaics (PV) is the general term for the conversion of electromagnetic radiation into
electrical energy by exploiting the photovoltaic effect. Photovoltaic cells typically use the sun as
the radiation source. Thermophotovoltaics (TPV) refers to the specific case of power generation
from radiation of a spectrum whose maximum lies at longer wavelengths (“thermal radiation™)

than that of the sun. A heat source heats an emitter, which radiates its energy toward the PV cells.

The type of heat source is arbitrary, as long as it is capable of continuously supplying energy to
keep the emitter at the desired temperature. By using an emitter with specific radiation properties,
spectral matching can be achieved both on the side of the emitter and on that of the PV cells. This
represents a significant advantage over conventional solar photovoltaics. This bilateral spectral
adaptation between emitter and filter enables, in principle, higher cell efficiencies than in solar
photovoltaics. To maximize the electrical efficiency of a thermophotovoltaic system, optimal
spectral matching between the emitter and the PV cells must be achieved. As mentioned, this
adaptation is possible on both sides through the selection of suitable materials. Planck’s radiation

law describes the spectral power density equation 1.8.

13
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VI. Thermoelectricity

Thermoelectric conversion denotes the process of transforming heat energy to electrical
energy mainly derived from thermal radiation. This process could be used in a variety of
applications, from powering sensors and devices in remote areas to capturing waste heat from
industrial processes or even car engines to generate electricity. The direct radiation heat flux is
concentrated in the infrared spectrum (780 nm - 1000 um) and transmits as infrared photons
(photon of low energy). This is done using thermoelectric materials that exploit three separate

thermoelectric phenomena, which will be detailed below [11].
VI.1. Seebeck effect

Seebeck coefficient has the major contribution into the thermoelectric material
performance. The Seebeck effect was discovered in 1821 by the German physicist Thomas Johan
Seebeck. It describes the phenomenon of the appearance of an electric potential difference along

a material subjected to a temperature gradient is known as the Seebeck effect [12].

The Seebeck effect can be also characterized a couple formed by two materials of different nature

and which are subjected to a temperature difference.

E
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Figure 1.4: Seebeck effect for thermoelectric material.
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The Seebeck coefficient can be derived from the general form for the Mott relation is [13]:

ky JoE)E-ER) L P aE
S=7" EJi0) L13
[ a(E)- 55 4E

kg: Boltzmann constant q: Charge of the carrier ¢ (E): Energy-dependent electrical conductivity,
f(E): Fermi-Dirac distribution function. E: Energy, Er fermi level energy

This form implies that the Seebeck coefficient is proportional to the Fermi level's location linked
to the band edge, where the fermi level is defined as function of carrier concentration, So in Terms
of Carrier Concentration for non-degenerate semiconductors, the Seebeck coefficient is related to
carrier concentration by the relation:

§="2[in (=) 4+ ()] 114

It can be seen from the equation 1.13, the Seebeck coefficient can be changed by tuning the
effective mass and carrier concentration [ 14], from equations .13 & I.14 to improve thermoelectric
power of materials by maximizing Seebeck effect we need materials with higher effective mass

and optimized doping levels which lead to a material of high electric conductivity.
VI.2. Seebeck coefficient with transport coefficients

A martials with high electric conductivity is typically a degenerate semiconductors or metals, the
Seebeck coefficient depends on the transport coefficients, which consider the scattering

mechanisms [13]:

_ _rrzk,Z;T dlno(E)
R

Where: o(E): Energy-dependent electrical conductivity, Er: Fermi energy.

As shown in equation [.15 the Seebeck coefficient is temperature-dependent. At Low
of

po= term 1n

Temperatures: The Seebeck coefficient is proportional to the temperature T due to the
equation I.13. At High Temperatures: The exponential term dominates as shown in figure 1.5 in

. . 1. .
semiconductors, leading to S « In — in equation I.15.
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Figure 1.5: Variation of Seebeck coefficient S (WV/K) as function of temperature T

(K), for different kind of materials Semiconductor PN and metal.

Figure 1.5 shows the variation of Seebeck coefficient in metal where a linear variation of S
proportional with temperature variation. For semiconductor P-type a parabolic behavior due to the
dependence of carrier concentration on temperature, with positive values of S. On the other hand,
for N-type semiconductor a similar parabolic behavior but with negative values of S, indicating
that electrons dominate as charge carriers. This behavior highlights the significance of material
selection in optimizing thermoelectric devices. So, the sign of the Seebeck coefficient depends on
the type of charge S <0, indicates that the charge carriers are electrons, or S > 0 indicates that the

charge carriers are holes.

we revealed the relationship between the type of semiconductor N or P, where the Seebeck

coefficient should be negative for N type S/C and positive for P type S/C and the temperature
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dependence of Seebeck coefficient. So in case of couple of two semiconductor materials, for PN

junction the Seebeck coefficient of the couple is given by the relation:

Sab = Sp— Sq 1.16
Sab 1s the thermoelectric power of the couple formed by two different materials a and b.
VI1.3. Electrical conductivity

Materials used for this purpose, are specially designed to have high electrical conductivity. In the
Boltzmann transport theory, the electrical conductivity o, and Seebeck coefficient S, are expressed

as [04]:

— 52 _ 9fo(a)

c=¢€ Zk( P )kaka 1.17
- £ _ 9fo(a) i

5= oTzk( E )(gk &) ViV Ti .18

Where f;(g,) is the Fermi—Dirac distribution function given by:
fo(e) = 1/[exp((ex — &p)/kpT) + 1] I.19
g, 1s the band energy at k-point;
er 1s the Fermi energy;
v, = (1/h) Vg is the group velocity;
Ty 1s the relaxation time due to scattering with phonons and/or disorders/impurities
The photoelectric effect cross-section per atom, 7, is approximately given by [03]:
t(hv,Z) = khi—:; 1.20
k is a constant, Z is the atomic number,
n is an exponent in the range 3.6-5.3, being largest for low atomic numbers,

m is an exponent in the range 2.5-3.5, again being largest for low atomic numbers

The applications of various forms of radiation in technological fields are touched upon as well
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Solar energy conversion is the process of converting the energy of photons emitted by the sun in
the form of electromagnetic waves into electrical energy. To achieve this operation, proper
optoelectronic devices known as "solar cells" must be implemented. In this study, we are interested
in solar thermo-photovoltaic cells, which are a popular topic due to the highly attractive potential
for considerable improvements in the future of TPV performance. The basic concept behind these
thermo-photovoltaic is combine two types of solar photodetectors [16]; photovoltaic and thermo-
voltaic. To fully understand how these devices work, it is necessary to explain the physical

principle of each of the two sensors.

VII. Peltier effect

The Peltier effect was discovered in 1834 by the French physicist Jean-Charles Peltier [15].
Unlike the Seebeck effect, the Peltier effect occurs between two materials of the same type but
different nature (N-type and P-type) when an electric current is passed through a junction
connecting these two materials. Depending on the type of doping and the direction of the current,

we have either an absorption or a release of heat.
The dissipated or absorbed heat flux is given by [17]:

Q =mgpl = (mp — 1)1 1.21
T4y Peltier coefficient [JA™].

T, can be positive or negative. If a current imposed in the direction A — B causes heat to be
released at B and absorbed at A, then the Peltier coefficient of the junction ma, is positive.
Otherwise, map 1s negative. When a temperature gradient is applied to both sides of an elementary
thermoelectric couple as shown in figure 06, an electric power is created when the PN couple are
connected to an external load to broad the circuit, The efficiency of the thermoelectric generator
is defined by the ratio of the electrical power generated by the thermoelectric module to the thermal

power Q given off by the heat source.
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Figure 1.6: Peltie effect for PN junction.

VIII. Thermal conductivity

In a crystalline solid, heat transfer can be realized by the movement of charge carriers
(electrons) k, and lattice vibrations (phonons) k;, where the total thermal conductivity is therefore

defined as the sum of these two factors
K=K, + K; [.22
k. depends on the charge carrier concentration and is directly related to the electrical conductivity

1
=-=n.e. 1.2
o 5 n.e.u 3

n the charge carrier concentration, e the electron charge and p the charge carrier mobility
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p= 1.24

we obtain

T 1.25

L is the Lorentz factor. For a free electron gas, L is a constant defined by the relation
IX. Thomson effect

The Thomson effect was discovered in 1851 by the English physicist William Thomson. It
demonstrates that the two preceding effects, the Seebeck effect and the Peltier effect, are related
to each other. where a material either can absorbs or releases heat depending on the direction of
current flow which is related to the temperature gradient. This effect is important in thermoelectric
applications, such as in thermoelectric generators or cooling devices, because it contributes to the

overall thermoelectric efficiency and performance.

As discussed in section V and VI It is typically seen in materials where the electrical conductivity
and thermal conductivity are highly coupled and can highly impact the overall design of

thermoelectric devices.
So, the Thomson effect describes the relationship between the temperature gradient and the electric
current applied simultaneously on a segment dx, where the heat flow gradient is given by.

@ _ gL 1.26
dx dx

7 1s the Thomson factor depending on the type of material
Considering that the Seebeck coefficient, electrical resistivity and thermal conductivity are
independent of temperature, for couple of two materials a and b 7, is given by the relation:

dSap
aT

Tap = Tq—Tp =T 1.27

Due to the above-mentioned discoveries, it is achievable to produce an electric current by
establishing a temperature gradient (Seebeck effect) or to either generate heat or cool by using a

junction between two materials based on the current's direction (Peltier effect) [08].
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Figure 1.7: Coupled seebeck and peltier effect in one module used for power

generation and cooling generation.

X. Thermoelectric figure of merit

Consequently, it is essential to possess a pair of materials for the creation of a
thermoelectric module. N-type and p-type semiconductor materials are often utilized as shown in
figure 1.7, to construct a thermoelectric module, it is essential to utilize N pairs of N-type and P-

type semiconductor materials, which are electrically coupled in series and thermally in parallel.

