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ABSTRACT

Quantum semiconductors, when engineered at the nanoscale or even down to atomic-layer
thickness, display tunable electronic states and strong interactions among charge carriers. The
heterostructures formed by stacking different materials are an exciting platform for interface
physics and novel quantum phases. Understanding how electrons move within solids and at the
interface of different materials is the key to advancing semiconductor electronics and future quan-
tum devices. This Thesis presents theoretical methods I have developed to describe the motion of
charge carriers and crucial insights for controlling carrier motion in semiconductors, designing
novel quantum materials, and advancing the field of quantum technology.

In semiconductor heterostructures, the positive and negative charges often separate spatially,
causing local charging. Based on semiconductor Bloch equations, I develop a method to study
how this impacts charge-transfer dynamics. Our calculations in a double-quantum-well system
reveal that a significant local charging prompts electrons and holes to move towards the interface
to counterbalance the charging. This unique charge-transfer dynamics leads to the emission of
a subcycle unipolar pulse which has its electric field significantly stronger in one direction than
the other. This type of pulse is highly desired as a control source to move electronic states along
one direction near its peak field, while the back motion due to negative peaks is negligible. Ex-
perimental results confirm the creation of these unipolar pulses in the spectral range of terahertz
fields, an important step towards ultrafast, unidirectional control of quantum states to overcome
decoherence challenges in quantum information processing.

The local charging aspects are then extended to describe the ionic motion in semiconductors.
This is particularly interesting in ferroelectric materials, where a spontaneous electric polariza-
tion is present due to lattice asymmetry and can be switched by external electric fields. I present
a quantum dynamic theory to describe the detailed switching process of this electric polariza-
tion. Our results demonstrate ultrafast, sub-picosecond switching time in nitride ferroelectrics
enabled by local charging. In addition, I discuss the potential of controlling polarization switch-
ing using terahertz fields. As the switchable polarization is a key element in memory devices and
could potentially encode quantum information, our findings shed light on using ferroelectrics for
high-speed electronics and quantum computing.

Beyond influencing charge carriers, local charging also disturbs the crystal lattice via the in-

xii



teraction between electrons and lattice vibrations. I discuss a particular type of lattice dynamics
known as coherent-phonon oscillations, which correspond to a macroscopic lattice displacement
under ultrafast excitations. I present a detailed discussion on the mechanism of coherent-phonon
oscillations and the spectroscopic features they lead to. Specifically, in transition metal dichalco-
genide heterobilayers, I explore different scenarios where the charge transfer between the bilayer
can induce coherent-phonon oscillations and sidebands. Our results demonstrate the potential of
using coherent phonon sidebands to study charge-transfer dynamics in heterostructures.
Finally, aiming at reaching ultrabroadband absorption via semiconductor heterostructures, I
apply many-body theory to compute the absorption of artificial crystals formed by stacking semi-
conductor monolayers. Our results show that by combining strong, peaked excitonic absorption
with intrinsically broad continuum absorption enhanced by radiative coupling among monolay-
ers, hyperspectral absorption can be realized that covers the spectrum of sunlight. This prediction
shows the potential of using quantum materials for efficient solar cells. The design principles I
present also offer important guidance to the development of quantum heterostructures that utilize

collective coupling among different materials.
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CHAPTER 1

Introduction

Semiconductors are solid-state materials with band gaps of a few eV. Under optical excitation
of semiconductors, electrons transition from the valence band to the conduction band, leaving
vacancies in the valence band known as holes. The electron and hole bind together via the attrac-
tive Coulomb interaction to form an exciton. In addition, atoms within a semiconductor vibrate
around their equilibrium positions, a process that can be described by phonon. Semiconductors
play a fundamental role in modern electronics, owing to their electrical transport and optical
properties [1-3]. Since the 1980s, advancements in semiconductor fabrication have allowed for
the growth of quantum structures smaller than the Bohr radius in some dimensions. An exam-
ple among such structures is the quantum well. This is a thin layer of semiconducting material,
typically with a thickness ranging from 10 to 100 nm, which is placed between two barrier lay-
ers. A key characteristic of this structure is its ability to confine electrons and holes within the
plane of the quantum well, resulting in discrete energy levels. Quantum confinement also allows
for tuning electronic band energies by changing the size of the structure. Moreover, materials
with similar lattice structures but different band gaps can be grown on top of each other to form
heterostructures. The development of these structures has led to the advancement of various
electronic devices including solar cells, light emitting diodes, and semiconductor lasers.

Since the groundbreaking discovery of graphene in 2004 [4], the field of quantum semicon-
ductor research has entered a new phase where the material is reduced to a single atomic-layer
thickness. These ultrathin materials are commonly known as two-dimensional (2D) materials. In
addition to graphene, the realm of 2D materials includes a variety of materials. Notable among
these are transition metal dichalcogenide (TMDC) monolayers, nitrides monolayers, and 2D ox-
ides. The electronic and optical properties of these 2D materials are markedly distinct from those
observed in their bulk forms. The first experimental demonstration of the direct gap in a mono-
layer of MoS, was conducted in 2010 [5], where the crossover from indirect to direct gap was
shown as the thickness decreases from a few layers to a single layer. In 2D materials, charge
carriers experience strong Coulomb interactions. This is evident in the exciton binding energies

of nitride monolayers [6] and TMDC monolayers [7], which can reach hundreds of meV. These



values are an order of magnitude larger than those found in bulk materials. Similar to quantum
well heterostructures, 2D materials can also be stacked together to form heterostructures. For
example, the stacked bilayer of TMDCs with different materials typically form a type-II aligned
heterostructure [8], where the conduction band minimum and valence band maximum are located
in different materials. Upon optical excitation, electrons and holes are separated into different ma-
terials. This process occurs on the ultrafast time scale of sub-100fs. [9, 10] The interlayer exciton,
which is formed by an electron and a hole from different materials, has a lifetime on order of
100 ns, significantly larger than the lifetime of excitons within a monolayer. [11] The develop-
ment of these heterostructures opens up the possibility of creating artificial crystals, where the
electronic and optical properties can be precisely tailored by the design of atomic layers they
consist of. [12] Given the complexity of the lattice structures and materials compositions, it is
crucial to systematically address the interactions both within a monolayer and among different
materials during the development of these artificial crystals.

One of the key aspects in this Thesis is ferroelectric semiconductors, a class of materials having
an electric polarization in the absence of an electric field. This polarization arises from the asym-
metry in lattice structure where a relative separation between positive and negative ions occurs
within each unit cell. Moreover, the direction of this polarization can be reversed by applying an
external electric field. Typically, ferroelectrics are characterized by the hysteresis loop, observed
in their polarization as the electric field changes. The phenomenon of ferroelectricity was first
observed in Rochelle salt in 1921. [13] After that, research in the field of ferroelectric materials
shifted focus towards perovskite materials. [14, 15] A significant advancement was made in the
year of 2019 when ferroelectricity was demonstrated in ScAIN, a semiconductor belonging to the
III-nitride family. [16] Typically, nitride materials do not exhibit ferroelectric properties. How-
ever, SCAIN becomes ferroelectric as a result of the reduced barrier in the ionic potential when
scandium atoms are added to AIN, which was computed in Ref. [17]. A key feature of ferroelec-
tric materials is their remnant polarization, which has enabled their use in memory devices. This
application has been commercially available since the 1990s. [18, 19] One important measure of
memory devices is the switching time, which affects the efficiency of the memory and the over-
all computing speed. Typically, the switching time of ferroelectric memories is on the order of
nanoseconds [20]. Due to the escalating demands for big data processing, increasing the opera-
tion speed of ferroelectric memory devices will make a breakthrough in high-speed computing.
[19] The intrinsic speed at which ferroelectric polarization switching occurs, governed by their
fundamental properties such as atomic mass and ionic potential, remains not well understood.
This highlights the need for a detailed microscopic theory to better comprehend the switching
behavior of ferroelectrics.

The dynamic processes within a semiconductor can be manipulated using light pulses. Under



optical excitations, changes of electronic states within the semiconductor are affected by mul-
tiple factors of the pump fields, including their central frequencies, intensities, and durations.
Ultrafast pump pulses, typically with a duration about 100 fs, have been employed to study the
motion of electrons in semiconductors. Some examples include measurement of band structures
[21], monitoring of carrier relaxation [9], and high-harmonic generation [22]. In an emerging
field of lightwave electronics (LWE) [23], the time scale to manipulate electronic states is fur-
ther reduced, reaching the limit below a single optical cycle. Lightwave electronics use a strong,
ultrashort light pulse to instantaneously alter the electronic states of a material when the light
pulse reaches its peak field. [23] This concept was initially demonstrated on dielectric materials
using few-cycle optical pulses to induce the switching of electric current in the petahertz range.
[24] Since then, the control of electronic states via LWE has been broadened to different systems,
including molecules [25] and 2D quantum materials [26]. The realization of ultrafast control of
semiconductors is crucial not only for enhancing the operation speed of optoelectronic devices
but also holds promise for harnessing the quantum properties of semiconductors for information
processing [23, 26, 27].

