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ABSTRACT 

 

This dissertation presents a comprehensive computational investigation into the nonlinear 
optical and thermodynamic properties of stepped quantum well structure. The materials studied 
here are two low-dimensional materials. The first is a chalcogenide alloy As₂SeTe and second is 
a two-dimensional MoS₂ monolayer. The study investigates how external fields and material 
composition change the way these structures interacts with light and thermal energy. To study 
these interactions we solved one dimensional schrodinger equation using finite element method. 
We also included Varshini and Kane model in order to see the effects of pressure and 
temperature on the systems via effective mass. Then we computed the eigenenergies and 
transition dipole matrices of the system. Then we used these paramters into Density matrix 
Formulism and canonical partition function to calculated various thermal and optical responses 
of these systems. We focused to compute linear and nonlinear absorption, refractive index 
change, second harmonic generation (SHG), and third harmonic generation (THG) for optical 
studies and Helmholtz free energy, entropy, heat capacity, and the magnetocaloric effect for the 
thermodynamic studies. This work tries to establish a unified theoretical framework for 
optimizing next generation electro-optic, thermo-optic and nonlinear photonic applications by 
systematically analyzing the optical and thermal characteristics of these systems. Understanding 
how these external fields, thermal environments, and composition affects these materials is 
critical for developing advanced quantum electronic devices, like wavelength-tunable infrared 
modulators, frequency convrters, sensors and thermally stable semiconductor lasers. 
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α⁽¹⁾, α⁽³⁾ Linear and third-order absorption coefficients m⁻¹ 
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χ⁽³⁾ Third-order susceptibility (THG) m²·V⁻² 
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Symbol Description Unit (SI) 
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CHAPTER 1 

LITERATURE REVIEW 

 

1.1 Introduction 

Nanomaterials have changed the semiconductor field. Nanomaterial are different from bulk 
materials becuase unlike bilk materials, they can exhibit energy quantization. Confining elctron 
in one direction makes its energy discrete. This is the basis of quantum dots, quantum wires and 
quantum wells [7,65]. They are particularly useful becuase these qunatized energies can be 
tuned up or down for a particular wavelength. This make nanomaterials perfect candidates for 
 lasers, modulators, detectors, and frequency converters[16,91,95]. But most of the work in last 
forty years in quantum wells is on III-V materials like GaAs and InP[16,60]. They were the 
standard for fabricating quantum wells. This study suggests two distinct material alternatives. 
The first is a ternary chalcogenide alloy, As₂SeTe[66,101]. The second is a two-dimensional 
transition metal dichalcogenide, MoS₂[58.89]. 

Some concerns with nanomaterial devices are their tunabilty and thermal stabilty. This work 
investigates the same. First, the tunability of these material systems in response to the 
composition of material and external peturbations like E field, B field , pressure and  tempuratre. 
The second being its thermal stability and various resposnes under same conditions. 

1.2. Problem Statement and Objectives 

In modern times, the need for highly efficient, thermaly stable devices which operatesin mid 
infra red and terahertz range[16,95,108]. Terahertz source needs strong SHG or THG. 
Traditional bulk semiconductors does not meet this demand[107,110]. We need greener, safer 
and cheaper alternatives tostandard materials we already use. 

Now there are tons of studies around the tunabilty of these nanomatirals via external 
perturbatiopns. But most of these studies the behaviour of these nanomaterials in isolated 
environment with one perturbation at a time[43,59,105]. This does nopt give the best picture of 
the behavior of the materilas in practical applications. 

The objective of this group of studies is is to studythe altrnatives to the toxic materials like 
GaAs and InP which we use in nanomaterial research and applications[66,101,8]. It aims to 
investigate the optical and thermal behaviours of two spcific materials, one is As₂(SexTe1-x)₃ and 
another is MoS2.  The properties are explored in quantum well systems with a broken symmtery 
using step within the wells. We explore various optical and thermal properties of these material 
systems to invesatigate there tunabilty using compostion and external purterbations. 

Another objective is to understand how these material behaves under various simultaneous 
purterbations. We applied various perturbations like Electric field, magnetic feild, Hydrostaic 
pressure and termpurature simultaneous on both materials[18,23,25].  We varied one factor at a 
time keep all other fixed at a low non zero value. This simulatanoues application of 
perturbations gives a better tunability and is closer to practical applications. 
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1.3 Literature review  

1.3.1  Chalcogenide-Based Quantum Wells 

Chalcogenide glasses have attracted growing interest for nonlinear photonics, mainly because of 
their wide infrared transparency window and large χ⁽³⁾. Mortazavi et al. [66] studied As₂S₃, 
As₂Se₃, and As₂Te₃ nanosheets and showed them to be superstretchable semiconductors with 
anisotropic carrier mobilities. Cheng et al. [20] confirmed the large refractive index and high 
nonlinearity of As₂Te₃ in a study of its bonding and optical properties. Behera and Naik [8] 
tracked how optical properties evolve in laser-induced Te/As₂Se₃ thin films. 

On the waveguide side, Wang and Dai [107] reviewed mid-infrared supercontinuum generation 
in chalcogenide fibres, while Xiong et al. [110] laid out a broader roadmap for integrated 
nonlinear photonics with these materials, and Gai et al. [31] characterised GeSbS glass 
waveguides. 

All of these studies, however, deal with bulk or waveguide geometries. No prior work has 
examined composition-dependent intersubband optical properties in As₂(SexTe1-x)₃ step quantum 
wells — a gap that directly motivates the present study. The composition-dependent bandgap 
relation we use derives from Ho [38], who studied the electronic structure of As₂(SexTe1-x)₃ and 
As₂(SexTe1-x)₃ crystals. Brandová et al. [13] confirmed that the alloy remains amorphous across 
the full composition range, which is important for the stability of any device fabricated from it. 
Parchanski et al. [76] measured χ⁽³⁾ values of 4.9–7.5 × 10⁻¹² esu (roughly 3–5 × 10⁻²⁰ m²/V²) in 
thin films of the related (As₂Se₃)₈₀₋ₓ(As₂Te₃)ₓ(SnTe)₂₀ system; these match our calculated values 
well. 

1.3.2  MoS₂-Based Quantum Wells 

MoS₂ has been studied intensively since the isolation of its monolayer form. Liu et al. [158] 
reviewed the role of spin-orbit coupling, electric field, and strain, noting the strong spin-orbit 
interaction and the direct bandgap at the K point that distinguish monolayer MoS₂ from the bulk. 
Newaz et al. [67] had demonstrated electrical control of the optical properties in the monolayer, 
focusing on excitonic transitions in the visible range. But our study is physically distinct since 
we are concerned with intersubband transitions in the far-infrared and terahertz regime. 

The band parameters we use in this material study come from the DFT calculations of Rostami 
and Asgari [89], who have studied the similar electronic structure of MoS₂ under electric and 
magnetic fields. Wen et al. [108] investigated the uses of terahertz optical properties tuned by 
magnetic field, and Dahiya et al. [23] provided us the methodological framework for using 
distinctive hydrostatic pressure and temperature that we adapt here for our study of MoS₂. 

To our knowledge, we can claim that no previous study has reported for the study for 
intersubband nonlinear optical response for an asymmetric quantum well built entirely from 
MoS₂ material parameters. And from this work we attempt to closes that gap. 
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1.3.3 Linear and Nonlinear Absorption 

The standard theoretical framework for intersubband absorption in quantum wells was initiated 
mainly by the works of Ahn and Chuang [2]. On observing the trends, we note that the linear 
absorption coefficient α⁽¹⁾(ω) has a Lorentzian lineshape peaked at ℏω = E₂₁, with a linewidth 
which is controlled by the dephasing time T₂. The third-order property  α⁽³⁾(ω, I) was derived in 
detail by Guo et al. [34]. By which we see that near resonance it is negative, producing saturable 
absorption, and the total absorption is thus the sum of the linear and third order contributions. 

Sari et al. [91] showed that step-well geometries account for the occurrence of nonlinear 
response relative to square wells. It occurs due to the system’s geometry, thus  asymmetry 
generates non-zero diagonal dipole differences, which account for third order effects. Chen et al. 
[19] added that the electric field dependence for parabolic wells, demonstrates that both of the 
peak position and peak magnitude vary continuously due to field strength. 

1.3.4 Second Harmonic Generation 

Second harmonic generation (SHG) needs broken inversion symmetry to occur. In a perfectly 
symmetric well the triple product M₁₂·M₂₃·M₃₁ vanishes due to symmetry, therefore  χ⁽²⁾ = 0. 
The idea of using asymmetric quantum wells as synthetic nonlinear materials goes back to 
Gurnick and DeTemple [36].  

Fejer et al. [30] measured quadratic susceptibilities of order 10⁻¹⁰ m/V in electric-field-biased 
AlGaAs wells such that the values that match our own calculations for Te-rich As₂(SeₓTe₁₋ₓ)₃ 
compositions and that provides an important validation of the theoretical approach. Kasapoglu 
et al. [43] examined SHG and optical rectification in asymmetrical semi exponential wells under 
external fields and found that an applied electric field shifts and enhances the SHG peaks. 
Ortolani et al. [73] have reported χ⁽²⁾ values as large as 10⁻⁸ m/V in Ge/SiGe asymmetric wells 
operating under the condition of double resonance, which suggests that further structural 
optimisation of our wells can lead to further additional gains. 

1.3.5 Third Harmonic Generation 

Third harmonic generation (THG) is a χ⁽³⁾ process: three photons at ω combine to produce one at 
3ω. Unlike SHG, it does not require a non-centrosymmetric structure, though asymmetry still 
enhances it in practice. 

Lu et al. [59] calculated χ⁽³⁾ values in the range 10⁻²⁰–10⁻¹⁸ m²/V² for GaAs/GaAlAs 
exponentially confined wells with electric and magnetic fields applied. Ungan et al. [106] 
showed that the peaks of THG narrow and sharpen under strong confinement in semi parabolic 
wells. Dakhlaoui [25], in the asymmetric triple well study has been already mentioned, found 
that pressure suppresses THG by more than 95% over 0–3 GPa. This result closely parallels 
with what we found for MoS₂ asymmetric wells. 

1.3.6 Partition Function Formalism 

The thermodynamic behaviour of a quantum confined system is mostly described within the 
canonical ensemble. The partition function Z = Σ exp(−Ei/kBT) is the main equation from which   
we calculate all the thermodynamic properties that we have to study. 
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Boyacioglu and Chatterjee [11] studied heat capacity and entropy in a GaAs quantum dot with 
Gaussian confinement and identified a characteristic Schottky anomaly in the specific heat. A 
peak that appears when kBT is comparable to the energy gap between the ground state and the 
first excited state. Khordad and Rastegar Sedehi [50] found that with temperature in one-
dimensional quantum wires under Rashba spin orbit interaction and magnetic field, with 
saturation at high T it constitutes for the increasing entropy. And Servatkhal et al. [93] 
compared Shannon and Tsallis formalism for three-dimensional quantum wires and found 
qualitative agreement between the two approaches. 

1.3.7 Heat Capacity and the Schottky Anomaly 

The Schottky anomaly directly influences the discrete energy levels. At low temperature, 
essentially all carriers sit in the ground state and the heat capacity is small. As thermal energy 
grows to match the level spacing, Cv rises sharp and then falls back as higher levels become 
populated uniformly. Khordad and Mirhosseini [49] reproduced this peak quantitatively for 
GaAs quantum dots with effective-parabolic confinement and showed that the peak position 
tracks the confining potential strength. Later Khordad and Rastegar Sedehi [51] have found that 
changing the ring radius in double ring-shaped dots broadens and shifts the peak. Further Gupta 
et al. [35] demonstrated that both electric and magnetic fields move the peak in conical quantum 
dots, an effect further confirmed by Castaño-Yepes et al. [17] for two-dimensional dots with 
topological defects and Rashba coupling. 

1.3.8 Magnetocaloric Effect 

The magnetocaloric effect (MCE) measure entropy changes when we apply a magnetic field 
isothermally, which is given as :  ΔS = S(B,T) − S(0,T), whereA negative ΔS means the field 
reduces disorder; a positive value means it increases it. 

Rastegar Sedehi and Khordad [86] further showed that ΔS can actually change sign as a function 
of temperature in tuned quantum dot/ring systems — a crossover from conventional to inverse 
MCE that is a distinctive signature of quantum confinement. Rastegar Sedehi [85] also found 
that the both field strength and spin-orbit coupling independently tunes the MCE magnitude in 
narrow nanowire quantum dots. Priyanka et al. [78] reported that impurities suppress the MCE 
but leave the crossover temperature largely unaffected in GaAlAs quantum wires. Olendski [72] 
noted that entropy in one-dimensional quantum wells is remarkably insensitive to electric field, 
because the Stark shift displaces all levels roughly rigidly without changing their spacings. 