The efficiency of a thermoelectric material depends primarily on the thermoelectric materials
figure-of-merit, known as zT this allows us to evaluate the performance of a material or even a

module. It depends on different parameters as shown in the equation .28
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The thermoelectric performance depends on the efficiency of the thermoelectric material for

transforming heat into electricity.

_mc29 _ mPF
ZT_TS?(_TJC 1.28

To optimize a material's performance, a high Seebeck coefficient and electrical conductivity, as

well as low thermal conductivity, are required.
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Figure 1.8 : Carrier concentration Logio (n, p).

A material that encounters all the of thermoelectric characteristics at bulk state cannot reach high
value of zT due to the correlation between the different parameters of materials. As shown in figure
1.8 insulators have a high Seebeck coefficient and low thermal conductivity, but their electrical

conductivity is low, which extremely reduces their figure of merit (ZT). For metals, high electrical
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conductivity is observed at the expense of the other two parameters. This therefore results in a low
figure of merit. doping also makes it possible to select the desired type of conduction and to
enhance the Seebeck coefficient, ultimately leading to an increase in the figure of merit.

The electrical and thermal contact resistance is considered ideal and that the steady state is reached,
the efficiency of a module composed of an n-type semiconductor and a p-type semiconductor is

written:

2,2
S = n°kgT 5 dlno(E) = E; 129
3e dE E

So, the Seebeck coefficient is proportional to the first derivative of the density of state (DOS) in

the vicinity of the Fermi level [18].

o 1 dDos (E)
DOS(E) dE g

Ahigh Seebeck coefficient, at a given charge carrier concentration, is obtained when the derivative
of the density of states, i.e. the slope near the Fermi level, is large. A high density of states can be
the consequence of many bands present at the Fermi level or flat bands with a large effective mass
m* [14]. The electrical conductivity o is determined by the mobility of the charge carriers, u, which

is itself influenced by their effective mass.

A detailed theoretical analysis of the variation of the factor ZT with temperature and carrier
concentration is particularly complex because it requires precise knowledge of the energy spectra
of phonons and charge carriers, as well as their scattering mechanisms, some of this feature can be
obtained from solving the Boltzmann transport equation by assuming a parabolic band model, by
taking into consideration the relaxation time approximation. The calculations confirm that the most
interesting properties are obtained for semiconductors having their Fermi level, E¥, located a few
kgT from a band edge (conduction or valence). They also suggest that a high ZT can be obtained
via the optimization of the parameter 3, defined by the relation:

Zocﬁoc(ﬁ)gﬁ 1.31

mo

where m* is the reduced effective mass of electrons or holes, my is the mass of the electron in
vacuum, p is the intrinsic mobility of charge carriers, and k. is the lattice thermal conductivity.

Thus, large values of the parameter f can potentially lead to high figures of merit. Equation (I.31)
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shows that it is also important from a thermoelectric point of view to optimize the mobility of
charge carriers and their effective mass. This relationship indicates that semiconductors with a
hefty effective mass, high mobility, and low lattice thermal conductivity represent the best
candidates [19]. However, these requirements tend to be mutually incompatible (high mobility is
usually linked to a low effective mass, for example, as emphasized in Equation (1.31), and it then
becomes difficult to derive additional information from this model for the optimization of
conventional thermoelectric material. At this scale here is a compilation of attributes that serves as

a framework for the exploration of good thermoelectric materials:

e Achieve a charge carrier concentration ranging from 10'® to 10! cm™

e Maintain a narrow band gap at ambient temperature T

e Enhance u k. by creating solid solutions, in which increased disorder significantly scatters
phonons due to mass or charge fluctuations in the lattice.

e Decrease lattice thermal conductivity ki by employing multi-element compounds
characterized by high atomic mass, large unit cell dimensions, and low Debye temperature;

e Foster a high effective mass of charge carriers and a pronounced variation in the density of
states at the Fermi level to optimize thermoelectric power.

» Maximize (m"/mo) u using compounds with multi-valley band structures while preserving
charge carrier mobility. Raised up mobility can be reached in compounds of atoms with
little electronegativity disparity. Significant disparities indicate a pronounced ionic nature

of atomic bonds and often result in substantial scattering of carriers by optical phonons.
X.1. Efficiency of thermoelectric module

The energy conversion efficiency 7 of thermocouple in electricity generation mode. is given by
the ratio of the useful electrical power P delivered in a load device to the thermal power ¢.
extracted from the heat source [19], so to maximize these two ratios depend only on the difference
of temperature between the two side Tu (T hot) and Tc¢ (T cold), the efficiency of a coupe PN
characterized with figure of merit ZT,, expressed in K-! by the relation:

_Te=Tr o T+ ZpnTm—1

- . 132
/ 1+anTm+ﬁ

nmax TC
Where T =(Tu+Tc/2)
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XI. Conclusion

In this first chapter we describe the theoretical basics essential for understanding the challenges
within this study domain. Although these can be summarized as optimizing the ZT figure of merit,
all the theoretical considerations we have developed clearly demonstrate the difficulties
encountered in this area. The diverse criteria illustrate that the macroscopic and/or microscopic
factors involved in the optimization of thermoelectric materials are incompatible, thus, the
challenge resides in the interdependence of the properties defining this figure of merit: raised
carrier concentration leads to reduced electrical resistivity but tends to reduce thermoelectric
power and augment electronic thermal conductivity, thereby increasing total thermal conductivity.
This discovery provides a significant issue that must be addressed to get the optimal balance among
these three variables for the enhancement of the ZT factor. For this purpose, several selection
criteria have been established empirically by examining the performance of several classes and

families of materials we will explore all that in the next section.
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L. Introduction

Conventional materials continue to be utilized in contemporary equipment, including refrigeration
and energy generation. Although discovered several decades ago (1950-1960), the materials
addressed in this section remain the focus of ongoing research, intended to enhancing their
thermoelectric characteristics by nanostructuring thermoelectric materials. The materials mostly
consist of III-V based alloys such as bismuth-antimony alloys. They may be categorized based on
their ideal temperature working range. Figure II.1 illustrates the temperature progression of the ZT
factor for the most effective conventional n- and p-type materials [20]. All these materials are
semiconductors with a narrow band gap (0 < E; <1 eV), and the majority satisfy the conditions
outlined in the preceding chapter. In the last two decades, several approaches have been commonly
used (nanostructuring [21,22], multi-scale systems [23], modification of the band structure with
resonant effects [22], the search for systems with multi-valley structures [24], the concept of
"Phonon-glass electron-single-crystal (PGEC). Here, we will only address some of these
approaches. On the first hand, nanostructuring to reduce the lattice thermal conductivity and, on
the other, the use of composite materials. These approaches are relevant because they allow certain
families of materials such as bismuth-antimony alloys, which have a relatively a good thermal
propriety, to strive with conventional thermoelectric materials without suffering their drawbacks
(costly, scarce, and/or toxic). But these are not the only approaches; doped alloys are also widely
studied because they allow the charge carrier concentration to be modified. Overall, these three

approaches can be grouped under a single "label," the concept of a multi-scale material [20].
II1. Conventional thermoelectric materials

Materials with interesting thermoelectric performance are mainly semiconductors and semimetals.
There are different families of thermoelectric materials such as skutterudites, silicides, oxides, Half

Heuslers, double half heuslers and many others.
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Thermoelectric Figure of Merit (ZT)

ZT as a Function of Temperature for Various Materials
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Figure II.1 Figure of merit as a function of temperature of various conventional

thermoelectric materials and nanostructured materials.

Figure II.1 presents some thermoelectric materials. this figure shows that the performance of
thermoelectric materials is optimal over a restricted temperature range. Thus, a thermoelectric
material is chosen based on its intended application, the temperature range in which the

thermoelectric module will be used.

It has been shown by various authors that the addition of a small amount of one or more
chemical elements leads to an increase in the power factor, Aloys based on bismuth and antimony
have been recognized as excellent thermoelectric materials for power production in temperature
ranges suitable for global applications, Recent research has demonstrated that exceptionally high
figure of merit values may be attained by leveraging the convergence of valence bands where a
high value of zT can reach 2.4 as shown in table II.1. For this reason, we will pay particular

attention to its electronic band structure, a brief presentation of'its topological and superconducting
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properties will be the focus of the following section before concluding with a presentation of the
transport properties of material based on Sb/Bi materials and the strategies used so far to improve

its thermoelectric performance.

Table I1.1: Figure of merit ZT for different materials.

Material 7T T(K) Year Reference
Bi2Tes/Sb2Tes (superlattice) 2.4 300 2012 28
PbSeTe (nano dot superlattice) 1.6 300 2016 29
AgPbSbTez+m 2.2 800 2004 30
Bi:2Tes 0.77 300 1958 31
Pbi-xEuxTe/PbTe (multi quantum well) 1.2 225 1996 32
CsBisTes 0.8 200 2000 33
Si NW (nanowire) 1.0 300 2008 34
Si NW (nanowire) 0.6 500 2008 35
BiSbTe 1.4 373 2008 36
NaixSbxBiixTes-x 1.7 700 2006 37
In4Ses-x 1.48 705 2009 38
PbTe (Ta-doped) 1.5 773 2008 39
BasGaisGeso 1.35 900 2006 40
SiGe 1.3 1173 2008 41
SiGe (NW) 0.46 450 2012 42
SnSe 2.1 300 2014 43
Hfo.75Zr0.25NiSno.975Sbo.025 0.82 1000 2017 44
(Bio.2Sbo.s)2Tes 23 300 2020 45
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III. Nanostructured materials for thermoelectric

When the material is nanostructured, doped, or even composite, real optimization potential appears
because the thermal conductivity is reduced [46]. Therefore, we chose to study a material with
nanostructured properties. Indeed, reducing the dimensionality within the system mainly modifies
the thermal conductivity, and more specifically the lattice thermal conductivity, which represents
the largest contribution, without altering the electronic properties. Figure II.1 shows that
nanostructuring thermoelectric materials can lead to an important increase in the figure of merit.
It should be noted that this is not always the case. Indeed, reducing grain size reduces thermal
conductivity but the number of interfaces increases, it also becomes more difficult for electrons to
move between them. Thus, it is possible that the effect is counterbalanced by an increase in
electrical resistivity. Another alternative will be explored in this work is the use of composite

materials, which can influence thermoelectric properties.

