Optoelectronic excitations of hybrid
inorganic organic systems including
electron-phonon interaction

Dissertation
zur
Erlangung des Doktorgrades

doctor rerum naturalium (Dr. rer. nat.)

im Fach: Physik
Spezialisierung: Theoretische Festkorperphysik

eingereicht an der
Mathematisch-Naturwissenschaftlichen Fakultat
der Humboldt-Universitat zu Berlin

vorgelegt von

Herrn Ignacio Alfonso Gonzalez Oliva
geb. am 29.05.1992 in El Salvador

Préasidentin der Humboldt-Universitat zu Berlin
Prof. Dr. Julia von Blumenthal

Dekan der Mathematisch-Naturwissenschaftlichen Fakultét
Prof. Dr. Emil List-Kratochvil

GutachterInnen: Prof. Dr. Dr. h.c. Claudia Draxl
Prof. Dr. Peter Puschnig
Dr. Mariana Rossi

Tag der miindlichen Prifung: DD MM YYYY






Ich erklare, dass ich die Dissertation selbstdndig und nur unter Verwendung der von mir
geméf §7 Abs. 3 der Promotionsordnung der Mathematisch-Naturwissenschaftlichen Fa-
kultat, veroffentlicht im Amtlichen Mitteilungsblatt der Humboldt-Universitiat zu Berlin
Nr. 42/2018 am 11.07.2018 angegebenen Hilfsmittel angefertigt habe.

Weiterhin erklare ich, dass ich mich nicht bereits anderwérts um einen Doktorgrad im
Promotionsfach Physik beworben habe beziehungsweise einen entsprechenden Doktor-
grad besitze.

Ich habe Kenntnis der dem Promotionsverfahren zugrunde liegenden Promotionsordnung
der Mathematisch-Naturwissenschaftlichen Fakultat, veroffentlicht im Amtlichen Mittei-
lungsblatt der Humboldt-Universitét zu Berlin Nr. 42/2018 am 11.07.2018.

Berlin, den DD. MMMM YYYY






MATHEMATISCH-NATURWISSENSCHAFTLICHE FAKULTAT
INSTITUT FUR PHYSIK

Optoelectronic excitations of hybrid
inorganic organic systems including
electron-phonon interaction

Doctoral Thesis
by Herrn Ignacio Alfonso Gonzalez Oliva

Supervisor: Prof. Dr. Dr. h.c. Claudia Draxl






DEDICATED TO ALEXANDRA, XENIA, GRISEIDA AND ALFONSO






SUMMARY

Hybrid inorganic organic systems (HIOS), combining inorganic semiconductors and con-
jugated organic materials, have attracted significant attention in solid state physics and
materials science. They represent an up-and-coming basis for future applications, such
as lighting devices, field-effect transistors, solar cells, and photoswitches. The appeal of
these hybrid materials stems from their capacity to combine the best of both worlds.
Specifically, they exhibit strong light-matter interaction and the chemical tunability of
organic materials, coupled with the high carrier mobilities and nearly free charge carriers
in the inorganic materials.

The experimental characterization of HIOS has advanced significantly, however the
accurate theoretical description of their electronic and optical properties remains chal-
lenging. This is largely due to the complex interplay among electronic correlations,
electron-phonon coupling, and excitonic effects. To address these challenges, many-body
perturbation theory (MBPT) provides the state-of-the-art framework. Techniques such as
the GoWy approximation allow for the computation of quasiparticle (QP) energies. Solv-
ing the Bethe-Salpeter equation (BSE) gives access to excitonic properties and absorption
spectra. Despite the existence of many studies on electron-phonon interaction (EPT) from
first principles, practical calculations including all these effects on equal footing have only
recently become accessible for hybrid systems.

In this PhD project, we investigate many-body effects in three prototypical HIOS, i.e.,
pyrene@MoS,, pyridine@MoS,; and PTCDAQWSe,. Applying the GoW, approximation,
we compute the QP band structure and analyze the influence of dynamical screening
on the energy-level alignment. The absorption spectra are calculated by solving the
BSE, and the low-energy excitations are classified based on the analysis of the exci-
ton wavefunctions and their projections onto the constituent materials. To incorporate
electron-phonon coupling, we evaluate the Fan-Migdal (FM) self-energy, thus allowing
us to assess the impact of EPI on the QP energies and thus the renormalization of band
edges.

Beyond the accurate theoretical description of the optoelectronic properties, model-
ing hybrid interfaces represents a significant computational challenge due to their large
unit cells. A particularly efficient approach for weakly bonded interfaces consists in an
additive ansatz, where the polarizability of the heterostructure is obtained by summing
the contributions of the individual components. In the final chapter of this thesis, we
introduce the expansion & addition screening (EAS) method to efficiently calculate the
polarizability of physisorbed systems in both GyW, and BSE calculations. This ap-
proach is implemented in the exciting code, a full-potential all electron code based on
the (linearized) augmented plane wave ((L)APW) method.
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Z USAMMENFASSUNG

Hybride anorganisch-organische Systeme, die anorganische Halbleiter und konjugierte
organische Materialien kombinieren, haben in der Festkorperphysik und den Materi-
alwissenschaften grofie Aufmerksamkeit erregt. Sie bilden eine aufstrebende Grund-
lage fir kiinftige Anwendungen wie Beleuchtungsvorrichtungen, feldelektrische Transi-
storen, Solarzellen und Fotoschalter. Die Attraktivitit dieser Hybridmaterialien beruht
auf ihrer Fahigkeit, das Beste aus beiden Welten zu vereinen. Insbesondere weisen sie
eine starke Licht-Materie-Wechselwirkung und die chemische Abstimmbarkeit organis-
cher Materialien auf, gekoppelt mit der hohen Ladungstrigermobilitat und den nahezu
freien Ladungstriagern der anorganischen Materialien.

Die experimentelle Charakterisierung von HIOS ist weit fortgeschritten, doch die
genaue theoretische Beschreibung ihrer elektronischen und optischen Eigenschaften bleibt
eine Herausforderung. Dies ist weitgehend auf das komplexe Zusammenspiel von elektro-
nischen Korrelationen, Elektron-Phonon-Kopplung und exzitonischen Effekten zurtick-
zufithren. Um diese Herausforderungen zu bewéltigen, bietet MBPT den modernsten
Rahmen. Techniken wie die GoWy-Approximation ermdoglichen die Berechnung von QP-
Energien. Die Losung der BSE gibt Zugang zu exzitonischen Eigenschaften und Absorp-
tionsspektren. Trotz zahlreicher Studien iiber EPI aus ersten Prinzipien sind praktische
Berechnungen, die alle diese Effekte gleichberechtigt beriicksichtigen, erst seit kurzem fiir
hybride Systeme zugénglich.

In diesem Dissertationsprojekt untersuchen wir Vielteilcheneffekte in drei prototypis-
chen HIOS, i.e., Pyrene@MoS,, Pyridine@MoS,; und PTCDAQWSe,. Unter Anwendung
der GoWy-Approximation berechnen wir die QP-Bandstruktur und analysieren den Ein-
fluss der dynamischen Abschirmung auf die Ausrichtung der Energieniveaus. Die Absorp-
tionsspektren werden durch Loésen der BSE berechnet, und die niederenergetischen Anre-
gungen werden anhand der Analyse der Exzitonen-Wellenfunktionen und ihrer Projektio-
nen auf die konstituierenden Materialien klassifiziert. Um die Elektron-Phonon-Kopplung
einzubeziehen, bewerten wir die FM-Eigenenergie und konnen so die Auswirkungen von
EPT auf die QP-Energien und somit die Renormierung der Bandkanten beurteilen.

Neben der genauen theoretischen Beschreibung der optoelektronischen Eigenschaften
stellt die Modellierung von hybriden Grenzflichen aufgrund ihrer grofien Einheitszellen
eine grofle rechnerische Herausforderung dar. Ein besonders effizienter Ansatz fiir schwach
gebundene Grenzflichen besteht in einem additiven Ansatz, bei dem die Polarisierbarkeit
der Heterostruktur durch Summierung der Beitrage der einzelnen Komponenten ermittelt
wird. Im letzten Kapitel dieser Arbeit wird die EAS-Methode zur effizienten Berechnung
der Polarisierbarkeit von physisorbierten Systemen sowohl in GyWy- als auch in BSE-
Rechnungen vorgestellt. Dieser Ansatz ist im exciting code implementiert.
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Introduction

Hybrid inorganic organic systems (HIOS) composed of organic molecules and two di-
mensional (2D) inorganic semiconductors are gaining significant attention due to their
potential in advanced opto-electronic applications [1-9]. Indeed, HIOS exploit the com-
plementary properties of their constituents to tune their electronic and optical prop-
erties [10-16]. A particularly promising class of HIOS is formed by the integration of
2D transition metal dychalcogenides (TMDCs) and conjugated organic molecules [17].
The adsorption of organic molecules on TMDCs surfaces, mediated by dipole and van
der Waals (vdW) interactions, has been shown to induce interfacial effects and emer-
gent phenomena that are absent in conventional bulk semiconductors [18-23]. Among
2D TMDCs, monolayers of MoS; and WSey stand out due to their direct band gaps
in the visible region, strong Coulomb interaction, and exceptional charge carrier mo-
bilities [10, 24-36]. These characteristics render them ideal platforms for constructing
hybrid materials with tunable many-body interactions and for advancing fundamental
understanding and technological exploitation of interfacial phenomena [37-42].

In order to effectively explore the potential combinations of materials, a full un-
derstanding of their properties requires both experimental and theoretical investigations.
For instance, experimental research has been conducted on the alignment of energy levels
and the formation of interfacial excitons using photoemission spectroscopy and photolu-
minescence [39, 43, 44]. Theoretical approaches have also been instrumental in providing
essential insight into charge transfer and optical excitations [45-49]. In particular, the
accurate description of band structures and energy-level alignments as well as optical
excitations, polaronic effects, and associated dynamical processes, becomes of utmost
importance as it determines the suitability of a system for a given application [19, 47—
55]. To fully understand hybrid materials and reach predictive power on a quantitative
level, novel methodology on various levels is needed [45]. This requirement comes with
two challenges [46]. First, the level of sophistication must be sufficient to adequately de-
scribe the relevant physics of such interfaces. Second, a computational challenge emerges
from the extremely demanding nature of the calculations due to the large unit cells.

To address the first challenge, first-principles calculations based solely on density-



functional theory (density-functional theory (DFT)) [56, 57] is not sufficient, for example,
in predicting the wrong energy-level alignment of HIOS, due to its insufficient treatment
of electron correlation [37, 53, 54]. Furthermore, at least semi-local DFT does not cap-
ture electron-hole interactions, which are crucial for describing optical spectra. For these
reasons, many-body perturbation theory (MBPT) in terms of the GW approximation
[58] and the Bethe-Salpeter equation (BSE) [59-61] are the state-of-the-art to study
the properties of hybrid interfaces [47, 50-54, 62-69]. Successful applications of MBPT
include the prediction of level alignment in HIOS [53, 54] as well as the description of op-
tical absorption spectra and excitonic features in good agreement with experimental data
[44]. Importantly, the interaction between electrons and phonons has only recently been
explored in hybrid systems[70, 71]. Understanding the impact of the electron-phonon
interaction (EPI) is crucial for investigating the temperature dependence of band gaps,
carrier mobilities, and spectral signatures[72, 73]. Recent methodological developments
have paved the way for incorporating EPI by means of MBPT, thereby facilitating the
transition from the theoretical framework to practical calculations [74-77].

Unfortunately, the computational demands of MBPT calculations for hybrid mate-
rials with large unit cells are substantial. One of the major bottlenecks in GyW, and
BSE calculations is the calculation of the polarizability, which scales as O(N*) with
the number of electrons N [58, 78]. Moreover, the solution of the BSE requires O(N?)
operations [79]. Therefore, recent efforts have actively explored methods to reduce the
high computational cost. For example, an interpolative separable density fitting (ISDF)
approach [80, 81] has been suggested for setting up the BSE hamiltonian together with
using a Lanczos algorithm for its diagonalization. Another efficient approach consists
of an additive ansatz of the polarizability, where the polarizability of the heterostruc-
ture is obtained by summing the contributions of the individual components [48, 49].
This allows the calculation of the polarizability for the supercell of each constituent by
a folding (expansion) procedure from the respective unit cell. The combination of these
two approaches, called ezpansion & addition screening (EAS) here, has been success-
fully applied to the calculation of the energy-level alignment at molecule-metal interfaces
[48, 49]. However, EAS has only been applied within a planewave representation of the
polarizability, and thus it is not directly applicable to other basis sets, in particular those
used in all-electron codes [82-84].

In this thesis, we study three prototypical HIOS, namely, monolayers of pyrene and
pyridine on MoS, as well as PTCDA@QWSe,. Pyrene molecules [85] have been used as
coating to protect TMDCs from photooxidation and environmental aging [21]. Pyridine,
a member of the azabenzenes [86], has been used as a docking group at the interfaces with
ZnO [68, 69, 87] and between MoS, and Hofmann-type coordination polymers (HTCP)



[88]. Heterostructures containing perylenetetracarboxylic dianhydride (PTCDA), e.g.,
PTCDA@MoS; and PTCDA@WSe,, have shown to promote energy transfer [39, 43, 89]
and luminescence enhancement [39, 90, 91]. These results have sparked significant interest
and motivation to determine their electronic and optical properties, both theoretically
and experimentally, to enhance our understanding and optimization of hybrid materials.
In order to address the computational challenge, the EAS approach is extended, for both
the polarizability in GW and BSE calculations, to the mixed-product basis based of the
(linearized) augmented planewave ((L)APW) method.

This thesis is organized as follows: a theoretical background is provided in Chapter 1,
in which we summarize the methodology used in this work to obtain, i.e., electron and
phonon band structures and eigenfunctions, self-energies, and exciton energies. Chap-
ter 2 focuses on the structural, electronic, and optical properties of monolayer MoS, and
WSe;y. It describes the geometry optimization applying different exchange-correlation
functionals. Then, the electronic properties are studied focusing on the dimensionality
and the inclusion of spin-orbit coupling (SOC). The role of many-body effects is ex-
plored by computing the QP band structure within the GyWj approximation, the optical
spectra by solving the BSE, and the spectral signatures due to EPI. In Chapter 3, we
discuss the many-body effects in pyrene@MoS;. The energy-level alignment is ratio-
nalized from the results of Gy, calculations (Section 3.2). The optical properties are
obtained by the solution of the BSE (Section 3.3). Finally, the temperature-dependent
band structures are shown in Section 3.4. In Chapter 4, we use the same framework
to investigate electron-electron (Section 4.2), electron-hole (Section 4.3), and electron-
phonon (Section 4.4) interactions in pyridine@MoS,. Chapter 5 shows the electronic
(Section 5.2) and optical (Section 5.3) properties of PTCDA@QWSe,. Finally, in Chap-
ter 6, we show the development and implementation of the EAS method for GoW, and
BSE. We describe the main equations for the expansion and addition steps in the mixed-
product basis based of (L)APW, and we show results for selected materials, comparing
the quasi-particle band structure and the dielectric function with results from GoW, and
BSE without using this approximation. Chapter 7 contains the conclusions and outlook
of this work.






It doesn’t matter how beautiful your theory is, it
doesn’t matter how smart you are. If it doesn’t
agree with experiment, it’s wrong.

Richard P. Feynman

Theoretical background

The quantum-mechanical description of a condensed-matter system requires the solution
of the Schrodinger equation, describing all nuclei, electrons, and their mutual interactions.
The direct analytical or even numerical solution of this problem is far too complex, if
not impossible. Therefore, appropriate approximations are needed [73]. In this chapter,
we summarize the methodologies, which allow for a first-principle description of the
electronic, vibrational, and optical properties of materials [57, 61, 92]. The last section of
this chapter provides an overview of the exciting code [93], an all-electron full-potential
package that has been used throughout this thesis.

1.1 THE QUANTUM-MECHANICAL MANY-BODY PROBLEM

The full Hamiltonian, which describes a system composed by electrons and nuclei can be
written as

~ ~

H =T, + Vo + H. . (1.1)

The first two terms correspond to the kinetic energy and Coulomb interaction of the
nuclei, respectively. The third term is the so-called electronic Hamiltonian, given as

A A

He=To 4 Vie + Vin (1.2)



where the first term is the kinetic-energy operator of the electrons, and the next terms
correspond to the Coulomb interactions between electrons as well as electrons and nuclei,
respectively. The term f/;n, which couples electrons and nuclei, inhibits in principle a
simplification of the full wavefunction in a factorized form [57, 75, 94]. However, since
the nuclei are much heavier than the electrons, their motion is much slower, meaning
that the electrons can respond to the nuclei’s motion almost instantaneously. This leads
to the Born-Oppenheimer (BO) approximation [95], where the full wavefunction of the
system can indeed be factorized in a product of a “nuclear” and an “electronic” part.
Thus, one can solve the Schrodinger equation for the electronic Hamiltonian at a fixed
nuclear configuration. Nevertheless, an explicit solution of this simplified problem is still
not trivial due to enormous number of electrons in a condensed-matter system. A simpli-
fication can be done by using the ground-state electronic density p.(r), which depends
on only 3 variables, as the main quantity instead of the many-electron wavefunction, as
will be shown in the next section.

1.2 DENSITY-FUNCTIONAL THEORY

In density-functional theory (DFT), the ground-state (GS) electron density p.q(r), is
used as the central object instead of the many-electron wavefunction. The mathematical
foundation of DFT is given by the Hohenberg-Kohn (HK) theorems [96]. The first HK
theorem states that the GS expectation value of any physical observable in a system of
N electrons is a unique functional of p(r). This is due to the fact that the “external”
potential of the electron system, which for a solid can be written as

N

‘A/en - Zvext(ri> 5 (]'3)

i=1

is uniquely associated to the ground-state electron density, p..(r), or in other words,
there is a one-to-one correspondence between the single-particle external potential vey(r)
and p(r). The second theorem states that the GS energy functional E_[p] is minimized
if (and only if) the input density is the true GS density, thus

EGS [pGS] S EGS [p] : (14)



Using Eq. (1.4), the GS electron density can be determined by constrained minimization
of the functional E_ [p]. This ends up in the equation

dEs[p]
0p(r) {pmp

=, (1.5)

with p as the chemical potential of the electronic system.

1.2.1 KoHN-SHAM (KS) APPROACH

The solution of Eq. (1.5) can be obtained by introducing an auxiliary system of fictitious
non-interacting electrons [56]. A possible way to express the GS energy functional is then

Eealpl = Tlpl + Bulp) + [ devoa(x) o) + Bucll. (16)

where Tj[p| is the kinetic-energy functional of the system of non-interacting electrons,
Ex[p] the classical Hartree energy, and FE,.[p] the exchange-correlation energy functional,
which contains energy contributions from the kinetic-energy difference between the in-
teracting and the non-interacting system, as well as the electron-electron interactions
that are not represented by the Hartree energy. The Kohn-Sham (KS) approach is built
upon assuming that the GS density of the interacting system is equal to that of the
non-interacting system

Pas(t) = 3 16i(x)[* (1.7)

where the single-particle KS orbitals, ¢;(r), are obtained by solving the single-particle
Schrodinger equations for the fictitious system

hyes 0i(r) = & i(r) . (1.8)

Here, €; are the corresponding energies to ¢; and the KS hamiltonian is defined as'

N 1
hKS = —§V2 + Uks (I‘, [p]) ) (1'9)

!Through out this thesis we use atomic units with iz = m, = e? = (4meg) L =1



with the KS potential

Vs (T, [0]) = Vese (1, [p]) + vua(r, []) + e, [0]) (1.10)

where the first term represents the external potential, the second term the Hartree in-
teraction among the electrons, and the third term the exchange-correlation potential,
Uxe(T, [p]) = 0Ex[p]/0p(r). Equations (1.8) to (1.10) are called KS equations and are
solved self-consistently. The self-consistent cycle stops once a chosen convergence crite-
rion is fulfilled, then the converged density is used to calculate the GS properties. The KS
approach gives the exact GS energy and electronic density if the exact vy.(r, [p]) is known.
However, its exact form is not known, and we need to make use of approximations. The
next section focuses on the approximations for Ey.[p] used in this thesis.