 

1.3.9 Research Gap and Present Contribution 

A review of the literature points  can lead to several clear gaps. 

Most chalcogenide work concerns bulk or waveguide geometries; composition-dependent 
intersubband studies of As₂(SexTe1-x)₃ step wells do not exist. Previous nonlinear optical studies 
of quantum wells have examined at most two external perturbations simultaneously; no study 
has applied temperature, electric field, magnetic field, and hydrostatic pressure together within a 
single framework. MoS₂ quantum well studies have concentrated on excitonic transitions in the 
visible range, leaving the far-infrared and terahertz intersubband regime essentially unexplored. 

2
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Thermodynamic properties of step quantum wells in chalcogenide alloys have not been 
reported; the existing literature focuses on simple square or parabolic GaAs wells. Finally, 
combining nonlinear optical and thermodynamic analysis on the same material system is 
uncommon — most publications address one or the other. 

This work addresses all five gaps. For the chalcogenide system, we present the first systematic 
study of composition-dependent intersubband optical properties and demonstrate three-
parameter tunability — through composition, electric field, and magnetic field — that provides 
continuous mid-infrared spectral coverage. For MoS₂, we report the first theoretical prediction 
of intersubband nonlinear optical response in an asymmetric quantum well and apply all four 
perturbations simultaneously, showing that each produces distinct and sometimes opposing 
trends. For both systems we compute the full set of thermodynamic quantities — mean energy, 
Helmholtz free energy, entropy, heat capacity, and the magnetocaloric effect — and trace how 
composition and each external perturbation tunes them. 
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CHAPTER 2 

THEORETICAL FRAMEWORK AND METHODOLOGY 

 

2.1.  Effective Mass Approximation  

The electronic states of a carrier confined within a semiconductor heterostructure are governed 
by the many-body Hamiltonian  equation of the crystal which encompasses the periodic ionic 
lattice potential, electron to electron interactions, and all relevant perturbation terms. A direct 
solution of this problem is computationally intractable for any device-relevant geometry. The 
effective mass approximation (EMA) provides us with a rigorous and well-validated 
simplification for the system [7]. Instead of tracking how an electron bumps into a repeating 
grid of atoms, we simplify everything by giving the electron a new, adjusted mass called the 
effective mass. The entire crystal structure depends on this adjusted mass, thus we can apply the 
same mechanism to an electron in free space.  

Solving the full Schrödinger equation for a semiconductor heterostructure is impossible. You 
have millions of atoms. Each has its own potential. But we do not need all that detail. Near the 
band edge, the electron behaves like a free particle. But it does not have the free electron mass. 
It has an effective mass.The effective mass comes from the band structure [7,65]. In a periodic 
crystal, the electron feels the lattice potential. That potential curves the energy bands. Near the 
bottom of the conduction band, the energy-momentum relation is approximately parabolic: 

                                                              E(k) ≈ Eg + 
ℎమ௞మ

ଶ୫
                                                        (2.1) 

where the effective mass is defined through the inverse curvature of the dispersion surface, 

                  
ଵ

௠∗
 =  

ଵ

ℏ²
 · d²E(k)/dk² {k=0}.                  (2.2) 

Here, m* is not the free electron mass m0. It is smaller or larger depending on the material. For 
MoS₂, 
 m* ≈ 0.47m0 [89,74]. For As₂Te₃, it is even lighter. For As₂Se₃, it is heavier. This parabolic 
approximation is used for the lowest conduction-band states at moderate wavevectors, which are 
precisely the states relevant to intersubband transitions in the far-infrared to terahertz range 
considered here. In a heterostructure, spatial variation of the composition across interfaces 
produces a position-dependent effective mass m*(z) and a piecewise potential profile V(z). The 
appropriate single-band envelope-function equation is the BenDaniel–Duke Hamiltonian, which 
is given by [65]: 

                                                       
ିℏమ

ଶ

ୢ

ୢ୸
ቀ

ଵ

୫*(୸)

ୢψ(୸)

ୢ୸
ቁ + V(z)ψ(z) = Eψ(z)                (2.3) 

In a quantum well, the electron is free in the xy plane of the well but confined along z. The in-
plane motion contributes a kinetic energy ℏ²k‖²/(2m*), and the total energy separates into in-

8
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plane and confinement parts. The confinememnt energy is what is only important for 
intersubband transitions. That is what we compute. The approximation is valid when the 
envelope function varies slowly compared to the lattice constant. For the structures studied here, 
well widths are 4–20 nm, well above the ~0.3 nm lattice scale. It also requires that the relevant 
electron states sit near the  minimum band, which is satisfied for the low-lying conduction band 
states. 

Although for the chalcogenide system, there is one complication. As₂(SexTe1-x)₃ is amorphous. It 
lacks long-range crystalline order [101,13]. Strictly, Bloch's theorem does not apply here. But 
the short-range order in amorphous chalcogenides is well preserved. The local bonding 
geometry is nearly the same as in the crystalline phase. The envelope function approximation 
remains valid as long as the region trapping the electron is larger than the microscopic area 
affected by defects or imperfections in the crystal.  For the wells studied here, quantum 
confinement energies of 190–600 meV are far larger than the band-tail extent of 50–100 meV 
[77]. The electrons occupy extended-like states, not tail states. The EMA framework is justified 
and has been applied to amorphous heterostructures in the literature. In case of MoS₂, It is 
crystalline. The effective mass is well defined from experimental data and DFT calculations. We 
use m∗=0.47m0 at room temperature and zero pressure. But it changes with temperature 
(Varshni) and pressure (Kane model). Those dependencies are discussed further.Thus, the 
effective mass (m*) in each alloy region depends on composition through the k·p Kane relation 
[12], 

                                                              
୫బ

୫*(୶)
≈ 1 +

୉ౌ

୉ౝ(୶)
        (2.4) 

where EP is the Kane energy and Eg(x) is the composition-dependent bandgap.  It is one of the 
primary physical levers in the composition-dependent results of Chapter 3. 

where m₀ is the free-electron mass, EP is the Kane energy, and Eg(x) is the local alloy bandgap. 
As the Se fraction x increases in the chalcogenide alloy, the bandgap widens [38]. A wider 
bandgap gives a heavier effective mass. This directly affects the subband spacing and the dipole 
matrix elements. Equation (2.2) captures the essential inverse relationship between bandgap and 
effective mass that underlies the composition-dependent and temperature- and pressure-
dependent results. Perturbation dependent  modifications of Eg through the Varshni relation 
(temperature) and the deformation potential (pressure), are used directly into m* through Eq. 
(2.2) and are incorporated self-consistently in the COMSOL finite element model [74]. 

2.2.  Perturbations 

The single-electron Hamiltonian for a quantum well under applied external perturbations 
contains four contributors mainly, the confining potential that defines the heterostructure, a 
linear term from an applied electric field, a quadratic term from a perpendicular magnetic field, 
and modifications to the bandgap and effective mass due to hydrostatic pressure and 
temperature. All these are used for our study in the quantum well based hamiltonian used 
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throughout this work. Thus, The one-dimensional time-independent Schrödinger equation is 
written as: 

        
ିℏమ

ଶ

ୢ

ୢ୸
ቀ

ଵ

୫*(୸)

ୢψ(୸)

ୢ୸
ቁ + V(z)ψ(z) = Eψ(z)    (2.5) 

where ℏ is the reduced Planck constant, m*(x,T,P) is the position,temperature as well as 
pressure-dependent effective mass used throughout our study, ψ(x) is the envelope 
wavefunction, and E is their corresponding energy eigenvalue. The total potential Vtot

(x) combines this study of the built-in confinement with  the applied external field contributions. 

2.2.1 Confining Potential (Step Well / Asymmetric Well) 

The confinement potential is the foundation of the whole problem since it defines the our well. 
The energy levels, the wavefunctions, the optical matrix elements and everything else follows 
from it. Two different confinement profiles are used in this thesis. For the As₂(SexTe1-x)₃ system, 
a step quantum well is designed. For MoS₂, an asymmetric quantum well is constructed. The 
confinement potential V₀(z) defines the heterostructure geometry and constitutes the zero order 
term in the total Hamiltonian. In this work, a step quantum well system is used for both material 
systems, MoS₂ and As₂(SexTe1-x)₃ in which two well regions of different potential depths are 
laterally put between two barrier layers. This geometry breaks spatial inversion symmetry along 
the growth direction which as we know is a necessary condition for existence of the second-
order nonlinear optical susceptibilities [36, 91]. 

For the chalcogenide system, the confinement depths and effective masses in each region are 
determined by the local alloy composition x through the composition-dependent bandgap Eg(x) 
and the associated band offset fractions. The step-well geometry is constant across all 
composition values, but the potential depths and the position-dependent effective masses are 
varied continuously with x, making the potential profile itself a tunable parameter of the system. 
The potential consists of four regions along the growth direction. A left barrier, a shallow well, a 
deep well, and a right barrier. The conduction band offsets determine the depth of the potential 
well, which varies with local composition [38,56]. Thus potential is defined as: 

      V(z)  =   

⎩
⎪
⎨

⎪
⎧(Vୠୟ୰୰୧ୣ୰ + qF୸) +

ଵ

ଶ୫ౘ౗౨
  ((ℏk୷)  +  (qB୶z))² for z in barrier regions

(Vୱ୲ୣ୮ + qF୸) +
ଵ

ଶ୫౩౞
 ((ℏk୷) +  (qB୶z) )² for z in the shallow well

(Vୢ୮ + qF୸) +
ଵ

ଶ୫ౚ౦
 ((ℏk୷) +  (qB୶z) )² for z in the deep well

          (2.6) 

where the values used in the paper are Vbarrier=0.6 eV, Vstep=0.19 eV, and Vdp=0.0 eV whereasthe 
widths are Lb1=20 nm, Lw1=7 nm, and Lw2=10 nm. 

Asymmetric quantum well (MoS₂): The geometry follows the parameters from the asymmetric 
quantum well model [23,18]. Here we define four intervals. The left barrier (0–8 nm, 300 meV), 
the primary well (8–12 nm, 0 meV), the secondary well (12–20.5 nm, 80 meV), and the right 

ℏ
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barrier (20.5–28.5 nm, 300 meV). For the MoS₂ system, the potential is defined piecewise along 
the growth direction x as: 

                                         𝑉଴(𝑥)= ൞

300 meV 𝑥< 8 nm
0 meV 8 ≤ 𝑥< 12 nm
80 meV 12 ≤ 𝑥< 20.5 nm
300 meV 20.5 ≥ 28.5 nm

                                           (2.7) 

The total domain is 28.5 nm. The primary well is 4 nm wide and sits at zero potential. The step 

region is 8.5 nm wide and sits 80 meV above the primary well. Both are enclosed by 300 meV 
barriers of width 8 nm. 

The structure becomes optically useful specifically due to the asymmetry between the two wells. 
The wavefunctions localise differently in the two regions. The ground state exists in the primary 
well. The first excited state spreads across both. The difference in localisation is what gives non 
zero values to the off-diagonal matrix elements M₁₂, M₂₃, and M₃₁. These are the quantities that 
determine the strength values of absorption, SHG, and THG. A symmetric well should have  
M₂₂ = M₁₁ and the triple product M₁₂M₂₃M₃₁ would vanish identically [36,94]. The step 
geometry breaks this. It keeps the triple product finite and tunable. Thus no second harmonic 
terms exist.  

2.2.2 Electric Field Term 

The electric field term applied to the hamiltonian in our quantum well study is studied here. The 
application of a static electric field Ex along the heterostructure growth axis introduces a linear 
perturbation to the total potential energy. An electric field applied along the growth direction 
adds a linear potential to the Hamiltonian. This is the quantum-confined Stark effect 
[61,62]. The term ius given by:    

                                                       𝑉ா(𝑥) =  𝑞 ·  𝐸௫  ·  𝑥                                                          (2.8) 

where q denotes the electron charge. This term is added to V₀(x) in each spatial interval part of 
the material based well geometry, producing a spatially tilted total band profile. The resulting 
changesin the subband energies and wavefunctions constitutes the Quantum-Confined Stark 
Effect (QCSE). 

The physical picture is that one end of the well is raised in energy relative to the other. The 
electron in the ground state, sitting in the narrow primary well, feels this slope and shifts slightly 
toward the lower end. The excited states, being more spread out, also shift but by different 
amounts. The gap between the ground state and the first excited state narrows. The absorption 
resonance moves to lower photon energies — a redshift. 

