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I Abstract

Advances in the manufacturing of semiconductor-based hybrid nanostructures draws attention
towards possible optoelectronic and quantum computational applications. The present work
develops theoretical models to study the coherent couplings and excitation transfer mechanisms
in nanostructures and aims at a microscopic understanding of the underlying Coulomb-mediated
processes, thus, laying the foundation to access the full functionality of the studied quantum
systems. A rich and versatile theoretical toolbox is developed capable of describing a variety of
semiconductor nanostructures.

Nonlinear four-wave mixing spectroscopy in its various realizations depending on the specific
temporal and spatial configuration and polarization of the pulse sequence is a valuable tool to
infer the excitonic structure and dynamics of different kinds of quantum systems. In particular,
the combination of polarization-resolved nanooptical excitation with two-dimensional double
quantum coherence spectroscopy is employed to derive a quantum state tomography protocol
for Forster coupled, spin-degenerate two-level quantum emitters (e.g., quantum dots). The
here suggested reconstruction scheme makes it possible to resolve the internal structure of the
probed quantum system by decomposing the collective optical response into the contributions
from the single quantum emitters.

Photon echo spectroscopy, a different four-wave mixing technique, is simulated to evidence
coherent couplings in monolayer transition-metal dichalcogenides and, thus, the formation of
strongly correlated higher-order states without direct analogue in conventional semiconductors.
A thorough implementation of the valley- and spin-dependent optical selection rules and
separation of the involved quantum pathways in the presented calculations allows to identify
different types of intervalley biexcitons in measured two-dimensional spectra.

A theoretical treatment including electrostatic Coulomb couplings and fine-structure splitting
is developed to analyze the two-dimensional spectra measured in a two-beam four-wave mixing
experiment of individual quantum dots and quantum dot molecules in rephasing and double-
quantum pulse configurations. The spectral signatures can be traced back to the underlying
coupling mechanisms and strengths that determine the single- and double-excitonic resonances,
yielding a good agreement between theory and experiment.

Using a density-matrix equation technique, the geometry-dependent excitation transfer across
a semiconductor /molecule hybrid interface is studied within physically reasonable parameter
ranges. For this purpose, Forster-type non-radiative coupling is modeled microscopically using
a partial charge technique, and the case of creating excitons in an optically active, highly
ordered layer of organic molecules by strong electrical pumping of the semiconductor substrate
is considered. It is found that the interlayer coupling efficiency is highly sensitive to changes in
the resonance energy detuning, the molecular coverage, the charge carrier temperature and
concentration in the semiconductor quantum well, the interlayer separation, and the spatial
orientation of the flat-lying molecules on top of the substrate.

Finally, the theoretical framework for these hybrid inorganic/organic systems is extended to
treat the Coulomb coupling between Wannier excitons in the semiconductor substrate including
interface roughness, acoustic phonon scattering, and radiative recombination, and Frenkel
excitons in the disordered organic film including intermolecular Coulomb interaction and the
coupling to vibrational modes. For this purpose, a perturbative approach is chosen to derive
the transition amplitudes between exciton densities in the hybrid system, and a cumulant
expansion technique is used to describe the coupling to vibrational modes in the organic layer,
which constitutes the main dephasing mechanism in such systems.
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I Kurzfassung

Fortschritte in der Herstellung von Halbleiter-basierten Hybrid-Nanostrukturen riicken mogliche
Anwendungen im Bereich der Optoelektronik und des Quantencomputings in den Fokus. Die vor-
liegende Arbeit entwickelt theoretische Modelle, um kohérente Kopplungen und Mechanismen
des Anregungstransfers in Nanostrukturen zu untersuchen, und zielt auf ein mikroskopisches
Verstandnis der zugrundeliegenden Coulomb-induzierten Prozesse. Damit legt sie die Grundlage,
um auf die volle Funktionalitdt der untersuchten Quantensysteme zuzugreifen.

Nichtlineare Vier-Wellen-Mischungs-Spektroskopie in ihren verschiedenen von der zeitlichen
und rdumlichen Konfiguration und der Polarisation der Pulssequenz abhéngigen Realisierungen
ist eine wertvolle Methode, um die exzitonische Struktur und Dynamik unterschiedlicher
Quantensysteme zu erschliefen. Insbesondere wird eine Kombination aus polarisationsaufge-
l6ster nanooptischer Anregung und zweidimensionaler Zwei-Quanten-Kohérenz-Spektroskopie
angewandt, um ein Quantentomographie-Protokoll fiir Forster-gekoppelte, spinentartete Zwei-
niveau-Quantenemitter (z.B. Quantenpunkte) herzuleiten. Das vorgestellte Rekonstruktions-
schema ermoglicht es, die innere Struktur des untersuchten Quantensystems aufzulsen, indem
die kollektive optische Antwort in die Beitrége der einzelnen Quantenemitter zerlegt wird.

Photon-Echo-Spektroskopie, eine weitere Vier-Wellen-Mischungs-Technik, wird simuliert,
um kohirente Kopplungen in Monolagen von Ubergangsmetall-Dichalkogeniden und somit
die Bildung von stark korrelierten Zustdnden hoéherer Ordnung ohne direktes Analogon in
herkémmlichen Halbleitern nachzuweisen. Eine griindliche Implementierung der valley- und
spinabhéngigen optischen Auswahlregeln und eine Trennung der beteiligten Quantenpfade er-
lauben es, verschiedene Arten von Intervalley-Biexzitonen in den gemessenen zweidimensionalen
Spektren zu identifizieren.

Eine theoretische Beschreibung unter Einbeziehung von elektrostatischen Coulombkopplun-
gen und Feinstrukturaufspaltung wird entwickelt, um zweidimensionale Spektren von einzelnen
Quantenpunkten und Quantenpunktmolekiilen zu analysieren, welche mittels Vier-Wellen-Mi-
schung in Form von Zwei-Strahl-Experimenten in Photon-Echo- und Zwei-Quanten-Kohéa-
renz-Pulskonfigurationen gemessen wurden. Die spektralen Signaturen erlauben Riickschliisse
auf die zugrundeliegenden Kopplungsmechanismen und -starken, welche die einzel- und dop-
pelexzitonischen Resonanzen bestimmen, und zeigen eine gute Ubereinstimmung zwischen
Theorie und Experiment.

Mit Hilfe einer Dichtematrix-Technik wird der von der Geometrie abhéngige Anregungstrans-
fer an der Grenzflache einer Halbleiter-Molekiil-Hybridstruktur innerhalb physikalisch sinnvoller
Parameterbereiche untersucht. Zu diesem Zweck wird mittels einer Partialladungsmethode
Forster-Kopplung mikroskopisch modelliert und es wird der Fall betrachtet, dass Exzitonen
in einer optisch aktiven, geordneten organischen Molekiilschicht durch starkes elektrisches
Pumpen des Halbleitersubstrats generiert werden. Die Kopplungseffizienz zwischen den beiden
Schichten erweist sich als hochempfindlich gegeniiber Anderungen in der Verstimmung zwischen
den Resonanzenergien, der molekularen Bedeckungsdichte, der Ladungstriagertemperatur und
-konzentration im Halbleiter-Quantenfilm, dem Schichtabstand und der rdumlichen Orientierung
der flachen Molekiile auf dem Substrat.

Abschlieend wird das theoretische Modell zur Beschreibung dieser hybriden inorganisch-orga-
nischen Systeme erweitert, um den Einfluss von Oberflaichenrauigkeit, Streuung an akustischen
Phononen und radiativer Rekombination im Halbleitersubstrat sowie intermolekularer Cou-
lombwechselwirkung und Kopplung an Vibrationsmoden im ungeordneten organischen Film
auf die Coulombkopplung zwischen Wannier- und Frenkel-Exzitonen zu beriicksichtigen. Zu
diesem Zweck wird ein storungstheoretischer Ansatz gewihlt, um die Ubergangsamplituden
zwischen Exzitondichten im Hybridsystem herzuleiten, und eine Kumulantenentwicklung wird
benutzt, um die Kopplung an Vibrationsmoden in der organischen Schicht zu beschreiben,
welche hauptséchlich fiir die Dephasierung solcher Systeme verantwortlich ist.
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Introduction

1.1 Motivation

Excitons, i.e., Coulomb bound correlated electron-hole pair states, dominate the optoelectronic
properties of many dielectric solids and are particularly pronounced in the case of confined
quantum systems such as semiconductor nanostructures [Bas88, Hau04]. Therefore, an in-depth
insight into the structural and dynamical properties of excitonic complexes, their binding
energies and couplings, and coherent light-matter interactions is of outstanding importance
regarding possible solid-state realizations of coupled quantum emitters for optoelectronic and
quantum informational platforms [Bio00, Bay01, Mic03, Lov03, Bes05].

However, complex nanostructured materials often exhibit highly congested levels and cou-
plings that are challenging to resolve experimentally. Especially the nature of the coupling
(e.g., electrostatic or non-radiative Forster-type) plays a decisive role in the design of de-
vices. In this context, multidimensional nonlinear spectroscopy [Muk95] comes into play
as powerful instrument to disentangle the complex optical response of various kinds of
quantum systems. It overcomes many of the limitations of conventional one-dimensional
techniques since it has the ability to isolate distinct quantum pathways, to unfold the
third-order excitonic response across different frequency axes, and to separate homoge-
neous broadening of the individual emitters from inhomogeneity of the transition energies
[Muk00, Tia03, Jon03, Axt04, Lan07, Yan08, Cho08, Kar10, Siel0, Lan10, Fin12, Nar15]. The
application of a sequence of ultrafast laser pulses with defined polarizations creates coherent
superpositions of distinct excitonic states and reveals many-particle correlations between them.
This is exploited in this work to examine higher-order correlated states in coupled quantum
dots and monolayer transition-metal dichalcogenides by calculating four-wave mixing signals
and comparing them to experimental data. This way, two-dimensional spectroscopy provides
unique access to fundamental structural properties such as the nature of coupling, binding
energies, optical selection rules, and excited state configurations.

Dipole-dipole Forster-type excitation transfer can couple distant physical subsystems leading
to the formation of collective resonances that are potentially delocalized over the whole structure
described by a hybridization of the local basis states [Gue02, Lov03, Ger05, Chr10]. Using
conventional far-field spectroscopy techniques, these couplings can be inspected. However, it
is difficult to quantify to which extent an observed delocalized excitonic resonance contains
contributions from the different single emitters. To tackle this shortcoming, one can combine
temporal with spatial pulse control by using localized excitation of the single quantum emitters
with nanooptical fields [Zha09, Kin09, Hua09, Mer08, Nov1l, Gue02, Bri05, vFr98, Pet04,
Webl1].

Over the last two decades, hybrid inorganic/organic systems have emerged as promising
new material class capable of combining the optoelectronic properties of their constituents
to form novel, tailorable device functionality [Bas99, Blu06, Its07, Nev08, Blul0, Vayl2,



2 1 Introduction

Lial3, Qialb, Frilb, Sch15, Ljul7]. Hybrid inorganic/organic systems are composed of two
complementary material components that differ fundamentally in their optoelectronic properties:
On the one hand, organic materials such as organic dye molecules usually exhibit a strong
light-matter coupling, thus enhancing the radiative emission yield. Moreover, the thermal
stability, the absorption and fluorescence efficiency and linewidth, the geometry, spatial
arrangement, orientation, and ordering of molecules in thin films can be manipulated by the
specific chemical synthesis and deposition technique [Kob12, Blul0], hence, making molecules
extremely versatile building blocks in terms of their optical and electrochemical properties.
On the other hand, inorganic semiconductor nanostructures such as ZnO quantum wells have
multiple advantageous features such as extended band states, atomically smooth interfaces,
high charge carrier mobilities, and efficient electrical carrier injection. Combining these different
material classes leads to the formation of novel types of excitations, e.g., Frenkel-Wannier
excitons [Agr98, Blu06] and hybrid charge transfer excitons (i.e., bound excitons with the
electron and hole located at different sites of the hybrid interface) [Vayl2, Piel5, Eyel5].
Having in mind the use of hybrid inorganic/organic systems as light-emitting devices, this work
develops a theoretical framework based on a density-matrix equation technique to describe
Forster-type non-radiative energy transfer across the inorganic/organic interface.

1.2 Structure of the thesis

This thesis is composed of three main parts:

The first part comprises the most important theoretical foundations of this work, including
some basic concepts of solid-state quantum mechanics and density-matrix theory in Chap. 2,
as well as an introduction into the theoretical toolbox to calculate coherent multidimensional
spectroscopy signals in Chap. 3.

In the second part, several third-order techniques are presented to resolve the internal
structure of different nanostructures. Chapter 4 treats a quantum state tomography protocol
to retrieve the excitonic wave functions of coupled quantum dots. In Chap. 5, photon echo
spectroscopy of atomically thin transition-metal dichalcogenides is investigated and a compari-
son with experimental data allows to identify multiple higher-order correlated states. As a last
example for the implementation of two-dimensional polarization-resolved four-wave mixing
spectroscopy, the experimentally observed signatures of individual quantum dots are simulated
including optical selection rules, Coulomb coupling, and fine-structure splitting in Chap. 6 to
illustrate the formation of a quantum dot molecule composed of two electrostatically coupled
quantum dots.

The third part of this thesis is dedicated to the theoretical description of the excitation
transfer efficiency and dynamics in hybrid inorganic/organic systems. Therefore, as a first step,
in Chap. 7 a density-matrix technique in momentum representation is developed to describe the
excitation transfer coupling between the Markovian electron-hole continuum in an electrically
driven idealized semiconductor quantum well and a highly ordered molecular adlayer. This
framework is in the following Chap. 8 extended to treat disorder, radiative dephasing, and
exciton-phonon scattering processes in both the organic and inorganic constituent using a
perturbative approach and a cumulant expansion technique.

Finally, a brief conclusion summarizes the main results and gives an outlook for future
investigations.
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Fundamental theoretical concepts

2.1 Density-matrix theory in Liouville space

2.1.1 Time evolution of the density operator

If the state of a quantum mechanical system is characterized by a single state vector [ (t)) in
Hilbert space, this state is called a pure state with wave function 1. Its temporal evolution is
o) _

described by the Schrédinger equation =5~ = —%f] |t)). The expectation value of an arbitrary

operator A is then given by (A) = (4(t)|A]i(t)). However, in many experimental setups
only a statistical ensemble of pure states is accessible. Therefore, a mized state description is
introduced, where p; denotes the probability for the system to be in state |¢;(¢)). The density
operator

pt) = Zpi|¢i(t)><¢i(t)‘ (2.1)

can be assigned to this mixed state. The density matrix elements with respect to an arbitrary
basis set {|n)} have the form

prm (t) = Zpi(n\wz*)(%lm). (2.2)

The density matrix is Hermitian, its diagonal elements are non-negative and its trace (i.e.,
the sum over all diagonal elements) is 1. The diagonal elements of the density matrix j(t)
represent the population of the specific state, whereas the non-diagonal elements describe
transition amplitudes between two states and are referred to as coherences or polarizations.
An observable (A) is calculated according to

() = Y pafws(OIAa(t)) = tr [Ap(t)] (2.3)

Based on the Schrodinger equation, the dynamics of the density matrix can be derived
yielding the Liouville-von Neumann equation:

9 _ _% A9 = —%Lﬁﬁ, (2.4)

where the Liouville operator £ has been introduced. It is called superoperator, since it does not
act on state vectors but on operators of the Hilbert space. The new space where the density
operator is considered a vector and the operators are represented by superoperators is called
Liouwille space. The Liouville-von Neumann equation describing the temporal evolution of
the density operator in Liouville space is the formal analogon of the Schrédinger equation in
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Hilbert space. Analogous to the time evolution operator in Hilbert space, the Liouville space
propagator U(t, to) is introduced with p(t) = U(t, to)p(to), yielding the Liouville equation

AUt to) i

— = —L(U(t,t 2.5
Who) - L, o) (2.5)
with initial condition U(to,tp) = 1. The formal solution of this differential equation yields
Lot
U(t,tg) = exp,_ (—;_L dr E(T)) . (2.6)
to

The expression exp, (...) represents the time-ordered expansion

Tn T2

U(t,to) =1+ ni; (—;)n /t: dr, drp—1--- dry L(7)L(Tn-1) ... L(T1) (2.7)

to to

witht > 71, > - > 71 > t9.

2.1.2 Interaction expansion of the coupling to an external optical field

The Hamilton operator of the considered quantum system is assumed to be composed of an
electronic part representing the closed system and a semiclassical interaction with the external
light field E(t): H(t) = He(t)+ He.1(t) with He.p, = —E(r,t)-d. d denotes the dipole operator,
cf. Eq. (2.41). Accordingly, also the Liouville operator is split into £(t) = Le(t) + Lei1(t)
[Muk95, Abr09], and an interaction picture with respect to £, can be introduced, where the
propagator of Eq. (2.6) becomes:

U(t, tg) = Ug(t, to)Uy(t,t0) (2.8)
with o
Up(t,tg) = exp_ <—; dr Ee(T)> (2.9)
to
and o
Z/{l (t, t()) = exXp. (_;7, dr Z/[()(to, ’T)ﬁe]_L(T)Z/{o(T, to)) . (210)
to

G(t —tp) = O(t — to)Up(t, to) is the retarded Green’s function describing the free evolution
of the density matrix between two interaction events [Abr09]. With that, the time evolution
superoperator becomes

. t
U(t, to) = Uo(t, o) exp,_ <—; dr Up(to, ) Lo, (T)Uo (T, to)) . (2.11)
to

The initial time tg can be chosen as an arbitrary time before the onset of the external electric
field, e.g., tg = —oc.
Also the density operator p(t) can be expanded in orders of E(t):

pt) = p 1) + V() + PP () + ... (2.12)

The contribution in n-th order of the electric field is expressed using the retarded Green’s
function G [Muk95]

y T, T
) n

n t 5
p™) (¢ :(—) /dn Ay 1+ | A7 G(t — ) Lern(Tn
P (t) Y Rl A G(t — 7o) Lerr(mn) (2.13)

X G(Tn, — Tn—1)Le-L.(Tn=1) - . . G(12 — T1) Ler.1.(11)G (11 — t0)p(t0)-
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The Green’s functions ensure that tg < <719 < --- <71, <t. The 7; represent the interaction
times with the external light fields. Introducing the dipole superoperator DA = [ci, fl], the
Liouville operator of the electron-light interaction takes the form Le.1(t) = —E(r,t) - D.
Plugging this expression into Eq. (2.13), one obtains

-\ pt Tn T2
A(”)t—<—z> /dT d7p—1--- dr G(t — ) E(r,7,) - D
P (1) 7 " n " n—1 " 1G( w)E(r, 1) (2.14)
X G(Tn — Tn-1)E(r,7n-1) - D...G(12a — 1) E(r,71) - D p(to),
where G(11 — t9)p(to) = p(to) was used. Substituting the interaction times 7; by the time
intervals t; between two subsequent interactions according to

t1 =79 — 71, to = 73 — Ta, EER ) th =t —Tp (215)

and sending ¢ty — —oo yields [Muk95]

X Gltn 1) Bt =t —tn1) D G0 B(r,t —ty = o+ = t1) - D p=00).

For calculating spectroscopic signals, typically the quantity of interest is the n-th order of
the induced polarization P(t). It is given as the expectation value of the density operator:

PM(t) = (d)™ = tr [d ,a<n>(t)} . (2.17)

2.1.3 Quantum master equations in open quantum systems

In Sec. 2.1.1 it was shown that in the Schrédinger picture the time evolution of the density
matrix is given by the Liouville-von Neumann equation. However, in situations where the
relevant quantum mechanical system S is weakly coupled to a reservoir R (i.e., an environment
with continuous modes), it is more convenient to treat the problem in the interaction picture
[Bre02, May00, Car99]. Let us assume that the full system Hamiltonian is given by

H(t) = Hy + Hs.p(t), (2.18)

where the time-independent part H’O subsumes the free Hamilton operators of the system
and the reservoir and Hg g(t) describes the interaction between the system and the reservoir.
Keeping in mind that observables must not be affected by the choice of the physical picture,
i.e.,

(A1) = tr [AWp)] = tr [A0)a(e)] (2:19)
the interaction-picture operator
Ar(t) = U{(t,to) A(t)Us (t, to) (2.20)
and the interaction-picture density matrix
pr(t) = Ui(t, 10)h(to)Uf (2, to) (221)

can be introduced. Here, the Schrédinger operator A(t) of Eq. (2.3) is allowed to depend
explicitly on time. The interaction-picture time evolution operator Ui(t,t) = Ug (t,to)U(t,to)
is a product of

i t

Uo(t,ty) = e~ aHol=t0)  ang U(t,to):expe[ dfﬁ(r)}. (2.22)
to
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The Liouville-von Neumann equation is accordingly translated into the interaction picture:

O prlt) =~ [Att), n(0)] (2.23)

with the interaction-picture system-reservoir coupling Hamiltonian
Hi(t) = Ul (t, to) Hs(t)Uo(t, to). (2.24)
Integrating Eq. (2.23) yields

A
A A 1/ 5 A
pule) = pr(0) = | ds [Fi(s),pn(s)] - (2.25)
The initial time ¢( has been arbitrarily set to 0. Inserting this back into Eq. (2.23) and taking
the partial trace over the reservoir degrees of freedom leads to the integro-differential equation

%ﬁs(t) _ —% /0 "ds o [fll(t), [n(s), m.ﬂ_} , (2.26)

where the reduced system density matrix pg = trg [p1] has been introduced and it was assumed
trp [Hl(t), ﬁl(to)] = 0 [Bre02).

As a next step, a Born approximation is performed where the reservoir-system coupling is
assumed to be weak, such that the full system density matrix is approximated by a tensor
product pi(s) = ps(s) ® pp with a time-independent reservoir density matrix pp.

According to Eq. (2.26), the system state at time ¢ depends on all previous times. Within the
Markov approximation, pg(s) is replaced by ps(t), leading to the time-local Redfield master
equation [Red57, Bre02]

%ﬁs(t) = —% /Ot ds trp [ﬁl(t), [f[l(s),f)s(t) @ﬁBu E (2.27)

To obtain a Markovian master equation, the integration variable s is substituted by ¢ — s, leaving
the integration boundaries unchanged. s then parametrizes how far back in time memory effects
are accounted for. Let 75 be a characteristic timescale for the decay of bath correlations. In
Markov approximation, this timescale is very small (and not resolved), such that the integrand
vanishes very quickly for s > mg and the upper integration boundary can be sent to infinity:

%ps@ - —hlg/ooo ds trp [ﬁ]l(t), [fni(t = s), s (1) @pB}_} . (2.28)

This is the quantum master equation in Born-Markov approximation.

2.2 Solid-state Hamilton operator

The many-particle solid-state Hamilton operator H* is derived using an adiabatic (or Born-
Oppenheimer) approximation, where the lattice dynamics is separated from the electron
dynamics [Hak73, Czy04]. The electronic system is assumed to follow the motion of the cores
instantaneously, since the latter takes place on a much slower time scale due to the large core
masses. The Hamiltonian in first quantization contains electronic (e) and ionic (i) parts and
their interaction correcting for the Born-Oppenheimer approximation:

A

H*=H,+ H, + H.,. (2.29)
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2.2.1 Electronic and free radiation part and electron-photon interaction

The electronic part H, incorporates the interaction with an electromagnetic field assuming
minimal coupling. Within the effective mass approximation, a modified electron mass m, is
introduced to account for the interaction of the electrons with the static field of the ions
[Coh92]:

Ne 2 2
He —GAL ’I”];t)) + e 1 —|—1/d3T{6oEi(’r,t)+iBQ(”',t)}-
=1 47’r€06r i< ‘Ti - T’jl 2 Mo
(2.30)
The electromagnetic field in Coulomb gauge is quantized according to [Coh92, Hak73]:
Z (ez 0T (1) + e1qeTITTE (1)) (2.31)
2eqwgV \ 7 4 4

with wave vector q, frequency wq = cq, quantization volume V', polarization vector e; 4, and
photon mode {. The photonic creation (62r o) and annihilation (¢, ;) operators satisfy the bosonic

commutation relations:
[él,q’ éj’,q/] - = 5Q’Q’5lal” [CI(B’ éﬁ) ’] = 0. (232)

The nanostructures considered in this work are small compared to the wavelength of the
radiation field, such that the vector potential is assumed to be spatially invariant over the
sample size: A (r,t) ~ A, (0,t) (long-wavelength approximation). In order to express the
atom-field interaction in terms of an electric dipole coupling between the radiation field and the
atomic dipole moment d = Zj er;, a unitary transformation (Géppert-Mayer transformation

[Gop31])

T = exp [—%d AL (0, t)} (2.33)

is applied to the full Hamiltonian according to H! = TH,T", yielding [Coh92]
Ne

~y p? R N AT 62 1
He = Z -d- Z(gl,qcl,q - 8l .qC1, q)

2m drege r, —1T;
j=1"" lq ofr i Imi = 7]

| hwg
5lq =1 % V (235)

The electronic system is also quantized by introducing Heisenberg field operators for electrons
with wave vector k in band X € {c, v}

B (r Zw&fi (2.36)

+ hwee] b, (234)
l,q

The electronic annihilation (creation) operators agL fulfill the fermionic commutation relations:

[&)\,k7 a/i\/,k/]_l,_ == 5k’k/(5)\’)\/, [ag\TL, a/(;;)k/]-‘r = 0 (237)

This leads to the Hamiltonian in second quantization consisting of a interaction-free electron
part H 5 a free radiation part H;Sm a Coulomb part Hg, and an electron-photon interaction

Hamiltonian H?,_ ot

i = / & Gl () AL (r) = 05+ I3, + 03+ 113, (2.38)
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2 1
= i wits g+ D gl gl g o D
=D eakl jly g+ D gl gl g + dreoes 2= Tri— 1]
T 1t j

A ha (2.39)
AN kK 4 At AN kK 5 At At
+ Z Z M Cl qCL)\ ka)\/ Kk’ + M l.q Cl qa>\/ k/a)\ k)
Lig AN kK
The electron-photon coupling matrix element is given as
AN kk' _ *
My = /d?’r Vi e(r)er - Erqha w (7). (2.40)

The treatment is usually restricted to interband processes with A\ # A neglecting intraband
processes with A = \.

The external light field applied in typical optical experiments (such as photoluminescence (PL)
measurements) can usually be described using a semiclassical approach, where the incoming
laser light is treated as classical electromagnetic field E(¢) and only the Schrodinger field of
the electrons is quantized. The Hamiltonian in dipole approximation takes the form:

Hor=->_d*  E(t)a! javu + h.c. (2.41)
k.k!

For semiconductor nanostructures where the electronic wave function ¥ (r) = & g (7)ur k(1)
can be factorized into an envelope part £\ and a Bloch part wy g, the transition ma-
trix element dkk, is given as product of the microscopic interband dipole moment dyy =
Joe d?F uk k~olT )eru Y% k~0( 7*) and the overlap integral of the envelope functions for the valence

and conduction bands, XA/\/ = fdgr &k (T)En ke (7).

2.2.2 lonic part and electron—phonon interaction

The ionic Hamiltonian H; comprises the kinetic energy of the ions (usually treated perturba-
tively) and the effective interaction between the ions, described as screened Coulomb potential
between the ions (i.e., cores plus inner shells) and the outer electrons including the time-averaged
adiabatic electronic potentials [Czy04, Yu05]:

2

uc

it
=3 53 VR (242)

n

Here, P,, denotes the momentum, M the mass, and R,, the position of the ion in the n-th unit
cell (UC). Since the treatment is restricted to acoustic phonons (as discussed later), only one
basis atom per UC is considered. Assuming that the ions vibrate around their equilibrium
positions R(®) = {RELO) }, the positions R = {R,,} are expressed by R,, = = R + u,, where
u,, describes the displacement of the ion in the n-th unit cell with respect to its equilibrium
position R%O). In the harmonic approximation, the potential is expanded in a Taylor series
around the equilibrium positions to second order in the displacement [Mad72, Czy04, Mah00]:

N, 3
Nyc 1 uc 82‘/ R
Vi(R) ~ wty DD G e
2 OR,, ORy
n=1p=1 R(0) n,n'=1p,p’'=1 R(0)
—,_/
=0 :(Dn/p/

(2 43)
By introducing normal coordinates and diagonalizing the dynamical matrix D" po= <I>" w /M,
the ionic motion can be expressed by a set of uncoupled harmonic oscﬂlators representmg
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collective vibrations. Applying the usual quantization procedure yields quantized displacement
operators
- oia-RY (7 b
=i Z 2MNu € (bjq+ 01 _g) (2.44)

cWj.q

The quantized free phonon Hamlltoman is given by
1
i, = Zm (Jq i 5) (2.45)

with the bosonic annihilation (creation) operators b(T) for phonon mode j with wave vector q.

They fulfill the commutator relations [ZA)Lq, b},7 - = 5])j15q’qr. The free phonon Hamiltonian
Eq. (2.45) is supposed to be identical for all electronic states in the semiconductor, since
the vibrational modes are highly delocalized over the crystal lattice due to the translational
invariance. Also, the electronic state density is usually high, such that the nuclear vibrations
are hardly affected by changes in the electronic states. This changes in the case of molecules,
where the concept of potential energy surfaces (PESs) is introduced in order to account for the
different equilibrium positions (cf. Sec. 8.3.3).

The electron—phonon interaction Hamiltonian reads:

N. Ne N
Hei =) Vapn(r) =D Y Veilri — Ry). (2.46)
=1 1=1 n=1

Again, the interaction potential is expanded in powers of the displacements and terms in O(u?)
are neglected:
Nuc Nuc
Velph (73) Z —R-N"VV.i(r; — RY) - u, (2.47)

n=1 n=1

Bloch part =Verpn(T:)

The first part gives rise to Bloch states for the electronic motion in the periodic potential of
the (fixed) ions. The second term describes the electron—phonon interaction. Fourier trans-
forming the potential according to Vei(r) = 1/Nuc D g Voi(Q)e'Q ™, plugging in the quantized
displacement operator Eq. (2.44), and using 1/Nye >, €@~ @B = 37 §,_q ¢, yields:

Velph (T4) Z Vei(q + Gs)(q + G) - ej’qei(qJ“GS)'” (IA)j’q + ?);ﬁq). (2.48)
5.a.Ge w] q
G denotes a reciprocal lattice vector of the semiconductor quantum well (QW), p is the mass
density of the solid and V' the sample volume. The Schrodinger field is also quantized and the
particle density operator is introduced:

p(r) = ‘I’T( Z Z ¢,\ k(T)Ur ke (7 )a)\ ROWTE (2.49)
Y
Note that the spin index ¢ is not mentioned explicitly here, since an interaction with the lattice

vibrations does not affect the spin state of the electrons. The electron—phonon interaction
Hamiltonian in second quantization is given by [Czy04, Mah00]:

Togn = [ &' L) Vo) (1)
(2.50)

= 2 g Veilat GIla+ G - ejapla+ Gy +8 )
J,4,Gs

with form factor p(q + Gs) = [ d*r e/@tG) 7 j(r).
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2.3 Factorization schemes

When evaluating equations of motion (EOM) of single-particle observables given as correlations
of the form <d;rdj>, one often faces the problem that they couple to higher order quantities,

e.g., two-particle correlations <&I&;&k&l>. To close the system of differential equations, various

factorization schemes are used depending on the character of the involved operators and the
expansion level. A Hartree-Fock factorization of fermionic two-particle correlations is given by
[Fic90]

Ta s o yataNiaTa N yats y\/ata

jaran) ~ (aja)(azay) — (a;ag)(ajar), (2.51)

T05bibu) ~ (bb1) (bTbx) + (bLbk) (B1b1). (2.52)

If electron-photon or electron—phonon interaction is present, also mixed (or assisted) expecta-
tion values containing both fermionic and bosonic operators such as <l§jl§;ﬁ) can occur, where
A denotes an arbitrary combination of fermionic creation and annihilation operators. On the
second-order Born level, they are factorized according to [Fic90, Sch94, Axt94, Bre02, Wal04]

AL A

(boL A) ~ (bIbT)(A). (2.53)

Note that a factorization on a lower level, <B,§T)A> R~ (EET)MA) is not considered here since

expectation values of the form (EET) ) vanish in the case of phonons treated as a bath in thermal
equilibrium or in the case of photons in the absence of coherent electromagnetic fields.

2.4 Markov approximation

A Markov approximation is frequently used to solve linear, inhomogeneous differential equations
of the form

d

ih=(0)(t) = hw(O)(t) + P(t) (2.54)

by neglecting quantum-mechanical memory effects. The formal solution of this problem is
found by variation of constants:

(O)(t)—(O}(—oo):—% / dt’ P()ei“(t ). (2.55)

=0

The above Eq. (2.55) shows that a solution for a particular time ¢ depends on all previous
times t’ and therefore has a memory.
Substituting s = ¢t — t’ leads to

. O . 0
©O)t) =1 / s P(t = s)e™ = — / ds P(t — s)e= i, (2.56)
o] 0

Provided that the inhomogeneity (function with time argument (¢ — s)) temporally varies much
slower than the oscillation resulting from the exponential function determined by the free
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energy of the considered quantity, it is valid to neglect the memory kernel by approximating
P(t — s) = P(t) and move P(t) outside the integral:

(0Y(t) = —%P(t) / ds e~ (2.57)
0

—_——
=((w)

¢(w) is the generalized ¢ function (Heitler Zeta function) [Chol2]. It is evaluated by introducing
a convergence factor :

T , 1 1
— 1 —(lw-ﬁ—'y)s — 1 — o -
C(w) %13% dse «1% i mo(w) —iP (w) , (2.58)
0

where P denotes the Cauchy principal value and the ¢ function ensures energy conservation.
Usually, the principal value is neglected and only the delta function for the free energy is taken
into account, such that the differential equation is solved in Markov approximation according
to:

(OY(t) = —%wé(w)P(t). (2.59)

In many physical contexts, the inhomogeneity P(t — s) contains fast oscillations, e.g.,
stemming from the free energy of polarizations of the form (djdj). Consequently, the Markov
approximation introduced above is not directly applicable. In these cases, a rotating frame is
introduced by separating the fast oscillating part from the slowly varying function ]5(75 —8):

P(t—s) = P(t — s)e"wrt=s), (2.60)
The memory of P(t — s) is neglected setting P(t — s) ~ P(t)e~“r(=%)  Plugging this into
Eq. (2.56) yields

(0)(t) = -

St

L p(f)eirt / ds e~ seiwrs — _ L p(p) / ds e~ ilwmwr)s (2.61)
—_——— h

=p@it) O 0
The solution in Markov approximation is then given by:

(0 (t) = —%Wé(w — wp)P(D). (2.62)

2.5 Feynman disentanglement theorem for time-ordered
operators

Let an operator ﬁ(t, to) be given by a time-ordered exponential of the form

to

U(t, to) = exp,_ [ ' dT(Al(T) + AQ(T)) (2.63)

with arbitrary operators A1 (7) and Ay (7). According to the Feynman disentanglement theorem
[Fey51], this operator can be decomposed into

Ult, to) = Ui(t, to)Ua(t, to) (2.64)
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with

Ul (t, to) =exp,. [ t dTAl(T)] y (265)

to

[72(15, t()) =exp. [ ' dT[Afl(to, 7—)142(7—)1?1(7-, t())‘| . (266)

to



Coherent multidimensional
spectroscopy

3.1 Introduction

Nonlinear optical spectroscopy in its various experimental realizations is a powerful tool
to study the dynamics, energies, and microscopic couplings of higher excitonic states in
semiconductor nanostructures. In nuclear magnetic resonance experiments, multidimensional
frequency space spectra are acquired by Fourier transforming temporal sequences of radio
frequency pulses [Wiit03, Van05]. The remarkable technical progress in femtosecond pulse-
shaping allows to extend multidimensional spectroscopy techniques to optical frequencies:
Ultrafast sequences of short pulses with precisely tuned durations and time intervals as well
as defined frequencies, wave vectors, phases, envelopes, and polarizations are applied to the
sample [Gal98, Muk00, Wei09]. This work focuses on four-wave mixing (FWM) spectroscopy
probing the optical response of a system in third order of the electric field, the so-called x®)
regime. In particular, multidimensional coherent spectroscopy techniques allow a detailed
insight into the dynamical and structural properties by spreading the spectroscopic signal into
(at least) two dimensions [Muk95, Muk00, Gal98, Tia03, Jon03, Axt04, Lan07, Yan08, Cho08,
Kar10, Lan10, Fin12, Nar15, Krel5].

One-dimensional (1D) spectroscopy techniques such as linear absorption, photoluminescence,
and Raman, probe the energies and oscillator strengths of the system resonances. However,
complex nanostructured materials exhibit highly interlaced levels and couplings which often
remain unresolved in standard 1D optical experiments. Also, inhomogeneous broadening can
mask detailed spectral features in the optical response if the signal is projected onto a single
frequency axis. Coherent two-dimensional (2D) spectroscopy offers an additional degree of
freedom in terms of the additional frequency axis in order to disentangle the complex optical
signal [Muk00]. Moreover, a specific excitation configuration can be selected, thus reducing
the number of quantum pathways contributing to the signal, which can be used, e.g., to
eliminate inhomogeneous broadening [Kuz07, Siel0], cf. Chap. 5. Also, while 1D spectra
show the energetic positions of the system resonances, only two-dimensional spectroscopy
techniques allow to determine whether two specific transitions are fully independent or coupled
[Lan07, Mool3a, Mool4, Finl3, Spel5, Dell7]. This way, 2D spectroscopy is a powerful
technique to study many-body effects in quantum systems such as semiconductor quantum
wells (QWs) [Sto09, Karl0, Turl0, Mool4] as well as ensembles of quantum dots (QDs)
[Mool3a, Mool3b] and nanocrystals [Cas16].

In this chapter, the theoretical treatment of heterodyne-detected coherent multidimensional
spectroscopy is demonstrated. First, the setup of a typical FWM experiment with heterodyne
detection is briefly illustrated in Sec. 3.2. Then, in Sec. 3.3.1, the third-order polarization and
response function are derived based on the density matrix formalism introduced in Sec. 2.1. Two
different signals are discussed in the later chapters of this work, namely the double quantum
coherence (DQC) and the photon echo (PE) signal, corresponding to different Liouville space

15
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(a) (b)

Figure 3.1: (a) Sketch of a typical FWM experiment with three incoming laser pulses &1, &, and &3
and a local oscillator field & that mixes with the signal field for heterodyne detection. (b) Timeline for
the pulse sequence applied in a heterodyne-detected FWM experiment.

pathways. They are visualized using the so-called double-sided Feynman diagrams representing
the evolution of the density matrix illustrated in Sec. 3.3.2 for the DQC case. Finally, the DQC
signal function is derived in Sec. 3.3.3 and the phase cycling technique is briefly discussed in
Sec. 3.3.4.

3.2 Four-wave mixing spectroscopy

3.2.1 Experimental setup

In a FWM experiment, a sequence of three temporally separated pulses centered at times 7y,
7o, and 73 is applied to the sample, cf. Fig. 3.1 (b). The interaction-free time intervals between
two subsequent pulses are denoted T; and Ts, as illustrated in Fig. 3.1 (b). The time ordering
of the pulses can be controlled by varying the delay times between them.!

The total optical field applied to the system is therefore composed of three pulses

3
= Z Z £ (rt— 7, )eita i m—w; (t=75) (3.1)

j=luj=+1

and 5uj (t — ;) denotes the envelope of the j-th pulse with wave vector k; and laser frequency

wj. The factors u; can take the values +1 or —1 with &;° ! (5“) The total wave vector of
a specific signal kg is then given by a linear combination of the wave vectors of the incident
pulses: kg = ui1k1 + usks + usks. This way, different signals can be separated by directional
selection (induced grating). These different so-called Liouville space pathways are discussed in
more detail in Sec. 3.3.2. Note that a conventional pump-probe experiment is a special case of
FWM with T7 = 0 and k; = ks.

3.2.2 Heterodyne detection

Early nonlinear optical spectroscopy experiments were restricted to large ensemble measure-
ments due to the bad signal-to-noise ratio that worsens with increasing order in the electric
field. However, heterodyne spectral interferometry enables to measure high signal strengths
even when probing single quantum systems and allows to retrieve both the amplitude and the
phase of the measured signal [Muk95, Gal98, Lan05, Yan08, Abr09]. For heterodyne detection,
an additional phase-locked laser pulse, the so-called local oscillator with envelope &, is applied
at time 74 in signal field direction (cf. Fig. 3.1). It interferes with the emitted signal, and

! To exclude time-reverse ordered interactions with the incoming pulses and higher orders of electron-light
interactions, it is assumed that the pulses have no temporal overlap and each pulse interacts once with the
sample.
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the resulting field is then detected. This way, real and imaginary part of the signal can be
resolved. The intensity of the heterodyne pulse is much higher than the induced signal field,
thus enhancing the heterodyne detected signal. It is given by a convolution of the induced
polarization P,S) in direction kg (cf. Eq. (3.9)) with the local oscillator field (after subtracting
the well-known intensity of the heterodyne field, cf. [Abr09]):

o0 )
STy, T, Ty) = / dt PP (t) - £ (t — my)ei=(t=7). (3.2)

S
— 00

Note that the signal depends on the variable delay times T} between the four laser pulses.

3.3 Calculation of heterodyne-detected coherent signals

3.3.1 Third-order polarization and response function

The observable of interest in non-linear optical x® experiments is the induced polarization
in third order of the electric field. As shown in Sec. 2.1, it is given by P (t) = tr {dAﬁ(”)(t)]
Inserting the expansion of the n-th order density operator of Eq. (2.16) yields:

P(S ’I" t / dtg/ dtg/ dtl Z ROC,@’WS t37t27t1) (3 3)

Byv,0=1
X Eg(r,t —t3)Ey(r,t —t3 — to)Es(r,t — tg — to — t1)

with the third order response function

N}
R®) i(ts,ta,ty) = (;) tr [daG(t3)DpG (12)D G (1) Dsp(—o0) | (3.4)

Eq. (3.4) contains the three subsequent interactions of the system with the incoming fields.
t1, t2, and t3 denote the intervals between the interaction processes that are described by
the dipole superoperators D with D- = [d, -]. During the time intervals ¢;, the system density
matrix experiences a free propagation represented by the Green’s operators G(¢;). The time
ordering of the interactions is depicted in Fig. 3.2 (a).

Note that the optical response of Eq. (3.3) contains in principle 3% = 27 contributions
stemming from the three interactions with the light field composed of three pulses. However,
assuming a temporal separation of the pulses, one is left with four independent wave vector
combinations contributing to the response function in third order of the electric field:

ki = —ki + ko + ks, (3.5)
ki = +h1 — ko + ks, (3.6)
ki = +k1 + ky — ks, (3.7)
krv = +k1 + ko + k3. (3.8)

The fast oscillating kry signal is usually neglected within the rotating wave approximation.
The remaining signal vectors are graphically illustrated in Fig. 3.2 (¢). The detected wave
vector combination can be extracted from the full signal using

P®)(r,t) ZPk 7, t)etkeT (3.9)
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Figure 3.2: (a) Timeline for the successive interactions in a FWM experiment. (b) Level scheme of the
three-band model consisting of the ground state |g) and the excited state manifolds |e) (singly excited)
and |f) (doubly excited). The manifolds are connected by the dipole transitions dey and dy.. (c) Wave
vector combinations that can be extracted from the experiment by direction selection of the signal.
They form the distinct Liouville space pathways.
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The sum refers to the possible values of u; = 1. Plugging the expression for the electrical
field Eq. (3.1) into Eq. (3.3), substituting Eq. (3.9), and reordering the terms leads to [Abr(9]

(Péf))a ('r',t) — e*i(z.)s(t*7‘3)772(’ll,2l,u)2<k’u,1LA)1)(7’377’2)71”&1&}1(7‘27T1)\/O dt3‘/0 dtQA dtl

3

X Z Rt()z?)/;v&(t&tza tl) eiwst?""i(“%’?+“1W1)t2+iu1w1t1
B,y,6=1

X ES3 (1 t —t3 — T3)ESR (1t — t3 — by — To)EL (1t — by — tg — £y — T1).

(3.10)

ws = Uiwy + usws + usws is the signal frequency.

3.3.2 Liouville space pathways and double-sided Feynman diagrams

Double-sided Feynman diagrams [Muk95] allow a direct graphical representation of the temporal
evolution of the density matrix when applying the pulse sequence. They enable a diagrammatic
understanding of the different excitation pathways contributing to the full signal measured
along a specific direction given by the wave vector combinations of Egs. (3.5), (3.6), (3.7),
and (3.8). They are called Liouville space pathways. Therefore, learning how to read this type
of diagram greatly simplifies the understanding and interpretation of the 2D signals and the
underlying excitation pathways. As an example, Fig. 3.3 shows the double-sided Feynman
diagrams belonging to the DQC kj1 signal, which is treated in Chap. 4 of this thesis.
The diagrams are constructed in the following way [Abr09]:

= The letters g, e, and f denote the ground state and the singly and doubly excited state
manifolds that are involved in x®) measurements where a maximum of two excitations
in the system is achieved. The corresponding three-band model is shown in Fig. 3.2 (b).

= The density matrix is illustrated by the two vertical lines. The left line represents the
ket, the right line the bra state of the density operator.

= The ket and bra labels indicate the state of the density matrix during the intervals ¢;
between two subsequent light-matter interactions.

= Time flows from bottom to top. The system always starts in the ground state p(tg) =
|9)(9l-

» Fach interaction with the light field is indicated by a wavy arrow that begins or ends at
a vertex of the diagram.
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Figure 3.3: Feynman diagrams representing the Liouville space pathways of the density matrix that
contribute to the DQC signal ki = k1 + ko — ks.

= A wavy arrow pointing to the right (left) represents an interaction with a field component
of positive (negative) frequency &; (7).

= Incoming (outgoing) arrows indicate a photon absorption (emission) that comes along
with a transition to a higher (lower) excitonic state of the density matrix. Each absorption
and emission process is described by a transition dipole moment dgp.

® If the system is in a coherence, the corresponding oscillation frequency wgp, = %()\a — )
is written in between the two vertical lines.

® The final arrow labeled kg marks the outgoing signal field and points to the left.

= The global sign for a specific Liouville space pathway is (—1)™ with n being the number
of light-field interactions along the right line, and each third-order pathway is multiplied
by a factor (%)3
All possible excitation pathways belonging to a specific wave vector combination can be
constructed this way, and the corresponding third-order response functions can be directly
read out from the diagrams.