Apart from manipulating electronic states, ultrafast light pulses can also affect lattice vibra-
tions in solid state systems. It has been observed on a variety of systems [28-32] that when the
material is excited by strong, femtosecond pump pulses, oscillations are detected in transmission
or reflection in the time domain. These oscillations are characterized by the phonon frequencies
within the material. They are a type of lattice dynamics, known as coherent-phonon oscillations
[33, 34], which corresponds to a macroscopic lattice displacement under ultrafast excitations. In
this scenario, an ultrafast pump pulse with a duration of about 100 fs excites a large number of
charge carriers within the material. Due to the interactions between electrons and phonons, the
crystal lattice structure experiences significant disturbance due to alterations in the electronic
states. This leads to the generation of coherent-phonon oscillations before the lattice relaxes to
equilibrium. A straightforward way to visualize this phenomenon is by considering a simple
harmonic oscillator. Imagine if the equilibrium position of this oscillator is suddenly shifted. In
response, the particle will start to oscillate around this new position. Similarly, when the lattice
structure within a material is altered on a time scale shorter than its typical atomic vibration
cycles, coherent phonon oscillations are driven. The microscopic process by which coherent-
phonon oscillations are generated in quantum heterostructures remains unclear. This includes
understanding how these oscillations are connected to the charge-transfer process within the
semiconductor. Understanding the fundamental mechanism of coherent-phonon oscillation is
crucial to assess the effect of lattice dynamics on the electronic behaviors of semiconductors, and
to explore possibilities of the coupling between electronic and vibrational degrees of freedom to

manipulate quantum states in semiconductors.



The study of semiconductors is a many-body problem due to the interactions between a large
number of electrons and phonons, as well as their interactions with optical fields. Understanding
even basic processes such as light absorption and the motion of charge carriers is a challenging
task. Quantum dynamic cluster expansion (QDCE) [35] is a systematic approach for describing
the quantum kinetics in semiconductors. This method includes the interactions between elec-
trons, lattice vibrations, and optical fields at the microscopic level. [35] The basic idea of QDCE is
that the many-body quantities are grouped into clusters based on the number of interacting parti-
cles. [35] In numerical computations, the first few clusters are solved precisely, while higher-order
clusters are truncated. [35] In this Thesis, I apply QDCE to study charge-transfer mechanisms,
absorption features, and effect of lattice vibrations in various systems including quantum-well
heterostructures, TMDC bilayers, IlI-nitride ferroelectrics, and monolayer semiconductors.

This Thesis is organized as follows. In chapter 2, a brief introduction to the theoretical back-
ground of the many-body Hamiltonian and QDCE is presented. In chapter 3, I study the mech-
anism for generating a subcycle light pulse via the motion of charge carriers in quantum well
heterostructures. This pulse is characterized by its asymmetry where the electric field in one di-
rection is much stronger than that in the other direction, referred to as a unipolar pulse. In chap-
ter 4, I present a quantum dynamic theory for the ionic motion during polarization switching in
ferroelectric materials. This theory includes many-body Coulomb interactions, upon which the
natural switching process is analyzed in a microscopic picture. I also discuss the potential of using
light fields in the terahertz frequency to control the polarization switching. In chapter 5, I discuss
the mechanism of coherent phonon oscillations in semiconductor heterostructures. The coher-
ent phonon oscillations and the corresponding spectroscopic features are computed for TMDC
bilayers. In chapter 6, I outline the design principles of ultrabroadband absorbers via collective
coupling among semiconductor monolayer crystals. In chapter 7, I explore excitonic properties
of monolayer hexagonal boron nitride showing unusual Coulomb interactions as the key to un-
derstanding exciton symmetries. In chapter 8, I summarize key findings in this Thesis and discuss

future work that are essential for advancing quantum materials and quantum technologies.



CHAPTER 2
Theoretical Background

In solid-state systems, there are a large number of particles interacting with each other, making
direct computations of wave functions complex. In this Chapter, I provide a brief review of the
method, discussed in detail in Ref. [35], for solving quantum dynamics in semiconductors - a topic
further explored in subsequent chapters. We start with the system Hamiltonian in second quan-
tization, and introduce quantum dynamic cluster expansion (QDCE) which is a systematic way
for analyzing many-body interactions. Based on QDCE, we introduce semiconductor Bloch equa-
tions (SBEs) that are used to compute the dynamics of semiconductors. Additionally, we discuss
the effects of electron-hole separation that often occur in heterostructures formed by different

materials. This Chapter is largely based on the concepts and methods presented in Ref. [35].

2.1 System Hamiltonian

In constructing system Hamiltonian in second quantization, it is standard to use Bloch states of
electrons as a basis. The system Hamiltonian including single-particle electron energy, phonon
energy, light-matter interaction, Coulomb interaction, and electron—-phonon interaction reads
[35]
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where a(T is the annihilation (creation) operator for the electron at band ) and crystal momentum

k, Dg) is the phonon annihilation (creation) operator at wavevector p, ) x is electron band en-

ergy, h{),, is the phonon energy, and £(t) is the electric field amplitude. We use envelope-function



ik -r
approximation [35] for electron wave function ¢, k(r) = ¢ A(z)%u,\jk(r), where £, (z) is the
confinement along z direction, £ is the quantization length, k| is the in-plane crystal momentum,
and u, k(r) is the cell-periodic Bloch function. In Eq. (2.1), di’)‘/ is the dipole matrix element and

VOI\’)‘/ is Coulomb matrix element defined via [35]
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where () is the volume of the unit cell, e is the electron charge, ¢ is the vacuum permittivity,
and e, is the dielectric constant. In addition, the electron-phonon matrix element in Eq. (2.1) are
[36]
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where N is the number of unit cells, n, k, o are indices for the unit cell, the ion within a unit
cell, and Cartesian coordinate used in the calculation, respectively. Also, A is the reduced Planck
constant, M, is the ionic mass, € is phonon frequency, and ¢, ,(q) is phonon eigenvector, V%5
is the Kohn-Sham potential [37], and R is the lattice vector. In the work discussed in this Thesis,
electron—phonon matrix elements are computed from first-principles calculations by Woncheol
Lee and Matthias Florian. The system Hamiltonian shown in Eq. (2.1) serves as a starting point

for computing the dynamics of semiconductors discussed in the following.

2.2 Quantum dynamic cluster expansion (QDCE)

Based on the system Hamiltonian given in Sec. 2.1, the dynamics of an operator is calculated

using the Heisenberg equation of motion

A

0 .
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For a general N-particle expectation value (IV), the dynamics cannot be solved in a closed form

due to its coupling to the (N + 1)-particle quantities via Coulomb, light-matter, and electron—



phonon interactions. The hierarchical coupling has the general form [35]

0
Zﬁ§<N> =T[N)]+ H[(N +1)], (2.7)
where T'[...] , H [...] denote functionals of the expectation value.

In cluster expansion [35], (V) is factorized into different clusters catergorized by the level of
complexity. Singlets (1) are independent single particles. The Bosonic singlets include coherent
photon (B) and coherent phonon (D). The carrier singlets include coherent polarization (A # \')
and density (A = \') in the form <ai\7ka v '), Where a pair of Fermionic operators is defined as one
particle. In the next level, doublet A(2) = (2) —(2) is a two-particle correlation that describes an
interacting pair. The higher-order clusters are defined recursively. The quantum dynamic cluster
expansion (QDCE) approach [35] addresses the hierarchical problem by solving the exact dynam-
ics for the first few clusters and truncating high-order clusters. The level of this simplification
depends on the experimental conditions and the key features we aim to investigate. Due to the
sequential built-up of higher-order correlations, it typically provides a good approximation for

semiconductors excited by classical fields on the ultrafast time scale.

2.3 Semiconductor Bloch equations (SBEs)

Starting from the general structure QDCE, the singlet dynamics defines semiconductor Bloch
equations (SBEs) [35]. For a homogeneous system, only terms with k = k' in the carrier singlet
<ai\7ka 1) do not vanish. We denote P, A = (ai\vka v k) for the singlet between electronic bands
A and ). The dynamic equations for the optical polarization P., and densities of electrons
f& = B¢ and holes ff! =1 — P’ are [35]
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where £} = E) — Y. Vk’\f}d f is the renormalized band energy in the presence carriers,

Q¢ = dY°E(t) + Y V5 PU° is the renormalized Rabi energy, and 'y is doublet due to
Coulomb and phonon interactions. In this Thesis, we use SBEs to compute for semiconductors
under the excitation of classical pump pulses. We consider scenarios where the pump energies
are near the lowest interband transition, and include the lowest conduction A = ¢ and valence

A = v bands in SBEs. For quantum heterostructures, we include multiple subbands to describe



the carrier distribution along the growth direction. This is discussed in more detail in Chapter 3.
For the analysis of doublet and higher-order correlations, our computation approaches and the

approximations vary depending on each specific system, as discussed in Chapters 3 and 5 to 7.

2.4 Local charging in semiconductors

This Thesis primarily focuses on the electronic behavior within semiconductor heterostructures.
In these heterostructures, electrons and holes are often spatially separated into distinct regions
due to the differences in electronic confinement potential across different materials. This phe-
nomenon appears to challenge our earlier assumption in Sec. 2.3 regarding the homogeneity of
the system. To address this, we begin this section with a discussion about Coulomb Hamiltonian
in real space and introduce the effects of electron-hole separation.