1.2.2 EXCHANGE-CORRELATION FUNCTIONALS

Despite the small contribution of Ey.[p] to the total energy in comparison with the other
terms, the quality of the GS properties is largely determined by its precise evaluation.
There are several approximations for Ey.[p] [97, 98] as sketched in Fig. 1.1. We mainly
use the exchange-correlation functional parametrization proposed by Perdew, Burke, and
Ernzerhof (PBE) [99]. This parametrization is part of the generalized gradient approx-
imation (GGA) family of functionals, which corresponds to the second rung on Jacob’s
ladder (see Fig. 1.1). The GGA exchange-correlation energy is given by

ESGA 5] = / dr p(r) €5 (p) Fee (1 €, ) (L.11)

unif
X

(p) = —3kp /47 is the Slater exchange energy of an uniform gas, kp = (372p)"/3

where €
is the Fermi-wave vector, and Fi.(rs, &, s) is the so-called exchange-correlation enhance-
ment factor which depends on the dimensionless density gradient, s = |Vp|/2kpp. The
variable £ refers to the spin polarization, which is zero for non-magnetic systems.

There are limitations for GGA when non-local correlations are important, in these
cases, higher-level exchange-correlation functional are needed. Hybrid functionals that
include a certain amount of Hartree-Fock (HF) exchange have improved over the lim-
itations of semilocal approximations [100, 101]. Heyd, Scuseria, and Ernzerhof (HSE)
presented a screened hybrid functional [102, 103], in which only the short-range part of

the HF exchange is considered,

ESP = EXPP + o [EF (w) — ELPP(W)] (1.12)



Figure 1.1: The diagram depicts the hierarchical improvement in approximations for the exchange-
correlation functional, with increasing accuracy and computational cost as one ascends the ladder. Start-
ing from the local-density approximation (LDA), and culminating in the random-phase approximation
(RPA) for correlations. At the top lies the “heaven of chemical accuracy”, signifying the idealized goal
of achieving chemical accuracy, with errors in the energy calculated below 1 kcal/mol.

where w = 0.11 a5, and o = 0.25. We calculate the electronic properties of our proto-
typical HIOS, pyrene@MoS,, using HSE to evaluate the impact of non-local correlations.
However, using solely HSE turns out to be insufficient to accurately describe the elec-
tronic properties of such systems as discussed in Chapter 3. In this case, going beyond
DFT, the Green’s function approach denoted GoWj [61, 104] is the method of choice,
and will be described in the following section.

1.3 MANY-BODY PERTURBATION THEORY

DFT, as described in the previous section, provides an efficient framework for obtaining
the GS energy and related properties of the system. However, the description of excited-
states is a challenge for DFT-based approaches [60, 61, 94]. To overcome this situation,
many-body perturbation theory (MBPT) provides a powerful way to compute excited
states and can be expressed at the different levels by using Green’s functions [58, 78].



1.3.1 ONE- AND TWO-PARTICLE GREEN’S FUNCTION

The single-particle Green’s function at zero temperature is defined as
G(1,2) = =i(0] (1) §'(2)] 10) . (1.13)

where 7' is the time-ordering operator and 1& is a fermionic field operator. In Eq. (1.13),

we have used the notation (1,2), a compact notation of positional and temporal variables,

i.e., (r1,t1,19,12). The expectation value in the definition is taken with respect to the

many-body groundstate |0). The single-particle Green’s function gives access to the

expectation values of single-particle operators, GS total energies and excitation spectra.
The time-ordered two-particle Green’s function Go(1,2;1’,2’) is defined as

Ga(1,21,2) = (0] T[d(1) $(2) 1(2) ¥ (1)][0) (114)

and describes the correlated propagation of two particles. More generally, the N-particle
Green’s function is defined analogous

Gl NiVses N = ()N O T[(1) (V) GV -+ 91 (1) o) . (115)

Using the definitions of the one- and two-particle Green’s functions given in Egs. (1.13)
and (1.14), we can link the two of them through the so-called Bogoliubov-Born-Green-
Kirkwood-Yvon (BBGKY) hierarchy of integro-differential equations [59]

{ia% — ho(l)] G(1,2) + i/d3 v(1,3) Go(1,3%;2,37) = 6(1,2) , (1.16)
with ho(1) = ho(r1) 6(t1) as the single-particle term of the electronic Hamiltonian,
v(1,2) = v(ry,re) 0(ty — ta) = §(t1 — t2)/|r1 — ra| the repulsive Coulomb interaction
between electrons, and the notation 17 = {ry, ¢; +n}, where 7 is a positive infinitesimal.
Equation (1.16) is not directly helpful for a practical calculation since it expresses the
Green’s function in terms of a more complex object, G5. However, it can be simplified
and rewritten by introducing an auxiliary quantity, the self-energy. The self-energy ¥ is
formally defined by the following identity

/d3 [on(3) 6(3,1) + X(1,3)] G(3,2) = —i/d3 v(1,3) Go(1,37;2,311) (1.17)

where vg(1) = vg(ry) §(¢1) is the Hartree potential from Eq. (1.10). The replacement of
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Eq. (1.17) into Eq. (1.16) yields the Dyson equation in differential form, which is also
referred as equation of motion of the interacting Green’s function

la% ~ ho(1) — UH<1)} G(1,2) — /d3 N3,1) G(3,2) = 6(1,2) . (L18)
The self-energy is in general a complex, non-local, and non-Hermitian operator. The real
part of the self-energy can be related to the exchange and correlation contributions to
the quasiparticle energies, whereas the imaginary part contains information about the
excitation lifetime. For practical calculations, the objective is to compute the Green’s
function, G(1,2) and the self-energy, 3 in a self-consistent approach. In Appendix D,
Hedin’s equations are presented and the GW approximation is introduced. Therefore,
we directly continue with the GyWj approximation in the next section.

1.3.2 THE GyW, APPROXIMATION

In this section, we briefly summarize the GoW, approximation, as sketched in the right
panel of Fig. D.1 in Appendix D. The proposed strategy is to start by setting > = 0, and
computing the noninteracting single-particle Green function Gy. Different initial guesses
for GGy can be considered, such as, KS or Hartree-Fock Green’s functions. Here, we obtain
Gy from the KS states

(r,r’;w) ji: ¢”Cu__ o ), (1.19)

5nk

where £,k = e,k +178gn(ep — £,x) with ep as the Fermi energy. The polarizability Py is
then computed as

(0,050) = 30 Fun(k, 6 0) duic(r) Bpse_o() 61ict) i), (120)

nm k,q
where q = k — k', and the factor F,,(k,q;w) is

1 1
Frun(k, a3 w) = 2frac(1 — frc in UBE
(k, q;w) fre( fkq){w—gmkq+€nk+l77 w+€mkq_€nk_”7}

with f,x being the occupation number of state nk, and 7 an infinitesimal positive number.
The polarizability of Eq. (1.20) correspond to the irreducible polarizability evaluated in
the random-phase approximation (RPA). The next step is to compute the dynamically
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screened Coulomb potential Wy, which is given by
Wo(r,r';w) = /dr1 e t(r,r;w)v(ry, 1), (1.21)

where v(ry,r’) is the bare Coulomb potential and €(r,r’;w) is the dielectric function
calculated as

e(r,r’;w) =d(r,r') — /dr1 v(r,r1) Po(ry, s w) . (1.22)

The final step is to introduce Wy and Gy in the expression of the self-energy, Eq. (D.1).
Once ¥ has been calculated, we can solve the QP Schrodinger-like equation

—%VQ + Vet (T) + UH(r)} Y (T) + / Ar' 2(r, v, eS) e (r) = e hnc(r),  (1.23)

where 1,y is the QP wavefunction and £9F is the energy of an electron in band n, carrying
crystal momentum k. The QP energies in the GoW,, approximation are given by

e = ek + Znk [ReSk(enk) — Vi) (1.24)

where V¢ are the diagonal matrix elements of the exchange-correlation potential, and
Znx is the so-called QP renormalization factor

Zyie = {1 - [a% Re<2nk(w))Lk }_1 . (1.25)

We conclude this section by highlighting that the polarizability Py, Eq. (1.20), is the
main quantity in the expansion addition screening (eas) method presented in Chapter 6.

1.3.3 ErrecCTIVE BSE-HAMILTONIAN

We introduce in this section the Bethe-Salpeter equation (BSE) as an eigenvalue equation
by defining the electron-hole Hamiltonian H°" as

e P P . —_
H(J'hljz)(jsﬂ) = (5?2 - gﬁ ) 6j1j35j2j4 —1 (ij - fj1) Z(j1d2) (G3ga) (1'26)

where Z(j,j,)(jsj,) are the matrix elements of the Bethe-Salpeter interaction kernel from
Eq. (D.11). For semiconductors and insulators, all transitions occur from fully occupied
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valence states v to unoccuppied conduction states ¢, thus the occupation factors (given
by the Fermi-Dirac distribution) are f, = 1 and f. = 0. We make use of the Tamm-
Dancoff approximation [105], which allows us to neglect the coupling between resonant
and anti-resonant transitions, i.e., between excitations and de-excitations. The Tamm-
Dancoff approximation is valid if the band gap is larger than the average electron-hole
interaction, which in practical terms, makes the approximation very useful for molecules
but limited for metals and semiconductors. Applying this, the eigenvalue equation takes
the form

Z vck v'c'k! Ai\’c’k’ E)\Ai\ck ) (127)

vk’

where E* is the energy eigenvalue belonging to the eigenvector A2, of the excitation
labeled A. The Hamiltonian has three contributions,

f[eh _ ﬁdiag + ﬁdir + I:[x ) (128)

The first term H%2 stands for the independent quasiparticle transitions and is therefore
diagonal. The direct term H" accounts for the attractive interaction between electron
and hole, while the exchange term H*is responsible for the repulsive exchange interaction
between the electron and the hole. The corresponding excitonic wave function ®* is given
as an expansion into products of single-particle wave functions with the eigenvectors A
as expansion coefficients according to

re? rh Z Avck ¢vk rh chk(re) : (129)

vck

In the latter, r;, and r. are the coordinates of the hole and the electron, respectively. The
transition coefficient ¢t} of a given excitation A is introduced, as a sum over the matrix
elements of the momentum operator p weighted by the BSE eigenvectors,

(vk|p|ck
ZAvck vk[plck) (1.30)

Eck — €
ek ck vk

with €. and e,y the single-particle energies of the conduction and valence states, respec-
tively. The imaginary part of the macroscopic dielectric tensor can now be formulated as

Im[ey (w)] = 8% [t*]zé(w —EY). (1.31)
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1.4 PHONONS AND ELECTRON-PHONON INTERACTION

In the previous section, we have described a practical framework for the renormalization
of the electronic eigenvalues due to electron-electron interaction. In this section, we sum-
marize the most important ingredients to compute the self-energy due to electron-phonon
interaction (EPI). We begin by presenting the central quantities in the calculation of
phonons in the harmonic approximation. The squares of the phonon frequencies w,(q) of
a mode v and the corresponding eigendisplacements e, (q) are obtained by diagonalizing
the dynamical matrix according to

>~ D (@) ean(@) = w2(a) eanla) (1.32)

where the dynamical matrix D is the Fourier transform of the interatomic force constants
(IFCs), C

D3 (a) = Z Cond " €4T, (1.33)

with M, the mass of the nucleus . The matrix of the interatomic force constants (IFCs)
is defined as the second derivative of the total energy E with respect to the atomic
displacements,

a/H/EI 82 E

akl

(1.34)

aTanﬁaTa’ﬁ’f’ 0

where |y means that the derivative is taken at the equilibrium configuration with vanishing
forces. The displacement of atom « from its equilibrium position in direction x in the
cell ¢ with vector Ry is denoted by 7,.r.

1.4.1 EFFECTIVE ELECTRON-PHONON HAMILTONIAN

In the formalism of second quantization, physical observables are expressed in terms
of field operators acting on Fock space, that is, in terms of creation and annihilation
operators of both fermions and bosons. The Hamiltonian that describes the coupled
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system of electrons and phonons is written in second quantization as

frevh _ Z Enk E e + Z w,(q ( , G + %) (1.35)
\/—p Z Z gmnu k Q) mk+q an (aqu + CL ) ’

k,q mnv

where é;k and ¢, are the fermionic creation and annihilation operators, respectively, dgy

and aq, denote the corresponding creation and annihilation operators for a bosonic field,
and N, is the number of unit cells in the Born-von-Karman supercell. In Eq. (1.35),
the first line corresponds to the separate electron and phonon subsystems, while the
second line accounts for the coupling between electrons and phonons to the first-order in
the atomic displacements. The electron-phonon matrix elements, g,...(k, q), specify the
coupling strength and will be defined in the following section.

1.4.2 ELECTRON-PHONON MATRIX ELEMENTS

The electron-phonon coupling is obtained by expanding the KS effective potential in
terms of the nuclear displacements [74, 106]. We recover the indeces used in the previous
section and define the equilibrium position as 72, = Ry + 7,, while the displaced position
is T =10 ~» + AT, Thus, the expansion of the potential is

({rack) =0 ({0} ) + Z

ATomg . (136)

OT et

The KS potential response to a phonon mode (q,r) can be written in normal mode
coordinates, using the phonon eigenvectors, e,.,(q), and phonon eigenvalues, w,(q)

Ks 1 1/2 R HpKS
20t =X (i) S G

ak 4

(1.37)

r—Ry

The electron-phonon matrix elements are the probability amplitudes for the scattering
of an electron in state ¢, into the state ¢,x1q due to a perturbation of the KS potential
caused by a phonon in the mode v and crystal momentum q [77],

gmnu(ka q) = <¢mk+q|AqVUKS|¢nk> : (138)
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The coefficients ¢,.n.(k,q) are obtained by evaluating Eq. (1.38) numerically [74]. In
the case of polar materials, where atoms could carry non-zero Born effective charges,
the analytical and non-analytical parts of the dynamical matrix are separated [107], and
Eq. (1.38) is rewritten as the sum of short- and long-range contributions,

G (K, Q) = g5 (K, @) + g, (K, Q) (1.39)

where g5 (k,q) is expressed as

41 1 v
L 1
ka)=ig > (57 oo
gmm/( 5 q) 1 0 ~ (2Np Ma Wy(q)>

(@+ G)-Z% - ean() (G
X GZ#I (q + G) “€oo <q + G) X <¢mk+q’e |¢nk> , (140)

with Z7 being the Born effective charges and €., is the static macroscopic dielectric
tensor, in the limit when only screening effects of the electrons are considered.
1.4.3 ELECTRON-PHONON SELF-ENERGY

The self-energy ¥ presented in Eq. (D.1) can take the form of an additive quantity as more
and more interactions are considered, for example, by combining the electron-electron
and electron-phonon interactions,

3(1,2) = ¥°(1,2) + £P8(1,2) . (1.41)

The electron-phonon term, P! is broken down in three parts, the Fan-Migdal (FM) self-
energy, Y™ the Debye-Waller (DW) contribution $°W and a correction term $46W [77],

Zeph — EFM + ZDW + EdGW ) (142)

YFM is a correction to the electronic excitation energies and describes the effect of the

dynamic polarization of the lattice. Only this term depends on the screened Coulomb
interaction. For this reason, it is the only contribution considered in this thesis. Applying
the GW approximation, it is written as

YM(1,2) = i/d(34) G(1,3) WPh(4,17)T'(3,2,4)

SIM(1,2) =1 G(1,2) WPh(1T,2). (1.43)
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The calculation of X¥M is made feasible by considering the following approximations:
First, the vertex I' is set to a delta function, as in Eq. (D.6). Second, the electron
Green’s function is replaced by the KS Green’s function evaluated at fixed positions of
the nuclei. Additionally, we use an adiabatic propagator, meaning that we are in the
regime of non-interacting phonons. Finally, we neglect the frequency dependence of the
electron-phonon matrix elements. Using these approximations, Eq. (1.43) becomes

mnl/ k
Z/BZ a9 q)|?

% |: Nqv + fmk+q Nqu +1- fmk+q
W — (Ekarq - 8F> + wu(‘]) + 177 W — (gkarq - ‘C’:F) - WV(CI) + 177

. (1.44)

where fnx is the Fermi-Dirac occupation factor, as introduced in Eq. (1.20), and ng,
is the Bose-Einstein distribution. Once the self-energy is computed, we can obtain the
QP energies using Eq. (1.24).

An important quantity in interacting many-body systems related to the self-energy
is the spectral function:

L) — 1 Im¥, x(w) |
Alow) =2 zn: [w - Rean(w)r + [ImEnk(w)r ’ A

a quantity that is probed in angle-resolved photoemission spectroscopy (ARPES). Ad-
ditionally, the carrier lifetime can be computed as

% ~ 2 Tm ()] | (1.46)

corresponding to the width of the peaks in the spectral function.

1.5 THE exciting CODE

All calculations presented in this thesis, except for geometry optimization, are per-
formed using the exciting code [93], an all-electron full-potential package implement-
ing the family of (linearized) augmented planewaves ((L)APW) plus local orbitals, i.e.,
(L)APW+lo methods [108]. This method is known as the gold standard for solving the
KS equations [109, 110]. Beyond the GS, exciting provides easy access to the excited-
states properties by implementing the Green’s functions formalism of MBPT, both in the
GoW,y [83] and BSE [111] approach, as well as phonon-related properties.
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1.5.1 AUGMENTED PLANEWAVE BASIS

In the (L)APW+lo method [93, 108], the unit cell is divided into the muffin-tin (MT)
and interstitial (I) regions, as sketched in Fig. 1.2. The basis is defined as

> cim Aacim(k + G) uaq (1, €a1) Yirn (1) r® < R

Pak(r) = \/Lﬁei(k+(})-r rel: (1.47)

is the radius of the sphere of atom «, centered at position R, and the difference vector
from this center is labeled as r* = r—R,,. Inside the MT spheres, ¢gk(r) is expanded in
terms of products of spherical harmonics Y, (t®) and radial functions wae(r®, ). The
latter are solutions of the scalar-relativistic radial Schrodinger equation for the spherically
averaged Kohn-Sham potential in the respective sphere at fixed reference energies ¢
(linearization energies). The index ¢ has been introduced to account for different types
of radial functions, which are given by

0 (1™, E)

o (1.48)

ua(l<ra7 €az) =

Eal

Usually only ¢ = 0,1 are considered. The augmentation coeflicients A,¢m(k + G) are
chosen to make the basis functions to be continuous and smooth at the sphere boundary.
Another approach to perform the linearization is picking frozen energy parameters for
the radial functions and combining them with local orbitals (lo) [112, 113]. They are
defined as

¢u<r) = [au Ul (,roz’ 5&[) + bu Ual(’l"a, Eal)] }/lm(f‘a) 50@” 5€£u 5mmu 3 (149)

in one specific muffin-tin and as 0 everywhere else. The coefficients a, and b, are
determined by imposing that the local orbitals are normalized and continuous at the
sphere boundary. This results in a smaller linearization error compared to the (L)APW
method [113].

1.5.2 COULOMB TRUNCATION AND TREATMENT OF THE ¢ = 0 SINGULARITY

The exciting code has been designed for calculations with periodic boundary conditions
of 3D materials. When treating 2D systems, a sufficient amount of vacuum is needed
to avoid interaction between the replicas along the out-of-plane direction. Unlike DF'T
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Figure 1.2: Scheme of a unit cell in the (L)APW representation.

calculations with (semi)local functionals, where the overlap between charge densities of
neighboring periodic images decays rapidly with the vacuum-layer thickness, in the GoWj
approximation, the slow decay of the self-energy with the vacuum size complicates the
task. In order to solve this issue, a truncation to the Coulomb potential is applied
[114, 115], resulting in well-converged QP gaps with a considerable smaller vacuum size.
In the 2D case, we truncate the Coulomb potential by a step function in the non-periodic
direction (z axis)

Vi (r) = , (1.50)
where z. is the threshold for the Coulomb cutoff. In reciprocal space, and setting z. to
be half of the cell size along z, the potential is then written as

trun Am —kgyz
vi(k) = P [1 —e v cos(k,ze) | - (1.51)
An inconvenient of the truncation of the Coulomb interaction is that the convergence
with respect to the k-grid slows down, due to the non-smooth behavior of the dielectric
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function around the singularity at ¢ = 0 [116-118]. To solve this problem, the correlation
part of W is treated analytically [117, 119]. The correlation part of the self-energy ¥¢(w)
without the treatment can be written as [82]

(k|2 (W) | Pri) = Z/ dw— w—i—w L X

— £
mij mk—q

(M (k, )] M, (k@) W (k. q), (1.52)

where M! (k,q) are the expansion coefficients of the mixed product basis, an auxiliary
basis to represent products of KS wavefunctions (more details in Chapter 6). To treat
the q = 0 contribution, separately, the corresponding term in Eq. (1.52) is replaced by

1

. 1
——— [M,(k,0)] M7, (K, dq W (q, o’ 1.
oW _emk[ (k. 0)] M7, (k. 0) Qo/ a W(aq, W), (1.53)

where ) is a small region around q = 0. Analytical expressions in the limit q — 0 are
then employed to calculate the integral in Eq. (1.53).