3.3.3 Double quantum coherence signal

The DQC signal detected in the kir = k1 + ko — k3 direction is composed of two excited state
absorption (ESA) pathways (cf. Fig. 3.3), both of them involving the doubly excited state
manifold. The DQC signal in frequency domain is obtained by Fourier transforming the signal
function with respect to (at least) two of the three pulse delay times. Often, the first two
intervals 17 and T5 are chosen, since they describe the single coherence time with an e < g
coherence and the double coherence time with a f <+ g coherence (identical for both pathways),
giving the technique its name. The signal is the sum of the two ESA contributions:

Sl():%C(T& Qz,Ql) = S]E]Z)’S)Al (Tg,Qg, Ql) + SIE33S)A2<T3792791)' (311)

The heterodyned signals for the distinct pathways are calculated according to Eq. (3.2). The
response functions entering the third-order polarization given in Eq. (3.10) can be directly read
out from the Feynman diagrams following the recipe detailed in Sec. 3.3.2. This procedure is
presented in detail for the so-called rephasing or photon echo kp signal in App. A. The two



20 3 Coherent multidimensional spectroscopy

ESA pathways contributing to the DQC kpyy signal are calculated analogously, yielding:

. 2 4 * * * * —1 E
Sian, (T5,90,1) = ot hg) ST (dhe - E(wre — wy)) (drg - €5 (werg — ws)) e Sre T
e’ f
dye - Ea(Wre — wa) deg - E1(weg — wi)
QQ - ffg Q1 - gcg ’
(3.12)
S\ (T3, 9, 0) = 1culs diry - EX(werg — ws)) (der - E5(wrer — ~ierg T
ESA,\ 13,362, 1) =1 B3 Z ( e'g " “s (we’g WS)) ( fe' 3(0er’ w3)) € .
e e f
o re Ea(wre —wa) deg - E1(weg —w1)
Q2 - gfg Q1 - feg
(3.13)

doyp = dj, = (a|d|b) denotes the dipole moment in the basis of the (potentially delocalized)
exciton states, wq, the resonance frequency and 7., the homogeneous broadening of the
b — a transition. &, = wap — 1Yep Was introduced as a complex transition frequency including
dephasing. Having derived the signal functions for the contributing pathways, it is now possible
to calculate 2D maps of the DQC signal depending on the Fourier transformed pulse delays.

In the impulsive limit, the exciting laser pulses are short compared to the timescale of any
material dynamics. Hence, the pulse bandwidth is large compared to the exciton bandwidth
and one can set £;(w) = 1. However, bandwidth limitations of the exciting pulses can play a
role if a broad energy range is covered, cf. Chaps. 5 and 6.

The Feynman diagrams allow a straightforward interpretation of the underlying physical
processes: After the arrival of the first pulse, the density matrix in both ESA pathways is in a
coherence between the ground state g and a single exciton state e, oscillating at an optical
frequency we, during the time interval ¢;. The second pulse creates a coherence between the
ground state and a two-exciton state f. The third laser pulse ks acts differently in the two
pathways: It generates a |f)(e’| coherence in pathway 1 and a |e’)(g| coherence in pathway 2.
The last, outgoing pulse kyj; represents the signal field.

3.3.4 Phase cycling

The directional selection of the signal field by varying the directions of the ingoing laser pulses
through spatial separation is only possible for spatially extended systems. However, if single
nanostructures of sizes smaller than the wavelength are probed, the emitted signal from an
individual state is in general isotropic. In this case, the excitation pathways can be controlled
using phase cycling [Sei95, Mey00, Tia03, Bril0, Muk11]. Here, it is used that all pulses have
a defined phase, such that the total applied field is given by

3
E(r,t) = Z Z E(r,t — 7)o Wi (t=Ti) i e (3.14)

j=lu;==%1
and the detected signal phase combination is

Ps = U1 + U2 + uzps (3.15)

with u; = £1. The experiment is conducted several times with varying phase relations between
the applied collinear pulses. Finally, a system of linear equations can be solved by matrix
inversion and the desired phase contribution can be extracted. The signals obtained via phase
cycling are derived in complete analogy to the signals presented earlier in this chapter, but
with phases ¢; instead of wave vector products k; - .
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Probing spin-dependent exciton
wave functions of coupled quantum
emitters with localized 2D spectra

4.1 Introduction

In quantum theory, microscopic couplings between quantum emitters are modeled in order
to predict macroscopic observables such as polarizations that are experimentally probed in
optical spectra. The microscopic key ingredients for theory such as wave functions or (reduced)
density matrices that characterize the quantum state of nanoscaled systems are in most
cases not accessible in experiments [Gerl0]. Quantum state tomography therefore aims at
the development of techniques to infer the quantum state of a nanostructured material from
measurements [Fan57, Gal68, Ban70, Woo86, Fre98, Stel0]. The information on the wave
function gained by retrieving the quantum state of a system can then be used to derive further
properties of the system, e.g., magnetic moments and transport properties [Ric12].

A research focus in the design of optoelectronic devices lies in optically active nanostructured
materials that are composed of several quantum emitters in close vicinity. As a consequence,
collective optical excitations due to (Coulomb) couplings between the individual constituents
arise. For example, dipole-dipole coupling between quantum emitters leads to the formation of
hybridized excitonic states that are potentially delocalized over the whole structure [Gue02,
Lov03, Ger05, Eng07, Chrl0, Sch12, Ber03]. Typical examples of such nanomaterials are
quantum dot (QD) molecules [Lov03, Dan06, Del17], proteins and pigments in light-harvesting
complexes [Eng07, Ric07, Chr10], plasmon lasers [Ber03, Nog09], and hybrid materials [Vas08,
Malll].

Experimental methods applying optical far-field techniques are restricted by the fundamental
diffraction limit dictating a resolution barrier at A/2. However, the spatial dimension of the
above mentioned composite quantum systems is very small compared to the optical wavelength.
Therefore, the external optical fields are not able to selectively excite the individual emitters.
Instead, only the collective optical resonances are probed and the internal structural properties
cannot be resolved.

To overcome this fundamental limitation, the idea is to realize a spatiotemporal control of
optical excitations localized on a spatial scale well below the diffraction limit [Sto02, Aes11].
The applied near-field techniques range from nanoplasmonic antennas [Zha09, Kin09, Hua09,
Mer08, Nov11] to metal tips or (metalized) fiber tips [Gue02, Bri05, vEr98, Pet04, Webl11].

An overview over the theoretical treatment of spatially localized excitation and detection
schemes and its application to linear optics and pump-probe spectroscopy is given in [Ric13].
In [Ric12], a novel quantum tomography protocol is suggested that combines coherent two-
dimensional (2D) spectroscopy with near-field excitation to decompose the delocalized single-
exciton wavefunctions in coupled QD systems into the contributions from the single emitters.
This reconstruction scheme was extended to two-exciton wave functions in [Sch13]. Both works
treat the case of probing one exciton per QD. This simplified model applies, e.g., to trions or
to systems where the spin-orbit coupling is larger than the inter-QD couplings.

23
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Figure 4.1: (a) Two coupled QDs modeled as spin-degenerate two-level systems. (b) Optically allowed,

spin-selective dipole transitions between the heavy-hole valence and conduction band of a zincblende-type
semiconductor. [SpelGb]

However, it breaks down for QDs where spin-orbit coupling is small compared to the
homogeneous linewidth (in the order of few peV for the zero-phonon line [Bor01, Stol1]). This
is the case for QDs with only few electrons [Jac98] and energetically degenerate spin states.
There, the Forster interaction can couple identical and opposite spin states of the excited
electron [Spel5]. To resolve these spin-dependent couplings, the reconstruction scheme of
[Ric12, Sch13] is generalized to energy degenerate, spin-dependent exciton states in this work.
This provides a tool to examine and quantify the impact of Forster-induced spin flip processes.

Also, if a circularly polarized excitation cannot be realized in the specific nanoplasmonic
setup, a combination of spin states 1 and | is created [Jac98]. Thus, in the case of weak Forster
coupling, the proposed protocol allows to resolve the contributions from different spin states
in the case of mixed polarizations of the exciting near-field pulses. Parts of this chapter have
been published in [Spel6b, Spel5].

This chapter is structured as follows: First, the QD model is introduced in terms of its
Hamiltonian, optical selection rules, and local and delocalized basis states in Sec. 4.2. In
Sec. 4.3, the linear absorption and 2D spectra in the far-field limit are discussed. Next, the
concept of localized double quantum coherence (DQC) spectroscopy using nanooptical fields
is presented and the corresponding spectra are discussed (cf. Sec. 4.4). Finally, the quantum
state tomography protocol for retrieving the single and two-exciton wave functions is described
and its accuracy is analyzed in Sec. 4.5.

4.2 Coupled quantum dots

4.2.1 Model system

In this work, a typical example of coupled nanoemitters is studied, namely two self-organized
InAs/GaAs QDs that interact with each other via the non-radiative dipole-dipole (Forster)
coupling [Lov03, Dan06, Spel5]. In the following, spin-orbit splitting is neglected and only the
energetically lowest dominant exciton transition between the highest valence (v) and lowest
conduction band (c) state is considered. Thus, each QD is described by a spin-degenerate two-
level system as illustrated in Fig. 4.1 (a). The distance between the two QDs is assumed to be
large enough that the electronic wave-function overlap between the QDs is negligible. Electron-
phonon coupling is not included in the treatment, since (i) it is usually weak in semiconductors
at low temperatures and would only cause an additional dephasing of the coherences without
significantly affecting the results of the reconstruction and (ii) the zero-phonon line dominates
over the phonon sidebands in the low-temperature regime [Bor01, Kru02, Ric06, Stol1].

The double QD system is modeled as in Ref. [Spel5]: In the envelope function approximation,
the wave functions are given by products of the lattice periodic Bloch function wxis ko (7)
and the envelope function ¢,;(r) of an electron with spin ¢ € {f,]} in the valence or
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Figure 4.2: (a) Scheme of the ground state and optically bright excited state configurations in the
double QD system. Superpositions of these states form the excited state manifolds e and f. (b) Sketch
of the Forster excitation energy transfer process between two QDs. The initially excited donor QD
relaxes, whereas the acceptor QD is excited via interdot dipole-dipole coupling. [SpelGb]

conduction band A € {v,c} of QD i € {1,2} [Hau04, Yu05]. QD indices will be labeled with
Latin letters and spin indices with Greek letters throughout this chapter The field operators
are then given by: (M (r) = D i qﬁ ( )u/\w(r)a(jl)a, where a/\w denotes the electronic
annihilation (creation) operator. In the effective mass approximation, ¢y;(r) is a solution of the
single-particle Schrédinger equation for the confinement potential UA(r) of the QD structure:
(=r2V2/(2m3) + UA(7)) ¢xi(r) = Exidri(r). mi = 0.45mg and m; = 0.07mg denote the
valence and conduction band effective masses.

The two ellipsoidal QDs are located in the zy plane with growth direction (crystalline ¢
axis) along the z axis. The confinement U}(r) is separated into the three spatial directions
Ud(r) = UA(z) + Ul (y) + UA(2), yielding a product ansatz for the envelope functions ¢y;(r) =

(@)oY, (y) 93, (2). Harmonic potentials are assumed in y and z direction with minima at
y, 2z = 0, such that the ground state envelopes in y and z direction are given by Gaussian
functions of widths b = 5nm in y direction and A = 2.5nm in z direction [Gro08]. The
confinement potential in x direction, i.e., along the connecting axis between the two QDs,
is described by two Gaussian functions with minima at the QD centers and center-to-center
distance Rj2 = 13nm [Spel5]:

Ud(z) = —Up exp[ . (“TJFR”/Q> ] w +AU>‘)expl . (x_R”/Q> ] (4.1)

lO,x lO,x

with potential depths Uy = 330meV and U§ = 770 meV [Fon98] and offsets AUY = —0.05 meV
and AU® = —0.5meV. The one-dimensional (1D) Schrédinger equation for ¢3,(z) is solved
numerically using eighth order finite differences [For94]. The lowest two eigenstates are taken as
the single-particle envelope functions of the two QDs, since they are predominantly localized at
the lower-energy QD 1 at © = —R12/2 and the higher-energy QD 2 at @ = R;2/2, respectively.

4.2.2 Local states and dipole selection rules

Since the x(3) signal is of interest, a three-band model of the ground state g, the single-exciton
manifold e, and the two-exciton manifold f is considered (cf. Chap. 3 Fig. 3.2 (b)). The
nanostructure is assumed to be initially in the ground state g where the conduction band is
not occupied. The microscopic interband dipole moment for transitions between the valence
and conduction band is defined per unit cell using the Bloch functions [Web08]

3\‘; = ﬁ e A*7 ul,, (F)efu, (7), (4.2)
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where Vyc denotes the unit cell volume. In the considered zincblende type semiconductor
material, circularly polarized transition dipole moments describe the optically allowed interband
transitions from the heavy hole valence to the conduction band: dil, = d(é, — ié,)/v/2 for
a spin-up and d = d(é, + ié,)/\/2 for a spin-down electron in the i-th QD [Sch04], as
indicated by the dashed orange arrows in Fig. 4.1 (b). e, and e, denote orthogonal Cartesian
unit vectors. This way, different conduction band spin states can be selectively excited using
circularly polarized light. In particular, right-hand circularly polarized light (o~ ) will excite
the spin-up states, whereas left-hand circularly polarized light (o) will induce the transition
of a spin-down electron.

As shown in Fig. 4.2 (a), four bright single and six bright double excitation configurations
are possible. They are generated from the ground state using the electronic annihilation
and creation operators introduced in Sec. 4.2.1: The states | X?) = al,_a,,_|g) describe the
configurations where a single electron with spin ¢ in QD i is excited. The double excitation
states have the form |B) = aiwavwazjuavag).l A small band gap detuning A = 0.48 meV
(determined by the potential offsets AUY/¢) between the two QDs causes that the six double-
excitation states cover three different energies.” These states are referred as local basis states,
since they represent the electronic configurations of the system without delocalization induced
by off-diagonal couplings (such as Forster interaction). Note that the local basis set is unique
up to an arbitrary phase.

4.2.3 Hamilton operator

The full Hamilton operator H=Hy+ Hc + Ho.y, comprises three parts. The non-interacting
electron part Hy contains the electronic single-particle energies ;. In the local state basis
introduced in Sec. 4.2.2, it reads in bra-ket notation

H0—50|g g‘+z Z & X7) ‘XU|+ Z Z E’L+€J BZM><BZ‘M' (4.3)

i=loe{t,{} hj=lo,pe{t,}

In a semiclassical treatment of the electron-light interaction, the quantized electronic system
couples to an external classical light field E(t) that is assumed to be constant on the spatial
scale of the considered nanostructure in the far-field limit:

szgX”‘ t)lg) X"I—szgw E@)|X7) (B + h.c. (4.4)

1,j O

with the transition dipole matrix elements in the local basis
dyxy = (9ld|X7) = /dBT Oyi(r)ei(r)dis. (4.5)

Finally, the Coulomb interaction He is given by

c :Vomono|g | + Z Z Vmono|Xa Xo—l 4= Z Z Vmono B;fj,u
o (4.6)
+ S VEIXENXT + 30 S VA BB |+ h.c.}
o, i O,U,V

! This construction ensures that Pauli-forbidden biexciton states \ij“ y with ¢ = j and o = p where two
electrons with identical spins reside within the same QD are excluded.

2 The four two-exciton states B7s" with one electron-hole pair in each QD are energetically degenerate.
However, due to the detuning, the biexciton states BI% and Bg’ are energetically separated.
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The Coulomb coupling elements V' are obtained by performing a Taylor expansion of the
Green’s function G(r,r’') = 1/(4mwepec|r — r'|) around the center of each unit cell. ¢, = 10.9
denotes the relative medium permittivity [Mac09]. The zeroth order coupling elements V'™en°
represent the diagonal monopole-monopole shifts of the Coulomb Hamiltonian. They describe
the electrostatic interaction between the electronic charge densities. The dipole-dipole coupling
elements Vfﬂ incorporate Forster excitation transfer:

3 5 (Al - dt _ (dyg - (r—7")) (d2 - (r—1"))
Vo WOGI /d /d ( 8 =] ) (4.7)
X i1 (1) Poa (") Pya (1) der (7).

A scheme of the Forster transfer mechanism is shown in Fig. 4.2 (b). The spin of the transferred
electron changes from o to p during the transfer. As a consequence, both spin-preserving (o = )
and spin-flipping (o # u) Forster transfer processes occur in the considered QD geometry.
The monopole-monopole and Forster coupling elements are taken from the calculations in
Ref. [Spels]: [V] = [V]|| = 0.05meV and |V|| = [VE| = 0.14meV.

Later on, the terms “uncoupled system” and “interaction shifted energies” refer to the
exclusion of Forster coupling. The diagonal monopole-monopole shifts are always included.

4.2.4 Delocalized exciton basis

The Forster interaction is off-diagonal in the local basis, i.e., it couples different local excited
state configurations. Consequently, the local states hybridize into new, delocalized exciton
states e and f that represent the eigenstates of the Coulomb-coupled electronic system (without
light-matter interaction). They are numerically obtained by diagonalizing the purely electronic
Hamiltonian Hy + I:Ic, yielding linear combinations of the local states with spin-dependent
coeflicients ¢f , and ¢;

17, U’M
Z >, IX7) and Z > c{jw|ngﬂ>. (4.8)
i=1loe{1,l} hj=1ope{rt,l}

f

The two-exciton coeflicients ¢;;

therefore set to zero.

Knowledge of the spin-dependent coefficients of Eq. (4.8) provides access to the composition
of the delocalized exciton states, i.e., it reveals to which extent they contain contributions
from the different local states. This enables a detailed understanding of the underlying
microscopic coupling processes. In this chapter, a quantum state tomography protocol is
developed for retrieving ¢® and ¢/ from measured 2D DQC signals obtained by applying
nanooptical fields [Spel6b]. It constitutes an extension of the non spin-dependent protocol
from Refs. [Ric12, Sch13].

In the new basis of delocalized eigenstates, the electronic Hamilton operator takes the simple
form

with ¢ = j, 0 = u describe Pauli-forbidden states and are

o+ Ho = hwolg) (gl + 3 Feseledlel + 3 gl £)(f] (4.9)

with the eigenenergies of the ground state (hwy), single exciton states (hw.), and two-exciton
states (hwy).
The electron-light coupling Hamiltonian in the delocalized basis is given by

Heoy = — nge‘ (t)|g)(e| — Zdef e){f| + h.c. (4.10)
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with the delocalized dipole matrix elements

d |d‘ chza 9X7 and def_ |d|f ZZC‘]}L z] op QXU (411)

1,j O

for the ground-state to single-exciton and single-exciton to two-exciton transitions, respectively.
Note that dey = d, and dy. = d ¢

4.3 Linear and nonlinear far-field spectroscopy

4.3.1 Linear absorption

A far-field linear absorption measurement serves to study the single-exciton resonance energies.
The linear absorption coefficient is calculated as [Hau04]

PO (w)- em)

BEw) - epo (4.12)

a(w) o<wIm<

with frequency w and normalized polarization vector epo of the incident light field. P (w) de-
notes the (Fourier transformed) polarization in first order of the electron-light interaction given

by PW(t) = tr [dp(l)(t)} (cf. Sec. 2.1). To account for radiative dephasing, a phenomenological
dephasing constant v = 1/(500 ps) is added [Bor01], leading to [Abr09, Hau04]

d., - epo 2;. 4.13
a(w)ocwze] g €pol| VT (g —w)? ( )

Weg = We — wo denotes the resonance frequency for a transition from the ground state to the
single-exciton state e.

4.3.2 Two-dimensional DQC spectroscopy

The additional frequency axis and the possibility to extract specific pulse combinations of the full
system response makes coherent multidimensional spectroscopy a valuable tool for studying the
internal structure of complex quantum systems such as coupled semiconductor nanostructures
and molecular assemblies [Muk95, Muk00, Tia03, Lan07, Yan08, Abr09, Kar10, Fin12, Nar15],
cf. Sec. 3.1. This has stimulated the idea to combine 2D DQC spectroscopy with local excitation
for disentangling the collective resonances and restoring the wave function coefficients ¢® and
¢/, which is demonstrated in the following. As a first step, the far-field signal is analyzed.
Since a single nanostructure is treated, the DQC pulse configuration can be extracted using
a phase-cycling technique with heterodyne detection, where the experiment is repeated several
times for different phase contributions, cf. Sec. 3.3.4. The DQC spectra with a signal phase
ps = @1 + @2 — 3 are studied. The corresponding nonlinear optical far-field signal is given
in Egs. (3.11), (3.12), and (3.13) and illustrated in the Feynman diagrams of Fig. 3.3, where
d., and dj. are the transition dipole matrix elements in the delocalized exciton basis defined
in Eq. (4.11). The complex frequencies £, = wap — i74p contain the exciton resonances wgy,
and the dephasing constants ., = v = 1/(500 ps). The signal is plotted in frequency domain
as a 2D map depending on the Fourier transforms 2; and €5 of the first two pulse intervals.
The ground-state to single-exciton resonances wq, show up along the 2, axis, whereas the
resonances wyq for ground-state to two-exciton transitions are associated with the {2y axis. This
way, the positions and oscillator strengths of the resonance peaks in the 2D frequency map give
a first impression of how each two-exciton state is built up of the different single-exciton states.
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Figure 4.3: (a) Linear absorption spectrum and 2D DQC spectra for far-field excitation with laser pulses
of (b) identical circular polarizations 0~~~ 0~ and (c) alternating circular polarizations c~cTo~o™t.
The vertical and horizontal dashed lines mark the uncoupled resonances before the transition into the
delocalized state basis. The calculations were performed for a fixed delay time T5 = 1 ps.

4.3.3 Evaluation of the linear and 2D far-field spectra

Figure 4.3 shows the linear and 2D DQC spectra for a far-field excitation with circularly
polarized pulses. The single- and two-exciton energy scales are shifted with respect to the
energies F for the creation of a single exciton in QD 1 and F;; for the creation of a biexciton
in QD 1, respectively. The signal function is plotted in a nonlinear scaling in order to make both
weak and strong features visible on the same scale: S, = arsinh [S](DS(?QC /N } with normalization
constant N [Finl3].

The signatures showing up in the spectra of Fig. 4.3 can be understood after a thorough
inspection of the possible excitation pathways dictated by the optical selection rules (cf.
Sec. 4.2.2). Fig. 4.4 shows a level scheme of the bright single- and two-exciton states in the
local basis. The excitation pathways that are addressed by the circular polarization sequences
used for the 2D spectra in Fig. 4.3 are marked by green (0~) and blue (¢7) arrows. Fig. 4.3
(a) shows the linear absorption spectrum for excitation with right-hand circularly polarized
light. A o~ pulse can generate a spin-up conduction band electron either in QD 1 (X IT ) or
in QD 2 (X;r ), cf. Fig. 4.4. The states are energetically separated by the band gap detuning
A. A bright single exciton in one QD couples to both bright single excitons in the other QD
via Forster interaction, resulting in a hybridization of all four bright single-exciton states.
Therefore, four peaks show up in the linear absorption spectrum (denoted e; to e4) that are
shifted by the Forster interaction with respect to the uncoupled single-excitation resonances at
E, and Ey = E; + A marked by the vertical dashed lines in Fig. 4.3 (a).

The nonlinear 2D spectra of Fig. 4.3 (b) and (c) allow to inspect also the two-exciton
resonances along the additional 25 axis. The three horizontal dashed lines mark the double
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Figure 4.4: Level scheme showing the local states of the uncoupled double QD system and the possible
light-induced excitation pathways between them. Fj denotes the energy of the ground state g, E; the
energy of the uncoupled single excitation states X7 (electron with spin ¢ in QD i excited) and E;; the
energy of the local double excitation states ij” (two electron-hole pairs at QDs ¢ and j with electron
spins o and p). The band gap detuning A between the QDs denotes the energetic difference between
the uncoupled single-excitation energies F; and F5. The uncoupled biexciton energies F1; and Foo are
separated by 2A. The blue and green arrows indicate the possible spin-selective transitions for excitation
with left-hand and right-hand circularly polarized light, respectively. After state diagonalization with
respect to Forster coupling, the local states hybridize into new delocalized states forming the singly and

doubly excited state manifold e and f. [SpelGb]

excitation energies F15, E11, and Fay of the uncoupled (local) system states, as indicated in
the level scheme of Fig. 4.4. The local two-exciton states B4  with one electron-hole pair in
each QD contribute mainly to the delocalized resonance f3 close to the uncoupled two-exciton
energy Ejs. In contrast, the resonance f1 (f3) located close to Ej; marked by the middle
dashed line (FEs2 marked by the upper dashed line) is primarily assigned to the biexciton states
with both excitons in the lower-energy QD 1 (higher-energy QD 2).

The far-field DQC spectrum of Fig. 4.3 (b) is calculated for an excitation with a sequence of
four identically right-hand circularly polarized pulses: 6“0~ 0~ 0 ~. According to the selection
rules illustrated in Fig. 4.4, only the local state BIQT composed of one spin-up electron at each
QD at the degenerate energy level E15 can be directly generated through purely right-hand
circular excitation. However, the spin-flipping Foérster transfer couples the two-exciton state
to the biexciton states BH at energy E; and ng at energy FEas. As a consequence, weak
resonance peaks are also visible at the interaction shifted energies f1 and fs.

The 2D spectrum for a pulse sequence of alternating circular polarizations o~ ot o~ o™ in
Fig. 4.3 (c) shows a similar peak pattern. In contrast to Fig. 4.3 (b), the oscillator strengths of
the peaks at f; and fo are substantially increased, since here the biexciton states Bﬁ and B;%
are directly excited by the second, left-hand circularly polarized pulse (cf Fig. 4.4), whereas
in the case of identical polarizations they can only be accessed due to the Forster induced
formation of hybridized states.

This way, off-diagonal couplings such as Forster interaction relax the strict optical selection
rules introduced in Sec. 4.2.2 due to excited state hybridization, thus leading to highly
delocalized exciton states. The aim of the following section is to disentangle these exciton
states into their local state contributions using spatiotemporal pulse control.
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4.4 Localized DQC spectroscopy

4.4.1 Spatiotemporal pulse control

The combination of 2D spectroscopy with localized nanooptical fields allows to unravel how
the delocalized exciton wave functions are spread over the individual emitters [Ricl12, Sch13].
DQC spectroscopy is ideally suited for the proposed quantum state tomography protocol,
since the first pulse generates a ground-state to single-exciton coherence and the second pulse
excites a ground-state to two-exciton coherence in both involved Liouville space pathways.
Hence, localizing the first or the second pulse of the pulse sequence at a specific QD limits
the respective coherence to this particular QD. This opens the possibility to access the
single- and two-exciton expansion coefficients that determine to what extent the delocalized
wave functions are composed of the single local exciton states. As mentioned in Sec. 4.1,
there are several experimental implementations of spatial field control, e.g., by the use of
nanoantennas [Zha09, Kin09, Hua09, Mer08, Nov11], metal tips, or (metalized) fiber tips
[Gue02, Bri05, vFro8, Pet04, Web11]. The quantum state tomography protocol presented in
this chapter is independent of the applied near-field technique. However, for a successful
application of the protocols, there are some requirements concerning the nanoplasmonic setup:
First, the chosen localization technique must ensure that the electric field strength applied to
the selected QD is at least a factor of 10 higher than the residual field strength at the other
QDs (cf. the evaluation in Sec. 4.5). Second, the localization should be applicable to every QD
in the nanostructure [Spel6b].

Note that the zincblende optical selection rules for circularly polarized spin-selective excitation
are relaxed in the case of band mixing. Here, the heavy hole valence band states have a slight
admixture of light-hole states, causing an elliptical polarization of the optical dipole transitions
[Kou04, Sit12]. However, light-hole admixture is typically only in the range of few percent
[Gaw12], thus having no significant effect on the spectra.

4.4.2 Modification of the electron-light coupling for localized excitation

The electron-light interaction has to be adapted to the situation where one or two pulses of
the pulse sequence are replaced by localized fields with a spatial control on the nanometer
scale, such that it excites only one selected QD. The remaining pulses are assumed to excite
both QDs simultaneously as in the far-field case. The light-matter coupling Hamiltonian for an
electric field localized at the QD positions is modified as follows:

Hop ==Y doxe - E(ri, t)|g)(X7| =Y dyxo - E(ri )| XU)(BIF| + hoc.  (4.14)
i o 1,j Op

Here, E(r;,t) describes the spatial field distribution of the field localized at QD i. To express
this Hamiltonian in terms of the delocalized eigenstates, the unitary basis transformations of
Eq. (4.8) are inverted:

1X7) = "c,le) and [B) ="l If). (4.15)
e f

Plugging these expansions of the local exciton states into Eq. (4.14) yields

Hyp = — Z SN pdgxe  E(ri t)lg)el = >SN e el dyxo - E(ri t)]e)(f] + h.c.

,j ok e, f
(4.16)
Here, the spatial variation of the localized electric field prevents the formation of delocalized
dipole matrix elements (cf. Eq. (4.11)). However, the diagonalized exciton states e and f (in
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Figure 4.5: Graphical illustration of the spatial and temporal pulse control in a partially localized
FWM experiment probing a double QD structure for (a) localization of the first pulse at QD 1 and (b)
localization of the second pulse at QD 2. All remaining pulses excite both QDs equally.

terms of the coefficients cf , and clfjﬂﬂ) account for the Forster-induced delocalization taking
place right after the excitation. The far-field Hamiltonian of Eq. (4.10) can be restored from
this equation by assuming a spatially constant electric field and rewriting the expression in
terms of the delocalized dipole moments (Eq. (4.11)). This is however not possible for near-field
excitation since the electric field distribution E(r;,t) is different at every QD i.

4.4.3 Localization of the first pulse

To develop a reconstruction protocol for the delocalized single-exciton wave functions, the first
pulse of the pulse sequence and thus the ground-state to single-exciton coherence is localized
at a specific QD. All subsequent pulses still excite all QDs equally. This partially localized
excitation protocol is schematically depicted in Fig. 4.5 (a). The DQC signal function of
Eq. (3.11) is modified in a way that the first electron-light interaction is given by a localized
excitation as introduced in Eq. (4.16). The new signal function depends on the selected QD i:

SE& (&L, Ts, 2, Q) =SEsa, (€1, Ta, Q2, ) + SSa, (€1, T3, Q2, ),

oc (27T) « " ” . it
Ssa, (€1, Ts, 2, ) = 3 > (dfer - E(wper — ws) (de,g £ (Werg — w3)eiEre T3>
e, f

7 5%(7’3‘,(;}@9 - wl)

dfe : EQ(er - ]7 dX
Q2 _éfg ZZ 1 _geg ’

oc 7 '(271-)4 * * * * —i& s
SIESA2 (£1,T5,99,8) =i 3 Z (de,g & (Werg — ws)) (dfe, &5 (Wper — wa)e Se 9T3>
e f
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(4.17)

The first pulse denoted &} (r;,wey — w1) is assumed to predominantly excite QD i.

Fig. 4.6 shows the calculated spectra for a localization of the first pulse at QD 1 (left
spectrum) and QD 2 (right spectrum). The remaining far-field pulses are assumed to have
circular polarizations. However, depending on the specific nanoplasmonic setup, the polarization
of the localized electromagnetic field may be difficult to control since depolarization effects
can occur at the nanoantenna or (metal) tip after exciting it with linearly polarized light or
polarization shaped pulses [Hua09, Bri05, vFr98, Webl1]. According to recent experiments,
coaxial antennae structures are able to maintain the linear far-field polarization imprinted
by the excitation pulse [Webll, Baol2]. Moreover, it has been shown that cross antenna
structures [Bia09, Klal5] and aperture antennas with V-groove structures [Cail5] are able
to strongly enhance circularly polarized light while maintaining a high degree of circular
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Figure 4.6: 2D DQC spectra for localized excitation with the first pulse at QD 1 (a) and 2 (b). The first
(localized) pulse has an arbitrary mixed polarization éll?cfl = (3é,- + é,+)//10, whereas the subsequent
three far-field pulses have alternating circular polarizations: éig’glé[,+ €s—Es+. The DQC signals were
calculated for a fixed delay time T5 = 1 ps.
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Figure 4.7: 2D DQC spectra for localized excitation with the second pulse at QD 1 (a) and 2 (b). The
second (localized) pulse has an arbitrary mixed polarization €9 = (3é,- + é,+)/v/10, whereas the
three far-field pulses have alternating circular polarizations: é,-€5%é,-é,+. The DQC signals were
calculated for a fixed delay time T3 = 1 ps.

polarization. Still, nanooptical fields can exhibit a mixed polarization given by a superposition
of right- and left-hand circularly polarized components, and a dynamic localization protocol
(including a controlled circular polarization) is not generally feasible in every nanoplasmonic
setup [Spel6b]. Therefore, as an example, a normalized polarization €% = (3¢,- + é,+)/v/10
of the localized pulse is arbitrarily chosen for the calculation of the 2D spectra shown in this
work. As cross-check, the reconstruction protocol was carried out for several different random
polarizations of the localized pulse and its result was almost unaffected by the particular choice
of polarization.

According to Eq. (4.17), the signal S]lgéc(gf,Tg,Qg,Ql) is directly proportional to the
single-exciton coefficients cfa. Therefore, the DQC signal for a localization of the first pulse
at QD 1 depicted in Fig. 4.6 (a) provides information about the contribution of QD 1 to
the ground-state to single-exciton coherence induced by the first pulse. Due to its spatial
localization at QD 1, the first pulse excites the states X] and X} within QD 1 depending
on its polarization. The single-exciton resonances at e; and e, are energetically close to the
uncoupled energy E; and are therefore predominantly located at QD 1. Their signal strengths
are significantly enhanced compared to the e3 and e4 peaks close the resonance energy Fo
of QD 2. Moreover, the oscillator strengths of the resonances at (e1, f1) and (eq, f1) for the
creation of a biexciton in QD 1 are large compared to the biexciton resonances at fo (biexciton
located at QD 2). This reflects the fact that a direct optical excitation of a biexciton within QD
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2 is not possible due to the pulse localization at QD 1. The resonances at fo stem from Forster
coupling processes. The picture is inverted if the first pulse is localized at QD 2, cf. Fig. 4.6 (b):
Here, the resonances at the single-exciton states es and e4 close to the uncoupled resonance
energy Fy of QD 2 dominate and the resonances at (e3, f2) and (ey, f2) for a biexciton within
QD 2 are significantly enhanced compared to the biexciton resonances at f;.

4.4.4 Localization of the second pulse

In order to retrieve the two-exciton coefficients czfJ ou and thus the two-exciton wave functions,

a localization of the second incident pulse at QD i is necessary, whereas a far-field excitation
with circular polarizations is applied for the remaining first, third and fourth pulse. The
corresponding partially localized pulse sequence is schematically shown in Fig. 4.5 (b). The
signal function for a localized second pulse has the form

S56c (€5, T, 2, 0) =SESa, (€3, T3, 2, Q) + S, (€3, T3, 02, ),
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It depends on a product of single-exciton and two-exciton coefficients ck c ko Therefore,
it is not connected to the two-exciton states as directly as the signal for localization of the first
pulse is assigned to the single-exciton states. Nevertheless, the composition of the two-exciton
states can be analyzed by means of the calculated spectra for a localization of the second
incident laser pulse at QD 1 and QD 2 as shown in Fig. 4.7 (a) and (b), respectively. This time,
the single-exciton to two-exciton coherence induced by the second pulse is localized at the
focused QD. The resonances projected onto the single-exciton 2; axis are more or less equally
distributed over all single-exciton states, since the first pulse acts on the full system and does
not selectively excite a specific QD. Comparing the biexciton resonances at f; and fo reveals
that the peak intensities at level f; are stronger for a localization of the second pulse at QD 1
(cf. Fig. 4.7 (a)), whereas the resonances at fo predominate for a localization at QD 2 (Fig. 4.7
(b)), since fi is mainly located at QD 1 and f2 at QD 2. The two-exciton states at level E1o
are predominantly composed of local states with one electron-hole pair in each QD. Therefore,
the resonance peaks at the two-exciton energy h{lo = f3 exhibit a higher signal strength close
to the single-exciton energy h€)y = Es (h§); = E7) for generating an exciton in QD 2 (QD 1) if
the second pulse is localized at QD 1 (QD 2), cf. Fig. 4.7 (a) (Fig. 4.7 (b)).

4.5 Reconstruction schemes

Having discussed the DQC signal for localized excitation in the previous section, now an
algorithm for reconstructing the exciton wave functions of coupled nanostructures is suggested,
providing a protocol to dissect the spin-degenerate delocalized excitons. Therefore, a scheme



4.5 Reconstruction schemes 35

to extract the single- and two-exciton expansion coefficients is required, based on the protocols
presented in Refs. [Ric12] and [Sch13]. The algorithms are however modified with respect to
a treatment of the spin-degenerate exciton states, which appear as sums over ¢ and p in
Egs. (4.17) and (4.18). Once the expansion coefficients ¢ , and cifj’w are derived, the full
delocalized wave functions |e) and |f) are retrieved using Eq. (4.8) [Spel6b].

4.5.1 Extraction of the single-exciton coefficients

The reconstruction algorithm for the single-exciton wave functions is based on the signal in
Eq. (4.17), where the first pulse is localized and mainly excites QD i. So far, the sums over e,
J, and ¢ impede the retrieval of the coefficient cjfg. Therefore, an ideal pulse localization is
assumed in order to remove the sum over j:

Sf(rj,weg — wl) ~ 6i7j51i(Ti,weg — wl). (419)

As a second step, the sum over e is eliminated by selecting only the spectroscopic signal at
a particular single-exciton resonance e. Therefore, the DQC signal close to the frequencies
Q1 =1 ~wgy and Uy = Uy ~ wg, Is extracted. f must be selected in a way that the signal at
(Ql, Qg) has a strong contribution only from the chosen single-exciton state €. For this purpose,
other delocalized states have to be spectrally well separated from this resonance. The localized
signal reads

S}géc(giv T37 Q27 Ql) :S]I-EOSCAI (gi;,TSv QZ7 Ql) + SIIEOS(,:AQ (517 T37 QQv Ql)v
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L G Ea(ws — wa) ¢ ,dxeg ;5f(7’fu weg — w1)
Q2 — &5, . M —&e
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The signal for a selected resonance is proportional to the spin sum over o containing the
single-exciton coefficients and a scalar product of the local dipole moment and the electric field.

A proportionality factor Ag is introduced that subsumes the part independent of 7 or o:

ALY e ey Ei(ri,weg — wi1) = SBG(EL T, Q2, Q). (4.21)

Still, the spin-dependent coefficients cfi7 appear under a sum over ¢ together with the scalar
product dxzy - Ei(ry, weg —wi) and cannot be extracted. To overcome this obstacle, the DQC
measurement has to be carried out for two linearly independent polarization directions of
the localized electric field &f(r;, wzy — w1).® In the following, the index n € {1,2} labels the
two different polarizations, whereas i labels the QD at which the field is localized as before.

n=1/2

Evaluating Eq. (4.21) for the two polarization directions of 5; results in a system of

3 This is possible since the transition dipole moments dy+ and d. are linearly independent.
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Table 4.1: Absolute values |c{ ,| and phases arg(c; ) of the original (O) and reconstructed (R) single-
exciton wave-function coefficients. Different cases are considered: perfect pulse localization (0%) and
more realistic scenarios where still 10% or 20% of the optical field strength applied at the focused QD
reaches also the other QD not in focus. The phases are given in multiples of 27 with phase factors
p € [0,1]: p(c§ ) = arg(c; ,)/(27). Due to the periodicity, a phase factor of 0 is equivalent to a phase
factor of 1. The last column contains the squared error (cf. Eq. (4.24).)

State  Type letqllei b desql les | plefy)  plef,) plegy)  pleg,)  Error

e1 O 0.667 0.667 0.234 0.234 0.500 0.000 0.500  0.000
R(0%) 0.667 0.667 0.234 0.234 0.499  0.995 0.495  0.011  0.000
R(10%) 0.648 0.648 0.282 0.282 0.500  0.996 0.496  0.008 0.050
R(20%) 0.629 0.629 0.323 0.324 0.500  0.997 0.497 0.006 0.100

€2 0O 0.695 0.695 0.130 0.130  0.500 0.500 0.000 0.000
R(0%) 0.695 0.694 0.131 0.132 0.478 0.496 0.010 0.016  0.001
R(10%) 0.705 0.703 0.066 0.066 0.464 0.482 0.031 0.024  0.025
R(20%) 0.708 0.706 0.030 0.019 0.332 0.350 0.147  0.171  0.033

es3 O 0.130 0.130 0.695 0.695 0.500  0.500  0.500  0.500
R(0%) 0.130 0.130 0.695 0.695 0.506  0.494  0.497  0.503 0.001
R(10%) 0.192 0.192 0.680 0.681 0.503  0.497  0.497 0.503 0.040
R(20%) 0.247 0.247 0.662 0.663 0.501 0.499 0.497  0.503  0.088

e4 O 0.234 0.234 0.667 0.667 0.000 0.500 0.500  0.000
R(0%) 0.234 0.234 0.667 0.668 0.997  0.503 0.505  0.994 0.001
R(10%) 0.178 0.177 0.684 0.685 0.994  0.506 0.506  0.994  0.046
R(20%) 0.113 0.113 0.697 0.699 0.986 0.514  0.506  0.993  0.084

linear equations that is written in matrix form:

_ 1 1 e* loc i,m=1 O O
Al (déﬁ d%i) Czé,j _ 13)(30(5% ZZQ’T3’92’91) (4.22)
diy di ) \ci, Boc (&7 15,02, M)
—_————
EDS

with dzg =dxog- 8{"”(7’1-, weg — w1). The two polarizations of the near-field pulses have to be
chosen in a way that (i) they are linearly independent and (ii) a sufficient signal strength at
the selected resonances is achieved as required for the reconstruction. Then, the dipole matrix
Dg in Eq. (4.22) has a non-vanishing determinant and can be inverted:

(" [ Ske (EFTEE Ty, 0, Q)
AL (G ) = pgt (7bQeier o T8t 4.23
( ) § A\ SB&(Er"%, Ts, 2, ) 2

With that, the single-exciton coefficients are determined up to a proportionality factor provided
that all local ground-state to single-exciton transition dipole moments dyx- and the localized

fields 81i’77(ri, weg —w1) are known. To complete the reconstruction, the normalization condition

Z¢,0|A£ cf;\Q = |AZ|2 is used to calculate the normalized wave function coefficients (except for
a global phase) [Spel6b).

In order to evaluate the suggested protocol, the reconstructed single-exciton coefficients
are compared to the original coefficients obtained from the diagonalization of the electronic
Hamiltonian. This is demonstrated in Tab. 4.1. For the reconstruction, the signal was calculated
for the two arbitrary linearly independent normalized polarizations 1/v/10(3é,- + é,+) and
1/v/13(285- — 3é,+) of the localized field. The three subsequent far-field pulses have circular
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polarizations. The choice of the specific two-exciton frequency Qs for which the signal at the
single-exciton resonance € is measured is in principle arbitrary.* In general, it is beneficial to
select a value of Q5 where low interference with neighboring peaks along the Q; axis occurs.
Moreover, a measurement point close to a pronounced system resonance should be chosen
for a strong, distortion-free signal. However, test calculations show that the accuracy of the
reconstruction is not very sensitive to the particular choice of Q. Therefore, the two-exciton
resonance f5 is chosen for the reconstruction of all single-exciton resonances in the example
given here. In the case of more significant peak overlaps than in the shown example, it is
advisable to average over several measurement points on the {25 axis in order to reduce the
interference from other resonances.
To estimate the quality of the reconstruction, the squared error

2 2
S0 [l -l (4.24)

i=loe{t,l}

of the difference between the reconstructed and original coefficients is calculated [Sch13] and
shown in the last column of Tab. 4.1.

In the case of ideal pulse localization, the reconstructed values agree perfectly with the
original ones. The coupling parameters in the low meV range are high compared to the
homogeneous linewidth of only few peV [Bor01]. As a consequence, the resonance peaks are
sharp and well separated from neighboring resonances. However, the existence of significant
phonon side bands would be detrimental for the reconstruction quality, since they are likely to
mix with neighboring resonances. Fortunately, the zero phonon line dominates the spectrum in
most cases, since its amplitude is one to two orders of magnitude higher than the amplitude of
the phonon side peaks [Bor01, Stoll].

To simulate a more realistic spatial distribution of the localized field, further calculations are
performed where the amplitude of the localized electric field at the other QD is assumed to be
still (i) 10% and (ii) 20% compared to the focused QD [Ric12], cf. Tab. 4.1. The reconstruction
accuracy decreases, since the condition of an ideal field localization formulated in Eq. (4.19) is
violated. The reconstruction still shows an acceptable overall agreement, however the error
goes up to around 10% for a localization with 20% residual field strength at the QD out of
focus. The bar charts in Fig. 4.8 provide a direct graphical comparison of the original and
reconstructed single-exciton coefficients in the case of 20% field deviation. It is shown that the
amplitudes and phases of the original coefficients (darker red and blue bars, respectively) are
nicely reproduced by the reconstructed ones (lighter red and blue bars).