Figure 2.1 shows a schematic of Coulomb interactions within a semiconductor. The periodic
lattice of positively charged ions (white spheres) are surrounded by negatively charged electrons
(gray spheres). An electron repels another electron (black arrows), an interaction described by the
potential energy V¢~°. Similarly, the potential energy for the ion-ion interaction (blue arrows) is
denoted in V'=". An electron is also attracted to an ion (red arrows), described by the potential
energy V' ". As the ionic mass is several orders of magnitude larger than the electron mass, ions
are assumed to move slowly while electrons respond instantaneously to the ionic motion, which
is known as Born-Oppenheimer approximation [38]. For simplicity, the positive charges from the

ions are approximated by a uniform background, referred to as jellium model [2].

R, ®Vef

@\/ee

Figure 2.1: Schematic of Coulomb interactions within a semiconductor, including the repulsive
interaction between ions (V%) and electrons (1/¢7¢), as well as the attractive interaction between
electrons and ions (V¢7*). The white and gray spheres indicate ions and electrons, respectively.

Denoting n(r) as the ionic density, Coulomb Hamiltonian including both electrons and ions



reads [2]
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where V(r,r') = 4“672_, is the Coulomb energy between two electrons in real space. In
o€r|r—r’|

general, the expectation value of the product of two Fermionic field operators (U, (r1)V,,(r2))

defines optical polarization for off-diagonal terms A\; # A, and carrier density for diagonal terms

A1 = Ag2. On the singlet level, its Heisenberg equation of motion derived from Eq. (2.11) yields

[2]
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where the total charge distribution in Eq. (2.13) includes all the electronic bands v and ionic charge
distribution n(r). As the contribution from the completely filled valance band is compensated by
the ionic contribution, the total charge distribution is defined by the excited electrons and holes
[39]

An(r) = ne(r) — ny(r) , (2.14)

where n,(r) = (¥l(r)U,.(r)), ny(r) = (¥, (r)¥i(r)) are the distributions of electrons and holes.

We illustrate charge distributions in a heterostructure formed by two types of materials indi-
cated by green and blue regions in Fig. 2.2. We assume carriers are homogeneously distributed
along the in-plane direction, but can be confined in different regions along the growth direction.
When electrons and holes are uniformly distributed [Fig. 2.2(a)], charge neutrality is preserved in
both regions. In this case, An(r) = 0 and the first line of Eq. (2.12) does not produce any effects.
However, when electrons and holes are separated into different layers [Fig. 2.2(b)], there are ex-
cess electrons (holes) in the right (left) layer, and thus the total charge distribution [Eq. (2.13)] does
not vanish. This is what we refer to as local charging problem. The charging density An(r) # 0



produces a Hartree potential [39]
HT(r) = /d?’r’ An(r")V (', r) . (2.15)

This is also the solution to Poisson equation given total charge distribution An(r), which de-
scribes the mean-field potential experienced by an electron due to the charging density An(r).
The red line in Fig. 2.2(b) shows the Hartree potential in this heterostructure with electrons and
holes in the right and left layer, respectively. In this case, the Hartree potential increases (de-
creases) the potential energy of electrons in the right (left) layer. In principle, the modified con-
finement potential will also change electronic band energies, wave functions, and interaction ma-
trix elements in SBEs. This approach becomes computationally inefficient as the band structure
needs to be computed at each time step. As an alternative, as the field operator can be expanded
in any basis [35], we solve SBEs in the original basis where the system is unexcited. Upon the
optical excitation of carriers and the local charging that follows from it, the Hartree potential
can be self-consistently included via an effective Hamiltonian that couples different states in the

initial basis. This approach is discussed in detail in Chapter 3.

(a) Charge neutral (b)

—
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Hartree potential

Growth direction

Figure 2.2: Distribution of electrons (gray spheres) and holes (white spheres) in a two-dimensional
heterostructure formed by two types of materials indicated by the green and blue regions. (a)
With equal distribution of electrons and holes in each material, the system is charge neutral. (b)
When electrons and holes are separated into different materials, the system is locally charged,
producing a Hartree potential (red line) that changes the energy of electrons along the growth
direction.
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CHAPTER 3

Unipolar Pulse Generation from Heterostructure

Charging Dynamics

3.1 Introduction

The advancement of ultrafast light sources with a few optical cycles is important for nonlinear
optics, attosecond physics, and next-generation quantum electronics [22, 40, 41] In the emerging
field of lightwave electronics [23], a strong electric bias is used to manipulate electronic states
within a subcycle of light pulse. This short time scale of electronic motion holds the potential to
beat decoherence challenges in solids. For an effective operation in lightwave electronics, it is
desirable to have an electric field that is dominant in a single direction. Such a configuration al-
lows the unidirectional control of electronic states, as it avoids the back-and-forth motion caused
by positive and negative cycles. An example for such a field is illustrated in the shaded area in
Fig. 3.1, where the electric field consistently points in one direction throughout its duration. This
is referred to as a perfect unipolar pulse.

However, based on the general relation in free space [42] that the time integration of electric
field vanishes at far field [*_ dt E(t) = 0, the perfect unipolar pulse cannot propagate at far field.
The second best pulse that has the electric field dominant in one direction has an asymmetric
shape, shown in the red line in Fig. 3.1. In this scenario, the strength of peak field significantly
exceeds that of the dip field. Additionally, the duration of the dip field is longer than that of the
peak field so that its time integration vanishes. We define the unipolarity as the ratio between

the strength of peak field and that of the dip field

Peak
Dip

uni =

(3.1)

In a typical electromagnetic wave with electric field of similar strengths in both positive and
negative directions, the unipolarity approaches one. This type of pulse is referred to as a bipolar

pulse. On the other hand, unipolar pulses are characterized by a unipolarity value greater than
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Figure 3.1: Definition of unipolar pulses. A perfect unipolar pulse (shaded area) with its elec-
tric field in one direction only, compared to an asymmetric pulse (red line) where the magnitude
of the peak field is larger than that of dip field.

one. As the n''-order nonlinear response in optical polarization scales to the power of electric
field strength P o |E|", in the nonlinear regime (n > 1), the peak field in the asymmetric
pulse produces dominant effects while the negative dips field can be neglected. Therefore, the
asymmetric pulse acts as an effective unipolar pulse in nonlinear optics. Typically, when creating
subcycle pulses in terahertz (THz) frequencies, the unipolarity is slightly above one. [43, 44]
Recent experiments [45] have aso demonstrated strongly unipolar pulses with unipolarities close
to four. These pulses have the great potential to advance lightwave electronics.

The generation of strongly unipolar pulses [45] is based on the spatial dynamics of electrons
in quantum-well heterostructures. In a type-II aligned heterostructure shown in Fig. 3.2(a) where
the minima of conduction and valance band energies are in different materials, the ground states
of electrons and holes are separated along the growth direction. Under the optical excitation
resonant at the lowest interband transition (red arrow), electrons are excited from the valance
band on the left side (dashed line) to the conduction band on the right side (shaded area). This
translation of electrons along the growth direction results in a shift current. Figure. 3.2(b) shows

a short burst of shift current during the excitation. As the electric field is proportional to the

dJ
e

followed by a negative half cycle of the same magnitude [Fig. 3.2(c)]. This bipolar field falls short

time-derivative of current E(t) ox 2, the expected field F(t) is bipolar with a positive half cycle
of our goal of achieving a unipolar pulse.

It is important to note that once the shift current is induced, electrons and holes are inho-
mogeneously distributed along the growth direction. For the shift current shown in Fig. 3.2(a),
there are excess electrons (holes) in the right (left) layer, leading to a disturbance to local charge
neutrality shown in Fig. 3.2(d). The separation of electrons and holes creates a charging potential

[red line in FIg. 3.2(d)] that increases (decreases) the electronic energy in the right (left) layer.
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Figure 3.2: Shift current in a 2D heterostructure. (a) Optical excitation (red arrow) of electrons
from the valence band (dashed line) to the conduction band (shaded area), generating (b) a short
burst of shift current J(¢) and (c) bipolar electric field. (d) The separation of electrons (gray
circles) and holes (white circles) creates a charging potential (red line) that pulls electrons and
holes towards the interface.

Also, the charging potential applies a force on charged carriers, causing electrons and holes to
move to the interface. During this process, carrier dynamics is affected by a complex interplay of
shift current, Coulomb interaction, optical excitation, and relaxation. Therefore, the simple pic-
ture of shift current shown in Fig. 3.2 is not enough to describe the actual carrier dynamics, and
a systematic description is needed to explore the generation of light pulses in such structures.
Here, we present a self-consistent approach to compute charge-transfer dynamics in semicon-
ductor heterostructures. Our results show that the local charging induced carrier redistribution
is significant to alter the shape of the light pulse generated during this process. Specifically, a
unipolar pulse is generated when the separated charge carriers accelerate towards the interface
to compensate the charging. In addition, we discuss the effects of pump field amplitude, pump
field averaging, the thickness of the quantum wells (QWs), and wave function engineering on
the shape and peak strength of the unipolar pulse. We compare theory results with experimental
data for the unipolar pulses generated from GaAs-type double-QW structures, verifying the peak
enhancement with QW thickness. We also discuss strategies to improve the unipolarity beyond
the current record realized in experiments. Our findings reveal the fundamental mechanism of
unipolar pulse from semiconductor heterostructures and offer guidance for pulse shaping to reach

nearly perfect unipolar pulses.
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3.2 Theoretical approach

When semiconductor heterostructures are excited, the charge carriers tend to be confined in
different regions due to the varying energy landscape among different materials. This results in a
local disturbance to charge neutrality, which is typically ignored in the structures with only one
type of material. Furthermore, the distribution of charge carriers shifts rapidly when the system
is excited by ultrafast light pulses. To describe various effects including the optical excitation and
many-body interactions within semiconductors, we develope a self-consistent strategy based on

semiconductor Bloch equations (SBEs) [35] to compute carrier dynamics.

