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Abstract

The pursuit of sustainable energy solutions has positioned lead halide perovskites at the fore-
front of photovoltaic (PV) research, with power conversion efficiencies exceeding 27%. How-
ever, their practical deployment remains hindered by intrinsic lead toxicity and limited envi-
ronmental stability. This thesis investigates lead-free perovskite-inspired materials—including
antiperovskites, chalcohalides, and vacancy-ordered halides—as structurally robust and envi-
ronmentally benign alternatives. While their ground-state properties are increasingly well un-
derstood, device performance is ultimately governed by excited-state processes—such as ex-
citon formation, electron—phonon coupling, and non-radiative recombination—which remain
insufficiently resolved. To address this gap, a multiscale first-principles approach is employed,
combining density functional theory (DFT), many-body perturbation theory (GW/BSE), den-
sity functional perturbation theory, the Frohlich polaron model with the Feynman path-integral

variational method for polaron transport, and non-adiabatic molecular dynamics (NAMD).

Within this framework, we systematically investigate antiperovskite nitrides X3NA (X = Mg,
Ca, Sr, Ba; A = Sb, As), a class of materials characterized by inverted cation—anion posi-
tions relative to conventional perovskites, which gives rise to distinct bonding and electronic
characteristics. By examining how band structure and dielectric response jointly influence
excitonic and polaronic behavior, we identify Sb-based compounds as particularly promising
for efficient charge transport. We further demonstrate how cation substitution and structural
symmetry in X3NSb regulate non-radiative recombination through a delicate balance of band
gap, non-adiabatic (NA) coupling, and electronic decoherence. Extending this analysis to car-
bide antiperovskites MgCSey (M = Ca, Sr), derived from zero-dimensional Cs,PbX4-type per-
ovskites, we correlate carrier relaxation dynamics—including non-radiative recombination and
hot-carrier cooling—with lattice fluctuations and the underlying electronic landscape. Large
energy-level spacing suppresses NA coupling, creating a relaxation bottleneck that enables

slow hot-carrier cooling alongside nanosecond-scale recombination lifetimes—both of which
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are advantageous for high-performance PV operation.

Chalcohalides emerge as a compelling class of lead-free absorbers, combining structural sta-
bility with suitable band gaps and strong dielectric response. Within this family, the quasi-
one-dimensional compound BiSel provides an ideal platform to probe the effects of reduced
dimensionality. By tracking the evolution from bulk to Janus and exfoliated monolayer struc-
tures, and ultimately to the isolated monochain, we examine how quantum confinement and di-
electric screening shape excitonic properties, including binding energies, spatial distributions,
and bright—dark exciton splitting. Furthermore, the role of external dielectric environments is
assessed to establish practical routes for tuning excitonic behavior in low-dimensional systems.
Finally, vacancy-ordered halides are investigated as lead-free alternatives offering superior re-
silience against environmental degradation. This study elucidates the consequences of intrin-
sically limited electronic connectivity and outlines viable strategies for its mitigation. We first
examine A3Bisly (A = Cs, MA, FA), where electronically isolated structural units are shown
to induce strong carrier localization and hindered transport. Building on these insights, we
demonstrate that Ag incorporation—forming the layered compound Css AgBislg—successtully
restores electronic connectivity, enhances band dispersion, and significantly improves charge-
carrier mobility. In parallel, Mo-alloyed CsyZrClg is investigated to uncover how octahedral
isolation, in conjunction with dopant-induced states, gives rise to dual visible-near-infrared
emission. Notably, the two emission channels—originating from host self-trapped excitons
within the regular octahedra and Mo-related impurity states—function as decoupled radiative
pathways with negligible inter-channel coupling. Collectively, these results provide a coherent
framework for the independent tuning of charge transport and light-emission characteristics in

vacancy-ordered halide materials.
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HAd FHofl GHTHMET BT TIST 7T g 2l WIkbgeH Bl BIcdlecisd JTHUM &b U0 T
TR T BT &, ST 2rfari-BuiavoT &rdT (PCE) 27% & 31 &1 Il 21 qafu, ST
HATIGING IIIANT o B 3faffed fauradar qam M qaiaReiy RERAT & FHRoT 3ndt
AUt ST g3 21 I8 A YaY ois-Jad WRIckprse-uRd varef — foAd tietRiapsed,
ITehlaciised dol Rfdiwr-pHdg (vacancy-ordered) 8ilgsd SMHAT & — T 30T
IRIATHD BU A gge Yd GITaRUT-31pal fabed] b BU H Bdl 81 Jaft gid Hol-37awT
(ground—state)wﬁwmﬁiﬁﬁﬁﬁﬂ?ﬁg,a'l'\‘?lﬁ_cﬁwl}l'c{?ﬁ 3fda: 3afsid-
37T UfshaT3T — S TarATE fAATOT, Seferg i -WI1 A all IR-fdfeoiiy gafarsT —
aRT fRif3d B 2, foier goid: T 217 3nft A9 1 39 3T &1 §¥ & & folq Tob a1
TR YeH-fAgid gfseepIor 3rq-mar 73T B, oW o el fAgid (DFT), agbuiiy faamy
Rigid (GW/BSE), ¥9@ WHdfdd faaiy fGgid (DFPT), WIdRIA URdgd & fag %BaHa Tref-
AT INTRAT Ugld & I1 WIfad UIdRA "isd, il A1-Ufsareicd oTfdes idd!
(NAMD) T TgTo fdsar T &.

T BRET & 3idild, UfCRIekhIse AELEed XsNA (X = Mg, Ca, Sr, Ba; A = Sb, As) &I
afeed sreged fsar mar g1 I verd aif yRuRe RIkprsed Bl ga T H U -FoTaT
WAl & 3de o= & PBRUT fafere A 3R SeiagiHe 0T Uafeld HXdaT &1 I8 T aaf
Wla@ H’gﬁ'ﬁﬂ (dielectric response) & 'H?ﬁf TMTT &7 faeeioT axd gy A Sb-3TmuTRa
MY T oIt 312l URaE & AT A9y U & 3MesHeE U 81 87 3T I8 Yafefd avd
2 T XsNSb H ¥ATA Ui 3R IReATHs JHHld, 98 319, IR Sgrs (nonadiabatic) gTHA
dAT SHIRI AP T HIGAT b Y& Fderd P A I IR-fdfdoity gaefars o fafad avdt
21 g fGeIeuT Bl Brafgs UERIERISeH MoCSes (M = Ca, Sr) deb Ta&dTRd Hd §Y, §H
qrees Retaie[ fdeht — foRad TR-fdfdeoita gaRfaisi 3R gle-bRaR ofida onfAd € — &1
STTel IAR-TI81d qT dffed Siagie UNged & HT He-HeH WTud far 81 o1l T3l &
CICCE LR WWW@@TW% SRy U T8I 3TaRTH (relaxation bottleneck)
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3 BraT 81 Ig T Ele-BRR oMderT & 1 AHHs-Ihdd JAHAISH STaTeId Pl FaH
GATAT & — ST IT-Yael Wieldieesd HaTe & fey 3Tcid dMye 2.

ATeehleciIsed ws-Had 3Ta2NP! & Yeb 3Thtc aif & B H W 8, il TRIATHD [EBRdT Bl
IuYRd I8 N 3R Yol WRTdE[d 31qfehaT & HIY Sigd 8| 39 a7f b Hiaw, 31e-Tep-31maTHT (quasi-
one-dimensional) IIfTies BiSel BH-3TATHIAT & WAl B STid & felq Uab 3meef 7 gaq &vdr
21 geb (bulk) § S99 (Janus) 3R TRIHITA TS AR (exfoliated monolayer) TR,
3R 3fda: E[?fc}?ﬂﬁ:ﬁa?(monochain)W%Wﬁwiﬂﬁ?ﬁwaﬂﬁﬁ,gﬂﬁwm
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CHAPTER 1

Introduction

1.1 Motivation

Can we envision a future powered entirely by clean, abundant solar energy—where rooftops,
windows, and flexible surfaces silently convert sunlight into electricity with unprecedented
efficiency, while lighting our world with vibrant, energy-efficient displays? Semiconductors lie
at the heart of this vision. They drive not only photovoltaics (PVs) and light-emitting diodes
(LEDs) but also photodetectors, sensors, and emerging quantum technologies that will shape a

carbon-neutral society.

Among the many materials explored in the quest for sustainable optoelectronics, lead halide
perovskites (LHPs) have emerged as true disruptors. Since their first demonstration in solar
cells in 2009 [12], single-junction perovskite PVs have surged from 3.8% to over 27% cer-
tified power-conversion efficiency (PCE) by 2026, with tandem devices exceeding 34% [13].
Perovskite LEDs have simultaneously achieved external quantum efficiencies surpassing 30%
across the visible spectrum [14, 15, 16]. These remarkable advances originate from a unique
combination of strong optical absorption, long carrier diffusion lengths, defect tolerance, tun-

able band gaps, and compatibility with low-cost solution processing [ 17, 18].

At the atomic level, LHPs adopt the ABXj3 structure—a three-dimensional (3D) network of
corner-sharing [BX;] octahedra with A-cations occupying the interstitial cavities (Fig. 1.1).
Their remarkable optoelectronic response arises from a delicate interplay of antibonding band-
edge states, strong dielectric screening, relativistic effects, and a soft polar lattice [ 19, 20]. This
synergy promotes efficient free-carrier generation at room temperature while suppressing non-
radiative energy losses, allowing laboratory-scale devices to achieve excellent efficiencies [21].
Despite this spectacular success, two formidable obstacles block the path to large-scale com-

mercialization: the toxicity of lead and intrinsic instability under moisture, heat, oxygen, and

1
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Figure 1.1: Schematic illustration of the conventional ABX3 halide perovskite structure and the dra-
matic rise in photovoltaic efficiency enabled by their exceptional optoelectronic properties. Despite this
success, long-term instability and lead toxicity remain major obstacles to large-scale technological de-

ployment.

illumination [22, 23]. These challenges have ignited a global search for lead-free alternatives
that preserve the remarkable optoelectronic qualities of LHPs while offering superior chemical

robustness and environmental compatibility.

1.2 Perovskite-inspired materials: Expanding the design space

Perovskite-inspired materials (PIMs) constitute a broad and chemically diverse class of semi-
conductors that extend beyond the conventional ABXj3 perovskite framework while retaining
many of the electronic attributes responsible for the remarkable optoelectronic performance
of LHPs. Owing to their compositional flexibility, structural diversity, and potential for sta-
ble lead-free optoelectronics, these materials have emerged as a promising platform for next-
generation semiconductor design. In the context of this thesis, PIMs encompass materials that
are either structurally derived from the parent perovskite lattice—such as antiperovskites and
vacancy-ordered derivatives—or electronically inspired by the design principles underlying the
exceptional performance of LHPs (Fig. 1.2). The latter category includes compounds con-
taining stereochemically active ns? lone-pair cations analogous to Pb?*, which can promote

defect tolerance, strong dielectric screening, high polarizability, and favorable band-edge char-
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acteristics [24]. The rapidly expanding design space of PIMs encompasses diverse bonding

Perovskite-

inspired

Figure 1.2: Representative families of perovskite-inspired materials (PIMs) investigated in this thesis:

antiperovskites and derivatives, vacancy-ordered halides, and heavy-pnictogen chalcohalides.

motifs, mixed-anion chemistries, ordered vacancies, and varying levels of structural connec-
tivity. These variations generate electronic environments substantially different from those
of conventional LHPs, making PIMs an attractive platform for exploring structure-dependent
excited-state phenomena. Among the many emerging PIM families, three classes are partic-
ularly relevant to this thesis because of their distinct crystal architectures and optoelectronic

characteristics (Fig. 1.2):

* Antiperovskites constitute structurally inverted analogues of conventional perovskites,
in which the positions of cations and anions are reversed relative to the ABXj lattice, giv-
ing rise to fundamentally distinct bonding characteristics and electronic structures [25,
26]. This broad materials family includes oxide, nitride, halide, and mixed-anion antiper-
ovskites, as well as quaternary derivatives and emerging low-dimensional variants [27].
Among these, nitride antiperovskites of the form X3NA (X = Mg, Ca, Sr, Ba; A =P, As,
Sb, Bi) have attracted considerable attention because of their suitable band gaps, low car-
rier effective masses, and strong visible-light absorption, resulting in exceptionally high

theoretical spectroscopic-limited maximum efficiencies (SLME) [28, 29, 30]. In parallel,
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mixed-anion carbide—chalcogenide antiperovskites such as MgCChy (M = Ca, Sr, Ba; Ch
=S, Se, Te) combine strong covalent bonding with optoelectronic characteristics compa-
rable to or surpassing those of prototypical LHPs [31]. The chemical versatility and tun-
able lattice environments of antiperovskites therefore make them promising candidates
for exploring lead-free optoelectronic functionality across a wide range of structural and

electronic regimes.

* The ordered removal of B-site cations from the conventional ABXj lattice gives rise to
vacancy-ordered halides, producing low-connectivity structures such as A3BsXg and
AyBXg [32, 33]. The resulting reduction in octahedral connectivity suppresses long-
range electronic hybridization, yielding electronically low-dimensional structures char-
acterized by narrow band dispersion and enhanced carrier localization. This reduced
connectivity often improves structural rigidity and environmental stability relative to
3D LHPs, enabling greater resistance to moisture, heat, and prolonged illumination.
At the same time, the electronically isolated octahedral units can limit charge trans-
port and hinder efficient free-carrier extraction in PV applications [34]. Conversely, the
same localization effects strengthen excitonic confinement and electron—phonon interac-
tions, frequently leading to the formation of self-trapped excitons (STEs) [35]. These
STEs commonly produce broadband emission with large Stokes shifts, making vacancy-
ordered halides promising candidates for light-emitting applications, including phos-
phors, scintillators, and LEDs [36]. Importantly, compositional engineering provides
effective routes to partially restore electronic connectivity and tailor excited-state behav-

ior, thereby enabling improved optoelectronic performance across this material family.

* Heavy-pnictogen chalcohalides (MChX; M = Bi, Sb; Ch =S, Se; X =1, Br, Cl) rep-
resent an electronically inspired class of PIMs that reproduces many of the key elec-
tronic advantages of LHPs without relying on a common structural framework. These
compounds exploit the stereochemically active n.s? lone pairs of heavy-metal cations to
induce strong hybridization with anion p orbitals, giving rise to dispersive antibonding
valence-band states, high dielectric polarizability, and defect-tolerant electronic struc-
tures [37]. Their mixed-anion frameworks implement a “split-anion” strategy that com-
bines soft halides with more covalent chalcogenides, thereby enhancing thermodynamic

stability while enabling highly tunable band gaps across the visible spectrum [38]. To-
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gether with their strong optical absorption and favorable band-edge alignment with estab-
lished charge-transport layers [39, 40], these characteristics make chalcohalides promis-
ing candidates for next-generation optoelectronic applications. Structurally, many chal-
cohalides crystallize into highly anisotropic quasi-one-dimensional motifs composed of
covalently bonded ribbons or chains weakly coupled through van der Waals interactions.
Such low-dimensional anisotropic frameworks also provide an ideal platform for inves-
tigating excitonic effects and many-body interactions in reduced-dimensional semicon-

ductors relevant to nanoscale optoelectronic applications.

1.3 Excited-state physics: The hidden frontier

Although many PIMs exhibit promising ground-state electronic properties, their device effi-
ciencies often remain substantially below theoretical limit [41, 42, 34]. This disparity un-
derscores that semiconductor functionality is governed not only by static electronic struc-
ture, but also by the complex many-body interactions that emerge under excited-state con-
ditions. Following photoexcitation, the semiconductors evolve through a coupled interplay
among electron—hole interactions, dielectric screening, lattice polarization, dynamic disorder,
and carrier-relaxation pathways. These microscopic processes collectively determine carrier
generation, transport, recombination, and energy dissipation, thereby shaping the overall opto-

electronic response of the material.

In conventional LHPs, the coexistence of small exciton binding energies (few meV), strong
dielectric screening, and large-polaron formation creates near-ideal conditions for efficient car-
rier separation and long-range charge transport [43, 44, 45]. The PIMs explored in this thesis,
however, span a far broader structural and chemical landscape characterized by substantial
variations in bonding character, structural dimensionality, lattice flexibility, and dielectric re-
sponse. Such diversity can profoundly reshape Coulomb interactions, electron—phonon cou-
pling, and carrier localization, often giving rise to excited-state phenomena fundamentally dis-
tinct from those observed in conventional LHPs. Understanding how these microscopic inter-
actions evolve across chemically diverse PIMs therefore remains one of the central challenges

in the rational design of next-generation lead-free optoelectronic materials.
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Figure 1.3: (a) Schematic illustration of exciton formation following photoexcitation. (b) Optical ab-
sorption spectra calculated within the independent-particle approximation (IPA) and the Bethe—Salpeter

equation (BSE), illustrating the emergence of bound excitonic states below the quasiparticle band gap

(Ey).

Excitonic effects

One of the most direct manifestations of many-body interactions in semiconductors is the for-
mation of excitons—correlated electron—hole pairs bound by Coulomb attraction (Fig. 1.3 (a)).
The stability of these quasiparticles is quantified by the exciton binding energy £}, defined as
the difference between the quasiparticle band gap F,; and the optical gap Eopiical. EXcitonic
interactions profoundly reshape the optical response of semiconductors by redistributing os-
cillator strength and introducing discrete bound states below the quasiparticle continuum. As
a result, the optical absorption onset becomes red-shifted relative to the independent-particle
picture and is frequently accompanied by pronounced excitonic resonances (Fig. 1.3 (b)) [10].
The strength and spatial character of excitons are governed by the interplay among dielectric
screening, carrier effective masses, lattice connectivity, and electronic dimensionality.

In low-dimensional and weakly screened materials, enhanced electron—hole attraction often
drives a crossover from weakly bound Wannier—Mott excitons, typical of highly screened 3D
semiconductors, toward more localized Frenkel-like excitons with substantially larger bind-
ing energies [46, 47]. Such strongly bound excitons can remain stable at room temperature,
producing sharp excitonic peaks and enhanced light—matter interactions that are advantageous
for LEDs, lasing, and photodetection applications [48]. Conversely, excessively large exciton

binding energies can hinder efficient free-carrier generation and charge separation, thereby lim-
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iting PV performance. Consequently, excitonic behavior can be systematically tuned through

changes in composition, dielectric environment, and structural dimensionality [49, 50].

Electron—-phonon coupling and polaron formation
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Figure 1.4: (a) Illustration of polaron formation in a polar lattice, along with the contrasting charac-
teristics of small- and large-polaron regimes. (b) Representative carrier-relaxation pathways following

excitation, including carrier thermalization, radiative recombination, and non-radiative decay processes.

Beyond electron—hole interactions, electron—phonon coupling constitutes another defining as-
pect of excited-state physics in semiconductors. Following photoexcitation, carriers continu-
ously interact with lattice vibrations, dynamically polarizing the surrounding crystal and form-
ing composite quasiparticles known as polarons (Fig. 1.4 (a)) [ |]. The spatial extent of the re-
sulting lattice distortion critically determine carrier effective masses, mobility, scattering rates,
and recombination kinetics. In the weak-to-intermediate coupling regime, carriers remain delo-
calized over many lattice sites, forming large polarons that dynamically screen charged defects
and impurities. Such screening suppresses carrier scattering and reduces non-radiative capture
processes, and is widely regarded as a key contributor to the exceptional defect tolerance and
long carrier lifetimes observed in LHPs [45, 10].

In contrast, sufficiently strong electron—phonon coupling can localize carriers over one or a few

lattice sites, leading to the formation of small polarons. These localized quasiparticles exhibit
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larger effective masses, reduced carrier mobility, and enhanced multi-phonon non-radiative
relaxation due to stronger coupling with local vibrational modes. Polaron formation therefore
plays a central role in determining whether photoexcited carriers remain mobile and long-lived
or become localized and rapidly dissipate their energy into the lattice [51]. Understanding
how bonding environments, and lattice flexibility govern electron—phonon interactions is thus

essential for predicting carrier transport and energy-loss mechanisms in lead-free PIMs.

Carrier relaxation and non-radiative recombination

Once an electron is promoted from the valence to the conduction band, the resulting hot-
carrier population undergoes a complex cascade of relaxation processes driven by the intricate
interplay among electron—phonon coupling, lattice fluctuations, electronic decoherence, and
electron-hole interactions. As illustrated schematically in Fig. 1.4 (b), dominant relaxation
pathways include ultrafast carrier thermalization through phonon scattering, radiative band-to-
band recombination, defect-assisted Shockley—Read—Hall (SRH) recombination, Auger recom-
bination, and multi-phonon non-radiative decay. Among these processes, hot-carrier cooling
and non-radiative recombination constitute the principal energy-loss channels in semiconductor
devices. By rapidly dissipating excess electronic energy into lattice vibrations as heat, they im-
pose intrinsic limitations on open-circuit voltage, PCE, carrier lifetime, and photoluminescence
quantum yield.

To unravel these non-equilibrium processes at an atomistic level, real-time non-adiabatic molec-
ular dynamics (NAMD) simulations provide a powerful first-principles framework [52, 53]. By
explicitly propagating the electronic density matrix alongside the classical or semiclassical mo-
tion of the nuclei, NAMD captures the time-dependent non-adiabatic couplings responsible for
carrier relaxation and recombination. Because these couplings depend sensitively on lattice
dynamics and electronic-state mixing, even subtle structural perturbations—including changes
in crystal symmetry, octahedral tilting, cation substitution, lattice strain, and intrinsic defects—
can alter non-radiative carrier lifetimes by several orders of magnitude [54, 55, 56, 57, 58].
Such perturbations modify orbital overlap, phonon spectra, and decoherence dynamics, thereby
reshaping the efficiency of carrier-relaxation pathways.

While the non-equilibrium excited-state kinetics of conventional LHPs have been extensively
investigated, lead-free PIMs remain a comparatively unexplored frontier. Recent studies on

vacancy-ordered halides have shown that A-site cation engineering, lattice compression, and
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structural dimensionality can strongly influence orbital hybridization, carrier delocalization,
and hot-carrier lifetimes [59, 60]. For example, enhanced structural connectivity induced by
partial cation substitution in Cs3Bisly has been found to improve carrier delocalization and
substantially prolong carrier lifetimes relative to electronically isolated zero-dimensional ana-
logues [61]. Despite these advances, systematic first-principles investigations of carrier relax-

ation and non-radiative recombination remain limited across many important PIM families.

1.4 Computational approach and scope of this thesis

From Fundamental Ground-State Properties to Excited-State Physics and Non-Equilibrium

Carrier Dynamics

i % v
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Ground-state energies & band . o . . Nonrad%atl\fe
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Figure 1.5: Hierarchy of first-principles theoretical approaches employed in this thesis, spanning ground-
state density functional theory (DFT), many-body perturbation theory (GW/BSE), and real-time non-
adiabatic molecular dynamics (NAMD).

Capturing the complex excited-state physics of PIMs requires theoretical frameworks capa-
ble of simultaneously describing quasiparticle corrections, excitonic interactions, lattice polar-
ization, and non-equilibrium carrier dynamics. While conventional density functional theory
(DFT) has proven highly successful for predicting ground-state structural and electronic prop-
erties, its approximate treatment of exchange—correlation effects and dynamical screening often
limits its ability to accurately describe excited-state phenomena and many-body interactions.

Quantitative investigations of excited-state processes therefore demand advanced first-principles
methodologies beyond standard DFT. In this thesis, quasiparticle electronic structures and
optical excitations are investigated within the framework of many-body perturbation theory

(MBPT) using the GW approximation and the Bethe—Salpeter equation (BSE), enabling an
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accurate description of electronic screening and electron—hole interactions. Non-equilibrium
carrier dynamics are explored through real-time NAMD simulations, which explicitly capture
the interplay between electronic excitations and lattice motion. Complementary approaches
based on density functional perturbation theory, and polaron models are further employed to
investigate carrier—phonon coupling. Although these methodologies are now well established
both theoretically and computationally, their substantial computational cost continues to limit
their routine application to chemically and structurally complex materials systems. Figure 1.5
summarizes the hierarchy of computational techniques employed throughout this work.

The central objective of this thesis is to develop a microscopic understanding of excited-state
phenomena across representative families of lead-free PIMs. Particular emphasis is placed on
elucidating how crystal chemistry, structural dimensionality, dielectric screening, and lattice
dynamics collectively govern excitonic effects, polaron formation, hot-carrier relaxation, and
non-radiative recombination. This work seeks to establish fundamental structure—property—
dynamics relationships that govern energy conversion and dissipation in lead-free semicon-
ductors, while simultaneously providing guiding principles for the rational design of next-

generation optoelectronic materials.

1.5 Organization of the thesis

The thesis is organized as follows.

» Chapter 2: This chapter presents the theoretical foundations and computational frame-
work employed throughout this thesis. The methodologies introduced here provide the
basis for investigating ground-state electronic structure, excited-state many-body inter-
actions, lattice dynamics, and non-equilibrium carrier processes in PIMs. Together, these
complementary approaches enable a unified understanding of the microscopic mecha-

nisms governing the optoelectronic performance of lead-free semiconductors.

* Chapter 3: This chapter investigates lead-free inorganic antiperovskite nitrides (X3NA,
X =Mg, Ca, Sr, Ba; A = As, Sb) as promising alternatives to conventional LHPs for PV
applications. It begins with a systematic analysis of their structural stability and ground-
state electronic properties using DFT. The role of many-body effects is subsequently
explored through quasiparticle calculations within the GW approximation, followed by

the evaluation of optical spectra and excitonic properties using the BSE formalism and the
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Wannier—Mott model. In addition, polaronic effects—including carrier—phonon coupling
strength, effective-mass renormalization, and charge-carrier mobility—are investigated.
Collectively, this study provides microscopic insight into the optoelectronic behavior of
antiperovskite nitrides and identifies the Sb-based compounds as particularly promising

PV absorbers. Chapter 3 is based on the author’s published work reported in Ref. [62].

* Chapter 4: Building upon the promising optoelectronic properties of X3NSb (X = Ca,
Sr, Ba) antiperovskite nitrides established in Chapter 3, this chapter investigates the mi-
croscopic mechanisms governing non-radiative electron—hole recombination dynamics.
Particular emphasis is placed on understanding the coupled influence of X-site cation
chemistry and crystal symmetry on excited-state carrier relaxation through a compara-
tive study of cubic and hexagonal phases. Real-time NAMD simulations are employed
to examine how variations in lattice dynamics, band-gap fluctuations, non-adiabatic cou-
pling strengths, and electronic decoherence collectively regulate carrier lifetimes. The
analysis reveals that subtle changes in crystal symmetry and lattice dynamics can sub-
stantially modify recombination lifetimes, providing microscopic insight into the factors
governing non-radiative losses in antiperovskite semiconductors. The contents of this

chapter are adapted from the published work in Ref. [63].

* Chapter 5: This chapter investigates the electronic structure, optical response, and
excited-state carrier dynamics of the carbide antiperovskites MgCSe,; (M = Ca, Sr) as
emerging lead-free materials for PV and optoelectronic applications. Ground- and excited-
state electronic properties are examined using DFT and MBPT, enabling an accurate de-
scription of quasiparticle band structures, optical absorption, and excitonic effects. Both
compounds are identified as direct-gap semiconductors with visible-to-near-infrared band
gaps and moderate exciton binding energies. Furthermore, NAMD simulations reveal
that A-site cation substitution strongly modulates lattice fluctuations, non-adiabatic cou-
pling strengths, and electronic decoherence, thereby producing markedly different carrier-
relaxation pathways and recombination lifetimes. In particular, enhanced dynamic disor-
der in CagCSe, induces larger band-gap fluctuations and faster decoherence while simul-
taneously suppressing non-radiative recombination through weaker non-adiabatic cou-
plings, resulting in carrier lifetimes nearly an order of magnitude longer than those in

SrsCSe,. Hot-carrier cooling in both systems occurs on picosecond timescales, with
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pronounced slowing near the band edges. Collectively, these findings establish a coun-
terintuitive structure—dynamics relationship in which enhanced lattice fluctuations can
intrinsically prolong carrier lifetimes, thereby providing microscopic insight into lattice-
driven carrier dynamics and guiding the rational design of next-generation lead-free opto-

electronic materials. The contents of this chapter are adapted from the preprint Ref. [64].

* Chapter 6: Orthorhombic heavy-pnictogen chalcohalides of the form MChX exhibit
highly anisotropic quasi-one-dimensional crystal structures, excellent chemical stability,
and promising optoelectronic characteristics. Their weak interchain interactions make
them attractive candidates for exfoliation into reduced-dimensional forms with tunable
excited-state properties. In this chapter, we investigate the evolution of the electronic
structure, optical response, and excitonic properties of BiSel across bulk, monolayer, and
one-dimensional monochain geometries using first-principles DFT and MBPT within the
GW/BSE framework. The calculations reveal a pronounced enhancement of quasipar-
ticle band gaps and exciton binding energies with decreasing dimensionality, driven by
quantum confinement and reduced dielectric screening. In particular, exciton binding en-
ergies evolve from weakly bound bulk excitons to strongly confined excitonic states in the
monochain limit. Reduced dimensionality further modifies the excitonic fine structure by
increasing bright—dark exciton splitting and introducing multiple dark excitonic states be-
low the first bright excitation, with important implications for exciton radiative dynamics
and optical emission processes. The influence of environmental dielectric screening is
additionally examined through substrate-supported structures, demonstrating substantial
renormalization of excitonic interactions in reduced dimensions. Collectively, these find-
ings establish BiSel as a highly tunable platform for exploring strong excitonic effects
and many-body interactions in low-dimensional semiconductors, while highlighting its
potential for future excitonic and nanoscale optoelectronic applications. The results and

discussion presented in this chapter are adapted from the preprint Ref. [65].

* Chapter 7: This chapter focuses on low-dimensional vacancy-ordered halides, with par-
ticular emphasis on the influence of structural dimensionality and compositional engi-
neering on their electronic and optical properties. It begins with an investigation of the
electronic structure of A3Bislg (A = Cs, MA, FA) to elucidate the band-edge charac-

teristics and carrier localization arising from reduced octahedral connectivity in zero-
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dimensional systems. The study then examines the layered derivative CsyAgBislg, demon-
strating how partial Ag incorporation enhances electronic connectivity, increases band
dispersion, and improves charge-transport behavior, consistent with the experimentally
reported enhancement in PV performance for indoor applications. Finally, dopant en-
gineering in vacancy-ordered double perovskites is explored through Mo alloying in
CsyZrClg, where the interplay between host excitons and dopant-induced states gives rise
to dual visible—near-infrared emission associated with electronically isolated octahedra.
Collectively, these results establish how dimensionality and compositional tuning govern
excitonic confinement, charge transport, and light-emission behavior in vacancy-ordered

halide systems. The contents of this chapter are adapted from Refs. [66, 67, 68].

* Chapter 8: This chapter summarizes the key findings of the present work and highlights
their broader implications. It further outlines prospective directions for future research

building upon the outcomes of this thesis.



CHAPTER 2

Theoretical Methodology

2.1 First-principles modeling of materials

A fundamental understanding of materials requires a quantum-mechanical description of inter-
acting electrons and nuclei, which ultimately governs their physical properties. In condensed
matter systems, this naturally leads to a complex many-body problem, where the motion of
each particle is strongly correlated with that of all others. Although the Schrodinger equa-
tion formally provides a complete description, its direct solution for realistic systems quickly
becomes intractable due to the exponential scaling with the number of degrees of freedom.

This intrinsic difficulty was succinctly articulated by Dirac:

The underlying physical laws necessary for the mathematical theory of a large
part of physics and the whole of chemistry are thus completely known, and the
difficulty is only that the exact application of these laws leads to equations much

too complicated to be soluble.

First-principles (ab initio) methods address this challenge by reformulating the many-body
problem into tractable computational frameworks through a series of controlled and systemati-
cally improvable approximations. By relying solely on fundamental physical constants—rather
than empirical or system-specific parameters—these approaches enable predictive modeling of
material properties based on atomic composition and crystal structure. Modern implemen-
tations, supported by advanced numerical algorithms and high-performance computing, now
permit simulations of systems comprising hundreds to thousands of atoms. Consequently, first-
principles modeling serves as a powerful bridge between theory and experiment, providing
microscopic insight into physical mechanisms that are often difficult to access experimentally,

while also guiding the rational design of novel materials.

14
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This thesis employs first-principles computational methods to investigate the structural, elec-
tronic, and optical properties, and charge-carrier dynamics of perovskite-inspired materials.
Particular emphasis is placed on excitonic properties including binding energies and real-space
wavefunctions, electron—phonon interactions, encompassing polaron formation, effective mass
renormalization, and charge-carrier mobility, and nonradiative recombination mechanisms, all
of which play critical roles in determining the performance of optoelectronic devices. While
the underlying theoretical frameworks are well established in the literature [69, 70, 71], the fol-
lowing sections provide a concise yet rigorous overview of the key methodologies and compu-
tational approaches adopted in this work. These include density functional theory (DFT) [72],
many-body perturbation theory (MBPT) [73], nonadiabatic molecular dynamics (NAMD) [74,

], density functional perturbation theory (DFPT) [75], and theoretical models of excitons [76]
and polarons [77], which together constitute the computational and theoretical foundation of

the subsequent chapters.

2.2 Time-independent many-body Schrodinger equation

The quantum-mechanical description of a material begins with the time-independent many-

body Schriédinger equation for a system consisting of /V, electrons and N,, nuclei:

AY({r;},{Rs}) = E¥({r:},{R/}), 2.1)

where VU is the many-body wavefunction that depends on the spatial and spin coordinates of all
electrons {r;} (i = 1,..., N,) and the positions of all nuclei {R;} ({ = 1,...,N,), and E is
the total energy of the system.

The full Hamiltonian reads
ﬁ:Te+TN+‘7ee+‘7eN+VNN, (2.2)

where Te and TN denote the kinetic energies of electrons and nuclei, respectively, and Vee, Ve N>
and VN ~ represent the electron—electron, electron—nucleus, and nucleus—nucleus Coulomb in-

teractions, respectively, given by (in atomic units)

. 1 Xe
T.=—3 > V3 (2.3)
=1
R 131
Ty =—-=Y —V7, (2.4)
2 = M,
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Vie = %L (2.5)
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Here, M; and Z; are the mass and atomic number of the /-th nucleus, respectively.

Although formally exact, the direct solution of this equation is computationally prohibitive for
realistic materials because the many-body wavefunction depends on 3(/N, + [V,,) coordinates
and scales exponentially with system size. A crucial simplification is provided by the Born—
Oppenheimer (BO) approximation, which exploits the large mass difference between nuclei
and electrons (M; > m,). Owing to their much larger mass, nuclei evolve on significantly
slower timescales than electrons, allowing an effective decoupling of electronic and nuclear

degrees of freedom. Consequently, the total wavefunction can be factorized as

V({ri} {Rr}) = ¢e({rif {Rr}) x({Rr}), (2.83)

where 1), is the electronic wavefunction that depends parametrically on the nuclear positions,
and  describes the nuclear motion. Within this framework, the electronic Schrodinger equation

is solved for fixed nuclear configuration

A4 = E.({Rr})e, (2.9)
with the electronic Hamiltonian
H. =T, + Ve + Vee, (2.10)

where Vext = Ve ~ 1s the external potential exerted by the nuclei on the electrons. The nuclear
dynamics are then treated separately on the potential energy surface defined by the electronic
energy E.({R;}) together with the nucleus—nucleus repulsion Vy .

Even after applying the BO approximation, solving the resulting electronic problem remains
nontrivial due to the 3N, degrees of freedom, necessitating further simplifications. A natural
starting point is the independent-particle picture, in which each electron moves in an effective
potential generated by the average field of all other electrons and the nuclei. The Hartree
approximation embodies this idea by expressing the many-electron wavefunction as a simple

product of single-particle spin-orbitals [78, 79]:

@De(rl,...,rNe) ~ H¢z(rz)7 (211)
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where each r; includes both spatial and spin coordinates, and ¢;(r;) denotes a single-electron
spin-orbital. This ansatz neglects exchange and correlation effects, treating electrons as inde-
pendent particles interacting only through a mean electrostatic potential. While conceptually
useful, the Hartree approximation violates the antisymmetry requirement of fermionic wave-
functions and neglects electron correlation.

The Hartree—Fock (HF) method corrects this by constructing the many-electron wavefunction

as a single Slater determinant of spin-orbitals [80, 81]:

¢1(I‘1) ¢2(1“1) ¢Ne(1“1)

Yelrr, .. TN = ]1\” ¢1<:r2) %(:r?) ¢Nez(r2). 2.12)

o1(rn,) @a(rn.) -+ on.(Tn.)

This construction ensures the required antisymmetry of the wavefunction under particle ex-
change and introduces an exact nonlocal exchange interaction that eliminates self-interaction
errors present in the Hartree approximation. Despite incorporating exact exchange, HF remains
a mean-field theory and does not account for electron correlation effects arising from the in-
stantaneous Coulomb interaction between electrons. To incorporate these correlation effects,
wavefunction-based post-HF methods, such as configuration interaction, Mgller—Plesset pertur-
bation theory, and coupled-cluster theory, extend the description beyond a single-determinant
framework. While these approaches can achieve high accuracy, their computational cost scales
steeply with system size, typically ranging from O(N®) to O(N7) or higher, which restricts
their applicability to relatively small systems.