4.5.2 Extraction of the two-exciton coefficients

As a prerequisite for the extraction of the two-exciton coefficients, all single-exciton coefficients
have to be determined, e.g., by applying the reconstruction scheme introduced in Sec. 4.5.1.
The protocol for extracting the two-exciton coefficients is based on the procedure derived
in Ref. [Sch13], but generalized to the case of spin-degenerate exciton states [Spel6Gb]. The
starting point for the reconstruction is Eq. (4.18). First, the j sum is removed by assuming an
ideal pulse localization as in the previous chapter:

€§(rj,wfe —wy) ~ (L-jé';’(’ri,wfe —ws). (4.25)

As a second step, the sums over e and f are eliminated: A specific resonance at frequencies
Q1 = Q1 R weg and 2y =y = W, is selected where states € and f make the main spectral

4 1t is not even necessary that 2 coincides with a two-exciton resonance.
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Figure 4.8: Absolute values and phases of the original and reconstructed single-exciton wave function
coefficients ¢ for an imperfect field localization with 20% residual field strength at the other QD.
Each bar chart shows the contributions from the different local states characterized by the quantum
numbers io to a specific delocalized exciton state e. Note that a phase factor of 0 (no bar visible) is
equivalent to a phase factor of 1.

contribution, yielding
SlDoéC(S;a T3’ QZa Ql) :SE’SCA (557 T37 Q27 Ql) + SIISSCAQ (557 T3’ QZa Ql)a

SEsa, (€3, T3, 2, ) = (2,;) Z (d;ef &S (Wrer — ws)) (dZ/g - €5 (werg — wa)e*iffe%)

)

Ck/.b zk aung Sé(ri’wfé_(‘)?) dég 'gl(wég _W1>
ATy :

k o.u Qz _gfg 0 _fég
Sias (5 T, s, 0 )= (27) Z (d* SEX( _ )) d: - E(wr, — ws) —i€.r, T3
ESA\&2) £35 362,861 73 elg " Cs (Werg — Ws Fer "3 Wfer —w3)e

e/

% chku zk aung E"s(ri’wfé_w?) dég"?l(wég_(ﬂl).
k o.u Qz_gfg Ql_fég
(4.26)

Introducing the proportionality factor Bg that contains all terms independent of ¢, k, o, or u,
Eq. (4.26) is rewritten as:

Bg Z Z Ci,,ucifk*,audxfg . E;(T’i, w]?é — LUQ) = S]IS)E)C(E%, T3, QQ, Ql> (427)

k o,u
The goal is to isolate the two-exciton coefficients c{,;a .- However, they show up under sums
over k € {1,2} and o, u € {1, ]} together with the single-exciton coefficients ci, u and the dipole
scalar products dxog - E5(r;, ws; — w2). Therefore, in its present form, Eq. (4.27) is not suited
for retrieving the two-exciton coefficients. As in the single-exciton reconstruction, Eq. (4.27) is
rewritten into a system of linear equations for two linearly independent polarizations n € {1,2}
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of the second pulse:

B! dZIT dW Zkzucku szu _ Sllﬁjézc(gm LTy, Q0, Q1) (4.28)
f loc i,n=2 .
2ok 2o ChouCik L SBGc (& T3, 2, 0)

EDB

with d , = dxz, - Sé’"(m,wﬁ — w9). By applying the inverse of the matrix Dpg to Eq. (4.28),
the dipole scalar products can be brought to the right-hand side and only the single- and
two-exciton coefficients under the sums over k£ and p remain on the left-hand side:

Z Z ct Zf _ Gloc _ (otn= 1 T 79 79
Bl o fk ) =Dy’ 511230(52777 2 T3 (22 Q ). (4.29)
2ok 2o o Cike L poc (s 3,82, (2)

Separating the lines of Eq. (4.29) again into an upper line whose right-hand side is abbreviated
by Slo¢(&4 Tz, Q,Q1) and a lower line whose right-hand side is denoted SX¢(E%, T3, Qa, Q1)
yields

szzcku Cik,tu =S1°°(€4, T3, Q, 01), (4.30)

szzck 1% Cik J,u = IOC(527T37927 l)- (431)

The next step is to remove the single-exciton coefficients ¢f, , from the left-hand side of the
equations by applying the orthogonality relation. However, this is not yet possible because

the unknown proportionality factors Bg depend on é [Spel6b]. In order to restore the spin
sum over o and make Egs. (4.30) and (4.31) symmetric, Eq. (4.30) is multiplied by ¢, and
Eq. (4.31) by Cii on both sides of the equations. After that, a sum over the QD index 7 is
performed and both equations are added:

BIN N e ek uh g = Z( € SIC(E8, T3, Qa, ) + € ¢5100(5;,1’3,522,s‘zl)). (4.32)
ik O i
The summation indices it <> k and o <> p on the left-hand side are swapped and e and ¢ are

one obtains

P
exchanged. Using clk on = Chi,po

B({Z Z Ciyucf’gcfl;gﬂ = Z( TSIOC(£27T37 QZ? Ql) + ¢ LSIOC(E’g)Ti’n Q27 Ql)) (433)

ik o,u 7

For computing the ratio Bg / Bg for two arbitrary exciton states € and é, Eq. (4.32) is divided
by Eq. (4.33) [Sch13]:

Bg Z ( TSIOC(527T3792’Q1)+C iSIOc(gé,T?anan)) (4 34)
BI 3¢ S0(E8 T, o, ) + € S°(85, T, Do, 1) )

Going back to Egs. (4.30) and (4.31), the relation found in Eq. (4.34) can now be used to

replace the factors Bf = Bf X Bf / Bf on the left-hand side by a factor Bf which is independent
of e. Therefore, an arbltrary smgle—e_zxmton state € is selected, and Egs. (4.30) and (4.31) are

multiplied by Bgf and divided by Bg :

B! > e el w =Sloc (&l T3,Q0,Q1) x B /BS, (4.35)
kop
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Figure 4.9: Absolute values and phases of the original and reconstructed two-exciton wave function

coefficients cfj’a ., for an imperfect field localization with 20% residual field strength at the other QD.

Each bar chart shows the contributions from the different local states characterized by the quantum
numbers ¢jou to a specific delocalized two-exciton state f. Note that a phase factor of 0 (no bar visible)
is equivalent to a phase factor of 1.

BIST ef el =S5 (€,T5, 00, Q) x BL/BL. (4.36)
kop

Finally, for applying the orthogonality relation ), cf. Hcf; = 0kj0,0, both equations are
multiplied with cf-; and a sum over € is performed, ending up with

el BL =3¢ 80083, Ty, 00, 0) x B /B, (4.37)
el BL =3¢ sk (€, T3, Q2. 0) x B /BL. (4.38)

e

The two-exciton coefficients szj,a . are normalized using § 32, . >, ”|clfjﬁ .7 = 1. All ingredients
for the two-exciton reconstruction are now at hand: The localized DQC measurements, the
dipole scalar products entering S,lfc, the reconstructed single-exciton coefficients, and the ratio
B! /B! (from Eq. (4.34)).

Table 4.2 shows the calculated two-exciton coefficients of the states fi, f2, and f3. In the case
of a perfect field localization (0%), the protocol works well and the original and reconstructed
coefficients agree nicely. However, compared to the single-exciton case, the quality of the
reconstruction is reduced and the error goes as high as 45% for a residual electric field of 20%
at the QD out of focus. This scenario of an imperfect field localization is illustrated in the
bar diagrams of Fig. 4.9. Still, most values show an acceptable overall agreement and it is
at least possible to identify the local two-exciton states that make dominant and negligible
contributions to the considered delocalized two-exciton state.

There are several reasons for the decreased reconstruction quality: Interferences between
different two-exciton resonances (e.g. between f3 and F13) cause inaccuracies. The problem of
overlapping resonances can in principle be tackled by applying a filtering method in the data
postprocessing, as suggested in Refs. [Ric12] and [Sch13]. However, in the considered case, this
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will not considerably improve the reconstruction results, since the peaks are already very sharp
and well-separated from each other [Spel6b]. Another reason for the increased inaccuracy is
that the reconstructed single-exciton wave functions enter multiple times in the calculation of
the two-exciton coefficients, leading to an accumulation of their errors. However, this error is
of minor relevance in the considered case, since a very accurate single-exciton reconstruction
could be achieved. The most important error source is that the signal for reconstructing a
specific two-exciton state f is not only recorded for one selected single-exciton frequency, but
it has to be measured for all single-exciton resonances along the selected two-exciton resonance.
Since the measured signals enter multiple times in different sums, products and quotients of
Egs. (4.34), (4.37), and (4.38), the two-exciton reconstruction is highly sensitive to variations in
the signal strengths of the resonances. Hence, weak oscillator strengths of single resonances can
cause a substantial error in the reconstruction. Therefore, if possible it is beneficial to choose
excitation polarizations for which all peaks have a significant contribution to the selected
two-exciton state [Spel6b].

In general, a circularly polarized far-field excitation through the three remaining pulses (as
assumed for the example) is not mandatory. The non-localized pulses can also have mixed
polarizations and the far-field condition does not have to be fulfilled as long as they are more
or less equally distributed over the system such that a signal can be measured for all exciton
states [Spel6b].

A shortcoming of the proposed protocol is that the coefficients of the three remaining
two-exciton states fy, f5, and fg cannot be reconstructed, since these states are degenerate at
energy Fqo and therefore only span the same subspace as the original wave function coefficients
but are not identical.

4.6 Summary

To recapitulate the procedure, the subsequent steps of the reconstruction schemes for the
single- and two-exciton states are summarized and visualized in the flow chart of Fig. 4.10.

In this chapter, reconstruction protocols were derived for dissecting the spin-dependent
single- and two-exciton wave functions into the contributions from the local (uncoupled)
basis states of coupled self-organized InAs/GaAs QDs, cf. Ref. [Spel6b]. Therefore, 2D DQC
spectroscopy was combined with localized nanooptical fields in order to selectively excite a
specific emitter. The proportionality of the signal to the expansion coefficients of the wave
functions in the delocalized exciton basis was exploited to retrieve the local state contributions.
It was demonstrated that the localized excitation does not necessarily have to be spin-selective.
The experiment only has to be carried out for two linearly independent polarizations of the
local field in order to resolve the internal spin structure of the QDs.

In principle, the proposed algorithms are not limited to the specific QD model system
considered in this work. They are applicable to any coupled, spin-degenerate two-level quantum
emitters with defined spin states, for which the dynamics are described by the Hamilton
operator in Sec. 4.2.3 and a localized excitation is possible. Moreover, a polarization control of
the localized pulses must be feasible in order to be able to record the signal for two linearly
independent polarizations.

The quantum emitters should exhibit a detuning in the same order of magnitude as the
coupling strength, such that the exciton states of the two nanostructures are energetically
separate. To avoid spectral overlap between the peaks, the coupling strength between the
quantum states should be high compared to the homogeneous linewidth of the resonances.

In the considered model system, the reconstruction of the single-exciton coefficients has turned
out to be very accurate even for non-ideal field distributions. The two-exciton reconstruction
scheme is analytically and experimentally more challenging and is subjected to multiple error



4.6 Summary

43

Single-exciton reconstruction

Prerequisite: local dipole mo-
ments dxo, for all states X and

localized fields £} are known

Two-exciton reconstruction

v

Measure far-field DQC
spectrum to get an idea of
the overall peak pattern

v

Select specific resonance at fre-
quencies ; and Qy with major
contribution from the single-
exciton state e to be reconstructed

v

Record DQC signal at selected
spectral position with localized
first pulse and repeat measurement
for a localization at each QD and
for two different, linearly indepen-
dent polarizations of first pulse

v

Data postprocessing: Calculate
single-exciton coefficients accord-
ing to Eq. (4.23) and normalize
them using >, ,[¢f,[* = 1

v

Repeat procedure for all
single-exciton states e

input information

Y

Prerequisite: local dipole mo-
ments dxz,, localized fields
&3, and all single-exciton
coefficients ¢f , are known

v

Select specific two-exciton
state f to be reconstructed

v

Record DQC signals with localized
second pulse at two-exciton
frequency Qs ~ w 7, and all single-
exciton resonance frequencies e for
two different, linearly independent
polarizations of second pulse

v

Data postprocessing: calculate
ratio B! /B! according to
Eq. (4.34) for all combinations
of two single-exciton states

v

Compute two-exciton coeffi-
cients according to Eqgs. (4.37)
and (4.38) and normalize them

L1
using §Zi)j ZU,IAC{]»JM‘Q =1

v

Repeat procedure for
all two-exciton states f

Figure 4.10: Flow chart of the quantum state tomography protocol for the retrieval of the single- and
two-exciton wave functions in a double QD structure.

sources such as resonance peak interferences, insufficient signal strengths, and shortcomings in
the spatiotemporal control of the localized fields. Still, a good overall reconstruction result
is achieved, giving a unique insight into the microscopic spin- and polarization-dependent
coupling mechanisms that would not be accessible in far-field experiments and without the
proposed data postprocessing.






Coherent coupling of excitons and
trions in monolayer transition
metal dichalcogenides

5.1 Introduction

Over the last years, the fabrication and characterization of monolayer transition-metal dichalco-
genides has evolved an emerging research field in semiconductor physics [Wan12, But13].
Atomically thin transition-metal dichalcogenides (TMDs) constitute a novel material class of
two-dimensional direct band gap semiconductors in the visible frequency range with remarkable
optoelectronic properties such as strong and structural rich photoluminescence due to a large
interband dipole moment [Mak10, Spl10, Ple16]. They exhibit two energetically degenerate
direct band gaps in momentum space, namely the K and K’ valley at the corners of the first
Brillouin zone. Using circularly polarized light, a valley- and spin-selective optical control of
charge carriers is possible (valley polarization), giving rise to rich coupled spin-valley physics
referred to as “valleytronics” [Xial2, Zenl12, Mak12, Caol2].

Excitons, i.e., bound electron-hole pairs, constitute the fundamental optical excitations
in semiconductors and dominate the optical properties. In systems with strong Coulomb
interaction, excitons can couple to an extra charge carrier and even higher-order correlations
between four and more charge carriers such as bound biexcitons can be formed. In two-
dimensional (2D) TMD films, reduced dielectric screening and strong quantum confinement due
to the monolayer thickness cause the formation of strongly correlated many-body quasiparticle
states. Several experimental and theoretical works have reported on neutral excitons [Mak10,
Spl10, Kom12, Ram12, Qiul3, Yul4, Berl4, Glal4], trions (charged excitons) [Mak13, Ros13,
Ber13, Zhal4, Wanl14, Sril5, Sin16], biexcitons [Mailda, Siel5, Youl5, Kyl15, Leel6, Szy17],
and even coupled exciton-trion states [Sin14]. The large exciton binding energies of several
hundred meV [Ram12, Hel4, Chel4, Ugel4, Klo14] and trion binding energies of 20 — 40 meV
with respect to the excitonic resonance [Ros13, Mak13, Wanl14, Sinl4] are roughly one order
of magnitude larger than in other quasi-2D and bulk semiconductors. As a consequence,
excitonic states in monolayer TMDs are stable up to room temperature, making them ideally
suited candidates for optoelectronic device applications such as ultrathin biexciton lasers and
polarization-entangled photon sources.

Therefore, a precise classification of the rich excitonic features in optical spectra of atomically
thin TMDs is a crucial step towards assessing the full functionality of this promising new
material class. However, an unambiguous identification especially of higher excitonic states in
optical spectra as well as their theoretical prediction using effective mass models [Ber13], the
Stochastic Variational Method [Zhal5], and path integral [Kyl15] and diffusion quantum Monte
Carlo calculations [May15, Szy17], is extremely challenging. As a consequence, experimental
and theoretical works come to different results concerning, e.g., the magnitude of the biexciton
binding energy: Experimental studies suggest that the biexciton binding energy is about twice as
large as the trion binding energy [Mailda, Youl5, Siel5, Shal5, Plel6]. In contrast, theoretical
studies come to the opposite conclusion that the biexciton is spectrally located between the
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trion and the exciton [Kyl15, Zhalb, May15, Kid16, Kez16, Szy17]. The discrepancy originates
on the one hand from the difficult assignment of peaks growing super-linearly with pump
fluence in photoluminescence (PL) measurements.! On the other hand, it is a demanding task
for theory to calculate higher-order correlated states. Furthermore, it remains an unresolved
question whether, in addition to intervalley biexcitons, also bound intervalley exciton-trion
complexes (as suggested in Refs. [Sinl4, Kyll15, Kid16]) and trion-trion couplings can be
observed in monolayer TMDs.

Here, polarization-resolved 2D coherent spectroscopy comes into play as ideal tool to
disentangle the complex optical response, since in pump/probe experiments the biexciton
resonances are spectrally masked by the broad trion peak. Moreover, the rephasing photon
echo (PE) signal offers two unique advantages: First, off-diagonal cross peaks reveal coherent
couplings between the excited states and second, the inhomogeneous broadening is eliminated
along the cross-diagonal. Considering the valley- and spin-dependent optical selection rules,
the detected spectral signatures can be traced back to the underlying correlated many-body
states. The signal functions derived in Sec. 5.2.1 are calculated incorporating possible excitation
pathways and inhomogeneous broadening, which allows to estimate the binding energies of
neutral and charged intervalley biexcitons as well as intervalley trions from measured spectra.

This chapter presents a collaboration with Galan Moody from the National Institute of
Standards & Technology in Boulder and the group of Xiaoqin (Elaine) Li from the University
of Texas (UT) in Austin, where the experiments were conducted under guidance of Kai Hao.
Parts of this chapter have been published in Ref. [Haol7]. The presented theoretical model
was used to identify the resonance peaks and couplings in the spectra and estimate the binding
energies. To the best of our knowledge, Ref. [Hao17] constitutes the first theoretically supported
measurement of the charged and uncharged biexciton binding energies of MoSes and of a
coupled six-particle correlated state arising due to trion-trion coupling.

The chapter is organized as follows: First, the PE signal is calculated based on the Liouville
space formalism introduced in Chap. 3 and its specific properties are discussed. In Sec. 5.3,
the spin- and valley-dependent optical selection rules in monolayer TMDs are analyzed and
translated into a theoretical model. The experimental setup is briefly described in Sec. 5.4.
The measured and calculated spectra are presented in Sec. 5.5.1 and analyzed in more detail
in Sec. 5.4.

5.2 Coherent photon echo spectroscopy

In the group of X. Li, rephasing PE spectra of monolayer MoSey were recorded. In this section,
the corresponding signal function is presented in Sec. 5.2.1 and the specific advantages of PE
spectroscopy are highlighted, making this technique an ideal candidate to probe the excitonic
structure of monolayer TMDs: First, off-diagonal peaks in the spectrum clearly indicate coherent
couplings (cf. Sec. 5.2.2) and second, the strong inhomogeneous broadening observed in these
materials can be eliminated along the cross-diagonal (Sec. 5.2.3).

5.2.1 Calculation of the rephasing one-quantum signal

The rephasing PE signal is measured along the phase-matching direction k1 = —k1 + ko + k3
direction (cf. Sec. 3.3.1). It has three Liouville space pathway contributions called excited state
emission (ESE), ground state bleaching (GSB), and excited state absorption (ESA) [Abr(09],
as illustrated in the double-sided Feynman diagrams of Fig. 5.1. Its 2D representation in

! These peaks may be associated with the neutral biexciton, but also the charged biexciton, electron plasma
excitations, and excitons localized by impurities and defects can show up at similar energies and make a
clear identification challenging [Der16, Hual6].
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Figure 5.1: Feynman diagrams representing the Liouville space pathways of the density matrix that
contribute to the PE signal k; = —kq + ko + ks.

frequency domain is calculated by Fourier transforming the third-order heterodyne-detected
signal with respect to the first and third time intervals T and T3 between the pulses, whereas
T, is fixed. This way, In the 2D frequency representation depending on ; (excitation axis)
and {23 (emission axis), the formation of the photon echo can be observed along the diagonal,
as discussed later.

The heterodyne-detected signal is calculated using the induced polarization, cf. Chap. 3.
It depends on the third-order response function that can be deduced from the double-sided
Feynman diagrams. Details on the derivation are given in App. A. The total (measured)
rephasing PE signal is the sum of all three contributions [Abr09]:

S (s, To, ) = S5 (R, To, ) + Siaag (23, To, ) + S5da (s, T, 1) (5.1)

They are superimposed in the experiment, however separable in theory with distinct signal
functions:

(2m)* . . i Ty
Stan(Qa, o, Q) = iy 3 (g €1 (werg — ws) (derg - Ea(werg — wn)) e 5"
o (5.2)
deg . Eg(weg — W3) deg . 51 (weg — wl)
Q3 - 56'9 Ql - gge ’
(27 : * *
S(GSS)B(Q?)’ TQ’ Ql) = Z( hg) Z (de’g . gs (we’g - Ws)) (deg : gQ(Weg - UJQ))
o (5.3)
de’g . 53(&)6/9 — w3> deg . 51 (weg — Cdl)
QS - Ee’g Q1 - fge ’
®) (2m)* . o ie T,
SESA(Q37T2791) = —1 h3 Z ( fe* (c;s (er — ws)) (de’g . Sg(we/g — (,L)Q)) (§ ee
et o (5.4)
dfe/ . 53(er/ — LU3) deg . 81 (weg — (.4)1)
QB - gfe Ql - gge

with €45 = wapb — 1Yab- dap denotes the dipole moment, w,p the resonance frequency and g
the homogeneous broadening of the b — a transition. &; is the envelope of the i-th pulse. e
and €’ label the singly excited and f the doubly excited state manifold.

5.2.2 Off-diagonal peaks as indicators of coherent couplings

The ESA pathway (cf. Eq. (5.4)) enters the total signal with a negative sign in contrast to the
first two contributions, which has an important consequence concerning the peak patterns in
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(b)

Figure 5.2: (a) Two two-level systems representing, e.g., an exciton (0 — X) and a trion (0 — T)
transition, can be equivalently expressed by a four-level system with ground state g, singly excited trion
(e1) and exciton (ez) states, and the doubly excited exciton-trion state f (cf. [Sinl4]). Electrostatic
coupling between the two excited states leads to an energy shift Ap of the two-exciton state. (b) Full
PE spectra (left panel) with ESE, GSB, and ESA contributions (from left to right) for the four-level
system of (a) in the absence ((i), upper row) and presence ((ii), lower row) of coupling in terms of the
biexciton shift. The diagonals are marked by the red dashed lines.

the spectra: A diagonal peak occurs when the oscillation frequencies wgye and —w.s4 during the
time intervals ¢; between the interaction with the first and second pulse and t3 between the
interaction with the third pulse and the emission of the signal field are identical, cf. Fig. 5.1.
In the ESE and GSB pathway, this is the case if e = €/, designated as “photon echo”. It
immediately follows that the 2; axis has to be plotted as negative excitation photon energy
since the coherences oscillate at negative frequencies during ¢; compared to t3. In contrast, an
off-diagonal peak shows up if e # €', which indicates excitation at one energy and emission at
the other. The ESA pathway incorporates the doubly-excited state manifold. In the absence
of many-body interactions, the lower g <> e and upper e <> f transitions are equivalent and
cannot be distinguished.

This is demonstrated for a typical four-level scheme of an exciton-biexciton system composed
of two single-exciton transitions, as shown in Fig. 5.2 (a) [Sin14]. If they are coupled, the energy
of the biexciton is reduced with respect to the sum of the energies of e; and e by the biexciton
binding energy Ap. Without many-body interactions (i.e., Ag = 0), the g — €1 (g — e2) and
es — f (e1 — f) transitions marked by the dotted (dashed) arrows are degenerate. This way,
off-diagonal peaks induced either from ESE and GSB or from ESA coincide. The different
signs of the pathways lead to a cancellation of the off-diagonal peaks. This is shown in the
upper row of Fig. 5.2 (b), where the off-diagonal peaks vanish in the full PE spectrum due
to destructive interference and only diagonal peaks remain visible (left panel).? In contrast,
many-body interactions lift this degeneracy by introducing a finite biexciton shift Ap # 0. As a
consequence, the cancellation is incomplete and off-diagonal peaks are observed, as depicted in
the lower row of Fig. 5.2 (b). Here, the biexciton binding energy leads to an interaction-induced
shift of the ESA signal along the Q3 axis (right panel).

2 Note that the diagonal goes from the upper left to the lower right corner due to the negative scaling of the
Q1 axis.
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Figure 5.3: Upper row: Calculated PE spectra for a single-exciton resonance e at a fixed homogeneous
linewidth 7, 4. Three cases are considered: no inhomogeneous broadening (left panel), equal homogeneous
and inhomogeneous broadenings Yinhom = Ye,g (middle panel) and a dominant inhomogeneous broadening
Vinhom = 4Yeog (right panel). The red dashed line marks the diagonal and the solid blue line the cross-
diagonal. The lower row shows slices of the upper row PE spectra along the diagonal (red dashed curve)
and cross-diagonal (blue solid curve). A similar model was discussed in Ref. [Siel0].

5.2.3 Elimination of inhomogeneous broadening along the cross-diagonal

The spectral lineshapes of resonance peaks are governed by the homogeneous and inhomogeneous
broadening, however the latter can be partially eliminated in 2D PE spectra [Kuz07, Siel0],
which is briefly discussed in this section and exemplified for a simple two-level system.

Based on Eq. (A.9) given in the App. A, the signal function of a two-level system consisting
of states g and ¢y in time-domain can be determined:

Slg%(T?” T1) o e~ (eos (ot T)+iweos (Ts=T0) (T )(Ty). (5.5)

The expression does not depend on the fixed delay T since a single resonance ¢y = e = €’ is
considered with £,/ = 0. Inhomogeneous broadening is now included by assuming a Gaussian
distribution of the resonance energy we,q with half width at half maximum 75 = v2In 207, .
An integration over all possible fluctuations Awe,4 around the central value w4 is performed:

oo 1 _1 A“’;Og )
Séf%(Ts,Tl) CX/ d(Awe,q) e 2( %inh ) e—(’Yeog(T3+T1)+z(wcog+chog)(T3—T1))Q(Tl)9<T3)
-0 inh

0.60 2
o Creoa(TotTa) ity (Ts =)+ 4= (Ts=T4)%) (7 (T ).

(5.6)

The signal function shows a homogeneous (Lorentzian) decay with 7., along the diagonal
photon echo direction T35 = T} that is not affected by the oscillation with the eigenfrequency
Weyg and the Gaussian envelope. This relation is inverse after a Fourier transform with respect to
T and T3, as shown in Fig. 5.3: For increasing inhomogeneous broadening, the Gaussian-shaped
broadening along the diagonal increases strongly, whereas along the cross-diagonal the narrow
Lorentzian line shape dictated by the homogeneous broadening remains almost unchanged.
This way, the inhomogeneous broadening is effectively eliminated along the cross-diagonal.
Taking a closer look, a very slight broadening of the cross-diagonal slice can be observed as a
consequence of the time ordering: Through the Heaviside step functions, the diagonal (77 4 T3)
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Figure 5.4: (a) Unit cell, (b) top view on the honeycomb lattice, and (c) Brillouin zone with high-
symmetry points K and K’ of monolayer MoSes. The Mo atoms are light blue, the Se atoms orange.

and cross-diagonal (T5 — T7) directions are not completely separable, but the homogeneous
and inhomogeneous broadenings mix [Sie10].

In systems with more than two levels, a cancellation of the inhomogeneous broadening in the
cross-diagonal direction will only occur if the fluctuations in the resonance energies during T3
and T3 are perfectly correlated. This is usually the case in the considered optical experiments,
since the pulse sequence with delays in the sub-ps range takes place on a shorter timescale
than spectral diffusion processes and therefore, the relative change in the transition energies
should be stable over one measurement cycle [Sinl4].

5.3 Spin- and valley-selective optical transitions in monolayer
MoSe;

Transition-metal dichalcogenides are chemical compound materials consisting of a transition
metal and a chalcogen atom in a 1 : 2 stoichiometry of the form M X, (e.g., with M = Mo,
W and X = S, Se). When going from multilayers to monolayers, TMDs exhibit a crossover
from an indirect-gap to a direct-gap semiconductor with direct band gaps at the K and K’
valley [Mak10]. Fig. 5.4 shows the unit cell, the typical honeycomb structure appearing in
top view, and the Brillouin zone of monolayer MoSes. The inversion symmetry in monolayer
TMDs is broken since the two sublattices that form the TMD lattice exhibit different atomic
sites. This leads, together with spin-orbit coupling, to coupled spin and valley physics [Xial2].
Within the effective-mass approximation, a parabolic bandstructure is approximated around
the optically relevant high-symmetry K and K’ points (with nearly identical effective masses
for the electrons and holes).

The spin-orbit coupling leads to a splitting of the spin 1 and spin | bands, which is
particularly pronounced for the valence bands with EY _ ~ 180meV in MoSe; [Zhull] (factor
50 larger than the conduction band splitting). Therefore, an A transition from the energetically
higher and a B transition from the energetically lower valence band to the conduction band
are distinguished. They constitute the lowest dipole-allowed optical transitions in MoSes. In
this chapter, the focus is on the energetically lowest allowed optical transitions (A excitons)
with an optical gap of roughly 1.66eV [Ros13]. The highest valence and lowest conduction
band spin states are energetically reversely ordered at the K and K’ point, such that the
optical excitation of the A transition with circularly polarized light is both spin and valley
selective. Fig. 5.5 (a) shows the lowest allowed optical A transitions that can be accessed under
excitation with circularly polarized light: Left-hand (o) polarized light with polarization
vector é%:l = (é, +ié,)/V/2 excites the spin 1 electron in the K valley and right-hand (0™)

polarized light with ég; = (é, — ié,)/v/2 the spin | electron in the K’ valley. The optical
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(b)
Figure 5.5: (a) Band structure of MoSes at the K and K’ points. The green (¢~ ) and blue arrows (o)
indicate the possible optical transitions using circularly polarized light at a wavelength matching the A
transition. (b) Schematic illustration of the neutral (red) and charged (teal) singly excited (upper row)
and doubly excited (lower row) bound state configurations associated with the lowest-energy direct-gap
A transitions accessible using circularly polarized light. The purple arrows mark many-body interactions
responsible for the formation of bound biexcitons. [Haol7]

transitions are described by the following dipole moments:

dit = de\}i(éx +ié,) and diEV= de\lﬁ
with the magnitude d. depending on the chosen singly excited state e.

Besides neutral excitons X composed of an electron and a hole with opposite spins in the
same valley, also negatively charged excitons, i.e., trions (7~) can be created in the case
of n-type sample doping. They comprise an exciton in one valley bound to an additional
electron with opposite spin in the same or the other valley. The treatment is restricted to these
singlet trions since triplet trions where the two electrons have identical spins have not yet been
observed in the absence of magnetic fields [Zhal4].

In the nonlinear x(®) regime, doubly excited states enter the optical response. In general, the
lowest-energy bound doubly excited state is an intervalley biexciton composed of two excitons
in opposite valleys, since the energy for generating an intravalley biexciton by simultaneous
excitation of two excitons in the same valley is roughly 20 meV higher [Siel5, Kyl15]. Besides
neutral intervalley biexcitons (X X), also bound five- and six-particle states such as mixed
exciton-trion (X7) and trion-trion (7'7') states can form.

The lowest-energy bound state configurations belonging to the singly (e) and the doubly
excited state manifold (f) are illustrated in Fig. 5.5 (b). They are accessible using circularly
polarized light tuned close to the A exciton resonance. The singly excited state configurations
consist of two exciton (Xg, Xg/) and two trion (T, Ty, ) states (one in each valley), whereas
the doubly excited states are given by one intervalley biexciton (X g Xg+), one trion-trion state
(TxTx), and two mixed exciton-trion states (XxTy,, Xx'Tx).?

In Fig. 5.6, the polarization-specific optical excitation scheme involving these excited state
configurations is shown. Exciton-exciton, trion-trion, and exciton-trion couplings (indicated by

(éx — i&,) (5.7)

3 Note that the excited state configurations included in the calculations are the lowest-energy bound states.
However, depending on multiple parameters such as the sample quality and preparation, the doping, and
the excitation energy and power, also other bound state configurations are possible, e.g., B excitons, excited
biexcitons [Zhal5], intravalley AB biexcitons, triplet trions, etc. [Zhal4, Zhal5, Kyl15, Siel5, Ser01, San02].
However, they are at higher energies than the states considered here and thus not within the spectral
bandwidth [Haol7].
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Figure 5.6: Level scheme used to calculate the signal function. The arrows represent the possible
excitation pathways using right-hand o~ (green arrows) and left-hand o* (blue arrows) circularly
polarized light according to the valley-specific polarization selection rules. Solid lines mark the excitation
of exciton states, dashed-dotted lines indicate the excitation of trion states. The energy diagram consists
of the ground state g as well as the singly and doubly excited state manifolds e and f, respectively,
as introduced in Fig. 5.5 (b). Due to many-body interactions, the doubly excited states are shifted
by Axx, Arr, and Axp with respect to the sum of the individual transitions they are built of (gray,
dashed levels). [Haol7]

the purple arrows in Fig. 5.5 (b)) lead to Coulomb-induced shifts A;; in the energies of the
doubly excited states with respect to the sum of the individual (isolated) exciton and trion
transitions (with energies Ex and Er, respectively) they are built of:

Exx =2Ex — Axx, FErr=2Er—Arr, Exr=FEx+ Er— Axr. (5.8)

As discussed in Sec. 5.2.2, off-diagonal peaks in PE spectra indicate coherent couplings between
the excited states, since in the absence of many-body interactions the Liouville space pathways
involving singly excited states (lower transitions) are completely canceled out by the pathway
including the doubly excited states (upper transitions). The interactions between the excited
states cause shifts Axx, Arr, and Ax7, thus breaking the symmetry between the g — e and
e — f transitions and leading to off-diagonal signatures in the 2D spectra.

Note that the considered model system (cf. Fig. 5.6) exhibits a common ground state for both
the excitons and trions. This ground state is assumed to incorporate the background charge
carrier density of unbound electrons and holes [Ess01]. An optical excitation then generates
an additional electron-hole pair, which can either form a neutral bound exciton or capture a
background carrier to form a bound trion state.

5.4 Experimental setup and numerical implementation

The biexcitons in monolayer MoSes are probed using coherent 2D PE spectroscopy with polar-
ization control. The sample, an atomically thin flake of roughly 80 x 40 #m?, is mechanically
exfoliated onto a sapphire substrate and the optical experiments are performed at a constant
temperature of 20 K. 40fs pulses are generated from a mode-locked Ti:Sapphire laser at a
repetition rate of 80 MHz. A system of Michelson interferometers creates a sequence of four
phase-stabilized pulses, three of which are focused on the sample and interact with it coherently.
The delay T; is scanned with interferometric precision and subsequently Fourier transformed.
Ty is held at Ofs in order to obtain maximum signal-to-noise ratio. The four-wave mixing signal
is heterodyne detected in the phase-matched direction using the forth reference pulse. The
interference signal is directly resolved with a spectrometer. The generated 2D spectra correlate
the excitation energies h{); of the system during 77 with the emission energies Af)3 during
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Table 5.1: Parameter set (dipole moment d, in enm and transition energies E in meV) used to calculate
the spectra in Fig. 5.7 (c) and (d). Note that the two exciton states Xx and Xk are subsumed under
X, the two trion states Tx and T}, are subsumed under T~ and the two mixed exciton-trion Xg T},
and Xg /Ty states are subsumed under X7 ~. This is possible since the respective transitions have
identical properties. All parameters were chosen in agreement with the experiment.

| geX XXX ToXT | geT T&TT X+ XT

de 1.0 1.0 1.0 0.8 0.8 0.8
FE EX:1648.5 EX_AXX EX_AXT ET:1620.8 ET_ATT ET_AXT
Axx =203 Axp=5.0 App =20 Axp =50

Ts. The fluence of the exciting pulses is kept below ~ 4 uJ cm™2 (~ 102 excitons per cm?) to
ensure that the signal is in the x(®) regime, thus excluding higher-order nonlinearities [Hao17].
The laser frequency distribution is centered around the trion resonance ~ 1620 meV, which
is tuned well below the exciton resonance at ~ 1650 meV [Haol6] in order to predominantly
spectrally address signatures of energetically lower bound biexcitons. The laser bandwidth
covers an energy range of roughly 80 meV.

In order to incorporate laser bandwidth effects into the calculations presented in this chapter,
the excitation laser spectrum is approximated by a Gaussian-shaped spectral distribution
centered at the wavelength A\ = 765 nm (corresponding to the trion resonance at 1620.8 meV)
with broadening Jjaser = 30 meV (half width at half maximum). With that, the normalized
pulse envelope reads

2
h /1 9 w— _2mc_
Ew) = 22 exp [ -1 ln27( ;m) : (5.9)
’Ylascr\/% Maser

The excitation laser spectrum is shown in the topmost panels of Figs. 5.9 and 5.10.

As discussed in Sec. 5.2.3, the inhomogeneous broadening is included into the calculations by
averaging the signal functions of Eqs. (5.2), (5.3), and (5.4) over normally distributed values
of the system resonances. A perfect correlation of the transition energies during 77 and T3
is assumed, i.e., the changes in the transition energies during 77 and during T3 are directly
correlated. This is a reasonable assumption since the (fixed) delay time T between the second
and third pulse is vanishing and therefore no spectral diffusion processes will occur between
Ty and T3. The inhomogeneous broadening is set to 7i,, = 4meV. As a consequence, the
resonance peaks are elongated along the diagonal (€; = —23), whereas the broadening along
the cross-diagonal is predominantly governed by the homogeneous linewidth, which is set to
Yhom = 2.0meV for all transitions. The signals are averaged over 250 normally distributed
values of the resonance energies in order to obtain smooth curves.

5.5 Evaluation of the spectra

5.5.1 Comparison between experiment and theory

The rephasing spectra were recorded by K. Hao and coworkers employing two different
polarization combinations of the pulse sequence: First, in a co-circular configuration with four
left-hand circularly polarized pulses cTo+toT o™ and second, in a cross-circular configuration
with alternating polarizations oo~ 0o+ ~. The two corresponding polarization-resolved spectra
are shown in Fig. 5.7 (a) and (b). (c) and (d) represent the simulated rephasing signals for
the two polarization combinations including exciton-exciton, exciton-trion, and trion-trion
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Figure 5.7: Amplitudes of the measured ((a)-(b)) and calculated ((c)-(d)) 2D coherent PE spectra.
(a) and (c) are obtained using identical left-hand circular polarizations of the excitation pulses and
the detected FWM signal (left column). Along the diagonal two peaks show up that are assigned to
the degenerate excitation and emission of the exciton (X) and trion (7) resonances. In addition, two
off-diagonal peaks (T'X and XT') appear as a consequence of Pauli blocking (saturation) nonlinearities.
(b) and (d) show the measured and simulated spectra for excitation using a cross-circular configuration
with ot polarization of the first and third pulse and ¢~ polarization of the second and signal field
(right column). An additional peak (X X) is featured in the spectra that is associated with the neutral
bound biexciton. The shift of the off-diagonal XT® and TX® peaks along the Q3 axis towards lower
emission energies is assigned to the charged bound biexciton. The measurements were performed by K.
Hao et al. in the group of X. Li and the postprocessed plot data was provided by G. Moody. [Haol7]

couplings phenomenologically using the level scheme of Fig. 5.6 and the parameter set given
in Tab. 5.1. Along the diagonals, two peaks show up that can be assigned to the trion
resonance at (Ep, —Fr) with Er &~ 1620 meV and the exciton resonance at (Ex,—FEx) with
Ex =~ 1650meV. In the co-circular excitation case, two additional peaks show up at the
cross-diagonal intersections of the exciton and trion lines: TX at (Er, —FEx) connecting the
g — Xk transition during 7 with the g — T transition during 73 and XT at (Ex,—Er)
associated with the g — T transition during 7} and the g — X transition during 73.

Next, the polarization combination is changed to cross-circular excitation oo~ o ~. This
allows to access the doubly excited state manifold via the ESA pathway, as illustrated in
Fig. 5.1. In Fig. 5.7 (b), an additional peak labeled XX shows up whose emission energy
along the Q3 axis is redshifted by Axx =~ 20meV with respect to the exciton X. This spectral
feature is attributed to the bound biexciton state. The time and polarization ordered pulse
sequence and the energy level diagram shown in Fig. 5.8 gives a first graphical impression
of the underlying processes in terms of the density matrix evolution: The first pulse (o)
resonantly drives the ¢ — X transition, thus creating a coherence between the ground state
g and the neutral K valley exciton during T;. Subsequently, the second pulse (o~) excites
the exciton transition in the K’ valley. During the T5 interval, the density matrix is in a
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Figure 5.8: Graphical illustration of the ESA quantum pathway for cross-circular polarization of the
exciting and signal fields. Their time and polarization ordering is shown by the pulse sequence in the
upper part of the graph. The interactions are demonstrated below using a simple four-level system. The
first pulse (o) generates an exciton coherence in the K valley during 77. The second pulse (o) drives
the exciton transition in the K’ valley. The third pulse () excites the exciton-to-biexciton transition,
which subsequently radiates as the four-wave mixing signal. [Haol7]

dipole-forbidden, non-radiative coherence between the excitons in the K and K’ valleys due to
Coulomb coupling. Finally, the third pulse (¢7) drives the X} — X X transition, resulting in
an optical exciton-to-biexciton coherence during T3, which then radiates as the FWM signal.

In the ESA quantum pathway, the density matrix oscillates with energy Ex during 77 and
with Ex — Axx during T3 with A xx being the neutral biexciton binding energy. Accordingly,
in frequency space the spectral contribution from the neutral biexciton (labeled X X) appears
at the excitation energy —FE'x along the 2; axis and emits redshifted by Axx ~ 20meV with
respect to the exciton resonance. In the same way, using cross-circular excitation it is possible
to create charged five-particle doubly excited exciton-trion states, where an exciton in one
valley is coupled to a trion in the other valley. As a consequence, the cross peaks TX? and
XT? are redshifted along the Qs axis by Axr ~ 5meV with respect to TX and X7 in the
co-circular spectrum of Fig. 5.7 (a).

Interestingly, the intensity of the trion peak T relative to the exciton peak X is substantially
reduced in the cross-circular excitation scheme compared to the co-circular case. This implies
that trion-trion interactions associated with charged six-particle bound states composed of
one trion per valley are considerably weaker than the tightly bound neutral biexciton X X.
It is estimated to be an order of magnitude smaller: Arr = 2meV, possibly due to spatial
separation and weak localization of trions [Mool4]. As a consequence, the quantum pathways
involving the singly and doubly excited states of the trion interfere destructively, thus reducing
the amplitude of the trion peak T'. This is discussed in more detail in the next section.

Within the considered spectral bandwidth, biexcitonic signatures are only visible if the first
two pulses have opposite helicity. This confirms the level scheme of Fig. 5.6, where all doubly
excited states in the f manifold are composed of two excitons with opposite valley indices.
Hence, since only the K valley is addressed using solely left-hand circularly polarized light, the
corresponding spectrum of Fig. 5.7 (a) does not involve the doubly excited state manifold.

Some differences in the relative peak intensities of the measured and calculated spectra are
observed. Possible reasons for that are effects that are not included in the phenomenological
model applied for the calculations, such as the electron density in the doped sample, disorder,
excitation power, admixture of unwanted polarization components, fluctuations in the pulse
bandwidth, higher-order effects beyond x(®), and varying dipole coupling strengths. However,
the key features and overall peak patterns in the calculated signals are in agreement with the
measured spectra.
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Figure 5.9: Simulated total photon-echo spectra, ESE, GSB, and ESA contributions (from left to right)
for identical (upper row) and alternating (lower row) circular polarization combinations. The left column
corresponds to the calculated spectra shown in Fig. 5.7 (c¢) and (d). The topmost curves show the
excitation laser spectrum. The resonance peaks are labeled and marked by arrows. The spectra were
calculated for the parameter set given in Tab. 5.1. Gray dashed lines have been inserted at the exciton
and trion resonances of each frequency axis.

5.5.2 Discussion of the calculated spectra

The simulated rephasing signals for the co- and cross-circular polarization sequences are
analyzed in more detail in this section. The distinct spectral features can be traced back to
their microscopic origin by decomposing the full PE signal into its three different contributions
stemming from the ESE, GSB, and ESA Liouville space pathways illustrated in the Feynman
diagrams of Fig. 5.1. They are of course not separable in the experiment, however the theoretical
treatment allows to inspect them individually, thus providing direct insight into the microscopic
evolution of the system state and the complex interplay of the different space pathways.

As stated in the previous section, the rephasing PE spectrum for co-circular excitation (upper
row of Fig. 5.9) features four resonances marked in the upper left spectrum: Two diagonal
peaks labeled (X, X) and (T,T) at the spectral positions (Fx,—FEx) and (Er, —FEr) as well
as two off-diagonal peaks labeled (T, X) and (X, T) at the spectral positions (Er, —Ex) and
(Ex,—FET), respectively. The diagonal population peaks are associated with the singly excited
exciton and trion state in the K valley. The lower (upper) off-diagonal cross-peak (T, X)
((X,T)) combines an excitation at the exciton (trion) energy h§); = —Ex (hy = —Er) with
an emission at the trion (exciton) energy h€ds = Ep (h€d3 = Ex). According to the optical
selection rules discussed in Sec. 5.3, only one valley is addressed using a co-circular excitation
scheme within the considered spectral bandwidth: When a ¢~ pulse excites the system, the
spin T exciton in the K valley is populated. A second o~ pulse resonant with the A transition
can then not be absorbed any more due to Pauli blocking. Therefore, due to the co-circular
excitation scheme and the valley-specific optical selection rules, the ESA quantum pathway
involving bound biexciton states composed of one (charged) exciton in each valley does not
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Figure 5.10: The same spectra as in Fig. 5.9, but for artificially low homogeneous broadening of
Yhom = 0.1meV in order to resolve all signatures.

contribute. Many-body effects associated with interaction-induced shifts or binding between
multiple quasiparticles will not contribute, since the doubly-excited state manifold does not
enter the nonlinear optical response within the spectral bandwidth. As a consequence, the
cross-diagonal peaks (T, X) and (X, T) are unshifted in the excitation and emission energies
with respect to the exciton and trion marked by the intersections of the dashed gray lines.
Pauli blocking causes that the cancellation of the ESE and GSB pathways through the ESA
pathway (entering with opposite sign, cf. Eq. (5.4)) is incomplete due to the vanishing ESA
signal [Haol7].

The situation changes in the case of cross-circular excitation with alternating circular
polarizations (cf. lower row of Fig. 5.9). Here, the doubly-excited state manifold is accessible
via the ESA pathway that involves transitions to biexcitons composed of one exciton per valley.
This leads to additional spectral signatures in the calculated spectra that agree nicely with the
measured spectrum shown in Fig. 5.7 (b). As stated in Sec. 5.2.2, the appearance of several
off-diagonal resonance peaks implies the existence of many-body effects. These additional peaks
indicate the formation of intervalley doubly-excited states composed of two Coulomb coupled
quasi-particles (excitons or trions). This time, the GSB pathway does not contribute, which can
again be understood by recalling the optical selection rules and the GSB Feynman diagram of
Fig. 5.1: After the o polarized first pulse has excited a transition in the K valley, the second
pulse cannot induce stimulated emission of this K valley transition at the opposite circular
polarization o~ . Instead, the GSB pathway requires the same helicity of the first and second
excitation pulses. Due to the interaction-induced energy shifts of the doubly excited states
f, the e — f transition energies are reduced compared to the corresponding g — e excitation
energies. As a consequence, the emission energies (along the Q3 axis) of the e — f resonances
in the ESA signal (lower right panel of Fig. 5.9) are redshifted with respect to the exciton and
trion resonances marked by the dashed lines by the binding energies of the exciton-exciton
(Axx), trion-trion (Arr), and exciton-trion (Axr) complexes.
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Table 5.2: Resonances contributing to the peak patterns for co- and cross-circular polarizations. A
checkmark in the last two columns marks that the respective signature shows up in the co- and cross-
circular polarized spectra, respectively. The upper four resonances correspond to the singly excited state
manifold (ESE and GSB pathways), whereas the lower four peaks belong to the doubly excited state
manifold (ESA pathway) and can therefore only be addressed using alternating circular polarizations
due to the optical selection rules.