1.5.3 TS vAN DER WAALS CORRECTION

Van der Waals (vdW) interactions play an important role in weak interacting system, such
as, the HIOS studied in this thesis. Unfortunately, conventional DFT calculations fail
to describe the long-range vdW interactions because the exchange-correlation functional
does not capture them. To address this problem, the total energy, including such a
dispersion, can be expressed as

Eiot = Eprr + Edisp (1.54)

where Eq;s, represents the long-range dispersion energy. In the Tkatchenko-Scheffler (T'S)
method [120, 121] the dispersion energy is given as

ij
Edisp = _156 Z (C'—ﬁ fd(rz]) ) (155)

2 ij rij)

where sg represets a global scaling factor that depends on the exchange-correlation func-
tional. Typically, s¢ = 1 for the PBE functional. r;; is the interatomic distance between
the i-th and j-th atoms. Cg’ are the dispersion coefficients, and fy is a damping function
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that prevents singularities for small interatomic distances,
1
14 eXp{ — d[’f’ij/ (SRRij) — 1] }

fa(ri;) = (1.56)

For the PBE functional, the damping parameter d is equal to 20, while the scaling
parameter sy is set to 0.94. R;; is the sum of the atomic vdW radii, i.e., R;; = R; + R;.
In the TS method, the radii R; are rescaled as

Veff 1/3
) (L.57)

free 7
R, = Rf (_
7 free

Vi

where VT and V¥ are the effective volume of atom i in a solid and the volume of a free
atom, respectively. To compute the ratio, the Hirshfeld partioning is used [122]

Vet [drr® p(r) wi(r)

L = 1.58
‘/ifree fdr 7"3 pgree(r) ) ( )
where the weigh for atom ¢, w;(r), takes the form
free
pi(r)
wi(r) = S - (1.59)
Zj /05 (r)
The dispersion coefficients with i = j, C&, in a solid can be calculated as
ii ii ver ’
OG — V6, free (Vfree> . (160)

The off-diagonal C¢ coefficients are estimated by the Slater-Kirkwood formula [123, 124]

- 2Cz‘icjj
Cs = v o (1.61)
o0 + G

with v; defined as the static polarizability of atom i,

Veff
v = o (1.62)
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The methods of theoretical physics should be ap-
plicable to all those branches of thought in which
the essential features are expressible with num-
bers.

Paul Dirac

Transition metal dichalcogenides

This chapter focuses on the inorganic components of our prototypical HIOS, namely,
monolayers of molybdenum disulfide (MoS;) and tungsten diselenide (WSeg). In par-
ticular, we consider the hexagonal (2H) phase of these crystals, and we compute their
structural, electronic, vibrational, and optical properties from first principles. These
semiconducting few-layer transition metal dichalcogenides (TMDCs) exhibit remarkable
properties, such as direct band gaps [125], strong light-matter interaction [126], and large
exciton binding energies [50, 127].

2.1 MOLYBDENUM DISULFIDE

Molybdenum disulfide (MoSs) monolayer is the second most studied 2D material after
graphene, both theoretically [28, 32, 34-36, 116-118, 127-155] and experimentally [125,
126, 140, 156-163]. We begin by describing the crystal structure of bulk MoS,, since
this is the starting point to build our monolayer. The bulk structure can be described
as closed-packed planes of Mo atoms, sandwiched between two atomic layers of S atoms.
The S-Mo-S bonds are covalent and strong, while the monolayers are loosely stacked
upon each other by vdW interactions. The Mo atoms are surrounded by 6 S atoms in a
trigonal prismatic geometry as illustrated in Fig. 2.1 (right). The corresponding Bravais
lattice is hexagonal and the non-symmorphic space group of the crystal is P63/mmc. The
two Mo atoms are located at the 2c Wyckoft sites, the four S atoms at the 4f sites [127].
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Figure 2.1: Left: 2D structure of a MoS2 monolayer, where the unit cell contains two selenium atoms
and one molybdenum. The in-plane lattice parameter is denoted by a. Right: Bulk structure of MoSs,
which contains four selenium and two molybdenum atoms. The individual slabs are stacked via vdW
interactions. The out-of-plane lattice constant is denoted by c.

Figure 2.2: Brillouin zone (BZ) of the hexagonal crystal. The high-symmetry points (I', M and K)
and the path, along which the bandstructure is calculated. The irreducible BZ is highlighted in blue.

To construct the MoS,; monolayer, a single layer is extracted from the bulk structure. Its
geometry, depicted in Fig. 2.1 (left), is determined by the in-plane lattice parameter a and
the distance between the sulfur atoms, dgs. Figure 2.2 shows the high-symmetry points
for the 2D hexagonal Brillouin zone (BZ) and the path along which the electronic and
phonon dispersions are calculated. The MoS; monolayer retains the intrinsic trigonal
prismatic arrangement of the Mo and S atoms. However, the inversion symmetry is
broken and the new space group is P6m2 [127, 139].
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2.1.1 GEOMETRY OPTIMIZATION

The first step in any theoretical study is to obtain the optimized geometry. In this work,
we have performed the geometry optimization using FHI-aims [164], an all-electron code
implementing numerical atomic orbitals (NAO). It is done by minimizing the amplitudes
of the interatomic forces, below a threshold value of 1072 ¢V A~'. Although FHI-aims
implements a different basis set than exciting, the two codes have been shown to be
in very good agreement [110]. In Table 2.1, we list the structural parameters of MoS,
monolayer optimized with LDA, PBE, and HSE. To include vdW corrections, we have
performed calculations using the T'S method [120, 121] based on PBE (HSE), labeled
as PBE+TS (HSE+TS). As expected, LDA underestimates the lattice spacing, whereas
PBE overestimates it, while HSE and PBE+TS show the best performance with respect
to the experimental value. The calculated S-S bond length is underestimated regardless
of the method used, with PBE+TS being the closest to the experimental counterpart.

Table 2.1: Optimized geometry parameters of MoSs monolayer obtained with different XC functionals,
and compared with the experimental value reported in Ref.[163].

XC functional a [A] dss [A] dnos [A} 0 [°]

LDA 3.121 3.106  2.379 81.51
PBE 3.186 3.125  2.414 80.70
HSE 3.160 3.101 2.394 80.73
PBE+TS 3.162 3.136  2.407 81.34
HSE+TS 3.139 3.111 2.388 81.28

Experiment [163] 3.160 3.172

For all XC functionals considered, the S-S bond length, dss, decreases with increasing
a, as shown in Fig. 2.3 on the right. Both PBE and PBE+TS yield the same trend.
However, the difference lies in the optimized lattice parameter, 3.186 A and 3.162 A
respectively, which leads to larger dgg in the case of PBE+TS. The longest value of the
Mo-S bond length, dys, is obtained with PBE, while the shortest value is obtained
with LDA, identical to the case of the lattice parameter. The angle between the S-Mo-
S atoms, #, has its smallest value when calculated with PBE, while the largest value is
obtained for LDA, completely opposite to the case of the lattice parameter. Overall, HSE
and the PBE+4TS method give the closest result to the experimental lattice parameter,
approximately 3.16 A.
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Figure 2.3: Left: Direct and indirect band gaps for the PBE+TS geometry. The green line corresponds
to the optimized value reported in Table 2.1 for PBE+TS. Right: Dependence of dgg on the lattice
constant a obtained from different XC functionals.

2.1.2 FELECTRONIC PROPERTIES

For the geometries described above, we calculate the direct and indirect band gaps using
the same XC functionals as in the geometry optimization, i.e., we use LDA on top of the
LDA geometry, PBE on top of the PBE geometry and so on. We consider here the direct
gap at the K point (E,(KK)) as well as the indirect gaps between I' and K (E4(T'K))
and between K and T (E,(KT)). The T point corresponds to a point between towards
I and K, see Fig. 2.2. The values for the direct gap and the indirect gaps are given in
Table 2.2. Regardless of the method chosen, E,(KK) corresponds to the fundamental
gap, except for the PBE case, where the fundamental gap is indirect, i.e., E4(T'K). This
is a clear difference from the optimized geometry using PBE and PBE+TS. To better
understand this difference, we examine the effect of the lattice parameter on the direct
and indirect band gap for the PBE+TS geometry, as shown in the left panel of Fig. 2.3.
At the optimized lattice parameter (green dashed line in Fig. 2.3), a direct fundamental
gap is obtained at the K point. As the lattice parameter increases, the character of the
gap changes from direct to indirect. In fact, the PBE lattice parameter of 3.18 A has
an energy of approximately 1.7 eV, which coincides with the transition from direct to
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indirect fundamental gap.

Table 2.2: Direct and indirect band gaps of the MoSs monolayer obtained with LDA, PBE, HSE, and
PBE+TS. For each case, the fundamental gap is highlighted in bold.

Functional E.(KK) [eV] E4(T'K) [eV] E4(KT) [eV]

LDA 1.86 1.96 1.97

PBE 1.67 1.65 1.94

HSE 2.19 2.23 2.60

PBE+TS 1.75 1.82 1.92

HSE+TS 2.28 2.41 2.51
Experiment [165] 2.50

Overall, all XC functionals underestimate the experimental gap of 2.50 eV [165],
measured by photocurrent spectroscopy. HSE+TS has the closest value with 2.28 eV,
a difference of approximately 0.2 eV. To overcome this issue, and to properly reproduce
the experimental gap with our theoretical calculations we use MBPT within the GoW)
approximation. In conclusion, 2D materials, such as the MoS; monolayer, are highly
sensitive to the structural parameters, and a small change in the lattice constant already
has a large impact on the energy gap [118, 135, 139].

Before describing the QP band structure, we discuss two important aspects. The
first aspect concerns whether a direct or an indirect gap is found. This depends on the
dimensionality [31, 127] of the system. We compare the band structures of bulk and
monolayer calculated with PBE+TS, as shown in Fig. 2.4. The fundamental band gap
of the bulk structure is 0.87 eV, that of the monolayer is 1.75 eV. The indirect gap from
T to T represents the fundamental band gap in the bulk system.

The second aspect to consider in the description of the electronic properties is spin-
orbit coupling (SOC) [166]. We show the band structure of MoSs monolayer including
SOC for the PBE+TS geometry in Fig. 2.5. There are three main features with the
inclusion of SOC: First, the fundamental gap is reduced to 1.60 eV. Second, the valence
band maximum (VBM) splitting at K amounts to 148 meV, in good agreement with
Ref. [166]. Third, the conduction band splitting at T is approximately 3 meV.

We conclude this section by showing in Fig. 2.6 the band structure of the MoSy
monolayer as obtained from PBE and GoW, calculations. The QP band structure is
calculated on top of the PBE eigenvalues. The QP gap amounts to 2.6 eV, an increase
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Figure 2.4: Band structure of bulk (left) and monolayer (right) MoSs obtained by PBE+TS, showing
an indirect and direct fundamental gap (red arrows), respectively.

Figure 2.5: Band structure of MoSy; monolayer in the PBE+TS geometry without (left) and with
(right) spin-orbit coupling (SOC).
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Figure 2.6: Band structure of MoSs monolayer calculated with PBE and GyWj.

of 0.9 eV from the KS band gap of 1.7 eV. As expected, the QP gap agrees more closely
with the experimental value of 2.5 eV.

2.1.3 PHONON DISPERSION

The phonon dispersions of MoS, bulk and monolayer are shown in the left and right pan-
els of Fig. 2.7, respectively. The interatomic force constants are calculated by the finite-
displacement method using PBE as the exchange-correlation functional. The LO/TO
splitting is included by calculating the Born effective charges and the macroscopic dielec-
tric constant. The latter is important for polar systems, since the phonons can couple to
macroscopic electric fields in the long-wavelength limit [127].

The phonon dispersion of bulk MoS, contains 18 phonon branches, which are reduced
to nine in the monolayer case. There is very little difference in the optical phonons be-
tween the bulk and the monolayer, which is explained by the weak interlayer interaction.
For both materials, the largest phonon energy is roughly 60 meV. In 2D materials, the vi-
olation of the rotational invariance is expected to affect the out-of-plane flexural acoustic
mode [167] by exhibiting negative energies when approaching I', but the phonon disper-
sion of the MoS, monolayer shows minimal affection. Overall, the phonon dispersions of
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Figure 2.7: Phonon dispersion of bulk (left) and monolayer MoSs (right).

both materials are remarkably similar.

2.1.4 ELECTRON-PHONON INTERACTION

After presenting the electronic and vibrational properties in the previous sections, we
compute the electron-phonon interaction in the MoSy monolayer. The electron-phonon
matrix elements (Eq. (1.38)) and the electron-phonon self-energy (Eq. (1.44)) are calcu-
lated using the QP eigenvalues obtained from the GyW, approximation. Our study is
not limited to just the temperature-dependent band gap, but we extend the investiga-
tion to the complete band structure and the features obtained by analyzing the spectral
function.

We begin our discussion by showing the temperature-dependent band structure for
0K, 300K, 600K, and 900K in Fig. 2.8. We immediately notice that the band gap de-
creases as the temperature increases. This renormalization of the bands is expected, as
also observed in Ref. [129]. Interestingly, in our calculations, we also observe a spectral
signature on the lower parabola in the top valence band at the minimum between K and
I'. Another feature is observed at 600K and 900K, where the parabolic shape at the
VBM experiences a distortion. Overall, as the temperature increases, in particular the
lower- and higher-energy bands become more distorted.
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Figure 2.8: Temperature-dependent band structure of the MoS; monolayer. The color scale bar
indicates the maximum value (black) and minimum value (white) of the spectral function, respectively.

To further investigate the band gap renormalization due to temperature effects, we
plot in the left panel of Fig. 2.9 the spectral function of the VBM and conduction band
minimum (CBM), for temperatures ranging from 0K to 900K, in 100K steps. As ex-
pected, we observe a renormalization in energy with a slight increase in broadening as
the temperature increases. This indicates that the electron lifetimes at the band edges
are reduced upon increasing temperature. The band gap renormalization, as derived
from the spectral functions of the band edges, is shown in the right panel of Fig. 2.9.

This difference between the band gap at 0K and the band gap obtained from the
GoW, approximation amounts to 60 meV, in reasonable good agreement with the 75 meV
reported in Ref.[129, 168]. The difference of 15 meV could be explained due to the
fact that we have only considered the FM self-energy, thus neglecting the effect of the
DW term. This would mean that the DW term adds up to 15 meV to the zero-point
renormalization (ZPR) in this material. The latter would be consistent with the typical
contribution of the DW term.
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Figure 2.9: Spectral functions for the VBM and CBM of the the MoSs monolayer (left) and
temperature-dependence of the band gap (right). The QP gap obtained with the GoWj approxima-
tion is indicated by the red dot.

2.1.5 OPTICAL PROPERTIES

The imaginary part of the frequency-dependent macroscopic dielectric function of MoS,
monolayer is shown in Fig. 2.10. It is obtained by solving the BSE on top of the QP
band structure. For comparison, we show the independent quasi-particle approximation
(IQPA) spectrum, which ignores excitonic effects. The difference between the two spectra
highlights the large contribution of the electron-hole interactions for this system [32, 129].
To reduce computational cost, we have neglected the effects of SOC, its impact on the
electronic structure have been shown in Section 2.1.2. The most prominent result is the
splitting of the VBM at the K-point, which leads to a splitting of the lowest-energy
exciton peak by 150 meV [166]. The optical gap of 2.29 eV is overestimated, when
compared to values reported from similar calculations [19, 52]. Thebinding energy of
the lowest-energy exciton is estimated as the difference between the electronic gap (2.6
eV) and the optical gap (2.29 eV), yielding a value of 310 meV, which corresponds to a
medium-sized exciton binding energy.
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Figure 2.10: Imaginary part of the dielectric function of MoS, monolayer averaged over the in-plane
components, including (BSE, solid lines) and negletic (IQPA, gray area) excitonic effects. Note that
SOC has not been accounted for.

2.2 TUNGSTEN DISELENIDE

2.2.1 GEOMETRY OPTIMIZATION

The crystal structure of WSey belongs to the same crystal family as MoS,. The geometry
of WSe; monolayer, shown in the left panel of Fig. 2.11, is determined by the in-place
lattice parameter a and the bond length between the selenium atoms, dgese. The unit-
cell size L along the out-of-plane direction z is chosen to be 20 A in our calculations.
Geometry optimization is performed using PBE, resulting in a and dgese values of 3.32
Aand 3.36 A, respectively, which are in good agreement with other theoretical studies
[28, 116, 143, 145, 147, 150]. The geometry of the WSe, bilayer is shown in the right
panel of Fig. 2.11. The interlayer distance d has a value of 3.21 A, after optimization
using the T'S vdW correction. We choose the bilayer to show the effect of dimensionality
on the electronic, vibrational, and optical properties of WSes.
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Figure 2.11: Left: 2D geometry of the WSe; monolayer. The in-plane lattice parameter is denoted by
a. dgese is the distance between Se atoms of the two atomic Se layers. L is the unit cell size size along
the out-of-plane direction z. Right: Geometry of WSes bilaye in AB stacking. The interlayer distance is
denoted by d.

2.2.2 FELECTRONIC PROPERTIES

We begin by describing the PBE band structure of WSe, bilayer, as shown in the left
panel of Fig. 2.12. The fundamental band gap of WSe, bilayer is 1.4 eV, resulting from
the indirect gap, E,(I'T). The direct band gap at K amounts to 1.5 eV, about 0.1 eV
larger than the fundamental gap. The indirect gap E4(KT) has a value of about 1.48
eV, only slightly smaller than the fundamental gap. We use the PBE band structure as
a starting point to calculate the QP band structure (violet), as shown in the left panel of
Fig. 2.13. When self-energy effects are included, the fundamental gap still corresponds
to the indirect band gap E.(I'T), with a value of 1.8 eV. The QP gap has increased by
0.4 eV with respect to the PBE gap. The E,(KK) has increased by approximately 0.6 eV
(from 1.5 eV to 2.1 V).

In the case of the monolayer, the fundamental gap is assigned to E;(KK), as shown
in the right panel of Fig. 2.12. The direct gap at K amounts to 1.6 eV. We calculate the
QP band structure (green) on top of the PBE eigenvalues, as shown in the right panel of
Fig. 2.13. The QP direct gap at K is 2.4 eV, an increase of 0.8 eV with respect to the PBE
band gap, in good agreement with previous calculations [145, 147]. However, the QP gap
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Figure 2.12: PBE band structure of WSe, bilayer (left) and monolayer (right). The indirect and direct
fundamental gap are shown by red arrows.

is larger compared to the experimental value of 1.95 eV [65, 169], measured by scanning
tunneling spectroscopy (STS). Overall, the GoW, corrections are not uniform over all
k-points, i.e., a simple scissors approximation is, strictly speaking, not applicable [135].

The last aspect that we consider for the electronic properties of WSes; monolayer is
the inclusion of SOC. Fig. 2.14 shows the band structure of WSe; monolayer without
SOC (left) and with SOC (right) calculated with PBE. There are three main features,
first, the fundamental gap is reduced to 1.34 eV, second, the valence band splitting at
K is 456 meV, an increase of more than 300 meV with respect to the MoSs monolayer.
Third, the conduction band splitting at T is about 44 meV. These results are in good
agreement with Ref. [166]. We conclude this section by highlighting the main differences
between the electronic properties of the WSey bilayer and monolayer. First, there is
a change in the fundamental band gap from direct (monolayer) to indirect (bilayer).
Second, the reduction of the direct gap at K due to the additional layer. In the case of
the bilayer, the gap is 0.3 eV smaller. This reduction can be explained by the additional
screening introduced by the extra layer. These effects can only be capture via the GW
approximation, and we will further emphasize this necessity with the examples of our
prototypical HIOS.
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Figure 2.13: Left: QP band structure of WSey bilayer (left) and WSe; monolayer (right).

Figure 2.14: Band structure of monolayer WSes without (left) and with (right) SOC.
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Figure 2.15: Imaginary part of the dielectric function of WSes monolayer (top) and bilayer (bottom)
averaged over the in-plane components, calculated with BSE. Note that SOC has not been accounted
for.

2.2.3 OPTICAL PROPERTIES

In Fig. 2.15 we compare the imaginary part of the frequency-dependent macroscopic di-
electric function between monolayer (top) and bilayer (bottom) as obtained by averaging
over the in-plane components. The optical gap of the bilayer is approximately 1.95 eV,
we estimate the exciton binding energy of the first exciton as 150 meV by using the direct
gap at K. In the case of the monolayer, the optical gap amounts to 2.0 eV, a very close
value to that of the bilayer. However, the binding energy of the lowest-energy exciton
is about 300 meV higher with a value of 428 meV. Overall, both absorption spectra are
very similar, but the additional screening reduces the optical gap of the bilayer.
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Most important part of doing physics is the
knowledge of approximation.