The ground-state wavefunction and the excited-state wavefunction are shifted in slightly 
different directions and thus their spatial overlap decreases [61,111]. The transition matrix 
element M₁₂ gets smaller. The absorption peak not only shifts but also weakens.The electric 
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field perturbations in the MoS₂ study covers the values Ex = 0, 8, 16, and 24 kV/cm, with all 
other perturbations are kept at their base values. The  highest value of the electric field applied 
of 24 kV/cm is imposed by the condition that the ground-state energy E₁ must remain positive. 
Numerical calculations shows that E₁ approaches zero near 26 kV/cm, beyond which the 
electron is no longer bound within the well and the effective-mass framework loses validity. The 
linear tilt is added directly to the confinement potential in each interval of the geometry. The 
ground state, which is tightly localised in the narrow primary well, responds more strongly to 
this tilt than the delocalized excited states. So E₁ drops faster than E₂ and thus the transition 
energy E₂₁ decreases. Consequently, the absorption peak redshifts and this is known as the 
Quantum-Confined Stark Effect(QCSE) [61], discussed in detail in Section 1.4.1.The field is 
incorporated into the COMSOL model as a spatially continuous additive term applied uniformly 
across all four intervals of the domain, consistent with the assumption of a spatially uniform 
applied field. 

2.2.3 Magnetic Field Term 

The magnetic field term which is applied perpendicular to the growth direction (along x) is used 
via the vector potential A. An in-plane magnetic field Bxthat is directed towards the x-axis is 
incorporated through the minimal coupling substitution [14,105] py → py + qAy, with the Landau 
gauge vector potential A = (0, B_x · z, 0). Choosing the Landau gauge A=(0,Bxx,0) makes the 
kinetic momentum as p+eA. The resulting contribution to the Hamiltonian is expanding the 
kinetic energy operator (p + qA)²/(2m*) and retaining the leading contribution for ky = 0 which 
gives the diamagnetic potential energy term. The resulting contribution to the Hamiltonian is: 

VB(x)=2m*(x,T,P)e2Bx
2x2                                                      (2.9)             

This is a parabolic confining term in z direction [105]. It adds to the existing potential and 
pushes the wavefunctions toward the centre of the well. It further adds harmonic confinement on 
top of the existing step-well profile. The total confining potential becomes stiffer as B increases. 
All subband energies shift upward. Higher subbands shift more because their wavefunctions 
sample larger values of z² [14,104]. The transition energy E₂₁ increases. The resonance 
blueshifts. 

In the COMSOL model, this term appears explicitly in the potential energy expression for each 
interval. The same parabolic term is present in all four regions — barriers, primary well, and 
step well. The magnetic field is swept from 0 to 12 T. Above roughly 25 T, Landau level 
phenomenon begins to dominate and the effective-mass picture becomes less reliable. An 
additional term 2m*ℏ2ky

2 arises from the in-plane kinetic energy. It is a constant shift and does 
not affect intersubband differences. In this study, ky is further set to zero for simplicity. 
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2.2.4 Pressure-Dependent Bandgap and Barrier Heights  

Hydrostatic pressure acts on the crystal lattice by compressing interatomic distances. This raises 
the bandgap.The bandgap increases linearly with pressure through the deformation potential 
[68]: 

                                                          E୥(P) = E୥బ
 + a୮୰ୣୱୱ୳୰ୣ ⋅ P                                            (2.10) 

where apressure = 12 meV/GPa for MoS₂. The barrier height also changes with pressure. The 
pressure coefficient for the barrier is dV/dP = 50 meV/GPa. For the step region, the coefficient 
is scaled proportionally such that dVstep/dP = dV/dP × Vstep/Vbarrier. The barrier heights scale 
proportionally to the bandgap. With dV/dP=50 meV/GPa for MoS₂ barriers [23]. For the step 
potential (80 meV), a smaller coefficient dV/dPstep=2.136×10−30 m³ is used. Pressure is varied 
from 0 to 3 GPa across the material system. So under pressure, three things happen 
simultaneously. The bandgap increases. The barrier height increases. And due to the Kane 
relation, the effective mass also increases. The wavefunctions become more localised within 
their respective sub-well regions. The transition energy E₂₁ rises steeply. The resonance 
blueshifts at a rate of about 6 meV/GPa in MoS₂ — the largest spectral shift rate of all four 
perturbations. The localisations works against the nonlinear response. As the linear absorption 
doubles, the nonlinear susceptibilities can drop by 90% or more across the material system. The 
pressure sweep runs from 0 to 3 GPa in this work. Above roughly 15 GPa is where the phase 
transition in MoS₂ begins [68]. 

2.2.5 Temperature-Dependent Bandgap (Varshni) and Effective Mass (Kane) 

Temperature affects the bandgap through electron-phonon interactions. Temperature enters 
through the bandgap. As temperature rises, the crystal lattice expands and the electron–phonon 
interaction strengthens. Both effects reduce the bandgap. The Varshni relation provides an 
empirical fit [15,16]: 

                                              E୥(T)=E୥(0) −
α୘మ

୘+β
                                                            (2.11) 

where E_g(0) = 1.9 eV for MoS₂, α = 0.54 meV/K, and β = 430 K.  At T=200 K, the bandgap 
reduction is about 34 meV. At 500 K, the bandgap reduction is rather larger. The bandgap 
reduction is used directly into the effective mass equation through the Kane relation. A smaller 
Eg gives a lighter effective mass m* whereas a lighter electron is less tightly confined [74]. Its 
wavefunction spreads slightly outward from its equilibrium region. In an asymmetric well, the 
ground state loosens more than the excited states because it starts from a steeper spatial gradient. 
The gap E₂₁ increases slightly and the resonance nudges upward. The blueshift from temperature 
is less than 1 meV across the full 200–500 K sweep. It is the weakest perturbation in this study 
by a considerable margin. In the COMSOL model, the effective mass uses both temperature and 
pressure effects in a single expression, 
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meff(T, P) = meff0 × [Eg0 + apressure·P − α·T²/(T+β)] / Eg0.                          (2.12) 

This expression is evaluated at each point in the mesh and for every parameter combination. It 
ensures that the two bandgap mechanisms, one raising Eg, the other lowering it and is treated 
consistently and simultaneously. 

2.3 Finite Element Method Implementation 

The Hamiltonian containing the Schrödinger equation with cannot be solved analytically for 
step or asymmetric wells. Thus we use the potential as a piecewise function where the effective 
mass changes abruptly at interfaces and external fields  are added on the account of position 
dependent terms. Due to this, we use the numerical method. This study uses the finite element 
method (FEM) as implemented in COMSOL Multiphysics[22,26,97]. Here we use the 
Semiconductor Module which provides us a dedicated Schrödinger Equation interface for 
solving such eigenvalue problems. 

In the FEM method, the domains are divided into tiny fragments. Within each element, the 
wavefunction is approximated by using simple polynomial functions. The differential equation 
is then converted into a matrix eigenvalue problem. The solution converges as the mesh is 
refined. Quadratic Lagrange elements are used here because they give better accuracy for 
second-order derivatives like the kinetic energy term [22, 97]. 

2.3.1 Geometry and Mesh 

The computational domain spans the entire quantum well structure. For MoS₂, the total length is 
28.5 nm. We define the four intervals as left barrier (0 to 8 nm), primary well (8 to 12 nm), 
secondary well (12 to 20.5 nm), and right barrier (20.5 to 28.5 nm). In case of, As₂(SexTe1-x)₃, 
the geometry is similar but we use different widths, left and right barriers of 20 nm, shallow 
well of 7 nm, and deep well of 10 nm, giving a total length of 57 nm. The Schrödinger equation 
with a piecewise potential and a position-dependent effective mass does not have a closed-form 
analytical solution for the step-well geometry used here [7,65]. Thus to compensate this loss, 
finite element method (FEM) is used throughout this work, implemented in COMSOL 
Multiphysics. 

The domain is meshed using quadratic Lagrange elements. The mesh contains 1002 edge 
elements[22], giving 1003 vertices across the 28.5 nm domain. This works out for roughly one 
mesh point every 0.028 nm well below the scale of any wavefunction variation condition. This 
number is chosen after a convergence test: increasing the element count further changes the 
eigenvalues by less than 0.01 meV. The mesh is uniform across the domain and is therefore 
sufficiently fine for the precision needed in the optical property calculations.Quadratic elements 
are used rather than linear ones because the second spatial derivative in the Schrödinger 
equation requires at least quadratic basis functions to represent accurately [22]. With linear 
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elements, the curvature of the wavefunction would be approximated as piecewise constant, 
which is too crude for eigenvalue problems. 

The four intervals in COMSOL are defined as follows. Interval 1 runs from 0 to 8 nm and 
carries the left barrier potential of 300 meV. Interval 2 runs from 8 to 12 nm and is the primary 
well at zero potential. Interval 3 runs from 12 to 20.5 nm and is the step well at 80 meV. Interval 
4 runs from 20.5 to 28.5 nm and carries the right barrier at 300 meV. The perturbation terms 
electric field, magnetic field, pressure, temperature are added as additional expressions within 
each interval respectively. 

2.3.2 Boundary Conditions 

We impose Dirichlet boundary conditions at the left and right ends of the domain [7,22]. That 
means the wavefunction is set to zero given by: ψ(0)=0,ψ(L)=0. This simulates infinite barriers. 
It is a standard approximation for quantum wells where the actual barrier heights are large (300 
meV or more) compared to the confined state energies (tens to a few hundred meV). The 
condition forces the wavefunction to vanish at the boundaries, which is physically correct for a 
particle trapped in a box with impenetrable walls. 

No additional boundary conditions are needed at internal interfaces. The finite element 
formulation naturally enforces continuity of the wavefunction and conservation of probability 
current in the equation. The position dependent effective mass inside the derivative is handled 
automatically. At  
x = 8 nm, 12 nm, and 20.5 nm no additional boundary conditions are imposed directly. 
COMSOL handles the heterojunction continuity conditions automatically through the 
BenDaniel Duke operator form of the kinetic energy. The continuity of ψ and of (1/m*)(dψ/dz) 
across each interface is enforced weakly through the finite element assembly[65]. It is the 
condition that preserves probability current across a heterojunction with a position-dependent 
effective mass. 

2.3.3 Eigenvalue Solver Settings 

The eigenvalue study is configured to find the lowest bound states. We request 20 eigenvalues 
for each simulation. The search is centered around 0.1 eV (100 meV) because the intersubband 
transitions of interest lie in the mid-infrared to terahertz range (roughly 8–140 meV). The 
eigenvalue scale is set to 1 eV to improve numerical conditioning. The FEM discretisation 
converts the Schrödinger equation into a matrix eigenvalue problem of the form 

K · u = λ · M · u,                                                 (2.13) 

where K is the stiffness matrix assembled from the kinetic and potential energy operators, M is 
the mass matrix from the FEM basis functions, u is the vector of nodal wavefunction amplitudes 
and λ contains the energy eigenvalue values. 
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The solver uses an iterative algorithm (ARPACK) designed for large sparse matrices. The 
tolerance for convergence of eigenvalue is set to 1×10−10. The parameter sweeps are 
implemented just like the nested loops in the COMSOL parametric solver. For each combination 
of x, T, B, Ex, and P, a fresh eigenvalue solve is performed. The resulting eigenvalues and 
integrated dipole matrix elements are exported to MATLAB for post-processing. The MATLAB 
code then computes all optical and thermodynamic properties from these inputs.  

2.4 Density-Matrix Formalism 

Once we are done calcuating the energy eigenvalues and use them to further calculate the dipole 
matrix elements, the optical properties of the quantum well can be calculated from there on. We 
use the density-matrix formalism approach to get these properties. It describes how the electron 
population distributes among subbands when light shines on the material structure. The incident 
electromagnetic field couples to the electron through the dipole interaction. The result is a set of 
expressions for the linear and nonlinear susceptibilities. 

We work within the compact density-matrix approach, which assumes a two-level 
approximation for absorption and refractive index changes. For harmonic generation, three-level 
or four-level models are used because they involve multiple intermediate states. The broadening 
of the transitions is included through taking the dephasing rate as Γij=1/T2, where T2 is the 
dephasing time. In this work, we take T2=150 fs specifically, which gives ℏΓ21≈4.4 meV. The 
carrier density is taken as the volume density Nv=Ns/Lw, where  
Ns=5×1015 m⁻² and Lw is the total well width (28.5 nm for MoS₂, 57 nm for As₂(SexTe1-x)₃). All 
formulas below are written in SI units. The dipole matrix element between subbands i and j is 

defined as M୧୨ = ർψ
୧
|ez|ψ

୨
඀, with e the elementary charge. The transition energy is Eij=Ej−Ei. 