These limitations motivate the search for alternative formulations. DFT provides such a frame-
work by reformulating the electronic many-body problem in terms of the ground-state electron
density n(r) rather than the many-electron wavefunction. This approach offers an excellent
balance between accuracy and computational efficiency, making it the cornerstone of modern

first-principles materials modeling.

2.3 Density functional theory

Within this framework, the central quantity is the electron density n(r), which serves as the fun-
damental variable for describing the ground-state properties of an interacting electron system.

Within the probabilistic interpretation of quantum mechanics, the electron density associated
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with a many-electron wavefunction v, (composed of N, orthonormal electron orbitals) repre-
sents the probability density of finding an electron at a given position in space and is defined

as
Ne

n(r) =Y (Yeld(r —r;)|te). (2.13)

=1

Here, N, is the total number of electrons. Unlike the wavefunction, which depends on 3/V,
variables, n(r) depends only on three spatial coordinates, making it computationally far more
tractable for large systems.

Early attempts to express the total energy directly as a functional of the electron density were
made by Thomas, Fermi, and Dirac in the 1920s and 1930s [82, 83, 84]. These approaches, col-
lectively known as the Thomas—Fermi—Dirac model, provided an initial framework for density-
based descriptions but relied on oversimplified approximations and neglected important quantum-
mechanical effects, particularly electron correlation. These limitations motivated the develop-
ment of a more rigorous foundation, which was established through the two theorems proved

by Hohenberg and Kohn in the mid-1960s [85].

2.3.1 Hohenberg-Kohn formalism

Theorem 1: For any system of interacting electrons in an external potential Vi (r), this po-
tential is uniquely determined, up to an additive constant, by the ground-state electron density
n(r).

Proof: This theorem establishes a one-to-one correspondence between the ground-state density
and the external potential. Consequently, the density uniquely determines the Hamiltonian and,
therefore, all ground-state properties of the system.

The proof proceeds by contradiction. Assume that two distinct external potentials, V.. (r) and
e

ext

(r), differing by more than a constant, give rise to the same ground-state electron den-
sity n(r). These potentials define two different Hamiltonians, H and H', with corresponding
ground-state wavefunctions ¢ and ¢/, and energies F and E’, respectively.

According to the variational principle,
E < (/[H|¢). (2.14)
Writing H =T, + V.. + Viy, this becomes

E < (0|1, + Vi) + / dr Vi (r) n(r). (2.15)
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Since ¢ is the ground state of H’,
E = W+ Vo) + [ dr Vi) n(r). 2.16)
Substituting into the inequality above yields
E<E+ / dr n(r) Ve (r) — V/. (r)] . 2.17)
Reversing the roles of H and H' , one similarly obtains
E<E+/ﬁMﬂMMﬂ—%dm. (2.18)
Adding both inequalities leads to the contradiction
E+FE <E+ F, (2.19)

thereby establishing one-to-one correspondence between the external potential and the electron

density.

Theorem 2: There exists a universal energy functional E[n| such that, for a given external
potential Vo (1), the ground-state energy is obtained by minimizing this functional. The mini-
mizing density is the exact ground-state density.

Proof: The total energy can be written as
EM:FM+/mmﬂnmm (2.20)

where [F[n] is a universal functional containing the kinetic (Te) and electron—electron (Vee)
interaction energies.

Let no(r) denote the true ground-state density associated with V. (r), with corresponding
wavefunction 1y and energy FEj. For any trial density n(r) # ng(r), associated with a trial

wavefunction ), the variational principle implies

By = (o|Htbo) < (| H[1). 2.21)

This implies
E[no] < E[n], (2.22)

showing that the functional is minimized by the true ground-state density.

Although these theorems establish a rigorous foundation, they do not provide the explicit form
of F'[n], which limits their direct applicability. This challenge is overcome by the Kohn—Sham
(KS) scheme [80].
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2.3.2 Kohn-Sham approach

(©—(e)
/ ﬂ; —

@) ©
G

Real system Auxiliary system

Figure 2.1: Mapping of the real interacting system onto an auxiliary non-interacting system with the

same ground-state density.

Kohn and Sham introduced a formulation in which the interacting many-electron system is
mapped onto an auxiliary system of non-interacting electrons that reproduces the same ground-
state density (Fig. 2.1). Within this framework, the auxiliary system is described by a set of
single-particle wavefunctions ¢7(r), known as KS orbitals, which satisfy an effective one-

electron Schrodinger-like equation,
1 2 o o 0,0
—§V + ViZs(r) | ¥7 (r) = €747 (1), (2.23)

where ViZ(r) is the KS effective potential acting on an electron with spin ¢ at position r. The

ground-state electron density is constructed from these orbitals as

N,
n(r) =3 > [ ()] (2.24)
The total energy functional within the KS scheme is expressed as
Eln] = Ty[n] + / Vi (t) n(t) dr + Enln] + Eyo[n, (2.25)

where T[n] is the kinetic energy of the non-interacting auxiliary system, written in terms of
the KS orbitals as (in atomic units)
1 & o 2
T=5%% / IV (r)|? dr. (2.26)
o i=1
Here, V.. (r) represents the external potential due to the nuclei, and Fy[n] is the classical

Hartree energy describing the Coulomb interaction between electrons (in atomic units),

r

Exln] = ; / W dr dr’. 2.27)
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All many-body effects beyond these contributions are incorporated into the exchange—correlation

functional E\.[n], defined as
Ey[n] = F[n] — (Ty[n] + Exln)) , (2.28)

which captures the difference between the true interacting system and the non-interacting ref-

erence. It can be formally expressed as

Exe[n] = (T) = T.[n] + (Vee) — Euln], (2.29)

A A

where (7') and (V,.) denote the exact kinetic and electron—electron interaction energies of the
interacting system, respectively. Thus, F,.[n] plays a central role in determining the electronic
structure in atoms, molecules, and solids. The effective KS potential is obtained as the func-

tional derivative of the total energy with respect to the density,

Initial guess n(r)

Y
>

4

Calculate effective potential
Vlgs(r) = Vext + Vhartree (1) + Vi

4

Solve Kohn-Sham equation

1 2 g g ag,|o
-5 72+ vies | wr () = efwr @)

A 4

Calculate new density

ORI LG,

Self-consistent ?

Yes

Output
Energy, Forces, etc.

Figure 2.2: Schematic representation of the self-consistent procedure used to solve the Kohn—Sham (KS)

equations.

Vigs (1) = Vess (r) + Vaa(r) + VI (r), (2.30)
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where Vi (r) is the Hartree potential and V.2.(r) = d Ey.[n]|/dn(r, o) is the exchange—correlation
potential.

Since the KS potential depends on the electron density, and the density itself is constructed
from the KS orbitals, the equations must be solved self-consistently (as illustrated in Fig. 2.2).
Starting from an initial guess for the density, the KS equations are iteratively solved until con-
vergence is achieved, yielding the ground-state density and total energy. The accuracy of this
approach ultimately depends on the choice of the exchange—correlation functional, whose exact

form remains unknown and must be approximated in practical calculations.

2.3.3 Exchange—correlation functional

Within the KS framework, all many-body effects beyond the classical electrostatic interaction
and non-interacting kinetic energy are embedded in E,.[n|. The exchange and correlation
contributions in E\.[n| originate from distinct physical mechanisms. Exchange arises from the
antisymmetry of the many-electron wavefunction, imposed by the Pauli exclusion principle,
and leads to an effective interaction between electrons with parallel spins. Correlation, on the
other hand, accounts for the correlated motion of electrons arising from their mutual Coulomb
repulsion, beyond mean-field descriptions such as HF theory. In this sense, it represents the
residual interaction energy not captured within independent-particle approximations.

For practical implementations, the exchange—correlation energy is often expressed in terms of

the energy density per particle,
Ey[n] = /n(r) Exe(T) dr, (2.31)

Since the exact form of E,[n] is unknown, a hierarchy of approximations has been developed.
These are commonly organized in the form of “Jacob’s ladder” (depicted in Fig. 2.3) where
each successive rung incorporates additional physical information, thereby improving accuracy
at the expense of increased computational cost. Conceptually, this hierarchy progresses from

simple local descriptions toward increasingly non-local and physically complete treatments.

2.3.3.1 Local density approximation (LDA)

The first rung of Jacob’s ladder is LDA [86], where the exchange—correlation energy at a given

point depends only on the local electron density:

Xc

ELPA[) = / n(r) 95 (n(r)) dr. (2.32)
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Figure 2.3: Jacob’s ladder of exchange—correlation functionals, depicting the progressive improvement

in accuracy and the associated rise in computational cost, approaching the ideal limit of chemical accu-
racy at the highest rungs [1].

where e z¢(n(r)) denotes the exchange—correlation energy per electron of a locally homoge-
neous electron gas with density n(r), for which ezc"™ is known with high accuracy. Although

the LDA performs well for systems with slowly varying electron densities, its accuracy gener-
ally deteriorates in strongly inhomogeneous environments.

2.3.3.2 Generalized gradient approximation (GGA)

The second rung (GGA) [

] improves upon LDA by incorporating information about the spa-
tial variation of the density:

ESCA[] / n(r) exe(n(r), |[Va(r)|) dr. (2.33)

By accounting for density gradients, GGA provides a better description of inhomogeneous sys-

tems and significantly improves structural properties such as bond lengths and binding energies.

A widely used example is the Perdew—Burke—Ernzerhof (PBE) functional [

]. Nevertheless,
GGA remains semi-local and does not fully capture non-local exchange and correlation ef-
fects [89].
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2.3.3.3 Meta-GGA

The third rung of Jacob’s ladder is formed by meta-GGA functionals [90], which extend the
semi-local framework by incorporating additional quantities beyond the electron density and

its gradient. In particular, meta-GGA functionals depend on the kinetic energy density,

occ 1
T(r) =35IV, (2.34)

and, certain formulations also include the Laplacian of the electron density, V?n(r). The

exchange—correlation energy is thus expressed as
Emeta-GGA ] — / n(r) exc(n, |Vnl, 7) dr. (2.35)

The inclusion of 7(r) provides access to information about the local electronic environment,
such as orbital character and inhomogeneity, enabling meta-GGA functionals to satisfy ad-
ditional exact constraints that are inaccessible at the GGA level. As a result, they generally
offer improved accuracy for diverse systems, including molecules and solids. Despite these ad-
vances, meta-GGA functionals also remain semi-local in nature and therefore inherit some of
the intrinsic limitations of lower-rung approximations. In particular, the self-interaction error
is only partially corrected, and non-local exchange—correlation effects are not fully captured.
This often leads to systematic underestimation of band gaps and inaccuracies in systems where

electron localization is important, such as defects, surfaces, and strongly correlated materials.

2.3.3.4 Hybrid functionals

The fourth rung of Jacob’s ladder introduces hybrid functionals, originally proposed by Becke
in 1993 [79], which incorporate a fraction of exact exchange from HF theory into the density

functional framework. The exchange—correlation energy is expressed as
EW> — B (1 — )EPYT + EPFT (2.36)

where « is the mixing parameter controlling the contribution of non-local HF exchange. This
approach partially corrects the self-interaction error present in semi-local functionals and im-
proves the overall description of electronic structure. As a consequence, hybrid functionals
provide a more reliable prediction of quantities such as band gaps, ionization potentials, and
reaction barriers. However, the explicit evaluation of the non-local exchange term is computa-

tionally demanding, particularly for periodic and large-scale systems.
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To alleviate this limitation, screened hybrid functionals were developed by Heyd, Scuseria,
and Ernzerhof (HSE) [91, 92]. In this approach, the Coulomb interaction is partitioned into
short-range (SR) and long-range (LR) components using a screening parameter w. The com-
putationally expensive HF exchange is retained only in the short-range part, while the long-
range exchange and correlation are treated using a semi-local functional, typically PBE. The

exchange—correlation energy of the HSE functional is given by
EE = aB " (w) + (1 - ) P (w) + B w) + EF, 0 (237)

where the standard choice a = 0.25 and w = 0.11 bohr™! defines the widely used HSE06
functional, providing a balanced compromise between accuracy and computational efficiency.
Hybrid functionals thus represent a significant improvement over semi-local approximations,
particularly for systems where an accurate description of electronic structure is essential. Nev-
ertheless, their computational cost and the presence of empirical parameters motivate the de-
velopment of more rigorous many-body approaches.

In this thesis, structural and ground-state properties are primarily obtained using GGA, mainly
in the PBE form, while hybrid functionals, specifically HSE06, are employed to achieve an im-
proved description of electronic properties. All calculations are performed using state-of-the-
art electronic structure packages, including Vienna Ab initio Simulation Package (VASP) [93,

], Quantum ESPRESSO (QE) suite [95], and the exciting code [96].

2.3.4 Basis set

The KS equations derived earlier in the chapter recast the many-body problem of interact-
ing electrons into an effective single-particle framework. Solving these equations numerically
requires an appropriate representation of the KS orbitals 1);(r). This is achieved through a

basis-set expansion, which expresses each orbital as a linear combination of known functions:

hi(r) =) Ciada(r), (2.38)

where ¢,,(r) denotes the basis functions and ¢;,, are variational coefficients determined by min-
imizing the total energy. Substituting this expansion into the KS eigenvalue equation leads to a

generalized matrix eigenvalue problem:
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where H contains the Hamiltonian matrix elements and S is the overlap matrix, which becomes
the identity for orthonormal basis sets. The choice of basis set plays a crucial role in balancing
computational efficiency and accuracy.

Basis sets in DFT can broadly be categorized into three classes: (i) plane-wave and real-space
grid approaches (typically used with pseudopotentials or projector-augmented-wave methods),
(i1) localized atomic-like orbitals, and (iii) atomic-sphere-based methods. Plane waves are par-
ticularly advantageous for periodic systems because they are orthonormal, energy-independent,
and free of Pulay forces, which enables direct application of the Hellmann—Feynman theo-
rem. Localized basis sets, such as linear combinations of atomic orbitals (LCAQO) or numeric
atom-centered orbitals (NAOs), are more efficient for finite or for achieving linear scaling in
very large systems due to matrix sparsity. Atomic-sphere methods, such as the linearized aug-
mented plane-wave (LAPW) approach, provide an accurate all-electron description by parti-
tioning space into atomic spheres and an interstitial region. For a more detailed discussion of
these methods and the general strategies for solving the KS equations, the reader is referred to
Refs.[97, 98, 99, ].

In this thesis, multiple first-principles frameworks are employed depending on the problem
under investigation. These include the projector-augmented-wave (PAW) method implemented
in VASP, norm-conserving pseudopotentials within QE interfaced with YAMBO [101, 102] and
PYXAID (PYthon eXtension for Ab Initio Dynamics) [52, 53], and the full-potential LAPW
method as implemented in the exciting code. The following sections describe the underlying

basis-set formalism used in these approaches.

2.3.4.1 Plane-wave basis and Bloch’s theorem

For periodic systems satisfying V' (r + T) = V(r), where T is a Bravais lattice vector, Bloch’s

theorem states that the single-particle eigenfunctions can be written as [103]:

Vi (1) = T (1), (2.40)

where wu,(r) is lattice-periodic, i.e., unx(r + T) = u,k(r), and k is the wave vector that lies
within the first Brillouin zone (BZ). For each k, multiple eigenstates exist, distinguished by the
band index n.

The KS equation takes the form:

(577 V) ) () = i) (2.41)
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where

Vet (r) = Vgt (r) + Vi [n] 4+ Vie[n]. (2.42)

The ground-state electron density is constructed from the occupied KS states as:

Q
) =255 5 | a®)? O(Er — ) di, (2.43)

where (2. is the unit-cell volume, the factor of 2 accounts for spin degeneracy, © is the step

function, and E'r denotes the Fermi energy.

Brillouin-zone sampling
The evaluation of physical quantities therefore involves integration over the Brillouin zone. In
practice, this integral is replaced by a discrete sum over a finite set of k-points:

Qc
(27)?

1
/ . O(Bp — i) dk ~ S fi- s (2.44)
BZ kpt 1

N,

where Ny, is the number of sampling points, and fji are occupation factors. Because the
lattice-periodic part wu,(r) varies smoothly with k, accurate results can be obtained using a
finite k-point mesh [104, , , ]. Increasing the density of the mesh systematically
improves convergence. Larger supercells require fewer k-points due to the reduced Brillouin
zone size, while metallic systems necessitate denser sampling to properly resolve the Fermi

surface.

Plane-wave expansion and Fourier representation

The Bloch form naturally enables a plane-wave expansion:

Unie(r) = 3 cope (G T T (2.45)
G

where G are reciprocal lattice vectors. Substituting this into the KS equation yields a matrix

eigenvalue problem [70]:

by

1 / /
- ilk + G|25G’,G + ‘/eff(G’ — G)} Cjk(G) = Ejijk(G ) (246)

In practice, the expansion is truncated using a kinetic-energy cutoff:
1 2
§|k + G[” < Eeut, (2.47)

and convergence is achieved by increasing Fy;.
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The electron density in reciprocal space is then given by:

n(G) =

> fix chk (G' = G)eu(@). (2.48)

Nkpt jk

Since n(r) oc |¢|%, the Fourier components of the electron density extend up to twice the
plane-wave cutoff of the wavefunctions. A direct evaluation of the density in reciprocal space
involves a double summation over reciprocal lattice vectors and therefore scales as N2, where
N¢ denotes the number of plane waves (or reciprocal lattice vectors) included in the basis
set. For large systems, this procedure becomes computationally demanding. In practice, the
density is evaluated efficiently by transforming between reciprocal and real space using fast
Fourier transforms (FFT), which reduce the computational scaling to approximately N In NV,
where NV represents the number of grid points used to represent the wavefunctions and electron
density [70]. This computational efficiency constitutes one of the major advantages of plane-

wave-based methods.

2.3.4.2 Pseudopotential approximation

Solving the KS equations for a system containing /V electrons is computationally demanding,
particularly within a plane-wave basis. This is primarily due to the need for a large number of
plane waves to represent both the tightly bound core states and the rapidly oscillating valence
wavefunctions in the vicinity of the nuclei [108]. Consequently, all-electron (AE) calculations
become prohibitively expensive.

The pseudopotential approximation offers an efficient alternative by exploiting the fact that
most material properties are predominantly governed by valence electrons. Within this frame-
work, illustrated in Fig. 2.4, the strong ionic potential together with the chemically inert core
electrons is replaced by a smoother, effective potential acting on pseudo(PS) wavefunctions.
As a result, the PS wavefunctions are significantly less oscillatory than their AE counterparts,
enabling an accurate representation using a substantially reduced plane-wave basis.

In an AE framework, the Pauli exclusion principle enforces orthogonality between core and va-
lence states. As a consequence, valence wavefunctions develop pronounced oscillations in the
vicinity of the nuclei, where the strong ionic potential and core states dominate. These oscil-
lations ensure orthogonality but significantly increase the complexity of their representation in
a plane-wave basis. In the pseudopotential approach, this rapidly varying behavior is removed

by constructing PS wavefunctions that are smooth and nodeless within a chosen cutoff radius
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Figure 2.4: Schematic depiction of the external Coulomb potential alongside the all-electron and pseudo

wavefunctions, and the corresponding pseudopotential.

7., while reproducing the AE wavefunctions outside this region:

AB(R) =P8 (r), forr >r,. (2.49)

nl nl

The cutoff radius r. plays a central role in determining the characteristics of the pseudopoten-
tial. A larger r. yields a softer pseudopotential, allowing convergence with fewer plane waves,
but may reduce its transferability, i.e., its ability to accurately reproduce valence properties in
different chemical environments. Conversely, a smaller r. leads to harder but more transfer-
able pseudopotentials. An additional advantage of this framework is that relativistic effects can
be incorporated efficiently while retaining a computationally tractable description of valence

electrons.

2.3.4.2.1 Norm-conserving pseudopotentials
Norm-conserving pseudopotentials, introduced by Hamann, Schliiter, and Chiang, are con-
structed to preserve essential physical properties of the all-electron system [109]. These pseu-

dopotentials are energy-independent and satisfy the following conditions:
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1. Eigenvalue matching: The pseudo and all-electron valence eigenvalues are identical for

a given atomic configuration:
AE _ _PS
where 7 is the principal quantum number and [ is the angular momentum quantum num-

ber.

2. Wavefunction matching beyond the core: The pseudo- and all-electron wavefunctions

coincide outside the core region:

i (r) = 4p(r), forr > . @.51)
3. Norm conservation: The integrated charge density within the core region is preserved:

//r'c
0

4. Matching of logarithmic derivatives: The energy derivatives of the logarithmic deriva-

o3 ()| ridr. (2.52)

2 Te
M| rar = [
0

tives of the wavefunctions match at r.,.:

GO maEn| = P indie)] ey
These constraints ensure that both the scattering properties and the electrostatics of the atomic
core are faithfully reproduced, thereby enhancing the transferability of the pseudopotential
across diverse chemical environments. In practice, norm-conserving pseudopotentials are con-
structed from atomic all-electron calculations by partitioning the electronic states into core and
valence manifolds, and further subtracting the Hartree and exchange-correlation contributions
of the valence electrons from the all-electron potential. The resulting pseudopotential typically
comprises both local and non-local components. There exists an inherent degree of freedom
in the pseudization process, necessitating a balance between numerical precision and compu-
tational efficiency. Specifically, the choice of the cutoff radius (r.) dictates the hardness of
the potential: smaller radii yield harder potentials with superior transferability at the cost of
a higher plane-wave kinetic energy cutoff, whereas larger radii produce softer potentials that
accelerate convergence but may limit accuracy in high-pressure or varying coordination envi-

ronments.
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2.3.4.2.2 Ultrasoft pseudopotentials

Norm-conserving pseudopotentials can become inefficient for systems with localized valence
orbitals (e.g., 2p, 3d states), where a large plane-wave cutoff is required. Ultrasoft pseudopo-
tentials overcome this limitation by relaxing the norm-conservation constraint, allowing for
smoother pseudo-wavefunctions and significantly reducing the basis set size.

In this approach, the pseudo-wavefunction is decomposed into two contributions [110]:
1. A smooth ultrasoft valence wavefunction that does not satisfy norm conservation.
2. An augmentation charge that compensates for the missing charge within the core region.

The inclusion of augmentation charges introduces additional terms into the KS formalism, in-
creasing the computational complexity per iteration. However, the reduction in plane-wave
cutoff typically leads to an overall gain in efficiency. Ultrasoft pseudopotentials are non-local
within the core region and become effectively local outside it, with their transferability en-

hanced through self-consistent dependence on the charge density.

2.3.4.2.3 Projector augmented-wave method

The PAW method, introduced by Blochl [1 1 1], provides a unified framework that bridges pseu-
dopotential approaches and all-electron methods such as the LAPW formalism [97, , ].
The essential idea is to establish a transformation that connects the true all-electron KS wave-
function |¢,) with a corresponding smooth pseudo-wavefunction |¢,), while systematically
restoring the correct nodal behavior in the core region.

This mapping is defined through a linear transformation operator T

|6s) = T'ds). (2.54)

In analogy with LAPW-based schemes, space is divided into atom-centered augmentation re-
gions (2, (surrounding each atom a) and an interstitial region. Each augmentation region is de-
fined by a cutoff radius %, chosen such that the spheres do not overlap. Outside €2,, the pseudo
and all-electron wavefunctions coincide, and therefore the transformation operator modifies the
wavefunction only within the augmentation regions. It can thus be expressed as a sum of atomic
contributions:

T=1+> 1 (2.55)

where 7 acts locally within €2,,.
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To construct 7', one introduces atom-centered all-electron partial waves |¢?>, corresponding
pseudo partial waves \(fﬁj}, and a set of localized projector functions |p$). These projector
functions are confined within €2, and are orthonormal to the pseudo partial waves. The trans-

formation operator then takes the form:
= 1+Z(\c/>“ 65)) (5], (2.56)

Applying this operator yields the explicit relation between the all-electron and pseudo wave-

functions:
) = 165) + 3 (165) = 195)) (516)- (2.57)
a,j

The construction ensures that the following conditions are satisfied:

* Inside the augmentation region (r € €2,):
0s(r) = ¢i(r),  6s(r) = Pi(x). (2.58)
* Qutside the augmentation region:
0s(r) = 6u(r),  ¢4(r) = G(x). (2.59)
Within each augmentation sphere, the wavefunctions are expanded in terms of partial waves as:

Z ¢4 (x) (%]s),  D2(r) Z &%) (92| bs). (2.60)

The smooth pseudo-wavefunctions |g55> serve as the variational degrees of freedom and can
be efficiently expanded in a plane-wave basis with a relatively low kinetic-energy cutoff, ow-
ing to their smoothness. The partial waves and projector functions are constructed from radial
functions combined with spherical harmonics, allowing for an accurate reconstruction of the
all-electron wavefunction in the core region. The PAW method achieves near all-electron accu-

racy while retaining the computational efficiency characteristic of plane-wave approaches.

2.3.4.3 Linearized augmented plane-wave method

The LAPW method provides an accurate all-electron description of the KS problem by exploit-
ing the distinct spatial character of the electronic wavefunctions. The unit cell is partitioned
into two regions: non-overlapping muffin-tin (MT) spheres centered at atomic sites and the

interstitial region (IR) between them, as depicted in Fig. 2.5 [112].
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Figure 2.5: Schematic illustration of a unit cell within the (L)APW framework.

The basis functions are defined differently in these two regions. In the interstitial region, where

the potential varies smoothly, plane waves form a natural basis:

1 .
Prra(r) = eI relR, 2.61)

where (2 is the unit-cell volume.
Inside a muffin-tin sphere of atom «, located at R,,, the basis functions are expanded in terms

of atomic-like functions:

Aera(r) = DAL, (k+ G (ra, €) + By, (K + G) i (ra, €)] Yim(7a), (2.62)

lym

for r, < R{y, where r, = |r — R,|. Here, the functions Y},, (7, ) represent spherical harmon-
ics associated with the angular momentum quantum numbers [ and m, describing the angular
dependence of the basis functions inside the muffin-tin spheres, uj*(r,, €) are radial solutions
of the scalar-relativistic Schrodinger equation evaluated at fixed linearization energies €f*, while

1" denotes their energy derivatives:
ouf (1o, E)

OF (2.63)

ula (Tm 6loz) -
E=e

The coefficients Af}, and By, are determined by enforcing continuity of both the basis func-
tions and their first radial derivatives at the MT sphere boundary. This construction ensures
a smooth matching between the plane-wave description in the IR region and the atomic-like
representation inside the spheres.

The inclusion of energy derivatives of the radial functions is the key feature that distinguishes
LAPW from the original augmented plane-wave (APW) method [97]. In APW, the radial func-
tions depend explicitly on the eigenvalues, leading to a nonlinear eigenvalue problem. In con-

trast, the LAPW approach introduces fixed energy parameters €;* and expands the basis linearly
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around them, thereby transforming the problem into a standard linear eigenvalue problem with
controllable errors [114].

To further improve the flexibility of the basis, particularly for semicore and localized states,
additional local orbitals (lo) are introduced [115]. These are confined within individual MT

spheres and vanish in the interstitial region:
¢u(r) = [aﬂ u (ra, €') + by U (T, €')] Yim (72&)5&% 6llu 5mm;u (2.64)

for r inside a specific MT sphere, and zero elsewhere. The coefficients a, and b, are chosen
such that the local orbitals are normalized and smoothly matched at the sphere boundary. In
practice, the LAPW basis size is controlled by the plane-wave cutoff in the interstitial region,
typically expressed through the dimensionless parameter Ryt G .y, Where Ry is the smallest
muffin-tin radius. Convergence is achieved by systematically increasing this parameter and by
including an appropriate number of local orbitals.

Overall, the LAPW+lo method provides a full-potential, all-electron description without re-
lying on pseudopotentials. By combining plane waves in the interstitial region with atom-
centered basis functions inside muffin-tin spheres, it achieves high accuracy and serves as a
reliable reference for validating pseudopotential-based approaches. In a specific investigation
within this thesis, the LAPW formalism implemented in the exciting code was employed to
compute band gaps, serving as an independent validation of results obtained using the PAW

method in VASP.

2.4 Many-body perturbation theory

Although DFT offers a computationally efficient and remarkably accurate framework for ground-
state properties, its extension to excited-state phenomena is fundamentally limited. In partic-
ular, KS eigenvalues do not, in general, correspond to physical excitation energies, as the KS
orbitals are auxiliary constructs designed solely to reproduce the exact ground-state density.
A notable exception is the highest occupied KS eigenvalue, which is equal to the negative of
the ionization potential. While DFT often yields qualitatively reasonable band structures, it
systematically underestimates fundamental band gaps. This shortcoming originates from the
incomplete treatment of electron correlation within approximate exchange—correlation func-
tionals, as well as the absence of the derivative discontinuity [1 16, ], which plays a crucial

role in determining the true QP gap.
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Figure 2.6: Schematic illustration of direct and inverse photoemission spectroscopy. In both processes,

the particle number changes due to electron removal or addition. The corresponding energy differences

are given by ¢; = Eév — EZN -1 (direct photoemission) and ¢; = EZN 1 Eév (inverse photoemission).

To overcome these limitations, it is instructive to examine how excitation energies are accessed
experimentally. The fundamental band gap is measured by direct and inverse photoemission
spectroscopy (DPES and IPES), whose processes are illustrated schematically in Fig. 2.6. In
DPES, an incident photon ejects an electron from the N-electron ground state, leaving the
system in an (N — 1)-electron state. The measured kinetic energy of the emitted electron
yields the ionization potential (IP), which within a many-body framework is the total-energy
difference

e =EY —ENT' ¢ < Ep (2.65)

where E} is the ground-state energy of the neutral system and EN=1is the energy of the i-th
state of the (N — 1)-electron system. Conversely, IPES injects an electron into the system,
producing an (N + 1)-electron state. The emitted photon energy gives the electron affinity
(EA):

¢ =ENTY BN > Ep (2.66)

The difference IP — EA is the fundamental quasiparticle (QP) band gap. Both spectroscopies
involve changes in the particle number from N to N =+ 1, and therefore probe charged excita-
tions. The standard KS framework of DFT is not designed to describe such charged excitations
within a rigorous theoretical framework. More generally, it also fails to capture neutral exci-
tations involving correlated electron—hole (e—h) pairs. These limitations necessitate theoretical
approaches that explicitly incorporate many-body effects [118, 73].

Many-body perturbation theory provides the required framework by establishing a direct link
between the electronic structure and experimentally measurable excitation spectra. Its central

quantity is the time-ordered Green’s function, which describes the propagation of an added or
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removed particle in an interacting system and thereby, connects the /V-electron ground state to
the (N &£ 1)-electron excited states.
Within MBPT, two complementary Green’s-function-based approaches are widely employed

to describe different classes of excitations:

(i) The one-particle Green’s function formalism, within the GW approximation, is used to
describe charged (QP) excitations. The poles of the Green’s function correspond to the
energies required to add or remove an electron, making this approach directly comparable

to PES and IPES experiments.

(i) The two-particle Green’s function formalism leads to the Bethe—Salpeter equation (BSE)
[119, 120], which describes neutral excitations, such as those observed in optical absorp-
tion spectroscopy. In this case, an electron is promoted from the valence band to the
conduction band, leaving behind a hole. The resulting e—h pair interacts via the Coulomb
interaction and may form a bound state known as an exciton, requiring an explicit treat-

ment of e—h correlations.

2.4.1 The one-particle Green’s function

The time-ordered single-particle Green’s function is defined as

G(r,o,t,x' o', t') = —i<N|TW(r,J, t) Jﬁ(r',g',t')} INY, (2.67)
where | V) is the ground-state wavefunction of the N-electron system, T is the time-ordering
operator, o denotes the spin, and &T and @ are fermionic creation and annihilation field opera-

tors. The physical content of G follows immediately from the two possible time orderings:

» Fort > t' the Green’s function describes the propagation of an extra electron with spin
o’ injected at (r’,¢’) and removed at (r,¢). This process corresponds to inverse photoe-

mission (electron addition).

* Fort < t it describes the propagation of a hole created by electron removal at (r,¢) and

filled at (', ¢’), corresponding to direct photoemission.

Thus, G acts as a propagator that naturally maps the /V-electron ground state onto the charged

excited states probed by PES and IPES.
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For stationary systems, it is convenient to Fourier transform the Green’s function with respect
to the time difference ¢ — ¢’. The resulting frequency-domain Green’s function reads (Lehmann

spectral representation)

O~ Er) | O(Fr — )

w—(e—1n)  w—(&+in) (2.68)

G(r,r;w) = lim Zwi(r)wf(r’) X

n—0~+
where © is the Heaviside step function, ;(r) are the transition amplitudes between the N- and
(N =+ 1)-electron states, and two terms in the brackets correspond to two time orderings in G.
The poles of this function correspond to the exact many-body excitation energies.

ENtY — Bl (electron addition),
g = (2.69)

EN — EN7'  (electron removal).
Experimentally, the quantity measured in photoemission is the photocurrent, which—to an
excellent approximation—is proportional to the spectral function of the system. The spectral

function is obtained from the imaginary part of the Green’s function:

Alr,r’;w) = _71r Im G(r,r',w)sgn(Er — w) (2.70)
= > i)y (r)d(w — ) Q2.71)

Eq. (2.71) shows that A(w) consists of a series of J-function peaks located at the many-body
excitation energies. In the non-interacting limit these peaks remain infinitely sharp; each cor-
responds to an independent-particle excitation with infinite lifetime. In a real interacting solid,
the addition or removal of an electron is accompanied by a dynamical rearrangement of the
surrounding charge density. The injected electron repels its neighbors, creating a region of de-
pleted electron density known as the Coulomb hole (or screening cloud). Conversely, electron
removal eliminates the associated Coulomb hole and allows the remaining electrons to relax. A
schematic illustration of this process in the context of photoemission is given in Fig. 2.7. The
propagating object is therefore never a bare electron or hole; it is a QP—a composite excitation
consisting of the bare particle dressed by its induced polarization cloud. The interaction of
this QP with the medium is encoded in the self-energy operator >, which incorporates all ex-
change and correlation effects beyond the mean-field (Hartree) level. Because of screening, the
effective interaction between QPs is the screened Coulomb interaction I/, which is substan-
tially weaker than the bare Coulomb interaction. Consequently, QPs often behave as weakly

interacting entities.
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Electron ejected Hole is screened Hole is screened dynamically

Quasiparticle

Figure 2.7: Illustration of quasiparticle (QP) formation in photoemission spectroscopy. An electron
is removed from the system, leaving behind a hole. The surrounding electrons rearrange to screen the
missing charge, forming a polarization cloud that travels with the hole. The resulting composite object—

the QP—has renormalized energy and finite lifetime.

Electron—electron interactions redistribute the spectral weight. The sharp d-peaks of the non-
interacting spectral function broaden and may acquire satellite structures, as illustrated in
Fig. 2.8. When a dominant peak survives the redistribution, it is identified as the QP exci-
tation. Its position defines the QP energy e?P, its width I'; is inversely proportional to the QP
lifetime (1; ~ 1/I';), and the integrated weight under the peak is the renormalization factor
Z; (0 < Z; < 1). The factor Z; quantifies the overlap between the bare-particle state and the

dressed QP state; 1 — Z; is the incoherent weight transferred to satellites (e.g., plasmons).

A(e) A(e)
quasiparticle
satellite | T
€ €

Figure 2.8: Spectral function in the non-interacting (left) and interacting (right) limits. In the non-
interacting case, each state appears as a J-function peak. Interactions broaden the peaks, shift their

positions, and generate satellite features. The dominant peaks correspond to QP excitations.

For an isolated, well-defined QP, the spectral function near the peak acquires an approximate

Lorentzian lineshape:

Alw) ~

(2.72)

1 Z;
™ [w — (Ei + ZF)]

The transition from infinitely sharp d-peaks (non-interacting limit) to finite-width Lorentzians
(interacting case) is the spectroscopic signature of many-body interactions and constitutes the

foundation of the QP picture that underpins the GW approximation.

The one-particle Green’s function therefore provides a rigorous, experimentally accessible de-
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scription of charged excitations. Its poles and residues directly map onto the energies and
amplitudes measured by PES and IPES. The subsequent sections of this chapter will show how
the G approximation systematically constructs an accurate self-energy that yields these QP
energies and spectral functions. Neutral excitations, however, require the two-particle Green’s

function and those extensions are discussed later when optical properties are addressed.

2.4.2 Dyson equation

The time-ordered Green’s function GG of an interacting many-body system is formally related
to a non-interacting reference Green’s function GGy through the Dyson equation:

G(r,r';w) = Go(r,r';w) + //Go(r, v w0) S v w) G v w) Py Py (2.73)
where Y is the nonlocal, energy-dependent, and generally non-Hermitian self-energy opera-
tor. X incorporates all many-body exchange and correlation effects beyond the mean-field
approximation: its real part leads to a renormalization of QP energies, while its imaginary part
determines QP lifetimes.