Lev Landau

Many-body effects in pyrene@MoS9

In this chapter, we systematically study the electronic and optical properties of the
prototypical system, pyrene@MoS;. We calculate the QP correction to the PBE and
HSE band structures of the heterostructure using the GoW, approximation. From these
results, we rationalize the level alignment of this system. Based on the QP band struc-
ture, we then solve the BSE to calculate the optical properties. Finally, we study the
temperature-dependence of the band structure and spectral signatures arising from EPI.

3.1 GEOMETRY OPTIMIZATION

We use a slab model to describe the 2D unit cell of the hybrid system. It consists of a
3x3x1 supercell of the pristine MoSs, structure, i.e., containing 9 Mo and 18 S atoms. We
consider a starting configuration consisting of a monolayer of upright standing molecules
at a vertical distance of about 3 A. The internal coordinates of the combined system
are then relaxed using PBE+TS. The adsorption geometry of pyrene turns out tilted
by an angle of 17°. The shortest (largest) distance of the physisorbed molecule to the
TMDC is 3.23 A (4.28 A), measured from the topmost atomic position of the substrate.
This inclination is attributed to the weak interactions between neighboring molecules.
Regardless of the inclination, at the separation distance, no chemical bonding occurs,
i.e., the interaction between pyrene and substrate is primarily due to vdW forces. The
side and top views of the optimized supercell are shown in Fig. 3.1
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Figure 3.1: Side and top view of the optimized structure of pyrene@MoS; in a 3x3x1 MoSs supercell.

3.2 ELECTRONIC PROPERTIES

The PBE band structure of the hybrid heterostructure is shown in Fig. 3.2 (left). The
material exhibits a direct gap at the I'-point. Its appearance at the I is a consequence
of the band folding in the 3x3x1 supercell [170]. PBE yields an energy level align-
ment of type I, where the highest occupied molecular orbital (HOMO) of the molecular
monolayer constitutes the highest occupied valence state, while the lowest-lying unoc-
cupied states arise from the MoS; bands [52, 171]. The fundamental KS gap of this
heterostructure is 1.3 eV. An analysis of the band features indicate that, at the PBE
level, this vdW-bound hybrid system largely preserves the band structure of the pristine
constituents. For example, the PBE band gap of MoS, coincides with the direct band
gap of 1.7 eV in pristine MoS,, as described in Chapter 2.

The adsorption of pyrene manifests itself through the emergence of a flat band around
—0.6 €V in the valence region, as shown in the left panel of Fig. 3.2. Visualization of
the corresponding wave function at the I'-point (marked by the orange circle) confirms
that this level corresponds to the HOMO of pyrene. The energy difference between the
HOMO and the VBM of MoS, amounts to 0.4 eV, making hybridization of these states
unlikely. Another flat band appears at around —1.5 eV. Inspecting the KS orbital (brown
circle), it can be attributed to the HOMO-1 of pyrene. Both, HOMO and HOMO-1 are
molecular orbitals of 7 character. The three topmost bands of MoS,, i.e., VBM, VB-
1, and VB-2, are almost degenerate at I, with an energy of —1.1 eV. Visualization of
the corresponding KS orbitals reveals the well-defined MoSs character, preserving the
composition of Mo-4d and S-3p states (blue circles). Although there is hybridization
between the molecular orbitals and the MoSy bands, it turns out to be minimal. This
can be explained by the fact that pyrene has no permanent dipole and, thus, vdW forces
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Figure 3.2: Left: Band structure of pyrene@MoS, calculated with PBE. The color code, going from
red (MoSs) to black (molecule), indicates the contribution of the pristine entities to the bands. Right:
Kohn-Sham (KS) wave functions of selected bands at the I'-point.

dominate the formation of the hybrid heterostructure. The lowest unoccupied molecular
orbital (LUMO) of pyrene appears at an energy of about 1.9 eV, hence the HOMO-LUMO
distance of pyrene in this system amounts to 2.5 eV.

To further investigate the level alignment at the PBE level, we unfold the bands into
the BZ of the unit cell, as displayed in the left panel of Fig. 3.3. Both the HOMO and
HOMO-1 are clearly observed at the K-point with energies of —0.6 and —1.5 eV, respec-
tively. The band gap of MoS, at K, E,(KK), is direct with a value of 1.7 eV. Overall,
the band structure of Fig. 3.3 confirms the type-II level alignment with a fundamental
gap of 1.3 eV as deduced above.

We calculate the plane-averaged charge density difference Ap along the vertical di-
rection defined as

A0 = 0tot — (OMoS; + Omol) (3.1)

where 0tot, OMos,, and ome correspond to the plane-averaged charge density of the to-
tal pyrene@MoS, system, the isolated MoS, supercell, and the free standing pyridine
monolayer, respectively. Significant oscillation are found at the interface between the
substrate and the molecular layer, as seen in the right panel of Fig. 3.3. In other words,
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Figure 3.3: Left: PBE band structure of pyrene@MoS; unfolded to the BZ of the MoSs unit cell. Right:
Plane-averaged charge-density difference between the heterostructure and the individual components
along the z-direction. A positive (negative) value of Ap represents accumulation (depletion) of charge
density.

the charge rearrangement is mainly confined to this region. The charge density is in-
creased in the region just above the S-atom, while it is depleted in the region around
the molecule, suggesting a donor behavior of pyrene. To quantify the amount of charge
transfer, we integrate Ap in the region marked in yellow in the right panel of Fig. 3.3,
obtaining —0.07 electrons.

After describing the PBE results of our system, we calculate the electronic properties
using the GoW, approximation with the PBE energies and wavefunctions as starting
point. The QP band structure is plotted in Fig. 3.4 along the high-symmetry points in
the BZ of the supercell (left) and the unit cell (right) of MoS,. The HOMO of pyrene is
now located below the three topmost valence bands of MoSs, indicating a qualitatively
change of the level alignment to type I.
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Figure 3.4: QP band structure of pyrene@MoSs, computed using the GoW, approximation, plotted
along high-symmetry points in the BZ of the supercell (left) and the unit cell (right) of MoSs.

To properly describe the effects of the Gy} approximation on the electronic proper-
ties we plot the energy-level alignment as shown in Fig. 3.5. Here, the PBE HOMO/VBM
of the isolated systems are aligned with their respective counterparts in the heterostruc-
ture. The PBE VBM of MoS, is taken as the global reference, which means that this level
does not appear to be affected by GyW, while all others are aligned with respect to it.
Self-energy effects, also accounting for self-interaction correction, increase the band gaps
of both components, while polarization effects induced by mutual interaction counteract
the former [62, 171, 172]. At the MoS, side, the self-energy correction increases the gap
from 1.7 eV to 2.3 eV, a value significantly smaller than the 2.6 eV gap found in pristine
MoS,. The reduction of the gap by —0.3 eV indicates that the molecular layer enhances
the screening of the Coulomb interaction, described in Section 1.3.2. Also on the molec-
ular side of the heterostructure, the electronic levels are renormalized by both effects.
The renormalization of the HOMO-LUMO gap of pyrene in the hybrid system amounts
to 1.2 eV. A large amount arises from the pronounced self-interaction error of KS-DFT,
being removed at the GoWj level [86, 173-175]. However, the corresponding value of
the isolated molecular monolayer, is even much larger, i.e., 2.7 €V. In other words, the
polarization-induced renormalization of the HOMO-LUMO gap is as much as —1.5 eV.
Table 3.1 summarizes the values of the self-energy correction for the band edges at the
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Figure 3.5: Energy-level alignment obtained from PBE (gray) and GoWj (teal) for pyrene@MoS2. The
middle panel shows the hybrid material, and the left (right) panel shows the corresponding scheme for
the molecular monolayer (MoS; monolayer). The red arrow indicates the band gap as obtained from
DFT.

heterostructure and the prisitine components.

Table 3.1: Energy renormalization, computed with the GoWj approximation, of the HOMO-LUMO and
the VBM-CBM distance of the pristine components and the heterostructure. The difference corresponds
to the polarization-induced correction due to mutual screening between the components.

Gap/System Pyrene MoS; Pyrene@MoS,
HOMO-LUMO (eV) 2.7 - 1.2
VBM-CBM (eV) - 0.9 0.6

The QP correction is also evident in the density of states (DOS), displayed for pristine
MoS, (top), the isolated molecular monolayer, and pyrene@MoS, (bottom panel) in
Fig. 3.6. The most prominent difference between the molecular states from the isolated
molecular layer and the heterostructure is seen in the unoccupied states, for example the
LUMO is shifted from approximately 4 eV to about 2.5 eV, which corresponds to the
—1.5 eV arising from polarization-induced effects.

At this point, we have argued that the type-II alignment at the PBE level is wrong,
while GyW, changes it to type I. Furthermore, the GoyW, approximation based on PBE
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Figure 3.6: Projected density of states (PDOS) in states per eV and unit cell calculated at the GoW)
level for pristine MoSsy (top) and pyrene@MoSy (bottom panel). To facilitate comparison, the HOMO of

the isolated molecular monolayer (gray) is aligned to that of the molecular monolayer in the heterostruc-
ture (black).

is a rather good choice for the MoS, side [176], unfortunately, not for the molecular
side. The remaining question is: would a hybrid functional as a starting point affect
the qualitative behavior of the level alignment? To answer this question, we calculate
the electronic properties using HSE [101-103]. The left panel of Fig. 3.7 shows the band
structure calculated with HSE. The gap of MoS, (pyrene) is 2.1 eV (3.2 V), i.e., increased
by 0.4 eV (0.7 eV) with respect to the PBE value. The HOMO of pyrene appears within
the MoSs gap, consistent with the PBE case. This observation confirms the type-II level
alignment on the DFT level. The HOMO-1 appears at around —1.7 eV, only a difference
of —0.2 eV with respect to the PBE value.

We also calculate the QP band structure using the HSE wavefunctions as a starting
point. As expected, the HOMO appears at a lower energy than the valence bands of
MoS., analogous to the GoW,@QPBE case. At the MoS, side, the self-energy correction
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Figure 3.7: Band structures of pyrene@MoS;, obtained from HSE (left) and GoWy (right). The color
code, going from red (MoSz) to black (molecule) indicates the contributions of the pristine entities to
the bands.

increases the gap from 2.1 eV to 2.8 €V, a renormalization of 0.7 eV. At the molecular side,
the HOMO-LUMO gap increases from 3.2 eV to 4.3 eV, a change of 1.1 eV. In comparison,
the VBM-CBM (HOMO-LUMO) gap is increased by 0.6 €V (1.2 €V) when using PBE as
starting point, suggesting that HSE is a better starting point for the molecular crystal.
In conclusion, there is no game change when using a hybrid functional as demonstrated
by the example of HSE. Overall, the MoS, side is less affected by the transition from
PBE to HSE, and the increased HOMO-LUMO distance on the molecular side does not
lead to a qualitative change in the alignment type. The comparison between the PBE
and HSE level alignments is illustrated in Fig. 3.8.
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Figure 3.8: Level alignment in pyrene@MoS, as obtained by GoWy using PBE (left) and HSE (right)
as the starting point. The gray bars indicate the DFT values, the colored bars the resulting quasiparticle
levels. In both panels, they are projected onto pyrene at the left side and onto MoSy at the right side,
and the VBM of MoSs obtained from DFT is taken as the reference.

3.3 OPTICAL PROPERTIES

We calculate the optical properties by solving the BSE on top of the GoWy@QPBE band
structure. In Fig. 3.9 we compare the imaginary part of the frequency-dependent macro-
scopic dielectric function between pristine MoSs (top) and pyrene@MoS, (bottom) as
obtained by averaging over the in-plane components. For comparison we also show the
IQPA that ignores excitonic effects. We focus only on bound excitons, whose energies are
located within the QP gap. These features result exclusively from electron-hole interac-
tions and are therefore absent in the IQPA. In pyrene@MoSs, the lowest-energy exciton
originates from MoS,-derived transitions around the band edges. The corresponding ex-
citonic peak is located at about 2.0 eV, which is 380 meV below its QP gap. Thus, the
binding energy of the first exciton, estimated as the difference between the QP gap and
the exciton energy, is 70 meV higher in pyrene@MoS, than in pristine MoS,.

We classify the bound excitons according to the predominant layer in which the
involved electrons and holes are located. In this system, we mainly study MoSs-like
excitons and charge-transfer excitons (which also have a hybrid nature). Interestingly,
we find that both types coexist in the visible region. We proceed by selecting one of
each type for further analysis. The MoS,-like excitons are characterized by the highest
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Figure 3.9: Imaginary part of the dielectric function of pristine MoSs (top) and pyrene@MoS, (bottom),
averaged over the in-plane components, including (BSE, solid lines) and neglecting (IQPA, gray areas)
excitonic effects. The oscillator strenghts of selected excitations are indicated by red (MoSs-derived
excitons) and blue bars (charge-transfer excitons). The dashed lines mark the positions of the respective
QP gap between the VBM and CBM of MoSs.

oscillator strengths (marked in red in Fig. 3.9). As an example, we show in the top panel
of Fig. 3.10 the exciton wave function corresponding to the lowest-energy exciton of the
system. The real-space plot shows moderately localized distributions of both the electron
(green) and the hole (red) in this e-h pair, indicating a medium-sized exciton binding
energy as also mentioned in Section 2.1.5. Fixing the hole near a Mo atom (red dot in
the left panel), the electron distribution reflects the Mo d.2 character of the lowest MoS,
conduction bands.

We will now to describe the second type of bound excitons obtained for this het-
erostructure. Charge-transfer excitons (marked in blue in Fig. 3.9) are characterized by
small oscillator strengths. The chosen representative of this type, located at at an en-
ergy of 2.15 eV, has a binding energy of 230 meV. This excitation involves transitions
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Figure 3.10: Reciprocal and real space representation of an MoSs-like exciton (top) and a charge-
transfer exciton (bottom panels) in pyrene@MoSs. The contributions of the involved states are indicated
in the band structures on the left by red and green circles. Their sizes are proportional to the transition
weight (see Eq. (1.30)). The real-space representations, depicted in a 3x3 supercell, show the probability
density of finding the hole of the e-h wave function given a fixed position of the electron (left panels)
and vice versa (right panels). The electron (hole) probability distribution is depicted in green (red) with
the corresponding hole (electron) position marked by the red (green) dots.

between the HOMO of pyrene and the lowest conduction band of MoS, as seen from the
reciprocal-space analysis on the left in the bottom panel of the figure. The real-space
plot shows that the exciton is more delocalized and has a different electronic distribution
than the MoS, exciton. A similar behavior has been found for charge-transfer excitons in
other vdW materials, such as layered h-BN [66, 177]. When the hole is fixed on pyrene,
the electron distribution resembles a projection of the molecular m-orbital onto the MoS,
surface, as shown in Fig. A.1. With the electron position fixed near a Mo atom, the hole
distribution reflects the HOMO of pyrene (bottom right panel of Fig. 3.10).
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Figure 3.11: Spectral functions of pyrene@MoS, for valence and conduction bands at the I'-point in
an energy range from -1.7 eV to 1.7 eV.

3.4 ELECTRON-PHONON INTERACTION

We have so far described the electronic properties of pyrene@MoS,, but without consid-
ering vibrational effects. In this section, we present the impact of EPI on the electronic
properties of pyrene@MoSs. As in the case of the MoSy monolayer (see Section 2.1.4),
the electron-phonon matrix elements (Eq. (1.38)) and the electron-phonon self energy
are calculated using the QP eigenvalues obtained from the GyW} approximation.

In Fig. 3.11 we plot the spectral function of the valence and conduction bands at the
I'-point for the energy range from —1.7 €V to 1.7 eV and a temperature range from 0K to
500K, in 100K increments. The first three peaks, from right to left in the energy range
from —1.3 eV to —1.1 eV, correspond to the three highest valence bands of MoS,, namely
VBM, VB-1, and VB-2. The fourth peak at around —1.3 eV, is assigned to the HOMO
of pyrene. Interestingly, the temperature-dependent renormalization of the MoS, states
is more pronounced than that of the molecular states. The QP peak of the CBM is well
recognized at an energy of 1.1 eV, but the higher-energy peaks cannot longer be properly
distinguished. Using the spectral function for the band edges, we estimate the ZPR of
the band gap to be about —70 meV, a value 10 meV smaller than the value for pristine
MoS; (Section 2.1.4). The fundamental gap of pyrene@MoS,, upon renormalization due
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Figure 3.12: Temperature-dependent band structure of pyrene@MoSs for temperatures of 0K, 100K,
300K and 500K (from left to right). The color scale bar indicates the maximum (black) and minimum
(white) values of the spectral function.

to the GoW, approximation and EPI, amounts to 2.23 eV, a total increase of 0.53 eV
with respect to the PBE gap.

We now focus our attention on the low-intensity feature that appears at an energy of
—1.6 eV. We notice that there is no band state at this energy in the QP band structure
of Fig. 3.4, thus this is an example of a satellite [178]. This spectral signature does not
increase or decrease in intensity with temperature, as expected from polaronic spectral
features. The origin of such satellites is explained by looking at the energy difference
between a QP peak and the satellite, which should correspond to a phonon energy of
the system. We recall that the largest phonon energy of MoS; is approximately 60 meV
(see Section 2.1.3), while the vibrational energies of pyrene have a range from 14 meV to
390 meV (see Appendix A.1). The energy difference between the QP peak assigned to
the HOMO (around —1.3 €V) and the latter is about 300 meV. The vibrational modes
of pyrene, summarized in Table A.1, show that the C-H stretching modes have a similar
energy. Therefore, we classify this spectral signature as a molecular satellite.

To further investigate this molecular satellite we plot the temperature-dependent band
structure for temperatures of 0K, 100K, 300K, and 500K in Fig. 3.12. We immediately
observe the band gap renormalization at the I'-point. Moreover, the spectral feature at
—1.6 eV, assigned to a molecular satellite, appears along the high-symmetry points of the
BZ. Its flat dispersion resembles that of the HOMO, underpinning the molecular origin.
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A scientist is happy, not in resting on his at-
tainments but in the steady acquisition of fresh
knowledge.

Max Planck

Many-body effects in pyridine@MoS9

In this chapter, we study the electronic and optical properties of pyridine@MoS,. We use
the same framework presented in Chapter 3, starting with the description of the optimized
geometry. Then, we compute the QP correction to the PBE band structure. Based on
the QP band structure, we calculate the optical properties, classifying the bound excitons
found for this heterostructure. Finally, we examine the temperature-dependent band gap
and the spectral signatures.

4.1 GEOMETRY OPTIMIZATION

Similar to pyrene@MoSs, we construct a 3x3x1 supercell and we consider a starting
configuration consisting of an upright standing molecule at a vertical distance of about 3
A, with the nitrogen atom pointing toward the MoS, monolayer. The internal coordinates
are then relaxed using PBE. Unlike pyrene, where the final geometry is tilted (see
Fig. 3.1), pyridine lies parallel to the MoS, plane, and the center of the aromatic ring
is located above the S atom at an interlayer distance of 3.19 A from the monolayer, as
shown in Fig. 4.1. Like in pyrene@MoSs no chemical bonding occurs, and the interaction
is predominantly due to vdW forces.
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Figure 4.1: Side and top view of the optimized structure of pyridine@MoSs in a 3x3x1 MoSs supercell.

4.2 ELECTRONIC PROPERTIES

The PBE band structure is shown in the left panel of Fig. 4.2. The material exhibits
a direct gap of 1.7 eV at the I'-point, due to the band folding in the 3x3x1 supercell.
The HOMO of pyridine and the three upper-most valence bands (VBM, VB-1, and VB-
2) of MoS, have a similar energy of —0.8 eV at I'. These bands have mixed character
as observed for the MoSy; VB-1/VB-2 states, as depicted in the right panel of Fig. 4.2
(blue circles), which shows the KS wave functions of selected bands at the I'-point.
Such a mixed character of the top valence states has also been identified at the hybrid
interface pyridine@ZnO [68, 69] and has been attributed to the high electronegativity of
nitrogen and the permanent dipole of pyridine. The HOMO of pyridine corresponds to
a sp® orbital (orange circle), with contributions from carbon and nitrogen [86]; it also
shows hybridization with Mo-4d orbitals. We identify another flat band around 1.4 eV,
corresponding to the HOMO-1 of pyridine (brown circle), which is a molecular orbital
with 7 character.