2.4.1 Linear and Third-Order Absorption Coefficients 

The linear absorption coefficient α(1)(ω) describes how much light is absorbed at low intensity. 
It is derived from the first-order susceptibility. The linear absorption coefficient α(1)(ω) arises 
from the single-photon transition between the ground state and the first excited state. For a 
transition from the ground state (1) to the first excited state (2), the expression is: 

            α(ଵ)(ω) =
ωμబୡ

୬౨
∑

 ห୑౟ౠห
మ

 ൫୬౟ି୬ౠ൯ ℏ Γ౟ౠ

൫୉ౠି୉౟ିℏω൯
మ

ା൫ℏΓ౟ౠ൯
మ୧ழ௝                                          (2.14) 

Here, ω is the angular frequency of the incident light, nr is the refractive index, c is the speed of 
light in vacuum, and ε0 is the vacuum permittivity. The shape is Lorentzian, peaked at ℏω=E21 
[2]. The width is determined by Γ21. 

At high optical intensities, the third-order nonlinear absorption becomes important. It is negative 
near resonance, meaning it reduces the total absorption (saturable absorption). The expression 
for α(3)(ω,I) is more complicated because it involves the diagonal matrix elements M11 and M22: 
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                            α(ଷ)(ω, I) =  −
ωμబୡ

୬౨

୍

ଶϵబ୬౨ୡ
 ∑  

ସห୑౟ౠห
ర

 ൫୬౟ି୬ౠ൯ ℏ Γ౟ౠ

ℏరቂ൫୉ౠି୉౟ିℏω൯
మ

ା൫ℏΓ౟ౠ൯
మ

ቃ
మ୧ழ௝                   (2.15) 

where ΔM=M22−M11. The total absorption is then the sum of linear and third-order 

contributions: 

                                     α୲୭୲ୟ୪(ω, I) = α(ଵ)(ω) + α(ଷ)(ω, I)                          (2.16)  

These formulas follow the work of Ahn and Chuang for the linear term and Guo et al. for the 
nonlinear term [2,34]. 

2.4.2 Linear and Third-Order Refractive Index Change 

The refractive index change Δn is used to show how a phase of light is altered by the quantum 
well. It is important for the use of modulators and switches. The refractive index change Δn 
arises from the real part of the susceptibility [2,19]. Similar to the absorption profile, the 
refractive index change is decomposed into linear and third order contributions. The linear part 
Δn⁽¹⁾ comes from the real part of the first-order susceptibility is written as:  

        
Δ୬(భ)(ω) 

୬౨
=

ଵ

ଶϵబ୬౨
మ

∑
 ห୑౟ౠห

మ
 ൫୬౟ି୬ౠ൯ ൫୉ౠି୉౟ିℏω൯

൫୉ౠି୉౟ିℏω൯
మ

ା൫ℏΓ౟ౠ൯
మ୧ழ௝                              (2.17) 

the numerator having (E₂₁ − ℏω) affects the property since below resonance, this is positive. 
Whereas above resonance, it is negative. So Δn⁽¹⁾ changes sign at the transition energy. That is 
the normal dispersion crossing into anomalous dispersion. 

The third-order refractive index change Δn⁽³⁾ is more complicated. It depends on I and on the 
diagonal dipole difference. The full expression is given as:  

Δ୬(య)(ω,୍) 

୬౨
= −

μοୡ୍

ସϵబ୬౨
య

∑
 ห୑౟ౠห

మ
 ൫୬౟ି୬ౠ൯ ൫୉ౠି୉౟ିℏω൯

ቂ൫୉ౠି୉౟ିℏω൯
మ

ା൫ℏΓ౟ౠ൯
మ

ቃ
మ୧ழ௝  x ቈ4หM୧୨ห

ଶ
−  

൫୑౟౟ି୑ౠౠ൯
మ

(ଷ൫୉ౠି୉౟൯
మ

ିସ൫୉ౠି୉౟൯ℏωାℏమ(ωమିΓ౟ౠ
మ

൫୉ౠି୉౟൯
మ

ା൫ℏΓ౟ౠ൯
మ ቉ 

(2.18) 

Thus using both first order and third order refractive index change we get the total refractive 
index change as: 

                       
Δ୬౪౥౪౗ౢ(ω,୍) 

୬౨
=  

Δ୬(భ)(ω) 

୬౨
 +  

Δ୬(య)(ω,୍) 

୬౨
                                                                   (2.19) 

In practice, Δn⁽³⁾ is usually negative near resonance. It lowers the peak of Δn⁽¹⁾ and slightly shifts 
the zero-crossing.The linear refractive index change Δn⁽¹⁾ is proportional to the real part of the 
first order susceptibility, while the third order change Δn⁽³⁾ describes the optical Kerr effect 
[34,106]. These parameters characterize the phase modulation capabilities of our As₂(SexTe1-x)₃ 
and MoS2 quantum well systems,  which prove to be useful in applications of optical switching 
and frequency conversion. 
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2.4.2  Second Harmonic Generation (χ⁽²⁾) 

Second harmonic generation is described as the characteristic second order nonlinear process. In 
this process, two photons of ω frequency combine to produce one photon at 2ω frequency. This 
process is forbidden in symmetric structures and centrosymmetric systems [36,94].For non-
centrosymmetric systems, such as the asymmetric quantum wells investigated in this work, 
second harmonic generation (SHG) is a dominant nonlinear process [43,30]. The second-order 
susceptibility χ⁽²⁾ depends on products of three dipole matrix elements: M₁₂,M₂₃ and M₃₁. In a 
symmetric well, since the wavefunctions have definite parity, the product vanishes. . In our 
asymmetric step well, we use a three-level model. Therefore, the dominant term in χ⁽²⁾ for SHG 
is:  

    χ(ଶ)(2ω) =
୒ୣయ

஫బℏమ

୑భమ୑మయ୑యభ

(ωିωమభାΓమభ)(ଶωିωయభା୧Γయభ)
                              (2.20) 

 
Here, Mij represent the dipole matrix elements, and ωij are the intersubband transition 
frequencies. Here, E₃₁ = E₃ − E₁. The first denominator gives a resonance when ℏω = E₂₁. This is 
callled a one photon resonance. The second denominator gives a resonance when 2ℏω = E₃₁. 
That is a two photon resonance. Both peaks appear in the spectrum. The magnitude of χ⁽²⁾ is 
proportional to the product of the three dipoles whose product is sensitive to asymmetry. Thus 
the more asymmetric the well, the larger χ⁽²⁾ can become. 

2.4.2  Third Harmonic Generation (χ⁽3⁾) 

Third harmonic generation is a third-order process. Three photons at frequency ω combine to 
produce one photon at 3ω [94,106]. Third harmonic generation is different from second order 
one since it does not require asymmetry but using asymmetrical systems definitely enhances it. 
The expression for χ⁽³⁾ involves four dipole matrix elements and three energy 
denominators.Using a four-level model, the third order susceptibility is given by:  

                       χ(ଷ)(3ω) =
୒

ϵబℏయ

୒ୣర୑భమ୑మయ୑యర୑రభ

ϵబℏయ(ωିωమభା୧Γమభ)(ଶωିωయభା୧Γయభ)(ଷωିωరభା୧Γరభ)
                                (2.21) 

where ωⱼ₁ = Eⱼ₁/ℏ. The observed resonances occur at ℏω = E₂₁ for one photon and 2ℏω = E₃₁ for 
two photon and 3ℏω = E₄₁ for three photons. The product of four dipoles M₁₂ M₂₃ M₃₄ M₄₁ is  
given by the four-level cascade. Unlike SHG, in a symmetric well this product is not zero, but in 
an asymmetric well it can be larger because the wavefunctions are not orthogonal across 
different regions [59]. 

2.5 Canonical Partition Function 

The thermodynamic state of the quantum well systems is described using the canonical 
ensemble, where the system is in thermal equilibrium with a heat reservoir at temperature T. 
The energy eigenvalues obtained from the Schrödinger equation define a discrete quantum 
system. For fixed values of external perturbations (electric field, magnetic field, pressure, 
temperature), the thermodynamic behaviour of this system is described by the canonical 
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ensemble. The fundamental starting point for getting these thermodynamic properties is the 
construction of the canonical partition function Z [11, 49, 35], which captures the statistical 
distribution of the electronic states. Given the discrete nature of the bound states calculated via 
the Finite Element Method, the partition function is defined as:  

     Z = ෍ exp (−
୉౤

୩ా౐
)

୒

௡
       (2.22) 

 

where Ei are the eigenenergies in joules (or eV) , kB = 8.6173×10−5 eV/K is the Boltzmann 
constant, and T is the absolute temperature. The ground state energy E1 is set as the reference 
when needed, but the absolute energies matter because they shift with external fields.This 
summation accounts for the influence of external perturbations such as hydrostatic pressure, 
electric, and magnetic fields. From Z we derive all thermodynamic potentials. The following 
relations are standard in statistical mechanics. 

2.5.1 Mean Energy 

The mean energy U(T), or the internal energy of the electronic system, represents the ensemble 
average of the energy states. It is derived directly from the partition function by evaluating the 
logarithmic derivative with respect to the partition function: 

         U = – 
ப ୪୬୕

பβ
                    (2.23) 

This value provides insight into the energy storage capacity of the quantum well. On applying 
several field perturbations, the shifts in the subband energies Ei leads to a redistribution of the 
carrier population, directly altering the internal energy of the system as a function of the external 
fields. At low temperatures (kBT≪E2−E1 ), only the ground state contributes and U≈E1 [11, 50]. 
At high temperatures, all four states are nearly equally occupied, and U approaches the average 
of the four energies. The temperature dependence of U shows us how well the thermal energy is 
absorbed by the electronic subsystem. 

 
2.5.2 Helmholtz Free Energy 

The Helmholtz free energy F is a central thermodynamic potential that determines the stability 
of the system at constant temperature and volume. It relates the internal energy to the entropic 
contributions of the system. The Helmholtz free energy F(T) measures the work that can be 
extracted from the system at constant temperature. It is directly related to the partition function 
as: 

                                                             Ftherm =− kBT lnQ               (2.24) 
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At zero temperature, F(0)=E1. As temperature increases, the entropic term −TS makes F more 
negative [49, 35]. The free energy determines the equilibrium condition and is useful for 
analyzing phase transitions or stability. In our context, the crossover of F from positive to 
negative (relative to an arbitrary reference) indicates the temperature above which entropic 
effects dominate over the zero-point energy.The behavior of F under varying field conditions 
allows for the assessment of the system's transition tendencies. Because the partition function Z 
is implicitly dependent on the external fields (E, B, P), the Helmholtz free energy serves as the 
generator for other thermodynamic variables, ensuring consistency across the entire caloric 
analysis.  

2.5.3  Entropy 

Entropy S measures the statistical disorder or the degree of uncertainty in the occupation of the 
electronic states. The entropy S(T) quantifies the disorder of the electron distribution among the 
subbands. It is calculated from the temperature dependence of the Helmholtz free energy: 

           S= kB lnQ + kB βU                                                        (2.25) 
 

At T=0, the system is in a pure ground state, so S(0)=0. As temperature increases, higher states 
become accessible and S grows [50, 93]. When all four levels are equally populated, the entropy 
saturates at  
kB ln4≈1.15×10−4 eV/K [11, 93]. In practice, because the level spacings are finite and the 
barriers are not infinite, the saturation occurs at temperatures well above 800 K for our 
structures.In this quantum system, entropy is highly sensitive to the energy level spacing. As 
external fields modify the density of states and the spacing between subbands, the entropy 
profile exhibits non-monotonic behavior, particularly near the crossings or anticrossings of 
energy levels induced by hydrostatic pressure. 

2.5.4  Heat Capacity 

The heat capacity C(T) at constant volume describes how much heat is required to raise the 
temperature of the electronic system by one kelvin. It is calculated by taking the derivative of 
the mean energy with respect to temperature. It is the temperature derivative of the mean 
energy: 

           CV = 
ப୙

డ்
 = kBβ2  డ

మ௟௡ொ

பβమ       (2.26) 

This expression highlights the variance of the energy distribution. For a discrete system with a 
few levels, the heat capacity exhibits a characteristic peak known as the Schottky anomaly [11, 
49, 55]. This peak occurs when kBT is comparable to the energy gap between the ground state 
and the first excited state.These peaks are essential indicators of the system's thermal 
responsiveness and are found to be tunable via the application of external pressure and field 
strength.  
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2.5.5 Magnetocaloric Effect  

The magnetocaloric effect describes the change in entropy of a system when an external 
magnetic field is applied isothermally. This effect is crucial for evaluating the cooling potential 
of the quantum structures. It is quantified by the isothermal entropy change [86, 85]:  

           ΔS = S( B ≠ 0,T) – S (B = 0,T)    (2.27) 

where S(T,B) is the entropy at magnetic field B and S(T,0) is the entropy at zero field, both at 
the same temperature. A negative ΔS indicates that the field reduces the disorder whereas a 
positive ΔS indicates that the field increases the disorder.We compute ΔS for magnetic field 
sweeps (0–12 T) and also for composition by analogy, though the term “magnetocaloric” is 
strictly for magnetic fields. In this thesis we focus on the magnetic field case because the 
Landau diamagnetic term directly modifies the energy levels without altering the potential shape 
as drastically as the electric field.By utilizing the Maxwell relation, the entropy change can be 
computed to determine the efficiency of the magnetocaloric cooling cycle [86]. The structural 
asymmetry and many field perturbations in the MoS2 and chalcogenide systems allow for the 
optimization of ΔSM providing a theoretical base for utilizing these nanostructures in micro-
scale refrigeration technologies.  