3.2.1 Local charging dynamics

To describe the interaction among charge carriers in semiconductors, we start with the general

Coulomb Hamiltonian in second quantization [35]
. 1 ~ A ~ A
A=Y [ dr [ ac )bl () (e 0 ()0, (r) (3.2)

where U (r), U, (r) is creation and annihilation operator of electrons at band v and position r,
and V' (r,r’) is Coulomb potential in real space. The expectation value (\IJT\1 (r1)U,,(rs)) defines
the optical polarization for off-diagonal terms \; # ), and the carrier density for diagonal terms

A1 = Ag. On the singlet level, its Heisenberg’s equation of motion reads [39]

’iﬁgtﬂfil(rl)@m(rleHF = [d* [V(rz,r) = V(ry,n)] | 000 0) 0, (1) (], (r1) T, (r2))

= (W, (2) W, () (] (1) U, (r2)) | - (33)

The first line in Eq. (3.3) is the Hartree contribution that is determined by total carrier distri-
bution n(r) = ¥, (¥, (r)¥,(r)). For a system where positive and negative charges are equally
distributed throughout the entire space n(r) = 0, this Hartree contribution is vanishing. In
heterostructures however, inhomogeneous carrier distribution can easily occur, leading to a sig-
nificant Hatree contribution. The second line in Eq. (3.3) is the Fock contribution that describes
the exchange energy of electrons.

Here, we extend the discussion from Ref. [39] and present a method to compute charge dynam-
ics self-consistently. Assuming jellium model for the ionic background [2], total carrier density

is defined by the electronic density from conduction (v = ¢) and valence (v = v) bands

n(r)= 30 3 (U], ()W), (3.4)

v=c,v n.n’
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where n is the index for subband state. The completely filled valance band is excluded as it has
been included in band energies. [35] For electrons and holes confined in different regions, a local
charging density is created n(r) # 0 which influences the system dynamics via the first line in
Eq. (3.3).

Introducing a Hartree potential via
Vir(r) = /d?’r’ n(r) V(' r), (3.5)

the Hartree contribution in Eq. (3.3) can be written into

A A

iﬁ;(q&l(rﬁ‘i’)@ (r2))|ut = [Var(re) — Vyr(ry)] (@;1 (r1)W,(r2)), (3.6)

showing its single-particle property clearly. The potential energy defined Eq. (3.5) is also the so-
lution to Poisson’s equation. It is the mean-field potential which can lead to the shift in band
energies, carrier oscillations, and band mixing. The conventional method [46] to solve this prob-
lem if via the iteration of Poisson’s equation and Schrdodinger equations until a self-consistent
solution is found. This can be computationally expensive for dynamic systems or when solving
complex band structures. Here, we present a new approach to compute charge-transfer dynamics
without repeatedly solving band structures.

It is discussed in Ref. [39] that the Hartree contribution to full dynamics [Eq. (3.6)] can be

equivalently obtained via an effective Hartree Hamiltonian
Ho =X [ dr Wi@m)Var (o), (x) (57)

To convert this Hamiltonian into momentum space, we expand the electronic field operator in the
initial, unexcited basis \i/,,(r) = 3k Qv kv (r) where a,,, k is electron annihilation operator
at band v, subband n, and crystal momentum k, and ¢, , x(r) is electronic wave function for
the QW without local charging effects. As the field operator can be expanded in any basis, the
excited system can also be described in this basis as long as full states are included. On the

ik-r
e

confinement level ¢,k (r) = “;—&,.(2) Where &, ,,(2) is the envelope function determining

the spatial distribution of carriers in the subband n, the effective Hartree Hamiltonian can be

written in terms of Hartree matrix elements

Heff = Z Z Z h;;?n’ a:r/,n,kal/,n’,k ) (38)

v nn’ k

W = [ A2 (] Virr () (2) (39
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where V7 (2) is the Hartree potential defined in Eq. (3.5) along the growth direction. The diag-
onal elements of Eq. (3.9) describe the shift in subband energy, and off-diagonal terms describe
the coupling between subbands in the presence of local charging.

Including light-matter, Coulomb, and phonon interactions, as well as with local charging ef-
fects, we solve SBEs [35] for a multi-subband QW heterostructure. The equations of motion for
the inter-band polarization ™™ electronic inter-subband polarization PS™", and electron

density fy are

. 8 ! ~ / ~ 1 ! ’ h ~ !
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n

where E™" is renormalized band energy, Q0" = dU"™" E(t) + Yy Vi qen’ prmen’ io renor-
malized Rabi energy, and Vlé A" is Coulomb matrix element. The dynamics for inter-subband
polarization for valance band P, M0 and hole density fl™ are similar to Eq. (3.11) and Eq. (3.12),
respectively. The effects of local charging are included via Hartree matrix elements defined in
Eq. (3.9).

In Eq. (3.10), the doublet T’ i’";c’", to interband polarization describes excitation-induced de-
phasing. In our computations in the following, we approximate it via a reduced model T'>"™*" =
— Yo nen Py e where the value of the dephasing constant is affected by the carrier densities
via

Yomen = Y0+ oy e e’ (3.13)

L
In Eq. (3.13), 79 is background dephasing in the absence of carrier density, 7, is a parameter that
describes the linear dependence of dephasing on carrier density, n is a fixed density parameter,
and ny, = > flz\" is the carrier density in a single subband n within band A. The doublet
Fﬁ’";A’"/ to carrier dynamics in egs. (3.11) and (3.12) describes carrier relaxation due to phonon

interactions. Details for this term are discussed in Sec. 3.2.2.
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3.2.2 Carrier relaxation

When excited by strong, ultrashort light pulses, carriers are generated across multiple subbands
within the QWs. We assume all carriers relax to the ground state within a relaxation time 7. The
coupling between different k states is ignored. Starting with effective Hartree Hamiltonian in

Eq. (3.8), we include subband energies into the diagonal Hartree matrix elements via
il;/mz’ = hz,n’ + 5n,n/EI/,n 5 (3.14)

where £, = Ey,— Yo Vo™ fi" lk—o is the Fock renomalized band energy with k dependence

approximated by its value at k = 0. Then, we diagonalize the Hartree matrix
Iy =D urp(n)Exgs [uns(n)]” (3.15)

where &) g is eigenvalue of state 3 in the band ), and u, g is the corresponding eigenvector. The

basis of original subbands aj ,, k is connected to the eigenbasis A g via

Axpx = Z [uxg(n)]" axnx (3.16)

axnk = Z uxp(n)Axpx (3.17)

such that the Hartree Hamiltonian is diagonal in the new basis

HHT - Z Z Zhn n a)\nka/\ n'k = Z Zzg,\,ﬁ Ai\,ﬁ,k A>\757k . (3.18)

A nn k A Bk

Within each band A = ¢, v, we assume carriers relax to the lowest subband 8 = [ in the potential
modified by the Hartree potential. The relaxation dynamics in new basis reads

0 1
o (A sacii) = = [(AL s cdr g = 8500 5 o] (3.19)

where F)x = Zn<a;n,ka>\’n,k> is the total carrier density from all subbands. The total density
is conserved during relaxation. Using Equations (3.16) and (3.17), the relaxation dynamics in

Eq. (3.19) can be converted to the original basis, yielding

0 1 x
o7 (st = =~ (0] x0aae) = [0 ()] wr sy (W) Fase] - (3.20)
This relaxation contribution is included to in Equations (3.11) and (3.12) via F’\ AN terms.
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3.3 Mechanism of unipolar pulses

To explore the carrier dynamics beyond the shift current, we compute for a GaAs-type double-
QW structure based on Equations (3.10) to (3.12). The thickness of each QW is 7 nm. The band
offset is 90 meV between the conduction bands and 110 meV between the valance bands. The
pump pulse is at 50 meV above the lowest 1s-exciton energy, and it has a duration of 130 fs.
The excitation-induced dephasing is computed with 7y = 40 meV, v = 80 meV, and ny =
3 x 10*/cm? in Eq. (3.13). We assume carrier relaxation time 7 = 0.1 ps for both electrons and
holes. Figure. 3.3(a) shows the spatial distribution (color-coded background) of electrons along
the growth direction as a function of time relative to pump center at ¢ = 0. The white horizontal
line indicates the interface between two QWs. At ¢ < —400 fs, more electrons are excited on the
positive side than the negative side. The mean positions of electrons (red solid line) and holes
(red dashed line) are located on opposite sides with a separation of 5 nm. As the electron density
increases, both electrons and holes accelerate towards each other. This process continues until
the distance between them is reduced sharply to 2.2 nm at £ = —100 fs (white vertical line).