PBE yields an energy-level alignment of type II, where the HOMO of the molecular
monolayer constitutes the highest occupied valence state, whereas the lowest-lying unoc-
cupied states arise from the conduction band of MoSs. PBE preserves the band structure
of the pristine constituents to a large extent, with a band gap of 1.7 eV on the MoS,
side. In the left panel of Fig. 4.3, the band structure is plotted along the high-symmetry
points in the BZ of the MoS, unit cell, after an unfolding procedure. This band structure
confirms the type-II level alignment by identifing the HOMO at an energy of —0.8 eV,
slightly higher than the top valence band of MoS, at the K point.

We calculate the plane-averaged charge density difference Ap along the vertical direc-
tion, as defined in Eq. (3.1). Analogous to the case of pyrene, in the region right above
the S-atom the charge density is increased, while it is depleted in the region around the
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Figure 4.2: Left: Band structure of pyridine@MoS, calculated with PBE. The color code, going from
red (MoSz) to black (molecule) indicates the contribution for the pristine entities to the bands. Right:
Kohn-Sham (KS) wave functions of selected bands at the I'-point.

Figure 4.3: Left: PBE band structure of pyridine@MoSs plotted along the high-symmetry points in
the BZ of the unit cell of MoS,. Right: Plane-averaged charge density difference along the z-direction.
A positive (negative) value of Ap represents accumulation (depletion) of charge density.
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Figure 4.4: Left: Band structure of pyridine@MoSs calculated with GoWj. The color code, going
from red (MoSz) to black (molecule) indicates the contribution for the pristine entities to the bands.
Right: Energy-level alignment obtained from PBE (gray) and GoWy (teal). The middle panel shows the
result for the hybrid material, on the left (right) the corresponding scheme is depicted for the molecular
monolayer (MoSs). The red arrow indicates the DFT band gap.

molecule, as shown in the right panel of Fig. 4.3. By integrating over the area in the
highlighted region, the amount of redistributed charge is obtained to be —0.05 electrons.

After describing the PBE results of our heterostructure, we calculate the electronic
properties using the GoW,, approximation and the PBE wavefunctions as starting point.
The QP band structure is shown in the left panel of Fig. 4.4. The HOMO-derived band is
located deep in the valence-band region and intertwined with the HOMO-1 at an energy
below -2 eV. Most important, the many-body effects on the energy levels of both the
TMDC and the molecular layer lead to a qualitative change of the level alignment, from
type II, obtained with PBE, to type I. To properly describe this change, we plot the level
alignment as shown in the right panel of Fig. 4.4. Here, the PBE HOMO/VBM of the
isolated systems are aligned to their respective counterparts in the heterostructure. In
the latter, the PBE VBM of MoS; is taken as the global reference. This means that this
level does not appear to be affected by GoWy, while all others are aligned with respect
to it.

The QP correction increases the gap of MoSy by 0.3 €V (from 1.7 to 2.0 e€V). This
value is not only notably reduced in comparison with the counterpart in pristine MoS,
(2.6 ¢V), but even smaller than in the case of pyrene@MoS, (2.3 ¢V). Thus, polarization-
induced effects at the MoS, side amount as much as —0.6 €V for this heterostructure. At
the molecule side, the HOMO-LUMO gap of pyridine in the heterostructure is renormal-
ized by approximately 1.7 eV. However, the corresponding value of the isolated molecular
monolayer is much larger, i.e., 4.2 €V. This means that the polarization-induced effect,
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Figure 4.5: Projected density of states (PDOS) in states per eV and unit cell calculated at the GoWy
level for pristine MoSy (top), and pyridine@MoSs (bottom ). To facilitate comparison, the HOMO of
the isolated molecular monolayer (gray) is aligned to that of the molecule in the heterostructure (black).

due to the presence of the MoSy, monolayer, reduces the self-energy and thus the gap
by about —2.5 eV. Table 4.1 summarizes the values of the self-energy correction for the
band edges at the heterostructure and prisitine components.

Table 4.1: Energy renormalization, computed with the GoWj approximation, of the HOMO-LUMO
and VBM-CBM distance of the pristine components and the heterostructure. The difference corresponds
to the polarization-induced correction due to mutual screening between the components.

Gap/System Pyridine MoS; Pyridine@MoS,
HOMO-LUMO (eV) 4.2 - 1.7
VBM-CBM (eV) - 0.9 0.3
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Overall, for the molecules studied so far, pyridine and pyrene, the polarization effects
represent a small contribution to the total self-energy correction on the frontier molecular
levels. The larger polarization in pyridine@MoS,, compared to pyrene@MoS,, is assigned
to the permanent molecular dipole as well as the smaller interlayer distance of 3.19 A.
These findings re-emphasize the need for many-body corrections to reliably determine the
level alignment of hybrid heterostructures [45]. While type-II band alignment usually
favors charge transfer and exciton dissociation, type-I, can also lead to exciton- and
energy-transfer processes.

The QP correction is also evident in the DOS displayed in Fig. 4.5 for pristine MoS,
(top), the isolated molecular monolayer, and pyridine@MoSs (both in the bottom panel).
The molecular states at —2.5 eV of the pristine pyridine are spread over an energy range
from —3 eV to —0.25 eV in the heterostructure, due to the dispersion of the HOMO state
observed in the QP band structure. The molecular states of the pristine pyridine mono-
layer in the conduction region are out of the shown energy range, however, we observe
some molecular character of the heterostructure also around 3 eV. This renormalization
of the conduction states is due to the polarization-induced effects discussed above. This
interplay between various (mutual) effects on the individual components may be used
as a tool to tailor the electronic properties. Moreover, all of these features have an im-
portant impact on the optical properties of these systems, which will be discussed in the
next section.

4.3 OPTICAL PROPERTIES

In Fig. 4.6, we compare the imaginary part of the frequency-dependent macroscopic
dielectric function for pristine MoSy (top), and pyridine@MoS, (bottom), as obtained
by averaging over the in-plane components. The IQPA spectrum that ignores excitonic
effects is also shown for comparison. In the following discussion, we focus only on bound
excitons. The lowest-energy exciton originates from MoSs-derived transitions between
the VBM and the CBM at the I'-point. This first exciton is located at approximately
1.7 eV, which is 300 meV below the QP gap. The exciton binding energy is thus 10 meV
lower in pyridine@MoS, than in MoSs.

We classify the bound excitons in two different categories, which are MoS,-like ex-
citations and hybrid-like excitations. The former correspond to the same type found in
pyrene@MoS,, characterized for their high oscillator strengths, while the latter originate
from hybridized bands. We find that both types of excitons coexist in the visible region.
The top panel of Fig. 4.7 shows the exciton wave function of the lowest-energy exciton,
which correspond to a MoSs,-like excitation. The real-space plots on the right indicate
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Figure 4.6: Imaginary part of the dielectric function of pristine MoSy (top) and pyridine@MoS, (bot-
tom), averaged over the in-plane components, including (BSE, solid lines) and neglecting (IQPA, gray
areas) excitonic effects. The oscillator strenghts of selected excitons are indicated by red bars (MoSs,-
derived excitons) and green bars (hybrid excitons). The dashed lines mark the positions of the respective
QP gap between the VBM and CBM of MoSs.

moderately localized distributions of both the electron (green) and the hole (red) in this
e-h pair. Fixing the hole coordinate near a Mo atom (red dot in the left panel), the
electron distribution reflects the Mo d.2 orbitals. Moreover, the electron isosurface ex-
hibits the hexagonal distribution characteristic of TMDCs. With the electron fixed near
the Mo atom (green dot in the right panel), the mixed Mo-4d and S-3s character of the
valence bands becomes apparent. Conspicuously, the hole distribution is different com-
pared to the MoS,-like exciton of pyrene@MoS, (compare the top right panels of Fig. 3.10
and 4.7). This is explained by noting that the valence bands involved in the formation of
this exciton are VB-1 and VB-2, unlike the MoS, exciton found in pyrene@MoSs where
the VBM also contributed.

Hybrid-like excitons involve transitions between predominantly hybridized bands and
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Figure 4.7: Reciprocal and real space representation of an MoS»-like exciton (top panels) and a hybrid
exciton (bottom panels) in pyridine@MoS;. The band structures on the left indicate the contributions
of the involved states as red and green circles. Their sizes are proportional to the transition weight (see
Eq. (1.30)). The real-space representations, depicted in a 3x3 supercell show the probability density
of finding the hole of the e-h wave function given a fixed position of the electron (left panels) and vice
versa (right panels). The electron (hole) probability distribution is depicted in green (red) with the
corresponding hole (electron) position marked by the red (green) dots.

are thus typically characterized by small oscillator strengths. As an example of a bound
hybrid exciton, we select an excitation (marked in green in Fig. 4.6) with a binding energy
of 200 meV at 1.8 eV. The reciprocal-space representation shows the contribution from the
hybridized valence bands VB-1 and VB-2 (left bottom panel of Fig. 4.7). The real-space
representation shows the electron and hole distributions (right bottom panel of Fig. 4.7)
delocalized over the substrate surface. In the hole distribution, we see contributions from
both the molecule and the substrate, a major difference from the charge-transfer type
studied in the previous chapter. Since the hole is fixed close to the nitrogen atom, a very
delocalized electron distribution over the MoS; monolayer is found.
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4.4 ELECTRON-PHONON INTERACTION

As in the previous heterostructure, we compute the electron-phonon quantities using the
QP eigenvalues obtained from the GoW, approximation. Figure 4.8 shows the spectral
function of the valence and conduction bands at the I'-point within the energy range
from —1.6 eV to 1.6 €V and in a temperature range from 0K to 500K, in 100K incre-
ments. In the valence region, the first QP peak at an energy of —0.98 eV is assigned to
the VBM, while the two peaks at an energy of —1.21 eV and —1.24 eV, are assigned to
the VB-1, and VB-2, respectively. In the conduction region, we observe two distinctive
QP peaks, one at an energy of approximately 0.96 eV, corresponding to the CBM, and
a second peak at an energy of 1.1 eV is attributed to the CB+1. Similar to the results
for pyrene@MoS, (Section 3.4), higher-energy peaks cannot longer be properly distin-
guished. Using the spectral function for the band edges, we estimate the ZPR of the
band gap to be about —60 meV, the same value calculated for prisitine MoS,, and 10
meV larger than pyrene@MoS,. The influence of pyridine in the temperature-dependent
renormalization of the band gap is therefore minimal, which could be explained by the
smaller surface coverage compared to pyrene. The fundamental gap of pyridine@MoS,,
after the renormalization of the eigenvalues by the GyW, approximation and the EPI,
amounts to 1.94 eV, a total increase of 0.24 eV with respect to the PBE gap.

We focus our attention on two low-intensity features that appear at energies of
—1.30 eV and —1.36 eV, which we label S; and S, respectively (see inset of Fig. 4.8). We
note that there are no band states at these specific energies in the QP band structure of
Fig. 4.4. Consequently, these peaks are designated as satellites. We now discuss possible
explanations for the origin of these satellites. We recall that the largest phonon energy
of MoS; is approximately 60 meV, while the vibrational energies of pyridine have a range
from 56 meV to 420 meV (see Table A.2 in Appendix A). The energy difference between
the VB-2 and S; peaks would correspond to an energy of 60 meV, which is consistent
with the hypothesis of a MoS, origin. However, this possibility is disregarded due to
the absence of a comparable feature observed in the analysis of the EPI on the MoS,
monolayer (see Section 2.1.4). We then explore two possible explanations considering the
vibrational energies of pyridine. In the event that the QP peak involved corresponds to
VB-1, the energy difference with S; and Sy is 90 meV and 150 meV, respectively. Accord-
ingly, the responsible vibrational modes would be the out-of-plane ring bend (mode 5 or
6) and the C-H pendulum (mode 15). Assuming that VB-2 is responsible for the spectral
signature, the energy differences are 60 meV and 120 meV, respectively. The modes with
similar energies include the out-of-plane ring bend and the out-of-plane C-H types. The
second explanation would be more substantiated, as the out-of-plane vibrations should
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Figure 4.8: Spectral functions of pyridine@MoSs> for valence and conduction bands at the I'-point in
an energy range from -1.6 eV to 1.6 eV.

exert a more substantial influence on the MoS,; monolayer.
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Nothing in life is to be feared, it is only to be
understood. Now is the time to understand more,
so that we may fear less.

Marie Curie

Hybrid excitations in PTCDAQWSes

In this chapter, we study the electronic and optical properties of PTCDAQWSe,. We
systematically investigate the electronic and optical properties, using the same framework
as for the previous heterostructures. We begin with the description of the optimized
geometry, then we calculate the QP band structure using the GoW, approximation. From
these results, we rationalize the level alignment. Finally, we solve the BSE to obtain the
optical properties.

5.1 GEOMETRY OPTIMIZATION

We construct a 4x4x1 supercell of the pristine WSe, structure (see Chapter 2), i.e.,
containing 16 W and 32 Se atoms. We consider a starting configuration of a parallel
molecule at a vertical distance of about 3 A with respect to the WSe, monolayer. The
atomic positions are then relaxed using PBE+TS. The adsorption geometry of PTCDA
is tilted with the shortest (longest) distance between the WSey monolayer and the ph-
ysisorbed molecules is 4.98 A (2.87 A), measured from the topmost atomic position of
the substrate. The inclination is attributed to the weak interactions between neigh-
boring molecules. Identically to the previous heterostructures, the interactions between
molecule and substrate is primarily due to vdW forces. The side and top views of the
optimized supercell are shown in Fig. 5.1.
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Figure 5.1: Side and top view of the optimized structure of PTCDAQ@QWSe; in a 4x4x1 WSes supercell.

5.2 ELECTRONIC PROPERTIES

The PBE band structure is shown in the left panel of Fig. 5.2. The fundamental gap in
this material corresponds to the direct gap at the K point and amounts to 1.2 eV. Unlike
the previous heterostructures, the direct gap at the K point is obtained, since for this
supercell there is no exact band folding of the K point into I'. The WSey; band gap in
this heterostructure is 1.6 eV, which coincides with the band gap of pristine WSey (see
Chapter 2). Visualization of the KS orbitals at the K point for the VBM (blue circle)
and CBM (light blue circle) of WSe, reveals a well defined WSe, character, preserving
the composition of d and p orbitals (right panel of Fig. 5.2). The adsorption of PTCDA is
manifested by the flat band around —0.9 €V in the valence region. A second flat band is
observed at an energy of 0.6 eV, now in the conduction region and within the WSe, band
gap. Visualization of the KS orbitals at the K point (right panel of Fig. 5.2) reveals that
the flat band in the valence region (pink circle) corresponds to the HOMO of PTCDA,
while the mid-gap state (brown circle) corresponds to the LUMO. Overall, PBE preserves
the band structure of the pristine constituents and yields an energy-level alignment of
type II, with the distinction that the LUMO constitutes the lowest unoccupied conduction
state, whereas the highest-lying occupied bands arise from the valence bands of WSes,.
We perform a band unfolding procedure to confirm the type-II level alignment. The
PBE band structure is plotted along the high-symmetry points in the BZ of the WSe,
unit cell, as displayed in the left panel of Fig. 5.3. The WSe, gap of 1.6 €V is confirmed,
while the HOMO is observed at a lower energy than the VBM of WSe,, with an energy
difference of 50 meV. The LUMO is also clearly observed as a mid-gap state, confirming
the preservation of the band structures of the pristine constituents, and the derived type-
IT level alignment. We calculate the plane-averaged charge density difference Ap along
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Figure 5.2: Left: Band structure of PTCDA@WSe; calculated with PBE. The color code, going from
yellow (WSez) to black (molecule) indicates the contribution for the pristine entities to the bands. Right:
Kohn-Sham (KS) wave functions of selected bands at the K-point.

Figure 5.3: Left: PBE band structure of PTCDAQWSe, plotted along the high-symmetry points in
the BZ of the unit cell of WSes. Right: Plane-averaged charge density difference along the z-direction.
A positive (negative) value of Ap represents accumulation (depletion) of charge density.
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Figure 5.4: QP band structure of PTCDAQ@QWSe,, computed, using the GoWj approximation, plotted
along the high-symmetry points in the BZ of the supercell (left) and the unit cell (right) of WSes.

the vertical direction, as defined in Eq. (3.1). In contrast to the previous heterostructures,
which have a donor character, the oscillations of Ap are found at the WSe, monolayer,
more specifically, at the position of the Se atoms, hinting an acceptor nature of PTCDA.
This could be explained owing to the electron-withdrawing properties of the anhydride
groups (C-0).

After describing the PBE results of our system, we calculate the QP band structure
using the GoW, approximation on top of the PBE eigenvalues. The QP band structure
is plotted in Fig. 5.4 along the high-symmetry points in the BZ of the supercell (left) and
unit cell (right) of WSey. The LUMO of PTCDA is now located above the CBM of WSe,
at an energy of 1.1 eV, indicating a qualitatively change of the level alignment, from
type II to type I. This energy alignment is consistent with reported scanning tunneling
spectroscopy (STS) experiments [65, 169].

To properly discussed this change, we plot the level alignment as shown in Fig. 5.5.
Here, the PBE HOMO/VBM of the isolated systems are aligned to their respective
counterparts in the heterostructure. In the latter, the PBE VBM of WSe, is taken as
the global reference. This means that this level is not affected by GoW, while all others
are aligned with respect to it.
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Figure 5.5: Energy-level alignment obtained from PBE (gray) and GoW, (gold) for PTCDA@QWSe2.
The middle panels show the respective hybrid material, on the left (right) the corresponding scheme is
depicted for the molecular monolayer (WSez). The red arrow indicates the band gap as obtained from
DFT.

Table 5.1: Energy renormalization, computed with the GoWj approximation, of the HOMO-LUMO and
VBM-CBM distance for the pristine components and the heterostructure. The difference corresponds
to the polarization-induced correction due to mutual screening between the components.

Gap/System PTCDA WSey, PTCDAQWSe,
HOMO-LUMO (eV) 2.9 - 1.3
VBM-CBM (eV) - 0.8 0.5

The QP correction increases the gap of WSey by 0.5 €V (from 1.6 €V to 2.1 eV).
However, this gap is smaller than that of pristine WSes, where the QP gap amounts to
2.4 eV. At the molecule side, the HOMO-LUMO gap of PTCDA increases by 1.3 eV, again
a value much smaller than that obtained in the pristine case, where the gap is increased by
2.9 eV. This means that the polarization-induced effects reduces the self-energy by about
—0.3 eV in the WSe, side, while —1.6 €V in the molecule side. Table 5.1 summarizes the
values of the self-energy correction for the band edges at the heterostructure and pristine
components.

We conclude this section by noting that the qualitatively change of the level alignment
from type II to type I at the GoW, level has been obtained irrespectively of which
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molecular orbital is renormalized. In the previous heterostructures, the HOMO appeared
as a mid-gap state between the band gap of MoS,, while in PTCDA@QWSe, the LUMO
had that role. Regardless, the GyW, approximation predicts a type I alignment for all
the HIOS considered in this work.

5.3 OPTICAL PROPERTIES

In Fig. 5.6, we compare the imaginary part of the frequency-dependent macroscopic
dielectric function for pristine WSey (top), and PTCDA@WSe, (bottom), as obtained
by averaging over the in-plane components. The IQPA spectrum that ignores excitonic
effects is also shown for the heterostructure. As in the previous heterostructures, we
focus only on bound excitons. The lowest-energy exciton has an energy of 1.72 €V, which
corresponds to a binding energy of 430 meV, a very similar value as in WSe, monolayer
(428 meV). However, the smaller oscillator strength suggest a different type of exciton.
The second exciton at an energy of 1.74 eV, has a larger oscillator strength and a binding
energy of 408 meV.

We further analyze these excitons by plotting them in both reciprocal and real space
representation, as shown in Fig. 5.7. The first exciton corresponds to a charge-transfer
exciton, where the excited electron component derives its wavefunction from the LUMO
of PTCDA, while the hole component has contributions from the WSe, top valence band
and the HOMO of PTCDA (bottom of Fig. 5.7). The second exciton is of full WSe,
intralayer character and derives its wave function purely from WSes; bottom conduction
and top valence band Bloch states (top of Fig. 5.7). After analyzing them we conclude the
two types of excitons that can be found at this interface, WSes-like, and charge-transfer,
similar to pyrene@MoS,. However, for this heterostructure the BSE calculations imply
that the hybridization of intralayer HOMO — LUMO and interlayer VBM — LUMO
transitions lead to the formation of an energetically favorable hybrid exciton with multi-
orbital contributions, which is not present in the previous heterostructures.