Nanostructured thermoelectric materials have been developed in various forms, including
nanowires, quantum dots, thin films, and superlattices. These materials have shown significant
improvements in thermoelectric efficiency due to the reduced thermal conductivity and improved
electronic properties, but for some domain of applications it’s not advantageous as shown in the

table II.1 for the SiGe and SiGe (NW).
III.1. Nanowires

Nanowires are one-dimensional nanostructures that exhibit quantum confinement effects, where
electron motion is restricted to one dimension. These nanowires exhibit enhanced Seebeck
coefficients and reduced thermal conductivity, which improves the ZT value. By adjusting the wire
diameter, researchers can control the carrier concentration and carrier mobility, optimizing
electrical conductivity. For example, in materials like BioTes, PbTe, and SiGe, nanowires have

been shown to have significantly lower thermal conductivity than their bulk counterparts.
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Figure I1.2 A coupled nanowire photodetector and photoemitter based on III-V materials

Using template-assisted selective epitaxy TASE figure from [47].

II1.2. Quantum Dots

Quantum dots (QDs) are nanoscale semiconductor materials that exhibit discrete energy levels due
to quantum confinement figure I1.3. These discrete energy levels can enhance the density of states
near the Fermi level, improving the Seebeck coefficient. In materials like PbTe and Bi2Se3,
quantum dots embedded in a matrix have shown improvements in ZT values by lowering thermal

conductivity while enhancing the electrical conductivity and Seebeck coefficient [48].
II1.2.1.Size dependence of density of state in quantum dots:

As the size of the quantum dot decreases, the spacing between energy levels increases, which lead
to a more pronounced quantization of the DOS. For very small dots, the DOS becomes highly

discrete with only a few energy levels available.

As the dot size decreases, the energy spacing increases, and the DOS becomes more discrete. Thus,
the dot size increases, the energy levels become closer, and the DOS transitions to the bulk material

form, resembling a continuous density of states.

31



Chapter I1: Nanostructuration effect interband < intersubband quantum photodetector

@0
R ]
Conduction S ——
band S e ===
I L]
. ¥ --_. I
Valence exe J —— SE— l
band Wedolel T — — —
—— e e— —— I
—— = ————
Bulk Material QDs QDs QDs QDs

Figure I1.3 Shows how size of quantum dots affects electronics and optoelectronics

proprieties [49].

However, when the material is nanostructured, doped, or converted into a composite, a real
optimization potential emerges, since its thermal conductivity can be reduced. For this reason, we
selected a material that inherently exhibits nanostructuring due to its synthesis method. Indeed,
reducing the dimensionality of the system primarily affects thermal conductivity specifically, the
lattice contribution, while preserving the electronic properties. Another strategy for maximizing

the figure of merit is to optimize the charge carrier concentration.
II1.3. Superlattices

Superlattices nanostructure consist of alternating 2D layers of materials with different
thermoelectric properties. These layers are often engineered at the nanoscale. By optimizing the
geometry and the thickness of each layer, phonon scattering will be enhanced, thermal conductivity

will be reduced while electrical conductivity can be improved or maintained. Using Materials like
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BixTes/SbaTes or any other thermoelectric materials such as III-Sb based materials even other kind
of optoelectronic materials like skutterudites or half-Heusler as superlattices have shown a
significant improvement in ZT. This improvement is outcome of controlling the electron-phonon
interactions at the interfaces. 2D thin films and other low-dimensional structures of complex
superlattice have attracted much attention in research. Among the several thin film techniques are
beat approaches and molecular beam epitaxy. High-quality superlattice have been produced by
laser deposition, sputtering, metal-organic chemical vapor deposition, and chemical solution
deposition depend type of alloys material and the chemical proprieties of materials a varied range
of synthesis techniques beyond those. In the next chapter we will discuss particular synthesis and

characterization and engineering investigations on thermoelectric superlattice.

IV.  Density of states influence on optoelectric and thermoelectric nanostructured

materials

By increase in the density of states at the Fermi level in nanostructured materials leads to an
increase in the effective charge mass without changing their concentration [50]. This results in an
increase in the Seebeck coefficient. Also, the possibility of exploiting phonon scattering at grain
boundaries leads to a reduction in thermal conductivity [51]. The idea is to synthesize and use
nanostructured materials, whose dimensions are well below 100 nm. The reduction in thermal
conductivity in nanostructured materials was discussed by Hicks and Dresselhaus in 1993 for the
superlattice structures of quantum wells (2D) and nanowires or nanotubes (1D) [52]. In this work,
we proposed an important improvement in the figure of merit by an order of scale in nanostructured
materials, thermoelectric properties can be improved compared to those of conventional bulk (3D)
materials, due to the reduction in dimensions by significant changes in the density of electronic

states [52] Figure 11.4.
IV.1. Density of states for different dimensions

The density of state function describes the number of states that are possible in a system and is
essential for determining the carrier concentration and energy distributions of carriers within a

semiconductor
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In semiconductors, the free motion of carriers is limited to two, one, and zero spatial dimensions.

When applying semiconductor statistics to systems of these dimensions, the density of states in

quantum wells (2D), quantum wires (1D), and quantum dots (0D) must be known.

Table I1.2 Electronic density of states of semiconductors with 3, 2, 1, and 0 degrees of freedom

for electron propagation.

Degrees Dispersion (Kinetic Density of States Effective Density of
of Energy) States
Freedom
K2 L3 . 3
3D (bulk) E=c— (ki +kj+kZ) | pap =i<2m ) /2 a—— - =i(m KT) /2
2m dos 212\ A2 Cc Cc \/z Th2
2D (well) h? ap . M op . M
E = e (k2 +k3) Pdos = 32 o(E —E¢) N~ = pry KT
1D (wire h? . R R
( ) E=2 *(k,%) plD :m m NiD — m KT
m dos th |E — EC C 27Tfl2
0D (Dot) (Ex) pi2. = 28(E — E¢) NP =

As mentioned in chapter 1: equation 1.30 to express the ZT enhancement mathematically across

different dimensions, we can analyze how the density of states (DOS) and transport coefficients

the mobility affects the figure of merit:

<
DOS(E) de g

1 dDOS(E)

=EF

II.1
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This means that in 1D and 0D systems, the high-pitched features in the DOS can enhance

significantly through numerous mechanisms:

o=q?[u(E)p (E) (Z—’;) dE 1.2

The derivative of the conductivity with energy depends heavily on the shape of the DOS near the

Fermi level:

(dlna(E))z
ZT o« ~—& 2 I1.3
k/(aT)

3D (Bulk Materials)
- Limited ZT due to the direct dependency with material proprieties S, o, and x. Typical ZT ~ 1
2D (Quantum Wells)

- Quantum confinement modifies the density of states near the Fermi level.
- Possibility to enhance the Seebeck coefficient S without severely reducing o.

- Phonon scattering at interfaces can reduce lattice thermal conductivity K.
1D (Quantum Wires)

- Improved density of states due to 1D subbands further increases S.
- Higher electron filtering and energy-dependent transport.

- Further phonon boundary scattering lead to lower thermal conductivity.
0D (Quantum Dots)

- Discrete energy levels (delta-function-like DOS).

- Strong potential for very high S.

- Carrier energy filtering is most effective.

- Extremely strong phonon scattering lead to very low .

- ZT enhancement possible, but practical challenges (low electrical conductivity, carrier tunneling

big issues).
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Figure I1.4 Density of States (DOS) as a function of energy for different material
dimensions: 3D-bulk materials, 2D-quantum wells, 1 D-nanowires or nanotubes, 0D-

quantum dots, and temperature dependency.

An increase in the density of states at the Fermi level, due to quantum confinement effects, leads
to an increase in the Seebeck coefficient (equation chapiter 1 1.29), without reducing the electrical
conductivity [52]. Furthermore, the lattice thermal conductivity can be significantly reduced by
phonon scattering at interfaces and grain boundaries to decrease the phonon mean free path [52].
Based on this study a multitude of investigations on nanostructured materials have been conducted,
which lead to an exciting finding. They achieved significant improvement in enhancing the figure

of merit ZT, with values beyond the value of ZT=1 [53][54].
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Figure IL.5 Distinction between conventional thermoelectric materials and

nanostructured materials as function of temperature.

Figure I1.5 summarizes the findings derived from p-type superlattices of Bio»Tes/BixTes, [53], and
quantum well superlattices of PbTe/PbSeTe [54]. Nevertheless, these findings have yet to be
simulated. Recently, the merit figure of the nano-composite BixSb,.«Tes has been reported to have
increased by 40% compared to typical bulk materials, resulting in a merit figure ZT = 1.45 at near

ambient temperature [55].
V. Phonon scattering and reduced thermal conductivity

In materials, phonons are quanta of lattice vibrations, and they are the primary carriers of heat in
non-metallic materials (such as semiconductors, insulators, and ceramics). The heat conduction in

these materials relies on the movement and scattering of phonons. In nanostructured materials, the
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thermal conductivity (k;) is often significantly reduced compared to bulk materials. This reduction
occurs because the phonons experience enhanced scattering at the interfaces, grain boundaries, and
surfaces of the nanostructures [56]. the lattice thermal conductivity K;depends on the phonon mean

free path A, and its expression is:
1
K = ECUUUA 1.4

C, is the specific heat capacity per unit volume, v,, is the speed of phonon vibration =speed of

sound.
V.1. Phonon mean free path

The phonon mean free path (1) is a measure of the average distance of phonon travels before it is
scattered by imperfections, interfaces, or boundaries in the material. The phonon mean free path
(4) in nanostructured materials is typically much smaller than in bulk materials due to the presence
of nanostructures (such as nanoparticles, thin films, or nanowires). The reduction of thermal

conductivity in nanostructured materials is due to this decreased phonon mean free path [57].