To isolate the effects of local charging, we perform an artificial study where the Hartree po-
tential is switched off from full computations. Other conditions are kept the same in this study.
Without the Hartree potential, electrons (black solid line) and holes (black dashed line) are sep-
arated to two sides without major changes to their positions. Compared to the full results, the
reduction of electron-hole separation is primarily due to the presence of Hartree potential. As
the carrier density increases initially, the local charging potential also increases. However, this
local charging partially balances out when the distance between electrons and holes is reduced.
This balancing occurs when Hartree potential is self-consistently included.

We compute total polarization along the growth 2 direction of the heterostructure

P=—|e / &t ()20 (r) = —[e| S0 S0 pemen (3.21)

v nn’ k

where 2 = [dz[§,n(2)]" 2 £, (2) is the subband dipole along z direction. The shift current
and electric field are computed from J(t) = 2P and E(t) = %P, respectively. Figure 3.3(b)
compares normalized current .J(¢) from full results (red line) with that computed without Hartree
potential (black line). Without Hartree potential, the current J(¢) shows a single peak near ¢ = 0.
Including Hartree potential changes the shape of current and electric field significantly. Instead
of a unidirectional current, J(¢) increases initially but reverses its direction at ¢ = —100 fs.
Figure 3.3(c) shows the corresponding electric fields, normalized to have peak field along the
positive direction. The shaded area indicates the envelope of pump field. As expected, a bipolar

field (black line) is generated without Hartree contribution. Including Hartree potential results in
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Figure 3.3: Mechanism of unipolar pulses. (a) Mean positions of electrons (red solid line) and
holes (red dashed line) from full results, compared to electron (black solid line) and hole (black
dashed line) positions when Hartree potential is switched off. The color-coded background de-
picts spatial distribution of electron density from full results. (b) Shift current J(¢) and (c) electric
field from full results (red) and results obtained without Hartree potential (black). The envelope
of pump field is indicated by shaded area. All quantities are normalized to have peak field along
positive direction. The vertical lines indicate peak time of electric field from full computations.

a unipolar pulse (red line), characterized by unipolarity values of uni=6.3 and uni=>5.6, computed
from the dips before and after the highest peak, respectively.

The peak field of the unipolar pulse occurs near the time when the shift current changes its
direction [red vertical lines in Fig. 3.3(b-c)]. It is also synchronized with the switching to charge
neutrality as electron-hole separation is reduced sharply at ¢ = —100 fs [white vertical line
Fig. 3.3(a)]. The reduction of charge separation together with a reversed current compensates

local charging in each layer and relaxes the system towards charge neutrality. Comparing full
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results with those obtained without Hartree potential, the switching from local charging to charge
neutrality is only found when Hartree potential is included. Therefore, we conclude that local
charging induced carrier redistribution towards charge neutrality is mechanism of unipolar pulse

generation.

3.4 Control of unipolar pulses

The mechanism of unipolar pulses discussed in Sec. 3.3 gives insight into the control of experi-
mental conditions for enhanced pulse shaping. In this section, we discuss different aspects, rang-
ing from the pump configuration to the engineering of QW structures, that can influence the
shape and amplitude of the emitted field. We compare experimental and theoretical predictions
for unipolar pulses generated from QWs of different thicknesses. In addition, we explore strate-
gies in wave function engineering aimed at increasing unipolarities further. Furthermore, we
examine the potential for scaling up the peak field strength, a key aspect for using such light
sources to control electronic states in solids. These factors provide important guidance to create

ultrashort unipolar pulses in the future.

3.4.1 Effect of pump field strength

It is shown in Sec. 3.3 that the carrier redistribution in the presence of local charging is an essential
factor for realizing unipolar pulses. As the magnitude of the charging potential is determined by
carrier densities, we expect the emitted electric field is affected by the strength of pump field.
To analyze this effect, we compute for a double-QW structure that is excited with pump fields
of varying strengths. Figure. 3.4(a) shows the THz fields generated under excitations of different
field strengths. The pump field strength, denoted £, is expressed in arbitrary unit here. The
shaded area indicates the envelope of the pump field. At weak field E,ump, = 0.5 (black dashed
line), the THz transient is bipolar with a negative dip followed by a positive peak. As pump field
increases to E,ymp = 1.0 (red line), the magnitude of the dip before main peak is reduced. At
the same time, a second dip starts to emerge after the main peak. Further increasing the pump
strength to Fp,,mp = 2.0 produces a unipolar pulse with both dips of similar sizes. This indicates
that the unipolar pulse is only produced when the pump field strength reaches a threshold. We
define the onset of unipolar pulse to be the emergence of a second dip following the main peak,
and define the threshold pump field strength, denoted as F\,,;, to be the lowest pump field at
which the second dip appears.

Figure 3.4(b) shows the maximal charging potential along the growth direction according to

the pump strengths shown in Fig. 3.4(a). For all pump strengths, the magnitude of the charging
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Figure 3.4: Pump field strength dependence of THz transients. (a) THz transients and
(b) the maximal Hartree potential along the growth direction for different pump strengths (in
arbitrary units) E,,m, = 0.5 (black dashed line), F,mp = 1.0 (red line), and £y, = 2.0 (cyan
line). The peak fields are indicated by vertical dotted lines. The shaded area indicates envelope of
pump field. (c) Peak field in THz transients and (d) unipolarity computed from dip1 before main
peak (dashed line) and dip2 after main peak (solid line) as function of the ratio of pump strength
to unipolarity threshold.

potential increases for ¢ < —100 fs, with a faster increase rate for higher pump field strengths.
This corresponds to the initial excitation where electrons and holes are generated to opposite
sides of the double QWs. As the time approaches t = —100 fs, the potential reaches a saturation
at 80 meV for the strongest excitation (£,um, = 2.0). The saturation at similar level is also
reached for the pump field £,,,,, = 1.0 at a later time. This potential level is close to the initial
band offsets between two QWs. For the weakest excitation (Ep,m, = 0.5), the saturation level of
the charging potential is slightly lower than those obtained at higher pump strengths. Also, it is
observed that the saturation in potential occurs at the same time when THz transient reaches its
peak field, as indicated by vertical dotted lines.

Figure. 3.4(c) shows the strength of THz peak field as a function of the ratio between pump
field strength and the unipolar threshold Eump/Euni- The vertical lines indicate the selected
pump strengths plotted in Fig. 3.4(a-b). Starting from weak excitations, the peak field F,eax

of THz transient increases linearly and reaches a saturation before the unipolar threshold. At
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Eump/ Euni = 1, the peak field starts to increase again before reaching a second saturation near
Eoump/Euni = 2. Tt is discussed above the peak field is signified when the charging potential
reaches a level near the initial band offset. When charging potential reaches this threshold, mas-
sive carrier redistribution occurs to compensate the charging. Thus, the saturation in THz peak
field is limited by the finite number of carriers to reach the threshold in charging potential.

Figure 3.4(d) shows unipolarity computed from the dip before (dip1, dashed line) and after
(dip2, solid line) the THz peak. Below the unipolar threshold Epymp/Euni < 1, there is only one
dip before the main peak with a unipolarity close to one. For E,m,/Eun slightly above one,
the unipolarity for dip1 increases with pump field strength. At the same time, the unipolarity
for dip2 drops from near infinity when the second dip just starts to form. The unipolarities from
both dips become similar at elevated pump strengths, indicating the stability of THz pulse shape
under strong excitations. Therefore, the shape and peak field strengths of the THz transients are
strongly affected by the strength of the pump field at £, < Eyy;. For higher excitation levels,
the shape and peak field are stable with pump field strengths.

3.4.2 Effect of pump field averaging

In Sec. 3.4.1 we consider the excitation of QWs using a pump field set to a specific peak strength.
It is important to note that in actual experiments, the pump beam typically has a finite spot size,
where the field strength varies across the beam spot. This spatial distribution in pump field in
turn affects the THz emission. This is because different areas within the beam spot are excited
by varying field strengths, leading to different excitation levels. Thus, to compute the THz field
collected from the finite pump spot, we need to average the emission field from various positions.
To better understand how this averaging changes with pump profiles, we compute THz field for
both Gaussian and parabolic pump profiles.

Figure 3.5(a) shows the spatial distribution of Gaussian (shaded area) and parabolic (red solid
line) pump profiles. The field strength as a function of position in Gaussian beam is E(r) =
Ey 67% where 7 is the distance from the center of pump spot, o is the width of the beam, and Ej,
is peak field at the center of pump spot. The parabolic beam has E(r) = E, {1 — (2)2] where
L is radius of pump spot. We denote Ery,(r,t) as the emitted THz field at position r within the

pump spot. Considering the finite size of pump beam, the averaged THz field is computed from

Tmax

Efg.(t) =2r |

Ey
dr 7 Epi, (r,t) = / dE f(E) Ery.(E.t) (3.22)
0 E.

where the integral over position is converted to the integral over pump field strength £ in the

second step. The weight at each pump field, denoted as f(F), is determined by the pump pro-
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file. The integration range is limited to the central area with » < 7,,,,. We introduce a cutoff
field strength, denoted as FE., as the field amplitude at r = 7,,. The horizontal dashed lines in
Fig. 3.5(a) shows the selected cutoff field E. = 0.25F) (black dashed line) and F. = 0.50E (red

dashed line) that we use in the following.
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Figure 3.5: Effect of pump field averaging on the shape of THz transients. (a) The spatial
distribution of field strength for Gaussian (shaded area) and parabolic (red solid line) profiles. The
dashed horizontal lines indicate cutoff in field strengths used in averaging. Normalized THz field
for (b) Gaussian and (c) parabolic beam profiles averaged over full area (shaded area), and with
cutoff in field strength at E. = 0.25Ej (black lines) and E. = 0.50E (red lines).