Label Name Spectral position (z,y) in meV CO  Cross
(X, X) exciton (Ex,—Ex) = (1648.5, —1648.5) ooV
(T,T) trion (Br, —Er) = (1620.8, —1620.8) VR
(T, X) lower cross peak (Er,—Ex) = (1620.8, —1648.5) 4 v
(X,T) upper cross peak (Ex,—E7) = (1648.5,—1620.8) oo/
(XX, X) exciton-exciton (Ex — Axx,—Ex)=(1628.2,—1648.5) X v
(TT,T) trion-trion (Er — App,—FEr) = (1618.8,-1620.8) X v
(XT,X) lower exciton-trion (Er — Axr,—Fx) = (1615.8,-1648.5) X v
(XT,T) upper exciton-trion (Ex — Axr,—E7r) = (1643.5,-1620.8) X v

These multiple contributions from different states and pathways give rise to a rich peak
pattern consisting of a total of 8 peaks in the full PE spectrum shown in the lower left panel
of Fig. 5.9. For reasons of clarity, they are indicated by arrows. Due to the homogeneous and
inhomogeneous broadening present in the sample, several of the resonances merge into one:
The TX peak in the measured spectrum of Fig. 5.7 (b) is actually composed of the two peaks
labeled (XT, X) and (7, X). The measured XX and X peaks are here denoted (X X, X) and
(X, X), respectively. The two peaks (T7,T) and (7,T) again melt into one peak (7") in the
experimental spectrum. Finally, the measured X7 peak is composed of the two resonances
(XT,T) and (X, T). In order to resolve the full peak structure, the spectra are calculated again
but this time with an artificially reduced homogeneous broadening of only 0.1 meV instead of
2meV in Fig. 5.10. Here, all signatures are clearly visible. The individual resonances forming
the peak patterns for the two polarization combinations are listed in Tab. 5.2.

The off-diagonal peaks showing up in the PE spectrum of Fig. 5.10 for alternating circular
polarizations cto~oto~ (lower left panel) are: exciton-trion cross peaks, exciton-exciton
peaks, and trion-trion peaks. They are discussed in the following subsections.

Exciton-trion peaks

The lower cross peak (7', X) in the spectrum connects the ¢ — X transition at 7$); and the
g — T transition at 3. The upper cross peak (X, T') combines the g — T transition at i)
with the g — Xk transition at A{23. Both cross peaks are unaffected by interaction-induced
shifts, since the doubly excited state manifold is not involved in the formation of these peaks.

The lower exciton-trion peak (X7, X) is composed of the g — X transition at iy and
the Xx» — Xg/Ty transition at if23. The upper exciton-trion peak (X7,T) combines the
g — T}, transition at h€); and the Ty, — XgT}., transition at h€)3. These exciton-trion
peaks represent the ESA contributions from the charged five-particle bound states X /T,
and XxT}, composed of an exciton in one and a trion in the other valley. The associated
exciton-trion binding energy Axr = 5meV is considerably smaller than the tightly bound
biexciton state X X, which is consistent with previous experimental and theoretical studies
[Kyll5, Sin14].

Since Axr is in the same order of magnitude as the homogeneous and inhomogeneous
broadenings, the unshifted cross-diagonal peaks (T, X) and (X,T) stemming from the singly-
excited state (ESE) contribution spectrally overlap and interfere with the doubly-excited
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Figure 5.11: PE spectrum for cross-circular 60~ 0 "0~ polarization with the trion-trion coupling set

to zero: Apr = 0. As a result, the diagonal trion peak vanishes, as marked by the red circle.

exciton-trion peaks from the ESA pathway. The spectral shifts of these superposed resonances
denoted XT? and T X" peaks in the experimental and theoretical spectra of Fig. 5.7 (b) and
(d) depend on the relative intensities and phases of the two system resonances they are built
of and do not have to be identical for the lower and upper cross peaks. Therefore, in the
experiment (cf. Fig. 5.7), a shift by 3meV for the superposed upper cross peak is observed,
while the superposed lower cross peak is shifted by 4.6 meV.

Exciton-exciton peak

The exciton-exciton peak (XX, X) is composed of the ¢ — X transition at h€; and the
X — XX transition at hf23. It represents the intervalley biexciton composed of one exciton
in each valley. Therefore, it is spectrally shifted from the exciton peak (X, X) by the biexciton
binding energy Axx = 20.3meV (cf. Tab. 5.1) along the emission energy Q3 axis. This
value agrees very well with the biexciton binding energy predicted from previous microscopic
calculations [Zhal5, Kyl15, May15, Kid16, Kez16].

Trion-trion peak

The trion-trion peak (TT,T) is composed of the g — T, transition at A€; and the Ty, —
Ty Ty, transition at h{ls. It represents the charged six-particle state composed of one trion
in each valley with an estimated trion-trion binding energy of Appr = 2meV. This small
binding energy causes that the T,, — T T}, transition in the ESA contribution is only
slightly shifted along the 23 axis and thus spectrally not well separated from the ¢ — T,
transition in the ESE contribution. As a consequence, they partly cancel each other out,
resulting in a smaller overall amplitude of the superposed diagonal trion T peak compared to
the trion peak in the co-circular spectrum. However, the appearance of the diagonal T peak
in the measured spectrum in cross-circular configuration (cf. Fig. 5.7 (b)) is an indicator for
a non-zero (but small) trion-trion coupling: Rerunning the simulations for Appr = 0 leads to
a complete cancellation of the diagonal (T,T') peak, as shown in Fig. 5.11. This contradicts
the experimental observation of an intense T peak. However, there are also other possible
explanations for this T peak such as spectral diffusion, admixture of unwanted polarization
components, or higher order effects.
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5.6 Conclusion

In this chapter, polarization-resolved 2D rephasing PE signals of monolayer MoSe; were
calculated and compared to the experiment. The optical response was derived from Liouville
space pathways representing the evolution of the density matrix [Abr09]. Both the specific
properties of the chosen spectroscopy technique and the characteristics of the material class
were exploited in order to unfold the complex optical response in third order of the electric
field and identify multiple higher-order correlated states by:

= employing FWM spectroscopy to spread the nonlinear signal across two axes,
® climinating inhomogeneous broadening using the PE technique,
= using circularly polarized pulses for spin- and valley-selective excitation,

® restricting the system response to the A transitions between the highest valence and
lowest conduction band through a careful choice of the pulse bandwidth,

® decomposing the simulated signal into the contributions from the different Liouville
space pathways.

Spectral signatures showing up in the cross-polarized spectra were assigned to neutral and
charged biexcitons. The quantum pathways giving rise to these states were analyzed taking
into account the optical selection rules. It was found that all formed doubly excited states are
intervalley states consisting of one (charged) exciton in the K and the other in the K’ valley
with large difference in crystal momentum. This makes them novel higher-order bound states
with no direct analogue in conventional semiconductors [Haol7].

The microscopic evaluation of the calculated spectra helped to interpret the signatures
showing up in the measured spectra based on a phenomenological model. Exciton-exciton and
exciton-trion binding energies for the neutral and charged bound biexcitons were estimated as
~ 20meV and ~ bmeV, respectively. These values are in reasonable agreement with previous
theoretical works [Kyl15, Zhal5]. Moreover, the theoretical analysis showed that the diagonal
trion peak T appearing with reduced relative intensity in the measured spectrum of Fig. 5.7 (b)
is an indicator of a weak trion-trion coupling. This leads to the formation of bound six-particle
states composed of one trion per valley that has so far not been observed in monolayer TMDs.
However, the presented results contradict most previous experimental studies on TMDs where
biexciton binding energies in the range of 40 — 80 meV (significantly higher than the trion
binding energy) were found. Possibly, charged biexcitons or excited-state biexcitons have been
observed and misclassified in these previous measurements [Zhal5].

Comparing the calculated and measured spectra shows that the overall resonance peak
structure coincides and the optical selection rules used to model the system are confirmed by
the experimental findings. However, the relative peak intensities of the measured and calculated
spectra show some deviations. This is likely connected to experimental parameters that are
not taken into account by the phenomenological model applied for the calculations, such as
doping concentrations, sample quality, variations in the excitation power and bandwidth, the
experimentally achieved degree of circular polarization, higher-order contributions beyond x®),
etc. These effects may alter the spectral signatures and the bound quasi-particle states.

In summary, a very good agreement of the simulated and measured spectra was achieved
using polarization-resolved 2D spectroscopy in the rephasing pulse geometry. The presented
study contributes to a better understanding of the Coulomb-driven many-body interactions
leading to the formation of correlated many-particle complexes in 2D TMDs. This could in turn
support experimental studies in their search for even higher-order multiple-exciton correlations
that are likely to form in this exciting new material class due to the long-range Coulomb
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interactions [Turl0]. The intervalley composition of all found types of doubly excited states
and the efficient control of light-matter interaction might pave the way towards the generation
of novel polarization- and valley-entangled photon states.






Two-dimensional rephasing and
double-quantum spectroscopy of
single QDs and QD molecules

6.1 Introduction

Four-wave mixing (FWM) spectroscopy has been widely used to probe the ultrafast dynamics
and coherent couplings of higher-order excited states in ensemble measurements of semiconduc-
tors [Cun94, Che01, Len04, Lan04, Vos06, Mool3a]. However, with regard to quantum infor-
mation processing in solid-state implementations such as semiconductor quantum dots (QDs)
[Los98, Bon98, Bay01, Mic03, Ram10], coherent control of individual excitons and their inter-
actions on a local (Coulomb) and long-range (radiative) spatial scale draws increasing scientific
interest. Coupling parameters such as the biexciton binding energy and fine-structure splitting in
individual QDs forming exciton-biexciton systems [Finl3] are of particular interest for the gen-
eration of entangled photon pairs [Ben00, Seg05, Ste06, Ako06, Dinl0, Sall0, Carl10, Merl6b].
Coherent couplings between different QDs and the underlying microscopic mechanisms play a
major role for possible two-qubit operations [Nie00, Kas10]. Also, investigating the polarization-
specific excitation pathways is important to selectively excite optical transitions in quantum
optical applications [Ton12].

Studying individual transitions in single QDs also has the advantage to circumvent the
strong inhomogeneous broadening due to the QD size dispersion which frequently masks
the optical response in ensemble experiments. Only a residual spectral wandering of the
resonance energies in time-averaged measurements causes a slight inhomogeneous broadening
[Pat06, Kas13, Merl6a, Merl6b, Jak16].) For a high sample quality, the inhomogeneous
linewidth is in the few wpeV range, which is often in the same order as the homogeneous
broadening and the temporal sensitivity of the experimental FWM setup dictated by the
spectrometer resolution (~ 120 ps in the experiment discussed in this chapter) [Dell7].

However, due to the bad signal-to-background ratio, probing individual excitonic transitions
is a demanding task. In addition, a directional selection of the signal field is not possible
for single nanostructures, which makes more challenging experimental detection techniques
with a collinear geometry of the exciting pulses necessary. These problems are tackled using
photonic nanostructures to improve the intrinsically weak FWM signal intensity of single QDs
by enhancing the coupling to the external laser field [Fral6, Merl6a, Jak16].

In this chapter, the internal coupling mechanisms within individual InAs QDs and QD
molecules embedded in a low-@Q semiconductor microcavity [Maildb] are analyzed using
heterodyne detected two-dimensional (2D) coherent, nonlinear optical spectroscopy. The
considered two-beam experiment conducted by Valentin Delmonte and conceptualized by Jacek
Kasprzak at the Institut Néel in Grenoble, France, allows to exploit the rephasing photon echo
(PE) as well as the double-quantum coherence FWM configurations by swapping the time
ordering of the pulse sequence.

! Typical data acquisition times are in the range of tens to hundreds of seconds, where slow spectral diffusion
processes can take place.

63
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Figure 6.1: (a) Schematic setup of a heterodyne detected FWM experiment for a sub-wavelength sized
nanostructure in a collinear geometry using acousto-optic modulators (AOM). The beam paths are
encapsulated (marked by the dashed frame) in order to prevent air turbulence, thus suppressing phase
fluctuations (passive stabilization) [Lan07]. (b) Pulse sequence applied in a two-beam FWM experiment.
Two configurations are possible: A positive (negative) delay corresponds to the rephasing one-quantum
PE (two-quantum DQC) pathways in the upper (lower) part of the graphics.

This chapter presents calculations of the corresponding FWM signals that allow to ascertain
the coherent coupling mechanisms between individual quantum systems. This way, the intra-
and interdot biexciton binding energies as well as the fine-structure splitting and the relative
alignment of the laser polarization and QD axis can be determined. Thus, combining 2D single
and double quantum coherence spectroscopy is a powerful tool to study coherent couplings,
representing a step forward in the quantum control of optically active two- and few-level
systems present in semiconductor nanostructures. The main results of this chapter have been
published in [Del17].

The chapter is organized as follows: First, the two-beam experiment with variable pulse
ordering and the applied phase referencing technique for heterodyne detection is briefly
introduced in Sec. 6.2. In Sec. 6.3, the corresponding signal functions are derived. The model
system and Hamiltonian incorporating the optical selection rules are introduced in Sec. 6.4.
Section 6.5 is dedicated to the analysis of the distinct spectral signatures and a comparison to
the experiment. Finally, in Sec. 6.6 the situation including Foérster coupling between the QDs
is discussed. Section 6.7 briefly summarizes this chapter.

6.2 Two-beam four-wave mixing spectroscopy

In the considered two-beam FWM experiment conducted by V. Delmonte and J. Kasprzak,
a pulse train spectrally centered around the optical resonance of interest is split up into two
excitation pulses described by the electric field envelopes £ and & and a reference pulse
& [Lanl0]. The setup is schematically shown in Fig. 6.1 (a). An optical delay line enables
a variable interval 715 between the pulses £ and &, which is positive for £; leading. Using
acousto-optic modulators, pulse 1 and pulse 2 are frequency upshifted by @; = 80 MHz and
Wy = 80.77MHz. The two pulses are recombined in a beam splitter and interact with the
sample (stored in a cryostat at 5K) in the active region of a waveguide. The emitted signal
then is recombined and interferes with the reference beam, whose temporal separation from
&y can also be varied. Finally, the signal is detected at the frequency 2&s — @7 = 81.54 MHz,
corresponding in lowest-order (pulse 2 interacts twice, pulse 1 once) to the response £;E2E;.
The signal is spectrally dispersed using a spectrometer, detected with a CCD camera and
retrieved in amplitude and phase by employing spectral interferometry [Dell7].

Using optical delay lines, both the delay 712 as well as the arrival time of the reference pulse
can be adjusted. As mentioned in the introduction, by swapping the temporal ordering of the
two light pulses, one- and two-quantum configurations can be distinguished experimentally. For
positive delay 715 > 0, the rephasing PE pathway is recorded where 715 = T} represents the
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delay between the first and second pulse and 75 = 0 for the subsequent interactions induced
by & according to the nomenclature introduced in Chap. 3. A negative delay 712 < 0 in turn
corresponds to the DQC pathway with 715 = —T5 and 77 = 0.

In order to obtain the typical FWM frequency maps for the different pulse orderings by
Fourier transforming the pulse delays, referencing the signal phase is a necessary precondition.
In the experiment discussed in this chapter, a post-treatment protocol was established which
uses auxiliary spectral interferences of the reference pulse &£, with the individual excitation
pulses & and &, for phase-referencing. This way, the necessity of active phase stabilization
during acquisition [Bri08, Hell1] is overcome. Further details on the implementation of this
phase-referencing protocol are given in [Dell7].

6.3 Calculation of the four-wave mixing signals

In this section, the rephasing one-quantum and two-quantum signals are calculated following
[Abr09]. The applied optical field is described as a sequence of three pulses centered at times
7; with frequencies w; and phases ¢; = ©;T}:

3
E(r,t)=Y Y &7(rt—mz)e esli=m)tie; (6.1)

j=1luj=+1

with & = &3, 2 = 3, and 79 = 73 in the considered two-beam experiment. As introduced in
Sec. 3.2.2, the heterodyned signal in the optical x(®) regime is a function of the delay times T}
between the pulses:

400 .
SO Tt = [P0 €5 e (62

— 00

with reference field & and third-order induced polarization P;_ given in Eq. (3.3). In the
considered experiment, the detected frequency combination is &g = 2@, — @;. If the field &
interacts first, this corresponds to the rephasing PE phase combination ¢ = —¢1+2¢9 retrieved
by the phase-referencing protocol of [Dell7]. If the time ordering of the two driving pulses is
swapped such that & is the leading pulse, the extracted phase combination @i = 209 — 1
coincides with the DQC configuration.

6.3.1 Rephasing photon echo signal

Three types of excitation quantum pathways contribute to the rephasing signal denoted excited
state emission (ESE), ground state bleaching (GSB), and excited state absorption (ESA),
as discussed in detail in Sec. 5.2.1. The corresponding double-sided Feynman diagrams are
shown in Fig. 6.2 (a).? Remember that the ESE and GSB pathways incorporate only the
ground state g and the singly excited state manifold e, whereas the ESA pathway includes
also the doubly excited states f. In the absence of many-body interactions, the off-diagonal
resonances stemming from the two Liouville space pathways involving singly excited states
(lower transitions) destructively interfere with the ones from the ESA pathway including
doubly excited states (upper transitions). This leads to a cancellation of all off-diagonal peaks
[Kas10, Dail2, Mool3a].

The rephasing one-quantum signal in the frequency domain is obtained by Fourier trans-
forming the third-order heterodyne-detected signal with respect to the time delays T between

2 Compared to Sec. 5.2.1, this time the pulses carry characteristic phases ¢, instead of wave vectors k; due
to the collinear measurement setup used for single nanostructures.



66 6 2D rephasing and double-quantum spectroscopy of single QDs and QD molecules

ESE GSB ESA ESA, ESA,
) OO AU OO OO OO LS N A 2 v B
o Plete g pelealol g tlecle - infelel o 1]l
i L2 el ) IOt N s OO 9 el B W4
i T B 2B el W2 W) B e SV Bl AT = ) Bl
l9) (gl l9) (gl |9) (gl l9) (gl l9) (9]

Figure 6.2: Double-sided Feynman diagrams for the rephasing (a) and double-quantum (b) signal
representing the Liouville space pathways of the density matrix evolution in the considered two-beam
experiment.

pulse 1 and 2 and T3 between pulse 2 and the reference pulse, whereas 75 is vanishing in the
two-pulse experiment. The total rephasing PE signal is given by [Abr09]

SER(Q3, ) = S5 (s, 1) + SGp(Qs, Q) + SElA (Qs, Q). (6.3)
with
4
52(62,01) = 125 S (a1, £ (g — 02) (dury - Exlivey — )
(6.4)
deg : gB(Weg - w3) ng ’ gik (we_t} - wl)
QS - §e/g Ql - §ge 7
(3) (2m)* . o
SGSB(Qg,TQ,Ql) =1 h?’ Z (de’g . gs (we/g - ws)) (deg . Sg(weg - UJQ))
(6.5)
% de’g : SS(We’g - UJ3) ng : gik(UJ@g - wl)
Q3 - fe’g Q1 - fge ’
(3) (2m)* . o
Spsa(Q3,Q1) = —i 73 Z (dfe & (wpe — WS)) (derg - Ea(werg — w2))
e, (6.6)
% dfe’ : gB(er’ - w3) ng ’ 5?("‘]69 - wl)
Q3 — &fe D1 —&ge

Here, £,p = wap — iYap has been defined, where d,; denotes the dipole moment, wgy, the
resonance energy and 7., the homogeneous broadening of the b — a transition. A detailed
derivation can be found in App. A.

6.3.2 Double quantum coherence signal

Similarly, the two-quantum DQC signal is obtained by Fourier transforming the signal function
with respect to the delay times T5 between the leading pulse 2 and the subsequent pulse 1
and T3 between pulse 1 and the reference pulse. In contrast to Sec. 3.3.3 where the signal
was Fourier transformed with respect to 77 and T3, here the 2D frequency map is calculated
depending on €25 and 3. This has practical reasons: First, the delay 77 = 0 is fixed and
second, the Fourier transform with respect to €13 is directly achieved by the spectrometer,
thus facilitating the data postprocessing. The DQC signal has two contributing ESA pathways
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shown in Fig. 6.2 (b):

51(3%0(937 Q) = Sin, (Q3,92) + Sia, (Q3,922) (6.7)
with
4
S0, (2,90) = i P2 S (a7, £ (g — 00)) (g - (g — 1))
e (6.8)
d:’g ' gék(we/g - LU3) dfe . SQ(er - WZ)
QS - gfe’ Q2 - ffg ’
(3) (2m)* . o
SESA2 (Q3,Q) =i 73 Z (de’g & (WE’g - ‘US)) (deg &1 (weg — w1))
@S (6.9)
% d?e’ ’ g;(wfe/ B CU3) dfe : 82(er - w2) )
93756,_(] QQ*£fg

These signal functions allow to calculate 2D maps of the rephasing and double-quantum
pathways depending on the Fourier transformed pulse delays.

6.4 Quantum dot model system

6.4.1 Individual QD exciton-biexciton system with fine-structure splitting

An isolated QD with zincblende crystal structure located in a microcavity exhibits two s-shell
transitions, namely the circularly polarized spin 1 and spin | excitons. In the following, the
spectral bandwidth is chosen in a way that no higher transitions are driven.® In the presence of
an anisotropic confinement potential of the QD, the degeneracy of the two exciton states is lifted
[Mer16b]. The reason is an exchange interaction between the two singly excited states within
one QD, resembling a coupling between the transition dipoles of the two spatially superimposed
circularly polarized excitons [Kas10]. This coupling within the single QD system leads to a new,
linearly polarized basis of two excitonic eigenstates separated by the fine-structure splitting
(FSS) 0, as shown in Fig. 6.3 (a). They are selectively addressed by driving the system along
one of its polarization axes. This FSS is accompanied by a strong biexciton shift Ap altering
the energy of the doubly excited state.

6.4.2 Quantum dot molecule

Now, a QD molecule is considered consisting of two electrostatically coupled QDs with
resonance energies F, and FEy, each with a FSS §; and 09, respectively. The level scheme and
possible excitation pathways of such a QD molecule are schematically depicted in Fig. 6.3
(b). The electrostatic Coulomb interaction shifts the energy of each doubly excited state with
respect to the sum of the energies of the contributing (isolated) single exciton states. A; (Az)
denotes the intradot biexciton shift within QD 1 (QD 2) and Aj5 represents the electrostatic
interdot coupling between an exciton in QD 1 and an exciton in QD 2, forming a bound
interdot biexciton Bis. The FSS determines the optical selection rules for linear polarization,
cf. Sec. 6.4.1: Vertically polarized optical transitions are marked by red arrows, horizontally
polarized by teal arrows in Fig. 6.3 (b).

3 This has the consequence that exciton complexes without a doubly excited state within the excitation
bandwidth such as trions do not contribute to the DQC signal since they represent a single two-level system
[Dell7].
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Figure 6.3: (a) Four-level system representing the s-shell excitons of a neutral single QD described as
exciton-biexciton system. FSS lifts the degeneracy of the singly excited states, resulting in a transition
from a circularly polarized to a linearly polarized excitation. AB denotes the biexciton binding energy.
(b) Schematic level scheme of a QD molecule consisting of two QDs. The single exciton energies of the
two QDs are E; and Es. Ajs is the electrostatic coupling of a doubly excited interdot two-exciton state
with one exciton in each QD. Both QDs exhibit a F'SS §;, which separates the QD excitons into an

upper state E;f = E; + % and a lower state £, = E; — % (i = 1,2). For the considered QD molecule,
the intradot biexciton binding energies A; and A, shift the biexciton states By; at energy 2E; and Bas
at energy 2F5 towards lower energies. In contrast, the interdot coupling is repulsive, i.e., shifts the Byo

states towards higher energies. [Dell7]

6.4.3 Hamiltonian and model parameters

The procedure for deriving the energies and transition dipole moments in the delocalized
basis of eigenstates of the electronic Hamiltonian is similar to the one presented in Chap. 4.
The electronic Hamiltonian containing the free electron part, the F'SS and the diagonal and
Forster-type Coulomb part for a system of Nqp QDs reads in the local state basis:

NQD

. e 1 o ) o
Ho+ Ho =Eolg)(gl + > > BEilX7NXT7|+ 5> > (Bi+ Ej+ Ayy)| B ) (BY
=1 UE{Tv*L} inj o,

6i 1 61 o o o o
- {Z SIXDH + 5 35 SUBINBY |+ BB + h} (6.10)
i,j o

(3

+ {ZZVUFNIX5”><X;’I+ SN VEIBINK ;f,g|+h.c.}

i<j o i,j<k o,

Note that Pauli-forbidden biexciton states such as BII where two electrons with identical spins
reside within the same QD are excluded. As introduced in Sec. 6.4.2, E; denotes the energy
(renormalized by the electrostatic Coulomb coupling) of a singly excited state in QD i. A;;
denotes the two-exciton shift for a doubly excited state composed of two single excitons in QD
i and j with A;; = A; in the level scheme of Fig. 6.3 (b). The FSS §; lifts the degeneracy of the
two excitons within one QD), as discussed in Sec. 6.4.1. Finally, VJFM denotes the spin-preserving
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Table 6.1: Model parameters used to calculate the optical response of a QD molecule composed of two
coupled QDs and an individual QD.

QD1 QD 2 QD 3
resonance energy Fy =1358.95meV  Ey =1359.7meV  E3 = 1360.1 meV
transition dipole moment di = 0.5enm dy = 0.5enm d3 = 0.6 enm
fine-structure splitting 01 = 140 peV b2 = 60 eV -
biexciton binding energy A; = —3.6meV Ay =-33meV Az = —-3.5meV
interdot coupling Ao = +0.09 meV -

(0 = p) and -flipping (o # p) Forster coupling between different QDs.

In the experimental spectra recorded by V. Delmonte, signatures of a QD molecule consisting
of two electrostatically coupled InAs QDs labeled 1 and 2 and an isolated QD 3 were observed,
as verified by the calculations performed as part of this work (cf. Sec. 6.5). Therefore, the
Hamiltonian of Eq. (6.10) was adapted to the specific three-QD situation and the energies
and coupling elements were chosen in agreement with the experimental data [Dell7]. All
parameters used to calculate the one- and two-quantum 2D FWM spectra are given in Tab. 6.1.
In order to obtain the system eigenstates and energies as well as the dipole moments in the
delocalized exciton basis, the electronic Hamiltonian of Eq. (6.10) was numerically diagonalized,
as demonstrated in more detail in Sec. 4.2.4. This yields the electron-light coupling Hamiltonian
in the new exciton basis of delocalized singly (e) and doubly (f) excited states:

Hyyp = — nge. t)]g){e| — Zdef eV(f| + h.c. (6.11)

The Forster coupling was found to be vanishing in the measured spectra, as discussed later in
Sec. 6.6.

The homogeneous linewidth in QD systems is typically in the order of several ueV, corre-
sponding to a dephasing time of few hundred picoseconds [Stoll, Ost12]. Here, v = 1/(500 ps)
is used for the calculations [Bor01]. Additionally, the spectrometer resolution of ~ 25 pueV is
accounted for by incorporating it into the homogeneous linewidth [Kas10]. The transition dipole
moments of the two QDs forming the QD molecule are chosen equally. Spectral wandering
causes an inhomogeneous broadening of 10 ueV [Mer16b]. This is included in the calculations
by averaging the contributions to the signal functions for normally distributed values of the
system resonances. However, it does not have a noticeable effect on the line shapes since they
are dominated by the homogeneous broadening due to the spectrometer resolution.

6.5 Discussion of the spectral signatures

The left panel of Fig. 6.4 shows the measured PE (a) and DQC (c) spectra of the three-QD
system described in the previous section. The corresponding simulations of the rephasing and
DQC signals calculated for the parameter set of Tab. 6.1 are presented in the right panel. The
multiple off-diagonal peaks in the PEspectrum are decisive signatures of multiple interdot and
intradot exciton couplings in the QD system, which are analyzed in the following. Figure 6.5
illustrates the expected peak pattern and the underlying energies and couplings determining
the measured and calculated spectra of Fig. 6.4.

Both the rephasing and the two-quantum spectra share a common h{)3 axis displaying the
FWM frequency recorded by the spectrometer. Along this axis, ground state to single exciton
(G — X) and single exciton to two exciton transitions (X — B) appear. For positive delays
712 > 0, the A2y axis contains the G — X transitions, such that the photon echo of all single
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Figure 6.4: Measured ((a) and (c)) and calculated ((b) and (d)) single and double quantum 2D FWM
spectra of a system of three QDs, two of which are electrostatically coupled and form a QD molecule.
The coherent couplings between QD 1 and 2 as well as the intradot couplings in all three QDs are
revealed using 2D rephasing PE ((a) and (b)) and DQC ((c) and (d)) spectroscopy. The plot data for
the experimental spectra were provided by J. Kasprzak. [Del17]

exciton resonances shows up along the diagonal 2; = —3. Three main resonances GX1, GXo,
and G X3 are visible on the diagonal at frequencies F; = 1358.95 meV, Fy = 1359.7meV, and
E3 = 1360.1meV, belonging to the three QDs.* For negative delay times, the ground state to
two-exciton coherences driven by the second pulse emerge along the h{)y axis, corresponding
to the sum of the G — X and X — B transitions.

A single exciton-biexciton pair (peaks GX3 and X3B3) shows up in both PE and DQC
spectra at the FWM frequencies F3 = 1360.1 meV and Es + Az = 1356.6 meV.? This pair can
be attributed to the isolated QD 3 that is not involved in the molecule formation. The X — B
transition marked by the X3Bs peak in the PE and DQC spectra of Fig. 6.4 is redshifted along
the hQ23 axis by the binding energy Az = —3.5meV with respect to GX3. The resonance peaks
belonging to the isolated QD 3 exhibit a higher oscillator strength than the other two QDs,
which is reflected by a slightly larger transition dipole moment d3 = 0.6 enm compared to the
two coupled QDs 1 and 2 with d; = dy = 0.5enm. The peaks exhibit no FSS, suggesting that
QD 3 is driven along its polarization axis.

Similar exciton-biexciton peak pairs can be identified for the QDs 1 and 2: The X, B,
and X5 B> resonance peaks are off-diagonally shifted along the FWM axis by the intradot
biexciton binding energies A; = —3.6 meV and As; = —3.3 meV with respect to the GX; and
G X, peaks, respectively (see also Fig. 6.5). However, the peak pattern belonging to the QD
molecule composed of the QDs 1 and 2 exhibits further features that significantly differ from
the exciton-biexciton resonance peak pair of the individual QD 3 in two major respects:

4 It is important to note that no biexciton signatures show up on the diagonal of the measured rephasing
spectrum. This observation confirms that the first pulse £1 does not excite any X — B transition, ensuring
that the measurements indeed take place in the low-excitation X(B) regime.

5 Note that the biexciton binding energies A; are negative, i.e., they reduce the energy of the biexciton state
composed of two excitons in QD ¢ with respect to the sum of the exciton resonances.
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Figure 6.5: Sketch of the resonance peak patterns in the one- (upper panel) and two-quantum spectrum
(lower panel) of the considered system of three QDs with resonance energies E;, F'SS 4;, and biexciton
binding energies A; < 0 (not true to scale). The electrostatic coupling A2 > 0 between QDs 1 and
2 leads to the formation of a QD molecule, whereas QD 3 is independent. In contrast to the intradot
couplings A;, the interdot coupling Ajs is positive and shifts the resonance peaks towards higher
energies. The dashed green line marks the diagonal 2; = —Q3 in the PE spectrum. Teal markers label
the spectral positions of peaks that are observed when all pulses have a linear horizontal polarization,
whereas red markers denote the peaks visible when applying a vertically polarized pulse sequence. If the
polarization is somewhere in between these two cases, all marked positions show up in the spectrum.
The arrows in the plot mark the interaction-shifted peaks due to intradot (orange, blue, and pink) and
interdot (purple) exciton couplings. These shifted peaks showing up in addition to the unshifted cross
peaks indicate coherent couplings.

1. In contrast to the isolated exciton-biexciton system of QD 3, the two coupled QDs 1 and
2 show a pronounced F'SS in the order of §; = 140 ueV and Jo = 60 peV, respectively.
This leads to a splitting of each exciton resonance GX; and GX, along the diagonal of
the rephasing spectrum into clusters of four peaks. In the measured spectra of Fig. 6.4
(a) and (c), the resonance peaks of the two exciton levels of each QD 1 and 2 separated
by the FSS are (more or less) equally pronounced. Therefore, an angle of 45° between
the linear polarization direction of the driving/reference pulse and the anisotropy axis
of the two dots is assumed for the theoretical calculation. This way, all the interaction
pathways shown in the level scheme of Fig. 6.3 (b) contribute to the measured signal.
Compared to the FSS of only 35 — 40 ueV found in similar systems [Merl6b], here a
much higher F'SS is observed for the resonances associated with the QD molecule. This
suggests that the spatial proximity of the two coupled QDs alters the local symmetry of
the confinement, thus changing the magnitude of the F'SS and the polarization of the
excitonic transitions [Dell7].
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2. Two off-diagonal cross peaks labeled XX, (upper cross peak) and X; X, (lower cross
peak) appear in the rephasing spectrum at the spectral positions (Afd3 = Eo, iy = —Ey)
and (A3 = Eq, iQy = — E3), respectively. They form a square with the two diagonal G X
and G X5 resonances at energies F; = 1359.7meV and Fy = 1358.95 meV. The existence
of these off-diagonal cross peaks clearly indicates a coherent interdot exciton-exciton
coupling between the two QDs: The energy of the interdot biexciton B, consisting of one
exciton in each QD is renormalized by the electrostatic Coulomb coupling. This biexciton
shift breaks the symmetry of the lower G — X; (G — X3) and higher X; — Bis
(X5 — Bi2) transitions such that the Liouville space pathways involving the singly
excited states do not destructively interfere with the ESA pathway including doubly
excited states any more. As a consequence, cross peaks show up due to the incomplete
cancellation.

The electrostatic interdot coupling Ao between an exciton in QD 1 and an exciton in
QD 2 is small compared to the intradot biexciton binding energies of several meV as well as
the linewidth and spectrometer resolution. As a result, the corresponding interaction-shifted
resonances marked by the purple peak clusters in the sketch of Fig. 6.5 cannot be identified
as separate peaks in the measured rephasing spectrum of Fig. 6.4 (a). To better resolve the
signatures, three horizontal slices through the measured PE spectra at the fixed excitation
energies hf); = —FE1, —F5, — F3 are plotted in the left column of Fig. 6.6, depicting the FWM
amplitude as a function of the emission energy A{23. The corresponding simulations are shown in
the right column. The cuts at energies E1 and Fs reveal that Ao shifts the interdot two-exciton
resonances towards higher energies (repulsion), showing up as blueshifted high-energy shoulders
of the exciton cross peaks marked by the red circles in Fig. 6.6. The calculations suggest that
the interdot biexciton binding energy is of the order A1 = 4+0.09 meV.

In addition to the FWM amplitude, the orange traces in Fig. 6.6 depict the phases of the
FWM signals in the rephasing configuration. As expected for a single Lorentzian resonance, a
phase shift of 7 is observed for the diagonal peaks. The off-diagonal cross peaks in the upper
two panels exhibit a 27 phase shift, since they are — although not well separated in the spectra
— composed of two resonances: the unshifted cross peak and the interaction-shifted peak, each
inducing a 7 phase shift [Kas10, Ard16]. The intersection through the exciton-biexciton pair
of QD 3 (lowermost panels of Fig. 6.5) reveals that both the GX3 and X3B3 resonances are
accompanied by a m phase shift each in the absence of coherent couplings to other QDs. Note
that the calculated amplitudes and phases shown in the intersections of Fig. 6.6 quantitatively
differ from the measured ones, since in the calculations the F'SS is better resolved. On the other
hand, the overlap with neighboring Lorentzian-shaped resonance peaks has a stronger impact
in the simulated spectra, resulting in phase interferences and amplitude superpositions. For
example, the slight jitter in the calculated phase and amplitude traces of QD 3 (lowermost panel
on the right-hand side) stems from spectral wings of the GX5, X7 X5, and X3By resonance
peaks. They are not observed in the measured intersections, since here they are covered by the
strong background.

In the DQC spectra of Fig. 6.4 (c) and (d), the three (YDs form exciton-biexciton complexes
at the two-photon frequencies i)y = 2E1 + Ay = 2714.3meV, 2E; + Ay = 2716.1 meV, and
2F3 + Az = 2716.7 meV respectively. The corresponding peak pairs are labeled GX; and X;B;
with ¢ = 1,2,3. Note that the peak pair GX; and X;B; is hardly visible in the measured
DQC spectrum of Fig. 6.4 (c), since it is outside the spectral bandwidth. The coupling of the
two QDs 1 and 2 manifests itself in a peak pair labeled X; B2 and X3Bj5 representing the
interaction-shifted G — Bjo transition (energy hQdo = E7 + Eo + A1 = 2718.74meV) with
FWM frequencies hf23 = F1 = 1359.7meV and ~Afd3 = Es = 1358.95 meV, respectively. In the
absence of interdot interactions, these peaks would cancel each other out due to the opposite
signs of the two ESA pathways entering the full DQC signal.
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Figure 6.6: FWM amplitudes (black traces) and phases (orange traces) retrieved from horizontal cuts
through the 2D maps of the measured (left column) and calculated (right column) rephasing signals
shown in Fig. 6.4 (a) and (b), respectively, at the three QD resonance energies F; = 1358.95meV,
E5 =1359.7meV, and E3 = 1360.1 meV. [Dell7]

6.6 Comparison to a Forster-coupled quantum dot molecule

Hyperspectral imaging reveals that the two QDs 1 and 2 forming the molecule are simultaneously
excited by a laser spot focused down to the diffraction limit of around 0.85 ueV. Thus the two
coupled dots are found to be within a few hundred nm vicinity [Dell7, Kas10]. This raises the
question whether other short-ranged interaction mechanisms such as dipole-induced Forster
coupling or Dexter-type coupling via wave-function overlap are present in the QD molecule,
possibly contributing to the extraordinarily high FSS.

However, the Forster coupling strength is expected to be in the order of peV [Spel5], which
is too small to be detected within the given spectrometer resolution of 25 ueV. To inspect
a possible dipole-dipole coupling anyways, a (large) Forster coupling of VUFM = 0.1 meV was
included in the calculated spectra of Fig. 6.7. This Forster coupling leads to an additional
slight splitting of the exciton resonances. However, this so-called Forster shift scales nonlinearly
with the ratio VX ou/|E1 — Ea|, making a considerable Férster coupling strength necessary to
have a noticeable effect on the spectral signatures.

Moreover, the Forster coupling leads to two additional peaks in the rephasing PE spectrum of
Fig. 6.7 (a) that show up at frequencies (73 = E1 — (F2— E1)+A; = 1354.6 meV, h{); = —E5)
and (h€d3 = Ey — (E1 — Eg) + Ay = 1357.15meV, h§); = —F4), as highlighted by the green
circles in Fig. 6.7. These peaks mark spectral positions where the third pulse creates an
X B coherence involving an intradot biexciton in one QD after the first pulse has created
a GX coherence involving a single exciton in the other QD. Speaking in terms of the level
scheme of Fig. 6.3 (b), the Forster coupling connects the X5 (X7 states with the biexciton
state B11 (Baz). This process is only possible due to the Forster exciton transfer between the
QDs. In a similar manner, four additional peaks show up in the DQC spectrum of Fig. 6.7 (b)
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Figure 6.7: Calculated rephasing one-quantum (a) and non-rephasing two-quantum (b) 2D FWM
spectra including Forster coupling. The additional peaks arising due to exciton transfer processes
between the QDs are highlighted by green circles.

marking spectral positions where the second pulse creates a G B coherence involving an intradot
biexciton in one QD before the third pulse induces a GX or X B coherence involving a single
exciton in the other QD. However, these peaks are not observed in the experimentally measured
spectra, meaning that Forster and Dexter coupling processes (that have a similar effect on the
spectral signatures) are negligible and electrostatic couplings dominate the spectral signatures.

6.7 Summary

In this chapter, calculations reproducing the measured one- and two-quantum spectra of
individual QDs were presented, allowing to identify different intradot and interdot coupling
types and strengths and providing evidence of an isolated QD and a QD molecule consisting of
two electrostatically coupled QDs at the probed sample spot. It was demonstrated that the
combination of rephasing and double-quantum spectroscopy by swapping the pulse ordering in
a two-beam experiment constitutes a valuable tool to detect and characterize coherent coupling
mechanisms between excitons and the structure of the involved (bi)exciton states.

The theoretical model incorporates the optical selection rules, the FSS and intradot biexciton
binding energies, and the interdot coupling between the excitons addressed within the spectral
bandwidth. The electrostatic Coulomb interaction turns out to be the dominant coupling
mechanism, whereas Forster-type coupling processes are not relevant in the considered quantum
system. Moreover, while the isolated QD is driven along its polarization axis, the resonances
associated with the QD molecule exhibit a pronounced FSS of a factor 2 to 3 higher than
expected from earlier experimental studies [Mer16b]. A possible explanation is that the interdot
coupling affects the confinement geometry and thus the magnitude of the FSS and the
polarization of the excitonic eigenstates.

In summary, the presented study suggests a methodology to infer Coulomb-mediated cou-
plings in QD molecules, which serve as possible building blocks for quantum information
processing units, e.g., in terms of electrostatically coupled qubits [Par05, Shul2, Ard16].
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Excitation transfer from
semiconductor continuum states
into an ordered molecular layer

7.1 Introduction

The construction and characterization of hybrid inorganic/organic systems (HIOS) has evolved
into a vibrant research field over the last years [Bas99, Blu06, Its07, Nev08, Blul0, Vay12,
Lial3, Qialb, Fril5, Sch15, Ljul7]. By exploiting the benefits of both constituents, they form
highly flexible building blocks for a large variety of optoelectronic applications, ranging from
photovoltaics using dye-sensitized solar cells [Bac98, Ima09, Har12, Ljul7] to light-emitting
devices [Nev08, Bial4]. In this chapter, the Coulomb induced excitation transfer from continuum
states of a semiconductor substrate into a highly ordered molecular single layer across the
hybrid interface as well as within the organic layer is studied on a microscopic level, cf. Fig. 7.1
(c). Parts of this chapter have been published in [Spel6a, Spel§].

Electronic states in an inorganic semiconductor can couple non-radiatively to Frenkel
excitons in organic molecules via dipole-dipole interaction. This Forster-type excitation transfer
[For48] in hybrid systems has been studied both experimentally [Blu06, Blu0O8a, Nev08, Its07,
Plel5, Qialb] and theoretically [Agro4, Agr98, Nev08, Verl4]. To ideally exploit the beneficial
properties this novel material class is capable of, extensive parameter studies are of major
interest in order to explore the operating regimes for optimized device performance. Therefore,
this chapter aims at an in-depth theoretical understanding of the Coulomb-mediated excitation
transfer efficiency in such HIOS depending on the specific geometry and preparation of the
heterostructure.'

The optical absorption and Forster coupling characteristics have been investigated by
E. Verdenhalven et al. [Ver14], where a Heisenberg equation of motion technique based on the
density matrix formalism was used to derive Bloch equations for the composite inorganic-organic
system. Here, a von Neumann equation technique is used, where the Coulomb interactions
between the inorganic and organic constituent (referred to as “interlayer coupling”) as well as
between different molecular exciton states within the organic layer (referred to as “intermolecular
coupling”) are taken into account, cf. Fig. 7.1 (c). Besides the above-mentioned dipole-dipole
excitation transfer processes, also electrostatic monopole-monopole coupling terms enter the
considered Coulomb Hamiltonian, inducing monopole-monopole shifts in the resonance energies
that strongly depend on the molecular coverage. The microscopic Coulomb coupling elements
are calculated using so-called atomic (transition) partial charges. They are obtained from
density-functional theory (DFT) calculations employing the hybrid xc-functional HSEOG,
provided by B. Bieniek and P. Rinke from the Fritz-Haber-Institut (FHI) Berlin.

In this chapter, strong electrical pumping of the semiconductor substrate is considered,

! Note that depending on the growth technique and material, a quantum well is usually embedded in a
heterostructure [Blu06] and an organometallic donor or acceptor layer can be inserted to reduce the interlayer
energy-level offset by work-function tuning [Sch15]. This is not included in the simple model system used
here, since it is not supposed to change the electron dynamics considerably.

7
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Figure 7.1: (a) Atomic structure of the L4P molecule. C atoms are colored in gray, H atoms in
white. (b) The model system consisting of an organic molecular single layer adsorbed on an inorganic
semiconductor QW with interlayer separation Az. (c) Scheme of Forster energy transfer from an
electrically pumped semiconductor into the molecular film. The interlayer Forster coupling is marked
by purple arrows, the intermolecular Coulomb coupling is indicated by green arrows.

where Forster coupling transfers the excitation into the optically active, weakly bonded
organic film (cf. Fig. 7.1 (c¢)). This represents the case of operating an inorganic/organic
structure as hybrid light emitter, where the efficient electrical charge carrier injection into the
semiconductor substrate is combined with the radiative emission yield of molecules [Bial4].
Note that electronic wave-function overlap between the two layers as well as between different
molecules is assumed to be negligible. The intermolecular Coulomb interaction leads to the
formation of (flat) electronic bands within the molecular system. This plays a role especially
for small intermolecular distances, i.e., densely packed molecular films. Molecular excitons
can couple either to bound semiconductor excitons or continuum states of the substrate. The
coupling to semiconductor excitons resembles a typical molecular Forster resonance excitation
transfer. However, it requires an exact energetic match between the molecular HOMO-LUMO
transition energy and the exciton resonance in the semiconductor substrate. Therefore, this
work focuses on the interaction with the electrically pumped, i.e., occupied electron-hole
continuum that covers a broad energy range, thereby overcoming possible transition energy
mismatches between the organic and inorganic constituent.