For photoelectric efficiency, the carrier lifetime Tcamier plays a key role. A longer carrier lifetime
indicates fewer recombination, leading to improved photoconversion efficiency. The carrier
lifetime is given by:

1

T = I1.5
carrier - recombination

For photoelectric materials, the diffusion coefficient D is related to the phonon scattering through

the Einstein relation:
D = uKgT I1.6

The mobility p is related to scattering, and scattering is influenced by the phonon mean free path
A, the diffusion coefficient D and consequently the efficiency of photoelectric conversion improve

with longer phonon mean free paths.
VI. Photon detection in nanostructures superlattice

Photon detection can be further divided into photoconductive (PC) and photovoltaic (PV) detectors

according to satisfaction or violation of symmetry in the configuration. photovoltaic detectors can
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operate at zero bias, while photoconductive detectors require an external bias to initiate the
operation. In addition to the simplest semiconductor slab, a comparably more complex PC
photodetector structure is a QWIP [58], the basic elements of a QWIP are quantum wells (QWs)
separated by wide barriers. The incident light is absorbed via Intersubband transitions of electrons
within the QWs. Once the electrons are excited into the continuous upper states, they will be
measured as a signal current. However, to collect these electrons, an external bias needs to be
applied and the signal current responds in an almost linear fashion to the applied bias. Among

various types of QWIPs, technology based on GaSb/AlGaAsSb/InGaAsSb multiple QWs is most

mature [58].
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Figure 11.6 Working principle of solar cell with p-n junction structure and (b) loss

mechanism in standard p-n junction [59].

Major photovoltaic detectors are an extraordinary p-n junction, as seen in Figurell.6. The optically
stimulated electrons and holes are segregated by the intrinsic electric field in the depletion area,

thus contributing to the signal current. One method to enhance light absorption in a p-n junction is
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to interpose a substantial intrinsic layer between the p- and n-doped layers, so creating the p-i-n
structure. Certain p-i-n detectors can employ avalanche multiplication, provided they are reverse-

biased [60].
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Figure I1.7 Strategies to enhance thermoelectric performance by engineering the band
structure of alloyed multitude materials to reduce the energy disparity between light and heavy
carrier bands, hence improving Seebeck coefficients and power factors.can be executed on

either the valence band and/or conduction band, respectively, for p-type and n-type carriers.

We decided to incorporate nano-engineering structure in order to obtain a multi-scale material. I1I-
V antimonide based materials were chosen for this purpose, as they have already demonstrated

promising results when combined with other thermoelectric materials as shown in table II.1
VII. Quantum nanostructured cascade photodetector

The quantum nanostructured cascade photodetector devices may exhibit significantly extended
durations because it functions through intersubband transitions occurring inside a single band, such
as the conduction band for electrons transition or valence band for holes transition. Elevated
photon energy will increase thermalization loss. To assess the correlation between device
performance and incident photon energy, an energy-dependent absorption coefficient is employed,

which aligns well with that of quaternary, with a narrow bandgap.
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Figure I1.8 Illustration of the photon absorption and cascading effect in an interband

cascade photodetector figure from [63].

The origins and quantification of photoconduction and noise gains in quantum well infrared
photodetectors (QWIPs) have been subjects of intense discussion for the last two decades. The
photoconduction gain, which is inattentive in Quantum Cascade Detectors QCDs is the reason why
QWIPs and QCDs have different Internal Quantum efficiency IQEs and consequently the
efficiency EQEs are very similar [63], despite their comparable absorption efficiencies. It depends
on the vague capture probability, which represents a high probability of an electron traversing the
continuum of states above the barriers and incident upon a certain period being caught by the
quantum well of that period, as opposed to passing over it (figure I1.9). This differs from
conventional devices that rely on interband transitions between the conduction and valence bands.
This intrinsic disparity in carrier transport leads to varying carrier lifetimes and device

performances, particularly at high temperatures.

lifespan t of quantum cascade devices is in the picosecond range due to rapid phonon scattering,
but interband cascade devices have a nanosecond lifetime scale owing to Auger and Shockley-

Read-Hall (SRH) recombination.
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Similar to Interband Cascade devices, the Quantum Cascade family despite the theoretical
proposals and simulations of Quantum nanostructure for TPV cells [61], none have been
documented empirically. In Presence of Auger and SRH mechanisms gives a thermal generation

rate that is expressed as [62]:

2 2 2
n’ n? n?
th = 7 : =— 11.7
Ngtg  (Ngtn)tspy  Ngt
1 1 N, 1 1 1
-=—= 4 ~— I1.8

T T4 (Ngtn)TsrH Ta TSRH

where 1 represents the carrier lifetime due to the Auger mechanism and tsry is the SRH carrier
lifetime. Equation I1.7 is valid if the doping concentration Na is much higher than the intrinsic
carrier concentration ni. Therefore, one can first extract gm from Equation I1.7 and then calculate
the carrier lifetime from Equation IL.8. The contribution of SRH process can be indirectly assessed

by the activation energy E..

Figure I1.10 shows the temperature dependence of Auger and SRH recombination. This suggests
that carrier movement was influenced by both the diffusion process and the SRH processes [61].
For SRH recombination is related to the presence of multi-Energy level defects within the material.
Which is influenced by the density of states and the ability of carriers to recombine via these defect
states. The observed peak suggests that for intermediate quantum well widths, the carrier dynamics
and the defect states are most favorable for SRH recombination. As temperature increases, the
carriers gain more thermal energy, which can affect the interaction with deep-level states, thereby
shifting the peak of SRH recombination to wider wells. For Auger recombination involves three
carriers and is typically more significant in narrow quantum wells due to the higher carrier
concentration. As the well width increases, the carrier density decreases, which leads to a reduction
in Auger recombination. the decrease with increasing temperature is anticipated because thermal

effects at higher temperatures reduce carrier localization and reduce the recombination efficiency.
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Figure 11.10 The variation of Auger recombination and SRH (Shockley-Read-Hall)

recombination as a function of the quantum well width at different temperatures.
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Auger recombination shown in figure II.10.a refers to a recombination process in which the energy
released by recombination is transferred to another charge carrier, which then relaxes back to its
original energy level through lattice collisions. Auger recombination is particularly effective in

highly confined semiconductors.

Shockley—Read—Hall recombination shown in figure I1.10.b refer to impurities and defects in a
semiconductor can create energy levels within the bandgap. These energy levels facilitate a two-
step recombination process. For example, an electron from the conduction band can first occupy a
defect level and then relax from there to the valence band, releasing its energy in the form of
phonons. This defect-related recombination, also known as Shockley—Read—Hall recombination

(SRH recombination), depends on the crystal quality of the semiconductor material.

The design process for QCDs is examined in relation to the detection wavelength, detectivity, and
responsivity wich is related to the splitting between the discret energy level. A more extensive
theory about Intersubband ISB transitions figure I1.9. Conduction band ISB devices, including
QCDs, rely on photon—electron interactions among quantised electron subbands inside the
conduction band of semiconductor heterostructures. The same happened in the valence band but

with existence of more other energies for different types of hole’s effective mass figure I1.9.

Their spectral response is optimal at the energy difference between two quantised electron levels
in a quantum well. In contrast to semiconductor devices reliant on interband transitions, where the
operating wavelength is approximately determined by the bandgap of the semiconductor material,
the operating wavelength of intersubband (ISB) structures is typically dependent on the thickness
of the quantum well (QW) Figure I1.10. The transition energy between the two lowest electron
levels in a quantum well as a function of the quantum well thickness, derived from numerically
solving the Schrodinger equation for the quantum well, which is done in the next chapter (chapter

1)
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VIII. Conclusion

We have defined the application of nanostructured materials to enhance the thermoelectric
performance. The combined method of lowering electron scattering and maximizing heat-
conducting phonon scattering overall length scales by nanostructuring methods generated several
enhanced figures of merit. The nanostructuring techniques include many creative ideas of
multiscale phonon scattering. The most sensible approach to raise ZT higher is to favorize the
intersubband transition. Where the intersubband characteristics of infrared transitions in
nanostructured detectors necessitate precise control over both the pounded state and the excited
state to design for a certain peak wavelength. The transitions may occur from bound-to-bound
states, exhibiting a narrow spectral response, or from bound states to the continuum, displaying a

broad spectral response, contingent upon the relative location of the excited energy of interest.

research is required to commercialize nanostructured materials, 2D structures are captivating
methods to improve the figure of merit. However, these methodologies rely on the basic features
of the material, including carrier concentration, mobility, and the behavior of phonons, such as the
mean free path of the phonons. Further study to achieve a better quantitative comprehension of
thermoelectric materials for a broad spectrum of power applications will be explored in the next

chapter.
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I. Introduction

The design, manufacture, and characterization of a quantum well thermophotovoltaic able to
simultaneously detect Infrared and visible radiation are described in this chapter. Whereas IR
depended on intersubband transition, visible light detection was achieved by interband transition.
Self-consistently solving the Schrodinger and Poisson equations with the shot approach allowed
to model the quantum well structure, first we start by optimizing the architectures by calculate all
the structural proprieties while preserving the notion studied in the previous chapter such as
confinement, use of materials with high figure of merit, the aim is to select materials with a high
figure of merit displaying similar compatibility behaviors. The traditional III-V semiconductor
material used in quantum well infrared photodetectors (QWIPs) are based on GaAs families.
Detectors that use this material system can have their spectral response adjusted between 6 and 20
pum. Most of the energy gap discontinuities in that combination are in the conduction band.
Consequently, quantum well infrared photodetectors based on GaSb families may be able to
achieve intersubband absorption at much lower wavelengths. The n-doped QWIPs show no
sensitivity to radiation. On the other hand, due to band mixing, QWIPs that use inter-valence band
transitions are sensitive to normal incidence radiation. Quantum well infrared photodetectors

(QWIPs) doped with n and p have been built and combined.
Il.  Properties III-V materials based antimonides

III-V based antimonides materials families are currently of great interest because they are very
promising in many new optoelectronic devices and especially, in solar applications as thermo-
photovoltaic cells. As we have seen that several new materials have been discovered very recently
with a figure of merit of 2 to 3. However, their application in industry still requires many efforts.
These efforts would include improvements in their chemical and thermal stability, as well as their

synthesis methods and production costs.
I1.1. Structural properties

For a reliable simulation, the most accurate knowledge possible of the materials contained in the

thermophotovoltaic cells is necessary.
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The material parameters of GaSb and III-V semiconductor materials fit in to the families of
antimonides shows zinc blende crystal structures figure III.1. GaSb,InSb,AlSb and InAS,GaAs
materials have mainly low lattice constant discrepancies and similar growing conditions as their
benefits [63,64]. These binary materials could be combined to obtain ternary alloys InGaSb,
AlGaShb, or quaternary such as InGaAsSb and AlGaAsSb, required for modeling are discussed
below. the bandgaps of these materials and their associated alloys varies from 0.17 eV (for InSb)
to 1.70 eV (for AISb). In the design of TPV nanostructured Photodetector’s devices, this bandgap

range is quite important.