The reference Green’s function Gy (r,r’; w) is constructed from the eigenstates of an effective

single-particle Hamiltonian ho, defined as
ho @7 (x) = €] 6] (r), (2.74)
where the Hamiltonian is given by
fo(r) = —;W 4 Vi (1) + Via (r). 2.75)
Substituting the Lehmann representation of G into the Dyson equation leads to the QP equation:
ho (1) (r) + / S(r, 1 6) i (1) Pt = e di(r), (2.76)
which is nonlinear in the eigenvalue ¢;. As a consequence, the QP wavefunctions );(r) are,
in general, not orthonormal, in contrast to the eigenstates of a single-particle Hamiltonian.
Moreover, this equation must be solved self-consistently, since the self-energy itself depends

on the QP energies.

Iterating Eq. (2.73) yields the formal series expansion
G = Go+ GoXGo + GoXGoXGo + GoXGoXGoXGo + - - -, (2.77)
which can be interpreted as a geometric series. Each term represents successive scattering

processes (single, double, triple, and higher order), with > acting as an effective scattering

potential.
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2.4.3 GW approximation: Hedin’s equations

Having established the Green’s function formalism and the QP picture, we now introduce a
practical framework for computing the self-energy [121]. An exact description of interacting
many-body systems can be formulated in terms of a closed set of coupled equations derived by
Hedin in 1965. These equations provide a formally exact, self-consistent scheme for determin-
ing the Green’s function and the self-energy. They involve five central quantities: the vertex
function I', the polarizability P, the screened Coulomb interaction W, the Green’s function G,

and the self-energy >.. The coupled equations are given by

D(1,2;3) = 5(1,2)0(1,3) + [ d(4,5,6,7) giii 3 G(5.6)T(6,7:3)G(7,4)  (2.78)
P(1,2) = —i [ d(3,4) G(1,3)T(3,4:2) G(4, 1) (2.79)
W(1,2) = v(1,2) + [d3,4)0(1,3) P3,4) W(4,2) (2.80)
G(1,2) = Go(1,2) + /d(3,4) Go(1,3) 5(3,4) G(4,2) 2.81)
£(1,2) = i [ d(3,4) G(1,3) W, )T(3,24) (2.82)

where 1 = (ry, t1,01), v is the bare Coulomb interaction and 17 denotes a time infinitesimally
later than ¢, ensuring proper time ordering.

These equations are exact but highly nontrivial to solve due to their self-consistent and func-
tional nature (Fig. 2.9). In particular, the vertex function I', which depends on three space—time
coordinates, introduces significant computational complexity through its dependence on the
functional derivative of the self-energy with respect to the Green’s function.

A major simplification arises in the GW approximation, where vertex corrections are neglected
by approximating

I'(1,2:3) ~ 6(1,2)5(1, 3). (2.83)

Under this assumption, the self-energy reduces to

¥(1,2) =i G(1,2) W(1T,2), (2.84)
which gives the name “GW?”. In this approximation, the polarizability becomes

P(1,2) = —iG(1,2) G(2,1), (2.85)

and the screened Coulomb interaction ¥ is obtained from a Dyson-like equation involving the

bare interaction and the polarizability.
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Figure 2.9: Schematic representation of Hedin’s pentagon, illustrating the interconnection between the
Green’s function G, its non-interacting counterpart (Go, the irreducible vertex function I', the polariz-
ability P, the screened Coulomb interaction W, and the self-energy > through Hedin’s equations. The
GW approximation (maroon arrows) follows a simplified pathway by neglecting the explicit evaluation
of I' (pink arrows). Starting from KS orbitals and energies, GW yields QP corrections and the screened
interaction W, which can be further employed in Bethe—Salpeter equation calculations of optical exci-

tations.

The GW self-energy can be interpreted as a dynamically screened generalization of the ex-
change term in HF theory, where the bare Coulomb interaction is replaced by the screened
interaction W. The frequency dependence of W reflects the dynamical response of the elec-

tronic system and is essential for describing QP excitations.

In practical calculations, different levels of self-consistency are employed. Fully self-consistent
GW (scGW) [122, 123] requires iterative updates of both G and W, but is computationally de-
manding. More commonly, perturbative approaches such as single-shot GW (GzW;), where
both quantities are constructed from a reference mean-field calculation, are widely used due to
their favorable balance between accuracy and computational cost [ 1 24]. The following subsec-

tion outlines how this formalism is implemented in practice to compute QP energies.
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2.4.4 Computational implementation

In practice, Eq. (2.76) is solved perturbatively by assuming that the QP wavefunctions are well

approximated by the KS states, yielding:
" = 6 + (WISIR(E) = Vieli®). (2.86)

The above equation is nonlinear due to the explicit frequency dependence of the self-energy

Y (w). In practice, it is solved perturbatively by linearizing the self-energy around the KS

eigenvalue €X5:
S(r,r;w) = S(r, v 5 /h) + (w — €5 /h) 82(1(;5’,@ e (2.87)
Substituting this expansion into the QP equation yields the perturbative expression
e~ €S+ Z; (VI S () — Vie [UF5) (2.88)
where the renormalization factor
-1
Zi=|1— (] ai,fj’) ) wKJ (2.89)
accounts for the energy dependence of the self-energy and represents the QP weight.
Within the GW approximation, the self-energy is expressed as
YW —iGoW = iGov + iGo(W —v) = 3 + B¢, (2.90)

where Y., is the exchange contribution, analogous to the HF exchange and evaluated using the
bare Coulomb interaction v, while Y. is the correlation contribution arising from dynamical
screening through the screened Coulomb interaction 1. The latter is frequency dependent and

constitutes the most computationally demanding part of the calculation.
The Gy, scheme is implemented through the following sequence of steps:

1. Ground-state calculation: Perform a DFT calculation to obtain the KS eigenvalues €5

and eigenfunctions /X5, which define the non-interacting Green’s function

UIS(x) 05 (1)

o~ S ¥ insen(erS — Br)

Go(r,r';w) =)

%

(2.91)

At this stage, the exchange part of the self-energy is evaluated as

occ KSx* KS KSx (1, KS (./
) — 8% [] prape OB OU W)

v — |

(1] =
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2. Polarizability: Construct the independent-particle polarizability within the random-phase

approximation (RPA), Py = —iG(G).

3. Dielectric function: Compute the dielectric matrix ¢ = 1 — vF, and obtain its inverse

e L.

4. Screened interaction: Evaluate the screened Coulomb interaction W, = £~ !w.

5. Correlation self-energy: Compute the correlation part of the self-energy . = iGo(Wy —

v) which involves numerical integration over frequency.

6. QP energies: Finally, evaluate the QP energies using Eq. (2.88).

Although the G, approach is not self-consistent, it can be regarded as the first iteration
of a fully self-consistent GIW cycle (see Fig. 2.10). In partially self-consistent schemes such
as GW,, only the QP energies (and hence (&) are updated while keeping W fixed at Wj. In
contrast, fully self-consistent GW (scGW) iteratively updates both GG and W until convergence
is achieved, thereby providing a more consistent description of many-body effects at a higher
computational cost.

In this thesis, QP corrections are computed within the GyW,, GW,, and fully self-consistent
GW frameworks. The underlying DFT calculations were performed using VASP and QE, while
the many-body perturbation theory calculations were carried out using VASP and the YAMBO

code.

2.4.5 Frequency dependence and the plasmon-pole model (PPM)

The evaluation of the correlation part of the self-energy,
Y. =1Go(W — ), (2.93)

involves a convolution over frequency, which constitutes one of the main computational chal-
lenges in GW calculations. This difficulty arises because both Gy and W (w) exhibit poles in
close proximity to the real frequency axis, rendering direct numerical integration along the real
axis numerically unstable and computationally demanding.

To overcome this issue, several strategies have been developed to treat the frequency depen-

dence of W (w). Among these, PPM provides an efficient and widely used approximation. In
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Figure 2.10: Schematic representation of the single-shot GW (G W) implementation.

this approach, the frequency dependence of the inverse dielectric function e ~!(q, w) is approxi-
mated by a simple analytic form characterized by one (or a few) effective poles. Physically, this
approximation is motivated by the observation that the dielectric response of many materials is
often dominated by collective charge excitations (plasmons), allowing ! to be represented by
a single-pole function.

The parameters of the model are determined by enforcing physically motivated constraints,

such as reproducing the static dielectric function £(q,w = 0) and satisfying sum rules (e.g.,



Chapter 2. Theoretical Methodology 45

the f-sum rule). Common implementations include the Hybertsen—Louie and Godby—Needs
models, which differ in how these constraints are imposed. Once the analytic form of ¢!
is specified, the screened interaction W (w) can be expressed in a closed form, enabling the
frequency integration in the self-energy to be carried out analytically via residue calculus. This
significantly reduces the computational cost compared to full-frequency methods.

Despite its efficiency, the plasmon-pole approximation introduces limitations. In particular, it
may not fully capture the detailed frequency dependence of the dielectric response, especially
in systems where multiple excitation channels are important, such as molecules or strongly
correlated materials. Moreover, the imaginary part of the self-energy is restricted to the pole
structure of the model, which can affect the accurate description of QP lifetimes. More accu-
rate treatments of the frequency dependence include full-frequency approaches such as contour
deformation techniques, where the integration is performed in the complex frequency plane to
avoid poles on the real axis, as well as numerical integration along the imaginary axis followed
by analytic continuation. While these methods provide improved accuracy, they are computa-
tionally more demanding.

In the calculations presented in this work using the YAMBO package, PPA within the Godby—
Needs model is employed to evaluate the frequency-dependent dielectric screening, owing to
its favorable balance between computational efficiency and accuracy, particularly for extended

systems with well-defined plasmonic excitations.

2.4.6 Bethe-Salpeter equation

Neutral excitations, such as optical absorption, electron energy loss, and inelastic scattering
processes, involve the creation of correlated e—h pairs without changing the total number of
electrons in the system. While the GWW approximation provides an accurate description of
single-particle excitations, it fails to describe optical spectra due to the neglect of e—h inter-
actions. In fact, optical spectra obtained within the independent QP picture can significantly
deviate from experiments, both in peak positions and intensities, and completely miss bound
excitonic states.

A rigorous treatment of neutral excitations requires a two-particle formalism based on the
two-particle Green’s function. Within many-body perturbation theory, this leads to the Bethe—
Salpeter equation, which describes the correlated dynamics of e—h pairs and provides access to

the full excitation spectrum, including both bound excitons below the band gap and resonant
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Figure 2.11: Schematic illustration of three successive levels of approximation and their predictive ac-
curacy. (a) The independent-particle DFT approach, which typically underestimates the band gap. (b)
The QP GW approximation, where band gap corrections lead to improved agreement with experimental
values. (c¢) The Bethe—Salpeter equation (BSE), which incorporates electron—hole interactions, provid-
ing a more complete many-body description and accurately reproducing optical absorption spectra in

close agreement with experiments.

excitations above it [119, ].

2.4.6.1 Two-particle correlation function

The interacting e—h correlation function L satisfies the Bethe-Salpeter equation in the form:

L(1,2;1',2") = Ly(1,2;1,2') + /d(3,4,5,6) Lo(1,4;1',3) K(3,5;4,6) L(6,2;5,2'),

(2.94)
where K is the e—h interaction kernel, Ly(1,2,1’,2") = G(1,2')G(2,1’) is the non-interacting
correlation function which corresponds to free e—h pair i.e., without the interaction K. Notably,
L depends on four time-variables, from two creation processes (electron and hole) and two an-
nihilation processes. However, for optical excitations, we consider only simultaneous creation
and simultaneous annihilation events, which reduces the number of independent time variables
from four to two. In the absence of external perturbations, time-translational invariance im-
plies that only the difference between these two times is physically relevant. Consequently, the
above equation can be reformulated by performing a one-dimensional Fourier transform from

time to energy, leading to L(1,2,1’,2',w) where the indices now denote only spatial and spin
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coordinates. The non-interacting correlation function can be expressed as

3 [wc(rl)wi(ri)%(rz)wi (ry) ()i (r])Ye(r2)ey (rs)
“(E.— B,) +i0* W+ (B. — By) — i0*

where v and c denote valence (occupied) and conduction (unoccupied) states, respectively.

Lo(1,2,1,2w) =i

] , (2.95)

v,C

Including e—h interaction, the full L becomes

XS I‘l,I‘l Xs(r27r2> XS(I‘2>I'/2)X§(TI1>I‘1)
L(1,2,1,2w) = — 2.96
(7 )Ly E ZZ[ W—QS+ZO+ W+QS—ZO+ ’ ( )

where S represents the correlated e—h excitations of the system, (2g are the excitation energies,

and y g are the excitonic amplitudes expressed as:

occ empty

xs(rr') =32 37 (ASwe(r)i () + B (r)vi(r), (2.97)

v Cc

where A5 and B2 are the coupling coefficients.

2.4.6.2 BSE eigenvalue problem

Substituting the expressions in Eqs.(2.95)—(2.97) into BSE (Eq.(2.94)) leads to a generalized

eigenvalue problem:

(Be— E) Ay + > Koo (Qs)AS Z e (Qs)Boy = Qs AL, (2.98)

v'c!

(E.— E,)BS + ZKBB (Qs)BSw + > K10 (Qs)AS ., = —QsB),. (2.99)

ve,v'c! ve,v’c!
v'c!

where
Ko () = i [ d(3,4,5,6),(x0): () K (3,5,4, 6 Q) (r5) b (x6), (2.100)
KAB,0(Qs) =i [ d(3,4,5,6)00(r) 0 () K (3, 5,4, 6; Q)65 (re)be(rs), (2.101)
with similar expressions for K24 and KP2. The above Eqs.(2.98)-(2.99) exhibit a block-
matrix structure. The diagonal blocks are defined by the QP energy differences (F. — F,) and
the interaction matrix elements K44 and KPP, while the off-diagonal blocks are formed by

the coupling terms K 4P and KB4, Setting these off-diagonal terms to zero (K48 = KB4 = ()

decouples the Egs.(2.98)-(2.99) into two independent equations corresponding to the A and B.

(E, — E,)AS, + Z 5= QgAY (2.102)
This is equivalent to expressing the ex01ted states as e—h pair configurations.
hole elec hole elec
IN, S) ZZA;?C 01|V, 0) ZZA Jve), (2.103)

where af and l;l are the hole and electron creation operators, and |V, 0) is the many-body

ground state. The above expansion is known as Tamm-Dancoff approximation (TDA).
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2.4.6.3 Electron-hole interaction kernel

The e—h interaction kernel K is obtained from the functional derivative of the self-energy with

respect to the Green’s function.

5[‘/coul5(37 4) + 2(37 4)]

K(3,5;4,6) = 5CT6.5)

(2.104)

Within the GW approximation, > = ¢G'W, and neglecting the functional derivative of the
screened interaction W with respect to G, the kernel separates into exchange and direct contri-

butions:

K(3,5:4,6) = —i 5(3,4)8(5~, 6) v(3,6) + i 6(3,6)5(4,5) W(3+,4) 0105
. K*(3,5:4,6) + K3, 5:4,6). '

The exchange term, K*, arises from the bare Coulomb interaction v, whereas the direct term
K% involves the screened Coulomb interaction 1. Physically, the exchange term primarily
governs local-field effects and fine structure of the excitation spectrum (e.g., singlet—triplet
splitting), whereas the direct term accounts for the attractive interaction between the electron
and hole, which leads to the formation of bound excitonic states.

In the basis of valence (v) and conduction (c¢) states, the matrix elements of the direct and

exchange contributions are given by:

(ve| K449(Qg) o) = / dr dr’ 7 (r) e (r)h, ()95 (r)
X L/dw e W (r, ', w)
2
l 1 (2.106)
X
Qg —w — (B9Y — E9PY +i0+
. 1
Qs +w — (E2Y — E2P) +i0+

(e KAA o/} = [ drde’ 97 (1) (x) (e, v') o () (1) (2.107)
The matrix elements involve integrals over QP electron and hole wavefunctions. While these
integrals are formally straightforward, their practical evaluation depends on the specific features
of the electronic system and may require specialized computational techniques. In addition to
the real-space integration, the e—h interaction kernel K requires a frequency integration, which

can be treated using models such as the plasmon-pole approximation in which

wy 1 1
Wrrw) =S W, ( - ) 2.108
(r,75w) ; l<rr)2 w—w +107 w4 w —10" ( )
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where w; represents the plasmon frequency, and W;(r,r’) describes the spatial dependence of

the plasmon mode .

2.4.6.4 Static screening approximation

For most semiconductors and extended systems, the QP transition energies (E@Y — E9T) are
close to the excitation energies Q5. Consequently, the quantity Qg — (E¥Y — E9?) is much
smaller than the characteristic plasmon frequencies. This separation of energy scales justifies

the static screening approximation, in which the direct term simplifies to:

(ve] KA [0'e) = — / drdr’ ] (x) o (r) W(r,r',w = 0) ¢, (') (r'). (2.109)

v

This renders the kernel frequency independent and significantly simplifies the solution of the
BSE. However, for finite systems such as atoms and molecules, where the difference (25 —
(EQ® — ESP) can be comparable to the plasmon energies, the full frequency dependence of
W must be retained. In that case an iterative self-consistent procedure is followed: an initial
Qg)) is obtained with static screening, the kernel is updated with the new excitation energies, a
first-order perturbative correction is computed, and the cycle is repeated until convergence of
Qs.

In practical implementations the workflow therefore reduces to (i) computing the screened
interaction W in the static limit, (ii) constructing the complete kernel K, and (ii1) diagonalizing
the BSE Hamiltonian to obtain the excitonic eigenvalues 25 and eigenvectors A, . Although
the procedure involves a chain of approximations and is far from a fully self-consistent solution
of Hedin’s equations, it has been shown to reproduce experimental optical spectra with high

accuracy for a broad class of materials.

2.4.6.5 Optical absorption spectrum

The optical response of a material is fundamentally described by the macroscopic dielec-
tric function €;,(w), which is obtained from the microscopic dielectric matrix in the long-

wavelength limit (q—0).

exr(w) = limlecto ool @)™ (2.110)

The optical absorption spectrum is directly related to Im(ej;(w)), which describes the proba-

bility of photon absorption at a given frequency.
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Within the independent-particle approximation (IPA), where e—h interactions are neglected,
optical absorption arises from vertical transitions between valence and conduction states. In

this case, the imaginary part of the dielectric function is given by

167re

T (e 7 (w) ZI ?6(w— (EQ” — EX)), 2.111)

where € is the light polarization vector and Vv is the velocity operator. The transitions are
governed by single-particle matrix elements between QP states.

A more accurate description of optical spectra requires the inclusion of e—h interactions, which
is achieved by solving BSE, which yields neutral excitation energies {2g and the corresponding
excitonic states |S). In this framework, optical absorption is expressed as transitions from the

ground state to correlated e—h pairs (excitons), and the dielectric function becomes

167T€

Tm (e (w) Z 1(0]& - 9|S)[? 6(w — Qg), (2.112)

where the summation runs over all excitonic states. This formulation naturally captures bound
excitons and the redistribution of oscillator strength induced by Coulomb interactions.

The excitonic optical matrix elements are evaluated by expanding the excitonic states in the
e—h basis:

=3 A5, (vk[¥]ck), (2.113)

vck

A5 are the BSE eigenvectors, describing the weight of each e—h transition contributing to the
excitonic state. In the absence of e—h interaction, these coefficients reduce to single transitions,
and the BSE expression recovers the independent-particle limit. A crucial aspect in practical
calculations is the evaluation of the single-particle matrix elements (v|V|c), particularly when

pseudopotentials are employed. The velocity operator is defined through the commutator
v =i[H,r] (2.114)

which reduces to the momentum operator p for local potentials. However, in the presence of
non-local pseudopotentials Vs, the commutator does not vanish, and an additional contribution

must be included:
(v[Vle) = (vp + i[Vis, 1]lc). (2.115)

This generalized expression ensures a consistent evaluation of optical matrix elements and is
essential for accurately capturing transition intensities. Overall, the BSE framework provides

a robust and predictive description of optical absorption, accounting for both QP corrections
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and excitonic effects, which are crucial in materials with strong Coulomb interactions such as

low-dimensional and ionic systems.

2.5 Excitonic models and classification

Excitons are electrically neutral QPs arising from the Coulomb attraction between a photoex-
cited electron in the conduction band and the corresponding hole in the valence band. Absorp-
tion of a photon with energy /w 2 E, promotes an electron across the band gap, generating an
e—h pair. Owing to their mutual electrostatic interaction, this pair can form a bound state known
as an exciton. The stability of this state is quantified by the exciton binding energy F}, defined
as the energy needed to separate the e—h pair into free charge carriers. Depending on their spa-
tial extent and binding energy, excitons are broadly classified into Frenkel and Wannier—Mott

types, as shown in Fig. 2.12.

Wannier-Mott exciton Frenkel exciton

Figure 2.12: Schematic representation of Wannier—Mott (delocalized) and Frenkel (localized) excitons,

emphasizing their different spatial extents.

1. Frenkel excitons correspond to tightly bound e—/ pairs with a spatial extent comparable
to the lattice constant or molecular size. They typically arise in systems with weak di-
electric screening, large band gaps, and localized electronic states. As a result, Frenkel
excitons exhibit large binding energies, ranging from hundreds of meV to several eV,
and are therefore stable at room temperature. They are commonly observed in organic
semiconductors, molecular crystals, and wide-gap insulators [ 76, ]. Owing to their lo-
calized character, charge transport in such systems proceeds predominantly via hopping

mechanisms rather than band-like motion.

2. Wannier-Mott excitons, in contrast, represent the delocalized limit, where the e—h pair
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extends over many lattice constants. These excitons are characteristic of inorganic semi-
conductors with large dielectric constants and small effective carrier masses [76, ].
Strong dielectric screening weakens the Coulomb interaction, leading to relatively small

binding energies, typically on the order of few meVs.

Accurate treatment of excitonic effects generally requires the rigorous many-body GIW-BSE
framework discussed earlier in this chapter. Nevertheless, for weakly bound excitons in semi-
conductors, the essential physics can often be captured within the simpler Wannier—Mott model,
which describes the exciton as a hydrogen-like e~/ pair interacting through a screened Coulomb
potential. Since crystal systems investigated in Chapter 3 of this thesis exhibit weakly bound
excitonic character, the following sections primarily employ the Wannier—-Mott formalism to
describe their optical and excitonic properties. Building upon this model, the theoretical frame-
work for optical transitions, radiative recombination, and excitonic transition strengths is de-
veloped using Fermi’s Golden Rule and k - p perturbation theory, while the full GIW-BSE

formalism is utilized in the remaining chapters for quantitative many-body calculations.

2.5.1 Wannier—Mott formalism

Drawing an analogy with the hydrogen atom, the Wannier—Mott model describes excitons in
semiconductors as bound e—h pairs interacting through a screened Coulomb potential. In a

direct-gap material, the effective two-particle Hamiltonian for the exciton is expressed as:

h2 hZ 2
Hexc = Eg - 7v2 - : ¢

2my ¢ 2mi " dwepe.|re —rp|

(2.116)

where £, is the QP band gap, m} and mj, are the effective masses of the electron and hole,
respectively, and €, is the static relative dielectric constant of the material that screens the
Coulomb interaction.

To decouple the system, the coordinates are transformed into center-of-mass (R) and relative

(r) coordinates:

* * * *
m.Ye + mM;Ty m.m
R=—¢¢% """ pr—r, —r1r, p=—2°"_ (2.117)
*+ * ) ) *+ x )
mi +my mk +my,

with y representing the reduced effective mass. This transformation separates the Hamiltonian
into independent center-of-mass and relative-motion components. The relative motion, which

determines the binding properties of the exciton, satisfies the Schrodinger-like equation:

( RV ) ou(t) = Eu(r). @118)

_@ B 4mepe,r
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The solutions ¢, (r) are hydrogenic envelope functions. The full excitonic wavefunction is then

constructed as [126]:

Uk (R, 1) = e®Re (1) do(r.) o (1), (2.119)

where ¢. and ¢, are the Bloch functions for the conduction and valence bands, respectively.

The total energy is given by:

h?K?
Ex=E,+FE —_— 2.120
= Bt B S ) (2120
where the exciton binding energy for the n-th state is defined as [76]:
K ERy
E = — —. 2.121
»(n) ot ( )

Here, E'g, ~ 13.6 eV is the Rydberg energy and m is the electron rest mass. Furthermore, the

spatial extent of the exciton is characterized by the effective Bohr radius:

Foge = 2020 (2.122)
1

where ao ~ 0.529 A is the Bohr radius of the hydrogen atom.

2.5.2 Optical transitions and Fermi’s golden rule

While the Wannier—Mott model provides an excellent description of the bound excitonic states,
calculating experimentally observable quantities—such as optical absorption spectra, oscilla-
tor strengths, and radiative lifetimes—requires a proper treatment of the light-matter interac-
tion. This is achieved within time-dependent perturbation theory using Fermi’s Golden Rule.
Fermi’s golden rule provides the fundamental framework for calculating transition rates be-

tween quantum states under a time-dependent perturbation, such as the absorption or emission

of a photon [127, 128]. The transition rate I';; from an initial state |¢) to a final state |f) is
given by:
2T 2
Lip = — W) 0(Ey — B F hw), (2.123)

where H' is the perturbation Hamiltonian and Aw is the photon energy. This rate is inversely
proportional to the radiative lifetime of the excited state and forms the basis for computing

optical spectra.
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2.5.2.1 Light-matter interaction Hamiltonian

The interaction between a charge carrier and an external electromagnetic field is characterized
by a scalar potential ¢(r,¢) and a vector potential A(r,t). The corresponding electric (E) and
magnetic (B) fields are given by:

E:—w—aaj:‘, B=VxA. (2.124)

The Hamiltonian for an electron with mass m and charge e in the presence of this field and the
periodic crystal potential V' (r) is:

H= o (p—eA) +elp+V(r). (2.125)

Under typical experimental conditions with moderate light intensity, the quadratic A? term is
small and can be neglected. Additionally, adopting the Weyl gauge (¢ = 0) and the Coulomb
gauge (V - A = 0), the commutator [A,p] = 0 [129]. The total Hamiltonian can then be

partitioned into the unperturbed part H, and the time-dependent perturbation H':

Hy=2 1ev(n), (2.126)
2m

H =—-SA.p. (2.127)
m

For a monochromatic plane wave, the vector potential is A = Ayé [ei(k'r_m) +e‘i(k'r_‘“t)] , Where
€ 1s the polarization unit vector. In the visible and ultraviolet range, the wavelength is much
larger than the lattice constant (k - r < 1), allowing for the electric dipole approximation
(e*T ~ 1).

Using the commutation relation [Hy, r] = —ihp/m, the momentum matrix element is related

to the position matrix element by:

(Ve|Pltbw) = imwey (elr|thy), (2.128)

where hw., = E.— E,. Thus, the transition rate becomes directly proportional to the square of
the dipole matrix element:

Typ o< |(1),]€ - Tlibe) |2 . (2.129)

2.5.3 The k - p perturbation theory

Near band extrema, the electronic structure and optical matrix elements are efficiently described

by k- p perturbation theory. Within this framework, the Hamiltonian acting on the cell-periodic
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part of the Bloch function, u,, x, is given by:

2 h h2k32
Hk.ng—m+V(r)+Ek-p+ Sy

(2.130)

Treating the k-dependent terms as a perturbation and applying second-order perturbation theory

yields the energy dispersion

(2.131)

h2k32 |(tn 0|k - Pltin 0)]?
Bnx = E, }j .
K= Aot o m2 A A o

Comparing this with the parabolic band approximation [130] E,, (k) = E,,(0)+3- e — > ( ) kik;

gives the inverse effective mass tensor:

m 2 (Jun 0|p|un’0|2
=0;; + — —_— 2.132
(m*>ij * m ngn Eno— En o ( )

This framework provides both the effective masses (needed for the Wannier—-Mott model) and

the interband momentum matrix elements (needed for optical transition strengths).

2.5.4 Excitonic transition parameters

Within the Wannier—Mott formalism, an excitonic state |n) is expressed as a coherent superpo-
sition of independent e—/ transitions across the Brillouin zone. The momentum matrix element
connecting the crystal ground state |0) to the excitonic state |n) is therefore

(nIpl0) =D (n|k) (tex|Pltvi), (2.133)

k
where (n|k) denotes the excitonic amplitude in reciprocal space.
Near the band extrema, the interband momentum matrix element varies slowly with k. Under

this approximation,
<wc,k’f)’wv,k> ~ <wc|ﬁ‘wv> (2134)

The excitonic transition matrix element then simplifies to

(n[Bl0) ~ (ve[Blvv) D_(nlk). (2.135)
k

The summation term corresponds to the real-space exciton envelope function evaluated at zero

relative separation. Defining the envelope function via the Fourier transform

=™ (k|n), (2.136)
k
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one obtainsatr = 0

dn(0) = > (k[n). (2.137)

k
Consequently, the squared transition matrix element becomes

[(n[P|O)|* o< [(We|Pltbw)|? |dn(0)]2. (2.138)

This result has a clear physical meaning: optical transitions (absorption or emission) are local
processes that require finite spatial overlap between the electron and hole. Hence, the prob-
ability density |¢,(0)|? directly governs the excitonic oscillator strength. For a hydrogenic
Wannier—Mott exciton in three dimensions, the probability density at the origin for the state

with principal quantum number 7 is

1
wr3 n3’

|6 (0)” = (2.139)

This expression shows that the optical transition strength scales inversely with the cube of
the exciton radius — more compact excitons exhibit significantly stronger light-matter coupling.
Additionally, due to the symmetry of hydrogenic wavefunctions, only s-type states (I = 0) have

non-zero amplitude at r = 0 and are optically bright within the electric dipole approximation.

2.5.5 Radiative lifetime of excitons

The radiative lifetime 7., characterizes the average time an exciton survives before recombin-
ing radiatively via photon emission. It is given by the inverse of the spontaneous emission rate

obtained from Fermi’s Golden Rule. Starting from the transition rate
L o< 3 [(Yoxl€ - Tltesd (2.140)
k
and using the relation between position and momentum matrix elements
. 2 1 . 2
|<¢v,k|€ : I'WC,kH =55 |<wv,k|€ : p|¢c7k>| ) (2.141)
mgw

the interband momentum matrix element can be evaluated using k - p perturbation theory.

Combining this with the excitonic envelope contribution yields the total transition rate

Tif o Vige |00 (0)]* {810 |€ - PIYeieo) (2.142)

where V. is the effective exciton volume and kg corresponds to the band-edge wavevector.
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The radiative lifetime of the exciton is therefore

1
exc — 1T * 2.143
T T, ( )

This expression reveals that the exciton lifetime is highly sensitive to both the dielectric en-
vironment (which controls 7. and thus |¢,(0)|*) and the strength of the interband optical
matrix element. Materials with strong dielectric screening or symmetry-forbidden transitions
at the band edge generally exhibit longer radiative lifetimes, while compact excitons with large

dipole matrix elements recombine more rapidly.

2.6 Theoretical framework: Nonadiabatic molecular dynam-
ics

A quantitative description of excited-state dynamics in optoelectronic materials requires go-
ing beyond the BO approximation, which decouples the fast electronic motion from the slow
nuclear dynamics. Although the BO approximation has proven highly effective for describing
ground-state properties, it breaks down in the presence of strong nonadiabatic (NA) coupling
between electronic excitations and lattice vibrations. Under such conditions, atomic motion can
drive transitions between electronic states. These transitions govern essential processes such as
hot-carrier relaxation, charge transfer, and nonradiative recombination, which ultimately deter-
mine the efficiency of next-generation optoelectronic devices. Traditional adiabatic molecular
dynamics, constrained to a single potential energy surface, simply cannot model these interstate

electronic transitions or capture their excited-state relaxation pathways.

NAMD provides the essential framework to capture these processes by explicitly treating the
coupled evolution of electrons and nuclei. This approach permits the real-time simulation of
energy exchange between excited carriers and phonons, uncovering microscopic relaxation
pathways that directly correlate with spectroscopic observations. In this work, all NAMD
simulations utilize the PYXAID package [52, 53]. Ground-state molecular dynamics trajec-
tories are initially obtained using QE and are then used as inputs in PY XAID to evaluate the

time-dependent NA coupling elements and simulate the carrier dynamics.
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2.6.1 Time-dependent Schrodinger equation (TD-SE)

The starting point for NAMD is the total TD-SE for a system of N, electrons (r = {ry,...,ry.})
and Ny nuclei (R = {Ry,..., Ry, }):

o¥(r,R,t)

i
! ot

= H(r,R,t)¥(r,R,1). (2.144)

The total wavefunction is expanded in a basis of adiabatic electronic states v;(r; R(¢)) and

nuclear wavefunctions x;(R.(t), t):

(©.Rat) = (RO (R () (2.145)

Substituting this expansion into the TD-SE and projecting onto the electronic state v; (i.e., mul-
tiplying by 97 and integrating over electronic coordinates) yields a set of coupled equations that
govern the time evolution of the nuclear wave packets x;(R(t),t) on the individual electronic

potential energy surface

L Oxi(R(1), 1) N ,d d?
pIXA), D) Tl + Ei(t.R)) 6, — W25 . W — R22U
! ot %: (T + Ei(,R)) MO VR G

G(R(1),1). (2.146)

where T, is the nuclear kinetic energy and Ei(t, R) represents the adiabatic potential energy

surface obtained by solving the stationary Schrédinger equation:
Hq(r, t; R)y;(r; R(t)) = Ei(t, R)vi(r; R(1)), (2.147)
and dz(]1 ) and dg) are the first- and second-order NA couplings:

diY = (i(r; R()) |Vt (1 R(1)), (2.148)
dY = (i(r; R(1)) | VRY; (1 R(1))). (2.149)

Similar to the uncorrected electronic energy E;(t, R), the second-order NA coupling term is
a scalar quantity that depends parametrically on the nuclear coordinates. Its diagonal contri-
butions can therefore be incorporated as a correction to the adiabatic potential energy surface,
yielding the renormalized energy:

d(2)
2M°

Ei(R) = E;(R) — h2 (2.150)

The off-diagonal elements of the second-order coupling are usually omitted because they are

assumed to be of higher-order and much smaller than the first-order derivative coupling term
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)
(thﬁ' Vg | [131, , ]. Nevertheless, under specific conditions these terms may play

an important role [134]. Incorporating the diagonal correction into the adiabatic potential en-

ergy surface, Eq. (2.146) can be cast into the simplified form:

(1)

d:
(Tnucl + Ei(ta R)) 5@']’ — = VR XJ(R(t)vt)~ (2.151)

Z.hah‘(R(t),t) _ Z A7

ot

J
A complete solution of the general TD-SE, Eq. (2.144) requires the simultaneous treatment
of Egs. (2.151) and (2.147), thereby describing the fully coupled electron—nuclear dynamics.
The electronic part (Eq. (2.147)) corresponds to the stationary electronic Schrédinger equa-
tion, which can be solved using the well-established methods of solid-state electronic structure
theory discussed earlier in this chapter. In contrast, solving the nuclear equations of motion
(Eq. (2.151)) is considerably more challenging due to the high computational cost and com-
plexity involved. This difficulty has motivated the development of advanced semiclassical ap-

proximations that form the foundation of modern NAMD methodologies.

2.6.2 Semiclassical NAMD

To make NAMD computationally tractable, PY X AID adopts a semiclassical description where
nuclei are treated as classical point particles. Within this approximation, the operators in

Eq. (2.151) are substituted using the classical nuclear momentum P as:

R, P
Tnuc = — y 2152
1=o VR T 3y (2.152)
W

— RS Vg — —ihd-

A . (2.153)

She

Although this semiclassical treatment substantially reduces the computational complexity, a
fully self-consistent description in which the nuclei dynamically respond to changes in the
electronic state—such as in on-the-fly surface hopping with force recalculation at every time
step—remains prohibitively expensive for condensed-matter systems containing a large number
of atoms.