We choose peak field at the center of the beam spot to be significantly above the unipolar
threshold Fy = 2.6 E,;;. The averaged THz field is computed from the full area and from the
central area with field strength above the cutoff £. = 0.25F, and E. = 0.50E,. For Gaussian
pump profile [Fig. 3.5(b)], including full spot size (shaded area) produces a bipolar field even
though the peak field £y = 2.6 E),,,; is above the unipolar threshold. With a cutoft field strength
E. = 0.25EF (black line), the averaged Erj, becomes unipolar, with the magnitude of the first
dip larger than that of the second dip. The dips on two sides become more symmetric for a higher
cutoff field £, = 0.50F) (red line).

For parabolic pump profile [Fig. 3.5(c)], a unipolar field is produced when the entire spot area is
included (shaded area). This is due to the faster decay of pump field with position compared to that
in Gaussian beam. In this case, the bipolar emission contributions from the weak excitation area
near the edge of the pump spot are reduced. Including cutoff field strengths reduces (increases)
the size of the first (second) dip, which is similar to the results obtained from Gaussian beam. For
the highest cutoff field £. = 0.50E), the averaged THz transients from Gaussian and parabolic
pump profiles show similar pulse shapes. This is expected as these two pump profiles in the range
of £ > 0.5E, have only minor differences, as is compared in Fig. 3.5(a).

Thus, the pump profile affects the shape of the averaged THz transient. For a Gaussian beam,
the averaged THz field from the full pump spot can be bipolar even when the peak field at the

center of the spot exceeds the unipolar threshold. When areas of weak excitations near the edge
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of the beam spot are neglected, the averaged field becomes unipolar. In the case of a parabolic
beam, the contribution from beam edge is lower as the pump field decays faster towards the
edge, allowing for a unipolar field even when the entire spot is included. In addition, in both
pump profiles analyzed here, two dips in the unipolar pulses become more similar in sizes as the

cutoff field is increased.

3.4.3 Effect of QW thickness

In Sec. 3.3, we showed that the peak field of the unipolar pulse is reached when the charging-to-
charge-neutral switching occurs. This carrier motion is affected by the initial carrier separation
which is turn determined by the thicknesses of QWs. Therefore, we expect that the thickness of
the QWs can have an impact on the peak field strength. Here, we compute for different double-
QW structures where the left QW has a fixed thickness of L; = 7 nm and the right layer has
an adjustable thickness L,. Figure 3.6(a) depicts the valance band energy and wave function |1|?
for the first few hole subbands in the 7nm/7nm QW structure. The wave functions for the first
state on the left and on the right are highlighted in red lines. The mean positions for these two
states, denoted as zy(g), are indicated by the vertical dashed lines, with their distance denoted in
dr,r = zr — 1. As the thickness of the right layer L, is adjusted, we compute subband wave
functions and d, p accordingly. The black line in Fig. 3.6(b) shows d, r increases linearly with L.
This is expected as a larger L, shifts the mean position of the first state on the right side further
away from the ground state on the left.

We computed THz field emitted from QWs structures of varying L, under the same excitation
conditions. Figure 3.6(b) shows that the peak field in THz transient increases with L. The corre-
sponding carrier dynamics and THz transients are plotted in Fig. 3.6 (c-d) for L, =3.5 nm (black
lines), 5.5 nm (blue lines), and 7.0 nm (red lines). The shaded area indicates the envelope of the
pump field, and the vertical lines indicate the peaks of THz transients. As L, increases, the initial
separation between electron and hole increases. This leads to a larger displacement during the
switching towards charge neutrality and thus enhanced THz peak field. The more pronounced
displacement in holes for larger L, is connected to the larger d;, p shown in Fig. 3.6(b). As the
optically excited holes on the left side move to the right side, the maximal distance it can travel
is determined by the separation between left and right states d;, r. Therefore, a larger d; r as
L, increases leads to an increase in the displacement of holes. The acceleration of carriers to-
wards charge neutrality is also faster for larger Lo, leading to an increased THz peak field. The
amplitude of THz peak field doubles for L, = 7.0 nm compared to that from the structure with
Lo = 3.5 nm.

Experiments are conducted on two samples with QW thicknesses of 7.0 nm/7.0 nm and
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Figure 3.6: Enhancement of peak field strength with QW thicknesses. (a) The first few
states in the valance band of 7nm/7nm double QWs. The vertical dashed lines indicate mean
positions of the first state on left (z;) and right (zr) side. (b) Distance between left and right
states dy, r (black line, on the left axis) and THz peak field (red line, on the right axis) as function
of Ls. (c) Mean positions of electrons (solid lines) and holes (dashed lines), and (d) corresponding
electric field for the QWs with right-layer thickness Ly = 3.5 nm (black lines), L, = 5.5 nm (blue
lines), and Ly = 7.0 nm (red lines). The vertical lines mark the moments when the fields reach
their peak strengths. The shaded area indicate pump-field envelope.

7.0 nm/3.5 nm, respectively. The QWs consist of GaAs ¢Sby ; in the left layer and Ing 1,Gag g6As in
the right layer. To enhance the emission, a total of 100 double-QWs are stacked. The pump pulse
used in the experiment has a duration of 130 fs with central energy of 1.2 eV and pump fluence
1 mJ/cm?. Under identical excitation conditions, the THz fields emitted from both samples are
shown in Fig. 3.7(a). The THz fields are shifted to their peak times ?,c.x. The peak field increases
from 0.28 kV/cm in the 7.0 nm/3.5 nm QWs (black line) to 0.49 kV/cm in the 7.0 nm/7.0 nm QWs.
The thicker structure also sees a broadening in the main peak.

Theory results for the same structures are shown in Fig. 3.7(b-c). We include the lowest four
valance subbands and three conduction subbands. Same excitation conditions are applied to both
QWs for the comparison of THz transients. Without field averaging [Fig. 3.7(b)], the thicker
structure (7.0nm/7.0nm, red line) has the peak field strength doubled compared to that from the

thinner structure (7.0nm/3.5nm, black line). There is also a noticeable shoulder peak at t —t,c.x =
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90 fs in the thicker structure. This shoulder peak is produced when the back and forth motion of
charge carriers occurs, as is shown in Fig. 3.6(c-d). The enhancement in peak field and broadening

due to the shoulder peak agree with experimental results.
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Figure 3.7: Experiment-theory comparison of peak field enhancements via QW thick-
nesses. (a) Experimental measurements of THz field from QWs of thicknesses 7.0 nm/3.5 nm
(black line) and 7.0 nm/7.0 nm (red line) on the left/right side. (b-c) Theory predictions of electric
field for the corresponding structures without (b) and with (c) pump field averaging.

We also compute the averaged THz transients for two structures. We assume a parabolic pump
profile and include central area of the beam spot with 7,,,x = 0.8L according to Eq. (3.22). The
peak field at the center of the beam spot is the same for both QWs. Figure. 3.7(c) shows the peak
field in the 7.0nm/3.5nm QWs (black line) reaches 60% of peak field in the 7.0nm/7.0nm QWs
(red line). The width of the main peak is also larger for Ly = 7 nm, as a result of the shoulder
peak observed in unaveraged THz transients in Fig. 3.7(b). Overall, the increased peak field am-
plitude and temporal width in the thicker structure agree with experimental measurements. The
comparison between experiment and theory verifies the enhancement in THz peak field via QW

thickness.

3.4.4 Towards super unipolarity

The current record of unipolarity that has been realized in experiments [45] is close to four. To
explore the possibility of increasing unipolarity towards uni > 10, we engineer subband wave
functions with a goal to enhance carrier motion further. Figure 3.8(a) shows schematics of three
structures where the black solid line indicates valence-band energy in the double QWs. From the
top frame to bottom frame, the position of the interface between two QWs is shifted to the left
side so that the mean positions of wave functions |1/|? relative to the interface are also changed.
We denote each structure with the mean position of each subband state - the first structure being
LLLR due to the first three hole states centered on the left (orange shaded area) and the fourth
state on the right (blue shaded area). As the interface is shifted to the left, the number of states in
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right layer is increased to two in the second structure (LLRR) and increased to three in the third
structure (LRRR).
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Figure 3.8: Super unipolarity via engineering the number of states on two sides of the
double-QW interface. (a) The first few hole subband states in double-QW structures. The letter
indicates the mean position of each state on the left (L) or the right (R) side of the interface starting
with the state with the highest valance-band energy. (b) Mean positions of electrons (solid lines)
and holes (dashed lines) and (c) corresponding electric field from three structures shown in (a)
with unipolarity of uni=4 (LLLR), uni=5 (LLRR), and uni=15 (LRRR). The electric field in (c) is
scaled to have same magnitude at the first dip near t = —290 fs. (d) Normalized THz emission
spectra.