Figure III.1: zinc blende crystal structure of GaSb.

Despite these spectacular results, current commercial thermoelectric modules are still based on

conventional materials, such as compounds based on Bi-Te, Pb-Te for near ambient temperature,
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or Si-Ge, Heusler and stekrudit materials for high temperature appliocations. Indeed, in addition
to the search for figure of merit optimization, economics and the environment are important factors
to consider for industrialization. These materials must address the issues of cost and toxicity. From
this perspective, the basic compounds, Bi-Te, Pb-Te, are unfavorable because Pb is a toxic element

and banned in several countries.

I1.2. Electronic properties

Most of III-V materials is chemically stable, GaSb and his derived materials are motivated by
several applications [63] such as gas sensors, transparent conductors (TCO - Transparent
Conducting Oxide), ... In the following part, we will present the physical properties of I1I-V

materials based on antimonides, which is generally growth in cubic phase figure I1I.1.
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Figure I11.2: Variation of total energy versus volume of unit cell volume

for GaSb.
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Figure II1.3: Variation of total energy versus volume of unit cell volume

for InSb.

The most stable (equilibrium) configuration is represented by the minimum point on the energy
vs. volume curve figurelll.2 and figure II1.3. for both GaSb and InSb a stable crystal structure is
indicated by the curve's parabolic shape close to the minimum. Their total energy vs. volume
profiles will resemble each other almost exactly because of their similar bonding and structural
parameters. The band structure of both materials is similar figure I11.4, while Both are narrow

bandgap semiconductors InSb (~0.17 eV) and GaSb (~0.72 eV).

The band structure of GaAs and InAS are also similar figure I11.4, for the same reasons
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Figure I11.4: Band diagram and density of state for GaAs, InAs, GaSb and InSb [65].

The valence band maximum and the conduction band minimum are located at the same point in
the Brillouin zone. Detection efficiency and light emission are then high since radiative transitions
are very probable. This property makes these materials useful for optoelectronic devices such as
light-emitting or light detecting diodes [66]. From the I" point (point of haut symmetry), there is
another minimum (Er) in the <111> direction, which lies only slightly above the minimum at the

I point. AEr_ denotes the difference between these two minima.
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I1.3. Energy variation as function of temperature

A better understanding of the band structure of III-V materials is therefore essential. The values of
AEr. reported in the literature are in the range 0.85 meV [66]. The temperature dependence of the
band gap Eg is given by:

2

(04
By = Eg(0) ~ 35

where E4(0) is the energy gap at 0°K, B is approximately the 0°K Debye temperature, and o is an

empirical constant.
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Figure II1.5: Variation of the energy gap as function of temperature variation.

A full understanding of the intrinsic charge carrier concentration n; is essential for accurately
characterizing a semiconductor device. The intrinsic charge carrier concentration is dependent
upon the effective densities of states of the conduction and valence bands, N¢ and Ny, the band

gap, Eg, and the temperature T.
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Figure II1.6: a) Temperature dependence of Seebeck coeficient in GaSb.

b) Temperature dependence of mobility in GaSb.
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By way of temperature increase, Seebeck coefficient increases, which is beneficial for
thermoelectric performance but from the second graph we observe the mobility decreases, which
can reduce electrical conductivity. This trade-off is crucial when optimizing materials for
thermoelectric applications, where both high Seebeck coefficient and sufficient mobility (or power
factor) are desired, by returning to the equation 1.13 & 1.15 mentioned in chapter I, a better zT for

GaSb will be obtained in the range of temperature 300-500 K.

In the table III.1 the operating temperature range of different materials based on III-V alloys is

defined, based on experimental value which Matches well with theoretical predictions.

GaAs
A=5.65 A
E;=1.42 eV

Figure II1.7: Band position of GaAs, InAs, InSb, and GaSb binary systems.

The values are obtained from Ref. cited in the table below.
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I11. Material optimization

The ITI-V family based on antimonide alloys were employed since, these materials offered optimal
narrow bandgap energy while keeping the lattice-matched condition and therefore enabling
designs shown in Figure I11.7. An approach based on the band diagram and strain engineering to
obtain type I quantum wells based InGaAsSb/AlGaAsSb [80] for infrared detector on GaSb
substrate, took into consideration a quantum well type I, lattice-mismatch within 2% (circles in
Figure II1.8, and good band offset to gain good confinement for both electrons and holes (Table
I11.2). A study on the optimization of the materials was done using a quaternary alloy formed by

the two families of III-V semiconductors, arsenide and antimonide.
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Figure II1.8: Calculation of the AlxGaixAsySbi.y /Ino2Gag.gAsxSbix maille

parameter as function of composition.

57



Chapter I11: Thermophotovoltaique cells based on 111-V materials design and Engineering

The structure was made on a GaSb substrate followed by an N-type GaSb layer and then a buffer
layer of AlGaAsSb to ensure mesh agreement with the active zone which will constitute multi-
quantum wells AIGaAsSb/InGaAsSb, then a second buffer layer was made by AIGaAsSb with a
concentration different from that on the first terminal, to ensures the mesh agreement between the
active zone and the second pole of the junction which is a typical GaAs layer P-type. The first part
of our work seeks to find the best adjustment of the energy gap according to the lattice mismatch,

the composition dependence of the lattice parameter.

The dashed line in Figure III.8 shows the variation of the lattice parameter of InGaAsSb as a
function of As concentration by taking a low fraction of indium 20% in the wells to obtain a narrow
band gap. And demonstrates how the lattice parameter of AIGaAsSb can vary depending on the
lattice parameter for the Al composition in the barrier and the As composition in the well with a
significant amount of GaSb up to 50% to gain the good thermal proprieties of antimony alloys [2]
and cut the compressive strain [82].Figure I11.8 shows a good mesh agreement for different values,
indicating that several options are available as designated by circles. Maintaining good mesh
agreement is an iterative process; require multiple iterations of mesh enhancement and analysis to
achieve accurate results, as overly sophisticated find a good mesh with desired proprieties can lead

to longer simulation times.

The bandgap energies of the InGaAsSb quaternary system range from 0.17 eV for InSb to 1.42 eV
for GaAs, whereas the energy gap of AlGaAsSb fluctuates between 0.72 eV for GaSb to 2.30 eV
for AISb [83]. The fluctuation depicted in Figures II11.9 and II1.10 of Eg exhibited a non-linear
tendency; for InxGai.xAsySbi.y, the energy gap significantly diminishes with increasing indium
percentage, maintaining the lattice misfit within an acceptable limit of Aa/a < 2%, whci led to a

tight bandgap range of 0.5 eV<EG < 0.7 eV.
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Figure I11.9: Variations of the gap energy as a function of x (% In) and for
different y (% As).

It is intended to have a significant antimony content above 0.5, which means that x and y must be
limited to less than 25% indium and 30% in arsenic, respectively [84]. As shown in Figure IIL8,
the lattice parameter is strongly impacted by the x value in aluminium and especially by the y
value in arsenic, while the barrier AlGaAsSb energy gap is primarily determined by the percentage
of aluminium. We need to enforce values of y <30% in order to implement quantum wells using

InGaAsSb on an AlGaAsSb barrier system.

59



Chapter I11: Thermophotovoltaique cells based on 111-V materials design and Engineering

bandgab energy variation (ev)

Figure II1.10: Variations of the gap energy as a function of x (% Al) and for
different y (% As).

Additionally, as shown in Table 1, the high indium fraction of 20% and the elevated arsenic fraction
of up to 10% in the quantum wells cause the conduction band and valence band of the barrier to
be displaced, resulting in improved confinement. As the compressive strain caused by this
condition, careful strain balancing is required. In order to develop high-performance
photodetectors based on InGaAsSb/AlGaAsSb type-I superlattices, we propose a number of

superlattice designs for quantum wells and barriers. We used a theoretical model to calculate the
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band offset. When the bandgap is increased to 0.4 €V, it is possible to achieve a conversion efficiency of
30% with a multijunction architecture even for a small width. This elucidates that multijunction architecture

is an effective strategy to universally improve the device performance in a wide infrared spectral range.
I11.1. Band-edge alignments

Type I quantum wells can be created in a variety of ways using the material systems listed in Table
1, which enable the construction of multiple quantum wells integrated within a PIN junction [83].
This material system, which can be grown lattice-matched on GaSb and/or GaAs substrates, may

improve conversion efficiency, a highly desired property [85].

Figure II1.2: The scheme of the layer’s composition in the investigated samples.

sample | A B C D
QW IN0.2Gao.8AS0.15Sh0.85 | 1N0.2Ga0.8AS0.255b0.75 | 1N0.2Ga0.8AS0.35500.65 | 1N0.2Ga0.8AS0.45Sho 55
Barrier | Alg15GaggsSh Alg 26Gag 74AS0.1Sb0.9 | Alg35Gag s5AS0.2Sbo.g | Al asGag 55AS0.35b0.7
AEc
0.21 0.34 0.42 0.62
(eV)
AEv
0.06 0.17 0.30 0.24
(eV)

IV. Device design and fabrication

To reach high performance PIN photodetectors, it should overcome two principal challenges. The
first one resides in choosing an InGaAsSb/AlGaAsSb system with a NIR cut-off wavelength and
theoretically giving a high absorption coefficient. At the same time, the superlattice design must
give a good strain balance to ensure a high-quality material for a long minority carrier diffusion

length in order to achieve high quantum efficiency (QE) [86].
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n*- GaSb

n*- AlGaAsSb window

n- InGaAsSb Emitter

MQw
InGaAsSb/AlGaAsSb \

P- InGaAsSb Base

P*- AlGaAsSb BSF

P*-GaSb Substrat

Figure 111.11: Structure of a PIN thermophotovoltaic solar cell with multi quantum wells
using cascade nastructure for photovoltaic cell and micro cascade structure to improve

thermoelectric conversion.