The chapter is structured as follows: First, the model system and Hamiltonian is introduced
(Sec. 7.2). A partial charge approximation is employed for modeling the Coulomb coupling
elements (Sec. 7.3) and the problem is transformed into a Bloch basis representation assuming
a periodic arrangement of the molecules (Sec. 7.4). In Sec. 7.5, an exciton basis for the
organic part is constructed and in Sec. 7.6, equations of motion are derived for the full hybrid
structure. Finally, the transfer rate is calculated (Sec. 7.7) and numerically evaluated for
different parameter regimes (Sec. 7.8).

7.2 Modeling the hybrid inorganic/organic system
7.2.1 Model system

The inorganic-organic heterostructure is described by the following model system, schematically
shown in Fig. 7.1 (b): A single layer of flat organic ladder-type quarterphenyl (L4P) molecules
(cf. Fig. 7.1 (a)) forms a quasi two-dimensional film that is weakly (non-covalently) bound to a
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Zn0O QW of wurtzite crystal structure with a (1010) surface acting as inorganic semiconductor
substrate. The distance between this molecular overlayer and the semiconductor surface is
denoted as Az. DFT calculations of this heterostructure show that the system relaxes at a
distance of Az =~ 0.4nm. ZnO is ideally suited for this kind of application since it is a wide-gap
semiconductor (€gap = 3.4€V [Yos97, Dju06, Tek04]) of high structural quality and with a large
exciton-binding energy of 60 meV, such that excitonic effects can occur up to room temperature
[Tek04, Ozg05]. Tt is cheap, non-toxic, and chemically stable towards the deposition of molecules
at its surface, such that no additional passivation layers on top of the QW are required and
organic molecules can be deposited in a controlled manner [Blu06, Dju06, Blu08a, Schl15].
Consequently, ZnO has raised broad scientific interest as a promising candidate for future
photovoltaic applications [Blu0O8b, Vay12, Shil2, Nev08]. On the other hand, it is desirable
that the organic molecules exhibit a high radiative emission yield, narrow fluorescence and
absorption linewidths, and a small polaron shift for efficient energy migration within the
molecular overlayer. This is achieved using the above mentioned ladder oligo(p-phenylene)s
due to their fixed planar geometry compared to the less rigid oligo phenyls [Sch15, Kob12], cf.
Fig. 7.1 (a). It has been observed that these kinds of molecules can form highly ordered films
when they are deposited on the smooth surface of a semiconductor substrate [Kob12, Ljul7].
Therefore, the molecules are assumed to arrange periodically on top of the substrate, which
will simplify the theoretical description. This way, the study is restricted to HIOS with a lattice
periodic arrangement of molecules and thereby represents an idealized first approach to derive
a microscopic description of such heterostructures. It marks a first step towards the description
of more complex systems with, e.g., a disordered molecular layer and imperfect semiconductor
substrates, cf. Chap. 8.

Due to the resonant excitation, only the energetically lowest allowed electronic transitions
are considered between the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of the molecules and between the valence and the conduction band
in the semiconductor substrate.

7.2.2 Hamilton operator

The Hamilton operator of the composite system is defined as follows:

H ="+ [y + B85 ™ + {5, (7.1)
The free-particle part
Ho=H+ Hy = ennalyau, + D exnh xiy g (7.2)
Ayv Ak

contains the undisturbed electronic eigenenergies € 4, and € . of the electrons in the molecular
orbitals and in the semiconductor bands, respectively. The index A € {H,L} denotes the
HOMO (H) and LUMO (L) of the v-th molecule described by the electronic wave function
1. Assuming identical molecules, €4, = €4 holds. The index A € {v,c} parametrizes the
valence (v) and conduction (c) band and k = k| the two-dimensional (2D) wave vector of
the semiconductor electrons in the QW plane with wave function ¢ x. The three-dimensional
spatial coordinate r = (7|,71) is decomposed into the 2D in-plane component 7| within
the QW plane and the one-dimensional (1D) component r;, = z perpendicular to the QW
plane, here arbitrarily chosen as z direction. Within the envelope-function approximation, the
electronic wave functions ¢ g (7) are given by [Cho99, Hau04, Yu05]:

L ki (M6 (2). (7.3)

UAk(r) = e
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They contain a plane-wave contribution with quantization area Aqw in the QW plane, the
lattice periodic Bloch function uy g (7), and the envelope function £, (z) that accounts for the
QW confinement in z-direction. £,(z) is obtained by solving the 1D Schrédinger equation for
an appropriate confinement potential. Aqw = NycAyc is the total sample area, consisting of
Nye unit cells of size Ac.

&fj)u and &gf}c denote the annihilation (creation) operators for an electron in a molecule and

in the semiconductor QW, respectively, obeying the fermionic anticommutator relations:
[dL,wdA’,u’]Jr = 04,4000, [d;,k7&>\/,k’]+ = OA N Ok - (7.4)

The Heisenberg field operator of an electron in the semiconductor substrate is given by

G Zw (7.5)

Correspondingly, the molecular field operator is defined as

TP = v (mad),. (7.6)

Av

Starting from the Coulomb interaction Hamiltonian in second quantization,
N 1 ~ A ~ ~
Ae= / &r / & G ()b ()2 G, 7 )b () B () (7.7)

with the Green’s function G(r,r’') = 1/(4mwepe,|r — r'|) arising from Poisson’s equation for
interacting charges, two different types of Coulomb interaction are obtained: Intermolecular
coupling .FAIE"m between molecules in the organic film and molecule-semiconductor interlayer
coupling ffcms between the molecules and the QW electrons. Couplings among the semicon-
ductor electrons within the QW substrate are not considered here, since strong, incoherent
electrical pumping of the semiconductor leads to high carrier densities, which will suppress the
formation of Wannier-exciton like bound states within the semiconductor [Cho99].
The intermolecular Coulomb coupling Hamiltonian reads

_ AuaBVb AT AT Hl/aLl/b AT A‘[‘
Z Z A,v, B,y Al/a BubaB ubaAu + Z L,v, H,u Hl/(, LubaH vy Ll/a
A B Va,lb Va, Vb
VaF#Vb VaF#Vb

diagonal part Forster part
(7.8)
with the Coulomb coupling matrix element

vare B / &r / Bty () (F)EG™ (0 Y (P Vb, (7). (7.9)

G™™(r,r") denotes the Green’s function for the Coulomb interaction between two charges at r
and ', which is derived treating dielectric screening at the hybrid interface, cf. App. B.1. The
matrix element given in Eq. (7.9) describes the Coulomb coupling between a molecule numbered
v, with electronic states A, A’ € {H,L} and a molecule numbered v}, with electronic states
B, B’ € {H,L}. Two types of Coulomb coupling are distinguished in the Hamiltonian of Eq. (7.8)
[Ric06]: The first term represents the diagonal monopole-monopole shifts. They describe the
electrostatic interaction between two charge densities and cause an energy renormalization,
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thus shifting the system resonances. The second term contains the off-diagonal Férster coupling
that describes an excitation energy transfer between different molecules v, and v;,.?
The molecule-substrate Hamiltonian is given by:

Mk Ap At At oA
Z ZV)\k’Au AkaAyaAya)\k’

Nk,k' Av
diagonal part
7.10)
ck: Hl/’f AT ~ Jk Loy At AT (
+ Z Z( v,k Ly Qe k0H ua’L,uav,k’ + VZ k' H,y O k0L, ua‘H v@c k’)
.k
’ v h.c.
Forster part
with the Coulomb coupling matrix element
yhk A 3 3 2 ~m-
,\/ K/ BZ /d /d r’ 1/}>\ k ¢A J(r /)6 G™ S(T>TIWB,V("/W,\/,M(T)- (7.11)

Again, G™3(r,r’) denotes the Green’s function of the interlayer coupling derived in App. B.1.
Note that V3%, &7 =V3F §v.

7.3 Partial charge approximation of the Coulomb matrix
elements

Usually, a dipole approximation is applied as a microscopic model for the Coulomb coupling
elements of Eqgs. (7.9) and (7.11) (cf., e.g., Refs. [Lov03, Dan06, Cur08, Mac09, Spel5]).
However, this common and simple approximation breaks down if two spatially extended
constituents interact over small distances, e.g., in the case of two neighbored interacting
molecules. Therefore, the Coulomb coupling matrix elements in this work are derived using
so-called atomic (transition) partial charges [Mad06, Cam09] that are obtained numerically by
fitting to the electrostatic potential. Within the partial charge approximation, the Coulomb
interaction is described as a Coulomb coupling between the atomic partial charges that are, for
example, centered at the nuclei of the molecule or the unit cell (UC) atoms of the semiconductor,
respectively. This way, the complex field distribution of the molecules and the semiconductor is
created by point charges located at the atomic positions. Note that this is only valid outside the
characteristic van der Waals (vdW) radius of the atoms, representing the radius of imaginary
hard spheres defined by the contact distance of the atoms [Pau60].

In this work, the partial charges are taken from ab initio calculations provided by Bjorn
Bieniek and Patrick Rinke from the Fritz-Haber-Institut, Berlin. The hybrid xc-functional
HSEO06 [Hey03] implemented in the FHI-aims code [Blu09] is employed to determine the
equilibrium adsorption geometry for an organic L4P molecule relaxed on top of the (1010)
surface of a ZnO QW. This geometry is maintained for deriving the partial charges of each

2 Note that all non-energy preserving coupling elements are excluded, e.g., of the form A = B but A’ = B’
with A # A’, since they would describe a synchronous transition of both interacting electronic molecular
states either into the ground or the excited state via Coulomb interaction. The same holds for matrix
elements where one constituent is excited or relaxes while the other one remains in the same electronic
configuration, since this would describe a creation or annihilation of an excited state that is not outweighed
by the annihilation or creation of another state. Also, a wave function overlap between the electronic
states of two different molecules has been neglected by choosing the same molecular index v; for molecular
wave functions that belong to the same integration variable. Moreover, the condition v, # v, expresses
the assumption that only one electronic transition (between the respective HOMO and LUMO state) is
considered in each molecule.
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Figure 7.2: (a) Atomic structure of the ZnO (1010) unit cell that is repeated periodically in the lateral
directions. (b) Electrostatic potential obtained from a DFT calculation. (c) Electrostatic potential
reconstructed from the partial charges located at the atomic positions. The graphics were provided by
B. Bieniek [Spel8].

component in separate calculations. In the case of ZnO, a UC is defined with perpendicular
lattice vectors along the Cartesian coordinates and a thickness of 4.3 nm corresponding to the
QW thickness. In order to model the surface, these UCs are repeated periodically and the
periodic images of the slab in z direction (perpendicular to the QW plane) are separated by a
vacuum layer of > 30 A width. Fig. 7.2 (a) shows the ZnO UC employed in the DFT calculations.
The parameterization of the TS-scheme from Ref. [Zhall] was used. For the molecule, the
long-range electrostatic interactions were accounted for by the TS-scheme [Tka09].

Poisson’s equation for the full electron density is solved in order to obtain the full electrostatic
potential that is approximated by the partial charges ¢ and q]AA entering the monopole-
monopole coupling elements. The transition partial charges generating the transition potential of
the involved electronic states are calculated to approximate the Forster-type coupling elements.
The charges are fitted to the electrostatic potential obtained from a DFT calculation employing
the hybrid xc-functional HSE06 [Hey03]. Fig. 7.2 (b) shows the calculated electrostatic potential
and Fig. 7.2 (c¢) shows the potential reconstructed from the partial charges. A comparison of
(b) and (c) shows that the calculated electrostatic potential of (b) is well represented by the
reconstruction with partial charges of (c).

7.3.1 Partial charge technique for the intermolecular Coulomb coupling

In [Mad06], the partial charge technique is used for the Coulomb coupling between two molecules
described by many-particle wave functions. Here, the Hamiltonian is considered in a second
quantization formalism. First, the partial charge technique is applied to the intermolecular
Coulomb coupling element given in Eq. (7.9). The one-particle density p/'Z(r) of the v-th
molecule [Sch03] is introduced as follows:

Py B () =k, (1), (r). (7.12)
For A # B, this product of two molecular wave functions is called HOMO-LUMO transition
density. The intermolecular Coulomb matrix element of Eq. (7.9) thus becomes:

VAze By / & epp A () 6BE (1), (7.13)

where the potential (Z)be,(r) of molecule v, has been introduced, stemming from Poisson’s

equation A, be/ (r) =e/eo (pbe/(r)/em — pZB/ (z,y,—2)/em™):

OE% (1) = = [ G ol (1) = 3G R B (144)
J



7.3 Partial charge approximation of the Coulomb matrix elements 83

Here, R Ty, = =R, +r o, denotes the position of the J-th atom of molecule v, which can be
expressed as a sum of the position R,, of molecule v, and the position 7, of the J-th atom
of molecule v, relative to R,,. Assuming identical, uniformly oriented molecules the relative
atomic positions and partial charges are equal for each molecule: r Ju, =TJ and qAB = AB . In
the last step of Eq. (7.14), the molecular potential has been approx1mated by the electrostatlc
potential generated by point charges, namely the aforementioned atomic partial charges qi f '
They are in this case located at the atomic positions R, . The Coulomb coupling matrix
element thereby becomes

Vi, e, = 2 X (— [ e R, ot (r )) =2 ai" oLt (Ry,). (7.15)
J

J

The potential <b‘;‘aA/ (R Jub) of molecule v, is also approximated by partial charges:

¢4 (Ry,, )~ Y G™™(Ry,, R, )ai, (7.16)
I

where the index I runs over all atoms in molecule v,. Combining Eqs. (7.14) and (7.15), the
Coulomb coupling is obtained as the electrostatic interaction between atomic partial charges
[Mad06]:
A, ) - ’
Ve B o~ GM™Ry, Ry, )at " df (7.17)
1,J

with Ry, = R,, + 71, Rj, = Ry, +7;, and ¢i*% = ¢f

In this’ partlal charge approx1mat10n the diagonal and Forster matrix elements entering the
intermolecular Coulomb coupling Hamiltonian given in Eq. (7.8) take the form:

VAT g m Y G Ry, + 11, Ry, +10)at 7P, (7.18)
I,J

Vi g~y G ™Ry, + i, Ry, +1)dr g5 (7.19)
I,J

7.3.2 Partial charge technique for the interlayer Coulomb coupling

The technique of the partial charge approximation for intermolecular Coulomb matrix elements
can also be applied to the interfacial coupling between molecular and semiconductor electrons.
First, the one-particle density for the semiconductor substrate

P (1) = U3 (1) g (1) (7.20)

is defined in analogy to the molecular one-particle density. This way, a more compact notation
for the interfacial molecule-semiconductor coupling element of Eq. (7.11) can be employed:

Vilkk, g,”, /dgr/dgr’ PN (r)e2G™ 3 (r, v p A /dgrp AB(p).  (7.21)

In the last step, the potential ¢2Z(r) of the v-th molecule was plugged in, which is defined
and approximated by the electrostatic potential of the partial charges according to Eq. (7.16):

SAB(r) = — / &GS (r, 1) B ( Zcms (r, Ry ). (7.22)

Compared to molecular systems, setting up the electrostatic potential generated by the atomic
partial charges is more demanding in the case of solids with periodic boundary conditions, since
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the charges are repeated infinitely and long-range electrostatic interactions take place [Cam09].
An electrostatic potential for the i-th UC of the semiconductor substrate is introduced:

1
Auc UcC;

PR (p) = &F G (r, Ry + 7) & F R Ty | (F)uyy o (F)EL(Zi + 2)En (Zi + 2)
(7.23)
where A, is the UC area, R; represents the lattice vector of the i-th semiconductor UC and

7’ denotes the variation within this cell. Again, the semiconductor potential is approximated

by the electrostatic potential of the partial charges q}\’\,’kk/ at the relative positions r; within
one unit cell:
AN k! - AN k!
b; (r) ~ Z G (r, Ry, )q; : (7.24)

I

Here, R;, = R; + r; denotes the position of the I-th atom within the ¢-th semiconductor unit
cell, where 7y is the relative position of the I-th atom within this unit cell. In this study, only
electronic states close to the band edges are considered. Therefore, the momentum dependence
of the semiconductor partial charges q;‘)‘ Rk s neglected and the value at the I" point (k = 0)
. . AN kK AX,00 _ AN
is taken: g7 R q; =q7".

The integral over r is decomposed into a sum of integrals over the single UCs and split into
the lattice vector R; of the i-th UC and a variation 7 within this cell in order to separate the
scales:

N,
uc . 1 o -
Vil == 207" /U o, ET G (R 7, Ry, ) eI
J i=1 i ’

where the expression of the one-particle density Eq. (7.20) was evaluated by inserting the
QW wave function of Eq. (7.3). Next, the invariance of the Bloch functions under a lattice
translation is used, uA,k(Ri +7) = u/wc(?:)7 and the QW area Aqw is replaced by Nyc Ay with
Ny being the number of UCs in the QW substrate. This yields a form where the electrostatic
potential of Eq. (7.23) can be identified and approximated by the partial charges according to
Eq. (7.24):

Nuc

Ak Ay L i(k'—k)-R; s AN AB
Vik By ™ Nye ;e : IE;G (Rr,, Ry,)ar" a5 (7.26)

with R;, = R; +r; and R;, = R, + r;. R, denotes the position of the v-th molecule in
the organic film and R; the position of the i-th UC in the QW substrate. The atomic partial
charges are located at r; within one semiconductor UC and r; within the v-th molecule,
respectively. The matrix elements entering the molecule-semiconductor Coulomb Hamiltonian
given in Eq. (7.10) are hence approximated by the partial charges according to

N,
1 uc . , ’
Vi::, ’2:5 %N Z oi(k'—k) Ry Z G™(R; + 7, R, + T’J)q;‘Aqu, (7.27)
uc ;7 7
1 Nuc .
Vf}:’fc/ E’Z %Ni Z oi(K'—k) Ry Z G™(R; +r;, R, + Tj)q?VQ§L. (7.28)
uc ;4 7

Effective transition dipole moments can be assigned to the inorganic and organic component
by summing over the transition partial charges at the atomic position,

Dee =Y ¢¢"%% p; = (0.003, —0.027, —0.007) e nm (7.29)
I
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Figure 7.3: (a) Unit cells (UCs, left) and Brillouin zones (BZs, right) of the hybrid system with the
maximum coverage of 1 molecule per 12 substrate UCs (6 x 2). a; 2 and a5 denote the lattice vectors
of the molecule and ZnO unit cell, respectively. by 2 and by /5 represent the corresponding reciprocal
lattice vectors. The upper 3D graphics is taken from Ref. [Ver14]. (b) Illustration of the quasi-momentum
selection rules during interlayer Coulomb coupling ensured by the Kronecker delta. The momentum
difference k' — k in the substrate BZ has to equal the momentum transfer ¢ = I’ — [ in the molecule
except for a molecular reciprocal lattice vector Gy,.

and

Dig = ZquHrJ = (0.187,0.006, 0.004) e nm. (7.30)
J

The values given here correspond to the relaxed geometry of the heterostructure found in
DFT calculations performed by B. Bieniek. Note that, in order to study also other molecular
arrangements, the molecules are rotated on top of the semiconductor surface in the later
evaluation. For the numerical implementation of these rotations, the concept of quaternions is
used, which is briefly introduced in App. B.2.

7.4 Transformation of the molecular orbitals into a Bloch
basis

Up to now, the electrons in the ZnO QW were described in a lattice-periodic Bloch basis
representation, whereas the molecules were treated in a localized, non-periodic basis in position
space. In order to introduce a consistent description of both constituents, the molecular parts
of the Hamilton operator are transformed into a momentum representation. This is easily
feasible since a lattice-periodic arrangement of the molecules in the organic film is assumed, as
demonstrated in Fig. 7.3 (a). Moreover, the substrate UCs are assumed to match the molecular
UCs, meaning that the molecular lattice vectors are integer multiples of the substrate lattice
vectors (cf. Fig. 7.3 (a)). This relation is inverted in reciprocal space, as shown in the reciprocal
space schematic (right panel) of Fig. 7.3 (a).

2D wave vectors [ for the molecular electrons are introduced. They are restricted to the first
BZ of the molecular reciprocal lattice. This way, the electronic operators of the molecules are
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transformed into momentum space according to [Sla34, Verl4]:

N,
1 m
Naan, Gap=op= ) A, (731)
m ;=1

Al

where the new electronic molecule operators a D , obey the fermionic commutation relations

[aL 10 pl+ = 04,461 To satisfy the perlodlc in-plane boundary conditions, the volume
V= Nme containing N, molecular UCs of volume V;;; must equal the volume V = Ny Vi
containing Ny semiconductor UCs of volume V.. The lattice-periodic ordering of the molecules
allows to define the lattice vectors a; and as in real space and the reciprocal lattice vectors b,
and by that span the molecular BZ, cf. right panel of Fig. 7.3 (a). They are determined by the
condition a; - Bj = 2md; ;. The in-plane component of the position R, of the v-th molecule is
then just a linear combination of the lattice vectors, R, = nfa; + njas with integers ny and
nk. Later on, the following relation will be used [Ver14]:*

N,
1 =
Q'Ru ~ ~ ~
3o 2T S S = faa 7:3)
moy=1 mi,m2€Z Gm

with Gy, = m1by + mobs being a reciprocal lattice vector in the molecular layer.

The individual parts of the Hamilton operator involving the operators of the molecular
electrons (Eq. (7.1)) can now be transformed. A detailed derivation is given in App. B.3. The
free electron part takes the form:

HY = "ea Y aly iy, (7.33)
A l
The intermolecular Coulomb Hamiltonian in the new basis has the form

Amm T AT A A~
Z Z Z‘Sh Lit1a—15,Gn Vi B(l2 —ls)ay 05,051,804,

mABll, Ay Gy

(7.34)
Z Z5l1 l4+l2—l3,vaL H(l —1 )&LJldle,&H,l?,&L’ly
N li,..,ls Gy
with the redefined Coulomb matrix element in partial charge approximation
VA’ B’( ) = Z eiQ'Am—mH ZGm_m(rlyTJ + Am—m)q}L‘A qBB'. (735)

Am-m#0 1,J

The sum over Ay, = R, — R, runs over all possible positions of a molecular UC relative to
another molecule at a fixed position. The sum over the reciprocal lattice vectors G, accounts
for Umklapp processes and q = 1ls — I3 = —(l; — l4) + Gy, describes the momentum transfer.
The Kronecker delta in Eq. (7.34) accounts for momentum conservation except for a reciprocal
lattice vector. Note that the coupling element solely depends on the momentum transfer g and
is invariant under a translation of the momentum transfer vector by a reciprocal lattice vector
G of the molecular layer: V4, &,(q + G) = V4, &.(q).

In a similar fashion, the molecule-semiconductor Coulomb Hamiltonian of Eq. (7.10) is
transformed into momentum space (a detailed derivation is shown in App. B.3). It consists of

3 This approximation is valid for a sufficiently extended sample and thus large Nm, where the exponential
term @ Bl for any Q # Gm averages out when carrying out the sum over all molecular positions R, .
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Figure 7.4: (a) Contour plot showing the magnitude of the intermolecular Forster coupling element
V{I h(q) over all g values within the first molecule Brillouin zone for a maximum coverage of 1 molecule
per 12 substrate unit cells (6 x 2). (b) Contour plot of the coupling strength [V< H(g)| of the interlayer
Forster interaction.

a monopole-monopole part and a Forster part:

prcn-s N Z Z Zél Uk k.G VA Ak )“/\ kai‘laz‘\ vl g
ue Nk kALY G

(7.36)
(Z ZZfSl vk kG Yy L (K — R)d kaL g, g Gy g + D C)

kk LU G

The sum over A,,_s runs over the positions R; of all substrate UCs relative to a fixed molecular
position R,,. The redefined Coulomb coupling element in momentum space is given by

V}\/ A’ q) Z eZq Am- S|l Z Gm S(T‘] + Am-b; T'J)(]?A/Q§A/. (737)
A I,J

The Kronecker deltas in Eq. (7.36) ensure momentum conservation during Forster transfer and
thereby impose microscopic quasi-momentum selection rules on the system. This is graphically
illustrated in Fig. 7.3 (b). Later on, it is shown that these selection rules will govern the effect
of Coulomb coupling.

For a numerically efficient calculation of the interlayer Forster coupling elements, a two-
dimensional discrete Fourier transform using the FFTW library is performed cf. App. B.4.

In Fig. 7.4 (a), the intermolecular Forster coupling element VI L (q) is plotted as function
of the momentum transfer q. Its shape resembles a dumbbell along the z direction, since the
effective dipole moments of all uniformly oriented molecules in the organic layer point into the
x direction (cf. Eq. (7.30)). As a result, the maximum coupling strength is shows up along
the x axis. Fig. 7.4 (b) shows the interlayer Férster coupling strength |V< H(q)| as function of
the momentum transfer q. The shape of the transfer element consists of four lobes oriented
roughly along the diagonals, since the effective transition dipole moments given in Eqs. (7.29)
and (7.30) are oriented almost perpendicular to each other along the coordinate axes.

7.5 Molecular exciton basis

The ground state of the molecular layer where the HOMOs of all molecules are fully occupied

is denoted |¢§'). An orthonormal two-particle basis can be generated from this ground state

(T)

using the annihilation (creation) operators ay,; for electrons in the molecule:

1, L) =af  ay |60 (7.38)
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The Coulomb coupling between the molecules leads to molecular exciton states designated
by the parameter . They can be expressed as superpositions of the two-particle states (with
coefficients ¢f! ;, = (l1,12[X3')) that are potentially delocalized over the molecular film:

| Xm) = Z o 1, le) = Z 'y qull +q.1). (7.39)
11,0 l,q

In the last step, the two-particle basis was expressed by specifying offset I = I and momentum
difference g =l — l. Note that the coefficients ¢j', , ; are only defined for wave vector sums
l + g within the first molecular BZ. Therefore, if the sum I + g exceeds the first BZ, it is
mapped back into the first BZ by means of a reciprocal lattice vector.

In this section, the eigenvalue problem for these molecular Frenkel excitons |X2') in the
organic layer will be treated. It is given by the Schrodinger equation:

H™X3) = (H + HE™)|XE) = (Bg + B X5, (7.40)

where the molecular eigenenergy Ej* 4+ E.' was introduced. The ground state energy Ef* of
the molecular layer acts as a constant offset:

m m|Ffym| m 1 11
Eg = (¢5'|H \¢o>=NmeH+§NmV§ H0)— =—>"Viiia-10). (7.41)

A representation of the eigenproblem in the two-particle basis has the form:
I+ q.UH™XT) = (E5' + ES) ciyqu- (7.42)

A detailed derivation of the matrix elements (I + ¢, I|H™|X™) is given in App. B.5.1.
For a sufficiently large material sample, the 2D molecular wave vectors are continuous and
the sums can be replaced by integrals [Hau04]:

Ny A
d o e 4%l (7.43)
st |
¢ (2m) 1st BZ

where Ay, denotes the area of one molecular UC and the area of the first molecular BZ is given

by A%, = (1722. This leads to

m o (e m An’l
B2 g1 =Ciyqs ety — VEEO) + VEEO) + 22 [ a2 (ViEEE) -V h))]

A (7.44)

+ i [ gV i - Vi R0

where the lattice periodicity of the Coulomb coupling elements in momentum space has been
used, cf. App. B.5.1. eg,, = e, — en denotes the molecular HOMO-LUMO gap.

To make the problem numerically tractable, the continuous wave vectors have to be discretized.

Therefore, the integrals over the first BZ are rewritten into sums over Nj* small surface segments

of size AA = ‘?VIBT:E, where AA is determined by the discretization grid:
d

N

/d2l’ fy — zd:AAf(li). (7.45)

Since the monopole-monopole coupling elements exhibit only a slight variation of few percent
over the first BZ, one can approximate VE F(I —1’) ~ Vil L(0). This will greatly simplify the
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eigenvalue problem derived for the molecular Frenkel excitons in matrix form and enable its
analytical solution (see below). Nevertheless, the exact eigenproblem was solved numerically in
the context of this work using the PETSc [Ballba, Ball5b] and SLEPc [Her05] libraries for
efficient computation of eigenvalue problems. A comparison of the numerical solutions for the
exact, eigenproblem with the analytical results for the simplified eigenproblem shows that the
approximation introduced above is valid.

The eigenproblem for the energy Ej' and the coefficients cf’ +q, 1, CAn be rewritten in matrix
form. It is diagonal with respect to the momentum transfer g;, yielding a block-diagonal form
for the entire index space (I;,q;) of dimension N? x N}, Using the abbreviations

1

a0, = o [ i) - ViEEO)]. (7.46)
Ny

dg; = aq; + Egap — Vi H(0) + Vi Né“ Z (V -y H(lk)) (7.47)
k=1

each NJ* x NF* block for a given g; has the form

q]
Cll+q,,ll dg, aq; --- ag ll+qj,ll
lz+<137l2 an. . 12+q]7l2
E;n, = 95 . (7.48)
j . . . .
qJ an q]
le+qJ Lym aq; aq; dq]. leJ,-q] Lym

This way, o = g, n uniquely determines a particular solution of the full eigenproblem, where
n enumerates the NJ* solutions of the reduced NJ* x N} eigenproblem in the l; index space
for a given g;. The excitonic states of the molecular layer introduced in Eq. (7.39) are then
expressed in the discretized basis set of vectors (I;, g;) by:

m
Ny

|X;Il> ‘ qJ,n Nmz Z]_szll‘lz_kqjal» (749)
d =1

with eigenenergies EY' = Eg;n form,j=1,..., N}

Each N x N} block for a given g; is highly symmetric with identical entries dq, (Eq. (7.47))
on the diagonal and identical off-diagonal elements ag, (Eq. (7.46)). This symmetric eigen-
problem in matrix form can be solved analytically. It has only two distinct eigenvalues

ER =Eg o1 = = Eg ponm_ = dg; —aq; and Byl = Ep _ ym = dg, + (NG = 1)ag,.
Plugging in Eqgs. (7.46) and (7.47) yields:
1
E™ = e, = VIHO) + VI EO) + == > (Vi) —VEEW)),  (750)
Ni k=1
B, = B 4 Vil k(qy) - Vi £(0). (751)

The normalized components of the (NJ* — 1) eigenvectors corresponding to the degenerate
eigenvalue K™ are given by

A % fori =1,
. b )
CZJJ:;J.JZ, = N X —% fori=n+1, (7.52)

0 else
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Figure 7.5: Molecular energy dispersion Eq v corresponding to the symmetric solutions of the molecular
eigenvalue problem for (a) the closest possible molecular packing without steric overlap of one molecule
per 6 x 2 substrate UCs and (b) a lower molecular coverage density with identical aspect ratio of one
molecule per 15 x 5 substrate UCs.

forn € {1,..., NJ*—1}, fulfilling the normalization condition derived in Eq. (B.35) of App. B.5.2.
The NJ* — 1 excitonic basis states corresponding to E™ are pairwise antisymmetric linear
combinations of the two-particle basis functions with equal momentum transfer g;:

1
X2 V=
X = 75

It appears that only the symmetric eigenvalue EJ', shows a g; dispersion, whereas the
degenerate antisymmetric eigenenergy E™~ as well as the corresponding eigenvector components
do not depend on qj.4

Eg; ., has identical eigenvector components

o _am JNT
CZ” Ni© Nd for all i, (7.54)

(|l1+qj,l1) — |ln+1+Qj,ln+1>) forn € {1,...,Nén—1}. (753)

so that the corresponding excitonic basis state is symmetric:

N
1 d
X2 ) = X0 ym) = D |l +q; — G L), (7.55)
@ @ d VNG 1:21 !

Figure 7.5 shows the symmetric energy eigenvalues Eg’, as a function of the molecular wave
vector g; for two different coverage densities of the semiconductor substrate with molecules.
The interlayer Coulomb coupling among the molecules causes the formation of energy bands in
the organic film. The effect is particularly pronounced in the case of densely packed molecular
films and thus small intermolecular distances, since then the coupling strength increases and
excitations in the molecular layer get more and more delocalized over several molecules placed
in close proximity. This relaxes the assumed electronic two-level configuration for each molecule,
resulting in a band dispersion reflecting the hybridized molecular states. The range of g vectors
shown in Fig. 7.5 represents the first molecule BZ. In the case of a maximum coverage without
steric overlap of one molecule per 6 x 2 ZnO UCs (Fig. 7.5 (a)), the energetic dispersion ranges
over roughly 150 meV within the molecular BZ, thus making the energy of the molecular states

4 Note that the eigenvectors given in Eq. (7.53) represent only a generating set of vectors that span the
degenerate subspace associated with E™. However, it is numerically possible to obtain an orthogonal basis
by applying, e.g., the Gram-Schmidt orthogonalization scheme.
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strongly wave-vector dependent. This effect is weakened for reduced coverage densities, since
the coupling strength decreases for larger intermolecular separations until reaching the limit
of distant single, non-interacting molecules represented by simple two-level systems. Fig. 7.5
(b) shows an intermediate case with a coverage density of one molecule per 15 x 5 substrate
UCs (and the same aspect ratio of 3 : 1 as in Fig. 7.5 (a)), where the dispersion over the first
molecule BZ is still in the order of 10meV. As can be seen in Eq. (7.51), the energy By is

proportional to the intermolecular Forster coupling element VH h(qj). Therefore, its shape
resembles a dumbbell oriented along the z direction, since all molecules are assumed to be
uniformly oriented with the effective dipole moments pointing in the x direction (cf. Eq. (7.30)).

In conclusion, the intermolecular monopole-monopole coupling leads to a substantial energy
renormalization for high molecular coverages. In the case of the closest molecular packing
without steric overlap of one molecule per 6 x 2 substrate unit cells (cf. Fig. 7.5), the molecular
gap £g,p, 18 adjusted by several tens of meV in order to get the inorganic and organic system
into resonance.

Later, it will be shown that the antisymmetric eigenvectors do not contribute to the charge
transfer across the hybrid interface, i.e., they form dispersionless dark states.

7.6 Equations of motion of the hybrid system

In this chapter, the equations of motion (EOM) of the hybrid system are derived in the
molecular exciton basis using the von Neumann equation

. 0 m|A Alrm m(A [T A m
zha trs[(a™|Osp|b™)] = trs[(a™|Os[H, p]—|b™)] (7.56)
for the density operator p = pm ® ps. Here, [a™) and [b™) represent states of the molecular
system, whereas Og is either an observable operating on the semiconductor system or the
1dent1ty The Hamilton operator of the considered composite inorganic/organic system is given
by H= H o+ H 5 H S+ H &8, The quantity of interest is the populatlon of the molecular

exciton states |X @ n> Whose elgenproblem has been solved in Sec. 7.5
oy = (X 11X 0] (7.57)
The EOM for this exciton density is given by
0 kK
a7 P = Z Im [V [ k)aq;,n} : (7.58)
k K’

where the effective interlayer Forster coupling element has been defined as

N&

N o= o,
Vi WK —k)= 2> " —— " 6q, w-kraa Vo I (K — k). (7.59)
’ Nd - Nuc G

It contains the expansion coefficient and the Kronecker delta ensuring quasi-momentum
conservation during interlayer Forster coupling, as illustrated in Fig. 7.3 (b). The full calculation
is demonstrated in App. B.6.1. Pg;.n couples to the assisted molecule-semiconductor coherence

ok = trs[al way o (X5 10168 (7.60)
whose EOM is given by

a /7 ’
k,k m _ m-s k,k
ot Uq] n _h( EqJ,n +TEck — Evk T Vmono)aqj,n

+ th,,n( K —k)((1 = fup ) (1= fer)Pg,n — ok ferro),

(7.61)
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with pf* = trs[(¢5p]¢5")]- The calculation is shown in more detail in App. B.6.2. fon, x denotes
the carrier population probability given by Fermi functions for electrons (e) and holes (h).

vm—s

mono

subsumes all diagonal monopole-monopole shifts and is given in Eq. (B.51). It describes

the self-energy due to the electrostatic coupling of the electronic states in the molecular layer
and the semiconductor substrate.
In order to derive the above EOM, the following steps and approximations were undertaken:

Only single excitations in the molecular system were considered, neglecting terms de-
scribing doubly excited states in the organic layer.

A Hartree-Fock factorization was applied to expectation values of four electronic operators
of the substrate (cf. Sec. 2.3).

Spatial homogeneity was assumed both in the semiconductor QW for fixed semiconductor
populations as well as in the molecular layer. Thus, expectation values of two elec-
tronic operators are diagonalized with respect to their (quasi-)momenta:® <a1,k&/\,k’> ~
At oA N2 N

5k7k/<a;’ka)\’k,> and, analogously, W:‘QtrsRXg;’ang;m,)] R 0j,16n,n Pg -
Inhomogeneous monopole-monopole contributions (cf. Eq. (B.50)) have been neglected.
Later on, the energetic detuning between the resonance energies of the two constituents
will be varied anyway, such that monopole-monopole shifts are only of minor interest
here.

The electronic semiconductor coherences <€Li k0. /) are assumed to decay rapidly, such
that their products vanish: (a! Ky e k1><dl Ky ) = 0.

The system is assumed to be in the thermodynamic quasi-equilibrium, such that the
carrier populations in the respective bands are described by Fermi distribution functions
Je/n,k for electrons (e) and holes (h) [Hau04, But04, Chol2]:

Pv.k = <&I,k&v,k> =fur=1—fok, Pck= <&Z,k&c,k> = fek = fek (7.62)
with the Fermi function
1
fie = with i € {e, h}. (7.63)

exp (761,:3;5") +1

1; denotes the quasi-equilibrium chemical potential in the respective band. For a two-
band system consisting of a valence and a conduction band with dispersion, it can be
calculated analytically [Hau04]:

Twh?n; nh2n2P
Mz(nl,ﬂ) = kBE In (exp <W> - 1> = kBTZ In (exp (Tr]M) - 1) y (764)

with the carrier density n; = N;/V in 3D, and the two-dimensional carrier density
n?D = N;/Aqw = n;w. T; is the non-equilibrium charge carrier temperature that can
differ for electrons and holes. The carrier temperature can exceed the surrounding lattice
temperature if the energy gained by the electrons from the external field or pumping is no
longer negligible compared to the thermal energy of the system. This effect is particularly
strong in the low-temperature regime and the electrons are called hot electrons.

5 This is a consequence of the translational invariance of the Wigner function [Kuh94, Ric05]

Pty = e* il i ).

N SV
™ k=3 kt3
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® In the effective-mass approximation, a parabolic dispersion relation with effective masses
m§ < 0 and m} > 0 is assumed:

h2k? h2k? R2k?  h2k?
€hk = = - = —E&vky Eek = =

2my, 2ms

o, amg ok e (100

where €3, , represents the band gap energy in the absence of excited electrons [Cho99].
Note that the point of zero energy was arbitrarily set at the valence band edge. The
effective masses m} = —8.3035mg of the valence and m} = 1.4463 m, of the conduction
band electrons are obtained from a fit to the DFT band structure of ZnO surface bands

[Verl4]. They translate as me = m} and my = —mZ into the electron-hole picture.

= For applying the effective mass approximation, it is a necessary precondition that only k
states close to the I" point (k = 0) are occupied. As a consequence, Umklapp processes
where the sum of two k vectors equals a molecular reciprocal lattice vector are not
possible and therefore neglected in the calculation by setting: dx—&/.G,, = Ok.k0G,.,0-

Since the electron-hole states in both constituents form a continuum, the linear, inho-

mogeneous differential Eq. (7.61) for the molecular exciton—substrate polarization ak k =

trs [dl’ K0y g (X3 n1Pl08")] s solved via Markov approximation (cf. Sec. 2.4). Formal mtegratlon
leads to:

053% Tk / ! e Rlewteuw ey )70 (7.66)
X Vo (kK = &) (fi g fe 8 (#') = (1= fur) (1= fer)pgh ()
__ ¢ 7(15 o+ (Foten =B, n)s
h (7.67)
X Vi (K = ) (fun ferpl (t—5) — (1= fap)(1 = for)pm ot = 9)),
where Ag; n = Egl , — €3ap — Vinono has been introduced as energetic detuning between the

renormalized resonances of the two constituents.® The memory kernel of the densities Pg;m
and pg* is truncated by neglecting their s dependence. The solution for the assisted molecular
exciton—substrate polarization in Markov approximation is then given by:

okk = —imVy (K —k) (fuokr forpt —(1= fiokr) (1= for) P 1) (Sek + Enps — Dgy ) - (7.68)
It is inserted into the EOM for the population of the molecular layer (Eq. (7.58)):

% V.

&pq]’,n - ‘ (fh k/fe pr (1_fh,k/)(1_fe,k)p$,n)5 (ge,k + ghvk/ - Aij”) .

(7.69)
This EOM describes the transfer from the semiconductor electron-hole continuum into the
organic layer. It will be used to calculate the microscopic rate equations for Coulomb scattering
processes between the organic and inorganic component of the hybrid structure.

k,k’

6 Later on, the parameters will be chosen in a way that the detuning Ag; n is at least two orders of magnitude
larger than the interlayer Forster coupling strength |V§j,n (k' — k)| ThlS ensures that the inhomogeneity
temporally varies much slower than the oscillation resulting from the exponential function.
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7.7 Calculation of the interlayer transfer rate

Starting from the EOM for the molecular population pg;m derived in Sec. 7.6, the energy
transfer rates between the electrically pumped semiconductor and the molecular layer are
calculated in partial charge approximation. Using Eq. (7.69) and the expression for the effective
interlayer Forster coupling element ng n(k, k') given in Eq. (7.59), the in-scattering rate from
the semiconductor substrate into the exciton state Xg' , of the molecular layer is determined
as:

g;,n Z%],n (k. k') fu it fe ko (7.70)
k.’

with

2

/ :27T 1 N q]a" q;m" c Hepr
Yoo k) =5 NmzZ Zc 2 by [V Lk O

X 0 (fe,k + Enk — qu’n) .

It is governed by the interlayer Forster coupling strength, the Fermi functions fy & fe r rep-
resenting the quasi-equilibrium carrier distributions in the QW, and the delta conditions for
momentum and energy conservation. In the same way, the back-scattering rate into the QW
substrate is identified as:

Lot = Yayn (k. k)1 = fupr)(1 = for), (7.72)

k,k’

with the typical Pauli blocking terms (1 — fi x)(1 — fex) preventing back-scattering into the
substrate when the relevant states are already occupied.

In order to implement the expressions for the in- and out-scattering rates numerically, the
Kronecker and Dirac delta functions are evaluated and the remaining physical wave vector
sums are transformed into integrals and then numerically discretized and truncated, which is
shown in App. B.7. To obtain the total transfer rates involving all molecular exciton states, a
sum over all n solutions of the molecular eigenproblem and over all numerically discrete g;
vectors within the first molecular BZ of the molecules is performed, cf. Eq. (B.62). Note that

the factor
NY

NP 1 1
caen _ N ( _ ) —0 7.73
ZZ::I l; Nm \/i \/i ( )
is zero for the antisymmetric eigenvectors with n = 1,..., NJ* belonging to the (NJ* — 1)-fold

degenerate eigenvalue E™ (cf. Egs. (7.50) and (7.53)). As a consequence, only the symmetric
solutions with eigenvalues Eg}, will contribute (cf. Egs. (7.51) and (7.55)). The sum over the
corresponding eigenvector components given in Eq. (7.54) reads

N2 NE NE
g i =1 (7.74)
N k=1

With that, the total in-scattering rate is given by:

. Im§Ims AwcAky N,
Dot =Nm X ——— —5—F —— mzz Z ZV Gn)
- 2mh? N N =2y am ‘ (7.75)
1

X ok, fo ki, —a;+Gum
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Table 7.1: Material parameters used to calculate the HIOS transfer rates (if not varied in the plots).

L4P relative permittivity €m 1.0

ZnO relative permittivity [Yos97] € 7.9

ZnO band gap [Yos97] €5a 3.4eV

2D electron density in ZnO nggﬁ) 1.5 x 103 /em?
2D hole density in ZnO ngP 1.5 x 10'3 /em?
Electron temperature in ZnO Te 10K

Hole temperature in ZnO Ty 10K

Interlayer separation Az 0.4nm

Molecular coverage Nm/Nye 10 x 10 unit cells?
Detuning Ag 15meV

with Ky, = (77 ) and ki, =

Y

mj‘,|q;c + /- ) with

gtz (
IHETS

VT =l (] + ) A, — (] + m2)R, + 2hmE) (i + m i, (07, — Gon,)
1/2
— I3l gy, — G, + Il (m3] + m) (g5, — G, 2]

(7.76)

Ak:’ defines the discretization step size of the k’ sum, cf. App. B.7. The factor N“‘ defines
the coverage density of the sample. The out- scatterlng rate has the same form except for the
Fermi factor which is instead given by (1 — fuk,,. )(1 = fekm, —a;+Gu)-

This total rate scales linearly with the total number Ny, of molecules in the system. Therefore,
the rate Fi;;{‘““ /Np, referring to one molecule (mean in/out-scattering from the inorganic layer
into one molecule of the organic layer) is numerically evaluated in the following.

7.8 Evaluation of the numerical results

For the systematic analysis of the transfer efficiency, all material parameters are kept fixed
at the values given in Tab. 7.1 except for one parameter that is varied within a physically
reasonable range.

7.8.1 Variation of the resonance energy detuning

First, the excitation transfer rate is calculated for increasing detunings Ag,—o = A¢ =
Eg;t — Viono — €gap Petween the resonance energy of the molecular layer renormahzed by

the interlayer monopole-monopole shifts, E2* and the semiconductor band gap €5, cf.

q'—O’ gap’
Fig. 7.6 (a). This inorganic-organic resonance energy detuning enters the energy conserving
delta distribution in Egs. (7.70) and (7.72) and determines which states fulfill the energy
matching restriction for excitation transfer coupling. One way to tune Ag is to manipulate the
molecular structure (e.g., by exchanging ligands [Sch15]), which is beyond the scope of this
work. To include these effects into the considered simple model system focusing on the transfer
and to achieve a qualitative understanding of the involved transfer processes, the detuning Agq
is varied.

Fig. 7.6 (b) depicts the total in- and out-scattering rates depending on Ag. The rates have
values in the range of several ns—!, which is consistent with experimentally measured transfer
times of 100 to 300 ps in comparable hybrid structures [Blu06, Sch15]. The in-scattering rate
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Figure 7.6: (a) Scheme of the system states in the semiconductor substrate (left) and molecule (right)
for increasing detuning Ag = Eg — Egap — Vmono (10t true to scale). To simplify the picture, the
organic part is represented by a simple two-level HOMO-LUMO system, ignoring the formation of flat
molecular bands due to the intermolecular Coulomb coupling. However, these bands cover a very small
energetic range compared to the electrically pumped semiconductor states for the considered coverage
density of one molecule per 10 x 10 substrate UCs. (b) Total in- and out-scattering rates from the
inorganic to the organic component depending on the detuning between the renormalized resonance
energies of the substrate and the molecular layer. [Spel§]

into the molecular film decreases for increasing Ag and vanishes for detunings larger than
30meV, whereas the out-scattering rate has a maximum at ~ 30 meV and drops to zero towards
higher (~ 50meV) and lower detunings (~ 10meV). This suggests that an efficient device
operation is only possible for small resonance energy detunings below 10-15meV.