Having access to the excitonic wavefunction contributions of the WSe, states and
the PTCDA orbitals, we evaluate the real-space Frenkel- and/or Wannier-character of
the charge-transfer exciton. Specifically, we aim to characterize the exciton’s relative
electron-hole distance parallel and perpendicular to the heterostructure. To achieve this

goal, we analyze the exciton’s electron-hole correlation function by using the definition
of Ref. [179],

FAr) = / d’r, |®(ry = 1e +1,1.)]?, (5.1)
Q
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Figure 5.6: Imaginary part of the dielectric function of pristine WSey (top) and PTCDAQWSes
(bottom), averaged over the in-plane components, including (BSE, solid lines) and neglecting (IQPA,
gray areas) excitonic effects. The oscillator strenghts are indicated by gold bars (WSeq-derived excitons)

and blue bars (charge-transfer excitons). The dashed lines mark the positions of the respective QP gap
between the VBM and CBM of MoSs.

where @, is the excitonic wave function from Eq. (1.29) and F** describes the probability
of finding electron and hole separated by the vector r = r;, — r.. We approximate this
integral by a discrete sum over a finite number of fixed electron coordinates. For each
electron position, the hole probability |®*(r;, = r. + r,r.)[? is computed on an evenly
spaced, dense grid of 100x100x 100 sampling points, covering approximately 9x9x1 of
the pristine WSe, unit cell. For the WSes-exciton, we sample 16 positions close to the W
atoms where we expect a high probability of finding the electron. For the charge-transfer

exciton, we sampled 60 positions on the PTCDA molecule (0.5 A~! below and above the
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Figure 5.7: Reciprocal and real space representation of a WSes-like exciton (top) and charge-transfer
exciton (bottom panels) in PTCDA@WSe,. The band structures on the left indicate the contributions
of the involved states as cyan and red circles. Their sizes are proportional to the transition weight.
The real-space representations, depicted in a 3x3 supercell show the probability density of finding the
hole of the e-h wave function given a fixed position of the electron (left panels) and vice versa (right
panels). The electron (hole) probability distribution is depicted in red (cyan) with the corresponding
hole (electron) position marked by the cyan (red) dots.

carbon and oxygen atoms) since its electronic contribution is almost entirely comprised
of the LUMO of PTCDA.

We split the correlation function into its in-plane and out-of-plane components, as
shown in Fig. 5.8. We begin by describing the results for the WSey exciton (left panel
of Fig. 5.8). The out-of-plane correlation function is dominated by a single peaked
feature centered around 0 A. Next to the dominant peak two side peaks are present
at a separation that matches the distance between the tungsten and selenium planes of
the WSey; monolayer. Consequentially, the probability density to find WSes-excitons in
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Figure 5.8: The relative out-of-plane and in-plane components of the electron-hole correlation function
for the WSes exciton (left panel) and the charge-transfer exciton (right panel).

the WSe, layer is nearly 100%. The in-plane correlation function of the WSey-exciton
resembles the hexagonal distribution observed in the real space plots, as well as, the
moderate localization of the wave function. Indeed, since the WSe, wavefunction is
purely localized in the WSe, layer, the exciton is of true Wannier-type. For either fixing
the hole or the electron in the WSe, layer, the corresponding electron and hole is localized
in the inorganic layer, and extends over multiple WSe, unit cells.

For the charge-transfer exciton (right panel of Fig. 5.8), the out-of-plane correlation
function shows not only a peak around 0 A, but also a peak centered at —5 A, which
highlights that the wavefunction has contributions from both the organic and inorganic
layers. The in-plane correlation function resembles the LUMO of PTCDA, suggesting
that both electron and hole components are confined to a single molecule. We found that
when the hole is placed on the PTCDA molecule, as shown in Fig. 5.7, the electron is
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almost completely localized on the same molecule. In other words, the isosurface now
describes a Frenkel-type exciton. When the electron is fixed on the PTCDA layer, the
hole isosurface includes a localized part on the same PTCDA molecule, but also a weaker
delocalized contribution on the WSe, layer. Hence, the hole isosurface has a Wannier and
a Frenkel character. This hybrid intra- and interlayer and hybrid Frenkel- and Wannier-
nature of the charge-transfer exciton is a unique feature of HIOS that highlights the
versatility of these combined platforms for controlling optoelectronic energy conversion
pathways.

We conclude by highlighting that while in pure TMDCs heterostructures charge and
energy transfers across the interface is mediated and explained by band structure hy-
bridization [180-182], the general preconception for HIOS, like the ones studied in this
thesis, is that orbital hybridization is weak [7, 54]. The latter is confirmed by plotting
the KS orbitals. In consequence, the formation of the charge-transfer exciton cannot
be mediated by hybridized states between the layers. Instead, we conclude that energy
transfer must be mediated by dipole-dipole interactions, i.e., in a Forster-type energy
transfer process (FRET) [44].
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Physics has a history of synthesizing many phe-
nomena into a few theories.

Richard P. Feynman

Expansion and addition screening

In this chapter, we extend the ezpansion & addition screening (EAS) method to the
so-called mixed-product basis used in excited-state calculations based on the (linearized)
augmented planewave (L)APW method [108]. We derive the formalism and implement
it within the GoWy module of the exciting code [83, 93]. Furthermore, we implement
an analogous method for the BSE framework [111]. These developments allow for the
calculation of the electronic structure as well as of the optical absorption spectra of large
interfaces with high accuracy at low computational cost.

6.1 BACKGROUND

The dielectric function €, Eq. (1.56), is a central quantity for both GW and BSE cal-
culations. In developing this method, we focus on the polarizability, which is typically
expanded into a set of basis functions {x;} according to

r r’ w ZZ X ) [X?(I‘/)r, (6~1)
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where the matrix elements of the polarizability are defined by

Pj(qw) = // dr dr’ [ x{(r) ]* P(r,r’,w) xj(r'), (6.2)

1j refer to the index of the basis. We consider two different basis sets for the expansion
of the polarizability in Eq. (6.1), namely a mixed-product basis for GW calculations and
planewaves for the BSE. From this point on, we drop the frequency dependence of the
polarizability, since all of the following applies to all frequencies.

The main idea of the EAS method is an additive ansatz of the polarizability [48, 49]
according to P = P! + P% where P* is the polarizability obtained from the individ-
ual system p. The additive approach is applicable to systems with negligible covalent
interactions, i.e., the heterostructure can be easily separated in two distinctive com-
ponents. Using a plane-wave expansion of the polarizability in terms of the reciprocal
lattice vectors G, i.e., x}(r) — x&(r) = €@G)r/\/V this approach can be trivially
implemented by computing the polarizabilities of the two independent systems to obtain
the coefficients P4q,/(q) and the subsequent addition according to

Pea(q) = Paar(q) + Péa(q) - (6.3)

Due to the quartic scaling of the polarizability, the additive approach itself already of-
fers significant computational savings. Further savings can be achieved when expanding
the individual polarizabilities. In the expansion step, the smallest possible unit cell is
identified for each individual component for computing the polarizability. Then the po-
larizability of the respective component in the supercell of the heterostructure is obtained
by an expansion (folding) procedure. This expansion requires to map all (que + Gyc) vec-
tors of the unit cell to the corresponding (qs. + Ggc) vectors of the supercell, where G
are reciprocal lattice vectors:

Péchﬁc (quc) — PéscGéc<qsc) ) (64)

with que + Gue = Qsc + Gse and que + Gy = qsc + Gi.. The expansion is therefore
only possible for commensurate grids {qsc + Gse} € {Quec + Guc}. The EAS approach
has been successfully applied to the calculation of energy level alignment at molecule-
metal interfaces [48, 49]. However, the developed approaches make use of a plane-wave
representation of the polarizability and are not directly applicable to other basis sets, in
particular those used in all-electron codes [82-84].

We extend the EAS approach in the framework of the (L)APW method, which em-
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ploys augmented planewaves and local orbitals (lo) as basis functions. As we have de-
scribed in section 1.5.1, in the (L)APW method, the unit cell is divided into the muffin-
tin (MT) and interstitial (I) regions, where wavefunctions are described differently [93],
see Eq. (1.47). The GoWj implementation in exciting employs an auxiliary basis [83]
that provides a highly flexible representation of the polarizability. This so-called mixed-
product basis, used to optimally represent the product of two Kohn-Sham states, is

defined as:

q ’YSNLM(TQ) = ¢l9Ta VanL(rY) Yoar(T%) r* < Ry,
A(r) = Va > S&: €TV 0p(r) rel,

where Rfyp is the radius of the sphere of atom «, centered at position R,, and the
difference vector from this center is labeled as r® = r — R,,. Inside the MT region, the
basis is constructed in terms of radial functions vonr(r®) for an atom of index a, and
spherical harmonics Yy (%) with quantum numbers L and M. In particular, one can
make use of the fact that in the MT spheres, the product of two spherical harmonics can
again be expanded in spherical harmonics using Clebsch-Gordan coefficients. Therefore,
an optimal set of radial functions v,nr (1) is constructed from the products of the radial
wavefunctions . (1%, €41), see Eq. (1.47). We calculate the overlap matrix between these
products functions,

Riir )
Ouyiy = / dr® uar(r®) ar (1) wag, (1) s (1) (r*)*, (6.6)
0

which is then diagonalized to give the corresponding set of eigenvalues, \X*Z, and eigen-
vectors, ¢ v. The eigenvectors are filtered and normalized to describe the radial basis
set

UaNL(T’a) = Z Cll’,N Ul(Ta) Ul/(Ta) . (67)

w

In the interstitial region, Sq; are the renormalized planewave eigenvectors and 6;(r) is
the Heaviside function which has a value of 1 in the interstitial region and zero otherwise.
The product of two planewaves is a planewave, thus the overlap is given by

1 : /
Oce = q /Q dr 6;(r) e(G=G)T (6.8)

To obtain a set of orthonormal basis function, the overlap matrix is then diagonalized
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and the basis is defined in terms of the eigenvalues A and eigenvectors Sg;, thus the
normalized eigenvectors defined as

= Sai

SiE—-
VA

Finally, to take advantage of the planewave representation we define the overlap matrix

(6.9)

elements between a mixed-basis function and a planewave as

wia(a) = = /Q dr [x{(r) ] ellar @, (6.10)

Q

This quantity will be useful to construct the transformation in the addition steps.

While the polarizability is a key component in GoW} in the screening of the electron-
electron interaction, it plays an analogous role in the screening of the electron-hole inter-
action in optical excitations. We therefore make use of the same concept and extend the
EAS approach to the calculations of optical properties by means of the Bethe-Salpeter
equation. Unlike the GyWj; implementation, the BSE implementation of exciting cur-
rently employs a planewave representation of the polarizability. Therefore, the originally
developed addition approach, Eq. (6.3), is directly applicable here.

6.2 EXPANSION STEP

We begin by outlining the procedure for expanding the polarizability (orange in Fig. 6.1).
Our goal is to construct the polarizability of the supercell,

Pyrovr Purr
P = , (6.11)
Proyvr Pry

by expanding the polarizability of the smallest unit cell for each component through a
folding procedure. In this notation, the block Pyy includes all matrix elements P;; with
Xi(r) (x;(r')) being defined in the region X (Y). Note that in the preceding equation
the index MT does not refer to one specific muffin-tin sphere but includes all muffin-tin
spheres of the heterostructure. Due to the nature of the mixed-product basis, the MT
spheres and the interstitial require very different approaches for performing the expansion.
We first detail the procedure for the case, where both coordinates are in atomic spheres,
Pyrvr. The matrix elements of the supercell, Pypr \r, can be obtained in terms of the
matrix elements of the unit cell, Pyfpyp, via a transformation from real to reciprocal
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Figure 6.1: Scheme of the expansion & addition screening. The polarizability of the heterostructure,
P, is approximated as the sum of the individual polarizabilities, PS(C1 ) and PS(C2 ), which are obtained as
the expansion of their respective polarizability from the unit cell, P&é) and P&E), respectively.

space as follows:

(@) = ) e =R P L (R,

Rsc
_ —iqsc-R%¢ puc sc uc _ puc
o Z ¢ . Pauca(m (R + RO/ Ra ) ’
RSC
= 1 ei(QuC—QSC)'RSC e—iQuC'(Ru?_Rgc) puc ( )
o Nuc * Quct. Quc) 5
9 que Rse
sc
_ N_q e—iquc(RZ?—RgC) puc ( ) (6 12)
- uc Quce Quc) » .
9 quc

where R are the real-space lattice vectors, Ngq the number of g-points, and the subscript
uc (sc) is used to represent all unit cell (supercell) quantities. The difference of real-space
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lattice vectors is re-written in terms of the atomic positions, 7., = 7a,. + Ra°, as
- ch = (Taéc - TO/g) - (Tasc - 7-Otuc) . (613)

Once the equivalent atoms in the supercell have been identified and Eq. (6.13) has been
constructed, the implementation of Eq. (6.12) is straightforward.

We then construct the interstitial part of the polarizability,P; ;, where planewaves are
employed, we apply Eq. (6.4) to the interstitial mixed-product basis functions. This is
achieved by first transforming the mixed-product basis to the original set of planewaves
using

Pee(q) = /dr dr’ | {ZZ Bij(d) xi* (r) [x}-”<r’>}*} Xe(r')

= Pila) ()" () - (6.14)

ij

where the overlaps are given by

< |XG /dI‘ Z S* e~i(@tG)r 1(q+G)r,

(G-G')r
V Z \/_ SG/ /dre

2% 5 NS

Second, the polarizability is expanded according to Eq. (6.4) to obtain it for the supercell
in the planewave basis. Finally, we transform this matrix back to the mixed-product basis
of the supercell using the inverse transformation of Eq. (6.14).

The polarizability matrix has two off-diagonal blocks, ¢.e., Pyr/r and Pryr. In
these cases, the procedure described above for Pyrmr (Prr) is applied only to the rows
(columns) and columns (rows) of Pyt and Pryr, respectively. Once the expansion is
performed, we transform this matrix back to the mixed-product basis of the supercell
using the inverse transformation of Eq. (6.14). Finally, the polarizability of the supercell
is added to its counterpart coming from the other component of the heterostructure.
This addition step is described in the next section.
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6.3 ADDITION STEP

We continue with the description of the addition step, where we construct the polar-
izability of the heterostructure by calculating the sum of the individual contributions
according to P13(q) = P'(q) + P%*(q) (green in Fig. 6.1). For this part, we assume that
the polarizabilities of the individual components are available, either by a direct calcula-
tion of the supercell or by applying the expansion procedure presented in the preceding
section. This addition procedure is again not trivial due to the dual representation of
our basis. It requires to transform the polarizability from the basis of the individual
components, {x*9}, to the basis set of the heterostructure {x%}. The coefficients of the
individual polarizability for component p in the basis of the full heterostructure can be
expressed as

Php(@) =Y Phld) () (ol Ix)

q/
= C¥(q) Pha) Cly(a) (6.16)
ab
where the overlap matrix elements C¥,(q) = (x*9|x%) are introduced. Similar to

Eq. (6.11), it is convenient to partition the polarizability of the heterostructure into
different blocks according to

Py v Purovm Pumyr
HS __
P - PMTQ,MTl PMTQ,MTQ PMTQ,I 9 (617)

Pr oy Pr oy, P

where each term represents a block of the polarizability with the basis functions coming
from the different regions, similar to Eq. (6.12). We are taking advantage of the fact that
the MT region of the heterostructure 2\t can be further divided into the two individual
MT regions, i.e., Qpr = Qumr, U Oy, with Oy, N Oy, = 0. For convenience, we drop
the g-vector index from now on. We begin by constructing the transformation matrix

on (CMT“/MTl Cut,mts CMTH/I>

(6.18)
Cr.mmy Cr,/mm, Crr

The first term, Cysr, jm7,, corresponds to the overlap between the MT region of any of
the individual layers and the MT region of layer 1 expressed in the basis of the het-
erostructure. For example, if 4 = 1, then the transformation matrix refers to the same
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region MTi, thus no transformation is required since the radial functions are equivalent
for each atom in both the individual component and the heterostructure. If p # 1, then
we have the transformation matrix between the MT region of layer 2, i.e., MT; and M7,
which by simple observation does not require any transformation, since these two regions
are clearly distinctive. From the latter, we can conclude that Cyr, /nmr, = O

The next term that we consider is Cyr, /7, and we note that the MT region of any
individual component does not overlap with the I region of the heterostructure, since
all of the MT region are expressed the same way in the basis of the heterostructure,
therefore, Cyr, /1 = 0.

For the case of the superposition of the I region of the individual components and the
MT region of the heterostructure, i.e., Cr,/yr, and Cr, /v, We use as an example the
case of p = 1, this means, Cy, /pr7,, which does not require any transformation since we
are referring to the same individual component, while Cr, /ar, does require an explicit
expression, since some of the planewave functions of the I region have to be transform
to the MT basis of the heterostructure. From the latter, we conclude that Cp, /ar, = 0,
while Cr, /v, # 0.

Finally, the last term Cj, ; refers to the overlap of the I region of the individual layers
and the heterostructure, since in the heterostructure we have more MT regions, these
two are different, and we have to find an explicit expression for this term, i.e., Cr, /1 # 0.
Next, to further emphasized our previous analysis we show the transformation matrices
for the two layers, i.e.,

o Cyurymr, Curiyur Curiyr
Crymrn Crymn  Cryr ’

1 0 0
:< ) | (6.19)
0 Crr Cryr

and

o2 _ Cunymr, Cunymr, Cumyr
Crymm CrLymty Cryr 7

0 1 0
Crmr, 0 Cryr

In the case of the first component, Eq. (6.19), the only non-trivial components to compute
are Cr, /v, and Cy, /7, and in the following we show how to compute them in terms of the
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plane-wave eigenvectors, Sg;, and the overlap matrix elements, wj(q), see Eq. (6.10). We
begin with C7, /a7, the interstitial region I; correspond to the basis of the first component
, while the MT5 comes from the basis of the second component in the heterostructure,
therefore

Crmr, = dr Sg,, ellatG)r eTia®tra) gy v (r®) Y, (6|
win= e [ [E ] [Z Vo) Vi >]

- 1 . . *
) [Z Sei e [ drel O ey ) Y;M<r“>] |
G C

R

=3 Saiwigla) (6.21)
G

where w;g(q) is the overlap element of a normal planewave with the basis functions
in the MT region of the heterostructure. The other non-zero component of Eq. (6.19),
Ch1, is constructed by considering the basis representation of the interstitial region of
the individual component and the heterostructure,

1 .
Ch/f = — dr Z Sgl —i(a+G) SEI el(‘”G)’r s
IHS G'G

1 s~ /
ZQZSG’ZSEI/ dreGG) s
G'G

Igs

~ 1 ~ : ’
=> Sa 5 > S& / dr el(G=6)r (6.22)
G’ G

Igs

We may define the integral Zg over a planewave evaluated for the interstitial region of
the heterostructure unit cell as

I = / dr 6™ (6.23)
1o
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such that we can express the matrix elements

Cryr= Z Sari é Z SerZa-a
G’ G

= Sciwig - (6.24)

where w;g(q) is the overlap element of a normal planewave with the basis functions
in the I region of the heterostructure. We note that the transformation of the second
component can be achieved by using Eq. (6.21) for Cp,/nr, and Eq. (6.24) for Cp, ;. We
now show the general expressions to calculate the components of Eq. (6.17). If both
indices AB belong to the same MT region, i.e., Py, m7,, the transformation to the
heterostructure’s basis is given by the following expression

Py, v, :PJ@T#,MT# + (CIVV,MTM)* Pr o5, CT, o, - (6.25)

To construct the polarizability of two different MT regions, i.e., Py, m1,, We need to
consider the contribution of the interstitial region of one of the components

Py, ur, = Pyr, 1, Cr v, + (CF nm,)™ Prvi, - (6.26)

If both indices AB belong to the interstitial region of the heterostructure, i.e., Pr, the
polarizability is written as

PI’I - Z (CZHI)* P;:HIH OZHI ' (627)

I

If either A or B correspond to the MT region, while the other to the interstitial region
of the heterostructure, the polarizabilities, Pyr, ; and Py ap, are calculated as

Py, = Pyyr, g, Croa +(CL ur)" P, CF s (6.28)

Once the polarizability of the heterostructure, Eq. (6.17), has been constructed, it enters
either the calculation of the dynamically screened Coulomb potential of GyW, or the
statically screened Coulomb potential in the BSE module.
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6.4 EXAMPLE OF SELECTED MATERIALS

To evaluate the accuracy of our implementation we compare our results with the stan-
dard GoW, and BSE calculations, i.e., using the full calculation of the polarizability. We
show the quasi-particle (QP) band structure and the dielectric function of WSe, bilayer
and pyridine@MoS, obtained by calculating the polarizability with the EAS method.
We choose these systems due to the weak hybridization and predominant vdW interac-
tions [54].