In order to obtain high quantum efficiency, superlattice design must provide appropriate strain
control to guarantee a high-quality material with a long minority carrier diffusion length. The
second challenge is in designing a highly controllable barrier which effectively blocks the majority

electrons in the conduction band while ensuring the free movement of minority holes in the valence

band.
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V. Schrodinger equation resolution for quantum well

The calculation procedures mentioned in the last section of chapter II described here by follows
the envelope function approach based on the effective-mass approximation [82]. to obtain in-plane
sub band dispersions in the conduction and valence band. The Schrodinger equation for a particle
of mass m confined in 1D potential well in an electric field E perpendicular to the quantum well

layer is given by the relation (II1.3) [83]:

o | w2
ha(x, t) = (— et + V(x)> Y(x,t) (II1.3)

1 describes the time-dependent Schrodinger equation (how the wave function changes over time),

while ¢ describes the time-independent Schrodinger equation (stationary states).

The set of energies E,, and stationary states ¢,, , form the eigenvalues and eigenstates of the

Hamiltonian operator

—~ h2
Hep, = <_ %; + V(x)> Pn = EnPn (IIL.4)

We use the effective mass approximation to calculate the energy states for a quantum well [6].

h? 92
< L2 ) = E,0, (IIL5)
@ (x) = M (111.6)
o (x) = —k?¢ (111.7)
( k = Zme nZ % <x< %
(IIL8)
k= ZmEh(E MMen EVO) S Lopy < L
. L
2my pEy (7) = nm (I1L.9)
E, < AEc, (I1L.10)

We obtain
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n?m? h?

" e (IIL.11)
n = 1,2...Energy level, mg ; effective mass of electrons, holes respectively.
L: the width of the well, A = h / 2m.
¢n = Asin () (II1.12)

So, the number of energy states n is given by the relation:

J2ZmZ By (3) > n (I1.13)

The number of the discrete energy levels n is strongly depends on the value of the offset band
AEcy, the effective mass of the carriers m ; and the width of the well L. All the possible direct
transitions are calculated as a function of QW width to recognise how to design devices for

different wavelength section.

self-consistent Schrodinger-Poisson computations were conducted utilising the material
parameters defined in table III.2. Nonparabolicity was considered via an energy-dependent
effective mass. Based on this calculation figure II1.11. and table II1.2. lists the layer sequences for
a single active area period. Using 7-15 repetitions of QW the active region period based on
theckness of QWs, two thick top and down contact layers, all layers were fabricated using
molecular beam epitaxy on GaSb substrate. For the resonant quantum well in the active zone. The
high energy transition is limited in QW without shifting, so localising wave functions in QWs lead
to permanently lowering the energy wave function in QW, does not Stark shift, and has a significant

wave function for strongly positive fields while the high energy wave function is localised in QW.
V1. Linear optical properties of quantum wells

Fora QW, the absorption efficiency noted na.b equation I11.14 between two level E; and E; is related

to 2D absorption coefficient noted ap relation I11.15
Nap = 1 — e Nawayp » eNewayp (I11.14)

eNewazp « 1
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Where ozp is given by the relation

— nsq*h r
%2p = 2gocnm* frz (Ey—E;—hw)2+T2 (IT1.15)
2 *
fiz = 7= 1 1210) 1 (I1L.16)

ns is the active QW’s 2-D doping density, n is the refractive index of the QCD, and m* is the

effective.

mass in the QW, f;, is the oscillator strength between the two lowest wave functions in the active
QW, ¢, and ¢, is the function of the position along the growth direction Z, and I’ is the half-width

of the intersubband transition’s Lorentzian absorption shape.

Relation II1.15 show that the absorption efficiency and the responsivity thus increase linearly with
the number of periods and the doping density. However, since the detector gain is inversely
proportional to the number of periods, the current responsivity can be approximately independent

from the number of periods.

The in-plane transport is supposed to occur on timescales much shorter than the 1D motion: the
subbands are theoretically in thermal quasi-equilibrium state, and the carrier transport becomes
moderately spontaneous: all quantum confined states in the z-direction are effectively thermalized
creating such a reservoir that exchange electrons with scattering rates calculated through Fermi’s
rule equation III.16. The time scales and phenomena involved are the quantum decoherence
influencing the QCD absorption [87], and Intrasubband thermalisation results from electron-
electron scattering, ISB scattering become apparent approximately in very short time some
Picoseconds, mostly attributed to electron-LO-phonon scattering when quantum states exhibit
significant energy separation. The rapid timeframe governing ISB transmission accounts for both

the low working temperature of ISB devices and their inherent high speed.
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VII. Conclusion

In this section, we studied the performance quantum cascade photodetectors QCPDs for
thermophotovoltaic application, it is a kind of modules that utilize the properties of quantum
structures exhibit highly advantageous thermal and optical properties compared to bulk materials.
The primary motivation for developing QC photodetectors based on I1I-V materials was to identify
a more cost-effective, high-quality material alternative. One method to reduce the wavelengths of
QCDs involved using mixture of high bandgap and wide bandgap III-V materials, which offer
significantly elevated conduction band offsets. We demonstrated the benefits of using quantum
nanostructures and the influence of their properties on device operation. This implies that quantum
nanostructure technology is the best solution for achieving record efficiency values that can exceed
50%, especially with the new concept of photon recycling, which creates discrete energy levels,
which promotes inter-subband transitions and reduces non-radiative recombination and
thermalization losses. The crucial design aspect of Intersubband devices such as QCDs is the
quantum engineering bandstructure. It can be calculated using theoretical calculation of the

Schrodinger equation will be explored in the next chapter.
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Chapter IV: Characterization of quantum cascade photodetectors

l. Introduction

Quantum cascade detectors (QCDs) are photodetectors that require quantum engineering of the
electronic band structure to detect photons with energy below the semiconductor bandgap. The
integration of long wavelength capabilities with higher material quality makes them a compelling
technology for large domain of operation allow detection of photons not only in Visible range but
also infrared radiation detection, which makes them very suitable for innovative applications.
Quantum cascade detectors (QCDs) emerged since the two last decades as a derivative of two
principal technologies in mid-infrared photonics: quantum well infrared photodetectors (QWIPs)
and quantum cascade lasers (QCLs). Quantum cascade detectors (QCDs), quantum cascade lasers
(QCLs), and quantum well infrared photodetectors (QWIPs) can be classified as intersubband
(ISB) optoelectronic transducers, since they depend on intraband transitions between quantum
confined states inside the conduction band of semiconductor heterostructures. The in-plane motion
affects free electrons, while the z-confined states correspond to two-dimensional (2D) kx, ky
parabolic subbands. Quantum cascade device bandstructures are created by layering thin films of
semiconductors with varying conduction band offsets (Ec) using conventional epitaxial methods,
including molecular beam epitaxy (MBE) or metal-organic vapour phase epitaxy (MOVPE) as
mentioned in the previous chapter. The most prevalent material system consists is described in the
previous chapter, where photodetection transpires as the n-doped optically active quantum wells,
responsible for light absorption, are linked to a cascade extractor of restricted states, where
effective longitudinal optical phonon scattering produces a directed current. In this section we
calculate the optoelectronic and thermoelectric proprieties, such as Interband direct transition and

Intersubband transition, lattice thermal conductivity and the electronic transport characteristics.
Il. Energy states in a well InGaAsSb/AlGaAsSb

We calculated the restraint level and the variation of the splitting between different energy level of
the conduction band BC based on the width of a single well In.2GaggAso.45Sbo.s5s on the barrier
Alp.4sGag s5As0.3Sbg 7, of the 3™ proposition in table I11.2 of chapter 2, where the confinement AE,
and AEv is more suitable for better confinement 0,62eV and 0.24eV respectively, We note that for

a width of well less than 4nm, the level of confinement E; is outside the well, for E> from 9nm and
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for Ez around 11nm figure IV.1, we can create a level of confinements, the ratio AE, = E; — Eg
decreases when the width of the well increases, on the other hand the output work @,, = E; — Ep,
increases to ensure both a good relationship between the confinement level and the work of output

from the well, we use well widths between 5Snm-20nm.
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Figure IV.1: The level of confinement in the conduction band as a function of the width of the

well for the quaternary InGaAsSb / AIGaAsSb.

69



Chapter IV: Characterization of quantum cascade photodetectors

gy (eV)

E Ener

Vv

0.2

0.0
0.2
0.4
0.6-
08
10-
12
144
16-

-1.8

vhhl

vihl

vhh2

vih2

vhh3

m m m m m m

vih3

-2.0

T T T T T
75 100 125
Well Width (nm)

T
15.0

T
17.5

20.0

Figure IV.2: The level of confinement in the valence band as a function of the width of the

well for the quaternary InGaAsSb / AIGaAsSb.

For the valence band and due to non-parabolicity of the hole masses each level can be divided on
two distinct level Ey.nn and Ey.n as shown in figure IV.2. The binding energies of the heavy- and
light-hole excitons as function of well width change rather similarly, no noticeable change in the
form of the curve obtained for the dependence of the heavy- and light-hole exciton binding
energies on the well width is observed. Whereas the maximum heavy-hole (light-hole) exciton

binding energy computed theoretically [94].
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Figure IV.3 : The level of confinement in the conduction band and in the valence band, as a
function of the well width and of the level of confinement AEC and AEV for the quinary
InGaAsNSb / AlGaAsSb, for two different concentrations.