4.7 Material Parameters and Sweep Ranges (Table) 
 

Parameter Symbol Value / Range Unit Remarks / Ref. 

Common constants     

Reduced Planck 
constant 

ℏ 1.0546 × 10⁻³⁴ J·s  

Elementary charge e (or q) 1.602 × 10⁻¹⁹ C  

Vacuum permittivity ε₀ 8.854 × 10⁻¹² F·m⁻¹  

Speed of light in 
vacuum 

c 2.998 × 10⁸ m·s⁻¹  

Vacuum permeability μ₀ 4π × 10⁻⁷ H·m⁻¹  

Boltzmann constant kB 8.617 × 10⁻⁵ eV·K⁻¹  

Material parameters – MoS₂ 

Zero-temperature 
bandgap 

Eg0 1.9 eV [89] 

Bare effective mass m*₀ 0.47 × m₀ kg 
m₀ = 9.109 × 
10⁻³¹ kg [89] 

Varshni coefficient α α 0.54 meV·K⁻¹ [74] 

Varshni coefficient β β 430 K [74] 
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Pressure coefficient 
(bandgap) 

a_pressure 12 meV·GPa⁻¹ [68] 

Pressure coefficient 
(barrier) 

dV/dP 50 meV·GPa⁻¹ [23] 

Step pressure 
coefficient 

dVstep/dP 2.136 × 10⁻³⁰ m³ 
scaled from 
barrier [23] 

Refractive index nr 4.5 dimensionless 
chalcogenides, 

[87] 

 

Material parameters As₂(SeₓTe₁₋ₓ)₃ 

Bandgap (Te-rich, 
x=0) 

Eg(0) 0.938 eV [38] 

Bandgap (Se-rich, 
x=1) 

Eg(1) 2.1 eV [38] 

Quadratic coefficient c 0.002 eV [38] 

Kane energy EP 18.5 eV interpolated [12] 

Composition range x 0.2 – 0.8 – 
sweep variable 

[38] 

Barrier height (x=0.2) Vbarrier 0.6 eV [91] 

Step height (x=0.2) Vstep 0.19 eV [91] 

Deep well depth 
(x=0.2) 

Vdp 0.0 eV [91] 

Geometry 

MoS₂ asymmetric 
well (total length) 

Ltotal 28.5 nm [23] 

Left barrier width Lb1 8 nm  

Primary well width Lw1 4 nm  

Secondary well width Lw2 8.5 nm  

Right barrier width Lb2 8 nm  

As₂(SeₓTe₁₋ₓ)₃ step 
well (total length) 

Ltotal 57 nm [13, 56] 

Barrier width 
(left/right) 

Lbar 20 nm  
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Shallow well width Lsw 7 nm  

Deep well width Ldw 10 nm  

Perturbation sweeps 

Electric field (E) E_x 
0, 8, 16, 24 (MoS₂); 

0–80 (chalcogenides) 
kV·cm⁻¹ [61, 111] 

Magnetic field (B) Bx 
0, 4, 8, 12 (MoS₂); 0–

15 (chalcogenides) 
T [14, 105] 

Hydrostatic pressure 
(P) 

P 0, 1, 2, 3 GPa [68] 

Temperature (T) T 
200 – 500 (sweep); 

base: 200 K 
K [74, 102] 

Optical constants 

Dephasing time T₂ 150 fs [29, 90] 

Dephasing energy ℏΓ₂₁ 4.4 meV ℏ/T₂ 

Population relaxation 
time 

T₁ 1 ps [17] 

Optical intensity 
(nonlinear terms) 

I₀ 1 × 10⁹ 
W·m⁻² (1 

MW·cm⁻²) 
[34, 85] 

Sheet carrier density N_s 5 × 10¹⁵ m⁻² [78] 

Well width for 
volume density 

Lw 
(optical) 

12.5 (primary well) nm N_v = N_s / Lw 

Refractive index 
(chalcogenides) 

nr 4.5 – [87] 

Refractive index 
(MoS₂) 

nr 3.5 – estimated 

 

Table 2.1 Material parameters and sweep ranges for MoS₂ and As₂(SeₓTe₁₋ₓ)₃ quantum 
wells 
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CHAPTER 3 
Tunable Mid-Infrared Nonlinear Optics in Chalcogenide 1D  

As₂(SeₓTe1-x)3  Step Quantum Wells 

 

3.1 Introduction  

Chalcogenide glasses have emerged as promising materials for nonlinear optics. Their broad 
infrared transparency and large third-order susceptibility make them attractive for frequency 
conversion [107, 110, 87]. Among them, arsenic chalcogenides of the form As₂Se₃, As₂Te₃, and 
their alloys As₂(SeₓTe₁₋ₓ)₃ offer a unique combination of properties [66, 20, 8],they can be 
deposited as thin films, their composition can be continuously tuned, and they remain 
amorphous, which simplifies fabrication relative to crystalline III-V heterostructures.However, 
the As₂(SeₓTe₁₋ₓ)₃ system is particularly interesting because the Se/Te ratio provides a tuning 
parameter for bandgap and effective mass both. However, without confinement, the 
intersubband transitions that govern nonlinear response are difficult to engineer. 

This chapter focuses on a step quantum well (SQW) geometry built from As₂(SeₓTe₁₋ₓ)₃. The 
well consists of four regions along the growth direction: a left barrier, a shallow well, a deep 
well, and a right barrier. The step like potential profile helps breaks the inversion symmetry, 
which is a necessary condition for occurrence of second order nonlinear processes such as 
second harmonic generation (SHG) [36, 91]. This chapter explores how composition, electric 
field, and magnetic field tune the optical properties of As₂(SeₓTe₁₋ₓ)₃ step quantum wells.The 
composition parameter x (the selenium mole fraction) varies across the structure, allowing the 
bandgap and effective mass to be tailored. In addition to composition, we apply a static electric 
field along the growth direction and an in-plane magnetic field. Both fields modify the 
confinement potential and therefore the subband energies and dipole matrix elements. Thus, 
each mechanism produces different shifts blue, red or blue again which allows the device 
designers to access a wide spectral window with a single material platform [61, 105, 111]. 

3.2 Composition Effects 

The composition parameter x determines the bandgap of the As₂(SeₓTe₁₋ₓ)₃ alloy. As x increases 
from tellurium rich to selenium rich, the bandgap widens and the electron effective mass 
increases [38]. Both changes affect the confined subband structure.The bandgap Eg(x) widens 
which makes the electron effective mass m*(x) increase [38, 56]. Both effects shift the energy 
levels upward.The wavefunctions of adjacent subbands overlap more strongly because the 
confining potential is less deep. This larger spatial overlap increases the dipole matrix element 
|M₁₂|². At x = 0.8 (Se-rich), the heavier effective mass compresses the potential well. This makes 
the wavefunctions localize more tightly due to which the overlap weakens and therefore |M₁₂|² 
drops. 
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  a)     b)             c) 

Fig. 3.1 a) linear absorption coefficient b) Non linear absorption coefficient c) Total 
absorption coefficient for x = 0.2, 0.5 and 0.8 at F= 5 kV/cm and B= 6T. 

Fig. 3.1 shows the total absorption coefficient including the linear and non linear absorption 
coefficient as a function of photon energy for x = 0.2, 0.5 and 0.8, with fixed electric field F = 
5 kV/cm and magnetic field B = 6 T. The peak position shifts from approximately 40 meV at x = 
0.2 to about 55 meV at x = 0.8. The peak magnitude, however, decreases from about 2000 cm⁻¹ 
to 800 cm⁻¹. This reduction is explained by the oscillator strength f ∝ |M₂₁|² ΔE₂₁ / m*. The 
heavier effective mass further reduces the oscillator strength. Thus, tellurium-rich wells (x = 
0.2) give the strongest linear absorption. 

 

 
a)     b)             c) 

Fig. 3.2 a) linear refractive index change b) Non linear refractive index change c) Total 
refractive index change for x = 0.2, 0.5 and 0.8 at F= 5 kV/cm and B= 6T. 

 

Fig. 3.2 shows the total refractive index change which includes linear and non linear terms as a 
function of photon energy for x = 0.2, 0.5 and 0.8, with fixed electric field F = 5 kV/cm and 
magnetic field B = 6 T. Just like the absorption coefficient, the refractive index change Δn/nᵣ 
shows a similar blue shift with x. The linear part Δn⁽¹⁾ exhibits the characteristic dispersion: 
positive below resonance, crossing zero at E₂₁, and negative above resonance. The total change 
is reduced in magnitude for higher x because |M₂₁|² is smaller. Thus, the Te-rich composition is 
therefore preferred for phase-sensitive applications such as modulators. 

3

11

11

24

33

Page 44 of 77 - Integrity Submission Submission ID trn:oid:::3618:140796939

Page 44 of 77 - Integrity Submission Submission ID trn:oid:::3618:140796939



 
 

38 
 

 
Fig. 3.3 Second harmonic generation (SHG) susceptibility 𝝌(𝟐)  

for x = 0.2,0.5,0.8 at F= 5 kV/cm and B= 6T. 
 

The second harmonic generation susceptibility χ⁽²⁾ depends on the triple product of M₁₂,M₂₃,M₃₁. 
This product is highly sensitive to asymmetry. Such that for x = 0.2, the step potential is 
relatively shallow and the wavefunctions extend further into the step region, enhancing the 
overlap between ψ₁, ψ₂ and ψ₃. As x increases, the effective mass rises and the wavefunctions 
localise more strongly in their respective sub-wells. The overlap decreases, and χ⁽²⁾ drops. At x = 
0.2, the peak |χ⁽²⁾| is about 1.4 × 10⁻¹⁰ m/V (140 nm/V after conversion) [30]. At x = 0.8, it falls 
by a factor of nearly three. The resonance positions also blue shift because E₂₁ and E₃₁ increase 
with x. 

 
Fig. 3.4 Third harmonic generation (THG) susceptibility 𝝌(𝟑)  

for x = 0.2,0.5,0.8 at F= 5 kV/cm and B= 6T. 

The third harmonic generation susceptibility χ⁽³⁾ follows a similar trend as its second order 
counterpart. It involves four dipole matrix elements M₁₂ M₂₃ M₃₄ M₄₁. We see the reduction with 
the increasing x as more pronounced since each additional dipole factor magnifies the 
localisation effect. For x = 0.2, |χ⁽³⁾| is on the order of 2 × 10⁻²⁰ m²/V² (or 20 × 10⁻¹⁵ after 
scaling), which is comparable to values reported for GaAs quantum wells [59].  And then 
becomes an order of magnitude smaller for x = 0.8,. 

In summary, composition tuning offers a way to shift the operating wavelength from the 
near-infrared (for Te-rich) to the mid-infrared (for Se-rich), but at the cost of reduced nonlinear 
conversion efficiency. The optimum composition depends on the application: Te-rich wells are 
best for high-efficiency frequency conversion, while Se-rich wells are suited for 
longer-wavelength operation where material absorption is low. 

3.3 E field effects 

The application of an external electric field along the growth direction of the step quantum well 
adds an additional linear potential term to the Hamiltonian. This tilts the structural symmetry of 
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the system. This tilting leads to the quantum confined Stark effect which consequently changes 
the optical properties of the well as field increases [61, 62, 111]. 

 

 

a)        b)             c) 

Fig. 3.5 a) linear absorption coefficient b) Non linear absorption coefficient c) Total 
absorption coefficient for F= 0,20,50,80 kV/cm at x = 0.2 and B= 6T. 

 

 
 

 
        a)     b)         c) 

Fig. 3.6 a) linear refractive index change b) Non linear refractive index change c) Total 
refractive index change for for F= 0,20,50,80 kV/cm at x = 0.2 and B= 6T. 