The top left panel of Fig. 6.2 shows the schematic representation of how to compute
the additive screening for the example of the WSe, bilayer. Since both layers and thus
the double layer contain one unit cell, we only probe the additive step in this case. We
consider the AB stacking [183] and the interlayer distance of 3.21 A, as obtained by
optimizing the geometry using the PBE functional and the TS vdW correction[120, 121].
The sampling of the Brillouin zone (BZ) is performed with a homogeneous 12x12x1
Monkhorst-Pack k-point grid for both the individual components and the heterostructure.
We use 200 empty states for the calculation of the polarizability in both systems, which
ensures that the band edges are overall sufficiently converged. We consider a Coulomb
truncation along the out-of-plane direction, as used in Ref. [135].

The top right panel of Fig. 6.2 shows the QP band structure of the bilayer on top of
PBE calculations as the DF'T starting point. We observe very good agreement between
the EAS approximation and the full calculation. The indirect fundamental gap, found
between I' and T, a point between toward I' and K, E4(I'T) has a value of 2.39 eV and
2.41 eV for the EAS and full calculation, respectively. The direct gap at K, E,(KK), is
2.84 eV and 2.79 eV for EAS and full calculation, respectively. The bottom panels show
the imaginary and real parts of the dielectric function based on the QP band structure.
Comparing the results between the EAS approximation and the full BSE calculation,
again very good agreement is obtained. The optical gaps are 2.63 eV and 2.64 €V,
respectively.
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Figure 6.2: Top left: schematic representation of how to compute the additive screening, for the
example of the WSes bilayer. Top right: QP band structure calculated with the expansion & addition
method (blue) compared to the full calculation (red). Bottom: Imaginary part (left) and real part (right)
of the in-plane component of the dielectric function obtained by the EAS approach (blue) and the full
calculation (black).

The top left panel of Fig. 6.3 shows the schematic representation of the EAS calcula-
tion for pyridine@MoS,, a prototypical hybrid material. In this example, we put our full
implementation to the test by performing an expansion of the polarizability calculated
for the MoS,; monolayer to a 3x3x1 supercell. Due to the sensitivity of our methodology
to atomic positions, the unit cell of MoS, is expanded to form a commensurate supercell,
with atomic positions kept fixed at ideal lattice sites. The monolayer of pyridine is then
placed at an interlayer distance of 3.19 A as obtained in Ref. [54] using the TS vdW
correction. The BZ of the supercell is sampled with a 3x3x1 k-grid. As in the previous
example, the calculation of the polarizability of the heterostructure is performed by using
200 empty states, while the polarizability of the unit cell is computed using a 9x9x1
k-grid and 100 empty bands.

The top right panel of Fig. 6.3 shows the QP band structure calculated with the EAS
method (red) and the full calculation (black). As in the case of the WSe, bilayer, we
find very good agreement between the EAS method and the full implementation. The
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Figure 6.3: Top left: schematic representation of how to compute the EAS method for the example of
pyridine@MoS,. Top right: QP band structure calculated with the expansion & addition method (red)
compared to the full calculation (black). Bottom: Imaginary part (left) and real part (right) of the in-
plane component of the dielectric function obtained by the EAS approach (red) and the full calculation
(black).

fundamental gap of pyridine@MoS, at the I'-point due to the folding of the K-point are
2.32 eV and 2.36 eV, respectively. The bottom panel of Fig. 6.3 shows the imaginary
and real parts of the dielectric function calculated with both the EAS method (red) and
the full calculation (black). The optical properties are calculated on top of the QP band
structure and result in an optical gap of 2.00 eV and 2.02 eV, respectively.
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There are two possible outcomes: if the result
confirms the hypothesis, then you’ve made a mea-
surement. If the result is contrary to the hypoth-
esis, then you’ve made a discovery.

Enrico Fermi

Conclusions and outlook

In this thesis, we employed many-body perturbation theory (MBPT) to study the elec-
tronic and optical properties of three representative hybrid inorganic organic systems
(HIOS), namely, pyrene@MoS,, pyridine@MoS, and PTCDAQW Se,.

We first reported on the effect of geometry optimization on the electronic properties
of the MoS; monolayer (Section 2.1.2). Our findings indicate that the HSE and PBE+TS
functionals give the best agreement with the experimental geometry. However, the QP
band gap, calculated using the GyW, approximation, is in better agreement with the
experimental gap than those obtained with DFT. In order to account for electron-phonon
interaction (EPI), we computed the quasiparticle (QP) energies by explicitly including
the electron-phonon self-energy. This approach captured the renormalization of the band
structure due to zero-point vibrations and temperature. The corresponding zero-point
renormalization (ZPR) of the band gap was also evaluated (see Section 2.1.4). Finally,
the imaginary part of the dielectric function was obtained by solving the BSE. The
electronic and optical properties of WSey were calculated using the same framework (see
Section 2.2).

We discussed the structural properties of our HIOS by performing a geometry opti-
mization, revealing that vdW and dipole interactions dominate in these systems, leading
to physisorption. The energy level alignment was studied by means of DFT, and af-
terwards by computing the QP eigenvalues with the GoW, approximation. We found
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that the type-II level alignment predicted by both PBE and HSE is incorrect. After the
inclusion of self-energy corrections does the alignment change to type . This finding was
observed for our three prototypical HIOS. The polarization-induced effects were sys-
tematically calculated for each heterostructure. Among the examined systems, the most
pronounced effects were found for pyridine@MoSs, which we attribute to the presence
of a permanent molecular dipole and a stronger hybridization between the molecular
orbitals and the substrate electronic states, in comparison to the other systems.

The electron-phonon spectral function was computed and analyzed for pyrene@MoS,
and pyridine@MoSs,, revealing the emergence of satellites attributable to the molecu-
lar vibrational modes. In the case of pyrene@MoS,, the energy difference between the
satellite peak and the HOMO peak corresponds to the energy of a C-H stretch mode. In
pyridine@MoSs,, we discussed two satellites observed in the spectral function. The energy
difference between the first satellite peak and the QP peak corresponds to the out-of-
plane ring bend mode, while the out-of-plane C-H vibrational modes are responsible for
the second satellite.

The optical properties of our HIOS were studied by solving the BSE. In the case
of pyrene@MoS, and PTCDA@QWSe,, charge-transfer excitons were found in the visible
region, while in the case of pyridine@MoS,, hybrid-like excitons were obtained. Overall,
our findings indicated that hybrid systems consisting of low-dimensional semiconductors
and organic m-conjugate molecules exhibit a rich variety of excitons. These findings
suggest that such hybrid systems offer a promising environment for the exploration of
many-body interactions and exciton physics.

The molecules examined in this thesis can be regarded as a reference for other organic
molecules. For instance, the type-II level alignment obtained with PBE is also anticipated
for other conjugated molecules, such as oligoacenes, provided that the interlayer distance
is sufficiently large to adequately preserve the band structure of the pristine constituents.
A comprehensive examination of the conditions necessitates a thorough consideration of
the molecular properties, including but not limited to aromaticity, permanent dipole,
ionization potential, work function, density, and geometry of the corresponding mono-
layers.

Finally, we extended a recently developed method for calculating the polarizability of
weakly bound systems within planewave basis sets to the case of an all-electron basis set.
Our implementation of the expansion & addition screening (EAS) method obtains the
QP band structure of weakly bound heterostructures with high accuracy, as illustrated
by the examples of the WSe, bilayer and the hybrid material pyridine@MoS,. Going
beyond previous work, we have successfully applied these method also within the BSE
formalism, which we have demonstrated by computing the optical spectra.
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As part of the outlook of this thesis we clarify the following question: why can’t we just
apply the best possible methodology to hybrid materials? The reason is the unfortunate
scaling of many-body methodology that limits us to a system size of about ~100 atoms for
most codes implementing MBPT, in particular all-electron codes. Typically, the GoWj
approximation is the method of choice, but the starting-point dependence reduces the
quality of the results. A self-consistent GW variant would provide a better description of
the electronic properties, unfortunately, such calculations are currently computationally
not feasible for large unit cells. Concerning charge-neutral spectroscopy, BSE is a valid
state-of-the-art approach for static optical and core-level excitations, being feasible for
moderately large system sizes.

Another important aspect is the urgent need for benchmarks that systematically
assess the impact of all methodological choices, including approximations, starting points,
numerical implementations, and computational parameters. This is particularly relevant
for complex systems such as HIOS. For instance, a proper evaluation of both the electron-
electron and electron-phonon self energies with respect to the number of bands and
the sampling of the BZ would be necessary. Conducting benchmarking studies that
evaluate these contributions on equal footing is essential. The availability of such data
would facilitate the assessment of the true result for a given level of theory and the
determination of the necessary elements for a reliable solution to a specific problem.
However, it must be acknowledged that for complex systems such as HIOS, achieving full
numerical convergence can be exceedingly challenging. Consequently, the computational
parameters cannot be as strictly controlled as in conventional benchmark systems such
as diamond or SiC. In these systems, convergence can typically be achieved under more
standardized settings.
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Organic molecules

In this Appendix, we focus on the molecular component of the heterostructure, namely,
pyrene (CigHyp), pyridine (C4H4N) and PTCDA (Co4HgOg). These molecules are con-
sidered organic and m-conjugated. We emphasized that we have studied them with
exciting, which considers periodic boundary conditions.

A.1 PYRENE

Pyrene contains 16 carbon and 10 hydrogen atoms, its geometry resembles the fusion of
four benzene rings. However, the carbon atoms in pyrene form a continuous and extended
conjugated system that results in the shared edges of adjacent rings, forming a larger
conjugated aromatic system. A more accurate way to describe this molecule is that it
is a polycyclic aromatic hydrocarbon (PAH). Pyrene, a w-conjugated molecule without
a permanent dipole, exhibits interesting photophysical properties, such as prominent
fluorescence bands, as measured by optical spectroscopy [85, 184]. Figure A.1 shows the
structure as well as the electron density of the KS HOMO and LUMO. The HOMO is
a m-orbital, where the carbons on the diagonal of the molecule do not have electronic
density. The LUMO is an antibonding m-orbital, where the carbons on the diagonal of the
molecule also do not have electronic density. The HOMO-LUMO gap obtained with PBE
corresponds to approximately 2.5 eV [54], while the GoW, approximation increases the
gap to 5.2 eV. In comparison, the Hartree-Fock approach reports a gap of 8.65 eV [184].
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Figure A.1: Left: Structure of pyrene. Right: PBE HOMO-LUMO gap and their orbital representation
in real space.

Pyrene has 78 modes, but due to translational and rotational symmetries, 6 modes are
zero (or numerically close to zero), meaning that it has 72 normal modes. In Table A.1,
we show the vibrational energies of pyrene computed in this thesis, and the values ob-
tained in Ref. [185]. Overall, the vibrational energies are in good agreement, and the
small differences could be related to the different methodologies used. We follow the
classification of the vibrations proposed by Baba et al [185], there are 8 vibration types,
C-H bend (in-plane and out-of-plane), C-H stretch, C-C stretch, ring deform (in-plane
and out-of-plane), ring breathing, out-of-plane ring torsion, out-of-plane ring wagging
and butterfly. The modes with largest vibrational energy correspond to C-H stretch.
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Table A.1: Vibrational energies of pyrene calculated with exciting and compared with theoretical
and experimental results from Ref. [185], where the energies were obtained using ab initio calculations
and fluorescence excitation spectroscopy.

Number Vibration type This work [meV]| Theory [meV] Exp. [meV]
1 Butterfly 13.94 11.904 -
2 oop ring deform 23.43 18.476 -
3 oop ring deform 32.82 25.916 —
4 oop ring torsion 33.71 30.13 -
5t oop ring wagging 35.55 31.99 -
6 Ring deform 38.60 43.89 -
7 oop ring deform 42.27 48.98 -
8 Ring deform 49.26 50.34 49.84
9 Ring deform 49.56 56.54 55.92
10 oop ring deform 52.58 61.13 -
11 oop ring deform 55.30 62.00 -
12 Ring deform 58.18 62.00 -
13 Ring deform 58.51 62.12 62.00
14 oop ring deform 59.65 65.72 -
15 Ring deform 60.35 67.82 -
16 oop ring deform 67.16 70.80 -
17 Ring breathing 67.33 72.78 73.53
18 oop C-H bend 74.19 83.70 -
19 Ring deform 78.55 86.05 -
20 oop ring deform 81.96 88.04 -
21 Ring deform 83.37 91.63 91.14
22 oop C-H bend 90.16 92.50 -
23 oop C-H bend 91.53 94.116 —
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Number Vibration type This work [meV]| Theory [meV] Exp. [meV]
24 oop C-H bend 91.90 99.57 -
25 Ring deform 96.90 99.69 99.82
26 oop C-H + C-C bend 102.06 99.94 -
27 Ring deform 106.37 102.05 -
28 oop C-H bend 109.56 104.65 -
29 oop C-H bend 113.70 110.48 -
30 oop C-H bend 115.25 112.22 —
31 oop C-H bend 119.66 119.41 —
32 C-H bend + ring deform 121.13 119.90 -
33 oop C-H bend 123.36 120.03 -
34 oop C-H bend 126.81 120.15 -
35 oop C-H bend 131.29 121.272 -
36 Ring deform 131.90 124.12 -
37 C-H bend + ring deform 136.49 133.42 132.92
38 Ring deform 137.53 136.27 -
39 C-H bend + ring deform 141.41 137.88 137.76
40 C-H bend 145.18 142.60 -
41 C-H bend 147.84 142.84 141.35
42 C-H bend 149.02 146.69 150.28
43 C-H bend + ring deform 149.24 147.43 —
44 C-H bend + ring deform 159.77 150.66 =
45 C-H bend + ring deform 161.48 154.38 153.51
46 C-H bend + ring deform 161.67 154.62 153.51
47 C-H bend + ring deform 167.67 155.12 —
48 C-H bend + C-C stretch 169.29 164.30 -
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Number Vibration type This work [meV] Theory [meV] Exp. [meV]
49 Ring deform 174.68 165.29 164.42
50 C-H bend + ring deform 174.94 171.24 170.12
51 C-C stretch 175.56 174.34 174.84
52 C-C stretch 176.34 175.46 -
53 C-H bend + C-C stretch 197.24 178.31 -
54 C-H bend + ring deform 198.03 178.43 -
55 C-H bend + C-C stretch 200.87 181.41 -
56 C-H bend + C-C stretch 201.68 185.13 -
57 C-H bend + C-C stretch 204.46 187.61 187.61
o8 C-H bend + C-C stretch 205.64 194.92 -
59 C-C stretch 208.92 198.77 194.80
60 C-C stretch 209.45 199.88 -
61 C-H bend + C-C stretch 209.80 201.00 -
62 C-C stretch 210.25 204.10 201.37
63 C-H stretch 347.64 386.13 -
64 C-H stretch 348.66 386.26 -
65 C-H stretch 349.80 386.63 -
66 C-H stretch 351.16 386.63 -
67 C-H stretch 353.59 387.50 -
68 C-H stretch 354.22 387.62 -
69 C-H stretch 354.80 388.61 -
70 C-H stretch 355.86 388.61 -
71 C-H stretch 356.83 389.60 -
72 C-H stretch 358.95 389.73 -
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Figure A.2: Left: Structure of pyridine. Right: PBE HOMO-LUMO gap and the orbital representation
in real space.

A.2 PYRIDINE

Pyridine is a m-conjugated molecule with a permanent dipole, its geometry resembles the
benzene ring, however, one of the C-H groups has been replaced with a nitrogen atom.
This molecule is regarded as a basic building block of polycyclic aromatic hydrocarbons,
m-conjugated oligomers, and many organic semiconductors and dyes [86]. Moreover,
pyridine is an electron donor, explained due to the lone pair of electrons in the nitrogen
atom. Figure A.2 shows the structure as well as the electron density of the KS HOMO
and LUMO. The HOMO of pyridine corresponds to a n-orbital, where the p-orbital of
nitrogen is present. The HOMO-LUMO gap obtained with PBE amounts to 4.1 ¢V, while
the Gy, approximation increases the gap to 8.3 eV [54].

Pyridine has 33 modes, due to translational and rotational symmetries 6 modes are
zero, meaning that it has 27 normal modes. In Table A.2, we show the vibrational energies
of pyridine computed in this thesis, and the values reported in Ref. [186]. Similar to the
case of pyrene, the differences in the vibrational energies could be related to the different
methodologies applied. Overall, our results seem to be underestimating the energies. In
Fig. A.3, we show the classification of the vibrations, where the types are: out-of-plane
ring bend, out-of-plane C-H bend, C-H pendulum, ring breathing, and C-H stretch.
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Figure A.3: The vibration types of pyridine are classified according to the energy, from smaller to
larger, starting with oop ring bend, oop C-H bend, C-H pendulum, ring breathing and C-H stretch.
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Table A.2: Vibrational energies of pyridine calculated with exciting and compared with theoretical
values from Ref. [186].

Number Vibration type This work [meV] Theory [meV]

1 oop ring bend 16.03 56.544
2 oop ring bend 34.99 60.264
3 oop ring bend 63.70 84.94
4 oop ring bend 85.31 92.38
5 oop ring bend 95.09 101.30
6 oop C-H 98.50 107.50
7 oop C-H 108.67 127.72
8 oop C-H 111.53 135.65
9 oop C-H 121.07 137.26
10 oop C-H 129.00 141.85
11 C-H pendulum 133.03 145.20
12 C-H pendulum 133.22 145.82
13 C-H pendulum 135.25 148.18
14 C-H pendulum 136.28 148.55
15 C-H pendulum 164.30 154.13
16 Ring breathing 167.09 165.78
17 Ring breathing 175.17 168.39
18 Ring breathing 181.30 189.59
19 Ring breathing 188.57 200.75
20 Ring breathing 197.44 205.96
21 C-H stretch 213.30 219.60
22 C-H stretch 227.51 220.84
23 C-H stretch 236.81 414.16
24 C-H stretch 360.20 416.51
25 C-H stretch 365.61 417.26
26 C-H stretch 381.04 419.12
27 C-H stretch 386.05 420.23
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Figure A.4: Left: Structure of PTCDA. Right: PBE HOMO-LUMO gap and the orbital representation

in real space.

A.3 PTCDA

PTCDA is a key model system for the fabrication of flat molecular layers of organic
semiconductors adsorbed on pristine surfaces [187] and for the characterization of op-
tical excitations [188]. It is composed of 24 carbon, 8 hydrogen, and 6 oxygen atoms.
This molecule has a permanent dipole [43, 63], because the carbonyl groups (C-O) in the
anhydrides are highly polar. The strong electron acceptor property is due to the electron-
withdrawing nature of the anhydride groups, which can stabilize negative charge [189].
Figure A.4 shows the structure as well as the electron density of the KS HOMO and
LUMO. The HOMO of PTCDA is primarily composed of m-electrons, delocalized across
the molecule’s perylene core, and is formed by the overlap of p-orbitals from the carbon
atoms. The LUMO is also a 7* orbital, meaning it is an anti-bonding orbital. This
molecular orbital can accept electrons during excitation (e.g., upon absorption of light).
Due to the presence of lone pairs of electrons on the oxygen atoms, the energy of the
LUMO is lower. The HOMO-LUMO gap obtained with PBE corresponds to approxi-
mately 1.5 eV [7, 169], while the GoW}, approximation increases the gap to 4.4 eV [44].
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Computational details

All structure optimizations are performed using the all-electron code FHI-aims [164] by
minimizing the amplitude of the interatomic forces below a threshold value of 1073 eV A~
For all species a tight basis is used. Moreover, TITER2 basis is used for the species of the
molecules, while TIER1 and TIER1+dg for the transition metals (Mo,W) and chalco-
genides (S,Se), respectively. The subsequent ground-state, GoWj, phonons, electron-
phonon, band unfolding and BSE calculations are performed using the all electron full-

potential code exciting [93]. Atomic structures and isosurfaces are visualized using the
VESTA software [190].

B.1 NUMERICAL PARAMETERS OF M0OSy, PYRENEQMOS,, AND PYRIDINEQMOS,

GS properties are calculated using DFT [56, 96] with the GGA in the PBE parametriza-
tion [99] for the exchange-correlation functional. The sampling of the Brillouin zone (BZ)
is carried out with a homogeneous 15x15x1 Monkhorst-Pack k-point grid for the pristine
MoS; and a 3x3x1 k-grid for the supercells. To account for vdW forces between sub-
strate and molecules and intermolecular interactions, we adopt the T'S method [120, 121].
The muffin-tin (MT) spheres in the inorganic component are chosen to have equal radii
of 2.2 bohr. For the molecules, the corresponding radii are 0.8 bohr for hydrogen (H) and
1.2 bohr for carbon (C) and nitrogen (N). We use a basis-set cutoff of G.,=4.375 bohr™!.