The energy positions of the electron and heavy/light hole levels are also represented in figure IV.3.
The electronic band structures of Ino2GaosAso.asSbo.ss/Alo4sGaossAsoszSbo7, and
Alp45Gag.55A803Sbo.7/GaSb demonstrate a type I band alignment with (AEc=0,62 meV and
AEv=0.24 meV), (AEc=1.2 eV and AEv=0.91eV), respectively at 300 K, demonstrates that the
band gap energy diminishes with increasing temperature as discussed in chapter III figure IIL.5,
We can see, that for the three possible energy state, the maximum gain corresponding to the first
energy level transition (e;—hh;), while the minimum gain corresponding to Bandgap energy of the

Barrier, increases non-linearly as a function of the QW width which is in relation with carrier

density.
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Figure IV.4 : External quantum efficiency (EQE) of maximum power conversion
efficiency that a QCD can achieve for optimal transitions as a function of the QW width

for the case of Ino,zGao_gAS()AsSb0,55/A10_45Gao_55ASo_3Sboj

The physical requirements for the QCDs are mostly related to current compatibility and alignment
with the sun spectrum. In terms of QW engineering, which is essential for examining the most
economical techniques for creating novel QCPDs and the possibility of commercial TPV cells, this
is extremely demanding. TPV based on III-V QCDs are inherently cost-effective and compatible
with low-temperature processing especially those materials based on GaAs and GaSb, two
essential factors for high-throughput manufacturing operations. The main feature is the existence
of strongly bound exciton states, which have a major impact on several processes in the devices,

such as strong absorption (see figure IV.4) and, as a result, the production of photocurrent will be

more significant [93].
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I1l. Nanophotonics with 2D transitions

Developments in nanophotonics have since 2012 changed the prospects and high-responsivity
Intersubband detectors have been demonstrated. Innovative advancing research and engineering
applications depend much on nanophotonic devices. In many different disciplines, including
sensing and catching, filters, lasing, nonlinear optics, photodetection, coherent thermal
emission...etc., their capacity to offer high spectral resolution and enhanced light-matter

interactions makes them interesting [92].
III.1. intersubband transition in conduction band

The selection rule, rather than momentum conservation, requires that only transitions between
states with identical quantum numbers in the valence and conduction bands are permitted, as seen
in figures I'V.5 and IV.6 [88]. Intersubband The spacing between the energy levels for electrons
(Figure IV.5) and holes (Figure IV.6) differs due to their distinct effective masses [91].

The primary intersubband optical transitions in CB are depicted in Figure V.5 as a function of the
quantum well width. The transitions were plotted with the barrier width fixed at 0.62eV to
maintain strain symmetrisation throughout all the structures demonstrated, as can be observed. The
modelling was initiated at 2 nm QW width increments between 2 and 20 nm. The splitting between
E: and E; increases inversely proportional [89] for QW widths between 5nm and 20 nm, as
illustrated in figure IV.5. However, the splitting diminishes when the QW width is less than Snm.
This decrease is a result of the correlation between the second energy state and the first and third
energy states. furthermore, other transitions are feasible, as indicated in Equation III.10 (chapter
IIT). For example, the number of energy states that can be observed is contingent upon the value
of AE . For a three-level energy system, there are two additional transitions between e1-e3 and e>-
e3. The separation between these levels decreases as the QW width increases, and they will

eventually coalesce when the material is in a bulk state.
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Figure IV.5: Intersubband transitions in conduction-confined energies for electrons

as function of barrier thicknesses at 300K.

II1.2. Light and heavy holes intersubband transition

Generally, there are two categories of holes with different effective masses in semiconductors.
They are referred to as light holes and heavy holes. The differing masses of these two types of
holes result in two sets of hole subbands with distinct energy spacings. The light holes possess a
significantly smaller effective mass, often akin to that of the electron, and exhibit subband spacing
that is greater in comparison to the heavy holes. The heavy-hole to conduction state possesses
somewhat lower energy and exhibits closer spacing compared to the light-hole to conduction state.
Refer to Figure IV.6. The heavy hole state often prevails in optical absorption for light travelling
perpendicular to the quantum well layers [88][90].

Intersubband transitions from heavy hole HH1 to HH2 and light hole LH1 to LH2 yield exclusively

z-polarized absorption within the parabolic band approximation [90]. Conversely, HH to LH
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transitions occur in three directions—xy and z-polarization; however, the non-parabolicity of the
effective masses of holes significantly diminishes xy-polarization due to confinement in the xy

directions and sub-band mixing [90].
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Figure IV.6: Intersubband transitions in valence-confined energies for heavy

and light holes as function of barrier thicknesses at 300K.

For
Intersubband transitions, heavy hole HH1 to HH2 and light hole LH1 to LH2 produce only z-
polarised absorption in the parabolic band approximation [90], HH to LH transitions produced in
3 directions xy and z-polarisation but due to the non-parabolicity of the effective masses of holes
the xy-polarization will be reduced significantly because of the confinement in the directions xy

and the mixing of sub-band [90].
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II1.3. Interband transitions in quantum well

During interband transitions electrons migrate from energy levels in the valence band to another
energy level in the conduction band. Interband transitions entail electrons moving from an energy
level in the VB to another in the CB figure 11.9 (chapter II). The energy difference between the
initial and final states represents the energy received or released by the photon throughout the
transition [91]. As function of width and material qualities of quantum wells dictate their energy
levels, adjusting these factors can result a controllable interband transitions. This tunability is very
useful in creating optoelectronic devices with specified absorption wavelengths, such as quantum

well photodetectors with high rate of photo-absorption [91].
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Figure IV.7: Interband transitions between different confined subband states of

CB and VB as a function of QW width at 300K.
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As described previously many discrete energies states for both electrons and holes are possible.
We may presume that by applying the energies of the valence confined state for holes and the
conduction confined state for electrons, we can obtain the different transition energies of the QW

structure are calculated as shown in figure I'V.7.

For widths around 20 nm, the conduction confined states for electrons is therefore nominal around
0,045eV. However, on the valence-confined energies states for light holes is about 0,07¢V, but for
heavy holes is negligible figure IV.5 and IV.6. The difference between the two cases is 0.025¢V,
on the other hand by decreasing QW width the difference decreases for QW width up to Snm, for
width less than 5nm electrons undergoes stress caused by the deformation of the mesh of the
structure which causes a correlation of sub-band, this stress effect heavy holes too which expresses

the variation in the form saw-tooth graph in figure IV.7. for the transition e;-LH; and e>-LHo.
IV. Band-edge alignments of cascade superlattice photon-absorber

The band structure of devices presented here comprising 3 and 9 quantum wells with their electron
confined states intended to create a cascade of states, as mentioned before it’s possible to
incorporate many QWs according to their Width, we can also make theme in different stages.
Where each Qw or group of Qws formed stage are separated by an optical phonon energy, the
"quantum ratchet" section of the device has a new Band structure very different than the material
at bulk state. Red lines in figure IV.8 and IV.9 , represent I'-point band edge, Complete I'-point
structure of the device with a normal p-I-n photodetector formed in the Intrinsic region represent

the resonance cavity of photodetectivity formed by type I quantum wells.

77



Chapter IV: Characterization of quantum cascade photodetectors

0.6

0.4
> —eeees AV RV s
O A N
S 0.2 M Nlal A YV N
g J/ ol — :
w N \ 7[
0 — ~—1—1.____] e ——

0 20 40 60
z (nm)
Figure IV.8: Self-consistently calculated conduction band structure of three QC 2D nanostructure with
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Figure IV.9: Self-consistently calculated conduction band structure of multiple QW of a QC
structure for one full period surrounded by adjacent parts of barriere. The observed transitions

take place in the active zone; the extraction cascade consists of all possible states.
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Figure IV.8 and IV.9. shows the conduction band profile computed with a self-consistent
Schrodinger-Poisson solver. The active QW lies at 20 nm and 10nm in the figure IV.8 and IV.9
respectively. Starting from the left barrier, the photocurrent spectrum of the. The photocurrent
peaks at 30 meV) and 20 meV, which is in good agreement with the calculated ISB transition
energies between level 0 and level 5 respectively 11 of 20 meV and 15 meV. The additional peaks
are due to ISB transition into states higher than 6 and 11 respectively. Compared with the results
of heterojunction photodetector based on internal photodetection [64 39], those results are about
two orders of magnitude lower. However, the QCD is believed to have area for improvement [65
38], especially by increasing the doping density and optimizing the bandstructure for high

absorption and escape probability.
V. Relationship between absorption and cell thickness

The intensity of the radiation absorbed by the cell is strongly dependent on the thickness of the
cell, and therefore on the thickness of the active area, this is the reason why the number of wells

inserted in the active area is limited depending on the thickness of the latter [2].

The optical absorption efficiency as a function of the thickness of the device is given by the relation

[pub oneral]:

Nop = 1 — exp™®We ! V.1

1+alLp

a : the absorption coefficient

W. : the cell thickness

The equation shows the relationship between the absorption coefficient, the thickness of the cell
and the diffusion length, hence the term (1/1 + aLp) represents the absorption recover from the

diffusion of carriers.

Is = Ly, — Io(eqVm/®oT — 1) V.2
Were
2TqAopt O E? E?
I = 22222 [ 0F,, (eE ot — oF /kabs) dE V.3
QE,, = (1 — R)T, je" M VedgE, V.4
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Aopt 1s the optical area of the device, Eg is the bandgap of the absorber, QE,, is the effective
quantum efficiency in the N, stage, Tx is the front-side temperature, Ty is the back-side.

Equation 1V.2 indicates that the signal current will equal the average of the photocurrents, the
overall impact of electrical amplification is to elevate the signal current from the minimum

photocurrent in the final stage to the mean photocurrent across all stages.
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Figure IV.10: Theoretically calculated signal current and photocurrent based on Equation V.2

as function of width wich is represented by number of stages.

Figure IV.10 illustrates the computed and observed signal currents for the four proposed devices
within a temperature range of 200-350 K. considering some flaws and uncertainties in the
absorption coefficients equation IV.1, we know that reducing thickness results in an extremely
reduced optical path in the active layer, thereby decreasing the amount of light absorbed [95]. To

enhance the efficiency of thin TPV, it is essential to optimise absorption in the active zone.
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Figure IV.11: Calculated conversion efficiency vs normalized absorber thickness for

different values of aL with an incident power density equal 50 W/cm?.