 

The electric field sweeps from 0 to 80 kV/cm. The composition is fixed at x = 0.2 
(tellurium-rich), and the magnetic field is 6 T. Increasing the field introduces a redshift in 
absorption peak. The shift is about 0.025 meV per kV/cm over the low-field range. At higher 
fields, the shift becomes larger since the Stark effect has a quadratic component as well which 
becomes more apparent later. The magnitude also decreases with field. At 80 kV/cm, the total 
absorption is about half of its zero-field value. The refractive index change follows the same 
trend as absorption. The magnitude of Δn also decreases with increasing field. At zero field, the 
peak Δn/n_r is about 0.025. At 80 kV/cm, it drops to 0.012. The dispersive shape stays 
symmetric around resonance. The field does not distort the lineshape. 

3
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Fig 3.7  Second-harmonic generation susceptibility 𝝌(𝟐) for 
 F = 0,20,50,80 kV/cm at x=0.2 and B= 6T 

Fig 3.8  Third-harmonic generation susceptibility 𝝌(𝟑) 
 for F = 0,20,50,80 kV/cm at x=0.2 and B= 6T. 

 
The susceptibilities χ⁽²⁾ and χ⁽³⁾ depend on the triple product M₁₂·M₂₃·M₃₁ and four-dipole 
product M₁₂·M₂₃·M₃₄·M₄₁ respectively. As the field increases, M₁₂ decreases but M₂₃ and M₃₁ 
increase. This results in an increase in magnitude of SHG and THG.  SHG spectrum shows two 
peaks . One at ℏω = E₂₁ (one-photon resonance ans the second at 2ℏω = E₃₁ (two-photon 
resonance). Both peaks redshift with increasing field and their magnitudes inceases at the same 
time. At 80 kV/cm, χ⁽²⁾ is nearly double the zero-field value. χ⁽³⁾ shows three resonance peaks. 
They correspond to ω, 2ω, and 3ω matching E₂₁, E₃₁, and E₄₁ respectively. Field enhances the 
peaks and shifts them to lower energies. 
These results showcase an important design principle for applications that require strong 
harmonic generation [43, 59]. The applied field enhances the asymmetry already present in the 
step well, making the nonlinear polarisation larger while also weakening the absorption range.  
 
3.4 B field effects 

Applying a magnetic field perpendicular to the growth direction introduces a parabolic term in 
the Hamiltonian [14, 105]. The parabolic potential (hbar ky + qBx z)2/ 2m* pushes the 
wavefunction towards the centre. Since the higher states feel the parabolic push more because 
they are more delocalised, their transition energies increase. This introduces a blueshift. In this 
study, B field varies from 0 to 15 T while the composition is fixed at x = 0.2, and the electric 
field is 5 kV/cm. 

 

(a)                              (b)                                 (c) 
Fig. 3.9 a) linear absorption coefficient b) Non linear absorption coefficient c) Total 

absorption coefficient for (B = 0, 3, 7, 12 T) at x=0.2 and F = 5kV/cm 
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The absorption peak gets blueshifted while the magniotude doesnt chnage much [105, 104]. The 
shift is about 0.08 meV per tesla. Unlike the electric field, the magnetic field squeezes them 
toward the centre. The overlap between the ground state and first excited state remains almost 
constant. So |M₂₁|² stays roughly the same and the absorption magnitudes stay stable.  

 

 

a)                              (b)                                 (c) 
 

 Fig. 3.10 linear refractive index change b) Non linear refractive index change 
c) Total refractive index change for for (B = 0, 3, 7, 12 T) at x=0.2 and F = 

5kV/cm 

The refractive index change behaves like the absorption trend for this parameter variation. It 
also experiences a blueshift. Its magnitude also stays nearly constant. It's peak changes from 
0.023 at zero field to 0.022 at 15 T. Magnatic field provied spoectral tuning without the loss of 
strenght.  

 
        Fig 3.11  Second-harmonic generation susceptibility 𝝌(𝟐) for 

for (B = 0, 3, 7, 12 T) at x=0.2 and F = 5kV/cm. 

Fig 3.12  Third-harmonic generation susceptibility 𝝌(𝟑) 
 for (B = 0, 3, 7, 12 T) at x=0.2 and F = 5kV/cm. 

 

The SHG and THG spectrum also blueshifts. The one-photon peak (at ℏω = E₂₁) and the 
two-photon peak (at 2ℏω = E₃₁)  and three-photon peak (at 3ℏω = E4₁) all moves to higher 
energy. But their magnitudes drops very rapidly. At 15 T, χ⁽²⁾ is about 80% of its zero-field 
value. Similarly at 15 T, χ⁽³⁾ is about 70% of its zero-field value [88]. 
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3.5 Applications 

These quantum well structures offer a wide range of practical uses. The tunability demonstrated 
in this chapter points to several practical applications in the mid infrared region.Their optical 
properties can be tuned over a wide range using composition, electric fields, and magnetic fields 
variation and more. 

Mid-infrared photonics has many applications. The As₂(SeₓTe₁₋ₓ)₃ step quantum well addresses 

several of them as: 

 For frequency converters for mid-IR generation. The SHG and THG susceptibilities are 
large enough to be useful [73, 30]. For x = 0.2, |χ⁽²⁾| reaches 140 nm/V at zero field and 
nearly doubles under an applied electric field of 80 kV/cm. The step geometry enhances 
efficiency through triple-resonance conditions. Thus, Electric and magnetic field tuning 
allows the converter to track molecular absorption features. 

 In case of magneto-optic devices, the magnetic field blue-shifts the response without 
reducing absorption. This property is useful for devices that require a fixed absorption 
strength but a tunable wavelength, such as wavelength-selective detectors or filters. The 
magnetic field tuning keeps maintained amplitude  which makes such devices practical. 

 Tunable infrared photodetectors [95, 44]. The step well confines electrons and holes. In-

tersubband transitions can be designed to match specific detection wavelengths. Apply-

ing fields shifts the response, allowing the detector to track different wavelengths. Chal-

cogenide materials have high room-temperature operation potential, thus pretty handy 

for such applications.  

In conclusion, the step quantum well based on As₂(SeₓTe₁₋ₓ)₃ offers a versatile platform for 
tunable mid-infrared nonlinear optics. Composition sets the baseline wavelength. The 
electric field provides continuous red-shift tuning and enhances harmonic generation. The 
magnetic field provides blue-shift tuning with stable absorption. Applied together, they 
allow the optical response to be adapted to a wide range of applications. 
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CHAPTER 4 

Thermodynamic study of As₂(SeₓTe₁₋ₓ)₃ Step Quantum Wells under the 
variation of Composition, Electric Field and Magnetic Field. 

 

4.1 Introduction 

Recent advancements in the field of nanomaterials have highlighted the potential of low 
dimensional semiconductor nanostructures [11, 49, 35], such as quantum dots and quantum 
wires, for the development highly efficient and tunable devices. These structures depends on 
quantum confinement to affect their behavior, leading to breakthroughs in applications of 
optoelectronics, photovoltaics, quantum computing, and bioimaging. 

Understanding the thermodynamic properties of these semiconductor nanostructures is an 
eessential problem in modern materials science. Quantities such as entropy, specific heat 
capacity, Helmholtz free energy, and mean energy provides us a critical insights into the thermal 
stability and operational limits of these nanoscale devices [11, 50, 93]. 
Historically, the thermodynamic behavior of simple quantum wells using basic parabolic, 
square, or Gaussian confinement potentials has been extensively studied [11, 49, 51]. However, 
there remains a significant gap in our understanding of complex, composition-tunable ternary 
systems. 
The usage of ternary chalcogenide alloys, specifically As₂(SeₓTe₁₋ₓ)₃, presents a unique 
opportunity for bandgap engineering applications[38, 56, 13]. Therefore, this chapter aims to 
theoretically investigate the low as well as high temperature thermodynamic behavior of an 
As₂(SeₓTe₁₋ₓ)₃ step quantum well. Apart from standard thermodynamic quantities i.e mean 
energy, heat capacity, Helmholtz free energy, and entropy, this study also explores the 
magnetocaloric effect (MCE) by evaluating the isothermal entropy change induced by external 
fields [86, 85, 78]. 
To achieve this, we solve the one-dimensional Schrödinger equation using the finite element 
method (FEM) to obtain the system's eigenenergies. These energy levels are subsequently used 
to construct the canonical partition function, from which all thermodynamic properties are 
derived within the canonical ensemble framework. The investigation systematically evaluates 
the impact of three primary tuning parameters: (a) Alloy composition(x), (b) Electric field(E) 
and (c) Magnetic field(B) 
 
4.2 Mean Energy 

The mean energy of a quantum system is the average energy stored in the electron gas at a given 
temperature. We compute the mean energy from the canonical partition function.Here, Ei are the 
eigenenergies from the Schrödinger equation, kB is the Boltzmann constant, and the sum runs 
over the four lowest subbands. 

At lower temperatures, the system already occupies the ground state and the mean energy 
closely tracks the zero-point energy of the structure [11, 49]. As the temperature increases the 

15

53

Page 50 of 77 - Integrity Submission Submission ID trn:oid:::3618:140796939

Page 50 of 77 - Integrity Submission Submission ID trn:oid:::3618:140796939



 
 

44 
 

thermal excitations populate higher energy states and causes the mean energy to rise 
accordingly.  

A magnetic field raises all subband energies through diamagnetic confinement [50, 70]. The 
behavior at low temperatures is heavily influenced by the field magnitude. At low temperatures, 
the mean energy is higher because E1 is higher. But at higher temperatures, the thermal energy 
kB Tbegins to dominate over the field-induced energy shifts. And hence at higher tempuratures, 
the occupation of multiple levels becomes comparable across all field values which causes the 
field-dependent mean energy curves to converge [11, 49]. 

 

Fig 4.1 Mean energy versus temperature for B =0,5,10,15 T  at x =0.2 and F=0.               
     Fig 4.2 Mean energy versus temperature for F = 0,10,20,30 kV/cm and x=0.2 and B=0. 

 

An applied electric field raises all subband energies through the Stark shift [61, 72]. This exerts 
a strong influence on the mean energy. The electric field breaks the spatial symmetry of the step 
well and shifts the lowest eigenstate into a higher energy configuration. The ground state rises 
more than the excited states in an asymmetric well. So E21 decreases. This increases the 
effective zero-point energy. At low temperatures, the mean energy is higher because E1 is 
higher. the separation between the mean energy curves at different electric field strengths 
remains approximately constant. And hence The electric field curves are nearly parallel to the 
zero-field curve but shifted upward and with similar shape. 

 
Fig. 4.3 Mean energy versus temperature for x = 0.2, 0.5, 0.8 at F=0, B=0. 

 

The variation of the selenium mole fraction (x) introduces a distinct modulation of the mean 
energy. The mean energy decreases consistently with increasing selenium composition across all 
temperatures [38, 56]. The selenium fraction x changes the effective mass. A heavier effective 
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mass reduces the kinetic confinement energy and consequently lowers the subband energy 
levels. At low temperatures, where the system is highly sensitive to the ground-state energy, the 
composition-dependent mean energy variations are distinctly separated. However, as the 
temperature rises sufficiently high, the thermal energy exceeds the energy spacing between the 
quantum levels. this causes the composition-dependent curves to gradually converge. 

4.3 Specific Heat Capacity 

The specific heat capacity tells us how much energy the system absorbs when the temperature 
rises by one degree. The specific heat capacity of our quantum well shows a very clear pattern. 
It rises to a peak and then falls as temperature increases. This is known as a Schottky anomaly 
[11, 49, 55]. At very low temperatures, electrons stays in the ground state. Because they cannot 
move up, the heat capacity remains small [11, 17]. When the thermal energy is enough to push 
electrons into the first excited state, the heat capacity quickly goes up. At higher temperatures, 
the electrons spread out evenly across all the available energy levels. When this happens, the 
system absorbs less heat per degree of temperature change, and the curve falls back down. 

We compute the heat capacity from the mean energy.An electric field reduces E21. So the 
Schottky peak shifts to lower temperatures [72]. The electric field pushes all the energy levels 
up together through the Stark effect. Because the energy gap between the lowest states stays 
mostly the same, the thermal transitions do not change, and the heat capacity remains steady. 
Consequently, it barely changes the height or position of the heat capacity peak. 

 
Fig. 4.4 Heat capacity for B = 0,5,10,15 T at x= 0.2 and F=0 kV/cm. 
Fig. 4.5 Heat capacity for F = 0,10,20,30 kV/cm at x= 0.2 and B=0 T. 