To further simplify the problem, PY X AID employs the Classical Path Approximation (CPA) [52].
Within the CPA, the nuclei evolve along a precomputed classical trajectory R.(¢) that is assumed
to be only weakly influenced by the electronic state. This approximation is justified when pho-
toexcitation induces structural changes that are small compared to thermal nuclear fluctuations.
Consequently, a single ground-state adiabatic molecular dynamics trajectory is generated and

subsequently reused for all electronic calculations and stochastic realizations.
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Under the CPA, the total wavefunction is expanded in the adiabatic basis:

Np—1

TR0 = Y alt) vl R(). 2.154)

i=0
where NV, denotes the basis size. Substituting this ansatz into the TD-SE yields the equation of

motion for the electronic amplitudes ¢;(t):

Np—1
j=0

where the time-dependent NA coupling is defined as

P

9 (1)
(%wj> _av. B (2.156)

dij(t) = <1/1z i

In numerical implementations, this coupling is evaluated from the overlap of electronic wave-

functions at successive time steps:

ey WIS A0~ (4 D)) 0157

Eq. (2.155) can be written in compact matrix form as

1~ (1) elr), (2.158)
where the matrix ﬁ(t) contains the adiabatic energies on the diagonal (H;; = ¢;) and the
NA couplings on the off-diagonal elements (//;; = —thd,;). This Hamiltonian can be further
extended to incorporate additional physical effects such as external electromagnetic fields [ 135,

, ] or spin—orbit coupling (SOC) [137, ]:

Hy; = HEAC 4 ngld i Hisjoc‘ (2.159)

2.6.3 Integration schemes for the TD-SE

The temporal evolution of the electronic subsystem is dictated by the TD-SE in Eq. (2.158).
Consequently, implementing a numerically stable and efficient integration scheme is a fun-
damental prerequisite for accurately capturing these dynamics. Within the CPA, the nuclear
trajectory is precomputed independently of the electronic dynamics, leading to two distinct
propagation time scales: the nuclear time step, dt,,.1, used to evolve the ionic motion, and the
considerably smaller electronic time step, dt.;, employed for propagating the electronic degrees
of freedom. Dynamical quantities are therefore labeled by the pair (tyua; te), With typically

Nel = dlpua/dte electronic substeps performed within each nuclear step.
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To propagate the electronic coefficients, there are several numerical integration schemes rang-
ing from simple finite-difference methods to advanced unitary propagators. These approaches
differ in their numerical stability, conservation properties, computational cost, and scalability to
large basis sets. The simplest implementations are second-order finite-difference schemes, such
as the leapfrog/Euler algorithm, combined with either linear or symmetric interpolation of the
Hamiltonian between consecutive nuclear time steps. Although computationally inexpensive
per propagation step, these methods require extremely small electronic time steps (dt, ~ 1-
10 attoseconds) to maintain numerical stability and do not strictly conserve the norm of the

wavefunction.

A more accurate alternative is provided by the analytic propagator, which assumes that the
Hamiltonian remains approximately constant over a single nuclear time step and integrates the
TD-SE exactly within each interval through matrix exponentiation. Because the Hamiltonian
is Hermitian, the propagator can be evaluated through matrix diagonalization. This scheme is
norm-conserving and time-reversible, allowing significantly larger electronic time steps, poten-
tially up to dt,,.. However, repeated diagonalization becomes computationally expensive for

large active spaces.

To improve efficiency without sacrificing numerical stability—particularly for large basis sets
and non-Markovian approaches—a propagator based on the Liouville-von Neumann formal-
ism combined with symmetric Trotter factorization [ 139, 140] is employed. This approach pre-
serves exact norm conservation and time reversibility while avoiding repeated diagonalization,
making it especially suitable for large-scale NAMD simulations. The formalism underlying
this scheme is discussed in the following subsection and is employed throughout the present

work.

2.6.3.1 Liouville formalism and symmetric Trotter factorization

The equations of motion in Eq. (2.158) can be expressed in terms of the Liouville operator:

N-1
iL = c'ii
i—0 ﬁci
N—-1N-1 .
- (~1H4) 0
= i h dc;
N-1 i a N—-1N-1 i a a
io( h Cacﬁ;)g h( 96 Jcac) (2.160)



2.6. Theoretical framework: Nonadiabatic molecular dynamics 62

N-1 N-1N-1
=3l + 3 Y ALl (2.161)
i=0 i=0 j>i

which can be written in a symmetric factorized form:

~ dt dt dt
ottt ) 1) 14
i=0
: dte . dtel . dte
exp (ZLE?&Vl) . 2 ) exp <2L§22) . 2) < - exp (ZL§2(3V1) . 7
. (2) dtel i (2) dtel
- exp <ZL(N—2)(N_1) . 2) exp (ZL(N—Q)(N—Q )

. dtel . dtel . dtel
exp (zL?&V_l) . 2) - - exp <2L522) ' > exp (@Lé@v_l) eul
L

dte dte Nl dte
exp (z LY. 21> exp (Z-Lg? : 21> exp (Z o 1) . (2.162)

=0

The elementary propagators exp (z’L(l)dt) and exp (iL(z)dt> act as [53]:

dt dt
exp(z'Lz(l)dt> e — [cos (haz) — ¢ sin (hezﬂ Ci, (2.163)
¢ cos(dt - B;; sin(dt - B;; C;
exp(iL dt): — (dt- By) (dt- Biy) : (2.164)
cj —sin(dt - B;;) cos(dt - Bi;) ) \¢j

with o; = —iH;;/h and B;; = —iH;;/h. The phase propagators (2.163) govern the phase
evolution of individual electronic states, whereas the transfer operators (2.164) describe popu-
lation transfer between pairs of states. Since each elementary propagator is unitary, the norm of
the propagated amplitudes is conserved exactly, ensuring strict conservation of the total wave-
function norm throughout the dynamics. This formulation permits the use of comparatively
large electronic time steps while maintaining numerical stability. Furthermore, the symmetric
Trotter decomposition in Eq. (2.162) guarantees time reversibility of the propagator, consistent
with the underlying symmetry of the equations of motion. Compared to the analytic integration
scheme, the principal advantage of this approach lies in the absence of matrix diagonalization.
Because all propagation steps are explicit and computationally efficient, the method remains

highly scalable and particularly well suited for simulations involving large basis sets.

2.6.4 Surface hopping algorithms

Solving the electronic TD-SE determines the coherent time evolution of the electronic coef-

ficients ¢;(t). However, such a coherent superposition of adiabatic states does not directly
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correspond to the observed physical picture, where the system is effectively localized on a
particular electronic state. Trajectory surface hopping (TSH) methods address this issue by
propagating an ensemble of classical nuclear trajectories while allowing stochastic transitions
between adiabatic electronic states [141, ].

The most widely used TSH framework is the Fewest Switches Surface Hopping (FSSH)
method introduced by Tully [ 143, , ]. In FSSH, the nuclei evolve classically on a single
adiabatic potential energy surface at a given time, while stochastic hops between electronic
states are introduced to reproduce the quantum populations obtained from the TD-SE. The
probability for a transition from the current state 7 to another state j during a small time interval
At is given by

—2AtRe|c;(t)H;;(t)c;(t)

lei(1)]? ’

Gi—;(t) = max | 0, (2.165)

where the total probability of leaving state 7 is g;(t) = >_;; gi—;(t). A random number § €
[0, 1] is then compared with the cumulative hopping probabilities to determine whether a hop
occurs and, if so, the final state of the trajectory.

Although FSSH successfully describes ultrafast relaxation processes in systems with dense
manifolds of electronic states, it neglects electronic decoherence arising from the spatial sep-

aration of nuclear wave packets evolving on different electronic states (Fig. 2.13). In a fully

A Evolution with decoherence

Energy

>
Reaction coordinate

Figure 2.13: Schematic illustration of the divergence of nuclear wavepackets associated with different
electronic states, leading to decoherence within the electronic subsystem. Such decoherence effects are
absent in purely classical treatments of nuclear motion, as in FSSH, but can be incorporated within

semiclassical approaches such as DISH.

quantum-mechanical treatment, this wavepacket divergence causes the off-diagonal elements
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of the electronic density matrix to decay, converting a coherent superposition into a statis-
tical mixture. Because nuclear motion is treated classically in standard FSSH, decoherence
effects are not described consistently. As a result, FSSH often overestimates transition rates,
particularly in systems with localized or energetically well-separated electronic states, such as
molecules, quantum dots, and many semiconducting materials.

To explicitly incorporate decoherence within a surface-hopping framework, the decoherence-
induced surface hopping (DISH) method was developed [146, 53]. In this approach, deco-
herence is interpreted as a stochastic collapse of the electronic wavefunction onto one of the
adiabatic states according to the Born probability, |c;(#)|?. Such stochastic collapses mimic the
loss of electronic phase coherence arising from the divergence of nuclear wavepackets evolv-
ing on different potential energy surfaces. The strong influence of decoherence on quantum
dynamics is exemplified by the quantum Zeno effect [ 147, , , ], in which frequent
collapses can strongly suppress transitions and effectively localize the system in a particular
state. By incorporating stochastic decoherence events, DISH naturally captures this physics

and provides a more realistic description of long-timescale NA processes.

The DISH algorithm can be summarized through the following sequence of steps:

1. Coherent propagation between decoherence events: The electronic wavefunction is
first propagated coherently by solving the TD-SE along the classical nuclear trajectory.
For a given adiabatic state ¢, decoherence occurs when the elapsed time since the last

collapse event, t;(t), exceeds the corresponding state-dependent decoherence time 7;(%):
The decoherence time is evaluated as
J L )
= ()75, 2.167
() j2:1|cj< )7ri; ( )
i
where 7;; denotes the pairwise decoherence rate between states ¢ and j. Since 7;()

depends explicitly on the instantaneous electronic populations, the resulting dynamics

possesses a non-Markovian character.

2. Wavefunction collapse and projection: Once a decoherence event is triggered for state

1, the electronic wavefunction undergoes stochastic projection according to the Born
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probability distribution. With probability |c;(¢)|?, the wavefunction collapses onto state

1. Otherwise, the decohered state is removed from the superposition by setting
¢i(t) — 0, (2.168)

followed by renormalization of the remaining amplitudes. After the collapse event, the

decoherence timer ¢;(t) is reset to zero.

3. Surface hopping procedure: A change of the active electronic surface occurs in two

possible situations:

(a) If the wavefunction collapses onto state ¢ and the nuclei are not currently evolving
on this state, the trajectory hops to surface .

(b) If state 7 is projected out while the nuclei are propagating on surface ¢, the trajectory

hops to another state j # ¢ with probability proportional to |c;(¢)]?.

4. Detailed balance correction within CPA: Under CPA, upward transitions in energy are

weighted by a Boltzmann factor

E, — E
exp (— JkBT ) E; > E,. (2.169)

in order to maintain detailed balance:

In practical implementations, the decoherence rates r;; are precomputed along the classical
molecular dynamics trajectory using the optical response formalism [151, , , ].
This approach provides a parameter-free and experimentally motivated description of decoher-
ence, since the associated pure-dephasing times are directly related to homogeneous spectral
linewidths. By explicitly incorporating stochastic decoherence events, the DISH framework
provides a physically consistent description of both ultrafast carrier relaxation and slower non-

radiative recombination processes in condensed-matter systems.

2.7 Density functional perturbation theory

DFPT provides an efficient framework to study the response of a system to small external
perturbations. Among such perturbations, lattice vibrations (phonons) play a central role, as

they directly influence a wide range of physical properties, including thermal conductivity,
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specific heat, thermal expansion, and scattering processes. Furthermore, electron—phonon in-
teractions are crucial for understanding superconductivity and the temperature dependence of
optical spectra [75]. This section outlines the linear-response formalism that forms the basis

for implementing the method.

2.7.1 Lattice dynamics from electronic structure theory

Within the BO approximation, the nuclear motion is described by a Schrodinger equation
in which electrons provide an effective potential energy surface. The nuclear wavefunction
chi(R) and corresponding eigenvalues F satisfy:
B2 92

— ZI: o0, OR? +ER)| x(R) = Ex(R), (2.170)
where M; and R; denote the mass and position of the /-th nucleus, respectively, and R =
{R;} represents the full set of nuclear coordinates. The function £ (R) corresponds to the
BO potential energy surface, obtained as the ground-state electronic energy for fixed ionic
positions.
At equilibrium, the forces acting on all nuclei vanish:

OE(R)
IR,

F,=— =0. (2.171)

The vibrational properties are determined from the second derivatives of the total energy, i.e.,

the Hessian matrix:
1 0*FE (R) 9
vV M[MJ 8R18RJ

whose eigenvalues yield the phonon frequencies w.

=0, (2.172)

Using the Hellmann—Feynman theorem, the forces can be written as:

OH o
F;=— R R 2.173
== ()| o), @173
where ¥(R) is the electronic ground-state wavefunction and H o 18 the BO Hamiltonian:
~ 1 Z]ZJ62
Hpo = —_. (2.174)
Z2me Z|RI—I‘1’ ;\rl—rj\ ;|RI—RJ]
The force can also be expressed in terms of the electronic density n(r):
(Wes(r) _ OF(R)
d 2.175
/ TR, OR; @17
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where
62 Z[ZJ
FErr(R)=— TS ex 2.176
nR) =5 2 R, R Vel Z|R1—r] (2176)
Taking derivatives of the forces leads to the interatomic force constants:
QE 2 2E
TER) _ [ar Onlr) OVeu(r / drn(r) 2 Vee®) | O Bu(®) 2.177)
OR0R; 8RJ OR; 8R18RJ OR0R;

2.7.2 Linear response formulation

To compute the variation of the electronic density and wavefunctions, DFPT employs first-order

perturbation theory. The change in KS orbitals |1),,) is obtained from:

(Hscr — en) |A%,) = — (AVacr — Aey) [t). (2.178)

Here, the self-consistent Hamiltonian is given by:

h2
Hger = —7V + Vscr(r), (2.179)
with
, n(r')
Vecr(x) = Vs (r) + [ dr o Vel (2.180)

The first-order variation of the potential is:

A AVye
AVscr(r) = AVeq(r +/d An(r) + |n=n(r)An(r), (2.181)
—r'|  dn
and the corresponding eigenvalue correction is:
= (V| AVscr|¥n). (2.182)

For non-magnetic systems, the first-order change in the charge density is:

N/2

An(r) =4 ¢5(r) A, (r). (2.183)

n=1

The correction to the wavefunction can be expressed as:

Aa(r) = 3 Ll Wl AVscrln) (2.184)

m#n €n — €m

Substituting the above expression into the density variation given in Eq.(2.183) yields:

N/2
B =43 3w (r) LriRVerlin) (2.185)

n=1m#n €n = €m
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The contributions involving only occupied states cancel, leaving terms involving transitions to
unoccupied (conduction) states. To avoid explicit summation over empty states, a projection

operator onto the unoccupied subspace,

Pe=1=[tu) (¥, (2.186)

is introduced. The linear equation is then reformulated as:
(Hsor + aP, = e,) |A,) = — P.AVscr|th), (2.187)

where P, projects onto occupied states. This equation can be solved iteratively with trial func-
tions orthogonal to the occupied manifold, resulting in a computational effort comparable to

standard self-consistent KS calculations.

2.8 Polarons

In polar semiconductors, charge carriers do not propagate as bare particles but interact strongly
with the surrounding ionic lattice. This interaction induces a redistribution of charges, gen-
erating a polarization field that screens the carrier and accompanies it during its motion. As
originally proposed by Landau [155] and later formulated by Pekar [156], this self-induced
lattice distortion gives rise to a composite QP—consisting of the charge carrier dressed by its

polarization cloud—known as a polaron (Fig. 2.14).

d 9 o @
@ G Qe
D@D @
@ @ Q@
@ Q 9 @

Figure 2.14: Schematic illustration of a polaron in a polar crystal. The charge carrier induces a lattice

polarization, forming a coupled electron—phonon QP.

The presence of the polarization cloud modifies the intrinsic properties of the carrier, leading

to mass renormalization, finite self-energy, and altered transport behavior. Depending on the
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spatial extent of the lattice distortion, polarons are classified into two limiting regimes. When
the distortion extends over many lattice sites, the continuum large polaron (Frohlich) model
applies, dominated by long-range coupling to longitudinal optical (LO) phonons. By contrast,
when the distortion is strongly localized, a small polaron (Holstein type) forms. The materials
studied in this work fall within the large-polaron or intermediate regime, justifying the use of

the Frohlich Hamiltonian.

2.8.1 Frohlich Hamiltonian and coupling constant

The long-range electron—phonon interaction is well described by the Frohlich Hamiltonian [77],
in which the lattice is treated as a polarizable dielectric continuum. For a carrier of effective
mass m*, the Hamiltonian reads

p?
2m*

H =

+ > (Vatqe™™ + Viale @r) (2.188)
q

where the first term describes the carrier kinetic energy, the second—the LO phonons, and
the last—their interaction. The coupling matrix element exhibits a characteristic long-range

Coulomb form,

[Vql = (2.189)

hoo (4ra B \M?
V 2m*wio '

Here, o denotes the dimensionless Frohlich coupling constant, which quantifies the strength of

the electron—phonon interaction and is defined as

1 / —_ — l (2.190)
hwr.o E0

where €., and ¢ denote the high-frequency and static dielectric constants, respectively, while

wro denotes the LO phonon frequency.

2.8.2 Feynman variational approach

A direct solution of the Frohlich Hamiltonian is complicated by the time-retarded nature of the
electron—phonon interaction. Feynman resolved this difficulty by rewriting the problem using
the imaginary-time path integral [157]. After integrating out the phonons exactly, the electron

is described by the effective action

e—wLo|T—0]
O‘h”LO dT/ da (2.191)

(o)
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To obtain analytic expressions, Feynman introduced a quadratic trial action
B * k(002 002 8 B
Strial = / dr E’r‘Z + 771(7)10)/ dT/ do efwlffa”r(T) _ I‘(O’)’Q, (2.192)
0 2 2v 0 0

which describes the electron harmonically coupled to a fictitious particle representing the po-
larization cloud. The variational parameters v and w are optimized using the Jensen—Feynman
inequality or, at finite temperature, using the extension by Osaka.

The renormalized polaron mass follows from the curvature of the polaron dispersion within the

Feynman model:
m, =m*—. (2.193)
w

In the weak-coupling limit, the variational solution reduces to the perturbative expansion
2

my a o 3
=1+~ +—+ 0% 2.194
=14t T 00 (2.194)

Further, the width of the relative electron—cloud coordinate yields the polaron radius in the

Schultz definition [158]:
h

m*wro

re= flv,w), (2.195)

where f(v,w) is evaluated using the optimized variational parameters.

2.8.3 Polaron mobility

The temperature-dependent DC mobility is evaluated using the linear-response formalism de-

veloped by Hellwarth and co-workers [159, , , 1'1]. The mobility takes the form
inh(8/2)w? 1
" — 3y/me sinh(8/2) w’ | (2.196)
m*awro (%% v K(a,b)
where = hwro/kgT and K (a,b) is the polaron response kernel,
> 2, .2 —3/2
K(a,b) = / du [u +a® — bcos(vu)} cos(u). (2.197)
0
The auxiliary parameters are
2 _ 2
a? = (5/2)? + (“wzj’) 3 coth(Bv/2), (2.198)
2 _ 2
po W) B (2.199)

w?v  sinh(fv/2)
This formulation directly links the microscopic material properties (€., €, Wro, m*) to the

macroscopic charge-carrier mobility. In this work, these quantities are computed using the
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PolaronMobility. j1 package developed by Frost [I 1], which implements the Frohlich
Hamiltonian, Feynman’s variational path-integral approach, and the finite-temperature mobil-
ity theory of Hellwarth and co-workers [159]. When parametrized with ab initio data, this
unified framework enables predictive evaluation of polaron formation, mass renormalization,

and charge-transport behavior in perovskite-inspired materials.



CHAPTER 3
Theoretical Insights into Inorganic Antiperovskite
Nitrides (X3NA; X = Mg, Ca, Sr, Ba; A = As, Sb): An

Emerging Class of Materials for Photovoltaics

3.1 Introduction

Lead halide perovskites have emerged as leading materials in photovoltaic research due to their
exceptional electronic and optical properties. Their power-conversion efficiencies (PCEs) have
increased dramatically from 3.8% in 2009 to over 27% in 2026 [ 162, 163, 13]. Despite these re-
markable advances, their long-term operational instability and susceptibility to environmental
degradation remain major obstacles to large-scale commercial deployment [22, 23]. These lim-
itations have driven extensive efforts toward the discovery of lead-free alternatives that retain
comparable optoelectronic performance while offering improved structural stability.

In this context, antiperovskites—formed by reversing the ionic configuration in conventional
perovskites—have recently attracted considerable attention [2, 3, , 4,5, ]. These mate-
rials adopt the general chemical formula X3BA, where X is a cation and A and B are anions
of different sizes [27]. This inverted ionic arrangement results in fundamentally distinct band-
edge compositions compared to halide perovskites, thereby broadening the accessible design
space for functional materials.

A number of theoretical studies have explored the electronic properties of inorganic antiper-
ovskites [28, 29, 30, , , , ]. For instance, Mochizuki et al. [170] examined the
structural stability and electronic properties of both known and yet-unsynthesized compounds,
identifying candidates with favorable light-absorption characteristics. Zhong et al. [171] estab-
lished correlations between the tolerance factor and key physical properties such as the band

gap, dielectric constant, and Young’s modulus, providing guidelines for photovoltaic material

72
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design. While hybrid antiperovskites have been proposed theoretically [172, ], experimen-
tal validation of their photovoltaic potential remains limited. In contrast, several nitride-based
inorganic antiperovskites (i.e., X3sNA, X = Mg, Ca, Sr, Ba; A = P, As, Sb, Bi) have, how-
ever, been successfully synthesized [4, 5, ] and exhibit promising electronic characteristics.
However, most previous studies have primarily focused on electronic structure, while detailed
investigations of excitonic and polaronic effects—crucial for understanding optical response
and materials’ suitability for optoelectronic applications—remain scarce.

To address this gap, this chapter presents a systematic investigation of the electronic, opti-
cal, excitonic, and polaronic properties of selected antiperovskite nitrides, namely MgsNSb,
CagNSb, SrsNSb, BazNSb, CasNAs, and Sr3NAs. By combining density-functional theory
(DFT) with hybrid exchange—correlation functionals [92, 91] and many-body perturbation the-
ory (MBPT) [121, ], we systematically analyze the electronic structure, evaluate the elec-
tronic and ionic contributions to the dielectric screening, and compute exciton binding energies,

electron-phonon coupling strengths, and charge-carrier mobilities.

3.2 Computational methodology

First-principles calculations are performed within the framework of DFT [85, 86] using the
Vienna Ab initio Simulation Package (VASP) [93, 94], which employs the projector augmented-
wave (PAW) method [93, ], and the full-potential all-electron code exciting [96], based on
the linearized augmented plane-wave (LAPW) method. Experimental crystal structures [2, 5, 4]
are adopted as initial inputs, with the corresponding lattice parameters listed in Table 3.4.
Structural relaxations are carried out using VASP within the generalized gradient approxima-
tion (GGA) employing the Perdew—Burke—Ernzerhof (PBE) functional [88]. Atomic positions
are optimized until the Hellmann—Feynman forces fall below 0.01 eV/A, while the total en-
ergy is converged to within 0.01 meV. A plane-wave kinetic energy cutoff of 550 eV is used
throughout. I'-centered k-point meshes of 6 x6x6, 4x4x3, and 4x4 x4 are adopted for the
Pm3m, Pbnm, and P63/mmec phases, respectively. Dynamical stability is assessed by com-
puting phonon dispersion relations using the PHONOPY package [175, ] with 2 x 2 x 2
supercells. In exciting, muffin-tin radii of 1.89, 2.01, 2.07, and 2.47 Bohr are used for N,
Mg, Sr, and Sb, respectively, with a basis-set cutoff defined by Ryir|G + k|max = 8.0.

Electronic band structures and densities of states are computed using both semilocal PBE and
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hybrid HSEO06 [92] exchange—correlation functionals. Spin—orbit coupling (SOC) is included
in all calculations. Effective carrier masses are obtained by parabolic fitting of the band edges
using the SUMO package [!77]. Many-body quasiparticle corrections are incorporated via
GW calculations [121, ]. Both single-shot GW (GyW)}) and self-consistent GW (scGW)
approaches are considered. While G, W, calculations exhibit a strong dependence on the un-
derlying DFT starting point, scGW provides reduced sensitivity at significantly higher com-
putational cost. To assess the reliability of the GzW, approach, benchmark calculations are
performed for MgzNSb and Sr3NSb (Table 3.1). The close agreement between scGW and
GoWo@QHSEOQ6 results justifies the use of GoW,@QHSEO06 for all systems studied, ensuring a

balance between accuracy and computational efficiency. The number of unoccupied bands in-

Table 3.1: Fundamental band gaps (in eV) of MgsNSb and SrsNSb obtained using Gy Wy and scGW
methods including SOC.

XgNA Go Wg @QPBE GO WO @QHSE06 scGW

MgsNSb 0.88 1.41 1.47
SrsNSb 0.50 1.14 1.20

cluded in the GW calculations is carefully converged. Representative convergence tests for
Mg3NSb are presented in Table 3.2, and optimal values of 120 for X3NSb (X = Mg, Ca, Sr),
360 for BasNSb, and 640 for X3NAs (X = Ca, Sr) are identified.

Table 3.2: Convergence of the Gy Wy@PBE band gap (in eV), without SOC, with respect to the number
of empty bands for Mg3zNSb.

Empty bands 60 120 180 240

E, (eV) 1.04 1.14 1.15 1.14

To incorporate excitonic effects, we solve the Bethe—Salpeter equation (BSE) [178, , 471
within the Tamm-Dancoff approximation on top of GoW,@HSE06. The BSE Hamiltonian
is constructed using 22 occupied and 22 unoccupied states, as validated by convergence tests
(Fig. 3.1). In these compounds, the small exciton binding energies indicate weakly bound
Wannier-like excitons that are spatially extended in real space but localized near the band ex-

trema in reciprocal space. Consequently, accurate BSE calculations require dense k-point sam-
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Figure 3.1: Convergence of the dielectric function of MgzNSb with the number of occupied (NO) and

unoccupied (NV) orbitals in the BSE formalism.

pling, which poses significant computational challenges, particularly at the GW,@HSE06
level. The optical spectra of MgzNSb computed using BSE@ G W, @HSEOQ6 for 2 x 2 x 2,
4 x4 x4,and 6 X 6 X 6 k-grids are shown in Fig. 3.2. A systematic shift in the position of
the first excitonic peak with increasing k-grid density highlights the slow convergence of exci-
tonic features. However, achieving fully converged spectra within the full BSE framework is

computationally prohibitive, especially in larger systems.
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Figure 3.2: Optical spectra obtained by BSE@ Gy Wy @HSEQ6 using 2 x 2 x 2,4 x4 x4,and 6 X 6 x 6

k-grids for MgsNSb.

To systematically quantify the impact of k-point sampling beyond the limits of full BSE calcula-
tions, we employ the model BSE (mBSE) approach [43] on top of PBE for Mg3NSb. Within this
framework, the screened Coulomb interaction is approximated by neglecting the off-diagonal
elements of W, and a scissor operator—defined as the difference between the GW and DFT
band gaps—is applied to correct the electronic structure. The mBSE calculations reveal a strong
dependence of the exciton binding energy £ on k-grid density. In particular, ), decreases by

nearly 50% when increasing the grid from 6 X< 6 x 6 to 10 x 10 x 10 (Table 3.3), demonstrating
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that insufficient k-point sampling leads to a substantial overestimation of exciton binding ener-
gies in BSE-type calculations. Calculations beyond a 10 x 10 x 10 grid are computationally

unfeasible.

Table 3.3: Exciton binding energy Ej, (in meV) for MgzNSb using the mBSE approach.

k-grid 6x6x6 8x8x8 10x10x10

K, 131.3 98.3 71.3

Owing to the prohibitive computational cost of fully converged BSE results and the small mag-
nitude of the exciton binding energies, a fully first-principles description becomes imprac-
tical. Therefore, the final quantitative evaluation of excitonic properties—including binding
energies, radii, and electron—hole probability densities—is carried out using the Wannier—Mott
effective-mass model [46]. This approach is well justified for weakly bound, spatially ex-
tended excitons and provides a computationally efficient alternative to first-principles meth-
ods. In this framework, the electronic contribution to dielectric screening is obtained from
BSE@G,W,@HSEQ06, while the ionic contribution is computed separately using density func-
tional perturbation theory (DFPT) [75] with 20 x 20 x 20, 16 x 16 x 16, and 14 x 14 x 10
k-point grids for the Pm3m, Pbnm, and P63/mmc phases, respectively.

Carrier—phonon interactions are further described within the Frohlich polaron framework [77],
employing the Hellwarth [159] and Feynman [157, 1 1] formalisms to evaluate polaron param-

eters and charge-carrier mobilities.

3.3 Results and discussion

3.3.1 Crystal structure and stability

To assess the structural stability of X3NA antiperovskites, we first evaluate the Goldschmidt
tolerance factor, ¢ [180, ], a widely used descriptor for perovskite formability. It is defined
as

o ratrx) 3.1)

V2(rg +7rx)

where r 4, 7, and rx are the ionic radii of the anions A and B, and the cation X, respectively.

Typically, ? is calculated using Shannon’s ionic radii. However, Shannon radii are not reported
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Table 3.4: Space group, experimental lattice parameters, Goldschmidt tolerance factor ¢ and distortion
parameters: average bond length dg (A), bond angle variance o2 (deg?), and bond length distortion index

D, of X3NA antiperovskites.

XsNA  Spacegroup a(A) bA) cA) ¢t dy(A) o2 (deg?) D x 1076

MgsNSb Pm3m 435[2] 435 435 094 219 0 0
CasNSb Pm3m 485([3] 485 485 093 244 0 0
SrsNSb Pm3m 5171141 517 5.17 090 2.59 0 0
BagNSb  P63/mme  7.53[4] 753 6.64 089 2.69 19.24 7
CasNAs Pbnm 6.72[5] 6.71 952 086 240 0.05 777
SrsNAs Pbnm 7.15[5] 7.18 10.14 0.85 2.58 0.22 2004

for anionic pnictogens X3~ (X =N, P, As, Sb, Bi). Mochizuki et al. [170] report anionic
radii of 1.37 A, 1.90 A, and 2.21 A for N, As, and Sb, respectively. The calculated tolerance
factors (Table 3.4) lie in the range 0.85-0.94, indicating overall structural stability across the
series. For X3NSb (X = Mg, Ca, Sr), t values close to unity favor the formation of the ideal
cubic Pm3m phase, in agreement with experimental observations [2, 3, 4]. In contrast, the
reduced value of ¢ for BagNSb reflects increasing ionic size mismatch, leading to structural
distortions and stabilization of the hexagonal P63/mmc phase. A further decrease in ¢ for
CazNAs and SrsNAs promotes octahedral tilting, resulting in orthorhombic Pbnm structures.
The unit cells of the ground-state structures of all phases are shown in Fig. 3.3. In the ideal
cubic structure, (Fig. 3.3 (a)), the A-site anion (Sb3~) occupies the cuboctahedral center, while
B-site anions (N37) are located at the corners and are surrounded by six X-site cations, forming
NXg octahedra.

To further quantify these distortions, we evaluate average bond lengths, bond-angle variances,

and bond-length distortion indices (Table 3.4) using the following expressions [ 182, ]:
6 d
average bond length (dy) = ==L (3.2)
i21(6; — 90)?
bond angle variance (o) = = I ) (3.3)
1329 |d; —d
Distortion index (D) = GW (3.4)

where, d; is the individual N-X intraoctahedral bond length and 6; are the X-N-X intraoctahe-
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(a) Pm3m (b) P6y/mmc (c) Pbnm
Mg;NSb, Ca;NSb, Sr;NSb Ba;NSb Ca;NAs, Sr;NAs

XxNA ©@:x @©@:N O:a

Figure 3.3: Unit cells of the antiperovskites X3NA with space groups (a) Pm3m, (b) P63/mmc, and
(c) Pbnm. MgsNSb, CagNSb, and Sr3NSb crystallize in the cubic Pm3m phase in their ground state [2,
3, 4], whereas BagNSb adopts a hexagonal P6s/mmec structure [4]. CagNAs and SrsNAs crystallize in

the orthorhombic Pbnm phase [5].

dral bond angles. We observe a systematic increase in the average N—X bond length from Mg to
Ba, reflecting the increasing ionic radius of the X-site cation. This trend enhances cation—anion
repulsion, which destabilizes the ideal cubic framework and drives octahedral distortions, as
evident in BagNSb. In contrast, smaller A-site anions such as As promote cooperative tilt-
ing of the NXg octahedra, stabilizing lower-symmetry orthorhombic phases in CazgNAs and
Sr3NAs. The larger bond-angle variance and distortion index in Sr3sNAs compared to CagNAs

further highlight the role of cation size in amplifying structural distortions. To further confirm
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Figure 3.4: Phonon band structures obtained by DFPT using 2x2x2 supercells of the X3NA antiper-

ovskites.
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the dynamical stability, we compute phonon dispersion using DFPT (Fig. 3.4). The absence
of imaginary frequencies across the Brillouin zone, demonstrate the dynamical stability of all

investigated compounds.

3.3.2 Electronic structure

We begin by assessing the electronic structure using different levels of theory to establish a
reliable description of the band gaps. As expected, the semilocal PBE functional significantly
underestimates the band gaps (Table 3.5), a well-known limitation of this approach. In con-
trast, the hybrid HSEO6 functional yields band gaps in much closer agreement with available
experimental data, providing a more accurate starting point for subsequent many-body calcula-

tions. Electronic band structures obtained using HSEQ6 are shown in Fig. 3.5. All investigated

Table 3.5: Fundamental band gaps (in eV) for X3NA antiperovskites computed using different levels
of theory, including SOC effects. Values obtained using exciting are given in parentheses. With the

exception of Mg3NSb, all materials exhibit direct band gaps at the I" point.

Material PBE HSEO06 Gy Wy@PBE G, W,Q@HSEQ06 Exp.
MgsNSb  0.55(0.54) 1.23(1.18) 0.88 1.41 1.30, 1.10° [165]
CasNSb 0.41 1.02 1.09 1.33 -
SrsNSb  0.16 (0.19)  0.87 (0.87) 0.52 1.14 1.15 [4]
BazNSb 0.50 1.16 1.36 1.57 -
Ca3zNAs 0.82 1.63 1.64 1.91 -
Sr3NAs 0.71 1.56 1.14 1.52 -

compounds, except MgsNSb, exhibit direct band gaps at the I' point. However, in MgzNSb,
the conduction band minimum (CBM) is located at the M point, and the valence band maxi-
mum (VBM) lies at I', resulting in an indirect band gap. To incorporate many-body effects, we
perform Gy W,@QHSEOQ6 calculations, which yield substantial quasiparticle corrections to the
band gaps. The resulting values—1.41 eV (MgsNSb), 1.33 eV (CasNSb), 1.14 eV (Sr3NSb),
1.57 eV (BagNSb), 1.91 eV (CasNAs), and 1.52 eV (SrsNAs)—all lie below 2 eV, placing these
materials within the optimal range for photovoltaic absorption. Notably, the result for SrsNSb
is in excellent agreement with experiment [4], while a slight overestimation is observed for

MgsNSb [165]. Parabolic fitting of the band edges leads to estimation of effective electron and
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r XS YrZUR T
Figure 3.5: Electronic band structures of (a) MgsNSb, (b) CasNSb, (c) SrsNSb, (d) BazNSb, (e)
CasNAs, and (f) SrsNAs obtained by HSEO06.

hole masses (Table 3.5) which are smaller than the free-electron mass, indicating potentially
high charge-carrier mobilities. In SrsNSb, BagNSb, and CazNAs, the hole effective mass is
smaller than the electron effective mass, suggesting enhanced hole transport. The calculated

values are in good agreement with previous reports [ 170, 29].

Table 3.6: Effective electron mass (m}), hole mass (m}), and reduced mass (x), in units of the free

electron mass m, obtained from parabolic fitting of HSE06 band edges using the SUMO package [9].

MgsNSb  CasNSb  SrgNSb  BasNSb  CasNAs  SrsNAs

m; 0.18 0.21 0.23 0.76 0.37 0.14
my, 0.34 0.23 0.21 0.17 0.32 0.62
I 0.12 0.11 0.11 0.14 0.17 0.12

Figure 3.6 shows the atom- and symmetry-projected partial densities of states (PDOS) obtained
using the HSEO6 functional. In MgsNSb, the VBM is dominated by hybridized N-p and Sb-p
states, whereas the CBM primarily originates from Mg-s orbitals, enabling optically allowed
p—s transitions. In CagNSb, SrsNSb, BagNSb, CasNAs, and SrsNAs, the VBM mainly con-
sists of hybridized N-p and A-p states, while X-d orbitals dominate the CBM. Consequently,
dipole-allowed p—d transitions are expected. These findings reveal a striking distinction from
conventional halide perovskites: in the studied antiperovskites, the A-site anion actively con-

tributes to the band edges, thereby playing a pivotal role in shaping both the electronic structure
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Figure 3.6: Atom-projected partial density of states (PDOS) of (a) MgszNSb, (b) CasNSb, (c) SrsNSb,
(d) BagNSb, (e) CazNAs, and (f) Sr3NAs obtained by HSEQ6.

and the optical transitions.

3.3.3 Dielectric and excitonic properties

Although these materials exhibit favorable band gaps and low effective carrier masses, such
characteristics alone are insufficient to establish their suitability as photovoltaic absorbers. The
formation of bound electron—hole pairs (excitons) can impede charge separation and thus war-
rants careful evaluation. Accordingly, we examine their optical response and excitonic proper-
ties at the absorption onset. The exciton stability is quantified by the binding energy F, defined

as the difference between the fundamental (quasiparticle) gap and the optical absorption onset.

Given the small exciton binding energies and the associated Wannier-like character of exci-
tons in these systems, we employ the Wannier—Mott effective-mass model [46] to estimate F.