We compute THz fields from three structures under the same excitation condition. Fig-
ure 3.8(b) shows mean positions of electrons and holes as a function of the time relative to the
pump center at ¢ = (. The electrons (solid lines) and holes (dashed lines) initially move from two
sides separated by about 50A. The major shifts in carrier positions start at t = —200 fs. Compared
to the LLLR and LLRR structures, a dramatic increase in the displacement of hole is observed in
the LRRR structure. The average position of holes changes from z = —22 A to z = 3 A within
150 fs. This rapid carrier redistribution can be understood from the characteristics of their wave
functions shown in Fig. 3.8(a). Under resonant excitation of ground state, the majority of carriers
are excited to the ground state on the left. As excitation level increases, carriers from ground

state on the left side tend to move to the right side to balance charging. Due to the smallest en-
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ergy separation between the first excited state relative to the ground state, the coupling between
these two states is most significant among all states. For the LLLR and LLRR structures, both
the ground state and the first excited state are centered on the left - the carrier redistribution
resulting from such coupling is also redistricted to the left layer. This scenario changes for LRRR
structure where the first excited state is located on the right, leading to an extensive separation
from the ground state. The dominant left-right coupling between the lowest two states moves
carriers dramatically.

The corresponding electric fields from three structures are shown in Fig. 3.8(c), with vertical
lines indicating the times for reaching THz peaks. The field amplitude is scaled to have the first
dip (near ¢ = —290 fs) to have the same magnitude. The unipolarity is increased from uni=4 in
the LLLR structure (black line) to uni=15 in the LRRR structure (red line). The spectrum of THz
emission field [Fig. 3.8(d)] peaks at w = 2.6, 2.8, 3.2 THz for LLLR (black line), LLRR (blue line),
and LRRR (red line), respectively. In addition, the spectral width at half maximum increases from
5 THz to 20 THz with a larger number of states on the right. Therefore, increasing the number
of states opposite the ground state enhances carrier displacement and the unipolarity of the THz
field. Specifically, for the structure (LRRR) with the maximum number of excited states positioned
on the opposite side of the ground state, we predict a super unipolarity of uni=15 along with a
spectral width of 20 THz.

3.4.5 Scalability of peak field

In addition to the ability to adjust the unipolarity and spectral width of the THz field, the capa-
bility to scale the peak field strength is a crucial aspect for the practical use of unipolar sources.
We compare three structures shown in Fig. 3.8(a) in terms of the emitted THz field strength as
a function of pump field strength. Figure 3.9(a) shows the peak field as a function of the ratio
between pump strength and unipolar threshold E/FE.,; for the LLLR (black line), LLRR (blue
line), and LRRR (red line) structures. The peak field in each case is normalized with respect to
the maximum peak field it reaches as the pump field increases. At & < E,,; where bipolar field
is emitted, the peak of THz transient increases with pump strength E/E,,; before reaching a
saturation. Above the unipolar threshold (F/FE,,; = 1), the peak field increases about linearly
with pump strength. This increase continues until it reaches a second plateau when the pump
strengths exceeds twice the unipolar threshold E/FE,,; > 2. For the super unipolar structure
(LRRR), the range of peak field in the unipolar regime reaches 9 times that of the bipolar regime.
This unipolar range is significantly larger than those from the LLLR and LLRR structures.
Figure 3.9(b) shows the unipolarities computed from the first (solid lines) and the second

(dashed lines) dips in THz transients. Lines colored in black, red, and cyan represent the emis-
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Figure 3.9: Peak field scalability. (a) Peak field of THz transients as function of the ratio between
pump field strength and unipolar threshold £/ E,,,; for the LLLR (black line), LLRR (blue line), and
LRRR (red line) structures. (b) Unipolarity computed from the dip before main peak (Dip1) and
the dip after main peak (Dip2). The black, blue, and red solid (dashed) lines represent electrons
(holes) in the LLLR, LLRR, and LRRR strucures. (c) THz field at selected pump field strengths
E = FE,,; (black line), £ = 1.3 E,,;; (cyan line), £ = 1.9 E,,,; (red line), and £ = 2.7 E,,,; (blue
line) for the LRRR structure. The envelope of pump field in indicated by shaded area.

sion from LLLR, LLRR, and LRRR structures, respectively. For F/FE,,; < 1, there is only a sinlge
dip with unipolarity close to one. The unipolarity for dip1 increases for £ > E,,; in all three
structures. The largest enhancement is observed in the LRRR structure (red solid line) reaching
uni> 10 for £/ E,,; > 2.3. The unipolarity computed from the second dip is also significantly
greater in the LRRR structure than those from the other structures, consistently maintaining
uni> 24 in the entire range of pump field strength.

Figure 3.9(c) shows temporal traces of THz transients for the LRRR structure at selected pump
field strengths. The envelope of pump field is indicated by shaded area. At the threshold field
for unipolar pulse £ = FE,,,;, the THz field (black line) is almost bipolar but starts to develop a
shallow dip after the positive peak. Increasing the pump strength sees a dramatic increase in the
THz peak field. Specifically, the peak field is ten times increased at the pump field £ = 2.7 E,,,,;
compared to that from the pump field equal the unipolar threshold £ = F,,;. At E' = 2.7 E,,;,
the unipolarity reaches uni=11 and uni=27 for the first and second dip, respectively.

Our results show that the peak field of THz transient can be controlled by adjusting the
strength of pump field. We observed that as the number of excited states centered on the opposite
side of the ground state increases, the range of peak field in the unipolar regime also increases.
Specifically, in the case of the LRRR structure, the range of the uniplar field reaches nine times
larger than that in the bipolar regime. The unipolarity maintains consistently above ten for the
strength of pump field in the range Ep,ump/Euni > 2.3. The extensive range of the unipolar peak
field and the consistent unipolar shape highlight the potential of LRRR structure as a scalable

unipolar source.
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3.5 Conclusion

In conclusion, we presented a self-consistent method to compute charge carrier dynamics in
semiconductor heterostructures. While the simple picture of shift current results in a bipolar
field only, the pulse shape is significantly altered when local charging effects are included. Our
analysis shows that following the initial separation of electrons and holes, rapid charge redistri-
bution occurs as the local charging potential increases. As a result, electrons and holes accelerate
towards the interface with a sharp reduction in their distance. This switching from local charg-
ing to charge neutrality produces a unipolar pulse that is distinct from the bipolar pulse expected
without charging effects. Therefore, we identified the local charging dynamics as the mechanism
of unipolar pulse generation.

We also discussed different factors that affect the peak field strength and the shape of the
unipolar pulses, including pump field strength, pump field averaging, and wave function engi-
neering within the QWs. Experiment-theory comparison of the unipolar pulses generated from
QWs of different thicknesses verifies the peak field enhancement with QW thickness. Further im-
provements in the unipolarity of THz pulses were discussed. We found that by maximizing the
number of states on the opposite side to the ground state, super unipolar pulses with unipolarity
approaching uni=15 can be realized. The optimal structure also exhibits an extensive range in
field strength that can be scaled with pump field strength while maintaining consistent unipolar
shape. Our theoretical predictions for super unipolar pulses indicate a need for experimental val-
idation of enhanced unipolarity via QW structures engineering. The prospect of achieving nearly
perfect unipolar pulses shows significant potential for advancing lightwave electronics, offering

precise control over electronics states.
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CHAPTER 4

Terahertz Switching in III-nitride Ferroelectrics

4.1 Introduction

In ferroelectric materials, the relative displacement between positive and negative ions creates
an electric polarization in the absence of an electric field. The direction of the polarization can be
reversed by applying an external field. Ferroelectrics are typically characterized by the hysteresis
loop in their polarization and electric fields, a key property allowing them to be used for mem-
ory devices [47]. The most common materials that exhibit ferroelectric properties are perovskite
structures [48]. In recent years, [II-nitrides with the incorporation of Scandium or Boron atoms
have been found as a new class of ferroelectric materials, with the switchable polarization along
c direction of the wurtzite structure. [17, 49, 50] Nitride ferroelectrics offer advantages of high
stability, large polarization, and distinct nonlinear properties [51]. Theory investigations on fer-
roelectric materials have largely been focused on their structural parameters [17, 50]. Yet, there
is a lack of insight into the dynamic mechanism that govern the switching behaviors.

There is a wide range of time scales reported for ferroelectric polarization switching, rang-
ing from sub-picoseconds to nanoseconds [52-55]. The dynamics of switching has been found
to be affected by defects [56], the strength and frequency of electric fields [52, 57], excitation
of phonons [53], and manipulation of lattice structures via light fields [54]. Understanding the
natural switching time determined by the intrinsic materials properties such as the ionic poten-
tial and mass is important to guide the functional design of ferroelectrics. In addition, achieving
systematic control of polarization switching via lightwave opens possibilities for high-speed elec-
tronics. To analyze the atomic response of ferroelectrics to lightwave, a microscopic theory for
the ferroelectric polarization switching is essential.