 

The heat capacity peak shifts to higher temperatures when  an in-plane magnetic field is applied 
[70, 50]. the magnetic field adds a harmonic shape to the well's potential. This changes the 
spacing between the energy levels in an uneven way. It actually enhances the thermal activation 
of the states in that specific temperature range. The peak height stays almost constant since M21 
does not change much. At very high temperatures, the magnetic field stops mattering much, and 
all the curves merge together. 
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Fig. 4.6 Heat capacity for x = 0.2, 0.5, 0.8 at F=0, B=0. 

 
Changing the alloy composition has the strongest overall effect on the heat capacity [38, 56]. As 
we increase the selenium content, the peak drops in height. The peak also shifts to a lower 
temperature and gets wider. the Schottky peak occurs at about 340 K for x = 0.2 and 280 K for x 
= 0.8 [55]. It is worth noting that this composition trend is steady and monotonic.  At high 
temperatures (above 600 K), all composition curves converge. 
 

4.4 Helmholtz Free Energy 

The Helmholtz free energy represents a balance between the system's internal energy and its 
thermal disorder (entropy). . At very low temperatures, there is aalmost no thermal disorder. 
Because of this, the free energy starts as a small positive number that closely matches the 
ground state energy of the system [11, 49]. However, as the temperature rises, the entropy 
tincreases and pulls the free energy downward into negative values. This steady, continuous 
drop with rising temperature is a universal feature of quantum systems finding thermal 
equilibrium. We compute F directly from the partition function. Changing the selenium to 
tellurium ratio has a major impact on the free energy across all temperatures. For tellurium-rich 
wells (x=0.2), the ground state energy is higher [38]. So F is bighest at a higher value at low 
temperatures. It has a lighter effective mass and a higher starting ground-state energy. As the 
system heats up, this lighter mass also allows for more thermal disorder (higher entropy), which 
accelerates the downward plunge of the free energy curve. Even at extremely high temperatures, 
the free energy curves for different compositions do not merge. 

 
Fig. 4.7 Free energy for x = 0.2, 0.5, 0.8 at F=0 kV/cm, B=0T. 

Fig. 4.8 Free energy for F = 0,10,20,30 kV/cm at x=0.2 and B=0T. 

 

25

Page 53 of 77 - Integrity Submission Submission ID trn:oid:::3618:140796939

Page 53 of 77 - Integrity Submission Submission ID trn:oid:::3618:140796939



 
 

47 
 

An electric field raises all subband energies, especially the ground state [61, 72]. Because the 
electric field pushes the ground-state energy higher via the Stark effect, the starting free energy 
at low temperatures is substantially higher when the field is turned on. As the temperature rises, 
the free energy drops, but it drops at almost exactly the same rate regardless of the field 
strength. This happens because the electric field does not really change the system's entropy.  

 
Fig. 4.9 Free energy for B = 0,5,10,15 T at x = 0.2 and F=0 kV/cm. 

 
A magnetic field also raises all subband energies [50, 86]. But the increase is smaller than for 
the electric field. Increasing the magnetic field produces an almost parallel upward shift in the 
free energy curves. The zero-field curve crosses into negative values first, while the highest 
magnetic field curve stays positive the longest. The magnetic field gives a gentle, clean shift 
without changing the shape much. 
 

4.5 Entropy 

The entropy of a quantum-confined system measures its thermal disorder. At absolute zero 
temperature, the entropy is zero because the electrons are all in the ground state [11, 93]. As the 
temperature increases, thermal energy excites the electrons, and reaches to more eigenstates and 
causing the entropy to rise. At very high temperatures, the entropy begins to approach a 
saturation value. This saturation happens when the electrons have enough thermal energy to 
spread almost equally across all the energy states in the system.We compute entropy from the 
partition function. The composition of the alloy has a permanent effect on the system's entropy. 
Systems with lower selenium content (x = 0.2) consistently exhibit the highest entropy across 
the entire temperature range [38, 56]. This occurs because the lighter effective mass of this 
composition creates a higher and more spread out set of eigenstates. Importantly, these 
composition differences do not converge even at elevated temperatures up to 1200 K. 
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Fig. 4.10 Entropy for x = 0.2, 0.5, 0.8 at F=0 kV/cm, B=0T. 

Fig. 4.11 Entropy for F = 0,10,20,30 kV/cm at x = 0.2 and B = 0T. 

The response of entropy to an applied electric field is remarkably weak [72, 71]. Whether the 
field is 0 kV/cm or 30 kV/cm, the entropy curves lie perfectly on top of one another from 0 K all 
the way to 1200 K. This insensitivity demonstrates that the electric field acts essentially as a 
rigid shift of all eigenenergies through the Stark effect, leaving the inter-level spacings 
unchanged [72, 61]. This is highly advantageous for device applications becuase it allows 
electrical tuning without disrupting the thermal stability of the structure. 
 

 
Fig. 4.11 Entropy for F = 0,10,20,30 at x = 0.2 and F = 0 kV/cm. 

 
Similar to the electric field, the magnetic field also has very little effect on the entropy [50, 78]. 
Between 150 K and 400 K, applying a strong magnetic field causes a very slight decrease in the 
entropy. This happens because the magnetic field adds a confinement term that slightly widens 
the gaps between the energy levels. At high temperatures, all curves converge to the same 
saturation value.  
 
4.6 Magnetocaloric Effects 

The magnetocaloric effect (MCE) describes the entropy change of a system under the infuence 
of magnetic field [86, 85]. For the As₂(SeₓTe₁₋ₓ)₃ step quantum well, the MCE is evaluated 
through the isothermal entropy change ΔS = S(B) − S(0). 
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a)                                                  b) 

 
       c)                                                d) 

Fig. 4.12  Magnetocaloric effect for (a)Entropy change ΔS, (b) Mean energy change ΔU (c) 
Heat capacity change ΔCᵥ and (d) Helmholtz free energy change ΔF. 

 

Even without a magnetic field, changing the composition of the quantum well acts as a 
magnetocaloric response. This indicates that increasing the Se fraction reduces the intersubband 
level spacings through heavier effective mass. Because the thermally accessible states are 
packed closer together, they become more equally populated at intermediate temperatures.Hence 
it shows positive shift in configurational entropy. It shows that structural tuning can change the 
system's thermal capacity. 
 

 

a)                                                 b) 
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     c)                                                   d) 

Fig. 4.13 Magnetocaloric effect for (a)Entropy change ΔS (b) Mean energy change ΔU  
(c) Heat capacity change ΔCᵥ and (d) Helmholtz free energy change ΔF for B= 5,10,15 T. 

 
At low temperatures, applying the magnetic field produces a conventional magnetocaloric effect 
[85, 86]. The entropy change ΔS = S(B) − S(0) is negative at low temperatures, reaches a 
minimum around 100–200 K, but then crosses it through zero and gets positive at temperatures 
above approximately 400–600 K. At low tempurature the diamagnetic confinement term pushes 
the energy levels further apart [85, 50], effectively "stiffening" the energy spectrum. At high 
temperatures, the same field-induced broadening of the total energy spread creates a wider phase 
space for thermal occupation, causing the entropy to exceed its zero-field value [86, 78]. 
 

4.7 Applications 

The thermodynamic behaviour of the As₂(SeₓTe₁₋ₓ)₃ step quantum well, particularly its 
sensitivity to composition and external fields suggests several practical device-oriented 
applications. The tunability demonstrated in the previous sections can be exploited across 
thermoelectric, calorimetric, cryogenic, and quantum technology domains. 

Calorimetric Sensing : The specific heat capacity of the quantum well exhibits a distinct 
Schottky peak. This peak shifts in position and amplitude with both composition and magnetic 
field. Since the peak is sensitive to composition and magnetic field, the structure can be utilized 
effectively in high-precision calorimetric sensing. Such sensors are capable of detecting minute 
changes in thermal activation within specialized nanoscale environments [11, 55, 96]. 

Thermoelectric Devices : The strong composition dependence of mean energy and entropy 
suggests that the Se/Te ratio can be used to optimise the Seebeck coefficient and thermal 
conductivity [100]. By grading the composition along the growth direction or across individual 
wells, structures with tailored thermoelectric responses can be made for energy harvesting or 
solid state cooling applications. 
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CHAPTER 5 

Far Infrared and Terahertz Optical Tunability of MoS₂ Asymmetric 
Quantum Wells Under Multi Field Perturbations 

 

Introduction 

The optical properties of an asymmetric quantum well constructed from molybdenum disulfide 
MoS2 material parameters show unique optical sensitivities [89, 58, 108]. This study 
systematically investigates effects of four external perturbations, i.e. electric field, magnetic 
field, hydrostatic pressure, and temperature, all applied simultaneously [23, 25, 18]. One 
perturbation is varied in strenght while othe kept constant at non-zero values. Each perturbation 
produces distinct and sometimes opposing trends in absorption, harmonic generation, and 
refractive index. 

Absorption Coefficient 

An applied electric field induces a quantum confined Stark effect. This leads to a clear redshift 
in absorption peak [61, 62, 111]. This happens because the ground state goes low fatser than 
excited states and subband spacing decreases. In the case of magnetic field, the parabolic 
confinement stiffens the potential and widens the subband gap.  

 

a)                               b) 

 
c)                                          d) 

Fig. 5.1. Linear α⁽¹⁾ (top), third order α⁽³⁾ (middle), and total αtotal (bottom) absorption vs. 
photon energy for a) E, b) B, c) P, d)T perturbations respectively. 
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This induces a blueshift in absorption coeffeicent and increases the peak as well [14, 105]. 
Hydrostatic pressure shows the most dominant spectral shift among all perturbations and creates 
a steep blueshift. It increases the barrier height and electron effective mass which narrowislevel 
spacings relative to the primary well but lifts the higher subbands faster than the ground state 
[68, 23]. The temperature change gives a small blueshift. The bandgap shrinks and effective 
mass reduces, causing wavefunctions to spread whgich causes the magnitude to decrease [74, 
102]. 

Second Harmonic Generation (SHG) 

The SHG susceptibility χ⁽²⁾ often follows trends opposite to those of linear absorption. Under an 
increasing electric field, the SHG spectral peaks move to lower energies, yet the total magnitude 
nearly doubles [43, 30]. This counterintuitive effect arises because the field enhances spatial 
overlaps between specific subband pairs (e.g., ψ₂-ψ₃ and ψ₃-ψ₁).  

 

a)                                               b) 

 

c)                                                 d) 

Fig. 5.2. SHG vs. photon energy for a) E, b) B, c) P, d)T perturbations respectively. 

The magnetic field causes a blueshift in the SHG spectra but steadily reduces its overall 
magnitude [88, 15]. This pushes all wavefunctions toward the well center, reducing the overall 
spatial asymmetry needed for a strong second-order response. Hydrostatic pressure collapses χ⁽²⁾ 
almost entirely (by nearly 90%) [25]. The pressure localizes individual wavefunctions tightly 
within separate sub-wells, and destroysthe intersubwell spatial overlap required for the dipole 
product. Temperature, however, increases χ⁽²⁾ [64]. This is becuase of the spreading of 
wavefunctions from a reduced effective mass improves the necessary intersubwell overlaps. 

Third Harmonic Generation (THG) 

The trends for the THG susceptibility, χ⁽³⁾, largely mirror those of SHG and by the same 
mechanisms. The electric field more than doubles χ⁽³⁾, the reason being an enhanced coupling 
across four subbands [59, 106]. It also shifts the peaks toward lower photon energies.  
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a)                                            b) 

 

c)                                                d) 

Fig. 5.3. THG vs. photon energy for a) E, b) B, c) P, d)T perturbations respectively. 

Magnetic field moves the THG spectra to higher energies and suppresses its magnitude. 
Hydrostatic pressure exerts extreme suppression of the THG magnitude alongside a spectral 
blueshift. The value drops by over 95% across the pressure sweep as wavefunction localization 
breaks all four required couplings [25]. Temperature again increases χ⁽³⁾ with a subtle rightward 
spectral shift [64]. 

Refrective Index 

The total refractive index change (Δn_total) displays a dispersive lineshape and it closely tracks 
the absorption resonance [2, 19]. The linear, third-order, and total refractive index change Δn 
spectra consistently mirror the behavioral trends, directions, and spectral shifts observed in the 
absorption spectra.  

 

a)                                                  b) 
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c)                                                 d) 

Fig. 5.1. Linear (top), third order (middle), and total (bottom) refractive index change vs. 
photon energy for a) E, b) B, c) P, d)T perturbations respectively. 

 

With an increasing electric field, the refractive index spectrum shifts down to lower photon 
energies and shows a notable decrease in peak magnitude [61, 104]. It blueshifts under a 
magnetic field while experiencing an increase in peak magnitude. Hydrostatic pressure induces 
a strong blueshift [68]. Under temperature variation, refrective index shifts slightly to higher 
energies, while the magnitude of the refractive index change slowly decreases. 