According to this model, F is expressed as

Ey= 4R, (3.5)
Ceff

where 1 is the reduced mass, R is the Rydberg constant, and €. is the effective dielectric
constant which lies between the high-frequency value €., and the long-wavelength limit «.
€ and €y are the zero frequency limits of the electronic (. = 1 + 4ma,) and total dielectric

constants (€;o1q; = 1 + 4m(ae + @ion)), respectively (Table 3.7), where a. and «;,, are the
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Figure 3.7: Real and imaginary part of the electronic dielectric function of the investigated antiper-

ovskites obtained by BSE /Gy Wj.

electronic and the ionic polarizability, respectively. Real and imaginary parts of €., determined
by the BSE on top of G, W, @HSEO06 are depicted in Fig. 3.7. DFPT calculations are per-
formed to compute the ionic contribution to the dielectric screening, €;,, = 1 + 47y, (see
Fig. 3.8). Hence, the total dielectric constant can be written as, €;tq; = € + €;on, — 1, With
its zero-frequency limit, ¢g = €., + ¢; — 1. To the best of our knowledge, no experimental
values for €. ¢y have been reported in the literature. In non-polar materials, typically ¢, does not
differ from e.,. In other words, contributions from the lattice screening can be ignored. This is,
however, not the case in polar materials like perovskites [184, , , ]. Depending on
to which extent, the lattice contributions are effective, one ends up with an upper and a lower

bound to the binding energy (Table 3.7).

In a recent study, Filip and colleagues [ 88] included the phonon screening into the expression
of Fj using four distinct materials parameters i.e., the reduced effective mass (u), static high
and low frequency dielectric constants, and the longitudinal optical (LO) phonon frequency
(wro)- The electronic and ionic contributions to the dielectric screening are illustrated in Fig.
3.7 and 3.8, respectively. For materials with multiple scattering channels due to different LO
phonon modes, Hellwarth et al. [159] suggested two approximations to compute the effective

LO phonon frequency w0 . r¢. Here, we use their athermal ‘B’ scheme [ 1] to estimate w0 cf¢
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Figure 3.8: Real and imaginary part of the ionic dielectric function of the investigated antiperovskites

obtained by DFPT.

using the following relations:
2 2
Wioers _ o~ Wio.

5 5 3.6)
WLoeff  i=1 WLO,i
WLQO,eff = Z Wfom (3.7)
i=1

where wro; is the frequency of the i*"-LO mode, Wi ; is the weight of the i*"-LO phonon
mode, and Wi .y 1s the effective weight from all the modes. Using these four parameters,
we estimate the phonon-screening correction to the exciton binding energy, assuming isotropic

and parabolic electronic band dispersion, which is given by the following expression:
61+ 52 +3
AE, = —2wio (1 — 60") Eb 5 (3.8)
(1 + /1 + wbﬁbo)

We find (Table 3.7) that the contribution of phonon screening to £, is significant in these

materials and hence, cannot be neglected. After incorporating the phonon-screening correction,
the values of £, are 6 meV, 11 meV, 18 meV, 29 meV, 108 meV, and 102 meV for MgsNSb,
CagNSb, SrsNSb, BagNSb, CagNAs, and SrsNAs, respectively. Notably, for MgsNSb, CasNSb
and Sr3NSb, Ej, is smaller than kT at room temperature, where kp is the Boltzmann constant,
while for BagNSb, it is slightly larger. This implies that excitons can easily dissociate into free
charge carriers in these materials. Moreover, these values are comparable with that of the well-

known photovoltaic compound MAPbI;. However, CasNAs and SrsNAs show higher exciton
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Table 3.7: Upper bound (E} nq.) and lower bound (Ej ;,5,) of exciton binding energies (in meV),
obtained by considering e, or €g, respectively, in the Wannier-Mott model; LO phonon frequency
(wro) at I'; correction to the exciton binding energy by phonon screening (A FEp) estimated using the
static electronic dielectric constant (in meV), and percentage contribution of this phonon correction

(522 % 100(%)).

Material €0 Eb,max €o Eb,min WLO AEb AT? <%)

MgsNSb  10.1 16 25.9 2 37  -10 41

CagNSb 8.0 23 24.7 2 34 -12 52

Sr3NSb 7.0 31 28.9 2 27 -13 39

BagNSb 6.6 44 294 2 27  -15 32

CazgNAs 4.2 134 25.6 4 36 -26 19
4

SrsNAs 3.6 123 199 30 -21 16

binding energies. This behavior is also reflected in the exciton temperature, i.e., the temperature
up to which an exciton is stable before dissociating into a free electron and a free hole. It can
be estimated as T.,. = E,/kp. The resulting values along with other excitonic properties are
summarized in Table 3.8.

We further determine the exciton radius using the expression:

Fere = = Per sy (3.9)
where ag = 0.529A is the Bohr radius. We find that in all investigated materials, the electron-
hole pairs are distributed over many lattice constants, justifying the use of the Wannier-Mott
model. For good photo-conversion efficiency of solar cells, the exciton lifetime 7.,. should be
high enough so that the photo-generated charge carriers can be extracted before recombina-
tion. 7., is proportional to the inverse probability of the electron-hole wavefunction at zero
separation, |, (0)|%, i.e., Teze < 1/]¢,(0)]? with |¢,(0)> = 1/7r3,.. We observe the follow-
ing trend: T.,.(CagNAs) < Tero(SrsNAS) < Tere(BagNSb) < 7,(SrsNSb) < 7.,.(CagNSb) <
Tezc(MgsNSb). In summary, the antimonide nitrides X3NSb (X = Mg, Ca, Sr, Ba) have lower
exciton binding energies, larger exciton radii, and longer exciton lifetimes than CasNAs and

Sr3NAs, owing to relatively larger dielectric screening of the Coulomb interaction between

electrons and holes, thus indicating better performance in photovoltaic applications.
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Table 3.8: Exciton parameters for the studied antiperovskites. The corresponding properties of MAPbI3

are listed for comparison [10].

Material Ej, (meV) Tepe (K)  Tege (nm) [0, (0)[2(10%4m3)

MgsNSb 6 110 5.8 1.6
CasNSb 11 127 5.6 1.8
SrsNSb 18 216 4.3 39
BasNSb 29 342 3.0 11.4
CasNAs 108 1269 1.4 108.5
SrsNAs 102 1198 1.8 58.9
MAPbI; 16% 187 4.7 5.7

4 The reported experimental values of E} lie within the range of 16-30 meV

at low temperatures [43, , 44, , , ].

3.3.4 Polaronic properties

Polar materials often exhibit polaron formation, which significantly influences charge-carrier
transport. The interaction between charge carriers and polar lattice vibrations is well described

by the Frohlich model [77]. Frohlich introduced a dimensionless coupling constant to quantify

1 Ro [m*
= — 3.10
T \ Awro | mp’ (3.10)

where, wy o is the LO phonon frequency, 7 is the Planck constant, R, is the Rydberg constant,

the strength of this interaction,

m™ 1s the effective charge-carrier mass in units of the free-electron mass mg, and ei =1 _1

o €0
is an effective screening parameter. The computed carrier-phonon coupling constants («), po-
laron masses (%), polaron radii (7¢), and carrier mobilities (u,) are summarized in Table 3.9.
For both electrons and holes, we find that o < 2, indicating weak coupling of the charge car-
riers with phonons. In this weak coupling regime, large polarons are formed. Their spatial
extent can be estimated using the Schultz polaron radius r; [158], confirming that in all cases

the polarons extend over multiple unit cells. Feynman extended the Frohlich’s polaron model

to give an expression for the effective polaron mass[!57],

a ol
=m"(14+ =+ —+ .. A1
m, =m < + 6+40+ > 3.1

Based on this relation, the effective electron and hole masses are enhanced by approximately

7% —43% upon polaron formation in the studied materials. We further estimate an upper bound
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Table 3.9: Polaron parameters corresponding to electrons (e) and holes (h) in the studied antiperovskites.

The corresponding properties of MAPbI; are listed for comparison [11].

Material Carrier o 22 r;(A) p, (cm?/Vs)

Mg3zNSb e 04 1.07 186 713
h 0.6 1.11 156 323
Ca3zNSb e 0.8 1.19 126 196
h 0.8 120 123 170
Sr3NSb e 0.8 1.15 102 363
h 1.2 124 86 127
BazNSb e 1.0 1.19 94 228
h 09 1.17 99 210
CasNAs e 1.6 1.33 90 98
h 14 128 98 64
SrsNAs e 1.7 136 77 135
h 20 143 70 21
MAPDI; e 24 137 29 136*
h 27 1.10 25 94

@ A value of 115 cm?/Vs has been achieved experimentally [45].

for the charge-carrier mobilities (1,) using Feynman’s variational solution of the Frohlich po-
laron Hamiltonian and the corresponding polaron response function [193, , , 1'1]. The

mobility is given by
(3y/me) sinhZw® 1

= — 3.12
Pomrawroerr B3 03 K(a,b)’ (3-12)
where, e is the elementary charge, 5 = % is the reduced thermodynamic temperature in
units of the phonon energy (Awro f¢), and 1" is the absolute temperature. The function
K(a,b) = / du[u® + a® — beos(vu)] > *cos(u) (3.13)
0
describes the polaron response to a change in the driving force, with
2 2 2 2
2 (8272 + =) g otn(Buy2), b= L) B 3.14
@ = (/2 + g Beoth(5uf2), b= TSI G4

Here, w and v are temperature-dependent variational parameters determined by minimizing

the polaron free energy. Our results indicate that MgsNSb, CasNSb, SrsNSb, and BazNSb
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exhibit substantially higher charge-carrier mobilities than the widely studied photovoltaic ma-
terial MAPbI3. It should be noted that the present approach neglects polaron-induced lattice
distortions and scattering from acoustic phonons [ 194]. Consequently, the experimentally mea-

sured mobilities may be lower than the values reported here.

3.4 Conclusion

In summary, we have conducted a detailed analysis of electronic, optical, excitonic, and po-
laronic properties in inorganic antiperovskite nitrides. Our electronic-structure calculations
reveal effective electron and hole masses smaller than the free electron mass, indicative of high
charge-carrier mobilities. We find that all considered materials have band gaps in the visible
range of the solar spectrum, making them suitable for photovoltaic applications. By employing
the Wannier-Mott model, we obtain low exciton binding energies (6-29 meV), specifically in
Mg3NSb, CagNSb, SrsNSb, and BagNSb. This indicates that free charge carriers are predom-
inantly generated upon light absorption. The computed Frohlich coupling constants indicate
weak electron-phonon coupling and thus formation of large polarons in all studied antiper-
ovskites. We find high charge-carrier mobilities in Sb-based antiperovskites, as estimated by
the Hellwarth polaron model. Moreover, despite exhibiting an indirect band gap, among the
studied antiperovskites, MgzNSb has the highest mobilities of 713 cm?/Vs and 323 ¢cm?/Vs
for electrons and holes, respectively. From all these results we suggest MgsNSb, SrsNSb,

CagNSb, and BagNSb to be favorable candidates for photovoltaic applications.



CHAPTER 4

Tuning Nonradiative Recombination via Cation

Substitution in Inorganic Antiperovskite Nitrides

4.1 Introduction

Antiperovskites, derived from an ionic inversion of the conventional perovskite lattice, have re-
cently attracted growing attention as promising candidates for photovoltaic and optoelectronic
applications [27, , , 2, , 4, 28,29, 62]. These compounds adopt the general formula
X3BA, where X is a cation and A and B are anions of different sizes. The inverted ionic config-
uration fundamentally modifies electronic structure and lattice dynamics relative to lead halide
perovskites (LHPs), while also substantially expanding the accessible compositional and struc-
tural space. However, antiperovskites remain comparatively underexplored, and to date only

Mg3NSb has been experimentally synthesized as a thin film [165].

In our previous work in chapter 3, we carried out a systematic first-principles investigation of
the electronic, optical, excitonic, and polaronic properties of inorganic antiperovskite nitrides
X3NA (X = Mg, Ca, Sr, Ba; A = As, Sb). Within this family, CagNSb, SrsNSb, and BasNSb
emerged as particularly promising direct-band-gap photovoltaic candidates, exhibiting optimal

*
me/h
Me

band gaps, low electron and hole effective masses ( < 1), small exciton binding energies
(< 30 meV), and high carrier mobilities exceeding those of the benchmark MAPbI; perovskite
[I1]. Despite these favorable properties, their nonradiative recombination dynamics have not

yet been explored.

Photovoltaic performance is critically limited by nonradiative recombination processes, which
dissipate photoexcited carrier energy as heat. In recent years, ab initio nonadiabatic molec-
ular dynamics (NAMD) simulations have substantially advanced the understanding of carrier

lifetimes in LHPs, demonstrating that nonradiative pathways can be strategically suppressed

88
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through strategies such as surface passivation, compositional engineering, and dimensionality
control [195, , 197]. Several of these computational predictions have also been corroborated
experimentally [198, , 54, 1.

In this work, we investigate the nonradiative recombination dynamics of X3NSb (X = Ca, Sr,
Ba) antiperovskites using real-time time-dependent density functional theory (TDDFT) [201]
combined with NAMD. These compounds span two distinct crystallographic motifs. CagNSb
and Sr3NSb crystallize in the high-symmetry cubic Pm3m phase, enabling a controlled as-
sessment of alkaline-earth cation size effects at fixed symmetry. In contrast, BagNSb stabilizes
in a lower-symmetry hexagonal P63/mmec structure. To disentangle symmetry-driven effects
from purely chemical ones, we additionally consider the hexagonal P63/mmc polymorph of
Sr3NSb, allowing a direct comparison between cubic and hexagonal phases at identical chem-
ical composition. Hexagonal phases are denoted by the subscript “hexa" (e.g., BagNSbyexa
and Sr3NSby,.,.), while compositions without subscripts refer exclusively to the cubic Pm3m
phase. Together, this four-model set constitutes a minimal yet physically well-justified frame-
work for elucidating how cation chemistry and crystal symmetry independently and cooper-
atively govern lattice fluctuations, electronic structure, nonadiabatic couplings, and nonradia-
tive recombination lifetimes in antiperovskite nitrides. Our results establish a clear structure-
property-dynamics relationship and provide fundamental design principles for engineering an-

tiperovskite materials with suppressed nonradiative losses.

4.2 Computational methodology

We perform ab initio NAMD simulations using the decoherence-induced surface hopping (DISH)
method [202, ], within the classical path approximation, as implemented in the PYX-
AID package [52, 53]. In this framework, the nuclear motion—associated with heavier and
slower atoms—is treated semiclassically, whereas the electronic degrees of freedom are de-
scribed quantum mechanically using TDDFT [201]. Decoherence, arising from elastic elec-
tron—phonon scattering that disrupts superpositions between electronic states, plays a criti-
cal role in regulating quantum transitions. Since decoherence typically occurs on timescales
shorter than those of interband transitions, its inclusion is essential for accurately capturing
nonradiative electron—hole recombination processes. In the DISH algorithm, quantum transi-

tions emerge as a consequence of decoherence, which provides the physical basis for surface
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hops. Decoherence time is estimated as the pure-dephasing time, evaluated via the second-
order cumulant approximation of optical response theory [203].

First-principles density functional theory (DFT) calculations [85, 86] are performed using the
Vienna Ab initio Simulation Package (VASP) [94, 93]. The projector augmented-wave (PAW)
method [111] is employed to accurately describe the interactions between valence electrons
and the ionic cores. Structural optimization is carried out using the generalized gradient ap-
proximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional
[88]. A I'-centered k-point mesh of 6 x6x6 and a plane-wave cutoff energy of 550 eV are used
to ensure convergence. The atomic positions are relaxed until the Hellmann—Feynman forces
on each atom are less than 1073 eV/A. The calculated lattice parameters are listed in Table
4.1 and they show good agreement with previously reported values [5, 4]. For electronic struc-
ture calculations, the hybrid Heyd—Scuseria—Ernzerhof (HSE06) functional [92] is employed,

including the spin—orbit coupling (SOC).

Table 4.1: Optimized lattice parameters of X3NSb (X = Ca, Sr, Ba) unit cells at 0 K.

X3NSb CagNSb  SrsNSb  SrsNSbpexa BasNSbyexa

Space group Pm3m  Pm3m  P6s/mmc  P6s/mmc

a="b(A) 4.87 5.25 7.28 7.66
¢ (A) 4.87 5.25 6.37 6.76
a =[5 90 90 90 90
v (%) 90 90 120 120

Ab initio molecular dynamics (AIMD) simulations are carried out using the Quantum Espresso
(QE) package [95]. Supercell of dimension 2x2x?2 are constructed for all studied antiper-
ovskites. Following geometry optimization, these supercells are heated to 300 K for a total
simulation time of 13 ps with a time step of 1 fs, employing the Verlet algorithm within the
canonical (NVT) ensemble. The initial 8 ps of each trajectory is considered for thermal equili-
bration, and the subsequent 5 ps is used for the generation of the nonadiabatic (NA) Hamilto-
nian. All NAMD simulations are performed at the I'-point using the PBE exchange-correlation
functional. The use of a single k-point is justified by the direct band gap nature of these antiper-
ovskite nitrides, with both the valence band maximum (VBM) and conduction band minimum
(CBM) located at the I'-point (see Fig. 4.2). To extend the observation window for recom-

bination dynamics, the NA Hamiltonian extracted from this 5 ps segment is iterated multiple
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times. The first 50 geometries are chosen as initial configurations, and for each geometry,
10,000 stochastic realizations are performed to ensure convergence. SOC effects are excluded
from the NAMD simulations, as they do not significantly alter the band gap magnitude (see

Table 4.2), while introducing a substantial increase in computational cost.

Scissor correction in band gap for NAMD simulations:

The GGA-PBE functional is known to underestimate band gaps. Our previous work in Chap-
ter 3 [62] demonstrates that, for Sr3NSb, the quasiparticle GV, approximation on top of
HSEO06+SOC yields band gaps in excellent agreement with experiment (see Table 4.2). How-
ever, using hybrid functionals or beyond in NAMD simulations is computationally prohibitive.
Therefore, for the present study, we employ the PBE functional, which offers a reasonable
balance between computational cost and accuracy, and is widely used for both inorganic and
organic perovskites [197, , ]. In order to correct for the band gap underestimation in
PBE-based NAMD simulations, a scissor operator is applied. The magnitude of this scis-
sor correction corresponds to the difference between GyWWy@HSE06+SOC and time averaged
PBE band gaps, thereby enabling a more realistic estimation of recombination lifetimes. It
is important to note that the objective here is to obtain a qualitative understanding of lifetime
trends rather than absolute quantitative accuracy. The time-averaged band gaps, obtained by
averaging the instantaneous band gaps over a 5 ps MD trajectory, along with the band gaps
computed using hybrid HSE06 functional, and the GoW,, approximation, are reported in Table
4.2.

Table 4.2: Canonically averaged PBE band gap ((PBE)), hybrid HSE06 band gaps without and with
SOC, GoWy@HSEQ6+SOC gaps, and experimental reported band gap values (in eV).

X3NSb (PBE) HSE06 HSE06+SOC G WW,@HSE06+SOC  Exp.

CasNSb 0.54 1.16 1.02 1.33 [62] -
SrsNSb 0.38 0.96 0.87 1.14 [62] 1.15 [4]
SrsNSbpexa  0.61 1.36 1.31 1.62 -

BasNSbpexa  0.59 1.29 1.16 1.57 [62] -
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4.3 Results and discussion

4.3.1 Geometric structure

(a) X;NSb (Pm3m)

(b)

(e)/ﬂ StNSb,.., | @
Ba;NSby... |G

Energy (eV)
Figure 4.1: Unit cells of (a) cubic (Pm3m) X3NSb and (b) hexagonal (P63/mmc) X3NSb. Panels

Density of states (arbitrary units)

(c—f) show the atom- and orbital-resolved density of states computed using the HSEO6 functional in-
cluding spin-orbit coupling (SOC). Panels (g—j) illustrate the corresponding spatial charge distributions
of the valence band maximum (VBM) and conduction band minimum (CBM) for CasNSb, SrgNSb,
Sr3NSbpexa, and BasNSbyey,, respectively. Grey, purple, and green spheres in (a, b) denote nitrogen,

X-site cations, and antimony atoms, respectively.

Fig. 4.1 (a) and (b) show the cubic (Pm3m) and hexagonal (P63 /mmc) unit cells of X3NSb
(X = Ca, Sr, and Ba) antiperovskite nitrides. CazgNSb and Sr3NSb crystallize in the cubic
Pm3m phase, whereas BazNSb adopts a distorted hexagonal P65 /mmc structure in its ground
state (hereafter denoted as BagNSby..,). In the ideal cubic structure (Fig.4.1 (a)), Sb atoms
occupy the cuboctahedral center, while N-centered NXg octahedra are arranged at the corners
of the unit cell.
Substituting Ca with Sr at the X-site leads to an increase in the X-N bond length from 2.437 A
to 2.598 A, accompanied by an expansion of the lattice parameters (Table 4.1). However, the
substantially larger ionic radius of Ba destabilizes the cubic framework through enhanced Ba-
N repulsion, favoring a symmetry-lowered hexagonal arrangement. Consequently, BagNSbyxa

exhibits a further increase in the average Ba—N bond length to 2.686 A.
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Although SrsNSb adopts the cubic structure in its ground state, we also consider its hexagonal
(P63 /mmc) polymorph to enable a direct assessment of symmetry effects at fixed chemical
composition. In SrsNSbyeya, the average Sr-N bond length slightly decreases to 2.525 A rela-
tive to the cubic phase, reflecting a modified local coordination environment induced by sym-
metry lowering. Within the hexagonal phases, X-N bond lengths increase systematically with

increasing X-site cation size.

4.3.2 Static electronic properties

Fig. 4.1 (c-j) depicts the atom- and orbital-resolved density of states (DOS) near the band
edges together with the real-space charge distributions associated with the VBM and CBM.
Across all X3NSb antiperovskites, the VBM is dominated by N and Sb p orbitals, while the
CBM primarily arises from the X-site d orbitals. In contrast to conventional LHPs, where A-
site cations make negligible contributions to the frontier electronic states, the A-site atoms in
X3NSb (A=Sb) contribute significantly to the band edges, highlighting the active role of all
atomic constituents in these antiperovskites.

Substituting Ca with Sr in the cubic phase reduces Sb 5p—N 2p hybridization (Fig. 4.1 (d)),
likely due to the increased Sb—N distances from 4.224 Ain CasNSb to 4.545 Ain SraNSb.
In Sr3NSbye.a, however, reduced symmetry, altered coordination, and slightly shorter Sb—N
distances (4.497 A) enhance Sb 5p—N 2p overlap relative to Sr3NSb. BazgNSby,.y, also exhibits
strong Sb 5p—N 2p mixing at the VBM. Remarkably, this enhanced hybridization persists
despite the monotonic increase in Sb—N distances from SrsNSby.., (4.497 A) to BasNSbpexa
(4.644 A). This indicates that the incorporation of Ba, accompanied by reduced symmetry and
local lattice distortions in the hexagonal phase, modifies the bonding environment in a way that
strengthens Sb—N hybridization even at longer Sb-N bond distances.

The electronic band structures calculated using the HSEO6 hybrid functional including SOC
are presented in Fig. 4.2. All compounds exhibit direct band gaps at the I' point, with values
of 1.02 eV, 0.87 eV, 1.31 eV and 1.18 eV for CazNSb, SrsNSb, SrsNSby,cxa, and BagNSbyexa,
respectively. Among the cubic phases, the band gap decreases from CasNSb to SrsNSb, consis-
tent with the findings of Mochizuki et al. [170], who reported a positive correlation between the
band gap and the inverse lattice constant in cubic inorganic antiperovskite nitrides. This trend
originates from the lowering of the X d orbital energies with increasing ionic radius, which

reduces the CBM energy and narrows the band gap [171]. In SrsNSby.x., the gap increases
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Figure 4.2: Electronic band structures of (a) CagNSb, (b) Sr3NSb, (¢) SrgNSbpexa, and (d) BazNSbypexa

computed using the HSEO6 functional with SOC. All compounds exhibit direct band gaps at the T’
point, with values of 1.02 eV, 0.87 eV, 1.31 eV, and 1.18 eV for CagNSb, Sr3NSb, SrsNSbyexa, and

BagNSbyexa, respectively.

substantially relative to its cubic counterpart, highlighting the gap-widening effect induced by
symmetry-lowering distortions. Similarly, moving from SrsNSb to BazNSby,,, results in an
increase in the band gap, in contrast to the decreasing trend from CasNSb to SrsNSb with an
increase in the X-site cation size. This reversal further highlights that crystal symmetry plays
a decisive role in determining the electronic gap. Such distortion-driven band gap widening
is well established in conventional perovskites [206, , ] and is clearly manifested in
X3NSb antiperovskites. However, within the hexagonal family, the band gap decreases with
increasing X-site cation size, from Sr3NSbyy, to BagNSby,c,, mirroring the trend observed in
the cubic phase. Thus, both the X-site cation size and the crystal’s structural symmetry play an

important role in tuning the electronic properties of X3NSb antiperovskites.

4.3.3 Dynamical structural and electronic properties

AIMD simulations provide valuable insights into the time-dependent structural behavior of
these compounds. Upon thermal excitation to 300 K, atomic fluctuations arise that influence
electron-phonon interactions. We begin by quantifying the atomic-level fluctuations using the

root mean square fluctuation (RMSF) of each species over a 5 ps trajectory (Table 5.4). Within



Chapter 4. Tuning Nonradiative Recombination via Cation Substitution in Inorganic
Antiperovskite Nitrides 95

Table 4.3: Root mean square fluctuation (RMSF) of the atomic positions for the X-site ion, N, and Sb
atoms in A for Ca3NSb, Sr3NSb, Sr3NSbyexa, and BagNSbyexa.

X3NSb X N Sb

CasNSb 0.085 0.087 0.065
SrsNSb 0.068 0.097 0.067
SrsNSbpexa  0.068  0.098 0.062
BasNSbpexa 0.057 0.099 0.062

the cubic phases (CagNSb and SrsNSb), the RMSF of the X-site cations decreases systemati-
cally from Ca to Sr, reflecting the suppression of thermal motion with increasing cation mass.
In contrast, nitrogen exhibits a monotonic increase in RMSF with increasing X-site ionic radius.
This trend is consistent with the progressive elongation of X—N bonds and the accompanying
increase in lattice free volume, which permits larger vibrational amplitudes of the lighter N
atoms despite the heavier surrounding cations. A comparison between SrsNSb and its hexago-
nal polymorph Sr3NSby,, isolates the role of symmetry on atomic dynamics. While the RMSF
of the Sr cations remains essentially unchanged across the two phases, the fluctuation of N is
slightly increased, whereas that of Sb is reduced in the hexagonal structure. The reduced Sb
RMSF indicates that the anisotropic coordination environment in the hexagonal phase imposes
additional geometric constraints on the Sb-centered bonding network, thereby limiting its ther-
mal displacement relative to the cubic phase. Notably, the shorter average X-N bond length in
Sr3NSbyexa does not lead to reduced N fluctuations, indicating that local symmetry breaking,
rather than bond length alone, control N dynamics in the hexagonal phase. The same behavior
persists in BagNSbyex,, Where the heavy Ba cations exhibit the smallest RMSF among all X-
site cations, while Sb fluctuations remain comparable to those in Sr3NSby,.., and the N RMSF
is slightly larger. Overall, these results demonstrate that atomic fluctuations in X3NSb antiper-

ovskites arise from an interplay between cation mass, bond geometry, and crystal symmetry.

Thermal excitation induces a noticeable expansion in the intra-octahedral X-N bond lengths,
with time-averaged values of 2.449 A, 2.626 A, 2.532 A, and 2.688 A for CasNSb, SrsNSb,
Sr3NSbpexa, and BagNSby,..,, respectively. These values are obtained by averaging all intra-
octahedral X-N bond lengths over the entire 5 ps AIMD trajectory. To quantify the variability of
these bond lengths, we construct histograms for the X-N distributions, shown in Fig. 4.3 (a-d).

The corresponding standard deviations (o) reveal a systematic reduction in bond-length fluctu-
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Figure 4.3: Statistical distribution of (a-d) intra-octahedral X-N bond lengths and (e-h) intra-octahedral
X-N-X bond angles, computed using AIMD simulations, for CagNSb (a, e), SrsNSb (b, f), Sr3sNSbyexa
(c, g) and BagNSbyex, (d, h). Standard deviations (o) of the bond length and bond angle fluctuations are

listed.

ations with increasing X-site cation size within a given symmetry: o decreases from CasNSb
(0.063 A) to SrsNSb (0.057 A), and from SrzNSbpey, (0.074 A) to BazNSbyey, (0.071 A). At
fixed chemical composition, a clear symmetry effect is observed—Sr3NSb exhibits substan-
tially narrower bond-length distributions than its hexagonal polymorph—indicating enhanced
structural flexibility upon symmetry lowering. A similar behavior is observed for the intra-
octahedral X—N-X bond angle distributions (Fig. 4.3(e-h)). Sr3sNSb shows the smallest angular
fluctuations (o = 1.811°), reflecting the rigidity of its NX4 octahedra. While CazNSb exhibits
larger angular variability (o = 2.062°), consistent with the lighter Ca?* cation. The hexagonal
phases display enhanced angular fluctuations relative to cubic structures, with o = 2.253° for

SraNSbyey, and 2.103° for BagNSbyexa.

These thermally driven structural fluctuations directly influence the electronic structure through

electron—phonon interactions. To quantify this effect, we analyze the instantaneous energies
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of the VBM and CBM along the AIMD trajectory, with statistical distributions shown in
Fig. 4.4(a—d), together with the corresponding band gap histograms (Fig. 4.4(e-h)). The data
reveal a clear correlation between lattice dynamics and temporal fluctuations of the band-edge
eigenvalues. Across all four compositions, the VBM exhibits larger energy fluctuations than
the CBM. The standard deviation of the VBM energy follows the trend: BagNSbyey, (0.0373)
> Sr3NSbpexa (0.0341) > CasNSb (0.0259) > SrsNSb (0.0102), which mirrors the hierarchy
of octahedral flexibility identified earlier. In contrast, the CBM fluctuations follow a distinct
order: CagNSb (0.0141) > BagNSbyex, (0.0090) > SrsNSbpexa (0.0085) > SrsNSb (0.0064),
indicating a weaker and qualitatively different sensitivity of the conduction band edge to local

structural distortions.
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gap distributions, computed using AIMD simulations, for CagNSb (a, e), Sr3NSb (b, ), Sr3NSbyexa (c,

g), and BagNSbyex, (d, h), respectively. Standard deviations (o) of the energy fluctuations are listed.

Among studied antiperovskites, SrsNSb exhibits the narrowest energy distributions for both
VBM and CBM, resulting in the smallest variation of the instantaneous band gap with a
standard deviation of ¢ = 0.0135 eV (Fig. 4.4(e)). In comparison, CagNSb, SrsNSby., and
BagNSby,e., display significantly larger band gap fluctuations, with standard deviations of ap-
proximately 0.0353 eV, 0.0382 eV and 0.0385 eV, respectively. The suppressed band-edge
fluctuations in Sr3NSb point to comparatively weaker electron—phonon coupling and reduced

nonradiative recombination losses at finite temperature.
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4.3.4 Electron-vibrational interactions

The extent of thermal fluctuations in Kohn—Sham orbital energies indicates the strength of elec-
tron—vibration interactions. Inelastic electron—phonon scattering, captured by NA coupling, fa-
cilitates energy exchange between electrons and vibrations, enabling nonradiative transitions
between electronic states. In contrast, elastic scattering disrupts coherence between the initial
and final states during an electronic transition. Although it does not involve direct energy ex-
change, it significantly influences nonradiative recombination, as transitions can only proceed
once quantum coherence between the initial and final states is established. The loss of coher-
ence typically acts to suppress or slow down these transitions, as exemplified by the quantum
Zeno effect [148, ]. Thus, both elastic and inelastic processes play an important role in
governing the nonradiative recombination dynamics.

NA coupling, characterizing inelastic electron-vibration scattering, is calculated as:
. : , 0
dij = —ih{pi|VR|p;) - R = —Zh<%|§|%‘> (4.1)

where, d;; is the NA coupling between the states 7 and j. ; and ¢, are their correspond-
ing wavefunctions, and R denotes the instantaneous nuclear velocity, determined by the ki-
netic energy, which is proportional to temperature. (¢;|V g|g;) represents the matrix element
which quantifies how electronic wavefunctions depend on atomic displacements and requires
the wavefunction of VBM and CBM to be confined within the same spatial area. As shown in
Fig. 4.1 (g-j), the VBM and CBM states reside primarily on different atomic species, leading
to a reduced spatial overlap between electron and hole wavefunctions and, consequently, a sup-
pression of the NA coupling. Nevertheless, the magnitude of NA coupling remains finite due to
minor contributions from secondary atomic orbitals. Table 5.6 summarizes the averaged and
root mean squared NA couplings for all compounds. Among them, SrsINSb exhibits the weakest
NA coupling, consistent with its rigid octahedral framework, narrow band-edge distributions,
and relatively localized VBM, which altogether the sensitivity of the electronic states to lattice
vibrations. Upon transitioning to the hexagonal phase, Sr3sNSby,.., displays an enhanced NA
coupling compared to its cubic counterpart, reflecting the increased structural distortions in
the symmetry-lowered bonding environment. However, the coupling remains smaller than in
CagNSb and BagNSby,..., which may be attributed to the larger orbital overlap in these struc-
tures. Overall, larger NA coupling values signify stronger electron—lattice interactions, which

facilitate faster nonradiative recombination processes.
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Table 4.4: Canonically averaged scaled band gaps (in eV), with original band gaps included in parenthe-
sis, along with the averaged absolute nonadiabatic (NA) coupling, root mean square (RMS) value of NA
coupling, pure-dephasing time (74epp), and nonradiative electron-hole recombination lifetime (TygrR)

for the VBM-CBM transition in CagNSb, SrgNSb, Sr3NSbyexa, and BagNSbyexa .

X3NSb Gap NA coupling RMS NA Tdeph TNRR

eV) (meV) coupling (meV) (fs) (ns)
Ca3sNSb 1.33 (0.54) 0.57 1.02 20.3 1.36
Sr3NSb 1.14 (0.38) 0.26 0.50 52.8 3.48
Sr3NSbypexa 1.62 (0.61) 0.33 0.57 17.6 4.90
BasNSbyexa 1.57 (0.59) 0.65 1.17 17.5 2.23

To characterize elastic electron—phonon interactions, we compute the decoherence times, esti-
mated as pure-dephasing time of the optical response theory. Under the second-order cumulant

approximation, the pure-dephasing function is expressed as:
-1/t / v " "
Dyj(t) = eap | = /0 dt /O dt"Cy (") 4.2)

where C;;(t) =< dE;;(t)6E;;(0) > is the unnormalized autocorrelation function (un-ACF) of
the phonon-induced band gap fluctuation. E;;(t) = E;;(t)— < E;; > represents the fluctuation
of the energy gap between states 7 and j, and < FE;; > denotes the ensemble-averaged band
gap. The pure-dephasing (or decoherence) time is extracted by fitting D;;(¢) (Fig. 4.5) to a
Gaussian decay function of the form: f(t) = exp(—0.5(%)?), with the corresponding values
summarized in Table 5.6. The initial value of the un-ACF, C;;(0), represents the square of band
gap fluctuation. The calculated band gap variances (in Fig. 4.4 (e-h)) corroborate the initial val-
ues of the un-ACF (upper inset of Fig. 4.5), which decrease in the sequence: SrsNSb < CazNSb
< Sr3NSbyeya < BagNSbyey,. Greater initial value of un-ACF and more asymmetric ACF fa-
vor faster dephasing. The pure dephasing times decrease in the opposite order: BazgNSbyeyxa
< Sr3NSbpexa < CagNSb < SrsNSb, as expected. The suppression of decoherence/pure de-
phasing in the CagNSb and hexagonal systems (Sr3NSbycy, and BagNSbyy,) is attributed to
enhanced electronic energy level fluctuations in comparison to SrsNSb. The pure-dephasing
times of X3NSb compounds (17-53 fs) are much shorter than the electron-hole recombination

lifetimes, underscoring the importance of including decoherence into the NAMD simulations.
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Figure 4.5: Pure dephasing functions corresponding to the VBM—CBM transition in CagNSb (black),

Sr3NSb (magenta), Sr3NSbpexa (blue), and BagNSbyexa (green). The upper inset displays the unnor-
malized autocorrelation function (un-ACF), whose initial value (indicated by solid circles) represents
the square of the band gap fluctuations. A higher initial un-ACF value typically corresponds to a shorter
pure dephasing time. The lower inset is the zoomed view of the dephasing function showing almost

overlapping curves for Sr3NSbyey, (blue), and BagNSbyey, (green).

4.3.5 Nonradiative electron-hole recombination

Fig. 4.6 depicts the time evolution of first-excited state populations during nonradiative electron-
hole recombination in X3NSb antiperovskites. Given that intraband relaxation in semiconduc-
tors typically occurs on sub-picoseconds timescales, we assume that the electron and hole have
already relaxed to the CBM and VBM, respectively. Recombination time constants are ex-
tracted by fitting the population decay to an exponential function, P(t) = exp (—t/7), and the

resulting lifetimes are also summarized in Table 5.6.
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Figure 4.6: Nonradiative electron—hole recombination dynamics associated with the VBM—CBM tran-

sition in CagNSb (black), Sr3NSb (magenta), Sr3NSbyey, (blue), and BazNSbyey, (green).
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NAMD simulations reveal the following trend in recombination lifetimes: SrsNSbyex, (4.90
ns) > SrsNSb (3.48 ns) > BasNSby, (2.23 ns) > CazNSb (1.36 ns). These lifetimes are
mainly governed by the combined influence of the band gap, the strength of NA coupling, and
the pure-dephasing time. Larger band gaps and weaker NA coupling, and quick dephasing
suppress electronic transitions, thereby reducing nonradiative recombination rates.