The scheme of system states of Fig. 7.6 (a) enables an intuitive understanding of the observed
behavior: The carrier population in the semiconductor substrate given by the product of the
Fermi function and the density of states is depicted along the y axis. The discrete HOMO
and LUMO levels representing the molecular states are plotted for two different detunings Ag.
Low detunings correspond to a close energetic match between the resonances of the inorganic
and organic component (cf. the left two-level system of Fig. 7.6 (a)). Since the semiconductor
substrate exhibits a high population filling in regions that obey the energy and momentum
conservation for excitation transfer, this results in an efficient in-scattering into the molecular
layer indicated by the fat green arrows in Fig. 7.6 (a). In contrast, the HOMO-LUMO level
system on the right-hand side of Fig. 7.6 (a) depicts a higher detuning and thus an increased
energy mismatch. The number of available scattering partners in the high-energy band states
of the semiconductor substrate is reduced, such that the in-scattering is attenuated (and finally
fully suppressed) for increasing detunings, as illustrated by the thin green arrow.

Up to Ag = 30meV, the out-scattering rate in Fig. 7.6 (b) shows the opposite behavior
governed by the Pauli blocking terms that prevent back-scattering into the substrate. However,
Pauli blocking gets weaker with increased detuning and the out-scattering rate increases until
the energy mismatch between the molecular and semiconductor gap is too large to be bridged
by any of the populated states in the semiconductor electron-hole continuum [Spel8].

The relevant processes that determine how the transfer rate depends on the detuning can
also be discussed by means of a reciprocal space analysis, as shown in App. B.8.

7.8.2 Variation of the molecular coverage

In Fig. 7.7 (a), the excitation transfer rate from the electrically pumped ZnO substrate into
the organic film is depicted as a function of the molecular coverage density given as the number
of molecules divided by the number of semiconductor unit cells, Ny, /Ny, for different aspect
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Figure 7.7: (a) Excitation transfer rates as functions of the molecular coverage density for different
aspect ratios of the molecular coverage. (b) Total in- and out-scattering rates depending on the 2D
carrier concentration in the ZnO substrate for a fix aspect ratio of 1:1 (10 x 10 coverage) and charge
carrier temperature of 10 K. The dashed gray line marks the linear growing regime the in-scattering
rate enters at ng?h ~ 1.8 x 1013 em~2. [Spels]

ratios of molecular coverage. The aspect ratio n, : n, is defined as the ratio between the
number of semiconductor UCs matching a molecular UC in x direction and the number in y
direction. It turns out that a variation of the coverage densities and aspect ratios changes the
transfer efficiency dramatically (by orders of magnitude). To make the calculation numerically
feasible over a large parameter range, the transfer rate is calculated for a high detuning of
Ap = 30meV. Smaller detunings show the same qualitative behavior.

When going towards low molecular coverages, the size of the molecular UC in real space is
increased, whereas the size of the molecular BZ is reduced [Ver14]: The molecular reciprocal
grid points get denser until a quasi-continuous density of reciprocal lattice vectors is reached.
As a consequence, momentum conservation is fulfilled more easily, thus increasing the interlayer
Coulomb coupling per molecule in the case of low molecular coverages. For very small molecular
coverages (left-hand side of Fig. 7.7), the distance between two neighboring molecules gets
so large that they do not interact and the particular UC geometry determined by the aspect
ratio does not play a role. Therefore, independent of the aspect ratio, the transfer rates tend
towards a common low-coverage limit.

In contrast, for increasing molecular coverages, the behavior of the transfer rate strongly
depends on the aspect ratio. This is a consequence of two counteracting processes: On the one
hand, increasing the total number of molecules per 100 substrate UCs improves the coupling
to the substrate, since the coverage density Ny, /Ny enters the transfer rate of Eq. (7.75). On
the other hand, the number of allowed momentum transfer processes decreases for increasing
coverages due to the reduced reciprocal grid density.

The dependence on the aspect ratio reflects the spatial orientation of the molecular transition
dipole moment Dy y along the x axis (cf. Eq. (7.30)). For aspect ratios less than 1, the UC has
a larger extent in y direction than in x direction. This increases the number of unfavorable
scattering channels perpendicular to the effective dipole moment and results in a weaker
interaction for smaller aspect ratios. In fact, the transfer rate (normalized to the molecule
number) decreases by orders of magnitude when increasing the molecular coverage inside
typical ranges due to the reduction of allowed transfer processes, which is detrimental for the
device performance. For aspect ratios greater than 1 that coincide with the dipole orientation,
this effect is strongly attenuated or even inverted in the case of a 3 : 1 coverage. Here, the
increase in transfer efficiency for high coverages outweighs the counteracting decrease of allowed
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Figure 7.8: Electron ((a) and (c)) and hole ((b) and (d)) Fermi distributions for the parameter set
given in Tab. 7.1 and varying temperatures ((a) and (b)) and charge carrier concentrations ((c¢) and
(d)). [Spel§]

momentum transfer processes. The maximum molecular coverage without steric overlap is one
molecule per 6 x 2 substrate UCs with an aspect ratio of 3 : 1 (cf. purple curve in Fig. 7.7).
This configuration will be most likely in the experiment with one or few fully closed organic
layers on top of the substrate. The presented calculations show that such a dense coverage in
combination with a high aspect ratio is beneficial for the device performance [Spel8].

7.8.3 Tuning the electrical driving

In this section, it is analyzed how changes in the charge carrier distribution in the semiconductor
bands of the ZnO substrate in terms of the carrier concentration and temperature (determined
by the electrical pump strength) influence the excitation transfer efficiency across the hybrid
interface. The charge carrier densities nz]/Dh and temperatures T; enter the Fermi distribution of
the electron and hole continuum in the semiconductor substrate through the chemical potential
in Eq. (7.64), as shown in Fig. 7.8 for different values of nz})h and T;. Therefore, it is expected
that the transfer rate is highly sensitive to changes in the charge carrier occupation determined

by the density and temperature.

Variation of the carrier concentration

Figure 7.7 (b) shows the in- and out-scattering transfer rates in dependence of the 2D charge
carrier concentrations ng?h in the inorganic constituent. When going towards high carrier
concentrations, more and more carriers are available as scattering partners at energies that
fulfill the energy conservation, thus increasing the in-scattering rate per molecule. For low
carrier concentrations, only electronic states close to the I' point are occupied, whereas higher
energy and momentum states are not populated, cf. Fig. 7.8 (¢) and (d). Therefore, the transfer
rate shows an initial non-linear increase until the momentum- and energy-allowed interaction
channels are saturated. Then it enters a period of linear growth at ng})h ~ 1.8 x 1013 cm—2
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Figure 7.9: Total in-scattering (a) and out-scattering (c) rates depending on the charge carrier temper-
ature T,/ and energetic detuning Ag. The thin gray contour lines serve as guide to the eye. The lower
panels (b) and (d) represent horizontal cuts through the 2D plots (a) and (c¢) (indicated by the dashed
lines) at fixed detunings Ag = 15meV (orange curves), 22.5meV (blue curves), and 30 meV (purple
curves). The red circles mark the standard values of Tab. 7.1 used throughout this work. [SpelS§]

marked by the dashed gray line in Fig. 7.7 (b). This linear growing regime is dictated simply
by the constant growth of the carrier density.

Surprisingly, up to ng})h = 0.7 x 103 cm~2, also the out-scattering rate increases before
decreasing again. The unexpected initial growth of the out-scattering rate is explained as
follows: For very low carrier densities, only few scattering channels are available in the absence
of higher energy and momentum states. The possible transfer processes are therefore restricted
to a small energy and momentum window, thus reducing both the in- and out-scattering
excitation transfer efficiency. The higher the carrier concentrations become, the more electron-
hole continuum states are occupied and contribute to the transfer. However, at a certain carrier
concentration, Pauli blocking is reached in the semiconductor substrate and starts to suppress
back-scattering into the ZnO QW until this process becomes negligibly small.

Variation of the carrier temperature

In this section, the interplay between the resonance energy detuning Ag and the charge carrier
temperatures Ty, is discussed by calculating 2D maps for the in-scattering (Fig. 7.9 (a)) and
out-scattering rates (Fig. 7.9 (c)) depending on the temperature (depicted along the x axis)
and the detuning (varied in y direction). To better resolve the different regimes, Fig. 7.9 (b)
and (d) show horizontal cuts through the 2D maps (a) and (c), respectively, at fixed detunings
Ag = 15meV (orange curve), 22.5meV (blue curve), and 30 meV (purple curve). The positions
of the cuts are marked by the dashed lines in the corresponding 2D maps.

In the region of higher temperatures > 90K, the in- and out-scattering rates are less
sensitive to changes in the resonance energy detuning and temperature. Here, the population of
higher electronic band states in the semiconductor substrate is increased, such that the energy
conservation condition is more easily fulfilled. As expected, the back-scattering rate shows a
monotonous growth with increasing temperature independent of the detuning, cf. Fig. 7.9 (c)
and (d).

However, the in-scattering rate depicted in the left column of Fig. 7.9 shows a rather
unintuitive behavior: At large detunings Ag > 25meV (upper region in the 2D map of Fig. 7.9
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Figure 7.10: (a) Total in-scattering rate as a function of the rotational angle of the molecules within
the QW plane around the z axis. (b) Total in-scattering rate as function of the interlayer separation
between the ZnO QW and the molecular layer. [Spel8]

(a) and purple curve in the graph of Fig. 7.9 (b)), the in-scattering rate increases monotonously
with increasing temperature, as one would expect for the same reasons as stated above in the
case of the back-scattering rate (increased population filling of energy-conserving states). In
contrast, for lower detunings Ag < 25 meV (lower region in the 2D map of Fig. 7.9 (a) and
blue and orange curves in the graph of Fig. 7.9 (b)), the transfer rate exhibits initially a slight
increase, but then drops down again for higher temperatures. This is explained as follows:
Small detunings require a close energetic match between the semiconductor band states and
the molecular gap. This condition is only fulfilled by low-energy states close to the I' point.
However, when increasing the temperature, the electron-hole continuum population is shifted
from low energy states close to the I' point at k = 0 towards high energy states (cf. Fig. 7.8).
Therefore, combining high temperatures and small resonance energy detunings is negative for
the transfer efficiency.

In contrast, the back-scattering rate in Fig. 7.9 (c) increases monotonously for increasing
detunings for temperatures above 30 K. Below that, the out-scattering drops down again when
going to higher detunings > 30 meV, which is consistent with the non-monotonous shape of the
out-scattering curve in Fig. 7.6 (b) for T'= 10 K. Here, the large energetic detuning between
the inorganic and organic part counteracts the fact that at low temperatures only low energy
band states are populated [Spel8].

7.8.4 Variation of the orientation and distance of the molecular film

As detailed in Sec. 7.3, the validity of the partial charge technique exceeds the common
dipole-dipole approximation. Nevertheless, effective dipole moments can be assigned to the
two constituents by summing over the respective partial charges and their atomic positions
according to Eqs. (7.29) and (7.30). Therefore, it is expected that the transfer efficiency
changes for varying orientations of the molecules on top of the semiconductor surface. In the
geometry found by DFT calculations, the effective dipole moments of the organic and inorganic
component are oriented almost perpendicular to each other within the QW zy plane. Therefore,
it should be instructive to rotate the molecules within their plane around the vertical z axis
in order to bring the effective dipole moments to coincidence. Figure 7.10 (a) depicts the
transfer rate into the molecular layer as a function of the rotational angle of the molecules
around the z axis. The rate shows a cos?-like behavior with maxima at roughly 85° and 265°,
where the effective dipole moments are approximately parallel. This is completely in line with
the expectation, since the squared absolute value of the interlayer Forster coupling element
enters the rate (cf. Eq. (7.70)). Besides the simple cos? dependence of the interlayer Férster
coupling element, also other parameters are affected when rotating the molecules, since also
the molecular band dispersion and therefore the energy matching condition change due to the
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altered intermolecular coupling. Moreover, the rate does not drop to zero for perpendicular
effective dipole moments as one would expect in the case of a pure dipole interaction, since
there is always a substantial remaining coupling strength due to the spatial distribution of the
partial charges. At perpendicular dipole moments, the rate still is around 24% of the maximum
value at parallel dipoles.

In Fig. 7.10 (b), the transfer rate into the molecular layer is depicted depending on the
interlayer distance Az between the semiconductor surface and the molecular film. Different
separations between the QW and the adsorbed organic layer can be realized experimentally,
e.g., by inserting a spacer layer of variable thickness [Blu06]. As expected, the transfer efficiency
exhibits a strong decrease for increasing interlayer separations, since the interlayer Forster
coupling strength gets weaker for increasing distances [Spel§].

7.9 Summary

In this chapter, a microscopic theory for deriving the excitation transfer rate from electron-hole
continuum states in an electrically pumped semiconductor substrate to excitonic states in a
molecular adlayer was developed using a density-matrix equation technique. Both electrostatic
shifts and Forster-type excitation transfer within the organic film as well as between the two
constituents were incorporated in the calculations. A partial charge technique for the molecules
and the semiconductor substrate was used to model the microscopic coupling elements beyond
the common dipole-dipole treatment, where the microscopic input parameters were taken from
DFT calculations of the electrostatic potential. The numerical evaluation revealed that the
excitation transfer rate strongly depends (sometimes in an unintuitive way) on multiple, but
tunable parameters such as the resonance energy detuning, the molecular coverage density, the
charge carrier temperature and concentration in the ZnO substrate, the spatial orientation
of the flat-lying molecules, and the interlayer separation. The calculations suggest that the
coupling efficiency can be improved substantially by altering the geometric arrangement of the
hybrid system and by varying the pumping strength. The effect of Foérster coupling between
the two constituents is governed by the mutual orientation of the effective dipole moments and
the microscopic momentum and energy selection rules, making HIOS highly versatile building
blocks for semiconductor device application.

In conclusion, the following guidelines are recommended for optimized device performance: (i)
Using short distances between the constituents is advantageous for exploiting near-field effects
and the effective dipoles of molecules and semiconductor should be aligned. (ii) A densely
packed molecular film on top of the semiconductor substrate is beneficial for the transfer
efficiency, and even further layers of molecules with smaller band gaps should be added to act
as a cascade and suppress back-scattering into the substrate. (iii) A high carrier concentration
must be ensured such that in-scattering outweighs out-scattering at the operating point and
the resonance energy of the molecular layer and the semiconductor band gap should be aligned
accordingly.

Of course, the model system treated in this chapter is idealized by assuming a perfect
crystalline structure of the ZnO QW as well as a highly ordered molecular layer. However,
in real systems, the inorganic film exhibits well width fluctuations which may lead to the
formation of semiconductor excitons localized by disorder. In addition, in many cases the
molecules will form a disordered film on top of the substrate. For these systems, a Bloch basis
description as applied in this chapter is not practical and a treatment of disorder in position
space becomes necessary. Such a theoretical treatment is developed in the next chapter.






Coupling of Wannier excitons in a
disordered quantum well to Frenkel
excitons in an organic film

8.1 Introduction

Excitonic effects dominate the optical and electronic properties of dielectric nanomaterials due
to the strong confinement. Two types of excitons are distinguished: In organic materials with
small relative permittivity such as weakly bound molecular layers, Frenkel excitons [Fre31]
form with a high exciton binding energy of up to 1eV. They are located on a small spatial scale,
since both electron and hole reside within one molecule. In semiconductor nanostructures, the
binding energy is usually much lower (typically between 1 and 10meV) due to the enhanced
dielectric screening, and the relative wave function of the exciton can extend over hundreds of
unit cells (UCs). These types of excitons interacting on a large spatial scale and giving rise to
a variety of long-range many-particle effects are referred to as Wannier excitons [Wan37].

Even very advanced growth techniques such as molecular beam epitaxy are not able to
provide atomically smooth semiconductor interfaces and the quantum well (QW) width can
fluctuate over a few monolayers [Zim97b, Zim97a], cf. Fig. 8.1 (a). Therefore, the disorder-
induced localization of excitons due to interface roughness and alloy fluctuations is a typical
phenomenon observed in many (multi-)QW structures [Sum72, Wei81, Din92, Tak94, Lef98].
With regard to possible optoelectronic applications of semiconductor nanostructures, it is
essential to study the disorder-induced carrier localization dynamics. The spatial variations in
the confinement potential determine the spectral position and inhomogeneous broadening of
the exciton resonances [Heg85, Zim03, Sinl7].

Compared to the highly ordered model considered in Chap. 7, a more elaborate theoretical
approach including structural disorder in both the inorganic and organic component is developed
in this chapter to describe the hybrid system. The analysis of the last chapter yielded a
fundamental understanding of exciton transfer mechanisms in hybrid inorganic/organic systems
(HIOS) and their dependence on material parameters and therefore served as a starting
point towards the description of more realistic (and thus, theoretically more complex) hybrid
structures. The new theoretical framework developed in the course of this chapter includes the
treatment of disorder, radiative dephasing, and exciton-phonon scattering processes in both
the organic and inorganic part.

This chapter is organized as follows: First, the inorganic semiconductor substrate is treated
in Sec. 8.2. An excitonic basis in terms of disorder eigenstates is introduced in Sec. 8.2.1 and
the electron-phonon (Sec. 8.2.2) and electron-photon Hamiltonians (Sec. 8.2.3) are deduced
in this new eigenbasis, resulting in the total Hamiltonian of Sec. 8.2.4. Equations of motion
(EOM) for the ZnO excitons are derived in density matrix formalism in Sec. 8.2.5. Finally,
the incoherent optical pumping of the substrate is included phenomenologically in a Lindblad
approach, cf. Sec. 8.2.6. In the next Sec. 8.3, the organic part is treated. The intermolecular
Forster interaction causes that the local molecular basis states introduced in Sec. 8.3.1 are
hybridized into delocalized molecular exciton states, cf. Sec. 8.3.2. The coupling to vibrational
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Figure 8.1: (a) Schematic of a semiconductor QW with disorder due to well width fluctuations of
average size (correlation length) ¢. (b) Simplified level scheme of a QW embedded in a surrounding
material with valence and conduction band offsets Aeyy, and Ae.y, respectively.

EQW

modes in the molecular layer is treated in Sec. 8.3.3. Finally, Sec. 8.4 contains the full treatment
of the hybrid system, containing electrostatic and Forster-type Coulomb coupling between the
inorganic and organic constituent (cf. Sec. 8.4.1). For the subsequent perturbative treatment
in density-matrix formalism, the Hamiltonian is translated into a Liouville propagator in
Sec. 8.4.2. With that, the amplitudes for transitions of the system between different exciton
densities can be derived in a perturbative approach in Sec. 8.4.3 and a cumulant expansion
technique is used to treat the coupling to the phonon bath in the organic layer, cf. Sec. 8.4.4.
Finally, time-independent transition rates are derived in Sec. 8.4.5 that enter the EOM for the
molecular and semiconductor exciton dynamics, as demonstrated in Sec. 8.4.6. A summary
and outlook is given in Sec. 8.5.

8.2 Inorganic part: Wannier excitons including interface
roughness, acoustic phonon scattering, and radiative
recombination

This section introduces a theoretical framework for treating QW excitons localized by disorder
due to well width fluctuations. The used microscopic model incorporates exciton-phonon
scattering, radiative dephasing, and incoherent optical pumping. The theoretical approach is
based on works of R. Zimmermann et al. [Zim97b, Zim97a, Zim03]. First, the exciton wave
functions are derived as disorder eigenstates in Sec. 8.2.1.

8.2.1 Exciton states in disordered quantum wells

First, an orthonormal two-particle basis is introduced, given as
[k, k) = 0] 4,8 1, | 65)- (8.1)

Here, the annihilation (creation) operator &gf}c for an electron with wave vector k in band
A = ¢, v has been introduced. |¢]) denotes the electronic ground state of the semiconductor
QW, where the valence bands are fully occupied. The transition to position space is possible
through a Fourier series:

1 .
Irovrn) = 7 D @Rk k), (8.2)
Vs

ki,ko
where V; denotes the sample volume. The wave function for exciton state « is defined as
US (1, ) = (T, n| X2).

Provided that the exciton binding energy is much larger than the disorder induced broadening,
but small compared to the energetic subband separation, the total exciton wave function
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WS (re, 7h) can be factorized into the envelope functions &.(z.) and &,(zn) in the growth (2)
direction perpendicular to the QW plane and the in-plane part U3 (pe, pn) in the QW zy plane
[Zim97b, May99]:

W5 (Te, Th) = Ee(Ze)én (20) W5 (Pe, P1), (8.3)

where ; = (x;,y;, z;) denotes the electron (i = e) and hole (i = h) coordinates and p; = (x;,y;)
the corresponding two-dimensional (2D) coordinates in the QW zy plane. The envelope
functions obey the Schrédinger equation for the confinement potential U;(z;) in z direction:
h? o2
(mel 5z Ui (20))&i(2:) = Bz, &i(2) with i = e,h. (8.4)
In the considered system, U;(z;) can be modeled as finite potential well of width EQW = 4.5nm
and solved numerically. Only excitons with electrons in the lowest and holes in the highest
subbands are considered. The depth of the potential well is given by the band offsets for the
valence and conduction band, i.e., the energetic band edge difference between the well and
barrier material, cf. Fig. 8.1 (b).! For a two-band model in effective mass approximation, the
stationary Schrodinger equation for the 2D exciton wave function reads

h?

h2 S S S
(—Tmcvpe - ﬂvih + Ven(pe = pu) + Ve(pe) + Vh(ph))%@e, pn) = B (pe, pu)- (8.5)

Here, ¢, = EF, 3p — >, E., denotes the exciton energy, €, the relative permittivity, m, the
effective mass, and V% the Laplace operator for the position of the electron (i = e) and
hole (i =h). Vo(pe) and Vi,(pn) are the disorder potentials responsible for the single-particle
localization. Ve (pe — pn) represents the attractive Coulomb interaction between the electron
and the hole and is given as an effective in-plane potential incorporating the envelope functions:

N |c (2e) *6n (2n) |”
Ven(pe N 47r606r /dze/dz —pn)2 + (2o — )2 (8.6)

The disorder potentials Vo(p.) and Vi, (pn) account for the spatial variation in the QW width
h(pi) = Law + Ah(pi), (8.7)

where Ah(p;) is the deviation from the mean film thickness Lqw. The spatially dependent
width h(p;) is normally distributed around I_LQW with standard deviation ALqw ~ 0.1nm,
which is chosen in a way that it suits the inhomogeneous broadening of the sample [Sin17].
The thickness fluctuation characterized by the mean deviation ALqw can be attributed to
a change in the energy of an infinite potential well, thus giving a reasonable estimate of the
mean disorder energy AE(ALqw) corresponding to the considered thickness fluctuation:

dFEs h2m?
AE(ALgw) = dig ALqw = 5 ALqw. (8.8)
QW Ulgw

Here, E,s denotes the analytic solution for the ground state energy of a particle in an infinite
potential well and p = 1/(:- + m%) = memp/(me + my) the exciton reduced mass. The

lateral extent of the well width fluctuations is determined by the so-called correlation length
¢ ~ 30nm representing the average diameter of the disorder islands [Zim97a]:

(h(p)h(p")) = ¢ exp[ P 2C2p |2] (8.9)

'na Zno.9Mgo.10/ZnO heterostructure, band offsets Aey, = 0.06 eV and Aecp, = 0.09 eV have been measured
by photoelectron spectroscopy [Zhal3].
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with ¢ being an arbitrary constant. The subband energies Eg, and Egs for the electron and
hole are approximated as lowest energy solutions for an infinite potential well of variable width
h(p;) (cf. Ref. [Sinl7]):

h2 2 hQ 2 ﬁQ 2
-~ T AN(p). (8.10)
2mh2(pi)  2mildy  mildyy

By (h(p:))

Assuming small well width variations, these subband energies have been expanded in a Taylor
series up to first order around the average thickness Lqw with Ah(p;) = h(p;) — Lqw in the
last step of Eq. (8.10). The first-order contribution is identified as the disorder potential V;(p;):

h2m? h2m?
Ve(pe) = WAh(Pe)v Va(pn) = thAh(Ph)a (8.11)
eTQW QW

such that the disorder potential is directly proportional to the spatially dependent variation in
the QW width: V;(p;) o< Ah(p;). The final numerical results are obtained by averaging over
multiple random realizations of the disorder potential.

In the limit of weak localization (where the internal motion is hardly affected), the relative and
center-of-mass (COM) motion can be separated via a coordinate transform and a factorization
ansatz is made in order to reduce the complexity of the 4-dimensional partial differential
equation for ¥ (pe, pn) given in Eq. (8.5):

T (Pe; pu) = d15(7) Y5 (R) (8.12)

with the relative coordinate » = p, — py, and the COM coordinate R = (mepe + mppn)/M.
M = me + my, is the total mass. The relative motion satisfies the Wannier equation:

h? , s
(=g, V3 Ven(n) ) 65.(r) = Bradia () (8.13)

where E7 the binding energy of the exciton in the ideal QW (without disorder). The theoretical
treatment focuses on the lowest bound 1s exciton states, since higher states are assumed to be
energetically well separated and therefore do not play a major role in the considered dynamics.

The COM Schrodinger equation is obtained by inserting the separation ansatz Eq. (8.12)
into Eq. (8.5), multiplying with ¢5,(r) and integrating over the relative coordinate r:

h2 ' ‘ ‘
(=557 Vi + Voou (R)) s (R) = B, couts (R) (©14)

with the localization energy Ef, ooy = Ep — Ej and the effective disorder potential of the

el
COM motion given as:

_ 2 S 2 @ %
Veou (R) = /d P16 P (Ve (R + Tr) + Vi (R+ 2er)). (8.15)
The COM wave functions are normalized according to | Agw d*R V5 (R)Y3(R) = da,p- In a
numerical evaluation, typically a few thousand of the lowest COM exciton states have to be
calculated, such that a sufficient number of bright and dark COM eigenstates is included in
order to account for the exciton-phonon coupling [Sin17]. A treatment in the basis of disorder

eigenstates has the advantage that it avoids off-diagonal contributions due to disorder scattering
[Zim03].
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8.2.2 Electron—phonon interaction

Since the system dynamics at temperatures up to room temperature are of interest, the
interaction with lattice vibrations will play an important role for the system dynamics. Usually,
three types of electron—phonon interactions are distinguished in a semiconductor: the polar
coupling to optical phonons, the piezoelectric coupling to acoustic phonons, and the deformation-
potential coupling to acoustic phonons. The latter coupling type describes a periodic longitudinal
displacement of the ions in the crystal in the form of compressions and expansions. The
corresponding change in the band edge energy dF) is determined by the volume deformation
potential Dy for band A = ¢, v (or D/, with D, = D, and Dy, = —D,):?

OFy = DA(S—V. (8.16)
V

In fact, longitudinal-acoustic (LA) phonon scattering via deformation-potential coupling makes
the dominant contribution to the dephasing of the exciton dynamics in a disordered QW,
whereas optical phonon scattering has no notable influence for near band-gap excitations
[Tak&5, Sia01, Zim03]. Starting from the general electron—phonon Hamiltonian derived in
Sec. 2.2.2, the limit of long wavelengths is considered with g =~ 0, where Umklapp processes
with Gs # 0 are neglected. As a consequence, the matrix elements for transverse phonon
coupling vanish in the case of normal processes with G5 = 0 due to q - e; 4 = 0 for transverse
polarization (cf. Eq. (2.50)). Instead, only longitudinal phonons contribute with e; 4 — ¢ (in
the case of non-degenerate bands) [Mah00]. Furthermore, it is assumed that all interactions
with the lattice vibrations where a phonon is absorbed or emitted are diagonal with respect
to the involved electronic states: A = X in Eq. (2.49). This is reasonable since the electronic
structure is described as two-band model where only the lowest conduction subband and
highest valence subband are considered. The corresponding large energy gap is unlikely to be
overcome by acoustic phonons. For simplicity, a plane-wave representation is chosen (i.e., the

free bulk solution) where p(q) = 3_ & &T/\’k+qd>\7k:

Hepn, La = Z Z g;'\,q (bjq + b;fq)&i,kJrq&)\,k (8.17)
Nk j.q

with the matrix element for the deformation-potential coupling to LA phonons [Tak85, Mah00]:

A hwj,q

—2==D 1
2psVsU? A (8 8)

with sound velocity u; = wj 4/q (assuming a linear dispersion of the acoustic phonons).*
Now, the electron—phonon coupling Hamiltonian in Eq. (8.17) is reformulated in terms of

the exciton basis introduced in Sec. 8.2.1:

e ia = [ e [ ST (G g, alres o) (res 1l X5) (5 (8.19)
7ﬁ N————
:W%(reyrh)
=22 (bjo + o) ol XaNXaI + D207 (b g + B IXAN(XEL (3:20)
a j @B j.q

2 First-principles calculations yield deformation potentials Dy = —0.6¢eV and D = —2.3¢V for ZnO [Jan07].
3 A mass density of ps = 5.676 g/cm® and average speeds of sound of 6090m/s (longitudinal) and 2760m/s
(transverse) have been found for ZnO [Bat62].
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The matrix element gj B for deformation-potential scattering with disorder eigenstates is
expressed by [Zim97b]:

G = \/E(D Ke(a:)x(5q)) —Dth(qz)X(Ti‘Iu))/ng U5 (R)e' By (R),

(8.21)
with K; and x being the Fourier transforms of the squared confinement and relative exciton
wave functions &; and ¢, respectively:

Kifa:) = [da P> and x(ra) = [ @ jonPeftar. (s22)

Here, the factorization W8 (7e, 7h) = &e(2e)&n(2n) P54 (1)Y5 (R) discussed in Sec. 8.2.1 has been
used. The first term of Eq. (8.20) is omitted in the following, since it only causes a constant
phonon-induced shift in the system energy.

8.2.3 Electron—photon interaction

The quantized interband electron-photon interaction derived in Sec. 2.2.1 is given by

el_pt _ Z Z{ Mcv k'’ & L +MVC k' *C;[ q)&ikdv’]gy + (Mvc k'’ & L +MCV Kk’ *C; q)d:[“k&qk/}.
l,q k,k'
(8.23)
Two polarization modes | = TE, TM of the electric field are distinguished: the transverse
electric (TE, electric field in the QW zy plane) and transverse magnetic (TM, electric field in
the plane of incidence) mode. The respective optical matrix elements are given by [Zim03]

M3y qkk M’%Elqék,k’ =1 eoc Vd’\)‘/ Ok, k' (8.24)
r
% / hw,
AN LRK _ q-
MTM’q = ,q‘slc k= 26065‘/ ;db\’dk,k’a (8.25)

where dyy denotes the microscopic interband dipole moment at k ~ 0. Note that M} ’\X* =

—M, ’\q)‘ Rewriting the Hamiltonian in the exciton basis defined by the disorder elgenstates
|X%) as in the previous Sec. 8.2.2 leads to

olpt = ZZ M{ge o[ 66) (X5] + Migé, o| X3)(3]) (8.26)

«©

with the redefined optical matrix element in excitonic basis
Mp, = MY$e5 O)Oeh/dQR VS (R) (8.27)

and the confinement overlap Ocp, = [dz &(2)&n(2) (defined as in Ref. [Zim03]).* The optical
matrix element contains the integrals over the excitonic wave functions with equal electron
and hole coordinates r, = 7y, i.e., it is determined by the probability of finding an exciton
with electron and hole at the same position (optically bright exciton).

4 Note that in the upper Eq. (8.26), terms that violate energy conservation (e.g., by describing the creation of
an exciton under photon emission) and describe the creation of more than one exciton have been neglected.
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8.2.4 Total Hamiltonian for disordered quantum wells in exciton basis

All in all, the total Hamiltonian for the QW substrate including disorder, acoustic phonon
scattering, and radiative recombination in the excitonic basis reads:

HS:ZEZ\X3><X3|+ZM biq}q+2hwclqclq+229 by —q + bl ) IX2) (X3

a,B 7,9
+ZZ Mlqczq‘% (Xal+ a*ézq|XZ>< ol)-

(0%

(8.28)

Note that the ground state energy Ef has been set to zero.

8.2.5 Equations of motion in density matrix formalism

According to the above Hamiltonian for the disordered QW of Eq. (8.28), the excitons do not
form a closed system, but they couple to phonons and photons acting as an environment in
thermal equilibrium that is often referred to as bath or reservoir. The reduced system density
operator pg = trg[p] is derived by taking the trace of the combined system and bath density
operator p over the reservoir states [Car99, Bre02]. The quantities of interest for the further
study are the expectation values of the exciton density matrix elements. These are on the one
hand the exciton densities

P = {IX2(XE]) = trs[|X3) (X3 trald]] = (X310s1X5) = tra[(X3101X3)]  (8.29)

describing the population of exciton state X3 for a = § or the amplitude for a transition
from X3 to Xj for a # . Accordingly, the polarization between an exciton state X7, and the
electronic ground state ¢ is given by

Pao = (XN (65]) = tre (611 X3)]- (8.30)
The ground state population is calculated as
o = (|90)(#5]) = tre [(#51015)]- (8.31)

The von Neumann equation ihd;ps = [f] 5 ps] yields the following EOM for the exciton
densities and polarizations and the ground state population:

0

ap(sxa = 2Rapoza + Z fYZ(—BP%,B» (832)
B

9 S i S S S S S s S

P8 :(ﬁ<Ea - E5) — (Ro + RB))paB +0ap D Vo cPics (8.33)

¢

9 S s\ s

&pa() (h « - R )pa07 (834)

atpOO Z rapoza (835)

A detailed derivation including Markovian solutions of phonon- and photon-assisted density
matrices is given in App. C.1. R}, denotes the total out-scattering rate

R = %(ra + %:W;M) (8.36)
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composed of the spontaneous radiative decay rate

2 ‘
ra = | M| 3(Ey - hw,) (8.37)
l,q

and the phonon scattering rate

S 27T « 2 S S S S
Vew=T7 2|9 {(njq +1)0(B} — B + hwyq) + ;g0 (B — BS — hwjg) b (8.39)
7.9

These two rates are further evaluated in App. C.1.1. Two different processes can be distinguished:
The second term in Eq. (8.38) describes the transition to an energetically higher state via
phonon absorption. As a prerequisite, thermal energy is necessary to generate phonons, such
that this term is purely temperature dependent. The transition to an energetically lower state
under phonon emission is described by the first term. This process is either spontaneous or
stimulated due to thermal energy.

The system of EOM Egs. (8.32), (8.33), (8.34), and (8.35) shows that only the exciton
population p? , is refilled by other populations via phonon scattering. Therefore, it is long-
lived compared to the fast decaying polarizations p,5 (a # (). The EOM for the exciton
density Eq. (8.32) does not incorporate off-diagonal polarizations and is therefore only suited
to describe the long-time dynamics after the initially relevant polarizations have decayed.
The exciton number is conserved with the exception of radiative decay processes into the
ground state [Zim03]. The EOM for the exciton polarization pf,, of Eq. (8.34) is easily solved
by pio(t) = exp[(£E5 — R3)t]. It decays with the rate RS, due to phonon scattering and
radiative recombination. It follows that also Eq. (8.33) is analytically solved by factorizing
P55(t) = péo(t)pio(t) for a # 8. Thus, only the EOM for the diagonal exciton density Eq. (8.32)
is left to be solved numerically.

8.2.6 Phenomenological Lindblad approach

So far, the external optical pumping of the semiconductor substrate has not been encountered
in the EOM derived in Sec. 8.2.5. In many spectroscopic experiments, the laser excitation
takes place at energies far above the band gap given by the lowest bound exciton of the system.
However, the available computational memory restricts the number of calculated excitonic
states to a very limited energy range above the band gap (even if several thousand lowest
eigenstates are calculated). In order to phenomenologically include the incoherent optical
pumping, a Lindblad approach is chosen [Car99, Bre02]. Therefore, the Lindblad dissipator D
is introduced that modifies the von Neumann equation in the following way:

9 -
—ps = ——[H*, ps] + Dp 8.39
5;Ps = — 7 [H’, ps] + Dis (8.39)
with o . L L
Dps=. ?(QA,C,&SAL — Al A, ps — psALA,). (8.40)
k

Here, the Lindblad operators flg) describe processes that occur at a rate vy in the system.
In a phenomenological approach similar to [Cas17], a probability ensemble of high-energy
states in the semiconductor substrate is introduced. They are assumed to form a quasi-
continuous band of high energetic states labeled h. At a given initial time, a short laser pulse
excites charge carriers from the ground state into the ensemble of high-energy band states at a
rate v*¢. The probability ensemble & itself can interact with the low-energy exciton states X s
in two ways: First, states of the high-energy band h can decay into the states X] under phonon
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Figure 8.2: Schematic of the Lindblad processes involving the high-energy band h.

emission at a rate v and second, the states X3 can be excited into the high-energy band states
h by absorbing a phonon at rate 72", All rates are assumed to be mean values and therefore
independent of the specific auxiliary state within the high-energy band h, since nothing is
known about these states. The three processes, namely the optical pumping from the crystal
ground state into the high-energy band and the in- and out-scattering between the high-energy
states and the Ny numerically calculated lowest-energy excitons X3 are schematically depicted
in Fig. 8.2. They are described by the operators

A = [h) (65, ATt =163 (R, (841)
Al = AT = |X3)(hl, AZ‘T AU = |h) (X5, (8.42)

With that, the three Lindblad contributions are given by

DﬁS :(Dexc + Din + DOUt)ﬁS (843)
=2 (2080 B) (Bl — l65)(@5ls — ps|o5)(65])
+ 302 (2031 XX — (R Rlds — ps ) () s
¢

out
+ Z (202cIP) (Bl = |XE)(XZlps — ps| XE)(XE).

Recalling that pf, 5 = (X3[ps|X7), the Lindblad contributions to the EOM for the semiconductor
exciton densities and polarizations can be determined:

(X51Dps| X35 =7 0% — 1 P (8.45)
out out
s N s in_s v Yo S

(X31Dps|X2) =98P da.s — (= + 15— ) phss (8.46)
exc out
Y Yo s

(¢5/Dps|X5) = = (L5 + 22 ) pho (8.47)

(#6/Dhs|d5) = — 77 poo- (8.48)

Equations (8.45) and (8.46) reveal that the exciton populations pj,, and coherences pf 4
couple to the high-energy density p3;, whose EOM is given by

o . .
@f)?‘m Y poo — ZVC Ph T ZVOutpCC' (8.49)
¢
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In photoluminescence (PL) experiments, the system is usually excited with a short laser
pulse of tens to hundreds of fs duration centered around the initial time tq.° Therefore, the
time-dependent pulse intensity 7°*° is assumed have a Gaussian shape with pulse duration 7
and peak intensity Iy: v**¢ = Iyexp|—(t — tg)?/7?].

Next, an expression for the phonon-assisted in- and out-scattering rates between the high-
energy quasi-continuum states and the calculated lower-energy states has to be found. Treating
the exciton relaxation via acoustic phonon scattering similar to Sec. 8.2.4 is not possible since
the energies and wave functions of the high-energy continuum states are unknown. Therefore,
the in-scattering rate is assumed to follow a Gaussian distribution around the mean energy
E of the high-energy band: 1 = 1§ exp[—(Ej — E})?/02]. The width oy, is expected to be
rather small, but it must be large enough that at least the energetically highest calculated
exciton state at energy EZNS is significantly filled from the high-energy band. The quantities
EZ and o7, characterizing the high-energy band are modeled depending on the energy coverage
EG,, — E5, [CaslT]:

B =B, +A (B, ~E,) with 0<A<1, (8.50)
oy =BA (B, - F,) with 0<B<l, (8.51)

where E7, denotes the energetically lowest calculated exciton state. The parameter A defines
the energetic distance between the high-energy band and the highest calculated exciton state.
The factor B in turn determines the width of the in-scattering rate depending on the distance
of E from the energy edge of the calculated exciton states.

For the out-scattering rate, a detailed-balance expression is chosen: yo"

E3 /(ksT)].

b = yMexp|ES —

«

8.3 Organic part: Frenkel excitons in a disordered molecular
monolayer including intermolecular Coulomb coupling
and coupling to vibrational modes

8.3.1 Local molecular basis states

In this chapter, the condition of a periodically arranged molecular layer imposed in the previous
chapter Chap. 7 is dropped and the treatment of the organic site is extended to disorder in the
molecular layer. Therefore, the theoretical framework for the organic component will be set in
position space. A molecular basis is constructed describing an excitation of the v-th molecule:

[v) =l .05 (8.52)
Here, &S[?V denotes the annihilation (creation) operator of molecular orbital A € {H,L} in the
v-th molecule, as introduced in Sec. 7.2.

8.3.2 Diagonalization of the electronic Hamiltonian

The interaction-free electronic part of the Hamiltonian for the organic layer is given by

A

HY = eanily iy, (8.53)
A,v

5 For example, a femtosecond Ti:sapphire laser is used [Sch15] with a pulse duration of 150 fs.



8.3 Organic part: Frenkel excitons 113

The molecules in the organic film are assumed to be identical with €4, = 4 and an optical
gap Egnp, = €L — €n. To describe the Coulomb coupling between the electrons in the molecular
layer, the Hamiltonian in partial charge approximation derived in Secs. 7.2 and 7.3 is used:

. A Vg B Vb A'I' /\T H ywVa L Vb AT "T A A
Z z : Al/a B,y ay Va Buba’B vy Al/ + 2 : VL Vo H,up Hl/aaL,I/ba’H,yba’L,Va

A,B VasVb Va,Vb
VaF Vb VaFVp
(8.54)
with the coupling element (cf. Eq. (7.17))
Vﬁ?,”;; gﬂyﬁb =Y G"™(R,, +7,, . Ry, + TJV,,)Q?A 7" (8.55)

1,J

containing the Green’s function for Coulomb interaction in the organic film defined in Eq. (B.4).
R, denotes the position of the v-th molecule in the organic film and r;, describes the relative
positions of the partial charges labeled I within this molecule. In contrast to the previous
Chap. 7, this time they depend on the molecular index v, since here a non-uniform orientation
of the molecules in the organic layer is considered. The first term in Eq. (8.54) is the monopole-
monopole part leading to a ground and excited state renormalization, whereas the second
term describes Forster excitation transfer between different molecules. The latter is responsible
for an off-diagonal coupling between different molecules. Therefore, the local molecular basis
states |v) are not eigenstates of the purely electronic Hamiltonian f[g“ = f[{}l + ﬁc - for the
organic layer. Analogous to Sec. 7.5, the electronic Hamiltonian is diagonalized, yielding new,
delocalized exciton states |X[') given as linear combinations of the local basis states with
coefficients ¢ and eigenenergies EL:

XY =S elly) with  ARIXD) = (B + ED)XD). (8.56)
Here, the ground state energy was defined as

m m m H 2w H,v
E§ = (o5 | HD65") = Nuen + Z Houe Houne (8.57)
Va Vb
Va;é’/b

Evaluating the matrix element (v|H™|X™) = (EF* + E™)c? yields the eigenproblem for the
coefficients ¢ and eigenvalues E2' in matrix form:

€1 d<1) CL(I, 2) (1(1, Nm) C(ll
s a(2,1) d(2) <o a(2, Np) c§
Erl 7| = . o . : (8.58)
N, a(Nm,1)  a(Nm,2) -+ d(Nm, Nm)/ \c.
with diagonal and off-diagonal entries
dv) =y =5 SVRLEL+ D VEDED ad alwd) = VEZRD. (659

v
v 751/ v #v

This eigenproblem for the molecular excitons has in general the dimension N, x Ny, with
Np, being the number of molecules in the organic layer. Disorder in the molecular layer is
included here, such that no lattice periodicity can be exploited as in Chap. 7. To make the
diagonalization of this matrix numerically tractable, a quadratic supercell is defined containing
a large number of flat-lying, non-overlapping molecules with a random spatial distribution
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Figure 8.3: (a) Example for a small molecular supercell of dimension 10 nm x 10 nm filled by 15 randomly
arranged flat-lying L4P molecules. Note that the supercell dimensions for the numerical implementation

have to be considerably larger. (b) Graphical illustration of two different PES with coordinate Q. Qg
(Q§) denotes the equilibrium position of the ground state (excited state) PES.

and orientation. This supercell is repeated periodically in the x and y directions building
an extended disordered molecular layer. The supercell size is chosen large enough that (i)
this periodicity does not have a physical relevance and (ii) the Coulomb interaction strength
of a molecule in the center of the supercell with the surrounding molecules has sufficiently
decreased at the boarders of the supercell. This way, the eigenvalue problem of Eq. (8.58) gets
blockdiagonal with respect to one supercell, thus reducing the dimension of the matrix to the
number of molecules per supercell. Figure 8.3 (a) illustrates such a supercell.

8.3.3 Electron—phonon interaction

For lack of translational invariance, the vibrational modes in molecules (often called “vibrons”)
are rather localized compared to phonons in semiconductor structures. The Hamilton operator
for the interaction-free electron and phonon part as well as the electron—phonon coupling in
the molecular layer is given in the electron picture by

. N N R ara At Ausity At A
HEo + Hion + HE o = D eanily g, + 3 hwblb, + 3% h(glh; + g7 bl)aly ay,
A,v J Av j
(8.60)

with vibrational modes j. Note that only electron—phonon coupling processes that are diagonal
in the electronic states are considered. The upper representation of the Hamiltonian (Eq. (8.60))
entails the following problem related to the initial system state: The phonon dynamics is
already driven at the initial time ¢y before the onset of electronic excitations in the system.
The Hamiltonian includes fluctuations in the phonon number and thus in the system energy
at the initial time ¢y, since phonons are created and annihilated also when applying the
Hamiltonian to the electronic ground state where all highest occupied molecular orbitals
(HOMOs) are occupied and all lowest unoccupied molecular orbitals (LUMOs) are empty:
ﬁg‘l_ph|¢6“) =3, h(g;{’"?)j + gH"/*BDWB’“). However, these phonon-induced fluctuations
contradict the conventional definition of the ground state as initial dynamics-free equilibrium
state without exciton-phonon coupling as stated by the Born-Oppenheimer approximation. To
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solve this problem and restore the initial equilibrium state, the phonon operators are replaced
by new, effective phonon operators that are defined relative to the equilibrium position

A 1 .
b =b,+—> gL,
LUJ' )

~ ~ 1
Pt H,v
b9 _bj+wj§ g; "1 (8.61)

This is called a Weyl transformation [Wey25].
Plugging this transformation into the Hamiltonian of Eq. (8.60), one obtains:

HYM + A + B —Z&AVaA Sy, > hw;b! bgTbg
Av J

+ZZ( o =)+l = N il i, (s 62)

Z (Z hg Zthu *)

Through the transformation, the modified Hamiltonian contains the following terms:

1. Free electron part with renormalized energy

gA,u

— J

s :5A7V—22Re[ "
J

3 hg?”'/*} (8.63)

shifted by the so-called polaron (or Stokes) shift. This constant shift does not play a role
for the dynamics, since only energy differences will enter the EOM.