Figure IV-11 illustrates the conversion efficiency of TPV devices under different conditions. The
radiative and ultimate limits state (USL) is nearly identical at small absorber thicknesses, with
peak efficiencies of 60% and 65%, respectively. In contrast, practical performance at aL. = 0.45 is
much lower (<7%) due to short carrier lifetimes (~20 ns), which lead to high J,, low V., and low
FF. Improving the carrier lifetime by an order of magnitude could raise efficiency to about 25%.
The results highlight that carrier lifetime is the critical limiting factor in narrow bandgap TPV
devices, alongside the low quantum efficiency (QE < 32%) caused by small oL. The efficiency
trend versus normalized absorber thickness (d/L) mirrors that of QE: it rises to a maximum, then

decreases and plateaus. The optimal d/L for maximum efficiency is ~1.7, 1, and 0.7 for aL = 0.45,
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1.5, and 4.5, respectively slightly smaller than the optimal d/L for maximum QE because of Voc

and FF degradation at larger thicknesses.

V1. The quantum multi-stage PIN cell calculation model
The current density of a PIN junction QC, according to the model given by the relation :

= hlon () -1] s

J¢ and J are the generation current and the recombination current corresponds to the absorption
coefficient G and to the recombination R calculated in chapter II, they are given by the following

relation:

Generation current:

qVq

Jc = qw[Gop + Gy + Acnrni] exp (— E) IV.6

Recombination current

v
Jr = qw[G.p] exp (— %) V.7

W : intrinsic zone width, Gop: optical generation current, Gu,: thermal generation current, Acyr: non

radiative coefficient generation.
the current density must be higher than that of a classic junction

The current density equation becomes:
v '
J=Jo@+ ) |exp (£4) = 1| + J' = Jpn V.8

The diffusion voltage V,; is given as a function of the state density of electrons of the conduction

band Nc¢’ and of the state density of holes of the valence band Ny’ by the following relation:

qVq = Egow + KT In [exp (Nlc) — 1] [exp (ertv) - 1] =Egow + KT In [exp (NL'C) —_
1] [exp (N%) _ 1] V.9

In each well the absorption is given by the following relationships:
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The photoconductive gain per quantum well is given by:

Tc
Gpg = 2= IV.10

Ter

7. is the lifetime of the carriers proportional to Gpq and 74, is the transition time. The optical yield

per well is given by:

Npg = Pelpq IV.11

De 1s the amount of movement necessary for the carriers to cross the active zone.
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p o Js _ Mpabeg V.12
]ph hv/q

30

—=— PV

N
[¢)]
|

—o— AT=0

N
o
|

=
()]
1

Curent Density (mA/cm?)
5
|

(3]
1

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Voltage (V)

Figure IV.12 : comparison of the J-V characteristics of a conventional PV and TPV under

various temperature differences (AT).

Figure IV.12 represent a theoretical calculation of the characteristic J-V of conventional PV and
hybrid TPV devices in for many three value of AT from 0°C, 10°C and 20°C. In addition to Jsc of
30 mA/cm2, PV cell produced V. equal 1.1V, which represent nearly the sum of Vo from PV and
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from the high capability of Iph in addition to TE conversion. Voc increases with the TE device in

proportionate to AT, because of the extra VTE caused by AT.
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Figure IV.13: The comparison of the calculated output power for a simple summation of the PV

and and QCPD’s TPV as a function of (AT).

Figure IV.13 shows the difference between PV power and QCPD’s TPV device determines
maximum output power (Pmax) rather significantly. Remarkably, we investigated the lossless
operation condition by separately operated at maximum output conditions by comparing the power
of'the TPV device with the simple sum of the output values from the individual PV and TE devices.
The output power equals the total of maximum power outputs generated separately from the PV
and TE devices when AT reaches a threshold value, this lossless coupling between PV and TE
circuits clearly showed that I,n calculated the total current under the optimal hybrid PV-TE

operation.

84



Chapter IV: Characterization of quantum cascade photodetectors

VIl. Conclusion

The model proposed in this study indicates that transport in the detector results from the trading
of electrons among bands of thermalised states within the device. For this reason, an approach
based on strain compensation in InGaAsSb/ AlGaAsSb type I QW, to obtain long emission
wavelength in the mid-infrared. This system emphasizes the intrinsic design compromise between
signal and thermal noise. In the state of bulk-like absorbers, the photocurrent and thermal currents
derived from their particular-production, which distresses to the design and material characteristics
of the absorber. Our model is applicable to QCPDs thermophotovoltaic devices. This QCDs
utilized to determine the circumstances technique may surpass single-absorber detectors.
specifically, when we utilize multi stages where the electric fields in each stage are restricted to
the barrier areas, the multiple stage technique enhance performance by boosting carrier collecting
efficiency through assuming the absorbers are appropriately engineered to provide unbroken
absorption for the major part of sunlight and collection of carriers at each stage. Finally, we
determined an optimal number of stages for detectors within this limit, this consequence indicates
that employing many stages facilitates the attainment of highspeed detectors while minimizing the

loss of sensitivity compared to a single absorber device.
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GENERAL CONCLUSION

In this PhD thesis, we conducted a comprehensive theoretical investigation into the optimization,
modeling, and simulation of a new generation of thermophotovoltaic (TPV) solar cells based on
quantum nanostructures. The overarching objective was to enhance the exploitation of solar
energy and to facilitate the recovery of waste heat—two energy sources that are abundant,
readily accessible, and not subject to the intermittency challenges associated with wind or
hydropower. Given the increasing global demand for sustainable energy solutions, maximizing
the efficiency of photovoltaic (PV) and thermoelectric (TE) devices has become a strategic

priority.

To this end, we explored the synergistic integration of PV and TE technologies as a means of
surpassing the conversion efficiency limits of standalone devices. Traditional solar cells suffer
from two major energy loss mechanisms: thermalization losses, where excess energy from high-
energy photons is dissipated as heat, and transmission losses, where low-energy photons pass
through the material without being absorbed. Collectively, these effects lead to a substantial

portion of the solar spectrum being converted into heat rather than usable electrical power.

To address these limitations, we proposed the use of quantum cascade photodetectors (QCDs)
within TPV architectures—not only to recover the waste heat generated during the photovoltaic
process but also to actively extract and convert the infrared (IR) portion of the spectrum that is
typically neglected by conventional PV devices. This dual role provides two simultaneous
benefits: efficiency enhancement through supplementary energy harvesting, and thermal

management by reducing the undesired heat load that degrades PV performance.

A significant part of this work was devoted to identifying and optimizing material platforms and
structural designs capable of sustaining room-temperature operation. We demonstrated that I1I-V
semiconductor compounds, already experimentally validated for terrestrial applications, offer a
robust foundation for forming quantum wells (QWs), quantum dots (QDs), and superlattice
structures with tailored absorption properties. While multiple QWs allow engineering of
intermediate bandgaps suitable for IR collection, their fabrication demands precise control over

layer thicknesses and interfaces—an aspect we accounted for in our modeling strategy.
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We evaluated several quantum nanostructure geometries, showing that the spectral position of
absorption bands can be modulated through quantum confinement effects and barrier
engineering, allowing near-perfect alignment with the dominant portion of ground-level solar IR
radiation. The use of earth-abundant and non-toxic materials was emphasized to ensure

technological scalability and environmental compatibility.

In addition to optical simulations, we provided a global overview of mechanical, thermal, and
electrical performance constraints associated with these devices, highlighting practical
considerations for future fabrication. Our results validate the proposed architecture as a
promising path toward high-efficiency, multi-functional TPV systems capable of harvesting both

photonic and thermal energy.

In conclusion, this thesis confirms that quantum nanostructure—based TPV devices represent a
viable and forward-looking solution to the dual challenge of energy efficiency and sustainability.
By recovering energy that is traditionally lost and re-injecting it into the conversion process, such
hybrid systems pave the way toward greener, smarter, and more resilient power generation
technologies. In the broader context of global energy scarcity, any advancement that contributes
to more efficient harvesting of naturally available energy sources is not only scientifically

relevant but also of profound societal importance.
Perspective

The development of hybrid quantum nanostructured thermo-photovoltaic (TPV) systems offers a
compelling pathway toward sustainable energy conversion. Traditional energy sources still rely
heavily on fossil fuels, leading to massive heat losses into the environment—more than 60% of
industrial energy is dissipated as unused thermal waste. By engineering TPV devices capable of
harvesting and converting this wasted heat into clean electricity, the present work contributes to a
technology that directly addresses one of the most urgent challenges of our time: reducing

greenhouse gas emissions and global warming.

By integrating low band-gap antimonide absorbers with the tailored electronic properties of 11—
V semiconductor nanostructures, this approach enables broadband photon harvesting and
efficient thermal-to-electrical conversion within a single platform. Beyond the demonstrated

enhancement in optoelectronic response, the proposed architecture overlays the way for new
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multifunctional TPV systems capable of operating under high thermal loads while maintaining
spectral selectivity and conversion efficiency. Looking forward, several research directions
emerge. Optimizing the geometry and arrangement of quantum dots, wires, and wells may
further improve carrier mobility and reduce thermal losses. Coupling these nanostructured
absorbers with selective thermal emitters or photonic cavities could lead to unprecedented
control over photon recycling and spectral filtering. Additionally, integrating thermoelectric
modules or heat-management layers may provide a new class of hybrid TPV/TE devices capable
of simultaneously harvesting radiative and conductive heat. Ultimately, the advances presented
in this work establish a strong foundation for next-generation energy systems that are compact,
highly efficient, and suitable for a wide range of applications—from industrial waste-heat
harvesting to portable energy sources and space technologies. As materials engineering and
nanofabrication techniques continue to evolve, hybrid quantum TPVs have the potential to
become an unruly technology in the transition toward cleaner, smarter, and sustainable energy

infrastructures.
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