CagNSb exhibits the shortest nonradiative recombination lifetime, reflecting the combined ef-
fect of its small band gap and strong NA coupling. Although BagNSby,,, shows even stronger
NA coupling, its larger band gap and faster electronic dephasing suppress recombination rel-
ative to CagNSb. Within the cubic phase, substitution of Ca by Sr localizes the VBM and re-
duces structural and electronic fluctuations, leading to weaker NA coupling. However, SrsNSb
still exhibits a shorter lifetime than its hexagonal polymorph because its lattice rigidity limit
band-gap fluctuations and prolong electronic coherence. Sr3NSby.,, displays the longest re-
combination lifetime, driven by the synergistic combination of a larger band gap, reduced NA
coupling, and rapid dephasing. Among the two hexagonal systems, the comparatively stronger
NA coupling and smaller band gap of BagNSby,,, lead to faster nonradiative recombination
than in Sr3NSbycxa.

Overall, these results demonstrate that nonradiative carrier lifetimes in X3NSb antiperovskites
are governed by a delicate balance between band gap, lattice-driven NA coupling, and de-
phasing times. Crucially, symmetry lowering within a fixed chemical composition (Sr3NSb)
emerges as an effective strategy for suppressing nonradiative losses, underscoring the impor-

tance of structural motifs—beyond chemistry alone—in designing photovoltaic materials.

4.4 Conclusion

Using a combination of NAMD and TDDFT, we investigated the influence of X-site cation
substitution and structural symmetry on nonradiative electron-hole recombination dynamics
in CazNSb, SrsNSb, SrsNSbycx., and BasNSby..,. Band structure calculations reveal that all
compounds are direct band gap semiconductors with both the VBM and CBM located at the I'
point. In the cubic phase (CagNSb and SrsNSb), increasing X-site cation size narrows the band
gap through a downward shift of the X d orbitals that primarily govern the CBM. A similar
cation-size dependence of the band gap is observed in the hexagonal phase. However, relative

to the cubic structures, lattice distortions in SrgNSby., and BagNSby,., result in wider band
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gaps, consistent with trends reported for symmetry-lowered halide perovskites.

AIMD simulations show that Sr3NSb exhibits the narrowest X-N bond length and X-N-X bond
angle distributions, reflecting the rigidity of its NXg octahedral framework, while CasNSb dis-
plays moderately enhanced flexibility. The hexagonal phases, SrsNSbyey, and BagNSbyexa,
exhibit the largest structural fluctuations due to reduced symmetry. These structural trends are
directly reflected in the band gap distribution. The combination of rigid octahedra, narrow
band-edge fluctuations, and a relatively localized VBM results in the weakest NA coupling in
SrsNSb. Although NA coupling increases in its hexagonal polymorph, it remains weaker than
in CagNSb and BagNSby..., consistent with its larger band gap and reduced orbital overlap
between the VBM and CBM.

Pure-dephasing times, governed by band gap fluctuations, follow the trend SrsNSb (52.8 fs) >
CagNSb (20.3 fs) > SrgNSbyexa (17.6 fs) > BagNSbyexa (17.5 fs), exhibiting an opposite trend
to the magnitude of band gap fluctuations. Larger band gap variability accelerates dephasing,
as observed in the hexagonal phases relative to the cubic structures. The two hexagonal sys-
tems exhibit comparable dephasing times due to similar band-edge fluctuations, while SrsNSb
displays the slowest dephasing overall.

Ultimately, nonradiative recombination lifetimes are governed by the interplay between band
gap magnitude, NA coupling strength, and pure-dephasing time. SrsNSby., exhibits the
longest lifetime due to its wide band gap, weak NA coupling, and rapid dephasing. Its cu-
bic counterpart undergoes faster recombination as a result of its smaller band gap and longer
dephasing time. Although BagNSby,,, and CazgNSb exhibit comparable NA coupling strengths,
the larger band gap and faster dephasing in BagNSby,.., lead to slower recombination relative to
CasNSb. Overall, both X-site cation chemistry and structural symmetry play decisive roles in
shaping structural dynamics, electronic fluctuations, and nonradiative recombination in X3NSb
antiperovskites. These findings establish clear design principles for achieving long-lived ex-

cited states through symmetry and lattice engineering.



CHAPTER 5

Tunable Carrier Dynamics in Carbide Antiperovskites

via A-Site Cation Substitution

5.1 Introduction

The search for materials with tunable electronic structure and strong light-matter interactions
has revitalized interest in antiperovskites—electronically inverted perovskites with the gen-
eral formula X3BA (X = cation; A, B = anions of different sizes). Their structural flexibil-
ity and rich chemical tunability give rise to diverse emergent properties, positioning them as
promising candidates for photovoltaics [210, 25], thermoelectrics [21 1, ], superconductiv-
ity [213, ], solid electrolytes [215, , ], superionic conductors [2 18], and topological
insulators [219].

Among these, inorganic nitride antiperovskites (X3NA; X = Mg, Ca, Sr, Ba; A =P, As, Sb,
Bi) have been widely explored for optoelectronic applications owing to their favorable band
gaps, dispersive band edges, high carrier mobilities, and strong near-edge optical absorption
[62, 28, 29, 30, , , , 64]. Expanding the chemical space, Hahn and coworkers [221]
proposed quaternary antiperovskites of the form XgByAA’ and X¢BB' A, identifying sev-
eral thermodynamically stable compounds as potential photovoltaic absorbers. More recently,
imide-based defect antiperovskites AF5AsPn(NH), (AE = Ca, Sr; Pn = Sb, Bi) have further

broadened the accessible bonding motifs and electronic landscapes in this family [222].

In contrast, carbide-based antiperovskites remain relatively underexplored, particularly with
regard to their excited-state and dynamical properties [223, , , ]. A notable ad-
vance by Guo et al. [31] predicted a family of carbide antiperovskites MgCChy (M = Ca, Sr,
Ba; C'h =S, Se, Te) through ion inversion from the Cs,Pb.X¢—type structure. Among these,

CagCSe, and SrgCSe, stand out with suitable band gaps, high carrier mobilities, and strong
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visible-light absorption—comparable to the benchmark halide perovskite MAPbl;. Their dis-
tinct bonding and lattice flexibility are expected to profoundly influence electron-phonon inter-
actions and nonadiabatic dynamics, making them an ideal platform for studying carrier relax-
ation. Nevertheless, while their ground-state electronic structure has been characterized, key
aspects—including quasiparticle corrections, optical response, and especially carrier relaxation

dynamics—remain largely unexplored.

Excited-state processes are central to the performance of optoelectronic devices. Upon above-
gap photoexcitation, hot electrons and holes are generated. These carriers rapidly dissipate
excess energy via electron—phonon scattering as they relax toward the band edges, often pre-
ceding efficient charge extraction. Concurrently, nonradiative recombination provides an ad-
ditional decay channel that depletes carrier populations. Understanding and controlling these
competing processes is therefore essential for optimizing carrier lifetimes and charge transport.
At the microscopic level, these phenomena arise from the strong coupling between structural
and electronic dynamics, driven by electron-phonon interactions and nonadiabatic (NA) tran-
sitions. Accurately describing the coupled electron—nuclear dynamics rqeuires methods that
go beyond static electronic-structure calculations. Ab initio nonadiabatic molecular dynam-
ics (NAMD) combined with time-dependent density functional theory (TDDFT) [201], has
emerged as a powerful framework for this purpose. These simulations have provided valuable
insights into carrier relaxation in conventional perovskites [227, ], demonstrating excellent

agreement with ultrafast spectroscopic experiments [ 198, , 34, ].

In the present study, we address this gap through a comprehensive investigation of the electronic
structure and carrier dynamics in the carbide antiperovskites CagCSe, and SrsCSey. Using
many-body perturbation theory (MBPT) [229, ], we first obtain an accurate quasiparticle
description of the band structure and evaluate excitonic effects. Subsequently, TDDFT com-
bined with NAMD is employed to examine hot-carrier cooling and nonradiative recombination.
Our results reveal that A-site cation substitution plays a decisive role in modulating lattice fluc-
tuations, NA couplings, and electronic decoherence times, leading to pronounced differences
in carrier lifetimes. In particular, CagCSe, exhibits enhanced decoherence and weaker NA cou-
plings, which together result in significantly prolonged recombination times. Furthermore, both
materials display a distinct hot-carrier cooling bottleneck near the band edges, with relatively
faster cooling in CagCSe, driven by stronger intraband NA interactions. Overall, these findings

provide microscopic insight into carrier relaxation pathways in antiperovskites and underscore
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the critical role of lattice-mediated dynamics in shaping their excited-state behavior.

5.2 Computational methodology

NAMD simulations are performed in conjunction with TDDFT using the decoherence-induced
surface hopping (DISH) approach [202, 146], as implemented in the PYXAID package [52, 53].
Within this framework, nuclear motion is treated semi-classically, while the electronic degrees
of freedom are described quantum mechanically. The DISH formalism explicitly incorporates
decoherence effects, which govern the probabilities of NA transitions (hops) between adiabatic
potential energy surfaces. This approach has been successfully applied to a wide range of
systems, including bulk [230, , ] and two-dimensional halide perovskites [232, ,
], transition metal dichalcogenides [235, ], and semiconducting quantum dots [237],
yielding results in good agreement with experiments.
First-principles calculations are performed using the Quantum ESPRESSO (QE) suite [95,
], employing norm-conserving Troullier—Martins pseudopotentials from the PseudoDojo
library [239]. Structural optimization is carried out within the generalized gradient approxi-
mation using the PBE functional [88], until the Hellmann—Feynman forces on each atom are
less than 10~* eV/A. A plane-wave kinetic-energy cutoff of 80 Ry and a charge-density cutoff
of 320 Ry are used, along with a I'-centered 11 x 11 x 11 k-point mesh. Hybrid functional
calculations are performed using the HSE06 functional [92]. Phonon dispersions are computed
using the Phonopy package [175, ], employing a 2 x 2 x 2 supercell to assess the dynamical
stability of the studied materials.
Quasiparticle corrections are obtained using the single-shot GW (GoW)) calculations within
the MBPT framework as implemented in YAMBO [102, , ]. QE is used to generate
the self-consistent and non-self-consistent PBE wavefunctions with a plane-wave cutoff of 80
Ry, which serve as the starting point for all Gy, and Bethe—Salpeter equation (BSE) calcu-
lations. The resulting calculations provide both the underlying PBE band structures and the
quasiparticle-corrected GoWj band structures used in the analysis. The frequency dependence
of the dielectric function is treated using the plasmon-pole approximation [24 1]. Electron—hole
interactions are included by solving the BSE within the Tamm-Dancoff approximation [119].
Key computational parameters used in the DFT and MBPT calculations within YAMBO are
provided in Table 5.1.
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Table 5.1: Summary of computational parameters employed in the YAMBO package for DFT (PBE),
Gy Wy @PBE, and BSE@ G, W, @PBE calculations for CagCSe4 and SrgCSey.

Method Parameter CagCSey SrgCSey
Plane wave cutoff 80 Ry 80 Ry
DFT (PBE) Number of bands 800 800
k-grid 6x6x6 6x6x6
Exchange cutoff 50 Ry 50 Ry
XC potential cutoff 50 Ry 50 Ry
Gy Wy GW bands 600 600
Dielectric cutoff 10 Ry 10 Ry
k-grid 6xX6x6 6x6x6
Static screening bands 600 600
Valence/conduction bands 8 8
BSE
k-grid 6x6x6 6x6x6

Ab initio molecular dynamics (AIMD) simulations are performed using QE on the 2 x 2 x 2
supercell of both compounds. The systems are equilibrated at 300 K in the canonical (NVT)
ensemble for 8 ps using a time step of 1 fs. The first 3 ps are discarded for equilibration, while
the subsequent 5 ps are used for production runs. Thermal stability is evaluated by monitoring
the total energy, and verifying the structural integrity throughout the equilibrated trajectory. All
AIMD and NAMD calculations are conducted at the I' point, as both materials exhibit direct
band gaps at I'. To ensure statistical convergence, the NAMD simulations are repeated over 50
randomly selected initial configurations and 10,000 stochastic realizations. Spin—orbit coupling
(SOC) effects are not included in the DFT, MBPT, or NAMD calculations, as their contribution

to the band gap and overall band dispersion is negligible, consistent with previous reports [31].

5.3 Results and discussion

5.3.1 Crystal structure and stability

The crystal structures of the carbide antiperovskites MCSe, (M = Ca, Sr) are derived from

zero-dimensional (OD) perovskite Cs;PbXg, which adopts the R3¢ space group [31, ]. In
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Cs4PbXg, 1solated Pb.X¢ octahedra are separated by Cs cations. Through ion inversion, this
structure is transformed into the antiperovskite MCSe,, resulting in a significantly enhanced
structural connectivity. The atomic arrangement of M ¢CSe, is illustrated in Fig. 5.1 (a), which

shows the primitive unit cell. In contrast to the parent OD structure, the M C octahedra in
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Figure 5.1: Structural and stability analysis of MgCSeq (M = Ca, Sr): (a) primitive unit cell; phonon
dispersion for (b) CagCSey and (c) SrgCSey; total energy as a function of simulation time from ab initio
molecular dynamics simulations in the canonical (NVT) ensemble at 300 K for (d) CagCSeq and (e)

SrgCSey; and (f) calculated elastic constants C'4j (in GPa), confirming mechanical stability.

M¢CSe, are no longer isolated. The central C atoms form bonds with both the surrounding
M -site cations (Ca or Sr) and interstitial Se atoms, as revealed by the electron localization
function in Fig. 5.2. This enhanced connectivity increases the electronic dimensionality of
the lattice, which is favorable for photoinduced charge transport. Substituting Ca with Sr at
the M site increases the intra-octahedral A/—C bond length from 2.427 A 10 2.603 A, and the
inter-octahedral C—C distance from 7.151 A to 7.579 A. Consequently, the lattice constant of
the primitive unit cell expands from 8.23 A in CagCSe, to 8.71 A in Sr¢CSe,, consistent with
previous reports [31].

To assess dynamical stability, we calculate the phonon dispersion plots, shown in Fig. 5.1 (b)
and (c). The absence of imaginary frequencies throughout the Brillouin zone confirms that

both CagCSe, and SrgCSe, are dynamically stable. Thermal stability at room temperature is
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Figure 5.2: Electron localization function (ELF) of MgCSe,4 (M = Ca, Sr) showing the bonding interac-
tion between C and Se atoms, where Se atom links two adjacent octahedra. Consequently, the octahedra

in MgCSe, are not isolated, unlike in its parent-structure Cs4PbXg.

verified using AIMD simulations in the canonical (NVT) ensemble at 300 K (Fig. 5.1 (d) and
(e)). The total energy remains nearly constant, with no bond breaking observed, indicating
robust thermal stability. Mechanical stability is evaluated by calculating the elastic constants.
For Trigonal(I) systems, there are six independent elastic constants: C11, Cha, Ci3, Chy, Css,

and C)y,. These satisfy the Born stability criteria [243]:
Cip —[Cre| >0

(011 + 012)033 > 20123
044 >0
(CH — 012)044 > 20124

The calculated elastic constants (Fig. 5.1 (f)) satisfy all four conditions for both compounds,

thereby confirming their mechanical stability.

5.3.2 Electronic properties

We investigate the electronic structure of CagCSe, and SrgCSe, using density functional theory
(DFT) and many-body perturbation theory (GW). Figure 5.3 (a, d) shows the electronic band
structures computed using the PBE (orange dashed lines) and single-shot GW (G, W, @PBE)
(blue solid lines) approaches for both compounds. At the PBE level, both materials exhibit
direct band gaps at the I' point. Substituting Ca with Sr at the M site substantially reduces
the band gap, demonstrating that varying A-site cation provides an effective route for band-gap
engineering in this family of antiperovskites. While the PBE functional captures the qualitative

band dispersion, it is well known to underestimate band gaps. Calculations using the hybrid
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Figure 5.3: Electronic band structures of CagCSey4 (a) and SrgCSey (b), calculated using PBE (orange

dashed lines) and Gy Wy @PBE (blue solid lines), with corresponding atom- and orbital-resolved density

of states (DOS) shown in (c) and (d), respectively.

HSEO06 functional give values of 1.39 eV for CagCSe, and 1.03 eV for SrsCSey. A more
accurate quasiparticle description is obtained within the G, W, approximation, which opens
the fundamental gaps to 1.66 eV and 1.22 eV, respectively (Table 5.2). The systematic increase
in band gap from PBE to HSE06 to GGy W), highlights the importance of many-body corrections
in these compounds. Notably, the Gy W, correction shifts the band edges while preserving

their dispersion and nature of the band gap.

Table 5.2: Band gaps (in eV) of MgCSey (M = Ca, Sr) calculated using different levels of theory. The
exciton binding energy Ej (eV) is estimated as the difference between the Gy Wy @PBE gap and the
lowest bright excitation from the BSE.

MgCSe, PBE HSE06 G,W,@PBE BSE FE,

CagCSeys 0.79 1.39 1.66 1.54 0.12

SrsCSey 0.40 1.03 1.22 1.02 0.20

Further insights into carrier transport is provided by the effective masses extracted from parabolic
fitting near the band edges (Table 5.3). The electron effective masses are smaller than the free-
electron mass (m}/my < 1) and lower than the corresponding hole masses, suggesting high
electron mobilities.

The orbital character of the band edges is revealed by the atom- and orbital-projected density
of states (PDOS) shown in Fig. 5.3 (b, e). The valence band maximum (VBM) is dominated

by hybridized C-p and Se-p states with a noticeable contribution from M -d orbitals, consistent
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Table 5.3: Effective masses of electrons and holes at the band edges, in units of the rest mass of electron
(mp), obtained from parabolic fitting of the band edges and computed using the PBE functional. The
coordinates of the high-symmetry points are: I" (0,0,0), T (0.5,0.5,0.5), L (0.5, 0, 0), Sp (0.5,-0.5,0), and
F (0.5,0,0.5).

Path CagCSey SrgCSey

me | my | ome | my,
I —T |025]024 021|022
I —L |021]048|0.17 | 0.44
I'— Sy |0.22]1.60]0.18 | 1.52

I'-F | 023]031]0.19 | 030

with the corresponding charge density distributions presented in Fig. 5.3 (c, f). In contrast, the
conduction band minimum (CBM) exhibits predominant s-character from the M and Se atoms.
The participation of formally empty M -d states near the VBM arises from the small energy sep-
aration between the ns and (n— 1)d levels in Ca and Sr, which enables partial d-occupation and
facilitates M/ —C bonding [31]. This orbital mixing is consistent with observations in other an-
tiperovskite systems [ 170, , 221] and plays an important role in shaping the band dispersion

and optical transitions.

While quasiparticle calculations within the Gy W, approximation provide an accurate descrip-
tion of the fundamental (quasiparticle) band gap, they do not incorporate the electron—hole
interactions that govern optical excitations. To account for excitonic effects, we solve the BSE
on top of the Gy W, electronic structure. This approach leads to a pronounced red-shift of the
lowest-energy absorption peak (see Fig. 5.4 (a,c)), reflecting the formation of bound excitonic
states. The exciton binding energies of the first bright (optically allowed) exciton, determined
as the difference between the Gy W, band gap and the lowest dipole-allowed optical exci-
tation, are summarized in Table 5.2. These zero-temperature binding energies are relatively
large, reaching 120 meV for CagCSe, and 200 meV for SrgCSe,. It should be noted that these
values represent upper bounds, as finite-temperature effects are not included. In realistic condi-
tions, lattice polarization, electron—phonon interactions, and dynamical screening are expected
to reduce the effective exciton binding energies [43, ]. The real-space distribution of the
electron component of the first bright exciton is illustrated in Fig. 5.4 (b,d), with the hole fixed

1A above the atom contributing most strongly to the VBM, within a 6 x 6 x 6 supercell. In
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Figure 5.4: Imaginary part of the dielectric function obtained from Gy W,@PBE (blue) and
BSE@ Gy W, @PBE (magenta) approaches, along with the spatial distribution of the first bright ex-
citon, with the hole fixed 1 A above the atoms contributing most to the valence band maximum (VBM),
for CagCSey (a,b) and SrgCSey (c,d). The green circles in panels (a) and (c) represent the relative os-
cillator strengths, normalized to a maximum value of 1 and rescaled for visual clarity. The exciton
wavefunctions shown in panels (b) and (d) are visualized using an isosurface value of 0.038 e/A3 over a

6 x 6 x 6 supercell. Green, purple, and red spheres denote C, M (Ca/Sr), and Se atoms, respectively.

both compounds, the exciton wavefunction extends over multiple unit cells, consistent with
Wannier-type character. Notably, CagCSe, exhibits a slightly larger exciton spatial extent com-

pared to SrgCSe;y.

5.3.3 Dynamical properties

All preceding calculations are performed on optimized 0 K structures, providing a static de-
scription of the electronic and optical properties. At finite temperature, however, thermal fluc-
tuations dynamically modulate the crystal lattice, which in turn perturbs the instantaneous elec-
tronic structure and influences carrier relaxation pathways. To capture these effects, we perform
AIMD simulations at 300 K in the canonical (NVT) ensemble. Thermal excitation induces an
expansion of both intra- and inter-octahedral bonds. The average M —C bond length increases to
2.429 A in CagCSe, and 2.608 Ain SrgCSe,, while the inter-octahedral C—C distance expands

to 7.188 A and 7.635 A, respectively. The larger expansion observed in SrgCSe, indicates
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its softer lattice. Thermal disorder is quantified by computing the root-mean-square fluctuation

(RMSF) of atomic positions over the last 5 ps of the AIMD trajectories (Table 5.4). Substituting

Table 5.4: Root-mean-square fluctuation (RMSF) of atomic positions (in 10\) for the M -site, C, and Se

atoms in CagCSey and SrgCSey, averaged over the last 5 ps of the AIMD trajectories.
MgCSey M C Se
CagCSes 0.089 0.072 0.068
SrgCSey 0.069 0.072 0.068

Ca with Sr significantly reduces the RMSF at the metal sites, reflecting the larger ionic radius
and heavier mass of Sr, which suppress vibrational amplitudes. In contrast, the fluctuations of
C and Se atoms remain nearly identical in both compounds. Overall, SrsCSe, exhibits smaller

atomic displacements than CagCSe,, indicating greater structural rigidity at finite temperature.
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Figure 5.5: Statistical distributions of (a) intra-octahedral M—C bond lengths, (b) £LM-C-M bond

angles, (c) Se—C bond distances, and (d) ZC'-Se—C bond angles obtained from the last 5 ps of the
AIMD trajectories for CagCSe, (black) and SrgCSey (red). Standard deviations (o) of the fluctuations

are also reported.

Deeper insight into the nature of these fluctuations is obtained from the statistical distribu-
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tions of key structural parameters extracted from the last 5 ps of the trajectories (Fig. 5.5).
These include intra-octahedral M —C bond lengths, ZM—C-M bond angles, Se—C distances,
and Z(C-Se—C bond angles. The bond angles ZM-C-M and Z/C-Se—C reflect distortions of
the M¢C octahedra. The distributions are noticeably broader for CagCSe, than for SrgCSey,
with larger standard deviations, indicating stronger deviations from ideal octahedral geometry
and a more dynamically disordered lattice. These structural fluctuations directly modulate or-

bital overlap and thereby perturb the instantaneous electronic structure. As shown in Fig. 5.6
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Figure 5.6: (a) Time evolution of the VBM and CBM energies for CagCSe, (black) and SrgCSey (red).
Panels (b) and (c) show the statistical distributions of the band gap for CagCSe, and SrgCSey, respec-
tively. The band gaps are scaled to the Gy Wy @PBE values. The standard deviation is larger for
CagCSey (o = 0.0386 eV) than for SrgCSey (0 = 0.0279 eV).

(a), the VBM exhibits significantly larger temporal energy fluctuations than the CBM in both
materials. This asymmetry originates from their distinct orbital characters: the VBM consists
of directional C-p, Se-p, and M-d states that are highly sensitive to bond-angle distortions,
whereas the CBM is dominated by more isotropic M-s and Se-s states. Consequently, ther-
mal lattice motion couples more strongly to the valence band edge. Consistent with its larger
structural disorder, CagCSe, displays stronger VBM fluctuations than SrgCSe,. The enhanced
fluctuations in CagCSe, are also reflected in the band-gap distributions, depicted in Fig. 5.6
(b,c). The standard deviation of the band gap is larger for CagCSe, (0 = 0.0386 eV) than for
SrgCSey (0 = 0.0279 eV). These dynamic band-edge fluctuations influence carrier localization
and electronic coherence, thereby playing an important role in non-radiative recombination and

HC relaxation dynamics.
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5.3.4 Hot-carrier relaxation

To probe hot-electron relaxation, we simulate photoexcitation from the VBM to the CBM+5
state, corresponding to excitation energies of 2.0-2.14 eV. The subsequent intraband relaxation
of electrons within the conduction band is tracked from the CBM+35 state and shown in Fig. 5.7

(b,e). The decay of the excited-state population is fitted to an exponential function, f(t) =

(2)
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Figure 5.7: (a, d) Averaged absolute nonadiabatic (NA) couplings among states spanning VBM—4 to
CBM+5 for CagCSey and SrgCSe,, respectively. (b, e) Time evolution of hot-electron relaxation fol-
lowing excitation to CBM+5 for CagCSe, and SrgCSey. (c, f) Pure-dephasing functions corresponding
to the CBM+5 to CBM transition for CagCSe4 and SrgCSey. Insets display the unnormalized auto-
The initial value, C,,,(0), represents the squared band-gap fluctuation

correlation function, Cy,(t).

amplitude; larger fluctuations lead to faster dephasing.

exp(—t/7), yielding cooling times of 1.1 ps for CagCSe, and 1.6 ps for SrgCSes. As the
electron approaches the band edge, the relaxation slows markedly (Table 5.5), with particularly
long lifetimes at the CBM+1 state (6.8 ps for CagCSe, and 9.1 ps for SrgCSe,). This bottleneck
originates from the large energy separation between CBM+1 and CBM (Fig. 5.8)—0.614 eV in
CagCSey and 0.856 eV in SrgCSe,—which suppresses phonon-assisted transitions.

To elucidate the microscopic origin of the cooling behavior, we analyze the role of elec-
tron—phonon interactions. Inelastic electron—phonon scattering governs energy dissipation by

enabling transitions between electronic states via lattice vibrations. The strength of this inter-
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Table 5.5: Hot-carrier relaxation lifetimes (in ps) corresponding to the VBM-+: (hot-hole relaxation) and

CBM+ states (hot-electron relaxation).

Transition | CagCSey | SrgCSey
CBM+5 1.1 1.6
CBM+4 1.0 1.5
CBM+3 1.2 2.1
CBM+2 24 3.8
CBM+1 6.8 9.1
VBM-1 4.2 6.8
VBM-2 2.4 2.7
VBM-3 3.0 1.9
VBM-4 2.5 2.3

action is quantified by the NA coupling:

dij = —ih(pi gtlsoﬁ = —thR, (5.1)
where ¢;/; and ¢;/; are the Kohn—Sham wavefunctions and eigenvalues, H is the Kohn—Sham
Hamiltonian, and R is the nuclear velocity. In practice, d;; is evaluated from wavefunction
overlaps along the AIMD trajectory, and its magnitude directly determines the probability of
nonradiative transitions.
The averaged absolute NA coupling matrices, depicted as heat maps Fig. 5.7 (a,d), show that
couplings between adjacent states are stronger than the nonadjacent states, confirming the dom-
inant role of sequential intraband transitions in hot-electron relaxation. Nevertheless, finite
off-diagonal elements indicate that non-adjacent jumps also contribute. Importantly, CagCSe,
exhibits systematically larger NA couplings across the conduction-band manifold compared to
SrsCSe,y, which directly explains its faster cooling dynamics. This difference stems from the
smaller energy separation between the conduction band states in CagCSe, which enhance the
denominator term in Eq. (5.1). The slowing down of cooling rate at the CBM+1 state can also
be attributed to the large energy separations (0.614 eV in CagCSe, and 0.856 eV in SrgCSey)
and correspondingly weak NA coupling (0.22 and 0.12 meV, respectively). This quantitative
inverse scaling directly explains the observed HC cooling dynamics: rapid relaxation at high
energies (~1 ps) and a pronounced slowdown near the band edge (up to ~9 ps), where large

energy gaps suppress phonon-assisted transitions.



5.3. Results and discussion 116

@) e 0 s
1.8F 1.8F
S 12F S 12f
L i L
58 0.6 53 .61
(] (]
S| 3
OF ok
WW A e )
-0.6 ! ! L ! 1 g L — ! |Ja
0o 1 2 3 4 VT 2 3 4
Time (ps) Time (ps)

Figure 5.8: Time evolution of the electronic energy levels (from VBM—-4 to CBM+5) over a 4.5 ps
time window for (a) CagCSe, and (c) SrgCSey. The gray and violet lines denote the VBM and CBM,

respectively.

In addition to inelastic scattering, elastic electron—phonon interactions also influence carrier
dynamics by disrupting quantum coherence between electronic states. This decoherence is

captured by the pure-dephasing function, obtained via the second-order cumulant expansion:

t t
Dy;(t) = exp (_h12 /0 4t /0 dt”C’,-j(t”)> , (5.2)

where C;;(t) = (0E;;(t), 0E;;(0)) is the unnormalized autocorrelation function of the phonon-
induced energy-gap fluctuations between states ¢ and j, with C,,,(0) denoting its initial value.
This quantity represents the squared amplitude of band-gap fluctuations, with larger values
leading to faster dephasing. Here, 0E;;(t) = E;;(t) — (E;;) denotes the instantaneous de-
viation of the energy gap from its ensemble average. The pure-dephasing time is extracted
by fitting D;;(¢) to a Gaussian function of the form exp[—0.5(¢/7)?]. As shown in Fig. 5.7
(c,f), CagCSe4 exhibits a larger value of C,(0), indicating stronger energy-gap fluctuations
and hence faster decoherence (34.2 fs for CagCSe, and 55.8 fs for SrgCSe,). Although faster
dephasing generally reduces transition probabilities, the significantly stronger NA couplings in
CagCSe, dominate, resulting in overall faster hot-electron cooling.

Hot-hole relaxation exhibits behavior qualitatively similar to hot-electron cooling. To inves-
tigate hot-hole dynamics, we promote an electron from VBM-4 to the CBM and monitor
the evolution of hole populations within the valence-band manifold. The population decay
and corresponding pure-dephasing functions are shown in Fig. 5.9. Relaxation proceeds pre-
dominantly via sequential intraband transitions (VBM-4 — VBM-3 — VBM-2 — VBM-1 —
VBM), consistent with the dominance of adjacent-state couplings observed in the NA matrices

(Fig. 5.7(a,d)). The initial relaxation from VBM-4 exhibits comparable lifetimes in both com-
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Figure 5.9: Hot-hole relaxation from VBM—4 to the VBM in (a) CagCSe, and (c) SrgCSe,. Panels (b)
and (d) show the corresponding pure-dephasing functions for the VBM—4 to VBM transition in CagCSey
and SrgCSey, respectively. The insets in (b) and (d) display the unnormalized autocorrelation functions
of the VBM—4-VBM energy-gap fluctuations. A larger initial value, C,,(0), indicates stronger gap

fluctuations and generally corresponds to a shorter pure-dephasing time.

pounds, 2.5 ps for CagCSe, and 2.3 ps for SrgCSe,. Thus occurs despite stronger NA coupling
in CagCSe,, due to faster dephasing (35.1 fs in Ca vs 60.8 fs in Sr) which suppresses electronic
transitions. In CagCSey, the larger energy separation between the VBM-2 and VBM-3 states
(0.125 eV) reduces the NA coupling (1.83 meV), slowing relaxation at this step. In contrast,
SrgCSe, has smaller energy spacings (0.038 eV) and stronger NA coupling (6.25 meV), lead-
ing to faster relaxation through these states. Closer to the band edge, a pronounced slowdown
occurs at VBM-1, with lifetimes of 4.2 ps (CagCSe,) and 6.8 ps (SrsCSes). This slowdown
arises from large energy separation and reduced NA couplings, which are weaker in SrgCSey
(4.06 meV vs 6.06 meV in Ca), leading to a longer lifetime at VBM-1 and transient hole accu-

mulation.

Overall, both hot-electron and hot-hole cooling in MCSe, occur on the picosecond timescale
(1-9 ps), with a clear slowdown near the band edges. This behavior contrasts with much

faster HC cooling in conventional semiconductors, such as ~50 fs in GaAs, ~0.4 ps in non-
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nanostructured Si, and ~2-3 ps in CIGS [245, , , ]. In lead halide perovskites such
as MAPbI;, cooling times vary widely depending on excitation conditions and sample morphol-
ogy, ranging from sub-picosecond relaxation in bulk films to tens or hundreds of picoseconds
(and even nanoseconds) under specific conditions [249]. These results demonstrate that HC
relaxation in MCSe, can be systematically tuned through composition-driven modifications

of the electronic structure and lattice dynamics.

5.3.5 Nonradiative recombination
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Figure 5.10: Time evolution of the population of the first excited state corresponding to the VBM—-CBM

transition.

Figure 5.10 (a) shows the time evolution of the excited-state population associated with the
VBM-CBM transition in MgCSe,. Because intraband HC cooling occurs on picosecond timescales—
much faster than recombination—we assume that electrons and holes have relaxed to the CBM
and VBM, respectively, before recombination takes place. The decay of the excited-state pop-
ulation is fitted with a single exponential function exp(—t/7), yielding non-radiative recom-
bination lifetimes of 40.3 ns for CagCSe, and 2.2 ns for SrgCSe, (Table 5.6). The nearly
order-of-magnitude difference highlights a strong suppression of non-radiative recombination
in the Ca-based compound. The recombination lifetimes are governed by the interplay of three
key factors: the band-gap magnitude, the strength of NA couplings, and the electronic decoher-
ence time [231, ]. To obtain quantitatively reliable estimates, the time-averaged PBE band
gaps are rescaled to the G, W, @PBE values.

First, SrgCSe, exhibits significantly stronger NA couplings—more than twice those of CagCSey,
thereby accelerating nonradiative recombination. Notably, the stronger coupling in SrgCSey

occurs despite its reduced structural fluctuations. This counterintuitive result is explained by
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Table 5.6: Canonically averaged scaled band gaps (in eV), with original band gaps included in paren-

thesis, averaged absolute NA coupling ((|d;;])), root mean square (RMS) NA coupling (df}MS

), pure-

dephasing time (74), and nonradiative recombination lifetime (7,,) for the VBM—-CBM transition.

M¢CSes Gap (eV) {|di|) (meV) dEMS (meV) 74 (fs) Ty (ns)

v

CagCSe, 1.66 (0.77) 0.20 0.34 17.0 40.3
SrsCSe,  1.22 (0.37) 0.43 0.76 23.7 2.2

its smaller band gap, which reduces the energy denominator in the NA coupling expression
(Eq. (5.1)) and thereby amplifies d;;. Second, electronic decoherence modulates the recombi-
nation rate. The pure-dephasing times extracted from Fig. 5.10 (b) are 17.0 fs for CagCSe, and
23.7 fs for SrgCSe,. Faster decoherence in CagCSe,, driven by its larger band-gap fluctuations
(Fig. 5.6), suppresses electronic transitions between the VBM and CBM, thereby reducing the
recombination rate. This behavior is consistent with the higher initial value of the unnormal-
ized autocorrelation function, C,,(0) in CagCSe,. Collectively, the larger band gap, weaker
NA couplings, and faster decoherence in CagCSe, act cooperatively to inhibit non-radiative
recombination, resulting in its substantially longer carrier lifetime. In contrast, SrgCSe, com-
bines a smaller band gap, stronger NA couplings, and slower decoherence, all of which favor
faster recombination.

The predicted lifetimes can be placed in the broader context of hybrid halide perovskites such
as MAPbI3, which typically exhibit intrinsic theoretical lifetimes in the range of ~0.8-3 ns,
extending beyond 10 ns when structural effects such as twin boundaries or nuclear quantum
effects are considered [250), , , ]. Experimentally, carrier lifetimes in MAPbI3 have
been further enhanced from the nanosecond to the microsecond regime through strategies such
as defect passivation and interface engineering [254]. In this context, the intrinsic lifetimes of
the present compounds—particularly CagCSe,— indicates intrinsically suppressed nonradiative
recombination, highlighting their potential as promising candidates for high-efficiency photo-

voltaic applications.