2. Free phonon part with transformed phonon operators (effective phonon modes).

3. Electron—phonon interaction that only gives a contribution when applied to the exciton
states and not to the phonon-assisted ground state.

4. Constant shift (renormalization): The last term of Eq. (8.62) is removed by gauge
transformation in the following since it does not influence the system dynamics.

As intended, applying the transformed electron—phonon Hamilton operator to the molecular
ground state yields 0: HJ') [¢§') = 0. If it operates on the molecular exciton state |X7') =
>, c2|v), one obtains

AN = S0l (M =0+ hlay - )X (560
J

Due to the overlap of the coefficients c®c* entering the expression, the contribution for oo = /3
will dominate. The electron—phonon coupling terms with a # 3 are non-diagonal in the exciton
states. They describe an electron—phonon relaxation between different disorder eigenstates in
the molecular layer. With that, the free phonon and electron—phonon Hamilton operators for
the system being initially in the electronic ground state is expressed in the molecular exciton
basis as:

A, = Z ;b0 (105 (0] + Z|Xm JXD). (8.65)
Hglrgh _Zzh gfﬁb%gj“*b?T)IXﬂ HX (8.66)

a,B J
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with the effective electron—phonon coupling element in the delocalized exciton basis

O‘ﬁ = Zco‘cﬁ* - ng"/). (8.67)

The Hamiltonian H% Jon of Eq. (8.66) is valid if the molecular system is initially in the
electronic ground state. If it is in an excited electronic state « at the initial time ¢y, the
electron—phonon Hamiltonian has to be transformed in a way that it gives no contribution
when acting on |X}), since this higher PES acts as new equilibrium state. Therefore, the
phonon operators are transformed as follows:

B?:B ( aa*ﬂ+ngV*ﬂ>a bocT_bT ( oca]1+zg ) (8.68)
Applying this transformation to the phonon operators in Eq. (8.60) yields:
ﬁg,ém + ﬁ&gﬁ + ffﬁ.’E‘h Z €% uaA yig, + Z h‘*’]baTba
+ ZZ( Y- 9?’”)17?‘ +hlay " = g b ad o, Zh (9505 + g5"b5")
+;M(hg;“ +zyjhg?”’ g +Zh B

(8.69)

with the renormalized energy

Al/

_EAV—2ZRG[ ( W*+ZhH”*)] (8.70)

The last term constitutes the polaron or Stokes shift. It describes the displacement of the
minimum of the PES of the excited state |X) with respect to the electronic ground state
configuration. As a consequence, the fluorescence spectrum is redshifted relative to the linear
absorption spectrum by the Stokes shift. As before, the last term is ignored since it constitutes
a constant shift that is of no importance for the system dynamics. In the exciton basis, the
transformed phonon Hamiltonian for a system that is initially in the excited state |X2') is
given as:

e = Zm]b;”b“(wo ¢3“|+Z|Xﬁ (X5), (8.71)

Zh go‘o‘ba + Cm‘*baT)(Wo 290’ + Z|X/r3n><Xgl‘)
8
+ ZZ h(gf b5 + g5 05T | XV (XR.
BC J

(8.72)

As required, the electron—phonon Hamiltonian of Eq. (8.72) has no contribution when acting
on the excited state |X1) that was chosen as the new equilibrium state. Figure 8.3 (b)
illustrates the concept of transferring the equilibrium position to the respective PES via Weyl
transformation.
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8.4 Exciton dynamics in the hybrid system

8.4.1 Molecule—semiconductor Coulomb coupling

This section deals with the composite system, i.e., the semiconductor substrate with the
weakly bound molecular adlayer on top, both treated separately in Secs. 8.2 and 8.3. The
treatment is restricted to single excitations in the hybrid systems. First, a common ground state
lpo) = |97) ®|#y") is defined, designating the state where all valence bands in the QW substrate
and all HOMOs in the organic layer are occupied. The local basis states introduced in Egs. (8.1)
and (8.52) are redefined with respect to the common ground state: |kq, ko) = &iykldv,h |Po)
and |v) = &LdeWM@).

The Hamiltonian for the interlayer Coulomb coupling is derived in partial charge approxima-
tion according to Secs. 7.2 and 7.3:

M Ap oAt At oA
Z ZV,\k/Au AkaAuaAua)\k/
Nk Av

Ck HL/AT AT v,k Loy AT AT &
+ZZ( vk’Ll/ k:aHua‘LV vk’+Vck’HyavkaLl/aHV c,k’ )"
k,k’ v

(8.73)

h.c.

The first term constitutes the electrostatic shifts and the last term in brackets describes Forster
excitation transfer between the inorganic and organic component. The molecule—substrate
coupling element in partial charge approximation is given as (cf. Eq. (7.26)):°

N,
v 1 — i(k'—k)-R; m-s
Vik By = e W=k} RN G (R + 71, Ry + 71,00 )P (8.74)
uc j=1 I,J

with the Green’s function defined in Eq. (B.6). R, denotes the position of the v-th molecule in
the organic film and R; the position of the i-th UC in the QW substrate. The atomic partial
charges are located at r; within one semiconductor UC and r;, within the v-th molecule,
respectively. Note that, compared to Chap. 7, this time the semiconductor wave vectors k, k’
are three-dimensional. The coupling elements in partial charge approximation are transformed
into position space according to

V:\\,zl g’l’, = Z G" (R, +r,R, + 1y, )q}\’\ q7P. (8.75)
1,J

The Hamiltonian is rewritten in the excitonic basis of the hybrid system:

g =5 (Igob ol + LXK+ EIXN L) + VI (rIXD) (X
VIS (XIXGNXEL+ D (VX0 XR)IX) X3+ Ve (X3, Xp)IX3) (X7
a,f
(8.76)
with
Nn] NUC .
v=11i=1

6 In principle, approximating the Coulomb potential by partial charges is only valid in the case of an ideal
QW without disorder. However, the well width fluctuations considered in this chapter occur on a very large
spatial scale compared to the UC size for which the electrostatic potential is approximated by partial charges.
Therefore, the partial charge technique is also suited for the case of disordered QWs.
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Nn] Nuc
o VY i L,v VY i Hyv
Z|CV|QZ< VZLl/_ viH,u)’ (878)
v=1 =1
V Nm Nuc
m-s s S c,s H,v s v, H,v
Vi (X = Nuc l;l et ( Th‘\IJ Rlarh)| Vc,i Hyv /d3r6|\lja(re7Ri)|2vv,i H71/>7
(8.79)
Nm Nuc )
V(XS XB) = Z Z SR, ROV 0, (8.80)

where only the dominant contributions to the monopole-monopole shifts were kept that
are diagonal in the exciton basis by setting ci*c) = [¢3|*0as and W (7o, 7y) WS (re, ™) ~
| WS (7o, 7h)[?00p. Note that the interlayer Férster coupling element of Eq. (8.80) has only a
contribution for r. = ry, = R;, indicating that the electron and hole in the semiconductor
exciton have to be located at the same position in order to couple via dipole-dipole interaction
to an exciton in the molecular layer.

8.4.2 Hamiltonian and Liouville propagator

The total Hamiltonian for the interaction between the inorganic and organic layer including
vibrational coupling in the molecular layer can be split into a diagonal part and an off-diagonal

part with respect to the exciton basis: H9/> = [ gl/;; + H gf/fiiiag. It has two representations:

Depending on whether the molecular system is initially in the ground state or the excited
state | X2'), the phonon operators are transformed into the respective equilibrium state, cf.
Sec. 8.3.3. The diagonal Hamiltonian for the two equilibrium situations reads:

Hg

r7g,m g,m g,m
diag _HOe H 0,ph +H +HC mono

el-ph

— (=™ + an]bg*bg + E5) l60) (60l
N Z@g, LBy Z o912+ 5 4 VI (X3)) IX3) 50
+ Z(Egvm +ER+Y hwjb?bf + B+ VP (XE)
Jé] J
+Zﬁ @56§+g§?ﬁ*6§*>)|xg“><xgn|,
]:I(?iag ( Fom + Z m baTba Z h gaaba aa*I;thT)) |¢O><¢O‘
+3(E amwm@w%a B
- Z (g2°b2 + “a*b‘;‘T) + V(X)) X5 (X (8.82)

+ Z{Eé"‘“ T+ B+ 3 Ry b0+ B+ Vi (X5
B J

F20R((6” = )b + (0 = 9T P
J



8.4 Exciton dynamics in the hybrid system 119

with 1
a,m e H,v, H,v
Eg/ == ngﬂ/ + 5 Z VH,Va H,V:' (883)
Vaa?gybb
519—1/ “ are the renormalized free-particle energies defined in Egs. (8.63) and (8.70). The last term

of Eq. (8.82) describing the electron—phonon interaction vanishes if 3 = «, thus fulfilling the
requirement that the Hamiltonian H g“iag does not contribute when it is applied to the excited
state | X') that acts as equilibrium state.

The non-diagonal Hamiltonian contains the Forster part of the molecule-semiconductor
Coulomb Hamiltonian and the off-diagonal part of the exciton-phonon Hamiltonian. It is
treated perturbatively in the following, assuming a weak coupling compared to the system
energies:

A T + ﬁegl{gh

o = SOV (X XDIXE) ] 4+ Vi (X XX (X5
B¢

30D (g gs TR T X (X,
B’g j
B#C !

The Liouville operator is split in the same way:

Eg/a = ’C’gl/;g + ’Cgéf(—ldiag with ’Cgl/;gé = [ﬁgi/a(; O] — and ’Cf)]f/f(—ldiago = [ A(r)%;—sdiag’ O} -
(8.85)
The Liouville propagator is defined as:
g/« i K g/« i ¢ g/ g/«
U (t7 tO) = eXpP [_£ . dr Lf (7—)} = €Xp. [_ﬁ ] dr (ﬁdiag(T) + Eoﬁ'—diag(T))} : (8'86)
0 0

It is rewritten using the Feynman disentanglement theorem [Fey51] (cf. Sec. 2.5):

Z,lg/o‘(t,to) = exp,_ [_* dr Egi/ag(T)} exp,_ {—f dr u9/ (to,T)Eg/ (T)Z/{g/ (7, to)} .

di ff-di di
A to A to iag off-diag iag
=UJL2 (t,to) =UY/ (t,to)
(8.87)
g/

The interaction part Uy’ (¢, o) is now expanded perturbatively up to second order:

(to, T)LILC (UL (7, 0)

-
(3
ujq/a (t7 tO) ~1— ﬁ dr ug/a off-diag diag

dia,
to &

1 K T « « o7 « (o] [e7
— o | A [ U o, T () Ul UL 0. 7) £ UL ).
0 0

:Z/{gi/;;(r,r/)

(8.88)

The full propagator then reads:

(t, )L (PUL (7, to)

-
a ? a
ug/a (tv to) %ug/ (t7 tO) - % dr ug/ off-diag diag

diag diag
to

1 K T a « « o «
- ﬁ /t dr . dT/ ugigg(t7 T)ng/f-diag(’]—)ugi/zig(/]_? T/)Egé-diag (T/)ugi/ag(TI? to)
0 0
(8.89)
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8.4.3 Transition amplitudes

For calculating the dynamics, the amplitude for a transition of the system from the density
Poa = |X5)(X4| (exciton in the semiconductor substrate excited) to the density pf; =
| X5 (X5 (exciton in the molecular layer excited) is of interest. Therefore, the matrix element
of the Liouville propagator is calculated:

Lo pn (1 10) = tr [IXE) (XY (1, 0) | X3) (X3105] (5.90)

where p% denotes the density operator of the phonon bath corresponding to the case where the
molecular ground state acts as equilibrium state (as marked by the 5uper5cript g). It is assumed
that the phononic bath and the electronic system factorize: p9 = ps ® pf. Approximating the
Liouville propagator by the expansion of Eq. (8.89), it is clear that only the last term (second
order in the interaction) will survive, since here the off-diagonal Liouvillian £75 diag Acts twice
and is thus capable of transforming the semiconductor density pf,, into the molecular density
P through Forster interaction. Therefore, the term to evaluate is given by

m . 1 t T
tp?ﬁepza (t,to) =tr [|Xﬁ ><Xﬁ |{_ﬁ/t dT ; d'r/
0 0

X ugiag(t? T)‘Cgff—diag (T)ugiag(Tv T,)‘Cgff—diag<7—/)ugiag(7—,’ to) |XZ> <X§z |l5g]3 }‘| .
(8.91)

This expression is evaluated in detail in App. C.2 using the Feynman disentanglement theorem
[Fey51] introduced in Sec. 2.5 and assuming that the phonon bath is in thermal equilibrium,
such that the mean number of vibrational quanta in a given mode, n(w;) = <5}L 5j>13 is described
by a Bose distribution. This yields the amplitude for the transition from the semiconductor
density pg, to the molecular density pjz; in second order:

tpgjﬁ(_pfla (t,to) = 3 |V XB L X3) ’ / dr t dT +iER S (XE,X5)(r—7) trp [Ugfhf(ﬂ T/)ﬁgB]
0

OB 0 )

(8.92)
with
a (X5, X3) = Ef — EY gp + Viir (X5) — VIS (XR), (8.93)
) T -7 N0 i N it
Ul (r,7) = exp_ [—ﬁ o > h(g)Pbem i 4 gl gt )| (8.94)

The transition amplitude for the inverse process (transition from p2, to Pl 5) is calculated

using the phonon operators IA)?(T) obtained via Weyl transformation into the excited molecular
state | X3) (cf. Sec. 8.3.3):

by, o (1) = o [|X5) (X312 (1 10)| X2 (X2 |5 (8.95)

1 t T 3 m-s m s ’
%ﬁ |VFr‘l’l—S(X(an’ X;)|2 t dr t dT/ e —HEHT (XY, XE) (r—7") trg [Ulcjgh(7—7 T/)ﬁ%]
0 0

et HREAT XX (=) prp (U (7, 7))

(8.9

\C_D,Hr—’
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with
) =7 aata  —iwir!" st s
Upt(r ') = exp. [+ﬁ/() dr 3 h(gpebe o +gpetipTerie )| (8.97)
J
Finally, the amplitude for the transition from one molecular density denoted pZ., to the

other given by pjjy (with a # j3) is deduced, describing the phonon-induced relaxation between
different molecular excitons:

tom,pm, (t,t0) = tr [| X (XFIU (t, 10) | XN (XS AB] - (8.98)

The evaluation shown in App. C.3 yields the following expression:

tpg!ﬁepgﬂa(t,t()) h2/ dT/ dT { +% E (Xln xm Y(r—7") tI‘B [Z h(gfal;?eiiwj(ﬂ*‘r)
J

+ g5 bl IO () 3 (65 b + 9555 g
j/

m m (8'99)

+e LER (X, X)) (r—7' trB[Zh Baba +gaﬁ*baT)U1af)ﬁ( )

J’
% Z h(g;lﬂ[;;xefiwj(r —7) + gfa*E?TeJriwj(T 77))ﬁ%} }
J
with

§OGH XP) = B - BY + V(X)) - (X9, (8.100)
Ufpn (. 7') = exp,_ n/ dr” Zh —gg e 4 (g — gpe)iTerie)].
(8.101)

8.4.4 Cumulant expansion

In order to describe the coupling of the electronic hybrid system to the phonon bath in the
molecular layer, a cumulant expansion technique is employed. Note that the electron—phonon
coupling in the semiconductor substrate is already included in the phonon scattering rates
(derived in App. C.1.1) entering the EOM for the semiconductor density. Its impact on the
excitation transfer dynamics across the hybrid interface is negligible, since there the coupling
to the vibrational modes of the molecules comes into play and dominates the dynamics. The
phonon bath in the molecular layer is assumed to be in thermal equilibrium, such that cumulants
of an order higher than two vanish as a consequence of Wick’s theorem [Abr75, Muk95].

Interlayer coupling

The term

JOP (! —7) = tep [Uf 5] (7. 7)) = e exp, |5 / ar” HYG (] (8102)

with
T =D g BT g g bt (8.103)
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occurring on the right-hand side of Eq. (8.92) is evaluated using the cumulant expansion
technique. Expanding Eq. (8.102) in orders of H’ﬁﬁl(r’ ") yields

JOB (! — 1) —trB 1—7/ dr” ngpﬁh( " p%

o (8.104)
R I
72 /0 . I,ph( ) n(77) 5 ]

The first order contribution vanishes due to (b9)p = (I;gT)B = 0. The cumulant expansion is
derived by making the ansatz [Muk95]

JIB(r — 1) = e FI =), (8.105)
where F9#(7' — 1) is expanded in powers of Flﬁfh:
FOO =) = FP (=) + PO =) e (8.106)

Plugging this into Eq. (8.105), expanding J9% (7' — 7) in a Taylor series, collecting terms of
the same order in ng’ﬁl, and comparing it to Eq. (8.104) yields

FP(r' = 7) =0, (8.107)
FO —r) =t [ _Td o [T dr BEE (8 (08 8.108
57 (1 —T1) =trp n2 T 0 T I,ph(T ) I,ph( )DL |- (8.108)

Here, it has been used that <5§TB?,>B = 6j7j/<lA)Jg»TlA)?>B = §; n(w;), (ZA)?TIAJ?DB = (b7bf,)p = 0.
Truncating the expansion Eq. (8.106) after the second order leads to

J9P(r! — 1) = exp

_ﬁ/ dT/// dr" Hﬁﬁl(w//) Igﬁh(())>B1. (8.109)

The exponent is further evaluated using the definition of ﬁﬁ pﬁi (cf. Eq. (8.102)) and performing
the time integrals:
2 1 — —
Jg,ﬁ o _ ’ ﬁﬂ’ il 8 - YOy —iw; (T —7) =(,y \atiw;(T'—T)
(7" —7) =exp [; g; w]2- {( + n(wj))e + n(wj)e
(8.110)
— 20i(w;) — 1 4w (7' — 7)}].

The same calculation is performed for the amplitude of the reverse process. This way, the
transition amplitudes become:

tom, —ps., (£ 1) ] |V (X5 ,Xs)| / dr dT + B (XE XD (1= g9 P (7' =)
to
L ]

(8.111)

t T
2 i pm-sym xS P A e S
m YE)} dr dT/ e -+ B (XSXE) (T T)e g7 (' =71)
to to

tps ypm, (t, To) =5z Ve
N )]

(8.112)
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with
1 —tw,i (T —T iw; ("' —T)
g (' =) Z\gfﬂ\ S { @+ A 5 4wy )et i
“i (8.113)
— 20(w;) = 1+ iy (7' = 7)}
— / dr” / e C9B(r"). (8.114)
0 0

C9P(7'") denotes the two-time correlation function:

1 A . 117 . 117
Cg’B(TW) Eﬁ< Ig,ﬁl(r”’) & > Z‘gfﬁ‘ {(1+ n(wj))e ™57 + i (w;)e T }

(8.115)

111

{1+ A(w;))e ™™ + afw;)et ™™} (8.116)

=SSN g - |
7 v

In the last step, the definition of the effective coupling element in exciton basis Eq. (8.67) has
been inserted and it was assumed that different molecules couple to different phonon modes
due to the spatial separation.

At this point, the spectral density J,(w) of the v-th molecule is introduced to describe
the interaction of the phonon bath with the system states. It represents the density of
vibrational modes in the molecular layer weighted with the reservoir-system coupling strength
[Muk95, May00, Ren02]:

Liv H,
Jy(w) = Z’%wf] d(w —wj) ZSJ vO(w (8.117)
J _ﬁ_/
=S5,

S, denotes the dimensionless Huang-Rhys factor. It can be directly determined in fluorescence
and absorption measurements [Muk95]. In the following, it is assumed that each molecule
exhibits its own set of vibrational modes. Therefore, the sum over all modes j is reduced to
a sum over the modes belonging to the v-th molecule (since all other modes belonging to
other molecules show no coupling to the v-th molecule). Furthermore, it is assumed that the
set of vibrational modes assigned to molecule v is identical for all molecules in the organic
layer. Therefore, the spectral density and Huang-Rhys factor are identical for all molecules and
the molecule index v can be removed (provided that the sum over j is reduced to the modes
belonging to one molecule). With that, the two-time correlation function becomes:

1"

CIP (") = Z|c’f|4/ dw J(w)w?{ (1 + 7i(w))e ™" + f(w)et™"} (8.118)
» 0
and Eq. (8.113) takes the form

g@P(r — 1) Z|C’8| / dw J +a(w))e W =T 4 fi(w)et (T =)
(8.119)

— 2(w) — 1 +iw (' — T)}.
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Intermolecular coupling

The same procedure is applied to the intermolecular transition amplitude tpg‘ﬁepgla (t,to) of
Eq. (8.99) by defining

Ja,B(T/ . 7_) = trp [Z h(gfoél;?efiwj(rlfﬂ') + g})tﬁ*i)?éfeJriwj(T'fT))
J

(8.120)
X exp,_ h/ 71;/; //)} Zh(g?’ﬁb?’ + gj,a*b?/T)ﬁ%
]/
with
— _aanba—iwiT Bpx* aax\rat otiw;T
=Y h((g]" = gpbge " 4 ()7 — gren)bgTeti). (8.121)
J
Expanding the time-ordered exponential up to second order yields
UI"I’)T(T,T’) :exp<_ —%/ dr” Hlapi( )} (8.122)

"

1 T -7 T R
~l 7/ dT” Hlapi( //) o ﬁ/ dT" i dr " ,B( ) ﬁ,i(T///).
(8.123)

This expansion is plugged into Eq. (8.120) and the trace over the phonon bath is performed.
Tt is used that in thermal equilibrium (i) the expectation value of an odd number of phonon
operators vanishes, (ii) the expectation value of an even number of phonon operators is only
non-vanishing if it contains an equal number of creation and annihilation operators, and (iii)
normally ordered four-operator expectation values factorize according to

O oRdy) = (b7Top) (0510 + (b5 TBR)(BSTO) = (85,085 + 64050 iy (8.124)

It follows immediately that the first order in the expansion vanishes since it only contains
three-operator expectation values. After some calculation, Eq. (8.120) becomes

T Z R2{[g7* 7 (1 + fa(wy))e ™™= 4 | g2 Py et (o)

]. (e AOé, AQY
g [ / a1 (03] )
1 7
L d 7 hz aﬁ* aa +74LUJT
7 /0 T Z {95 7 )n(w;)e (8.125)

+g] (fﬁ* aa*)(1+n w] —iw; T’ }

’

<, dT”’ZhZ{g (97" = g3 )lwy et

+ 957 (g5 = gL+ Alwy))e T )

The last term is omitted in the following, since coupling processes that are diagonal in the
excitonic states are assumed to involve different phonon modes than off-diagonal couplings.
This means, a local bath is assumed for each molecule. Moreover, the applied treatment aims at
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a realistic lineshape, which is already contained in the first term. For the cumulant expansion,
the ansatz .
JOB(r — 1) = BRAYP (7 — 7)e™ (T T (8.126)

is made with

APt —7) = Z|c§|2|cf|2/ dw J(w)w?{(1 ~|—ﬁ(w))e_w(7/_7) +ﬁ(w)e+w(7,_7)}. (8.127)
- 0

Here, the spectral density of Eq. (8.117) has been inserted. Note that the form of AP resembles
the two-time correlation function C9* given in Eq. (8.118) with the difference that here a
phonon-mediated transition between two different molecular exciton states is described.

Following the same procedure as before by expanding F*? (7' — 1) in powers of ﬂla on and
comparing it to Eq. (8.125) yields:

Ja’ﬁ( —7) AO"B(T — T)exp [Z‘ —gjc»“,o‘

2 1 = —iw s (7' =T
%“HMWW (7 )

+ n(wj)e eTiw; (T'=7) _ 2n(w;) — 14 iwj/(T/ — 7')}] .

(8.128)
With that, the intermolecular transition amplitude becomes
tom —pm, (t,%0) / dT/ dT et R B (XX (=) goof (77 —T)efga’ﬁ(TLT)
(8.129)
+e B (XX (r—7 )Aa B*(T . T)e_ga 5*(7-/_7')}
with
ga’ﬁ(T/ Z(‘Cﬁ, |Ca’ / dw J 1—|—n( )e —iw(r —7)
(8.130)

+ n(w)et™ =) _2n(w) — 1 + iw(r’ — 7')}

_ / dr” / e CoB ("), (8.131)
0 0

where the two-time correlation function has been introduced:

e (A O (R BCED

Multimode Brownian oscillator model

Usually, the vibrational modes are modeled as a set of independent harmonic oscillators in
a multimode Brownian oscillator model using a Spin-Boson Hamiltonian. The correlation
function is decomposed into [Muk95]

mjw?-dj

h

=D () +Cj (1) with & = (8.133)

Here, d; represents the polaron shift, i.e., the displacement of the equilibrium PES of the j-th
mode. In order to introduce a damping of the oscillations, the nuclear motion itself is coupled
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to a set of harmonic bath oscillators labeled n with coupling strength ¢, ;. In the case of a
strongly overdamped harmonic oscillator, the relaxation rate

v;(w) = TFZ 27:;7:;2 (6(w — wy) 4+ 6(w + wy)) (8.134)

is large compared to the characteristic frequencies, v; > 2w;, and one obtains [Muk95]

/oo _
4Aj)\j yne vnt

Cl(t) =N;A; coth(BhA;/2)e ™" + 73 el (8.135)
n= 1
Cf(t) = —iNjAze "t (8.136)
with the Matsubara frequencies v,, = ?L—gn and
w? h
Ai=—2L, N=—3. 8.137
J 'Yj ) j 2mjwj2' ( )

8.4.5 Transition rates

The goal is to translate the transition amplitudes calculated in the previous chapters into
time-independent transition rates entering the EOM for the molecular and semiconductor
exciton densities. The treatment applies a secular approximation, where the dynamics of the
densities are assumed to decouple from the polarizations. As a first step, the time derivatives
of the transition amplitudes are taken, yielding time-dependent transfer rates:

]. t i pm-s m s ’ s ’
7o e pia () =2 V¥ _S(XglyXZHZ/O dr’ {e+fEel (XB XD(t=7")g=g" (7' 1)

(8.138)
e RO X)) g o))
1 ~ 2 t , _Apmes(xm xSV (') g9 (! ¢
oo, ) =g VO KPP [ g {em bR 00
PppP h2 0 { (8.139)
e O XU g 0 )
Tpmpm, () = /dT { g d(X?X«T)(t—T/)Aa’B(T’—t)e_ga’B(T’—t)
’ (8.140)

+ e~ FEO(XgL X)) (= T)Aa,ﬁ*(,r —t) O"B*(T/—t‘)}'

Here, tg = 0 was chosen as initial time. With that, the rate equations can be written as

0
ot poza - <Z Tpﬁ P, + Z Tp[w(_pma >paa( )
o (8.141)

(S 00+ S 00
B B
B#a

for the molecular exciton density and

atpaa(t)_ Zrﬂ"‘aww )Paalt +Z?‘pwwz§‘g )P (1) (8.142)
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for the exciton density in the semiconductor substrate. In both equations, the first term
represents the out-scattering processes and the second term describes in-scattering into the
exciton state.

The e~ 9" terms stemming from the cumulant expansion treatment in terms of the
spectral density describe the line broadening through exciton-phonon relaxation. If they are
replaced by a Lorentzian dephasing describing the complex lineshape, the form of Eqgs. (8.141)
and (8.142) resembles the Born-Markov Redfield master equation discussed in Sec. 2.1.3 in
secular approximation (i.e., only densities are considered) for the density matrix elements

P = (XN X)) = e [(X0°1ps @ Pl X2Y%)] = (X2°|ps| X27%) (8.143)
and the interaction picture Hamiltonian

HPP (1) = D7 (Vi (X, Xp)e™ REHTXE XD X (3|

¢n
+ VE" S*(Xén, Xs)e+iﬁE:1]>s(Xm,Xf7)t|XS><Xén|)

+ Z Zh gCnbg/a —iwjt,— £ BS(XT, XM (8.144)
C#n

+gng*bg/aT +iw;t e~ I3 L1(.Xm Xm )|X,:’n><Xén|

Therefore, in complete analogy to the master equation, a Markovian treatment is applied
to the EOM of Eqs. (8.141) and (8.142). This is valid since the discrete exciton states are
very dense. 7/ is substituted by ¢t — 7’ (leaving the limits of the integral unchanged) and the
upper integration boundary is extended to ¢ — oo, which is possible if the integrands vanish
sufficiently fast for 7/ > 75 (with the characteristic time 75 for the decay of bath correlations)
[Bre02]:

1 3 3 o i m s ’ g, /
’I“pm o :ﬁ |V§n—s(Xgl7XZ)}2A d+' {e+gE S(XELXo)T e*gq P(—7")

- (8.145)
o BB o
1 ms R
oom, =g [T X)) / ar' (e B X X3 om0 ()
(8.146)
T )Y
A :/0 ar’ { LEm(X® X;“)T’Aaﬁ(—T’)efg‘l’ﬁ(”') (8.147)

i ppm Xm Xm ’ N — B
+ e nBal )T feBr (e T)}7

where J,(w), g9?(—7"), g*?(—7'), and A%P(—7') have been defined in Egs. (8.117), (8.119),
(8.127), and (8.130), respectively. A Fourier representation of G9#(—7') = e=9"7 (=7 g
introduced:

GIP(— / Ao G9P (@)et™ . (8.148)

The 7 integration is transformed into a ¢ function (where the principal values of the two terms
cancel each other out) and the @ integration is eliminated by evaluating the § function:

™ m-s m sv\[12 [ A m-s m S ~ * m-s m s
Tpg“ﬁepfya :ﬁ |VF (XB 7on){ {Gg,ﬂ(i el (XB 7Xa)/h) + Gg’ﬁ (7 el (XB 7Xa)/h)}>
(8.149)
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™ m-s m s\|2 g, m-s m s ~ * m-s m s
P, =7 |V (X, X3)[* { GO (B (X, X3)/B) + GOP (B (X2, X3)/m) |
(8.150)

with
oo (@) = —— / T gre(—ryeier = L / T oot ()i (8.151)
2 —00 2w —00

The last expression is evaluated numerically and inserted into the rates of Eqs. (8.149) and
(8.150).

8.4.6 System of equations for the population dynamics

The contributions to the population dynamics of the hybrid system derived in the last sections
are now summarized. This leads to a system of Ny + N, + 2 coupled equations of motion
containing the Ny + N, calculated exciton eigenstates in the inorganic and organic component,
the ground state, and the phenomenological high-energy excited state continuum p 3 of
the semiconductor substrate (introduced in Sec. 8.2.6). It includes disorder due to interface
roughness, phonon scattering, radiative recombination, and incoherent pumping in the QW
substrate as well as Coulomb interaction and coupling to vibrational modes in the molecular
layer and interlayer Forster coupling. Only populations, i.e., diagonal density matrix elements
are considered. Defining the vector

— m m m 5 5 3 s \T
P = (,0007 palala pa2a27 Ty PaNmava psﬁlﬁlv pziQﬁQv Tty p%NsﬁNsv p%ﬁ) ) (8152)

the system of equations is given by

0 X~
8tP =A-P. (8.153)
A is given in Eq. (8.155).

In order to access the population dynamics in the system, the derived system of equations
of motion for the exciton densities can be solved numerically, e.g., using a time-stepping
Runge-Kutta solver contained in the PETSc library [Ball5b, Ball5a]. This can in turn be used
to calculate observables that are probed in spectroscopic experiments such as the time- and
frequency-resolved detection signal for incoherent emission of a semiconductor QW coupled to
a molecular layer [Zim03]:

Ry + Ag
(w— E5/h)? + (R, + As)?

1 (w,t) = > [ ME | (Pha(®) = 050 (OI) (8.154)

with spectrometer resolution Ag.

8.5 Summary and outlook

In this chapter, the simple model system of a highly ordered molecular layer adsorbed on
an atomically smooth ZnO substrate developed in Chap. 7 was extended towards treating
structural disorder, radiative dephasing, and exciton-phonon scattering processes. Therefore,
the interlayer Forster-type interaction as well as the electron-phonon couplings that are off-
diagonal in the excitonic eigenstates were treated in second-order perturbation theory and a
cumulant expansion technique was used to model the coupling to vibrational modes in the
organic layer.
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As a next step, the derived equations are going to be implemented numerically and evaluated
in order to calculate spectroscopic observables such as the incoherent PL signal in time and
frequency domain accessible in optical experiments. This is not contained in the scope of this
work. The above-mentioned effects are expected to significantly alter the lifetimes and thus the
PL decay transient of the QW substrate. In particular, Forster coupling to the organic layer
constitutes an additional decay channel for the QW excitons, thus decreasing the PL decay
transient compared to the isolated inorganic ZnO QW, as observed in previous experimental
works [Blu06, Sch15].

The developed theoretical framework thus paves the way for a large variety of further
theoretical studies investigating different parameter regimes that characterize the hybrid
structure. E.g., limiting cases of the semiconductor dynamics can be investigated: On the
one hand, the regime where disorder constitutes the main broadening mechanism in the
semiconductor substrate due to strong well width fluctuations can be studied, where phonon
couplings are expected to be strongly suppressed. On the other hand, the regime of dominant
phonon coupling where long-range lattice vibrations take place in the case of moderate disorder
can be considered. The disorder parameters are expected to be critical for the observed phonon
frequencies and coupling strengths.

In summary, the presented theoretical treatment aims at a systematic investigation of the
exciton dynamics including excitation transfer and vibrational couplings in realistic (i.e., non-
perfect) hybrid systems of variable geometry. It thus enables to explore different parameter
regimes for optimized device performance in future studies.



Conclusion and outlook

In summary, this thesis comprises a theoretical treatment of nonlinear two-dimensional spec-
troscopy and excitation transfer processes in different (hybrid) nanostructures ranging from cou-
pled quantum dots and monolayer transition-metal dichalcogenides to hybrid inorganic/organic
systems. Thus, it contributes to a microscopic understanding of Coulomb-mediated couplings
in nanoscaled systems.

Four-wave mixing experiments probing the third-order nonlinear response of semiconductor
nanostructures have evolved as a versatile and valuable toolbox to examine not only the
energies and oscillator strengths of the system under study, but to provide also unique
access to the coherent couplings between higher-order bound states. This can be used to
resolve the internal structure of excitonic wave functions. This was demonstrated in Chap. 4,
where reconstruction protocols have been derived for dissecting the spin-dependent single-
and two-exciton wave functions of coupled, spin-degenerate two-level quantum emitters into
contributions from the local (uncoupled) basis states. Therefore, two-dimensional double
quantum coherence spectroscopy was combined with polarization-resolved nanooptical fields in
order to selectively excite a specific emitter. A comparison of the reconstruction results with
the wave function coefficients extracted from the numerically calculated eigenstates yielded a
good overall agreement even for non-ideal field distributions. This enabled a close inspection of
the microscopic spin- and polarization-dependent coupling mechanisms that are not available
in far-field experiments and without the proposed data postprocessing.

As a future research project, a reconstruction algorithm could be developed for systems
with pronounced spin-orbit splitting, which is however difficult since (i) this alters the optical
selection rules, (ii) the different spin states cannot be selectively addressed using localized
excitation for lack of spatial separation and (iii) a substantial spectral overlap between the
fine-structure split resonance peaks is expected, which is detrimental for the reconstruction
protocol. The latter can possibly be reduced by establishing a spectral filtering method to
eliminate selected resonances similar to Refs. [Ricl2, Sch13].

Monolayer transition-metal dichalcogenides are known to exhibit strongly correlated many-
body states that can be probed using polarization-resolved, two-dimensional coherent photon
echo spectroscopy. In Chap. 5, the formation of charged and uncharged intervalley biexcitons
was studied and a comparison to experiment allowed to infer the corresponding quasi-particle
binding energies for exciton-exciton, exciton-trion, and even trion-trion complexes that agree
well with previous theoretical predictions. The present work helps to guide efforts characterizing
higher-order bound states in this novel two-dimensional semiconducting material class.

In Chap. 6, simulations of rephasing and photon echo signals of individual quantum dots
and a quantum dot molecule were performed including electrostatic and Forster-type Coulomb
coupling, fine-structure splitting, and linearly polarized excitation at a defined angle relative to
the quantum dot axis. This allowed to ascertain the spectral signatures observed in a two-beam
experiment and to trace back the coherent coupling mechanisms and strengths as well as the
optical selection rules of the quantum dot system. It was found that the coupling between the
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quantum dots is governed by the electrostatic biexciton shift rather than Forster coupling.
The suggested methodology provides an important step towards the systematic description of
electronic couplings and charge transfer in deterministically defined quantum dot molecules
[Sti06, Ard16].

In the third part of this work, a theoretical model for describing Forster-type excitation
transfer across the interface of hybrid inorganic/organic systems was developed. A first theoret-
ical approach (Chap. 7) focused on the coupling between electron-hole continuum states in an
electrically pumped semiconductor substrate and Frenkel excitons in a periodically arranged
molecular layer. The presented parameter studies allow to find the ideal operating regime by
adjusting the geometry of the organic layer and the charge carrier reservoir in the inorganic
quantum well substrate: The coupling efficiency can be substantially enhanced by aligning
the dipole moments and the resonance energy detunings of the two constituents, minimizing
the interlayer distance, and preparing a dense molecular coverage as well as a high carrier
concentration. This way, in-scattering into the molecular layer outweighs the back-scattering
into the substrate, yielding a high performance of hybrid light-emitting devices.

This simple model is extended in the last Chap. 8 to a more extensive theoretical framework
taking into account structural disorder, radiative dephasing, and exciton—phonon scattering
processes. It uses a perturbative approach to treat the interlayer Forster interaction as well as
the off-diagonal electron—phonon coupling and a cumulant expansion technique to model the
coupling to vibrational modes in the organic layer. In future studies, this derived theoretical
framework will be implemented numerically and evaluated in order to calculate spectroscopic
observables such as the incoherent photoluminescence signal in time and frequency domain
accessible in optical experiments. The photoluminescence decay transient of the quantum well
excitons is expected to decrease when a molecular film is adsorbed on top of the substrate,
indicating the opening of an extra decay channel into the organic film which shortens the
lifetime of the quantum well excitons, as observed experimentally [Blu06, Sch15]. Also, different
limiting cases of the semiconductor dynamics are going to be studied, namely (i) the regime of
dominant disorder-induced broadenings due to strong fluctuations in the quantum well thickness
(thus suppressing phonon coupling) and (ii) the regime where phonon coupling constitutes
the main broadening mechanism in the case of moderate disorder (making long-range lattice
vibrations possible). It is expected that the disorder parameters are crucial for the observed
phonon frequencies and coupling strengths.
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Calculation of the rephasing
photon echo signal

The response functions of the excited state emission (ESE), ground state bleaching (GSB),
and excited state absorption (ESA) pathways contributing to the photon echo (PE) signal
can be directly read out from the corresponding Feynman diagram of Fig. 5.1. This way, the
third-order response of Eq. (3.4) is given by the sum-over-states expressions [Abr09]:

3) _ AN
(REds) . (tg,tz,t1)—+(h) H)0E) D (o) (eg)y (o), (ks

X e—ige/gts—ige/etg—iﬁgﬂtl ,

.\ 3
(RE) ., tartat) =+ (5) B IOEI0) D (o) (o) o), o)y

X e_ife/gtii_iggetl

.3
(R0 1t == () 00000000005) 3 (o), ) (o), (ol
) e f .

x @ Wrets—i€erota—ilgets

The sums over e, e/, f run over all states belonging to the same excited state manifold. The
complex frequencies .5 = wqp—i7qp contain the resonances wgp and the dephasing constants vgp.
The Heaviside step functions ensure the right time ordering of the interactions. Substituting the
pulse times 7; by the intervals between two pulses, Ty = 72 — 71, To = 73 — T2, and T3 = 74 — 73,
and plugging the ESE response function of Eq. (A.1) into the polarization Eq. (3.10) with
(u1,u2,u3) = (—1,+1,41), and inserting the result into the heterodyne detected signal function
of Eq. (3.2) provides the ESE signal

%) ) ) oo 3 N
St (T3, T, T) =/ dt/ dt3/ dtg/ dt, > (;) Ex (t — 1y)ein(t=T)
e 0 0 0 a,B,v,0=1
Xe—’i(—w1+w2+w3)(t—Ts—F’I‘:i)—i(UJQ—wl)T2+iwlT1 ei(—wl+w2+w3)t3+i(UJ2_w1)t2_iwlt1
X53ﬁ(t —t3 — Ts +T3) gQW(t —t3 — tQ — Ts —|—T3 —|—T2)
XEF (t—tg —ty —ty — 75+ T+ To + T1) O(t1)0(t2)0(ts)

X Z (dgel)a (deg)ﬁ (de/g),y (dge)5 e_ige/gt3—i£e/5t2—i£yet1'

e,e’

(A4)

The intervals t1, to, and t3 between two interactions with the radiation field are now
substituted by the times 7y = 7o — t1, To = T3 — to, T3 =t — t3, and ¢ where the interactions
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take place (cf. Fig. 3.2 (a)). Collecting terms with the same w;, Eq. (A.4) takes the form:

[e%e] t T3 To 3 -\ 3 )
Sg’s)E(TS,TQ,Tl):/ dt/ d%g/ d@/ an Y (;) EX (8 — T)eiws (=)

a,B,v,6=1
ngﬁ (7:3 — Ts + Tg) e—iw3(7~'3—Ts+T3)527 (7:2 — Ts + T3 + TQ) e_iwz(%z_Ts+T3+T2)

Xgis (7:1 — T+ T3 + T2 + Tl) e+iw1(‘7—177's+T3+T2+T1)

x0(2 — 71)0(75 — 72)0(t — 73) Z (dge’)a (deg)ﬁ (de/g)ny (dge)é

e,e’
Xefige/g(t7%3)efige/e(%37%2)efiggc(%27%1) )

(A.5)

The substitution of the integration boundaries already expresses the time ordering of the
interactions: ty > 71 > 7o > 73 > t. This condition is ensured by the Heaviside step functions
in Eq. (A.5). The initial time is t) — —o0.

Furthermore, it is assumed that the dephasing constants 7y, (and thus the linewidths) are
small compared to the resonance frequencies wgy, and the intervals between the pulses are
approximately the same as the intervals between the light-field interactions ¢; ~ T, such that
the factors v, (t; — T;) are negligible. Assuming that the pulses are temporally well separated,
the upper integration bounds Eq. (A.5) are extended to co. The pulse envelopes &;(t) are
Fourier transformed:

With that, Eq. (A.5) becomes

£(t) :/ da; &(@j)e ™" (A.6)
> o0 0 o 3
S](ESS)E(T&T%Tl) :/ dt/ d%3/ d@/ a7 Z

AN}
(3)
a,B,7,0=1 h

X/ d(:)s/ d@g/ dcbg/ d(;)le(Tl)9<T2)9(T3)

X Z gs*a (@s> 535 (QS) 527 (@2) gikg (‘Dl) (dge’)a (deg)ﬁ (de/g)W (dge)a

et (A.7)
Xeit(ws+®57wc/g) eiTS(fwsf(:Js+UJ3+U_J3+(«J2+a)270.11 7051)
x6i7~'3(_°-’3_‘:’3+"-’e’g_"~’e’e) eiTg(—w3—dz3—w2—o§2+w1+w"1+w€/g—felg)
Xe’ifg(—wz—@2+w6/e—w96) eiTQ(—UJQ—LDQ+UJ1+(ZJ1+UJ€/6—§(E/€)
xeiﬁ (w1t@14wge) eiTl(wl+a)1+wge_£ge)‘
Evaluating the Fourier representation of the ¢ function
S .
/ dt 6t = 275(w), (A.8)
— 00
removes all integrals and greatly simplifies the expression:
3 .\ 3
3 4 4
St Tt = 3 (5) @0 e, () (o), ()
o, B,7,6=1 ee’ (A.9)

XE; (Werg — ws) 35 (weg — w3) Ea, (Werg — wa) E7 (Weg — w1)

xe ™ T8y @1 T2Ee o= Tidoc (T} )0(Ty)0(Ts).
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Since multidimensional signals are often depicted in frequency space, finally a Fourier
transform of the signal function is performed with respect to the first and third pulse interval
(which are of interest in the case of PE measurements where the photon echo can be observed
on the diagonal):

SIEDBS)E(Q37T2;QI) :/ dT3/ dTy Séss)E(T?nTQ,Tl)ei(QsT?’JrQlTl)' (A.10)
0 0

Performing the integrations and applying the same procedure to the other space pathways
leads to the signal function given in Eqs. (5.2), (5.3), and (5.4).