QP energies are computed within the Gy, approximation [58, 78, 104] by solving
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the QP equation (see Eq. (1.23)). 600 and 200 empty states are included to compute
the frequency-dependent dielectric screening within the random-phase approximation in
pristine MoS,, and the hybrid systems, respectively. A 2D truncation of the Coulomb
potential in the out-of-plane direction z is employed [191]. Band structure and DOS
are computed on dense meshes by using interpolation with maximally-localized Wannier
functions [192, 193]. For the solution of the BSE [60, 111, 194] on top of the QP band
structure, the screened Coulomb potential is computed using 100 empty bands. In the
construction and diagonalization of the BSE Hamiltonian, 16 occupied and 14 unoccupied
bands are included, and a 12x12x1 shifted k-point mesh is adopted for the hybrid
systems. In the case of pristine MoS,, we use 5 occupied, 7 unoccupied bands and a
k-mesh of 18x18x 1. These parameters ensure well-converged spectra within the energy
window up to 6 e€V. A Lorentzian broadening of 100 meV is applied to the spectra to
mimic lifetime effects. Spin-orbit coupling is not considered.

The band unfolding is calculated by symmetry mapping of the Bloch-vector-dependent
quantities defined in the supercell into the unit-cell calculations. Here, the wavefunctions
are constructed in a uniform real space grid of 120x120x120 and used to calculate the
spectral function.

The dynamical matrices and potential response are calculated with a coarse q-point
grid of 6x6x1 for the pristine MoS; and I'-point only for the hybrid systems. The
electron-phonon matrix elements are then interpolated to a fine grid of 33x33x1 in the
case of the pristine MoS, and to a 12x12x1 grid for the interface. The electron-phonon
self-energy is computed using a frequency grid of 1000 point.

B.1.1 CONVERGENCE OF M0OS5 MONOLAYER

In the top panel of Fig. B.1, the dependence of the KS band gap, computed with the
functional PBE, on the k-grid is shown. For the number of points, Ny, in in-plane
direction of the hexagonal 2D BZ, multiples of 3 are chosen such to include the high-
symmetry point K. A 6x6x1 k-grid, 7.e., Ny = 6, is sufficient to obtain a value converged
within 0.01 eV. The bottom panel shows the dependence of the gap on the basis-set size
in terms of the parameter RyirGiax.
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Figure B.1: KS-PBE band gap of the MoS; monolayer at the high-symmetry point K calculated for
different k-grids (top) and parameters RyrGmax (bottom).

Figure B.2 depicts the convergence of the QP band gap, computed with the GyWj
approximation. In the top panel, its dependence on the number of empty states is plotted.
For pristine MoS,, it is known [33-35] that a large number of empty bands is required
to ensure a direct band gap at K. Indeed, using less than 400 empty states results in an
indirect gap. We proceed with a value of 600 for which we show in the bottom panel the
dependence of the QP band gap on the k-grid. The bottom panel of Fig. B.2 presents the
in-plane component of the imaginary part of the dielectric constant for different k-grids.
These calculations are performed by solving BSE on top of the QP band structure.
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Figure B.2: Top: QP band gap of MoS, monolayer calculated as a function of empty states. The region
where the gap is indirect (K — Q), is indicated by the red line. Q is the point of the conduction-band
minimum in bulk MoS,. Employing 400 empty states or more a direct band gap at K is obtained. Middle
panel: QP band gap of pristine MoS,; (K — K) calculated for different k-grids. Bottom: Convergence
of the imaginary part of the dielectric function with respect to k-grid.
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Figure B.3: The top panel shows the dependence of the fundamental QP band gap of pyrene@MoS, on
the number of empty states included in the GoW) calculations. The bottom panel depicts the imaginary
part of the dielectric function computed for different k-grids.

B.1.2 CONVERGENCE OF PYRENEQMOS,

For pyrene (C16Hip) on top of the 3x3x1 MoS, supercell, PBE calculations are performed
considering two different k-grids. The KS-PBE band gap changes by only 0.5 meV, i.e.,
from 1.3041 eV to 1.3041 eV, upon going from a 3x3x1 to a 6x6x1 mesh. Due to
the symmetry of the supercell, the direct band gap is folded to the I' point of the BZ.
Its dependence on the number of empty states is shown in the top panel of Fig. B.3.
The bottom panel shows the in-plane component of the imaginary part of the dielectric
function, obtained by the BSE, for different k-grids.
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Figure B.4: The top panel shows the dependence of the fundamental QP band gap of pyridine@MoSs on
the number of empty states included in the GoWj calculations. The bottom panel depicts the imaginary
part of the dielectric function computed for different k-grids.

B.1.3 CONVERGENCE OF PYRIDINEQMOS,

For pyridine (CsHsN) on top of the 3x3x1 MoSs supercell, PBE calculations are per-
formed considering two different k-grids. The KS band gap obtained by a 3x3x1 and
a 6x6x1, mesh is 1.7048 and 1.7018, respectively. Due to symmetry of the supercell,
the direct band gap is folded to the I' point of the BZ. Its dependence on the number
of empty states is shown in the top panel of Fig. B.4. The bottom panel depicts the in-
plane component of the imaginary part of the dielectric function, obtained by the BSE,
for different k-grids.
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Figure B.5: Left: Brillouin zone folding in hexagonal crystals. The red hexagon represents the first
BZ of a m x m supercell of the hexagonal crystal. The green, black and blue hexagons correspond to
the first Brillouin zone of the unit cell of different m. In the case of green, it would mean a supercell of
m = 3n — 1, black, m = 3n, and blue, m = 3n + 1, with n as an integer. The BZ of 2x2x1, 3x3x1, and
4x4x1 supercells correspond to a unit cell’s BZ of green, black and blue, respectively. The figure has
been adapted from Ref.[195]. Right: KS-PBE band structure of pyrene@MoS, for 2 supercell sizes. The
bands are color coded corresponding to the inorganic (red) and organic (black) component. The color
of the x-axis labels is corresponding to the BZ.

B.1.4 IMPACT OF SUPERCELL SIZE

Different supercells of the pristine MoS,; monolayer are considered in order to investigate
the level alignment. The left panel of Fig. B.5 shows the BZ and high-symmetry points of
a2x2x1,a3x3x1l,and a 4x4x1 supercell with green, black, and blue color, respectively.
The KS-PBE band structure of pyrene@MoS, are shown in the right panel of Fig. B.5 for
the 3x3x1 and 4x4x1 supercells. In the latter, the direct band gap is at the K point
of the corresponding BZ (blue point in Fig. B.5). The variation in the HOMO energy is
negligible when the supercell is increased. Also the fundamental band gap of the MoS,
component is hardly affected and amounts to 1.7 eV. Consequently, for both supercells,
PBE yields a type-II level alignment.

In Fig. B.6, the KS band structure of pyridine@MoS; is displayed for different super-
cells. The level alignment changes from type I to type II when the cell size is increased
from 2x2x1 to 3x3x1. Like in pyrene@MoS,, the fundamental band gap of the sub-
strate remains unaffected. The molecular levels exhibit only minimal differences going
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Figure B.6: KS band structure of pyridine@MoS, for different supercell sizes. The bands are color
coded to highlight their atomic character. The color of the x-axis labels is corresponding to the BZ of
Fig. B.5

from the 3x3x1 to the 4x4x1 case. As the situation is the same for the pyrene case, the
3x3x1 supercell was selected to study the optical properties of both heterostructures.

B.2 NUMERICAL PARAMETERS OF PTCDAQWSE,

The MT spheres of the inorganic component are chosen to have equal radii of 2.2 bohr.
For PTCDA, the radii are 0.9 bohr for hydrogen (H), 1.1 bohr for carbon (C), and 1.2 for
oxygen (O). Following the definition in Eq. (5.1), we approximate this integral by a dis-
crete sum over a finite number of fixed electron coordinates. For each electron position,
the hole probability is computed on an evenly spaced, dense grid of 100x100x100 sam-
pling points, covering a supercell of 9x9x1 supercells of the pristine WSey unit cell. For
the charge-transfer exciton, we sampled 60 positions on the PTCDA molecule (0.5 A1
below and above the carbon and oxygen atoms) since its electronic contribution is almost
entirely comprised of the LUMO. Similarly, we calculated the electron-hole correlation
function of the WSes-exciton, sampling 16 positions close to the W atoms where we ex-
pect a high probability of finding the electron. The remaining parameters that are not
explicitly defined here are assumed to be the same as those for pyrene@MoS,.
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Figure B.7: Imaginary part of the dielectric function computed for different k-grids.

B.2.1 CONVERGENCE OF PTCDA@QWSE,

For PTCDA on top of the 4x4x1 WSe, supercell, PBE calculations are performed con-
sidering two different k-grids. The KS band gap obtained by a 3x3x1 and a 6x6x1
mesh, is 1.220 and 1.221, respectively. The QP bands are computed using three different
values for the number of empty bands, i.e., 100, 200, and 300, obtaining a gap of 2.404,
2.235, and 2.204, respectively. Fig. B.7 depicts the in-plane component of the imaginary
part of the dielectric function, obtained by BSE, for different k-grids.
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Figure B.8: KS band structure of PTCDA@QWSes for different supercell sizes. The bands are color
coded to highlight their atomic character. The color of the x-axis labels is corresponding to the BZ of
Fig. B.5. In the case of the 5x5x1 supercell is equivalent to the 2x2x1 case.

B.2.2 IMPACT OF SUPERCELL SIZE

In order to investigate the impact of the geometry and the level alignment, we consider
two supercell sizes of PTCDA@QWSe,. The KS-PBE band structure is shown in Fig. B.8,
the direct band gap is at the K point in both dispersions. The variation in the LUMO
energy is negligible when the supercell is increased. Additionally the fundamental band
gap of the WSey component is hardly affected. In both cases, PBE yields a type-II level
alignment.
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Interpolation of the el-ph matrix elements

In this Appendix, we briefly summarize the Wannier-Fourier interpolation performed
for the electron-phonon matrix elements. To properly evaluate the electron-phonon self-
energy, as described in Eq. (1.44), the interpolation of the electron-phonon matrix el-
ements is a must. The development of Wannier functions into the exciting code by
Tillack et al., [192, 193, 196] made accessible the exploitation of the spatial location in
the Wannier representation to perform such interpolation into fine grids, i.e., a large
number of k- and g-points.

C.1 WANNIER-FOURIER INTERPOLATION OF THE MATRIX ELEMENTS

In the construction of the electron-phonon matrix elements, first the electronic eigen-
states and eigenvalues are computed by either DFT or the GW approximation. Then,
the dynamical matrices and the potential response are obtained by either the supercell or
density-functional perturbation theory (DFPT), leading to the calculation of the phonon
eigenvector and frequencies. The calculation of the dynamical matrices is the most ex-
pensive part in the workflow, typically only the irreducible wedge of the BZ (IBZ) is
calculated. However, we emphasized that working exclusively with the IBZ requires the
rotation of the potential response due to crystal symmetries. For example, in diamond,
the potential response is calculated for only one X point, to access the other two equiva-
lent X points, the potential response must be rotated using the symmetries of the crystal.
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In the case of (L)APW basis, the rotation must be applied to both the muffin-tin (MT)
and the interstitial (I) part of the potential. A general expression of this rotation is the
following, as shown in Ref. [74],

OVsalr) = DVa({Sa} 1) (1)

After the potential response is accessible for the full BZ, the matrix elements are first cal-
culated in the Bloch representation, subsequently they are transformed into the Wannier
representation, as follows:

1 1 1/2 )
mnv Re R = 71(kRe+qu) C.2
s (R, Ry) M%é@mw)e (©2)

X Uli-l—q gmm/<ku q) Uk e;lill<q)

where N, and NNV, are the number of unit cells in the periodic supercell considered for
the electronic and lattice dynamics, respectively. Uy and Uli +q are the unitary mixing
matrices calculated after the generation of the Wannier functions, which are the essential
ingredients for the transformation. Finally, e,.,(q) and wg, are the phonon eigenvector
and phonon frequency, respectively.

In the case of polar materials, the long-range part of the electron-phonon matrix
elements (see Eq.(1.40)) is subtracted before the interpolation to real space. This is a
necessary step, otherwise, these quantities would not be localized and the interpolation
would not be accurate. Once the matrix elements are transform from the real space to
the fine grid (reciprocal space), the long-range term is added. The transformation of the
Wannier representation to the Bloch representation is done as follows,

1 /2 . .
Gmnv (ka q) = E (ZM o ) el RetaRy) Uk1q gmnl/(Rea Rp) U;L eom,u(q) (C-3)
Ro.R, aWqu

As discussed by Giustino et al., [74], the band and branch indices do not have any
special meaning in the Wannier representation, in fact, the interpolation can be achieved
by using the matrix elements in the atom and axis space, i.e., « and k, instead of the
mode v and g-point space. The latter would just require to multiply the matrix elements
in the fine grid times the phonon eigenvector (and prefactor). As final remarks, we
discuss the gauge issue that might be encountered in this type of calculations. When the
Wannier functions are generated and later on used to interpolate the matrix elements,
the same set of electronic eigenvalues and eigenfunctions must be used. In the case of the
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exciting code, this is not a problem, since the diagonalization of the Hamiltonian and
the dynamical matrices are done in the same footing, even the QP eigenvalues can be
use to construct both the Wannier functions and the electron-phonon matrix elements.

C.2 ELECTRON-PHONON MATRIX ELEMENTS OF SELECTED MATERIALS

In order to validate the implementation of the interpolation of the matrix elements, we
show three examples, first the case of diamond, second the case of SiC, which allows us
to evaluate the procedure for the long-range part, and third for MoS,; monolayer. As a
reference we calculate the matrix elements with other code, which has direct access to the
matrix elements without the need of interpolation. To account for degenerate electronic
and phononic states, the matrix elements are averaged as follows,

TR e D 3) D) DI (©4)

where M, N and N are the number of degenerates states for the initial and final electronic
bands, and for the phonon modes, respectively.

C.2.1 DI1AMOND

Figure C.1 (left) shows the electron and phonon dispersions for diamond. In the calcu-
lation of the matrix elements, the initial state is fixed at the VBM at the I-point (green
dot). The final state corresponds to the valence band with highest energy over the path
L—» T - X—-W—=K— T (highlighted in blue in the electron dispersion). The phonon
band consider corresponds to the branch with highest energy (highlighted in blue in the
phonon dispersion). The right panel of Fig. C.1 shows the comparison of the averaged
matrix elements calculated with exciting and other code. Overall, the averaged values
are in good agreement.
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Figure C.1: Left: Electron and phonon dispersion for diamond. The matrix elements are calculated
for the electronic and phononic branch highlighted in blue. The initial electronic state is represented by
the green dot. Right: Averaged electron-phonon matrix elements calculated with exciting and other
code. In the case of exciting the Wannier-Fourier interpolation is used. The black dots correspond to
the matrix elements calculated in the coarse grid used in the interpolation.
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Figure C.2: Left: Electron and phonon dispersion for SiC. The matrix elements are calculated for the
electronic and phononic branch highlighted in blue. The initial electronic state is represented by the
green dot. Right: Averaged electron-phonon matrix elements calculated with exciting and other code.
In the case of exciting the Wannier-Fourier interpolation is used. The black dots correspond to the
matrix elements calculated in the coarse grid used in the interpolation.

C.2.2 SiC

We now compare the averaged matrix elements for the case of SiC, since this material
is polar, the long-range part of the matrix elements is non-negligible. We validate our
interpolation procedure by comparing the exact calculation for a phonon mode where the
long-range is important. Figure C.2 (left panel) shows the electron and phonon disper-
sions. The latter is calculated considering the LO/TO splitting. The initial electronic
state corresponds to the VBM at the I' point (green dot), while the bands in blue are
selected to calculated the averaged electron-phonon matrix elements (right panel). As
expected, approaching the I'-point the values diverge.
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Figure C.3: Left: Electron and phonon dispersion for monolayer MoSs. The matrix elements are calcu-
lated for the electronic and phononic branch highlighted in blue. The initial electronic state is represented
by the green dot. Right: Averaged electron-phonon matrix elements calculated with exciting and other
code. In the case of exciting the Wannier-Fourier interpolation is used. The black dots correspond to
the matrix elements calculated in the coarse grid used in the interpolation.

C.2.3 MO0OS; MONOLAYER

As a final example, we compare the averaged matrix elements of MoS, monolayer between
exciting and our reference code. This material is not as polar as SiC, and the LO/TO
splitting is not as pronounced. However, the E mode does play a role in the EPI of
the system [127]. Figure C.3 (left panel) shows the electron and phonon dispersions for
monolayer MoS,. The matrix elements are calculated in the path I' = M—K— I". The
averaged matrix elements (right panel Fig. C.3) shows the expected divergence in the
direction of K— T.
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Many-body perturbation theory

In this Appendix we give a quick review of the Hedin’s equation, which represent a
systematic way to approximate the self-energy > and the Bethe-Salpeter equation (BSE)
that describe two-particle excitations.

D.1 HEDIN’S EQUATIONS

We show the closed set of equations, commonly referred to as Hedin’s equations [104],

$(1,2) :i/d(34) G(1,3)T(3,2,4) W (4,1, (D.1)
G(1,2) = Go(1,2) + /d(34) Go(1,3) 5(3,4) G(4.2). (D.2)
T(1,2,3) = 6(1,2) 6(1,3) + /d(4567) gégi ?) G(4,6)G(7,5)T(6.7,3),  (D3)
W(1,2) = v(1,2) + /d(34) 0(1,3) P(3,4) W(4,2) , (D.4)
P(1,2) = —i/d(34) G(1,3) G(4,17)T(3,4,2) | (D.5)
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Figure D.1: Left: Pentangon scheme of the iterative solution of Hedin’s equations. Right: In the Go W,
approximation, the iterative solution is reduced to one-round or one-shot calculation, with the following
steps: Gg — Py — ¢ — Wy — X. The vertex I' is set to a product of delta functions.

where G is the single-particle Green’s function, GGy the independent-particle Green’s
function, P the irreducible polarizabilty, and W the screened Coulomb interaction. The
notation “1%” indicates that the corresponding time ¢; is infinitesimally later than the
one of the combined index without the superscript.

To solve Hedin’s equation, an iterative procedure is shown in the left panel of Fig. D.1.
A fully iterative, self-consistent solution of Hedin’s equation is not possible due to the
complexity of the equations. In practice, we mention two main attempts to solve Hedin’s
equations. The simplest approach is to do a one shot, starting with > = 0 and stopping
when X = GoWj is computed. The latter is also known as the GoW, approximation
and is described in more detail in the Section 1.3.2. A more sophisticated approach
would be a quasiparticle self-consistent GW (QSGW) [197, 198], where the iterative
optimization of v leads to the interacting GG. In other words, each step of the cycle
updates G, eventually converging to the solution closest to G. However, both the GoWj
and QSGW approaches ignore the vertex corrections by reducing the vertex function I
to delta functions, i.e.,

(1,2,3) = 6(1,2) 6(1,3) . (D.6)

In general, neglecting the vertex correction is typically referred to as the GW approxi-

mation (GWA).
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D.2 THE BETHE-SALPETER EQUATION

The state-of the-art for calculating optical properties is the Bethe-Salpeter equation
(BSE) [61]. Processes involving two-particle excitations are written in terms of the two-
particle Green’s function, thus introducing a 4-point polarizability L

L(1,2,3,4) = L(1,2,3,4) — G(1,2,3,4) (D.7)
where LY is the independent-electron-hole polarizability
L°(1,2,3,4) = -1 G(1,3) G(4,2) , (D.8)

which describes the propagation of an electron and a hole separately. A more complete
expression is as follows,

L(1,2,3,4) = L°(1,2,3,4)

5%(5,6)
5G(7,8)

+ L°(1,2,5,6) lv(S, 7)6(5,6) 6(7,8) +1i } L(7,8,3,4)  (D.9)

that can be rewritten as

oY
L=1"+1° i— | L. D.1
+ (U+15G) (D.10)

The parenthesis in Eq. (D.10) is typically referred to as the kernel

D))
0G’

Z=v+i (D.11)
which can be reduced by making use of the GW approximation, i.e., the self-energy is ap-
proximated as the product of the Green’s function and the screened Coulomb interaction,
>~ iGW. The derivative is then simplified by

S(GW) ow

where we have neglected the variation of the screening due to the excitation. A second
approximation concerns the screened Coulomb interaction, W, where the static limit is
used, meaning that we only calculate W at w = 0 [60, 199, 200].
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