5.4 Conclusion

In summary, we present a comprehensive first-principles investigation of the electronic struc-

ture and excited-state carrier dynamics in the carbide antiperovskites CagCSe, and SrgCSey.
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Our Gy Wy—BSE calculations reveal direct band gaps in the visible-to-infrared range for both
compounds, along with moderate exciton binding energies, providing a reliable description of
their optical response. NAMD simulations further elucidate the key factors governing carrier
dynamics. HC cooling occurs on the picosecond timescale and exhibits pronounced band-
edge bottlenecks arising from large energy level separations and weak NA couplings, with
faster cooling in CagCSe,y. This intrinsic slowing of carrier relaxation, compared to con-
ventional semiconductors, suggests potential for HC retention. In parallel, nonradiative re-
combination lifetimes are dictated by a delicate interplay between band gap, NA coupling
strength, and electronic decoherence. Notably, CagCSe, exhibits a significantly longer life-
time of 40.3 ns—nearly an order of magnitude higher than the 2.2 ns obtained for SrzCSe;,.
This contrasting behavior between cooling and recombination reflects the combined influence
of band-gap magnitude, NA coupling, and decoherence dynamics.

These findings identify A-site cation substitution as an effective strategy to tune the electronic
structure, lattice fluctuations, and electron—phonon interactions, thereby enabling control over
excited-state dynamics. The coexistence of picosecond-scale cooling, pronounced band-edge
bottlenecks, and nanosecond carrier lifetimes highlights carbide antiperovskites as promising
lead-free materials for optoelectronic and photovoltaic applications. These results motivate fu-
ture experimental efforts aimed at fully realizing the potential of these materials. More broadly,
this work establishes composition-driven lattice engineering as a powerful framework for tai-

loring excited-state dynamics in antiperovskites and related material systems.



CHAPTER 6

Dimensionality-Driven Excitonic Engineering in

BiSel: An Ab Initio Many-Body Study

6.1 Introduction

Chalcohalides, with the general formula MChX (M = metal cation, Ch = divalent chalcogen:
S/Se, X = monovalent halogen: CI/Br/I), are an emerging class of materials for optoelectronics
and solar-light harvesting applications, owing to their earth abundance, non-toxicity, and low
environmental impact [37]. A key advantage over lead halide perovskites (LHPs) is their en-
hanced structural stability, which arises from the covalent nature of M—Ch bonds, in contrast
to the predominantly ionic bonding in LHPs. Among chalcohalides, bismuth selenoiodide (Bi-
Sel), a heavy pnictogen chalcohalide, exhibits promising optoelectronic properties, including
a suitable band gap (1.29 -1.32 eV), low effective carrier masses, and high dielectric constants

[ 2 b 9 K b ]'

BiSel is a quasi-one-dimensional (1D) anisotropic crystal composed of [(BiSel),]> chains
bound by weak van der Waals (vdW) interactions, forming a characteristic chain-like structure
(Fig. 6.1 (a)). Despite its indirect band gap, strong optical absorption arises from a nearby di-
rect transition, with energy close to the Shockley—Queisser limit [257]. Early device studies on
BiSel-BiSI alloys showed limited photovoltaic performance[261], which was subsequently at-
tributed to suboptimal alignment with transport layers [262]. More recently, Ganose et al. [263]
employed quasiparticle (QP) self-consistent GW (QSGW) approach and Boltzmann transport
theory, revealing low effective masses along the BiChl (Ch = S, Se) chains, strong near-edge
absorption, and high spectroscopically limited maximum efficiency (SLME) of approximately
25% for BiSel. While a few studies have employed density functional theory (DFT) and GW

methods to explore BiSel’s electronic properties, a systematic investigation of excitonic effects

121
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(a) Bulk (b) Janus monolayer
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Figure 6.1: Crystal structures of (a) bulk BiSel, (b) Janus monolayer, (c) exfoliated monolayer, and (d)
exfoliated monochain BiSel. The black boxes indicate the unit cells of the respective structures. The
exfoliated monolayer in (c) is obtained by cleaving a layer from the bulk structure in panel (a) along the
a-c plane, while the monochain in (d) is extracted as a one-dimensional [BiSel]., chain from the bulk.

The Janus monolayer structure shown in panel (b) was proposed theoretically in earlier studies [0, 7, &].

in BiSel remains absent.

The layered, chain-like crystal structure of BiSel renders it a promising candidate for the fabri-
cation of low-dimensional systems through exfoliation or mechanical cleavage [264, 265, 266,
267,268, 269, 270]. Low-dimensional systems exhibit physical properties distinct from their
bulk counterparts, primarily due to enhanced geometric confinement and reduced dielectric
screening. These effects give rise to the formation of strongly bound electron—hole pairs, or
excitons, which remain stable even at room temperature [271, 272, 273]. The optical properties
of low-dimensional materials are predominantly governed by these strongly bound excitons,
which can be leveraged in a range of optoelectronic applications, including photovoltaic solar
cells, light-emitting diodes, and photodetectors [274, 275, 276, 277, 278]. Furthermore, dimen-
sional reduction offers novel opportunities, such as blue shifting of the band gap due to quantum
confinement effects enabling tunable light emission without altering the material’s composition,
which could otherwise introduce deep trap states. Despite these advantages, low-dimensional
chalcohalides, including BiSel, remain underexplored compared to their bulk counterparts.

In this study, we investigate the dimensionality —driven evolution of electronic, optical and ex-
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citonic properties in BiSel, including its bulk form, an exfoliated two-dimensional (2D) mono-
layer, a one-dimensional monochain, and a theoretically predicted Janus monolayer [279, ,

]. Using DFT [281] and single-shot GW (G W) calculations within the many-body pertur-
bation theory (MBPT) framework [ 121, , ], we compute QP band structures, revealing a
notable widening of band gaps with reduced dimensionality. To account for electron—hole inter-
actions, we solve the Bethe-Salpeter equation (BSE) within the Tamm-Dancoff approximation
[179, , ] using the YAMBO package [102, , ]. Our results show a significant
increase in the exciton binding energy with decreasing dimensionality. We further examine the
magnitude and sign of bright-dark exciton splitting (A;y), a critical factor for optoelectronic
performance, and its variation with dimensionality and spin-orbit coupling (SOC). We find that
all structures exhibit positive A4, except the Janus monolayer. Additionally, we incorporate
substrate-induced dielectric screening using effective mass models for 2D [284, ] and 1D
[286] systems, finding a substantial reduction in exciton binding energy due to substrate ef-
fects. With suitable infrared-to-visible band gaps, large absorption coefficients (> 10* cm™!),
and tunable excitonic properties, BiSel emerges as a promising candidate for next-generation

optoelectronic and excitonic applications.

6.2 Computational methodology

The first-principles calculations within the DFT framework are performed using the Vienna
ab initio Simulation Package (VASP) [287, , 94, 98] and the Quantum Espresso (QE) suite
[95]. To incorporate interactions between valence and core electrons, fully relativistic projector
augmented wave (PAW) [93] and norm-conserving pseudopotentials [239] are used for VASP
and QE, respectively. The semicore 4d and 5d states for iodine and bismuth are explicitly
included in the valence electrons due to their importance in the electronic structure, as discussed
in the literature [289, ]. Geometry optimization is performed with the VASP code using
the PBEsol [291] functional, a revised version of PBE [88] for solids. It accurately predicts
lattice constants for systems with vdW interactions without explicitly accounting for them [262,

]. Bulk BiSel is lattice optimized until the residual forces on the atoms are less than 1073
eV/A, with a plane wave kinetic energy cut-off of 500 eV. The relaxed lattice parameters (see
Table 6.4) closely align with the experimental values, with an error under 1 % [293]. This

optimized bulk structure is used to exfoliate low-dimensional structures, followed by relaxation
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of their atomic positions. A 20 A vacuum is applied in low-dimensional structures to prevent

fictitious interactions between periodic images.

In order to include electron many-body effects and accurately estimate the fundamental band
gap [229, ], we use Gy W, [282] approximation on top of PBE functional for calculating
the electronic band structures. In this approach, the electronic self-energy is evaluated within
Hedin’s GW framework, where the dynamically screened Coulomb interaction is described
within the random phase approximation (RPA). The frequency dependence of the dielectric
function is treated using the plasmon-pole approximation (PPA) [241]. Optical absorption spec-
tra without electron—hole interactions are computed within the RPA using the Gy W, QP ener-
gies (Gy Wy-RPA). To incorporate excitonic effects, we solve BSE within the Tamm-Dancoff
approximation [119]. All Gy W, and BSE calculations are performed within the framework
of many-body perturbation theory using the YAMBO package [102, , ]. QE is used
for the starting point ground state electronic structure calculations with a plane-wave kinetic
energy cut-off of 50 Ry. The truncated Coulomb potential with slab and cylindrical geometry
is used for the 2D and 1D structures to avoid interaction between repeated images along the
non-periodic directions [294]. This approach allows us to achieve well-converged QP gaps
with moderate vacuum spacing and computationally feasible k-point grids [295]. In order to
speed up the convergence of electronic Green’s function with respect to the number of unoccu-
pied bands and k-grid, we use the Bruneval-Gonze terminator [296] and the random integration
method (RIM) [297]. The computational settings used in DFT and GW/BSE calculations are
listed in Table 6.1-6.3.

Table 6.1: Computational settings for the DFT (PBE) calculations of bulk, Janus monolayer, exfoliated

(exf.) monolayer and monochain BiSel.

Bulk  Janus monolayer Exf. monolayer Exf. Monochain

Plane wave cutoff 50 Ry 50 Ry 50 Ry 50 Ry
Number of bands 800 600 600 600
k-grid 12x6x5 24x24x1 15x1x6 40x1x1
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Table 6.2: Computational settings for the GW (on top of PBE) calculations of bulk, Janus monolayer,

exfoliated (exf.) monolayer and monochain BiSel.

Bulk Janus monolayer Exf. monolayer Exf. Monochain
Exchange cutoff 40 Ry 40 Ry 40 Ry 40 Ry
XC potential cutoff DFT value DFT value DFT value DFT value
GW bands 600 200 400 400
Dielectric cutoff 8 Ry 8 Ry 8 Ry 8 Ry
k-grid (GW/BSE) 12x6x5 24x24x1 I15x1x6 40x1x1

Table 6.3: Computational settings for BSE (on top of GW @PBE) calculations of bulk, Janus monolayer,

exfoliated (exf.) monolayer and monochain BiSel.

Bulk  Janus monolayer Exf. monolayer Exf. Monochain

Static screening bands 600 200 400 400
BSE bands 187-198 41-56 91-102 91-102
Valence bands 6 8 6 6
Conduction bands 6 8 6 6
k-grid (GW/BSE) 12x6x5 24x24x1 15x1x6 40x1x1

6.3 Results and discussion

6.3.1 Crystal structure and stability

Bulk BiSel crystallizes in an orthorhombic structure with the Pnma space group, as shown in
Fig. 6.1 (a). The optimized lattice parameters are listed in Table 6.4. Its structure comprises
[(BiSel),]» parallel ribbons oriented along the a-axis, which are held together by weak vdW
interactions. Within each ribbon, Bi and Se atoms are covalently bonded, while I atoms form
ionic bonds with the Bi-Se framework [298, , , ]. The presence of weak vdW inter-
actions between adjacent ribbons makes it a strongly quasi-1D material [293]. These ribbons
are arranged in parallel layers forming a layered chain-like structure. A monolayer is obtained
by exfoliating the bulk crystal along the a—c plane. While 1D monochain is obtained by extract-
ing a [BiSel]oo ribbon from the bulk structure. To evaluate the feasibility of exfoliating the 2D

monolayer and the 1D monochain, we compute their exfoliation energies using the expression



6.3. Results and discussion 126

Table 6.4: Lattice parameters of the theoretically optimized structures of bulk BiSel, Janus monolayer,

exfoliated monolayer and monochain BiSel.

a(A) bA) cA)

Bulk 4.18 8.63 10.64
Janus monolayer 4.19 4.19 -
Exfoliated monolayer  4.18 - 10.64

Exfoliated Monochain 4.18 - -

Eerr = Enp/Nup — Evuike/ Nowik (6.1)

where E,, p /pur and Ny, p /s represent the total energies and number of atoms in n-dimensional
or bulk structures, respectively. The estimated £, values for the 2D monolayer and the 1D
monochain are 200 meV and 212 meV. These values are lower than those of some experimen-
tally exfoliated structures, indicating their experimental viability [303, , ]. Fig. 6.1 (c,d)
illustrates the exfoliated 2D monolayer and 1D monochain structures, exhibiting P2,;m space
group symmetry with vacuum along the b and b/c axis, respectively. We also examine the
theoretically proposed BiSel Janus monolayer [0, 7, 8], which was constructed using the exper-
imentally realized BiTel monolayer [305]. As shown in Fig. 6.1 (b), the Janus BiSel structure

exhibits P3m1 space group symmetry.

The stability of low-dimensional materials is a crucial factor that must be thoroughly assessed.
To examine their dynamical stability, we compute the phonon dispersion relations, as depicted
in Fig. 6.2. The absence of negative frequencies throughout the phonon spectrum confirms
the dynamical stability of these structures. To investigate thermal stability, we perform ab-
initio molecular dynamics (AIMD) simulations in the canonical (NVT) ensemble at 300 K for
a duration of 10 ps with a time step of 1 fs. The evolution of system’s total energy over time
is presented in Fig. 6.3. The total energy remains nearly constant throughout the simulation,
with no bond breaking observed. The structures retain their integrity, closely resembling the

equilibrium configurations at 0 K, indicating thermal stability at room temperature.
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Figure 6.2: Phonon band structure for (a) bulk BiSel, (b) Janus monolayer, (c) exfoliated monolayer,

and (d) exfoliated monochain of BiSel obtained using density functional perturbation theory (DFPT).
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Figure 6.3: Total energy as a function of time step obtained from molecular dynamics simulations in the

canonical (NVT) ensemble at 300 K for (a) bulk BiSel, (b) Janus monolayer, (c) exfoliated monolayer,

and (d) exfoliated monochain of BiSel.
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6.3.2 Electronic structure

To investigate the electronic properties of bulk BiSel and its low-dimensional derivatives,
we analyze their electronic band structures, obtained using PBE and Gy W, @QPBE methods

(Fig. 6.4). Arrows in the band structure indicate their lowest indirect and direct band gaps. All

@) 2p—=—r; (b)3

R 77 NS
" N7\ ~/\ S
\
i AN I\ 4 \ L.
i N, | P \ S
\ NN
), \ / ’, ‘\ N ~
\ \ I . \ N
AN 22 u N
X Sy " NERN
4 \ \
\ N
\ LY \ 2 N
N NN
N
Y

Energy (eV)

—

7 AN SN AR AT
RN =N XS
A e SSL s
RPN A\
% /kﬁ\
— =
. aN L 1 1 1

ry

Energy (eV)

7_—.\ N :»xj/\:\l‘/ / —\Iy—i
7 U X T U r
Figure 6.4: Electronic band structures of (a) bulk BiSel, (b) Janus monolayer, (c) exfoliated monolayer
and (d) exfoliated monochain of BiSel computed using PBE (dashed) and Gy Wy @QPBE (solid) methods,

including spin-orbit coupling (SOC). Arrows indicate the lowest indirect and direct fundamental band

gaps for each structure.

structures, except the exfoliated 2D monolayer, are found to be indirect band gap semiconduc-
tors. The corresponding band gap values are summarized in Table 6.5. In bulk BiSel (Fig. 6.4
(a)), the valence band maximum (VBM) occurs between the I' and Z high-symmetry points,
while the conduction band minimum (CBM) is located at the I' point. Valence bands exhibit
higher dispersion compared to conduction bands both parallel and perpendicular to the atomic
chains, suggesting significant interchain coupling and relatively higher hole mobility compared
to electron mobility. The conduction bands are however highly non-parabolic and possess max-
imum dispersion along the chain direction (a-axis). Dimensional reduction leads to a notable
increase in the band gap, which can be attributed to quantum confinement effects. For the 2D
Janus monolayer (see Fig. 6.4 (b)), an indirect band gap is observed with both VBM and CBM

lying between the ' and K points. Furthermore, the difference between the two lowest indirect
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Table 6.5: Lowest indirect (ID) and direct (D) band gaps (in eV) computed using PBE without SOC,
PBE+SOC and Gy Wy@PBE+SOC approaches.

PBE PBE+SOC GoWyQPBE
ID D ID D ID D
Bulk 1.56 1.69 0.85 0.89 1.33 1.46
Janus monolayer 1.67 2.17 0.88 1.15 1.64 198
Exfoliated monolayer 1.82 1.88 - 1.07 - 2.14
Exfoliated monochain 1.91 2.33 1.22 1.46 2.81 2.97

band gaps and the two lowest direct band gaps is merely 10 meV. However, for the exfoliated
2D monolayer (Fig. 6.4 (¢)), there is a direct band gap with both VBM and CBM located at the
Z point. Notably, this direct gap character emerges upon the inclusion of SOC. Similar to bulk,
valence bands are more dispersive than conduction bands. Lastly, the exfoliated 1D monochain
shows an indirect band gap, with VBM located between the ' and X points and CBM at the I’

point.

Since the PBE functional is known to significantly underestimate band gaps, we perform G, W,
calculations on top of PBE to incorporate many-body effects. This results in systematically
larger QP band gaps compared to PBE. While the inclusion of QP corrections leads to a sys-
tematic increase in the band gap, the overall shape of the band structure and nature of the band
gap (indirect or direct) remains unchanged. These QP corrections are more pronounced in low-
dimensional structures, attributed to the reduced dielectric screening, which enhances electron—
electron interactions. Interestingly, the energy difference between direct and indirect QP band
gaps is relatively small for the bulk (0.13 eV) and the 1D monochain (0.16 eV), whereas the
2D Janus monolayer exhibits a more substantial difference of 0.34 eV. Since, G, W, results
are sensitive to the DFT starting point, we performed additional calculations using partial self-
consistent GW (G W),) for bulk BiSel. The resulting indirect and direct band gaps are 1.36 eV
and 1.49 eV, respectively — differing from Gy W, by only ~ 30 meV. Given this small dis-
crepancy, we proceeded with G, W, for all subsequent calculations. Furthermore, due to the
presence of heavy elements in BiSel, SOC plays a significant role in shaping the electronic
band structure, often shifting band edges by more than 0.5 eV (see Table 6.5). Thus, to ensure

accuracy, all calculations reported in this work incorporate SOC effects.
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Fig. 6.5 shows the atomic orbital- and symmetry-projected partial density of states, calcu-
lated using the PBE functional. Across all dimensions, VBM is primarily determined by the
hybridization of I-p and Se-p orbitals, with smaller contributions from Bi-s and Bi-p orbitals
located deeper within the valence band. The interaction between Bi-s and anionic-p orbitals
is expected to increase the valence band dispersion, akin to other halides with ns* lone-pairs
[306, ], thereby reducing hole effective masses and enhancing hole mobility. On the other
hand, CBM is predominantly characterized by Bi-p orbitals with notable contributions from
I-p and Se-p orbitals. This hybridization between cationic-p and anionic-p orbitals in the va-
lence and conduction bands leads to substantial cross-band hybridization, imparting a mixed

ionic-covalent character to the material. The mixed character, in turn, is known to impart strong

lattice polarization and large dielectric constants [306, ].
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Figure 6.5: Atomic orbital- and symmetry-projected partial density of states (DOS) for (a) bulk BiSel,
(b) Janus monolayer, (c) exfoliated monolayer, and (d) exfoliated monochain obtained using PBE func-

tional, incorporating SOC.
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6.3.3 Optical properties and excitonic effects

Further, to incorporate electron—hole interactions, we compute the optical absorption spectra
by solving BSE on top of QP band structures, as illustrated in Fig. 6.6. The solid and dotted
curves represent spectra obtained with (BSE@G,W;) and without (GoW;-RPA) electron—hole
interactions, respectively. The direct GoW, band gap is indicated by the vertical dashed black
line, while colored solid lines denote excitonic transitions (oscillator strengths). The first bright
(optically allowed) exciton is identified as the excitonic state with finite oscillator strength,
defined here as exceeding 5% of the maximum value. The exciton binding energy is calculated

as the difference between the QP band gap and the excitation energy.
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Figure 6.6: Absorption spectra for (a) bulk BiSel, (b) Janus monolayer, (c) exfoliated monolayer, and
(d) exfoliated monochain BiSel, estimated at the Gy W,-RPA (dotted curve) and BSE@ Gy Wy (solid
curve) levels, along each polarization direction. The vertical dashed black line indicates the Gy W
direct band gap. The colored vertical lines indicate the oscillator strengths of the excitonic transitions,
scaled proportionally to the intensity of Im(e) in each panel for visualization purposes. The anisotropy

in the absorption spectrum originates from the intrinsic geometric anisotropy of the crystal.

Including electron—hole interactions induces a significant red shift in the optical spectra across
all configurations. Notably, the presence of finite oscillator strength below the G, W, direct
band gap confirms the existence of bound excitons, highlighting the importance of excitonic
effects in shaping the optical response of these materials. In the bulk material, the first bright
exciton peak appears at 1.39 eV (E || x and z) and 1.40 eV (E || y), corresponding to exciton

binding energies (E;) of 70 meV, 70 meV, and 60 meV, respectively (see Fig. 6.6 (a)). Sev-
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eral dark excitons (i.e. optically inactive excitonic states) are observed below the first bright
exciton. Notably, the theoretically estimated optical band gap at O K is slightly larger than the
experimental band gap (1.29 eV at 290 K [308]), likely due to the exclusion of temperature-
dependent effects in the theoretical calculations. Recent experiments by Nielsen et al.[309]
have demonstrated pronounced electron—phonon interactions in bulk BiSel. While a detailed
treatment of such interactions is beyond the scope of the present study, they are expected to

play a crucial role in renormalizing both the band gap and the excitation energies.

In the isotropic 2D Janus monolayer, the first bright excitonic peak occurs at 1.43 eV, with
a large binding energy of 0.55 eV, as depicted in Fig. 6.6 (b). These excitons are doubly
degenerate, both optically active, and no dark excitonic states are observed below the optical
band gap. For the exfoliated monolayer (Fig. 6.6 (c)), the first bright excitonic peak appears at
1.62 eV (x-polarization) and 1.66 eV (z-polarization), with corresponding binding energies of
0.52 and 0.48 eV, respectively. Notably, both 2D monolayers approximately follow the linear
scaling relation between the QP band gap (E;) and E;, namely E, ~ E /4, as proposed by
Jiang et al. [310] for 2D semiconductors. Unlike the Janus monolayer, multiple dark excitons
exist below the optical band gap in the exfoliated monolayer. In the 1D monochain (Fig. 6.6
(d)), the first bright exciton appears at 1.72 eV, with a remarkably high binding energy of
1.25 eV. This exciton is doubly degenerate, comprising one dark and one bright component,
with several additional dark states lying energetically below it. Across all dimensionalities,
the absorption onset spans the infrared to visible region of the solar spectrum, highlighting the
potential for solar-harvesting applications. To further assess their potential, we compare the
calculated absorption coefficients () with the AM1.5G solar flux (shown in grey in Fig. 6.7).
All materials display large absorption coefficients (ov > 10* cm™!) and a substantial spectral

overlap with the solar irradiance, confirming their capability to effectively harness solar energy.

We observe that the optical response of BiSel is dominated by strongly bound excitons. How-
ever, a material’s photo- or electro-luminescence yield critically depends on the nature of its
lowest energy excitonic state — whether it is optically active (bright) or inactive (dark). When
dark excitons lie below the first bright exciton, they introduce non-radiative decay channels that
suppress light emission, particularly at low temperatures. Therefore, accurate determination of
both the magnitude and sign of the bright—dark exciton splitting (Ap,;) is essential, not only
for understanding fundamental excitonic physics but also for advancing optoelectronic appli-

cations. Beyond light emission, low-lying dark excitons—if strongly bound—can serve as a
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Figure 6.7: Absorption coefficient («) as a function of photon energy for (a) bulk BiSel, (b) Janus
monolayer, (c) exfoliated monolayer, and (d) exfoliated monochain, shown along different polarization
directions. The absorption spectra exhibit pronounced anisotropy with respect to polarization in both
the bulk and its exfoliated low-dimensional forms, attributed to the intrinsic geometric anisotropy of the

crystal structure. For comparison, the solar photon flux (AM1.5G spectrum) is plotted in grey.

platform for realizing exotic phenomena such as excitonic Bose—Einstein condensation [311].
Fig. 6.8 (a) presents A4, defined as the difference between the excitation energies of the
first bright exciton and the lowest dark exciton, with and without SOC. Our results show that
Ayq is highly sensitive to the system’s dimensionality. As the quantum and dielectric confine-
ment increases—from bulk to exfoliated monolayer to monochain—Ay, increases significantly.
In these cases, the bright exciton lies above the dark states, resulting in a positive Ayq. In-
terestingly, the Janus monolayer exhibits a considerably smaller splitting than the exfoliated
monolayer. Upon including SOC, a notable reduction in A;; is observed across all configu-
rations. For the case of Janus monolayer, SOC reverses the sign of the splitting, yielding a
negative A,y, which implies that the lowest-energy exciton is optically bright. Fig. 6.8 (b)
and (c) schematically illustrate qualitative excitonic band structures corresponding to positive
and negative A, respectively. In bulk BiSel, the SOC—corrected A, is approximately 7 meV,
equivalent to the thermal energy at ~81 K. Consequently, excitons excited optically at low
temperature rapidly relax into the lower-energy dark states, where they can become trapped.

However, as temperature increases, thermal excitation can promote excitons into bright states,
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Figure 6.8: (a) Bright—dark exciton splitting (Ag in meV) for bulk BiSel, exfoliated monolayer, ex-
foliated monochain, and Janus monolayer, calculated using BSE@ Gy W, @PBE for the x-polarization
direction, without (blue) and with SOC (orange). (b) and (c) depict qualitative exciton band structures
for representative cases where the lowest-energy exciton is dark and bright, respectively. Here, Apg is
defined as the difference between the excitation energy of the first bright exciton and the lowest dark

exciton, as indicated in panel (b) and (c).

enabling radiative recombination. Thus, dark excitons no longer fully suppress diffusion but
merely slow it down. In contrast, for the exfoliated monolayer and monochain, A,; exceeds 30

meV, potentially inhibiting exciton diffusion even at room temperature.

For a detailed analysis of the optical transitions associated with the first bright exciton, we
superimpose the exciton weights (|A2 ,|) onto the Gy W, @PBE band structures, as shown in
Fig 6.9 [312]. The exciton wavefunction is expressed in the electron—hole product basis as:
ok A2 L derduor. The coefficients A2, quantify the contribution of each electron—hole pair
(from valence band v to conduction band ¢ at k-point k) to the exciton wavefunction labeled
by A [313, , ]. The red shades in Fig 6.9 represent the vertical electronic transitions
from the direct band gaps that predominantly contribute to the formation of the first bright
exciton in the respective material corresponding to the z-polarization direction. We note that the
dominant k-point regions and band-to-band transitions contributing to the first bright exciton
remain essentially the same for all polarization directions, with differences arising primarily in
the magnitude of the exciton weights. In bulk BiSel, the first bright exciton originates from
transitions between the VBM and CBM, predominantly localized at the Z high-symmetry point
in reciprocal space and along the Z—1I" and Z—U directions, as depicted in Fig 6.9 (a). For
the Janus monolayer (Fig. 6.9 (b)), the dominant contributions occur along the '-K and ['-M

paths, involving the highest valence band and lowest conduction band. Similar to bulk BiSel,
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in the exfoliated monolayer shown in Fig 6.9 (c), the strongest contributions remain centered
around the Z point, in addition to the contributions from the Z—1I" and Z—U directions, between
the VBM and CBM. For the exfoliated monochain, the first bright exciton, located at 1.72 eV,
arises from transitions from VBM-2 and VBM-3 to CBM and CBM+1 at the " point. However,
accurately interpolating exciton weights onto the band structure necessitates a dense k-grid,
which exceeds our current computational scope. Consequently, while the relevant results have

been successfully generated and analyzed, we have omitted the corresponding plot.
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Figure 6.9: The first bright exciton formation in (a) bulk BiSel, (b) Janus monolayer, and (c) exfoliated

monolayer BiSel for z-polarization direction. The exciton weights |A2 , | (depicted in red shades) are

superimposed on the Gy Wy @PBE band structures (including SOC) to visually inspect which electron
and hole states, and k-points primarily contribute to the first bright exciton. Thicker red lines indicate

larger weights, i.e., a stronger contribution from the corresponding k-point and band pair.

To visualize the first bright exciton in real space, we plot its isosurface on the atomic lattice
of BiSel, as shown in Fig 6.10. The exciton wavefunction is computed by fixing the hole
at a position 1 A above the unit cell, centered on the atom that predominantly contributes to
the VBM. In bulk BiSel (Fig. 6.10 (a,b)), the wavefunction of the first bright exciton reveals
the spatial distribution of the electron, with the hole located on an iodine atom. The exciton
exhibits anisotropic spatial distribution with large electron—hole separation along the atomic
chain direction (a-axis), consistent with the quasi-1D nature of the crystal. In this phase, the
exciton extends over multiple unit cells and has a relatively low binding energy and large radius,
features characteristic of Wannier-type excitons. In contrast, the Janus monolayer (Fig. 6.10
(c)) hosts an exciton that spans only 3-4 unit cells. In the exfoliated monolayer and monochain
structures (Fig. 6.10 (d, e)), the exciton is primarily distributed along a single atomic chain,
accompanied by a substantial increase in E;. This progression from weakly bound excitons in
bulk BiSel to strongly bound excitons with smaller radius in its low-dimensional derivatives

demonstrates the fundamental impact of reduced dimensionality on excitonic properties.
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Figure 6.10: Top and side views of the wave functions corresponding to the first bright exciton for (a,b)
bulk BiSel calculated using 12x6 x5 supercell, (c¢) Janus monolayer (6x6x 1 supercell), (d) exfoliated
monolayer (6x 1x6 supercell), and (e) exfoliated monochain (15x 1x 1 supercell) of BiSel. The red dot
represents the position of the hole, fixed at a position 1 A above the atom contributing most significantly
to the valence band maximum. The isosurface value is set to 0.16 e/A. Grey, green and pink circles

represent Bi, Se, and I atoms, respectively.

6.3.4 Effect of substrate screening on exciton binding energy

In low-dimensional materials, the exciton binding energy is highly sensitive to the surrounding
dielectric environment due to the reduced and non-local nature of dielectric screening. Herein,
we adopt a computationally efficient effective mass model [284, 285] to systematically in-
vestigate the impact of substrate-induced screening on excitonic properties in low-dimensional
systems, where BSE calculations become computationally demanding. For the 2D monolayers,
considering the in-plane anisotropy, the excitonic Hamiltonian can be written as [284]:

h2 82 h2 82
C2u, 012 2p,, Oy?

H= + Vap(z,y)

where, 1, , are the reduced exciton masses along the x and y directions, respectively, obtained
from the G, W, band structures, and V5 is the Coulomb potential due to a point charge located
at the origin in the 2D dielectric space. Keldysh derived an expression for this interaction

potential between charges in a 2D material [316]:

Vinte) = e [ (5) -0 ()

where H, and Y| are the zeroth-order Struve and Bessel functions of the second kind. ; and &,

are the dielectric constants of the surrounding medium, and ry = % is the screening length
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dependent on the 2D polarizability (x2p). The values of the reduced exciton masses and xap

are listed in Table 6.6. At large separations, the potential reduces to a % form, while at short

Table 6.6: The 2D polarizability (x2p) and reduced exciton mass (i, /,) along the in-plane directions

(expressed in units of the electron rest mass m.).

Material X2D (A) s [y (M)

Janus monolayer 5.60 0.073, 0.073
Exfoliated monolayer 3.79 0.064,, 0.079,

range it diverges logarithmically, with the transition scale set by ry. To simplify the numerical
implementation, we adopt the approximation to the Keldysh potential proposed by Cudazzo et

al [285]: )

Vap(r) = 2%50(5164— - {ln (T Iro) + [y = In(2)]e™

where -y is the Euler constant. This approximation closely matches the exact Keldysh form in
both short- and long-range limits. We use a variational approach to calculate the ground-state

exciton energy, assuming a trial wavefunction of the form:

2 2 2
oo = 2| (2)+ (2)
x Wy T Y

Here, a, and a, are variational parameters representing the exciton radii along the lateral axes

of the monolayers. The lowest-energy eigenvalue of A gives the exciton binding energy. To
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Figure 6.11: Exciton binding energy E; and radius a,,/, along the lateral axes, as a function of substrate

z/y

dielectric constant €9 for the (a) Janus and (b) exfoliated BiSel monolayers.

simulate the realistic environment of suspended or supported monolayers, we fix the dielec-
tric constant of the top environment to £; = 1 (vacuum), while varying the bottom dielectric

constant (¢2) to model different substrate materials (see Fig. 6.11). For the freestanding (i.e.,



6.3. Results and discussion 138

(a) 2.01‘317 (b) 3.01e17
2.5
151 ~
i T 2.04
< <
~_ 1.0 o~ 15
s 5 1.0
0.5
0.5
0.0 T T T T T 0.0 T T T T T
-30 —-20 -10 0 10 20 30 -30 —-20 -10 0 10 20 30
r(A) r)

(c)

Figure 6.12: Exciton wavefunction distribution and squared exciton wavefunction |t |2, shown in 30
A x 30 A, calculated using the effective mass model, for the lowest energy bright exciton state of the

Janus monolayer (a,c) and exfoliated monolayer (b, d).

g9 = 1) Janus and exfoliated BiSel monolayers, we obtain exciton binding energies of approxi-
mately 0.41 eV and 0.53 eV, respectively. The latter agrees well with our BSE calculated value,
while the former is slightly underestimated. Our analysis reveals a substantial reduction in £,
upon substrate screening. For example, when placed on a SiO, substrate (¢, = 3.9) [317],
E; decreases to 0.19 eV and 0.22 eV for the Janus and exfoliated monolayer, corresponding
to nearly 50 % reduction in both cases. This reduction is accompanied by an increase in the
exciton radius, as evidenced by its nearly linear growth with increasing €,. Furthermore, we
present the spatial distribution of the exciton wavefunction [t |? for the lowest-energy exciton
in Fig. 6.12, plotted over a 30A x 30A region. Panels (a, c) correspond to the suspended Janus
monolayer, while (b, d) show the exfoliated monolayer, highlighting the difference in their
excitonic radii.

To extend this analysis to the 1D BiSel monochain, we employ a similar effective-mass frame-

work appropriate for strongly bound excitons. The relative motion of the electron-hole pair

along the chain axis (z-direction) is described within the two-band effective-mass approxima-

tion by the 1D Schrodinger equation[3 18, ]:
n? d? M
—ﬂ@ + Wet(z)| ¢(z) = —E," é(z), (6.2)

where . = mim; /(m} + mj) is the reduced effective mass, ¢(z) is the exciton envelope
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function, and W, () denotes the screened electron—hole interaction potential.
The BiSel chain is modeled as a cylindrical wire with an effective radius R, extracted from its
structural cross-section. The screened Coulomb interaction is constructed in reciprocal space

as B
T 62 ‘/bare (q)

W(Q) = — ~ )
1+ a?D q2 Vbare(q)
where o, is the static 1D polarizability per unit length, defined as A (g;(0) — 1) /4, obtained

(6.3)

from the macroscopic dielectric response of the supercell for polarization along the chain di-
rection. Here, A* denotes the cross-sectional area of the supercell in the 2 plane. The reduced
exciton mass is 0.16 m, and oY, is 5.43 A2, Two forms of the bare interaction Vbare(q) are
employed: (i) a softcore potential expressed in terms of the zeroth-order modified Bessel func-
tion K, given by 2K,(|g|R), and (ii) a regularized form involving the first-order modified
Bessel function K7, given by 4(¢?R?)~! [1 — |¢|RK/(|¢|R)]. Due to the non-analytic nature
of the screened interaction, the exciton binding energy is evaluated variationally using the trial

wavefunction

6() = | 2 o] exp (—S'x'> , (6:4)

exc exc

where s is a variational parameter and a.y. 1s the effective exciton Bohr radius. Minimization
of the Hamiltonian expectation value with respect to s yields the binding energy £ and the

corresponding exciton radius.

1.2
—— Eb

&2
Figure 6.13: Exciton binding energy Ey, as a function of substrate dielectric constant e for the exfoliated

BiSel monochain.

For the freestanding BiSel monochain (¢5 =~ 1), the model predicts Eé” ~ 0.94 eV and 1.19
eV using the softcore and modified softcore potentials, respectively. The latter shows excellent
agreement with the BSE result of 1.25 eV. The strong quantum confinement and weak dielectric

screening in 1D give rise to significantly enhanced binding energies compared to bulk and 2D
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counterparts. When the chain is supported on a substrate (e.g., SiOy with ¢5 = 3.9), the
additional environmental screening weakens the electron-hole interaction, reducing EM to ~

0.28 eV, corresponding to a decrease of nearly 76% (see Fig. 6.13).