Applications 

The collective trends shows that an MoS₂ asymmetric quantum well is versatile for field tunable 
optical usage across the far-infrared and terahertz spectrum (60–80 meV). The electric field 
enables a switch like behavior. At low field strenght, the linear absorption dominates. While at 
high field strenght , nonlinear responses (SHG/THG) are strongly enhanced and absorption is 
suppressed. This is ideal for low-power modulators and frequency converters [16, 95].  

The magnetic field blueshifts the peak and increases the magnitude of linear absorption. But 
it suppresses χ⁽²⁾ and χ⁽³⁾. This suggests applications in magnetically tunable terahertz 
detectors or filters where one wishes to shift the operating wavelength upward without 
compromising absorption strength. 

Since pressure induces the largest spectral shift, it can be used for coarse, wide-band spectral 
positioning to lock the device into a specific terahertz target band [68, 25]. This can be exploited 
as pressure-tunable narrowband terahertz sensors or spectrometers  

As the temperature rises, the linear absorption decreases, but the higher order nonlinear 
susceptibilities χ⁽²⁾ and χ⁽³⁾ actually increase. This is advantageous for devices that operate over a 
range of ambient temperatures since the nonlinear response actually improves with heating, 
while the resonance position remains nearly stable. 

The paper also implies that these perturbations can be applied simultaneously. This opens the 
door for multi-field control. For example, using an electric field to enhance nonlinearity while 

46

Page 61 of 77 - Integrity Submission Submission ID trn:oid:::3618:140796939

Page 61 of 77 - Integrity Submission Submission ID trn:oid:::3618:140796939



 
 

55 
 

using pressure to coarsely set the operating wavelength, and a magnetic field for fine-
tuning. This give a great control over the functionality of device. 

All of this tunability is realized in MoS₂ which is a non-toxic, earth-abundant, and 
environmentally safer alternative to conventional GaAs-based quantum wells [58, 89]. This 
makes the proposed devices not only functionally competitive but also sustainable and 
scalable for future terahertz communication, imaging, and spectroscopy systems. 
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CHAPTER 6 

Thermodynamic Properties of MoS₂ Asymmetric Quantum Wells under 
Temperature, Pressure, Electric and Magnetic Fields 

 

Introduction 

In a quantum well, electrons are confined in a small space. Their energy levels become discrete 
[7, 65]. These discrete levels determine how the system stores heat, how its entropy changes, 
and how it responds to temperature changes. Its thermodynamic properties are computed from 
the electronic energy levels. By solving the one-dimensional effective mass Schrödinger 
equation with the finite element method, the energy states are extracted .The four lowest lying 
states E1, E2, E3, E4 are treated as a finite level system. These eigenvalues are then used in a 
partition function formalism to derive fundamental thermodynamic potentials [35, 53], like 
internal energy (U), Helmholtz free energy (F), entropy (S), and the constant-volume electronic 
heat capacity (C) over a wide temperature range up to 800 K. This approach follows the 
standard statistical mechanics of a canonical ensemble [11, 49, 35]. 

Electric field effects 

An electric field tilts the potential. It pulls the ground state down faster than the excited states 
[61, 72]. This reconfiguration in potential directly changes the canonical partition function and 
changes the energy distribution of the system. This changes the thermodynamic response in a 
systematic way. 

 

Fig. 6.1. Electric Field Effects for Mean Energy, Heat Capacity, 
 Helmholtz Energy and Entropy. 

 

The peak position of the heat capacity is dependent on the electric field. It shifts toward lower 
temperatures as E filed increases [72]. The energy gap between the ground state and the first 
excited state shrinks, which means the thermal excitation happens at a lower temperature [72, 
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71]. This downward shift occurs at a steady linear tuning rate. It demonstrates a clear electrical 
control over the thermal maximum. 

Entropy also gets reshifted. At very low temperatures, it is zero. At high temperatures, it 
saturates to a constant value depending uponthe number of available states. The electric field 
does not change that saturation value much. But it does shift the temperature at which entropy 
rises most steeply. For the Helmholtz free energy, the system shows a redshift and weak positive 
curvature at room temperature [35, 78]. 

Magnetic field effects 

The application of a magnetic field adds a quadratic vector potential term to the electron 
Hamiltonian, which is lic term [50, 70]. This magnetic term increases the stiffness of the 
quantum potential and forces the electronic wavefunctions closer together, which pushes the 
entire energy spectrum upward. This magnetic widening of the subband gaps directly impacts 
the thermodynamic response.  

 

Fig. 6.2. Magnetic Field Effects for Mean Energy, Heat Capacity, 
 Helmholtz Energy and Entropy. 

 

First, the heat capacity peak shifts toward higher temperatures [55, 35]. Then, the free energy 
curvature at room temperature is negative, which means the field lowers the free energy slightly. 
The entropy also shows a rightward shift [50, 54]. The steepest part of the entropy curve moves 
to higher temperatures as the field grows. 

Pressure effects 

Hydrostatic pressure is the most dominant perturbation in this study. Pressure compresses the 
crystal lattice of the MoS2 quantum well, which changes the bandgap via deformation potential 
[68, 48]. This changes both the carrier effective mass and barrier height. These structural 
changes increase the subband energy gaps substantially. 
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Fig. 6.1.  Effects for Mean Energy, Heat Capacity, 
 Helmholtz Energy and Entropy. 

The heat capacity peak shifts to much higher temperatures as pressure increases. The tuning rate 
is about twenty times larger than for the magnetic field and thirty-six times larger than for the 
electric field [53]. The ground-state energy exhibits a steep positive slope, and the free-energy 
curves show a strong positive curvature at room temperature [53, 68]. 
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CHAPTER 7 

CONCLUSION 

 

7.1 Conclusion 

A recurring observation in the literature is that most theoretical studies of quantum well 
nonlinear optics examines a single perturbation occurring in isolation. However, practical 
devices rarely operate under such idealised conditions. A working infrared modulator or 
terahertz frequency converter functions in an environment where temperature fluctuates, 
fabrication processes introduce residual strain, and applied electric fields coexist with stray 
magnetic fields. Examining each influence separately therefore gives an incomplete picture. The 
primary motivation for this work was to construct a unified framework that treats all four major 
perturbations  electric field, magnetic field, hydrostatic pressure, and temperature 
simultaneously and to apply it to two material systems that have received relatively little 
attention in the quantum well community. 

The choice of As₂(SeₓTe₁₋ₓ)₃ and MoS₂ was guided by both practical and scientific 
considerations. Conventional quantum well research has long relied on GaAs and InP. These 
materials perform well, but they carry significant disadvantages in terms of toxicity, supply 
chain vulnerability, and fabrication cost. The chalcogenide alloy and the transition metal 
dichalcogenide examined here avoid most of those problems. More importantly, both possess 
optical nonlinearities large enough to be competitive in the mid-infrared and terahertz regimes, 
and neither had been studied in the specific quantum well geometries investigated here. For 
As₂(SeₓTe₁₋ₓ)₃, the intersubband optical properties of step wells had never been reported as a 
function of composition. For MoS₂, the far-infrared and terahertz intersubband regime was 
entirely unexplored. These were substantive open questions, not incremental gaps. 

The computational pipeline rested on three connected components. The one-dimensional 
Schrödinger equation with a position-dependent effective mass was solved using the finite 
element method in COMSOL Multiphysics. The mesh density was sufficient to resolve 
wavefunction variations at sub-nanometre scales. The resulting eigenenergies and envelope 
functions were then used in the density matrix formalism to compute linear and nonlinear 
absorption coefficients, refractive index changes, and second- and third-order harmonic 
susceptibilities. The same eigenenergies were also used in the canonical partition function to 
extract thermodynamic quantities. Running all three modules on identical eigenvalue sets for 
every parameter combination ensured internal consistency across the optical and thermodynamic 
outputs. 

For As₂(SeₓTe₁₋ₓ)₃, the selenium mole fraction x proved to be a tuning parameter with a reach 
comparable to that of the external fields. Shifting the composition from tellurium-rich to 
selenium-rich moved the absorption resonance from approximately 40 meV to 55 meV solely 
through changes in the bandgap and effective mass, without any external control. The 
accompanying drop in peak magnitude reflected the heavier effective mass suppressing the 
oscillator strength. This presents a design trade-off between peak position and peak intensity 
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that device engineers would need to negotiate depending on the target application. Layered on 
top of this compositional baseline, the electric field redshifted the resonance and enhanced χ⁽²⁾ 
and χ⁽³⁾ nearly twofold at 80 kV/cm. The magnetic field, by contrast, repositioned the resonance 
upward without meaningfully changing its strength. These two fields thus operate as largely 
orthogonal spectral controls, which is a useful property when attempting to lock a device onto a 
specific operating wavelength. 

The thermodynamic findings for the chalcogenide system revealed one particularly notable 
feature: the insensitivity of entropy to the applied electric field. Across the full temperature 
range up to 1200 K, entropy curves computed at different field strengths were nearly 
indistinguishable. This behaviour traces to the Stark effect displacing all eigenenergies by 
similar amounts and leaving their relative spacings intact, so that the statistical occupation of the 
levels barely changes. Practically, this decoupling means that electrical tuning of the optical 
response does not carry a thermal stability penalty a significant advantage for devices that must 
operate reliably over a range of ambient conditions. The magnetocaloric results add further 
interests, the isothermal entropy change switched sign somewhere between 400 K and 600 K, 
marking a crossover from conventional to inverse magnetocaloric response. Such a crossover is 
a fingerprint of the discrete level structure in a confined system. 

The MoS₂ study brought pressure to the foreground in a way that the chalcogenide study did not. 
Over a 0–3 GPa sweep, pressure produced spectral blueshifts larger than those from all other 
perturbations combined. At the same time, it drove χ⁽²⁾ down by nearly 90% and χ⁽³⁾ down by 
over 95%. The underlying mechanism is wavefunction localisation. Increasing pressure 
compresses the crystal lattice, widens the bandgap, raises the effective mass, and deepens the 
barrier heights. Each subband wavefunction becomes more tightly confined within its own 
sub-well, breaking the spatial overlaps that sustain the nonlinear dipole products. Temperature 
moved in the opposite direction. Despite producing the smallest spectral shifts of any 
perturbation less than 1 meV from 200 K to 500 K  it was the only one that consistently 
strengthened both χ⁽²⁾ and χ⁽³⁾. The reason is that wavefunction spreading at higher temperatures 
improves intersubband coupling. This means that a MoS₂ asymmetric well actually becomes a 
more efficient frequency converter as it warms up, a result that runs counter to the usual 
expectation and would not have emerged from single-parameter studies. 

Across both material systems, the central finding is that composition and external perturbations 
interact in ways that single-parameter studies cannot predict. The opposing actions of electric 
and magnetic fields, the dominance of pressure in the MoS₂ thermodynamic response, and the 
thermal enhancement of nonlinearity are all features that emerge only when the full parameter 
space is sampled. Both As₂(SeₓTe₁₋ₓ)₃ and MoS₂ demonstrated sufficient tunability across the 
mid-infrared and terahertz regimes to be credible candidates for next-generation electro-optic 
and thermo-optic devices. The framework developed here provides a direct route to optimising 
their performance. 
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7.2 Future Scope 

The results of this dissertation point toward several directions that would be worth pursuing 
next. The one that connects most directly to the existing work is a study of the mechanical 
properties of both material systems within the same quantum well geometries used here. 
Hydrostatic pressure was already shown to be the dominant perturbation in the MoS₂ system, 
and a logical extension is to move from isotropic pressure to directional strain. Uniaxial strain 
along the growth direction and biaxial in-plane strain are not equivalent in their effects on the 
subband structure, and mapping that anisotropy would connect the idealized pressure model 
used here to the realistic stress states that arise in substrate-mounted or flexible device 
configurations. For As₂(SeₓTe₁₋ₓ)₃, the composition dependence of the elastic constants in a 
confined geometry has not been reported anywhere in the literature. Understanding how 
mechanical stiffness evolves with x, and how strain-induced effective mass renormalization 
feeds back into the optical properties, would be a direct and meaningful continuation of the 
composition-dependent results in Chapter 3. 

Lastly, experimental fabrication and characterization of these structures remains the most 
important long-term validation step. Nano indentation and Brillouin light scattering on 
As₂(SeₓTe₁₋ₓ)₃ films across the composition range, and atomic force microscopy based 
mechanical testing on suspended MoS₂ asymmetric well membranes, would provide direct tests 
of both the optical predictions made here and any future mechanical calculations. That 
combination of computational prediction and experimental verification would complete what 
this dissertation has started. 
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