Details on the derivation and
implementation of the HIOS
transfer rates

B.1 Dielectric screening at the hybrid interface

Particular care has to be taken of the relative permittivity e, incorporating the impact of
the core electrons [Verl3], since the organic and inorganic parts of the hybrid structure
exhibit different dielectric properties. The system is treated as two half spaces with different
bulk dielectrics, separated by an interface at z = 0: €, in the molecular layer and ¢ in the
semiconductor substrate, depicted in Fig. B.1. Image charges are introduced in order to account
for the influence of the electrostatic charges within one of the half spaces on the electrostatic
potential in the other half space. A point charge ¢ in the molecular layer at a distance d from
the interface induces the image charge ¢’ within the semiconductor substrate at the distance
—d, such that the potential at any point P in the molecular half space (z > 0) expressed in
cylindrical coordinates (p, ¢, z) reads [Jac99]

1 !/
1 + d . (B.1)
dreoem \ Vo2 +(d—2)>  /p?+(d+2)?
For specifying the potential at an arbitrary point in the semiconductor half space (z < 0),
another image charge ¢’ is placed at the same position as the real charge ¢:
1 q//
dmeoes \/p? + (d — 2)2

¢(z>0) =

Pz <0) = (B.2)

Evaluating the boundary conditions, the following relations between the real charge ¢ and the
image charges ¢’ and ¢” [Jac99] can be derived:

, €s — €m I 2eq
- , — . B.3
q gt (R e (B.3)
7,
q
P 6lll
d
d
q °

Figure B.1: Visualization of the dielectric properties at a hybrid interface between two materials with
different dielectric constants (€, in the molecular layer and € in the semiconductor substrate). A charge
g within the molecular layer induces an image charge ¢’ located in mirror symmetry to the real charge
q. P denotes an arbitrary point within the molecular half space.
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140 B Details on the derivation and implementation of the HIOS transfer rates

The Green’s function G™™ (r,7’) for the Coulomb interaction between two charges at r and
r’ within the molecular layer in the presence of the dielectric semiconductor substrate is given
by [Jac99]

1 1 1 1
G (r, ') = i — (B.4)
dmegen |1 — 1| dmegel™ \/(x — )2+ (y — )2 + (2 + )2
with the effective dielectric constant
e € + €m :Ti +1
€off | = €m e: o me 7" (B.5)

Equivalently, the Green’s function G™(r,r’) for an interaction between one charge at the

organic and the other at the inorganic site takes the form [Jac99]

2¢
, 1 e 1 1

G™3(r,r') = stem (B.6)

dmeges |1 — | dmeges [r — ']

where the effective dielectric constant e ;® is the average of the intrinsic permittivities of the

two constituents:

1
Cof. = 5(65 + €m)- (B.7)

This way, the dielectric screening in the composite system is taken into account by introducing
effective dielectric constants eJ5™ for the intermolecular and €};® for the interlayer Coulomb
matrix elements.

B.2 Quaternions

The concept of quaternions was introduced by Sir William Rowan Hamilton in 1843 as a
four-dimensional extension of the complex numbers. Today, they are mainly used for simplifying
the spacetime description and in computer graphics, since it is possible to express the rotation
of a vector in three-dimensional vector space by a normalized quaternion in a numerically
efficient and elegant way [Kui02]. The orthogonal basis of the quaternion vector space contains
four elements: 1,4, j, k. An arbitrary quaternion then has the form

A
g=s+ir+jy+kz or g= s,y || =[s ], (B.8)
z

where the latter notation reveals that quaternions are composed of a scalar (s) and a three-
dimensional vector part (v). As for complex numbers, the squares of the imaginary parts are
—1:

i? =% =k*=ijk = —1. (B.9)
The addition of two quaternions is defined as:
qg+q =[s+s,v+7]. (B.10)
The multiplication is defined as:
q¢ = [ss' —v-v' v x v + sv+ 5. (B.11)
It is not commutative: ij = k, jk =1, ki = j, ji = —ij = —k. The conjugate of a quaternion is

given by
q" =s—ix—jy—kz=[s,—v] (B.12)
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The norm is calculated as

lgll = Vag® = Varqa = Vs> + 22 + 2 + 22 (B.13)

and the inverse is defined as:

*

-1 q
qg = : (B.14)
gl
The inverse and conjugate are identical for unit quaternions with ||g|| = 1.

In order to describe rotations, one defines a quaternion of rotation:
qr = [cos (&) ,sin () r], (B.15)

where r is the normalized axis of rotation and 6 the angle of rotation. The point p whose
rotated coordinates are to be determined is transformed into a quaternion like p = [0, p].
Finally, the rotated point p’ is obtained from the transformed quaternion p’ with

P =lep)=arpdr' =R D (B.16)

There are three main reasons why expressing three-dimensional rotations as unit quaternions
instead of matrices is more convenient:

1. Concatenating rotations is computationally faster and numerically more stable.

2. The use of quaternions allows for a direct rotation around the desired rotation axis and
angle (without transformation to Euler angles).

3. Quaternions do not suffer from gimbal lock as Euler angles do (i.e., loosing one degree of
freedom due to the coincidence of two rotation axes).

B.3 Transformation to momentum representation

Introducing Bloch basis operators for the molecular electrons (given in Eq. (7.31)), the Hamilton
operator of the hybrid system can be rewritten into a consistent momentum representation for
both the inorganic and organic component. The free electron part transforms as

R 1 o
m_ RO i0—V)Ryy AT A _ R
H =) eadly, iy, =) ca ), N > e lalday =) ca )l

A v A l

A Ly

mzcm S e =011
(B.17)
For evaluating the Kronecker delta, it was used that the molecular wave vectors I and I’ are
restricted to the first Brillouin zone (BZ), such that the difference of two arbitrary molecular
wave vectors | — I’ will never equal a reciprocal lattice vector, as illustrated in Fig. B.2.
Next, the intermolecular Coulomb Hamiltonian given in Eq. (7.8) is transformed into
momentum representation:

A 1 1 ; i(lo—1a)-
m-m __ i(l1—14) Ry, i(l2—13) Ry, Ave Bivp ~T At 4 A~
HE™ =53 > w7 2 © e "V Alve B @an, 051,081,040,
A,BvgFvy = ™ 1yl
l3,ls

1 il —1 i(12—13)-
1=la)-Ry, i(l2—=13) Ry v Huve Livy ot At 4~ N
+ 2 Rz e tle VL Wy 08,0, 000, 080,000,
voFvy Mgl
[ZR 2

(B.18)
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L [ L]
7 / i

#"l_l<l_(.);>} )

L] L] [

Figure B.2: Graphical illustration of the relation ZGm di—1,@,, = 01, for two arbitrary lattice vectors
I and I’ that are restricted to the first BZ. The 2D reciprocal lattice shown in the figure is arbitrarily
chosen to be rectangular. The rectangle marks the first BZ around the central reciprocal lattice point
at I = 0. Due to the periodicity condition, not all boundaries are included: The boundaries included
in the first BZ are marked by thick, solid lines, whereas the boundaries represented by dashed lines
are not included. Here, the extreme case of I and I’ pointing in opposite directions and reaching the
boundaries of the first BZ is depicted. Still, the vector sum I — I’ will not equal a reciprocal lattice
vector G, connecting two reciprocal lattice points, since the right-hand boundary towards which 1’ is
pointing is not included.

The coupling elements in partial charge approximation derived in Eq. (7.17) are inserted and
the Kronecker delta condition given in Eq. (7.32) is used to eliminate the sum over v,:

AR ™ Z Z Z i(li—latlo—l3)- Ry qi(la—13)-Amm) ZGIH " (rr, 7+ Amm)
MLl A #0 Nin
l3,l4

:Zcm 611_l4+12—l3ma

AA_BB A ~T HL LHAT AT
( qu a5 aAllaBl2aBl3 Al4+QI qy aHllangang L,l4

(B.19)

Here, the substitutions R, = R,, and Ay, = R,, — R,, were undertaken, and the sum
over v, was transformed into a sum over all relative molecular positions A, with respect to
the position of molecule v,. This is allowed since all possible reference points R, = R, are
summed up as well, such that A, is independent of the reference point for a sufficiently
extended molecular layer with translational invariance. Again, the molecular wave vectors I;
are restricted to the first BZ. In contrast to Eq. (7.33), this time the vector sum Iy — Iy + 1 — I3
consists of four vectors, which can indeed add up to a reciprocal lattice vector. However,
the sum over the reciprocal lattice vectors is restricted to vectors G, = mq b1 + maoby with
mi,me € {0,%1}, since only the nearest neighbored reciprocal lattice points are reached
starting from the center of the first BZ (cf. Fig. B.2).

The molecule-semiconductor Hamiltonian transforms in an analogous way:

_ i(1—1)-Ruy 1 0k Av At At
Z Z Ze ”V k' A a)\kaAlaAl’a)\k’
MNkk! Av mll/

T Z Z Z ) Ry (Vc p E: idelaL vy g T VZ:’ ﬁlyj/ Ai kailaH v k’)
kk' v N L
(B.20)
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Again, the coupling elements are expressed using the partial charge technique:

msNZZZ Z i(l—U'+k'—k)-R, z(k', k)AmS”ZGmsrl"r‘Amser})

kk LU A

=D gy 1k kG

B.21)
AN AB A - HL (
<Z Z a1 45 a/\ Ed 2 2yl o + 477 a; al kaL 10, /Gy, g
+ g7 aT ka£ 10y, 0 k’)
where A, = R; — R, was substituted.
B.4 Discrete Fourier transform
To calculate the transfer rate of Eq. (7.75), the interlayer Forster coupling element
H 1 iq-A a5 qy"
Vel =——— ¢4 Am-s| . B.22
L(9) Ameqel® AE“:Q 12; lry —rr — Al ( )

has to be evaluated for a very large number of momentum transfer vectors q.

Note that the sum over the three-dimensional vector A, s only runs over two dimensions (x
and y), since both the semiconductor and the molecular component are composed of a single
layer of unit cells (UCs). Thus, all vectors Ay, s have the same (constant) z component Ay, .,
defined by the interlayer separation. Without loss of generality, the  and y coordinates of the
“central” UCs of both the semiconductor substrate and the molecular adlayer are chosen to
be identical, such that Ay.s, = Aps, = 0 for the two central cells. As a result, the in-plane
component Ay, g is a linear combination of integer multiples of the 2D semiconductor lattice
vectors a1 and az: Ap, 5| = ka; +las with integers k, | € Z. Here, the substrate UCs are chosen
in a way that the lattice vectors coincide with the Cartesian coordinate directions: a; = aje,,
a; = ase,. However, this is not a necessary precondition for the following deductions.

The 2D sum over A,,_¢ has to be evaluated in a region around 0 where the coupling elements
have sufficiently dropped at the borders (which is checked using a convergence test in the
program). Let this rectangular “interesting” region have the size Ma; in z direction and Nas
in y direction (cf. Fig. B.3). With that, Eq. (B.22) can be rewritten to

M
o1 51
Vil = i Y ek S GO ()
v Ameqely® T T 77 kay
T2 T ry—T1r — las
Ams,

This expression resembles a two-dimensional discrete Fourier transform (2D-DFT), which can
be exploited for an efficient numerical calculation. To implement this numerically, the FFTW
library is used [FET]. The forward 2D-DFT of a 2D complex array X of size m X n computes
an array Y of the same size with

M—-1N-1
.nl
Yo=Y Y Xmne~ 28 62N for k=0,...,M—1andl=0,...,N —1. (B.24)

m=0 n=0
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as

N(lQ ...................... ‘

w2

coupling element

M a; -
Figure B.3: Graphical illustration of the interesting region around the 0-coordinate of Ay, g where the
Fourier coefficients of the Coulomb coupling element (marked as filled blue, fading circle) are calculated.
Since the numerical computation of a discrete Fourier transform can only handle summations over
positive integers, the region has to be shifted to positive values (see dashed rectangle) and the matrix
element has to be continued periodically.

The backward 2D-DFT computes:'

M-1N-1 ol
mn—z ZY ezm 2N form=0,....M—1landn=0,...,N—1. (B.25)

m=0 n=0

Here we see that the sums computed numerically using the FFTW library run over positive
integers, whereas the summation in Eq. (B.23) is symmetric around 0. Therefore, the summation
region must be shifted to positive values and the matrix element has to be continued periodically,
which is depicted in Fig. B.3. Therefore the Fourier coefficients are defined as a piecewise
function:

cv HL
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EI,J (k— M)a 0rk=7,...,M—1,l:0,.,,,
- 1

rTy—TI— lag
Ames

cv HL
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JAVN

Yi =

(B.26)

! Note that this transform is not normalized. For a proper normalization, the backward transform would have
to be multiplied by a factor ﬁ
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Here, (I) denotes the wavy region, (II) the stripy region, (III) the dotted region, and (IV)
the checkered region of Fig. B.3. By setting up an input array with these Fourier coefficients
and applying a backward 2D-DFT using the FFTW library, an output array consisting of the
following entries is obtained:

N
- 2 o2 ;2 a5 qy"
X _ e i ILE WZW , B.27
mn 47T€O€m s Z ZN IE; kal ( )
2 2 ry—Trr— lasy
Ao

where the summation indices have been transformed. A comparison with the Coulomb coupling
element of Eq. (B.23) provides the discrete representation of the momentum transfer vector g
(momentum space coordinate):

2rm 2r n
- = —— d _——. B.2
) = 2 and g ) = 228 (8.25)
The discretization
27
Agy = qgz(m) — qz(m —1) = and Agy = gqy(n) —gy(n—1) = Nag (B.29)

is determined by the discretization of A, s in real space (which is given by the geometry aq
and ay of the UCs) and the spatial extent of the “interesting region” defined by M and N (cf.
Fig. B.3). This means, M and N must be chosen large enough that (i) the discretization of ¢
is sufficiently fine and (ii) the value of the Fourier coefficients of the coupling elements has
sufficiently dropped at the borders of the interesting region.

Note that the output array covers all g values within the first BZ of the semiconductor
substrate. Its extension is given by 2—’; in x direction and ?TZ in y direction. In conclusion,
by implementing a discrete Fourier transform, one obtains a 2D array of interlayer Forster
coupling elements V¢ H(q) covering discrete equidistant g values within the first semiconductor
BZ. The value for an arbitrary q vector is then obtained by bilinear interpolation.

B.5 Derivation of the eigenproblem of the molecular excitons

B.5.1 Calculation of the matrix elements in the exciton basis

The matrix elements of the electronic Hamiltonian H™ in the molecular layer are derived in
the new basis. The free part is given by:

<l1, lglﬁ(r)n”g, l4> = 6l1,l36l2,l4 <(Nm — 1)EH + EL> . (B30)

The matrix element of the Coulomb interaction within the molecular layer in terms of the new
basis has the form:

N 1 11
(U Lo HE™ L, L) =01, 0,002,045 (N — 2)VE 1(0) = 5= DO VIR =)
2 2 Nm
1
+7ZV (I—1)+Vir(0 )—Nizvgh(l—h)} (B.31)

+ Ni Z Oty —15,l2 s+ G [VE Ll — 1) — VEE@, - l4)}
m o
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The eigenvalue problem of Eq. (7.42) takes the form:
(B 4+ B2)foqr =+ 4. l\ﬁm|X53>

1
= qa | B + ety — VR HO) + 1= Y VHHE - + VI E(0)

m

- SV - 0+ )]+ Y g A @ - ViR 1)),
m 1% 1% m
(B.32)
where ey, , = e1,—en denotes the highest occupied molecular orbital (HOMO)-lowest unoccupied
molecular orbital (LUMO) transition energy in the molecules.

After converting the molecular wave vector sums into integrals according to Eq. (7.43), it
can be used that the Coulomb coupling element in momentum space is periodic with respect
to the reciprocal lattice. When integrating over all possible orientations of molecular wave
vectors I’ within the first BZ, the reference vector I of the momentum transfer vector I’ — 1 is

arbitrary (and can be chosen as zero), since the integration over a whole period (in this case:
BZ) is invariant under an arbitrary translation of the periodic function:

/d2l’VA, BU—-1= / azr vy B). (B.33)

1st BZ 1st BZ

A formal proof for a periodic one-dimensional function f(k) = f(k + G) can be easily shown:
G G-a G
/ dk f(k —a) :/ dk’ f(K') = dk' (k") + / dk’ f(K') — / dk’ f(K')
0 —a

G G
:/ d&” f k" / dk’ f —/ dk’ f / dk f(k
G—a
f(k”)
(B.34)

The resulting expression is given in Eq. (7.44) in the main part of this thesis.

B.5.2 Normalization of the molecular exciton states in the discrete basis

The eigenvector coeflicients are normalized according to

N2 NP NP
<X‘I;;1"|ngl'/’n Nm2 ZZ qj’n qJ/ +qj7li|lk +Qj'7lk Zcq”n qij’n
1 k=1
Z NII)
= N2 0i,10; 5
2 2
r Ny aim NP
= 7]\7}% 5j7j’5n,n’ = Z‘ / | Nm
(B.35)
An orthonormal basis of eigenvectors can be found, such that
N
N2 &
Nm2 | X qu Xq. ool =1 (B.36)

7,n=1
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This is used for deriving the representation of the two-particle basis in terms of the delocalized
exciton basis. Therefore, the two-particle state |l + q;, i) is multiplied from the right-hand
side to the complex conjugate of Eq. (7.49):

Ng'
d Nm
(Xg mlle +a, L) = Nén Zcq” Li+qj, Ll + qi, L) = NidC?,i’ 1. (B.37)
i=1 m2 o
_1}[\[2 04, k04,1

Nm2 |X a,n) is finally multiplied from the left-hand side, a sum over j and n on both sides of

the equation is performed and the orthonormality condition of Eq. (B.36) is used:

N N
1+ qu, k) = Z g X ) = Ng‘ SR AP, G (B.38)
7,n=1 n=1

B.6 Derivation of the equations of motion for the hybrid
system

B.6.1 Homogeneous exciton density of the molecular system

First, in order to solve the equation of motion (EOM) for the population of the molecular
exciton state |an]1-,n>7 the molecule-semiconductor Hamiltonian in momentum representation
given in Eq. (7.36) is applied to the local two-particle basis state |l1,l2):

A

HE N, by) =(HE o + HER) L, L2)

Nrn ot a . g
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Z Z Zal,_l k'— k+GmVV L( - ) k:’a k‘l 7l7l17l2>

”Ckk’ 1l Gu

(B.39)

The last term describes Forster coupling to a doubly excited molecular state |l',1;11,1l3) =
&Ll,&H’l&LllfLle |#g"). In the following, only single excitations in the molecular layer will be
considered, neglecting coupling to doubly (and higher) excited molecular states. Based on the
upper equation, the full system Hamiltonian is applied to the excitonic state |X2> @ n> of the
molecule in the basis set of numerically discrete wave vectors (1;, q;):

Nln
X L N & o
AIX) = (EB“ FER+ Y *) X+ i Dl HE 4 4oL, (BA0
Ak i=1
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where the last term was derived in Eq. (B.39).

With that, the commutator entering the EOM of the homogeneous exciton density (cf.
Eq. (7.56)) can be derived:

a m
oK

ﬁ|X(Ig7 th Z [ V ) v kav k' + V ( - k)&z,kdc,k,’)

X (—ch’”<X3;7n|ﬁ|li +qLi—k+K)+" <l,» +q;,bi — K +K|p| X )
+ (W (K — k)&i,k&v,k’ +VE(K — k)@i ke, k')
X (C;I?v"< ) i+qj+k—k/7l'>_c?7’n <l1+q]+k/_k:7l,t|ﬁ|ngl’n>):|

th Z Z Z Og; k' —k+ G

i=1 Nue k.k' G

uCkk,

x (/"M VS Tk —k)ai,kav,kr<X§j,n

ﬁ|¢6n> - Czjm*vc H*(k/ ) :r/k’ac k<¢0 |p|XqJ,n>)
(B.41)

Finally, a trace over the semiconductor states is performed, leading to an EOM for the
population pg' ,, = trg [(X anlPIXg, n)]- To further evaluate the expression, it is used that

tr[ah iy g (@™[D16™)] = (ah i o) tr[[b™)(a™]p)]. (B.42)

Assuming approximative spatial homogeneity, one can set
<&I\,k&)\,k’> R Op k! <&T\,k&)\,k’>' (B.43)

This dramatically simplifies the EOM for the population of the molecular system, since all
monopole-monopole coupling terms cancel out in the commutator and only the Forster coupling
part remains:

Ng

0 2 Niy (B kK’
. Pg;n = qj,k'—k+Gn Im Nm lj7 V ( k)o-q;-,n (B44)
ot Y h N, kMG Nj P

with the assisted molecule-semiconductor coherence ’; kn = trg [di)k&‘,’k/ (X, gjln| plogh]-

B.6.2 Molecule—semiconductor coherence

In order to derive an EOM for the assisted molecule-semiconductor coherence a’;ﬁ;, it is used
that
trs [y o (X5 P16 = tr[a dy s PIOG) (X ] (B.45)

where tr[...] = trg[try[. .. ]] denotes the full system trace. The temporal dynamics is again
calculated using the von Neumann equation:

0 / A s o R
ot UI‘;J{C” - % tr[[H’ al,kav,k’ |¢O ><qu,n|] _P} 5 (B46)

where the invariance of the trace under cyclic permutation of its arguments was used. First, the
commutator entering the EOM Eq. (B.46) for the assisted molecule-semiconductor coherence
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is calculated:
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(B.47)

Note that again, terms including a doubly excited molecular system have been excluded. Next
step is to rearrange the quantum well (QW) operators into normal order and evaluate the trace
over the commutator and the density operator in Eq. (B.46). Terms containing more than two
QW operators are rewritten using Eq. (B.42). All other terms are transformed using Eq. (B.45).
A Hartree-Fock factorization (cf. Sec. 2.3) is applied to expectation values of four electronic
operators. Moreover, spatial homogeneity is assumed according to Eq. (B.43). The system is
assumed to be in the thermodynamic quasi-equilibrium, such that the carrier populations in
the respective bands are given by Fermi distribution functions f.,, x for the electrons (e) and
holes (h) [Hau04, But04, Chol2]:

Py = <&i7k&v7k> =fk=1—/for and pcg= <&i,k&c,k> = fek = fek- (B.48)

Only k states close to the I' point are occupied, such that the sum of two k vectors cannot
equal a molecular reciprocal lattice vector (no Umklapp processes): dk—k.G,, = Ok,k'0G,,,0-

In order to set up a closed system of equations, only homogeneous densities of the molecular
system are considered, i.e., the diagonal density matrix elements pjy: ,, = trs (X7 15X )],
neglecting fast decaying coherences:

2
Nm2 tl"s [< n|p|XqL n’>] ~ j,lan,n’Pg;,n- (B49)

Also, the electronic semiconductor coherences <€LT k0. g) are assumed to decay rapidly, such

that products of two coherences vanish: (a) JepOc kl}(&i Ky ) ~ 0.
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This leads to the EOM for the assisted molecule-semiconductor coherence:

8 ’ ’
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(B.50)

with pf* = trs [(F|peg")]. Vi, subsumes all diagonal monopole-monopole terms, leading to
a constant shift (renormalization) of the system resonance:

m-s Nm C \4 \4 \4
Vmono EN (Vc g(o) - Vv E(O)) + (1 - %n}QlDAUC)(vv g(O) - Vv %(0))

+ 52 Aue (VE1(0) = VE£(0)),

(B.51)

where ng]/Dh = Ne/n/Aqw denotes the 2D carrier density for electrons (e) and holes (h).

Neglecting the inhomogeneous monopole-monopole contributions given in lines 2-5 of
Eq. (B.50), one ends up with:

an
9 ew _ m m-s kk’ i N §° g5
8tO'q]7 h( qu,n + Ec,k — Ev,k! + Vmo?lo) n T %Nién 2 C J
<N ;5qj,k'—k+cmV5 b (K = k) (1= fur) (1= fer)Pysn — Frks ferpl)-

(B.52)

B.7 Numerical implementation of the in-scattering rate

Starting from Eq. (7.70), first, the Kronecker delta ensuring momentum conservation during
interlayer Forster transfer is evaluated, eliminating the sum over k. The Kronecker delta only
selects certain wave vectors k within the first semiconductor BZ that satisfy the condition
k = k' — q; + Gy Note that at the same time, the sum over Gy, is restricted to molecular
reciprocal lattice vectors for which k = k' — g; + Gy, is still within the first semiconductor BZ.
This way, the sum over k is eliminated by replacing k, = k}, —q;, +Gm, and k, = k‘; —qj, +Gm,-
Assuming a spatially extended semiconductor QW, the remaining sum over the wave vector k’
can be converted into an integral over the first BZ of the semiconductor substrate using the

relation A
QW 27/
. B.
PIEE / 42k (B.53)

k! 1st BZ
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with the QW area Aqw = NgAyc. One obtains

2 Ny Ny

L 2;3]&2 N - Z Al AQW/ko’Z‘v Gn)

X fh,k’fe,k’—q,'+Gm 4 (5e,k’—qj+Gm + Enkr — Aq;',n) .

(B.54)

Finally, the Dirac delta distribution for energy conservation stemming from the Markov
approximation is evaluated. Therefore, the property of a Dirac delta function composed with a
smooth function g(z) is used:

/ dz f(2)d(g(z / dz f(z Z|f(:”’ (B.55)

where the sum extends over the simple roots x; of g(z). The x-component of k’, k! , is arbitrarily
chosen to evaluate the delta condition. The argument of the Dirac delta, denoted as g(k), is
differentiated with respect to kZ:

d h2 * * *
g/(k:;> = dk; (6e;k,_qj+Grn + Eh,k! — qu,n) = |m$|mz (('mv| + mc)k; - |mv|(qu - Gmm))v
(B.56)
where it was used that €. = hz | ‘ The roots of g(k.,) are:
1
K o =— M=V B.57
T4 |m “l‘m* (|mv|ka )7 ( )
with the abbreviation
2 * * * * * * 2 * * *
Vo = Imiim (m] ) Ag = (m3]+m)k, -+ 2mi| (] +mk (a5, = Cin,)
* * 2 * * * 2 1/2
= [mgme(gs, — Gm, )™ + Iml(Imy| + mo)|(gj, — Gm,) }
(B.58)
It follows
[m3|mg b
6 (eerr— 4 Gm T Enk — A j,n) = < okl — k.,
! ! WE{;_} R2|(jmi| +mok, — [mil(gj, — G| ( )
_ 1
To" (k)]
(B.59)

with k., ». given in Eq. (B.57). The expression under the square root has to be positive or zero in
order to get a real solution, which will be ensured by a Heaviside step function in the transfer
rate. This way, evaluating the Dirac delta distribution lifts the £/, integration:

N™

in 27-(- 1 AQW N q;j,n Akl q T / !
pin . - j Jj dk; V )
n = N2 (2m)2 N Z ye{z; };‘ (B.60)
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X fok! fek! —q;+G
ol Y J

’

where k!, = ( W ) and Ly, denotes the extension of the first substrate BZ in y direction.
Y
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Semiconductor Brillouin zone

S

Figure B.4: Graphical illustration of the region Ar around the I' point in reciprocal space. The k
integration over the first BZ is restricted to this area since the Fermi functions truncate any occupation
outside this area.

Since the Fermi distributions contained in the semiconductor occupation density truncate
high k values far away from the I' point, it is valid to restrict the evaluation to k values
inside a small circular region Ar centered around the I' point with radius k. in the BZ:
Ar = k2, .. This is graphically illustrated in Fig. B.4. kyayx is determined such that the Fermi
functions have sufficiently declined within Ar. E.g., kpax is chosen such that the k summation
is truncated when the Fermi functions have declined below 107°:

1
h2K2
exp < 2y M) +1

Note that this limit is different for electrons and holes. A similar treatment can be employed
for the out-scattering rate, however here not the Fermi factor is responsible for the truncation
but the energy conservation condition. By now, only the one-dimensional (1D) integral over
k;; is left to be numerically discretized by converting it into a Riemann sum with a factor

2m
hZ

Jik = L (kT; 1n(99999) + 1;). (B.61)

>107° = kg\/

Ak:’ = kax given by the discretization step size with Nj = Nb Ng, - The total in-scattering

rate into the organic layer is given as the sum over all molecular exmton states enumerated by
the parameter o = q;,n
Ng* Ng'

Ty = Nmz Z dore (B.62)

n=1j =1

B.8 Reciprocal space analysis of the transfer rates for varying
resonance energy detunings

The behavior of the in- and out-scattering transfer rates for varying resonance energy detunings
is examined via a reciprocal space analysis. Therefore, the individual transfer rates Fm/ out
which are summed up in the total rates of Fig. 7.6 (b) are studied in dependence of the
molecular transfer vector g;. To support the analysis, the in- and out-scattering Fermi factors
ff;: 4 and f;’]‘_‘i are introduced as the sums over the products of the respective Fermi functions
that obey the delta conditions for momentum and energy conservation entering the transfer
rates:

(I7+_szhk/f0k6qjvk/ k+Gnm 6(5 +€h _qu)v (B63)
kk' G
art =D (1= fure )L = fere)Oq, b —kt-G® (8 + ek —qu). (B.64)

k.k' G
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Figure B.5: In-scattering rates Fg; + (upper row) and Fermi factors f};; 4 (lower row) for increasing
resonance energy detuning Ag of 10meV (a), 20meV (b), and 30 meV (c). The shown g range represents
the size of the first molecule BZ for a coverage of one molecule per 10 x 10 substrate UCs. [Spel§]
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Figure B.6: Out-scattering rates I’ ZLJEF (upper row) and Fermi factors gj“i (lower row) for increasing
resonance energy detuning Ag of 10meV (a), 20meV (b), and 30 meV (c). The shown g range represents

the size of the first molecule BZ for a coverage of one molecule per 10 x 10 substrate UCs. [Spel§]

These Fermi factors reflect the population filling resolved for the momentum transfer g vectors
and governed by momentum and energy conservation. Figs. B.5 and B.6 show the g-dependent
in- and out-scattering rates (upper row), respectively, and the corresponding Fermi factors
(lower row) for increasing detuning Ag of 10meV (a), 20meV (b), and 30 meV (c). For a small
detuning Ag = 10 meV, the in-scattering Fermi factor depicted in the lower panel of Fig. B.5
(a) shows a constantly high value over all possible momentum transfer g vectors within the
first molecule BZ, resulting in an efficient in-scattering into the molecular film (cf. upper panel
of Fig. B.5 (a)). The reason for that is the close energetic match between the resonances of
the two constituents: The lower band states that fulfill energy and momentum conservation
for the transfer process to the molecular system are highly occupied in the ZnO substrate (cf.
left HOMO-LUMO system of Fig. 7.6). When the detuning is increased, the q space region
with a high Fermi factor that contributes to the excitation transfer shrinks significantly (lower
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panel of Fig. B.5). This is due to the decreasing number of energy- and momentum-allowed
scattering partners, as illustrated by the right HOMO-LUMO system in Fig. 7.6 (a).

However, this simple scheme does not explain (i) why the decrease of scattering partners
occurs predominantly along the z direction and (ii) why the in-scattering rates in the upper
panel of Fig. B.5 are reduced in the central region around g = 0 for all detunings. The decrease
along the x direction (i) can be understood by means of the g-dependent intermolecular Forster
coupling element VH k(g;) shown in Fig. 7.4 (a): According to the molecular dipole moment,
the coupling element exhibits dumbbell-shaped maxima along the x axis at the borders of the
molecular BZ, i.e., around ¢, = 0 and ¢, = :|:51/2 with by being the absolute value of the
molecular reciprocal lattice vector pointing in x direction. As a consequence, the molecular
eigenenergy Eg; L X V{I %I(qj) entering the energy conservation shows maxima in these g space
regions. This further increases the energy difference Ag; = Egl, — Vingh,, — €54p and results
in a reduced energy match. The reduced in-scattering at low q values around 0 (ii) is caused
by the interlayer Forster coupling element entering the transfer rate in Eq. (7.70). As shown
in Fig. 7.4 (b), the matrix element exhibits four lobes oriented along the diagonals and is
vanishing in the center, which is reflected in the transfer rate.

As expected, the opposite behavior is observed for the out-scattering rate and Fermi factor,
cf. Fig. B.6. The out-scattering Fermi factor (lower row of Fig. B.6) reveals that the g space
regions where Pauli blocking prevents back-scattering into the substrate is decreased for
increasing detunings, causing an increase in the out-scattering rate (upper row of Fig. B.6).
However, the out-scattering rate decreases again for detunings larger than 30 meV. Here, the
energy mismatch between the renormalized molecular gap and the semiconductor band gap is
larger than the energy difference between any of the populated states in the semiconductor
electron-hole continuum [Spel8].

In summary, the in-scattering efficiency decreases for large detunings as a consequence of
the reduced population filling in the relevant momentum- and energy-allowed region. Note that
discrete contributions are visible as sharp spots in the rather continuous in- and out-scattering
rates and Fermi factors of Figs. B.5 and B.6. The appearance of these discrete points might be
due to the discrete molecular positions in the periodic hybrid structure considered here, similar
to the patterned observables in X-ray diffraction experiments probing the elastic scattering at
crystalline structures.



Details on the derivation of the
Wannier-Frenkel excitation
transfer dynamics

C.1 Equations of motion of the exciton densities and
polarizations

The EOM are derived following the notation of Ref. [Zim03]. First, the phonon-assisted density
matrices

Ty =t [B] o (X5161X5)], 17 = trp[b; o (X5151X5)], (C.1)

Tyq = trn 0] 4 (65151X2)], 17y = trnlb; g (05101X3)] (C2)
and the photon-assisted density matrices

GY% = trn[é] , (X31165)] Gy = trnle  (GRAIXS)]. (C3)

Gl,q = trB [cl,q<Xﬁ|p|X§z>]7 Gl,q = trB [Clyq<¢0|ﬁ|¢(s)>] (04)

are introduced. Plugging the Hamiltonian of Eq. (8.28) into the von Neumann equation
ihdyps = [H*, ps] and making use of the orthonormality (X5[X3) = da,p and (X3[¢5) = 0,
the EOM for the exciton densities and polarizations and the ground state population can be
derived:

0 * a ack
O == B+ X005+ TS — oS35 + TS0
¢ Ja (05)
3 (MG Mﬁ*aoaw}
l.q

o . .
HPa0 = {(,pawZZg FTPT) 4 (MP,GY ZMﬁGﬁ}, (C.6)

B8 J.q l,q
3 o a* ackx
atpoo hzz Mqu?q+ GO ). (C.7)
a lgq

Here it was used that the trace is invariant under cyclic permutations of bath operators.
Eqgs. (C.5) and (C.6) reveal that the exciton densities and polarizations couple to mixed
expectation values involving both reservoir and system operators, introduced as phonon- and
photon-assisted density matrices in Egs. (C.1), (C.2), (C.3), and (C.4). These in turn couple to
terms of even higher order, leading to an infinite hierarchy of assisted equations. In order to get
a closed system of equations, the hierarchy is truncated by making the following approximations:
First, assuming a weak interaction between the system and the reservoir, a factorization into
exciton and phonon operators can be applied (second order Born approximation, cf. Sec. 2.3):

trg (] gbsr o (XB1AIXE)] = (b1 gbyv o | XENXEN) & (B gby o) trm [(X3101X5)] = <b§q%q>{§§3
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Second, the phonons are assumed to be in thermal equilibrium with <b; qBJ ) = (b; 8-,7 ) =0
and are described by a Bose distribution n; 4:

<bT birq') = 0q.q05.j'1j.q = Oq,q'0j 5

J.a”3",q’

exp{h } -1
The photon distribution <clT 4C1.q) 18 assumed to vanish since only emission into the field vacuum
is considered [Zim03]. Flnally, a coupling between phonons and photons is excluded by neglecting
mixed expectation values of phonon and photon operators of the form trg [bj aCrq (D0l pIXE)].

Bringing the bath operators into normal order and applying the above mentioned approxi-
mations, one obtains the following EOM for the phonon-assisted quantities:

9 a
(f%TJ,g _h{(E — B} + hw; q) T}, +Z(g] La(nig +1)pes — gy, q Jqpac)} (C.10)

8 Qk ) S S Qk
an—q :%{(Ea — Ep — hwj,— )TB + Z(gj —q",— qPCB ggﬁ— (”L qT 1 Pag)}

(C.11)
O pao 8 (E%, + hwjq T“O+Z (njq+1) (C.12)
ot 1 g « 7,9 g] 7,q Pﬂo .
a O i S Ooax Ba S
3tTJ, q _ﬁ{(Ea - hw]}—Q)Tj,—q + Zgj,_qnj,—qpﬂo}a (C.13)
B

and for the photon-assisted matrices:

9
560 h{(—E3+m +2qu5a} (C.14)
5 .

a0 =3 { (B2 — hw,) Gl p FaPis ) (C.15)
d

af S S af
5,07 = h(Ea — Ej + lw) Gy,

;G { Z Paba b (C.17)

Since G?fg (Eq. Eq. (C.16)) is not driven and does not change the dynamics, its contribution
to the EOM for pf,, (Eq. (C.6)) will be ignored.

The remaining EOM for the assisted quantities are solved in Markov approximation. This
means, the limit g — oo is studied where the excitation pulse is assumed to be so far in
the past that it is not remembered by the system at time ¢t. The initial conditions become
T;‘g(to) =0, T9(to) = 0, and GP%(to) = 0. A formal solution of the EOM of Tjo"g is given by:

(C.16)

{ o L(ES —ES+hw;
T = 5 / ds 3 (457 g (njq + 1) p2a(t = 5) = 7 gy o (t — s) e (BaBrthesa)s
¢

(C.18)
where s = t — t' has been substituted. In the absence of interactions of the excitons with the
surrounding phonon and photon baths, the density matrix element p?, 5(75) whose EOM is given

in Eq. (C.5) would be proportional to e (B2 -25)0 (and p5,(t) o e Zat). Therefore, the term

Pop(t —s) =e” #(Bo-B3) =) s p5(t — s) is assumed to vary slowly in time and is taken out
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of the integral in Eq. (C.18) by neglecting its memory: g3, 5(t — s) & p5,5(t). This treatment
is often referred to as “weak-memory approach” [Zim95, Med95, Thr00, Zim03, But05]. The
solution for the assisted quantity Tﬁg (t) is now given by:

j:q hzg n]q"’]. pCB / ds er( Ez-ﬁ-hwj',q)s
:Wﬁ5<EZ—E§+hwm)
S st lt) [ s (B )
A Z 95— qMi.aPac(t) ; ds en\#¢ ,
¢

=rhé (B2~ B4 +hw; q)

(C.19)

yielding the typical energy-conserving delta function that is closely related to Fermi’s Golden
Rule. As usual, the principle-value terms have been neglected, since they only cause a polaron
shift of the exciton energies.

The same procedure is applied to the remaining assisted quantities, yielding

To‘ﬁ =ir Zgj Yo (njq+ l)pwé( - E; + hwiq) — ingﬁC_qnmpzcé(Ez — E} + hwj q),
¢

(C.20)

Ty, =im ;éiqnj,-quﬁéwz — B¢~ hwj )
—im Y g7 g (njq +1)phcO (B2 — B — hwj_q), ez
T7q =im ggﬁ“q(nj,q + 1) g0 (B3 — B + hwyq), (C.22)
Tjo,(iz =i zﬁ:gﬁaqnj7qp5505(EZ — B} — hwj,_q) (C.23)

for the phonon-assisted matrices and

o =im Z Pl (—E5 + hw,), (C.24)
Gy = — mz MY 050 (E5 — Tw,), (C.25)
) =i Z P pRad (S + hwg) (C.26)

for the photon-assisted matrices. Equations (C.24), (C.25), and (C.26) are the Markovian
solutions of the respective EOM Egs. (C.14), (C.15), and (C.17), representing the fluctuations
induced by the surrounding photon bath.

These Markovian solutions are inserted into Egs. (C.5), (C.6), and (C.7). It is used that
Wjq = Wj,—q and gj —q= gj q *. The system of solutions is reduced by taking only the dominant
contributions whose leading frequencies coincide and assuming non-degenerate exciton states,
such that the resonance condition Ej, = E} directly translates into ov = . This approximation
is of course questionable for extended systems where the energies of the disorder eigenstates
are very close. However, the approximation is consolidated by factors such as gco‘gna o entering
the equations. From Eq. (8.21) it is clear that this term only contributes if the center of-mass
(COM) wave function of exciton ¢ has a significant spatial overlap with both excitons « and 7.
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Therefore, states o« and 1 have to be localized in the same spatial region. This together with
the energy conservation condition Ef, = Ej suggests that states a and 7 are indeed identical
due to level repulsion [Zim03].

C.1.1 Radiative and phonon scattering rates
Radiative decay rate

In this section, the radiative rate of Eq. (8.37) is further evaluated by inserting the expression
for the matrix element in exciton basis of Eq. (8.27) and carrying out the I sum over the two
modes (TE and TM) given in Egs. (8.24) and (8.25):

2 ~
- I 7 (14 )08 |0 1%y = OF o (85 — ) (C.27)

€0 6r

with w, = % and ¢ = qH +¢2. 3 ( q) fdQR Y5 (R)e'I'® denotes the Fourier transform

of the COM wave function. The argument g = 0 reflects the fact that the exciton is well
localized [Zim03]. ¢5,(0) is the relative wave function with the electron and hole at the same
position and O}, denotes the confinement overlap, cf. Sec. 8.2.3. The sum over q is converted
into a 3D integral over the photon momentum g = (g, ¢.): >_, — # i d2q|| [ dg.. The delta
function for energy conservation is used to eliminate the sum over ¢, by using the property of
the delta function composed with a smooth function (cf. Eq. (B.55)), yielding

(B —hwy) = > 4458&55430(3§-qma(qz—»w/kg-qﬁ). (C.28)

y==x1 he Kg —4qj

Here, the light cone Ky = % was introduced. It is almost constant. The Heaviside step
function ensures that the solutions are real and the integration gives only a contribution close

to the center of the Brillouin zone. With that, the radiative rate reads

~ K2 2L
SO 04150 [ Py 0(K3 - at) - (C29)
O*q”

o
¢ 271'26 €r h|
The integration can be performed analytically by transforming g into polar coordinates,
yielding:

2d2,

T =
* 7 3repech

163,(0)|* |0 || 65, (0) P K. (C.30)

Phonon scattering rate

The phonon scattering rate of Eq. (8.38) is evaluated in a similar manner by inserting the
expression of the phonon coupling element in the basis of disorder eigenstates, Eq. (8.21). The
sum over the 3D phonon wave vectors is converted into an integral and the g, integration is
again eliminated by evaluating the energy conserving delta function:

: 1 Qap.i ;
Viea =2 g [ Pt X T { (g + DO — E3) 4y g (55 - E2)
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(C.31)
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with Qap,; = E(;L;Eﬂ The Heaviside step functions ensure that the expressions under the

square roots are non-negative and account for the fact that the phonon dispersion w; is a
positive quantity.

C.2 Calculation of the semiconductor—molecule transition
amplitude

The starting point is the matrix element of the Liouville propagator in second-order perturbation
expansion of Eq. (8.91):

tpg]g(_pia(t tO —tr[Xﬁ><X |{ /th ; dT/
0 0

X ugiag (tv T)ngf—diag(T) ugiag(Tv T/)‘Cgff—diag( ) ud1ag( )|XZ> <XZ |ﬁ193 }‘|
=0

-0

=@
(C.32)

Term @ is evaluated first. The time-ordered exponential is replaced by an ordinary exponential
function, since H, giag is time-independent in the Schrédinger picture:

© “Uf (7 10) X2) (X517 = & Hbe 0L 2) (et R 00
) XA 0
with ) e
U (7' tg) = ¢ 2 Ml 0) (C.34)

The second term includes an interaction with the Forster Hamiltonian:

@ _udlag( )‘Coﬁ" diag dlag (T to)p(S > <‘X'b | ot
=¢ thiag(T i )< off- d1ag® @Hoff dlag) et th‘”‘g =)
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o ms*(XC ,XS) +LEDS(XP,X5) (T~ T)ngh(T to)‘Xs><XC |ﬁ%ngh(T to)Ug’CT( ))

(C.35)
with
o (XE,X3) = EP — Ef gp + VaiD (X)) — VI (X2) (C.36)
and
_i wib9T09+gS 69 +¢5 09T ) (r—77
Ugf(ﬂ 7./) =e F Zj h( Jb] b]+g] bJ+g] b] )( ). (C37)

The Feynman disentanglement theorem [Fey51] (cf. Sec. 2.5) is applied to Eq. (C.37):

Ug CT( ') = UO ph( eXpe

/ dr" Oph T’,T//)Zh Cbg—l—gCC*bQT)UgT (7_”’7-/) .
J

(C.38)
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The integrand is further evaluated:
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This way, Eq. (C.38) is rewritten into:
U (7, 7') = Ug b (r. 7V UE ! (7. 7) (C.43)

with

) T 20 i —r" s s (7! —7!
Igith(T ') =exp,_ [+ﬁ / dr” E h(gf-cbge i ) + gng b?re+ i ))} (C.44)
T J

In the third term, the off-diagonal Liouvillian acts on the system a second time:

@ dlag(t’ T)‘Cgﬂ—diag(T)ugiag(T’ T/>£gﬂ—diag(7/)ugiag<7/7 to) |XZ> <XZ |ﬁgB <C45)
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with
DX XP) =EP - BP + VPE (XD - VPP (xm), (C.47)
(X5, X5) =E5 o — BB gp + VIS (XD) — VIS (X3). (C.48)

Finally, in order to derive the transition amplitude of Eq. (8.91), the trace is evaluated using its
invariance under cyclic permutations. In thermal equilibrium the mean number of vibrational
quanta in mode j with frequency w; is described by a Bose distribution:

i} - 1
i(wy) = (5105 = g — (C.49)

with 5 =1/(kgT), and the density operator is given as harmonic ensemble of the thermal bath
[Muk95]:

3= 3 b ) (ny| with py, = ) (C.50)
P T () + 1)
Here, Fock number states have been introduced for the phonon modes. It follows that
U o (72 t0) UG o (7 t0) = P (C.51)

Transforming the integration variable of Eq. (C.44) according to 7" — 7/ — 7" leads to the
expressions of Egs. (8.92) and (8.93).

C.3 Calculation of the intermolecular transition amplitude

In this section, the transition amplitude between different molecular densities pg,, and pjj
(with « # () is calculated. Again, the first order in the perturbative expansion of the Liouville
propagator vanishes and the second order is evaluated:

T

m m 1 ’ @ @ @
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0 0

(C.52)
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where Eg (X, X¢*) is defined in Eq. (C.47) and
—i wi b2 b (r—7/
Ui (7. 7) me 2 Mt T, (C.54)
_ i w.bThe BB _ jaayja BB*_ gaor bt (r—r
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with Ugp®(7,7') = Ug (7, 7'). Using the Feynman disentanglement theorem [Fey51] (cf.
Sec. 2.5), the propagator of (C.55) can be written as:
Ui (r,7') = U (7. 7) UL (7, 7) (C.56)
with
o i [T aa\ta —iw; (7' —1"
UI,I’)ﬁT(T,T’> =exp,_ [+ﬁ /dT” Zh((gfﬁ—gj )b5e i ( )
T J (C.57)

+ (g% — geenybyTerion =),
Moreover, it is used that

Utipn(r 7' Zh (905 + g5 DS UG L (r ') = D h(gbe 0 (777 4 gt piTetien (o),
J
(C.58)
Transforming the integration variable in Eq. (C.57) finally yields Eq. (8.99) in the main part
of this thesis.
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