6.4 Conclusion

In summary, we have systematically investigated the electronic and optical properties of bulk,
Janus monolayer, exfoliated monolayer and monochain BiSel using ab initio methods based
on DFT (PBE) and many-body approaches (G'W/BSE). Electronic band gaps computed using
Gy W, method on top of PBE orbitals provide quantitatively reliable band gaps. Among the
four configurations, bulk BiSel, the Janus monolayer, and the 1D monochain exhibit indirect
band gaps, while the exfoliated monolayer transitions from an indirect to direct band gap upon
inclusion of SOC. A systematic increase in the fundamental band gap and QP correction is
observed with decreasing dimensionality, attributed to enhanced quantum confinement and re-
duced dielectric screening. Across all configurations, the band gaps fall within the infrared to
visible range of the solar spectrum and exhibit substantial spectral overlap with the AM1.5G so-
lar flux. The corresponding absorption coefficients exceed 10*cm™!, highlighting the potential
of BiSel for light-harvesting applications.

The excitonic properties, analyzed via BSE, reveal a clear dimensionality-driven evolution.
Bulk BiSel hosts excitons with large radius and small binding energies (~70 meV). Upon di-
mensionality reduction, there is a significant enhancement in the binding energies. The Janus
and exfoliated monolayers exhibit comparable values, while the 1D monochain demonstrates
a remarkably large value of 1.25 eV. In both the exfoliated monolayer and monochain, exci-
ton wavefunctions are predominantly confined within individual atomic chains. Exciton fine
structure analysis further reveals that the bright-dark splitting (A,4) increases with decreasing
dimensionality, from 7 meV in the bulk BiSel to 153 meV in the exfoliated monolayer and 284
meV in the monochain. Interestingly, the Janus monolayer exhibits a negative 4,4, indicat-
ing that the lowest-energy exciton is optically active. The small splitting in bulk and negative
value in the Janus monolayer, combined with their favorable band gaps and strong absorption
coefficients, make them promising for solar-light harvesting applications. Conversely, the large
positive values in the exfoliated monolayer and monochain (>30 meV) could suppress exciton

diffusion at room temperature. Nevertheless, their large binding energies and long-lived dark
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excitons governing the optical response make them attractive for excitonic devices requiring
controlled exciton transport, storage, or manipulation.

Furthermore, we demonstrate that substrate-induced dielectric screening can be an effective
means of modulating excitonic properties in low-dimensional BiSel. When placed on a SiO,
substrate, the exciton binding energy in both monolayers decreases by nearly 50%, yielding
values of 0.19 eV (Janus) and 0.22 eV (exfoliated). In the exfoliated monochain, screening
leads to even larger reduction (~ 76%), resulting in E;=0.28 eV. Overall, our study provides
a comprehensive understanding of how dimensionality governs the electronic and excitonic
properties of BiSel. The tunable excitonic behavior, strong light—matter interaction, and po-
tential for substrate modulation underscore BiSel’s promise for next-generation optoelectronic

and excitonic devices.



CHAPTER 7

Electronic Structure and Many-Body Effects in 0D

Lead-Free Perovskite-Inspired Materials

7.1 Introduction

The rapid development of lead halide perovskites has demonstrated their remarkable opto-
electronic performance in photovoltaic (PV) and light-emitting applications [320]. However,
persistent concerns regarding lead toxicity and the long-term instability of these materials have
intensified efforts to identify environmentally benign and structurally robust alternatives. In
this context, low-dimensional metal halides have emerged as promising candidates [321]. Their
reduced metal-halide connectivity often leads to enhanced structural rigidity and improved re-
sistance to thermal and environmental degradation. Consequently, many of these materials
maintain their structural and optical characteristics even under prolonged exposure to humid
conditions [322, ]. Such intrinsic stability makes low-dimensional metal halides attractive

platforms for the development of durable optoelectronic devices.

Vacancy-ordered perovskites form a significant subclass of low-dimensional metal halides.
These materials are obtained by the systematic and ordered removal of B-site cations from the
conventional ABX3 perovskite lattice. In this thesis, focus is placed on two important structural
families of such vacancy-ordered compounds [32]. The first, with general formula A3DB§’+X9
(OJ denotes a vacancy), forms when one-third of the B-sites are systematically unoccupied,
yielding either isolated face-sharing [B,Xg]?~ bioctahedra [33] or layered octahedral networks
[324]. The second family, vacancy-ordered double perovskites (VODPs) with composition
A,OB** X, consists of alternating tetravalent vacancies and structurally isolated [BXg]*~ oc-
tahedra separated by A™ cations [325]. Despite their structural differences, both families share

a defining characteristic: suppressed inter-octahedral coupling and reduced electronic dimen-

142
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sionality.

Among vacancy-ordered halides, Bi-based iodides have been extensively studied for PV ap-
plications owing to their suitable bandgaps, chemical robustness, and solution processability
[326, 42]. Early PV devices based on Cs3Bisly and MA3Bislg (MA = CH3NH3) exhibited
power conversion efficiencies (PCEs) of ~1% and 0.12% [42, 34], respectively. These efficien-
cies were later improved to 3—4% through advances in precursor chemistry, morphology con-
trol, and interface engineering [327, , ]. Such developments demonstrate that Bi-based
iodides are electronically active absorbers. Nevertheless, further progress in their PV perfor-
mance remains constrained by their intrinsic zero-dimensional (0D) electronic structure. The
crystal lattice consists of electronically isolated [Bislg]?>~ bioctahedra, which suppress band
dispersion, promote strong excitonic confinement, and favor the formation of small polarons.
Consequently, devices suffer from limited photocurrent generation and inefficient long-range
carrier transport, imposing a fundamental structural limit on their performance [34]. Overcom-
ing this intrinsic limitation requires strategies that partially restore electronic connectivity while

maintaining a lead-free composition and high chemical stability.

In this chapter, the electronic structure of A3Bislg (A = Cs, MA = CH3NH3, FA = CH(NH,)2)
nanocrystals is first investigated to establish the fundamental band-edge characteristics of these
0D Bi-based halides. The intrinsic structural bottleneck arising from the electronically iso-
lated [Biplg]®~ units is subsequently addressed via compositional engineering, specifically by
incorporating Ag into the Cs3Bislg framework. The resulting layered compound, Cso AgBily,
features extended Ag—I-Bi networks that enhance orbital hybridization, increase the electronic
dimensionality, and lead to significantly improved PCE in indoor PV devices. By systemati-
cally comparing the electronically isolated architecture of Cs3Bislg with the more connected
framework of CsyAgBily, the critical role of electronic dimensionality in controlling excitonic

confinement and charge transport properties in Bi-based halides is elucidated.

While reduced dimensionality limits long-range carrier transport in PVs, it can be highly ben-
eficial for light-emission applications. In VODPs of the form A,[IB**Xg, the weak inter-
octahedral coupling promotes strong carrier localization and frequently leads to the formation
of self-trapped excitons (STEs) [35]. These STEs typically produce broadband emission with
large Stokes shifts, making VODPs promising candidates for phosphors and light-emitting de-
vices. However, many VODPs suffer from weak photoluminescence or inefficient near-infrared

(NIR) emission [330]. These limitations often stem from indirect band gaps or parity-forbidden
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transitions that suppress radiative recombination.

Among such compounds, Cs,ZrClg has gained prominence as a robust host lattice for lumines-
cent dopants due to its high structural stability, strong quantum confinement, and pronounced
electron—phonon coupling [331]. Although the pristine material supports the formation of STEs
[332, 48], its large band gap and inefficient excitation pathways result in relatively weak intrin-
sic photoluminescence [333]. To overcome these limitations, dopant engineering has been
extensively explored. The incorporation of aliovalent n.s?, d-, or f-electron dopants introduces
localized electronic states within the band gap, creating additional radiative pathways and en-
abling tunable emission across the visible to infrared regions [334, 36]. Nevertheless, achieving
controllable dual visible-NIR emission from a single VODP host remains a significant chal-
lenge. In many doped systems, dopant-centered transitions tend to dominate, often obscuring

the interaction between host STEs and impurity states.

To address this challenge, we investigate Mo-alloyed Cs,ZrCls. The incorporation of Mo**
introduces additional electronic states associated with Mo-centered octahedra. The coexistence
of host [ZrClg]?~ and dopant [MoClg]?~ units offers a unique platform to explore the interplay
between host STE emission and dopant-driven optical transitions. Combining experimental
spectroscopic observations with first-principles calculations, we elucidate the origin of the ob-
served dual visible-NIR emission and clarify the role of dopant-induced electronic states within

the electronically isolated octahedral framework.

Accordingly, this chapter examines three closely related problems, carried out in collaboration
with experimental groups, that collectively explore how structural dimensionality and compo-
sitional engineering govern localization physics in vacancy-ordered halides. Specifically, we
(1) investigate A3Bislg (A = Cs, MA, FA) to clarify the composition and dispersion of the band-
edge states in OD Bi-based halides; (i1) analyze the layered derivative CsyAgBisly to determine
how Ag incorporation restores electronic connectivity and modifies charge-transport tenden-
cies; and (iii) study Mo-alloyed Cs,ZrClg to elucidate the origin of dual visible-NIR emission
arising from the interplay between host excitons and dopant-induced electronic states within a

VODP framework.
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7.2 Computational methodology

First-principles calculations are performed using density functional theory (DFT) [85, 86] and
many-body perturbation theory (MBPT) [121, ]. Depending on the material system and
the physical properties investigated, the calculations are carried out using the Vienna ab initio
Simulation Package (VASP) [93, 94], Quantum ESPRESSO (QE) [95], and the YAMBO code
[102, , ]. The specific computational procedures adopted for each material system are

described in the following subsections.

Electronic Properties of A;Bi-I,

The electronic properties of A3Bislg (A = Cs, MA, FA) materials are investigated using first-
principles DFT calculations performed with the VASP code. The interaction between core
and valence electrons is treated using projector-augmented wave (PAW) [93] pseudopotentials.
Structural relaxations are performed using the Perdew—Burke—Ernzerhof (PBE) [88] exchange-
correlation functional within the generalized gradient approximation (GGA). Atomic positions
are optimized until the Hellmann—Feynman forces are smaller than 1073 eV A~'. An electronic
convergence threshold of 1075 eV and a plane-wave kinetic energy cutoff of 550 eV are em-
ployed in the self-consistent calculations. Spin—orbit coupling (SOC) effects are included in
the electronic structure calculations in order to account for relativistic contributions associated

with the heavy Bi atoms.

Electronic structure, excitonic, polaron, and defect calculations for Cs;Bi>I, and
Cs2AgBisly

Ground-state DFT calculations are performed using the QE package with scalar-relativistic
norm-conserving Troullier—Martins pseudopotentials [335]. The experimental crystal struc-
ture is adopted as the starting point, and atomic positions are optimized using the PBE [291]
exchange—correlation functional. A plane-wave kinetic energy cutoff of 60 Ry is employed,
and the Brillouin zone is sampled using a I'-centered 5 x 5 x 2 k-point grid. Electronic band
structures and density of states are computed using the PBE functional including SOC effects.
The static 1onic dielectric constant is calculated using density functional perturbation theory

(DFPT) [75].

Many-body perturbation theory calculations are carried out using the YAMBO code. Quasi-
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particle (QP) corrections to the band gap are obtained within the single-shot GW (GWj)
approximation, with the energy dependence of the self-energy treated using the Godby—Needs
plasmon-pole model [241]. The kinetic energy cutoffs for the exchange and correlation parts
of the GIW self-energy are set to 40 Ry and 4 Ry, respectively. The absorption spectra, in-
cluding excitonic effects, are obtained by solving the Bethe—Salpeter equation (BSE) [119]
with a scissor correction corresponding to the difference between the G¢W, and DFT band
gaps. Charge—carrier interactions with longitudinal optical (LO) phonons are described using
the Frohlich mesoscopic polaron model [77], and carrier mobilities are estimated using Feyn-

man’s variational approach [159, 11, ].

Electronic Structure Calculations of Mo-Alloyed Cs,ZrClg

To investigate the effect of Mo incorporation on the electronic structure of CsyZrClg, spin-
polarized DFT calculations are performed using the VASP package with PAW pseudopoten-
tials. Structural relaxations are carried out using the PBE exchange—correlation functional until
the Hellmann—Feynman forces on each atom are smaller than 0.01 eV A=, The self-consistent
electronic calculations employ an energy convergence criterion of 1078 eV and a plane-wave
kinetic energy cutoff of 600 eV. The Brillouin zone is sampled using a I'-centered 4 x 4 x 4
k-point grid. Mo substitution is modeled using a 2 x 2 x 1 supercell containing 36 atoms, where
Mo atoms replace Zr sites. The electronic structures of both pristine and Mo-substituted sys-
tems are analyzed through band structure calculations and atom-projected density of states in
order to identify dopant-induced electronic states and their interaction with the host electronic

bands.

7.3 Results and discussion

7.3.1 Electronic properties of A;BisIy (A = Cs, MA, FA) halides

The A3Bizly (A = Cs, MA = CH3NH3;, FA = CH(NHy),) compounds adopt the hexagonal
P63 /mmc space group at room temperature (see Fig. 7.1). Their structures consist of isolated
inorganic frameworks in which pairs of [Bils]>~ octahedra share faces to form [BisIg]>~ bioc-
tahedral units. This structural motif differs fundamentally from the corner-sharing octahedral
network observed in conventional lead-halide perovskites such as MAPbI3. The voids between

these bioctahedral units are occupied by the A-site cations.
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Figure 7.1: Crystal structure of AzBislg (A = Cs, MA, FA) showing face-sharing [Bilg]?>~ octahedra

forming [BioIg]?~ bioctahedral units.

To understand the electronic properties of these compounds, we analyze their electronic band
structures and atom- and orbital-projected density of states (DOS) obtained from DFT cal-
culations. All three materials exhibit semiconducting behavior with indirect band gaps. The
calculated indirect (direct) band gaps are 1.81 (1.92) eV, 1.79 (1.89) eV, and 1.78 (1.82) eV
for Cs3Bislyg, MA3Bislg, and FA3Bislg, respectively (Fig. 7.2 (a—c)). The small energy differ-
ence between the indirect and direct band gaps (< 0.11 eV) implies that optical absorption
near the band edge is only weakly affected by the indirect character of the fundamental gap,
since direct transitions remain energetically accessible at slightly higher energies. A system-
atic reduction in the band gap is observed with increasing size of the A-site cation. This trend
can be attributed to structural distortions induced by the larger organic cations, which modify
the Bi—I bonding environment and influence the electronic structure. In addition, the organic—
cation—containing systems exhibit reduced band dispersion compared to inorganic Cs3Bisly,
reflecting enhanced carrier localization associated with the electronically isolated bioctahedral
units. Consequently, Cs3Bislg is expected to exhibit relatively higher carrier mobility than its
MA- and FA-based counterparts.

The orbital character of the band edges is further examined using the projected density of states
(Fig. 7.2 (d—f)). For all three materials, the valence band maximum (VBM) is primarily com-
posed of I-p orbitals, whereas the conduction band minimum (CBM) mainly originates from
hybridized Bi-p and I-p states. The A-site cations do not directly contribute to the electronic
states near the band edges; instead, they influence the electronic structure indirectly through
structural distortions and modifications of the crystal-field environment.

Despite the comparatively improved band dispersion in Cs3Bizly, its electronic structure re-
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Figure 7.2: Electronic band structures and orbital-projected density of states (DOS) of Cs3Bizlg (a,d),
MA3Bislg (b,e), and FA3Bislg (c,f), calculated using the PBE functional with spin—orbit coupling (SOC)

included.

mains governed by isolated [BiyIg]®~ bioctahedral units, which restrict long-range electronic
connectivity. As a result, carrier transport in this system is still limited by the intrinsically 0D

nature of the inorganic framework.

7.3.2 Restoring electronic connectivity in Bi-based halides: Cs;AgBisIy

One promising strategy to enhance electronic connectivity in Cs3Bislg is the incorporation of
Ag, which transforms the structure into the layered compound Cs2AgBisly (shown in Fig.7.3
(a)). This structural modification introduces extended Ag—I-Bi networks that promote stronger
orbital hybridization and improved electronic delocalization. To elucidate the microscopic ori-
gin of the experimentally observed enhancement in PV performance upon Ag incorporation,
we investigate the electronic structure, excitonic properties, and carrier—phonon interactions in
Cs3Bislg and Cs; AgBislg using first-principles calculations.

The calculated electronic band structures, shown in Fig. 7.3 (b,c), reveal that both compounds
are indirect band-gap semiconductors. In Cs3Bisly, the VBM occurs at the M point, while the
CBM lies along the I'-A direction. In contrast, Cs;AgBislg exhibits the VBM between the M
and K points and the CBM at the I" point. The calculated band gaps with and without SOC are
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Figure 7.3: (a) Unit cell of CsyAgBislg. Electronic band structures and orbital-projected density of
states (DOS) of (b) Cs3Bislg and (c) CsaAgBislg calculated using the PBE functional including SOC.

summarized in Table 7.1. A significant reduction in the band gap is observed upon inclusion of

SOC, reflecting the strong relativistic effects associated with the heavy Bi atoms.

Table 7.1: Calculated indirect and direct band gaps (in eV) using PBE and PBE+SOC methods, and
carrier effective masses for Cs3Bialg and Cso AgBislg computed by parabolic fitting of the PBE+SOC

band edges. Effective masses are given in units of the free electron mass (1myg).

Effective mass

) PBE PBE+SOC
Material (PBE+SOC)
Indirect Direct Indirect Direct m’ my,
Cs3Bisly 2.14 2.26 1.81 1.92 4.0 9.8
CsyAgBisly  0.59 0.75 0.46 0.60 0.6 2.1

The projected density of states (Fig. 7.3 (b,c)) shows that the VBM in both materials is mainly
composed of I-p orbitals. However, the nature of the CBM changes significantly upon Ag incor-
poration. In Cs3Bizly, the CBM arises primarily from hybridized Bi-p and I-p states, whereas
in CsyAgBisly it is predominantly composed of Ag-d orbitals with smaller contributions from
iodine. This orbital reorganization lowers the CBM energy while leaving the VBM largely
unaffected, resulting in a substantial reduction of the band gap in Csy;AgBislg (Table 7.1). Car-
rier effective masses obtained from parabolic fitting of the band edges indicate that electrons
are lighter than holes in both materials. Importantly, Ag incorporation significantly reduces
both electron and hole effective masses, suggesting improved carrier transport in Cs;AgBislg
compared with Cs3Bisl,.

To obtain quantitatively reliable band gaps, many-body effects are included by performing

GoWycalculations on top of PBE functionals. The resulting QP direct band gaps are 2.67 eV for
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Figure 7.4: Absorption spectra computed using Gy Wy @PBE (blue) and BSE@ Gy Wy @PBE (orange),
along with the wavefunction of the first bright exciton obtained by fixing the hole 1A above the atom
contributing most strongly to the VBM in a 5 x 5 x 1 supercell. Results are shown for Cs3Bizlg (a,b)

and CsoAgBislg (c,d). The green circles in (b) and (d) indicate the scaled oscillator strength.

Cs3Bislg and 1.60 eV for Cs; AgBislg, indicating substantial QP corrections relative to the PBE
values. However, the Gy, approach does not account for electron—hole interactions, which
lead to the formation of bound electron—hole pairs (excitons). These excitonic effects are incor-
porated by solving the BSE. The calculated absorption spectra without and with electron—hole
interactions are presented in Fig. 7.4 (a,c). The resulting optical gaps from BSE are 2.41 eV for
Cs3Bislg and 1.56 eV for Cs;AgBisly. Consequently, the exciton binding energies—obtained
as the difference between the GV, QP gap and the lowest optically bright BSE excitation—
are 260 meV and 40 meV, respectively. This significant reduction in binding energy indicates
a transition from strongly bound excitons in Cs3Bislg to weakly bound Wannier—Mott excitons
in CsyAgBiylg. The spatial character of the excitons further supports this picture. By fixing
the hole on an iodine atom and mapping the electron probability density in a 5 X 5 X 1 su-
percell, we observe that the electron density in Cs3Bisly is largely localized around Bi atoms
with additional contributions from surrounding I atoms (Fig. 7.4 (b)). In contrast, the electron
density in Cs;AgBisly is markedly more delocalized and shifts toward the Ag atoms (Fig. 7.4

(d)), consistent with the dominant Ag character of the CBM.

The reduced exciton binding energy and increased spatial extent in the Ag-containing com-
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pound can be attributed to the combined effects of smaller carrier effective masses and en-
hanced dielectric screening (see Table 7.2). The electronic contribution to the dielectric screen-
ing (€4,) is obtained from MBPT calculations, while the ionic contribution (€;qy;c) is computed
using DFPT. The total static dielectric constant is given by €y = €., + €onic — 1, and the cor-
responding values are summarized in Table 7.2. These results show that Csy;AgBily exhibits

significantly stronger dielectric screening compared to Cs3Bisly.

Table 7.2: Electronic static dielectric constant (€), total static dielectric constant (), longitudinal op-
tical phonon frequency (wr,0), electron—phonon coupling strength (), polaron radius (), and polaron

mobility (x,) for CszBialg and CsoAgBioly.

Material Eoo  Estatic wWro (em™) a1y (A) pp (cm? V-1 71
Cs3Bislg 5.6 10.6 89.6 5.0 21 1.7
CsyAgBisly 6.4 147 95.4 2.1 34 36.2

In halide perovskites and related materials, carrier dynamics are strongly governed by electron—
phonon interactions, particularly the coupling between charge carriers and polar lattice vibra-
tions. Coupling with longitudinal optical (LO) phonons gives rise to the formation of polarons,
which renormalize the carrier effective masses and significantly influence charge carrier mo-
bility. This interaction is well described by the Frohlich model [77], a continuum theory that
characterizes the long-range coupling between charge carriers and LO phonons in polar semi-

conductors. The strength of this electron—phonon coupling is quantified by the dimensionless

1 Ro [m*
= —4/ \/ 7.1
@ e* thQ m07 ( )

where wy, is the LO phonon frequency [159], & is the reduced Planck constant, R is the Ry-

Frohlich coupling constant, a.

dberg constant, and m™ is the carrier effective mass expressed in units of the free-electron mass
myo. The effective screening parameter is defined as 1/¢* = 1/e,, — 1/¢y. The calculated po-
laron parameters, including the Frohlich coupling constant («v), polaron radius (7 ), and polaron
mobility (11,,), are summarized in Table 7.2. Cs3Biylg exhibits intermediate electron—phonon
coupling (o ~ 5.0), whereas CsyAgBiyly lies in the weak-coupling regime (o ~ 2.1). Con-
sequently, the polarons in CsyAgBislg are more spatially extended, as reflected by the larger
polaron radius. Using Feynman’s variational solution [157] of the Frohlich polaron Hamilto-

nian, we estimate the upper limit of the carrier mobility. The calculated mobility increases
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dramatically from 1.67 cm? V=1 s7! in Cs3Bislg to 36.24 cm? V~! s71 in Cs,AgBiyly. This
substantial enhancement indicates that Ag incorporation significantly improves carrier trans-

port by weakening electron—phonon scattering.

Table 7.3: Formation energies (£) of possible intrinsic defects in CspAgBiolg. Energies are reported

ineV.

Defect Vi Vs Vag Vei Csag Cspi Ages Agp Biag Bics

Ef (V) 187 442 1.10 508 380 501 460 283 0.67 5.54

Defect Cs; Agl Bi; Ics IAg Ig; 1Cs iAg iB; i

E;(eV) 166 268 297 540 0.69 4.19 440 1.13 7.10 3.71

Despite the improved intrinsic transport properties, PV performance may still be limited by
defect-assisted non-radiative recombination. Experimental measurements indicate a defect
density of approximately 2 x 105 cm~3, suggesting the presence of grain-boundary or point
defects that could act as recombination centers [00].

To elucidate the defect physics, first-principles defect calculations were performed using a
2 x 2 x 1 supercell. Defect formation energies were computed with the screened hybrid HSE06
functional [92], which incorporates 25% Hartree—Fock exchange and 75% PBE exchange. In
this work, only neutral point defects were considered. The defect formation energy is defined
as

Ej = Eioi[X] — B [bulk] + Y nipi + q(evpm + Er), (7.2)

where Fiot[X 9] and Ei.[bulk] are the total energies of the defective and pristine supercells,
respectively. n; is the number of atoms of species ¢ added to or removed from the system, p;
is the chemical potential of species ¢, ey pas denotes the valence band maximum of the pristine
material, and Er is the Fermi level referenced to ey 5.

The calculated formation energies for various intrinsic defects (vacancies, antisites, intersti-
tials, and substitutional defects) are summarized in Table 7.3. Analysis of the defects with low
formation energies reveals that most introduce shallow states near the band edges rather than
deep mid-gap levels (see Fig. 7.5). This suggests that these defects are unlikely to act as effi-
cient non-radiative recombination centers. Although the Bia, antisite defect introduces states
below the conduction band minimum, it is not expected to significantly promote non-radiative

recombination. Overall, the results indicate that bulk point defects in CsyAgBily are relatively
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benign. Consequently, recombination losses in devices are more likely to be dominated by

grain-boundary and interface defects rather than intrinsic bulk defects.
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Figure 7.5: Electronic band structure for (a) pristine (b) Vg4 (c) Bigg (d) 144 () Vi (f) Csy (g) iag
defected Cso AgBialy.

7.3.3 Dopant-induced dual visible-NIR emission in Mo-alloyed Cs,ZrCl;

CsyZrClg crystallizes in the vacancy-ordered double perovskite structure with space group
Fm3m, analogous to the K,PtClg antifluorite structure. In this structure, isolated [ZrClg]?~ oc-
tahedra occupy the corners and face centers of the cubic lattice, while vacancies alternate with
the octahedra. The cuboctahedral cavities along the body diagonal are occupied by Cs™ ions
(Fig. 7.6 (a)). Upon Mo** incorporation, [MoClg]?~ octahedra can substitute for some of the
[ZrClg]?~ units because Mo and Zr possess similar ionic radii and share the same octahedral
coordination with halogen atoms. This substitution preserves the local structural framework
while introducing dopant-induced electronic states.

To understand the impact of Mo incorporation on the electronic structure, we compute the
atom-projected density of states and electronic band structures. For pristine CsyZrClg, the
VBM is primarily derived from CI-3p orbitals, whereas the CBM originates mainly from hy-
bridized Zr-4d and CI-3p states (Fig. 7.6 (b)). The band structure indicates that Cs,ZrClg is a
spin-unpolarized indirect band-gap semiconductor, with the VBM and CBM located at the I'
and X points, respectively (Fig. 7.7 (a)). Mo substitution significantly modifies the electronic

structure. The hybridization of Mo-4d and Cl-3p orbitals introduces strongly polarized mid-gap
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Figure 7.6: (a) Crystal structure of Mo:CsyZrClg, where magenta, gold, blue, and green spheres rep-
resent Cs, Cl, Zr, and Mo atoms, respectively. Atom- and orbital-projected electronic density of states
(DOS) for (b) CsoZrClg, (¢c) CsoZrg.75Mo0g.25Clg, (d) CsoZrg.sMog 5Clg, (€) CsoZrgy.o5Mog 75Clg, and
(f) CsoMoClg.

states within the band gap of the host material (Fig. 7.6 (b-f)). As a result, the alloyed systems
exhibit half-metallic behavior: the majority spin channel displays metallic characteristics with
states crossing the Fermi level, whereas the minority spin channel retains a semiconducting
character. This behavior is evident in the DOS, where states appear at the Fermi level for the
spin-up channel while the spin-down channel maintains a finite band gap. With increasing Mo
concentration in Mo:Cs,ZrClg, the density of Mo-4d states near the conduction band edge in-
creases, leading to a gradual reduction of the band gap in the spin-down channel. In contrast,
the spin-up channel consistently exhibits metallic behavior. The calculated band structures for
pristine Cs,ZrClg and fully substituted CsoMoClg further illustrate the transition from a semi-

conducting to a half-metallic state upon Mo incorporation (Fig. 7.7 (a,b)).

Experimentally, distinct emission profiles are observed for Mo**:Cs,ZrClg. This behavior can
be attributed to the presence of structurally isolated octahedral units in vacancy-ordered per-
ovskites, which allows the emission processes of host and dopant octahedra to remain largely
independent. Figure 7.7(c) shows the calculated charge-density isosurface at the (100) facet for

CsqoZry.75Mog 25Clg, revealing negligible electronic overlap of Cl orbitals between neighboring
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Figure 7.7: Electronic band structure for (a) Cs2ZrClg, (b) CsaMoClg, and (¢) Charge density isosurface
at the (100) facet of Mo**:CsoZrClg reveals the decoupling of Cl orbitals between adjacent polyhedral
[ZrClg]? and [MoClg]? units.

polyhedral units of [ZrCls]>~ and [MoClg]>~. The charge density remains largely confined
within individual octahedra, confirming weak electronic coupling between adjacent polyhe-
dral units. Such structural isolation results in highly localized electronic states and suppresses
efficient energy transfer between host and dopant octahedra. Consequently, host- and dopant-
related emissions coexist, giving rise to the observed dual luminescence in Mo**:Cs,ZrClg.

Overall, Mo alloying introduces strongly polarized mid-gap states and induces half-metallic
behavior in Mo:CssZrClg. These dopant-induced electronic states modify the band structure
and play a crucial role in tuning the photoluminescence properties of this vacancy-ordered

perovskite.

7.4 Conclusion and outlook

We first examined the electronic properties of A3Bislg (A = Cs, MA, FA) halides. These com-
pounds crystallize in a structure composed of isolated [BiyIg]*>~ bioctahedral units, which re-
sults in a 0D inorganic framework. Our DFT calculations reveal that all three materials are
indirect band-gap semiconductors with band edges primarily derived from I-p and Bi-p or-
bitals. The presence of isolated bioctahedra leads to limited band dispersion and relatively
localized electronic states, which restrict long-range carrier transport. Although the band gap
slightly decreases with increasing size of the A-site cation, the intrinsic electronic connectivity
in these materials remains weak due to their OD structural motif.

To overcome this limitation, we investigated Ag incorporation in Cs3Bislg, which transforms
the structure into the layered compound Cs; AgBislg. This compositional modification intro-

duces extended Ag—I-Bi networks that enhance electronic delocalization. Our calculations
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show that Ag incorporation significantly reduces the band gap and carrier effective masses,
leading to improved carrier transport properties. Many-body perturbation theory calculations
further reveal a strong reduction in exciton binding energy from 260 meV in Cs3Bisly to 40
meV in Csy;AgBislg, indicating a transition from strongly bound excitons to weakly bound
Wannier—Mott excitons. In addition, enhanced dielectric screening and weaker electron—phonon
coupling in Csy;AgBislg result in more spatially extended polarons and a substantial increase
in the estimated carrier mobility. Defect calculations indicate that most intrinsic defects in-
troduce shallow states near the band edges rather than deep mid-gap states, suggesting that
bulk defects are relatively benign and that recombination losses are more likely associated with
grain-boundary or interface defects.

Finally, we explored dopant-induced electronic properties in Mo-alloyed Cs»ZrClg, a vacancy-
ordered double perovskite. Mo incorporation introduces strongly polarized mid-gap states aris-
ing from hybridization between Mo-d and Cl-p orbitals, leading to half-metallic behavior in
the alloyed systems. Charge-density analysis reveals negligible electronic overlap between
neighboring octahedral units, confirming the structural isolation of [ZrClg]*>~ and [MoClg]*~
polyhedra. This weak electronic coupling suppresses efficient energy transfer between host and
dopant centers, allowing host- and dopant-related emissions to coexist and giving rise to dual
visible-NIR luminescence.

Overall, our results demonstrate that structural dimensionality, compositional substitution, and
dopant engineering provide effective routes to tune the electronic structure and optical proper-
ties of lead-free halide materials. Restoring electronic connectivity through cation substitution
can significantly improve carrier transport and reduce exciton binding energies, while dopant-

induced localized states can be exploited to design multifunctional luminescent materials.



CHAPTER 8

Epilogue and outlook

In this thesis, we have explored the emerging landscape of perovskite-inspired materials (PIMs)—
spanning antiperovskites, chalcohalides, and vacancy-ordered halides—within a unified first-
principles framework. By moving beyond static ground-state descriptions, we have elucidated
the complex excited-state manifold of these systems, providing a microscopic understanding of

excitonic effects, hot-carrier cooling, and nonradiative recombination dynamics.

In Chapter 3, we identified inorganic antiperovskite nitrides (X3NA; X = Mg, Ca, Sr, Ba; A =
As, Sb) as a promising class of photovoltaic absorbers. In particular, Sb-based compounds com-
bine suitable band gaps with dispersive band edges, weak electron—phonon coupling, and small
exciton binding energies, resulting in high carrier mobilities that exceed those of benchmark
lead-halide perovskites. Despite these favorable attributes, experimental realization remains
limited, with only Mg3zNSb reported in thin-film form to date. This highlights a critical gap
between theory and synthesis, motivating systematic experimental efforts to stabilize and grow

Ca-, Sr-, and Ba-based thin films.

Beyond static descriptors, Chapter 4 extends the analysis to the carrier dynamics of direct-
gap Sb-based antiperovskites, demonstrating that nonradiative recombination is governed by a
subtle interplay among the fundamental band gap, non-adiabatic (NA) coupling strengths, and
electronic decoherence. Notably, symmetry modulation within a fixed composition (SrsNSb)
emerges as an effective strategy to suppress recombination losses, establishing structural sym-
metry as a powerful—yet often underexplored—design parameter for tuning excited-state life-

times beyond conventional band-structure engineering.

While these inorganic antiperovskite nitrides exhibit promising theoretical efficiencies for pho-
tovoltaic applications, translating these microscopic insights into macroscopic device perfor-
mance requires addressing the complexities of realistic operating conditions. In particular,

incorporating finite-temperature effects into optical and excited-state calculations will be es-
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sential to capture phonon-induced band-gap renormalization and thermal broadening. Further-
more, the present focus on pristine lattices should be extended to include extrinsic perturba-
tions—such as point defects, vacancies, and impurities—which can introduce localized trap
states and strongly influence nonradiative pathways. Quantifying how such defects modulate
non-adiabatic couplings and carrier lifetimes remains a key challenge for predictive materials
design. Given the significant computational cost associated with these advanced simulations,
the development of accelerated predictive frameworks is highly desirable. In this context, data-
driven approaches offer a promising complementary strategy. Machine learning models trained
on physically informed electronic descriptors—such as band gaps, wavefunction overlap be-
tween valence- and conduction-band edges, and lattice dynamical features—could enable rapid
screening of candidate materials. While the availability of sufficiently diverse training data re-
mains a limiting factor at present, such approaches hold considerable long-term potential to
augment first-principles methods and guide the discovery of antiperovskites with intrinsically

suppressed recombination losses.

In Chapter 5, we investigated carbide-based antiperovskites (CagCSe, and SrgCSe,), which
remain experimentally unrealized and thus represent a predictive frontier. Our results reveal
the coexistence of picosecond-scale hot-carrier cooling bottlenecks and long nonradiative life-
times, originating from weak nonadiabatic couplings and the distinctive electronic structure
near the band edges. This combination highlights their intrinsic potential for hot-carrier energy
conversion. Despite these encouraging descriptors, the transition from theoretical prediction
to functional material necessitates addressing the stability of these dynamics under operational
conditions. Specifically, the impact of structural disorder, lattice defects, and room-temperature
excitonic correlations remains a critical open question. Moving forward, the priority lies in
establishing experimentally accessible synthesis pathways and identifying chemically viable

analogues that can retain these slow-relaxation properties in realistic device environments.

Extending the investigation to quasi-one-dimensional chalcohalides in Chapter 6, BiSel emerges
as a prototypical system in which excitonic properties can be systematically tuned through
quantum confinement and the dielectric environment. While experimental optical gaps have
been reported for the bulk phase, the fundamental characterization of its low-dimensional coun-
terparts remains largely unexplored. Consequently, our results provide predictive benchmarks
for future spectroscopic studies of low-dimensional BiSel. In addition, prior studies indicate

the emergence of Rashba-type spin splitting in Janus BiSel monolayers, offering a versatile
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platform to probe the interplay between spin degrees of freedom and excitonic behavior. In
particular, the formation of spin-polarized excitons and their associated relaxation pathways
represents a compelling direction for spin-selective optoelectronic applications. Looking for-
ward, detailed investigations of temperature-dependent excitonic renormalization, along with
phonon-mediated decoherence, will be essential for assessing the stability and transport of these
states. Such efforts are crucial for enabling controlled excitonic functionality in next-generation
spintronic and quantum optoelectronic devices, where spin and excited-state dynamics are in-
trinsically coupled.

Finally, Chapter 7 highlights that vacancy-ordered halides provide a complementary paradigm
in which electronic connectivity can be deliberately engineered to control optoelectronic func-
tionality. While structural isolation in A3Bisly (A = Cs, MA, FA) favors the formation of
self-trapped excitons and limits carrier transport, Ag incorporation partially restores connec-
tivity, promoting Wannier—Mott-like excitons and enhancing carrier mobility. In contrast, Mo-
alloying in CsyZrClg demonstrates how controlled localization can be harnessed to stabilize
self-trapped excitons, enabling dual visible—near-infrared emission. A key open question is
how these engineered electronic landscapes evolve in the presence of disorder, and how such

perturbations influence the competition between different carrier relaxation pathways.
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