Here, we present a quantum theory including many-body Coulomb and phonon interactions
to describe the ionic motion during the polarization switching in ferroelectrics. We highlight
the importance of local charging effects that govern the fundamental switching behaviors. The

natural switching time is analyzed under a quasi-static electric field, where the switching process
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is identified via a three-step model. In addition, we explored the manipulation of ionic motion
via terahertz (THz) fields. The ultrafast switching on the sub-picosecond time scale is revealed,
during which process strong high-harmonic generation is predicted. We also present preliminary
experimental-theory comparison for picosecond switching time in ScAIN ferroelectric materials.
Our findings demonstrate the possibility for using THz fields to control the switching in III-nitride

ferroelectrics, as a potential route to ferroelectric THz memories.

4.2 Many-body aspects of ionic latching

In ferroelectric materials, the ionic potential adopts a double-well like profile Upy (z) with two
valleys symmetric around the center. Figure 4.1(a) shows a schematic of the confinement potential
(gray area) along z direction. The valley positions £z, are indicated by vertical lines, which
correspond to opposite polarizations when the ion is displaced to different sides. However, the
ground state has ionic density equally distributed on two sides (blue line). As a result, there is no

preferred site for the ionic position and thus polarization switching is not expected to occur.

on

(a) (b)

T
|
|
|
u |
|
l

Confinement & p.

Uyt oulomb
-Zy +2Z, -Zy +Z,

Figure 4.1: Coulomb effects on ionic potential and distribution. (a) A double-well potential
Upw (shaded area) with two valleys at 2 = £zj. The ionic density (blue line) is symmetrical on
two sides, resulting in a vanishing polarization. (b) The ionic potential with many-body Coulomb
effects (shaded area) and the shifted ionic distribution (blue line).

In order for ionic latching to occur, symmetry in the ionic potential needs to be broken. In
solid state systems, a large number of ions and electrons interact via Coulomb interactions. For
simplicity, we assume that the negative charges form a uniform background, and that the positive
ions move during polarization switching. When an ion displaced from the center of the unit cell,
it disturbs the ions in its surrounding through a repulsive force so that other ions tend to move
in the same direction. More precisely, the distribution of ion |¢(r)|? altered from its ground state
|po(r)|? in the double-well potential Upy(r) leads to a disturbance to charge neutrality. This

local charge density, denoted as Ap(r), is the difference between the actual ionic distribution to
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the ground-state distribution

Ap(r) = [o(r)* = |go(r)[* . (4.1)
Accordingly, a charging potential is generated

AV(r)= > ; dr V(r—x) Ap(x —R), (4.2)
RA0 /S0

for a unit cell centered at R = 0. The self interaction is excluded R # 0. In Eq. (4.2), ) is

the unit-cell volume, and V' (r) = 47rfjm is the Coulomb potential defined by electron charge e,

vacuum permittivity €y, and dielectric constant of the material ¢,. Figure 4.1(b) depicts the total

ionic potential (shaded area) when ions are displaced to the left side. The potential is lower near

2z = —zp as a result of Coulomb effects, enabling the latching of ion to the left side (blue line).

Therefore, the switching of polarization is allowed when Coulomb interaction is included.
Inserting Coulomb potential into Eq. (4.2), we obtain

e? Ap(x)

= Bor—
Ameoer f7o/2% [t —x—R|

AV (r)

(4.3)

As the distance within a unit cell is small compared to the lattice vector |r — x| < R, Eq.(4.3)
can be approximated using multipole expansion. As a result, the quadrupole term produces the

leading-order contribution to charging potential

e? 1 3 . 2 2 1
AV =g S [ @2 80(x) Bl - (0 = %) — (0 = x| + O(z7) . (44)
where 1 = % is a unit vector. To simplify Eq. (4.4), we assume charge distribution is factorizable

along in-plane r| and perpendicular z directions Ap(r) = g(rj)An(z) with [ d*rg(r)) = 1
and [ dzAn(z) = 0. The variations in the in-plane direction is neglected as well. With these

simplifications, Eq. (4.4) becomes

AV(r) = -Q 2(2)2 - (2] , (4.5)
where () = %, and Q is a geometric factor
0=% <3R§ 1 )ag (46)
pum— - T O 9 .
52 R R3 H

defined by the length of the lattice vector R, and the length of the lattice vector along the po-
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larization direction R,. In Eq. (4.5) and Eq. (4.6), a length scaling ayo = ./miwo is introduced

for convenience, where £ is the reduced Planck constant, m is the ionic mass, and wy is a fre-

z
aAHO

The charging factor in Eq. (4.5) is defined as (z/) = [dz ( £ )J An(z). The constant shift in

aHO
charging potential in Eq. (4.5) does not affect the ionic dynamics. Therefore, major effects of local

quency constant. Based on this, we use scaled position z =

in Eq. (4.5) and in the following.

charging are described by the linear potential. For () > 0, the effective ionic potential is lower on
the latched side, favoring the switching of polarization when there is a small perturbation of the
ionic position. In this case, the material is ferroelectric. For () < 0, the ionic potential is higher
on the side when the ion is displaced. As a result, the latching is unstable and the ion tends to
move back. In this case, the material is nonferroelectric.

To describe ionic motion, we solve time-dependent Schrodinger equation for the ionic wave
function ¢(z, t)

S o(z.1) = Hs 0(z1). (47)
h? 02
Hg = o952 + Upw(2) + Vru.(t) + AV (2,t) , (4.8)

where Hg is the system Hamiltonian including the kinetic energy of an ion of mass m, the double-
well potential, THz excitation along z direction Vry, = —Q.2E7p.(t), and the local charging
potential AV(z,t). We assume double-well potential of the form Upy(z) o< 2* — Z222%, where
Z is a constant defining the positions of the potential wells and the depths of wells relative to
the center. We choose the potential depth to be 50 meV, the mass m = 7.47 x 1072% kg for
Scandium atom, the ionic charge (). = 3|e|, the dielectric constant ¢, = 10, and the geometric
factor Q = 10~ in our calculations in the following. These parameters are only rough estimates
for studying the general behaviors, and more accurate parameters are needed in future studies.
We assume the ionic motion is within a single unit cell, and there is no leakage between different

cells.

4.3 Relaxation via Monte Carlo method

During the switching of polarization, the interaction of the ion with the surrounding lattice leads
to the dissipation of energy. The general method to solve dissipation is via the master equation
[35]

L0 , A At ata A
tho.ps = [Hs, ps]- + ihy (2apsat — ataps — psata) (4.9)
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where ps(t) = |p(t)){(¢(t)] is the density matrix, Hg is the system Hamiltonian, ~ is the decay
constant, and @ is an operator that acts on the system to describe the relaxation. In a large system
that includes N components in its wave function, the elements in the density matrix grows with
N?2. This quadratic growth makes the calculation of density matrix computationally expensive.
As an alternative, Monte Carlo method [58] computes the dissipation based on the wave function
only. The computational cost scales with /V, making it a more efficient method than master
equation.

In Monte Carlo calculations, the wave function is propagated with a non-Hermitian Hamilto-
nian [58]

H = Hg —ilva'a, (4.10)

where Hg is the system Hamiltonian in Eq. (4.8), A7y is the dephasing energy, and a' and a
are relaxation operators. We assume the ion relaxes to the ground state of the total poten-
tial V(2) = Upw(2) + Vru.(t) + AV(z,t). The THz excitation Vyp,(t) and charging poten-
tial AV (z) modifies the potential by adding linear terms. With these linear terms, there is a
single position, denoted by zpo, where V(z) reaches its minimum. Using Taylor expansion
at z = zpo, the actual potential V'(z) is approximated by a harmonic potential Uyp(z) =
V(zmo) + V" (zno) (z — z10)°. The corresponding Hamiltonian for the harmonic oscillator

is
HHO = —7m7 + *V”(ZH()> (Z — ZH())Z s (4.11)

where the constant V' (zp0) has been neglected. Based on the length scaling ayo introduced

above, the creation and annihilation operators for the harmonic oscillators are

VB 1 0

o= —(Z—Zpo) + ——=—, 4.12
21 (2 = Z1io) 21v/B 0z (4.12)
& VB 1 0
at =Y (5~ Zho) — e — 413
where B = wio W is unitless. The Bosonic commutation relation [a,a'] = 1 is satisfied.

The detailed steps of Monte Carlo calculations follow from Ref. [58] and briefly summarized
here. First, the wave function is evolved with the Hamiltonian in Eq. (4.10), and a quantum
jump is applied based on random processes. Then, the results are averaged over a large number
of realizations to produced equivalent results to master equation. Specifically, the relaxation

calculation is implemented in the following steps:
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1. Evolve the wave function |¢(¢)) according to Eq. (4.10) in a small time step At

e+ 80) = (1= 5 ooy (419

2. Compute the loss to the norm of the wave function Ap = 1 — (¢ (¢t + At)|pM) (t + At)) .
3. Generate a random number 7,,,,,, from a uniform distribution between 0 and 1.
4. Decide whether there is a quantum jump.

« If Ap < 7Tpum, there is no quantum jump. Normalize the new wave function ¢(t +
At) _ oM (t4+At)
VgD (t+A0)|pM (t+48))

« If Ap > 7um, introduce a quantum jump by computing ¢(¢ + At) = a|4(t)). Then,
o(t+A1)
V(@(t+ADe(t+AL)

normalize the new wave function ¢(t + At) =

With a large number of realizations N — oo, the quantity a(t) = L SN, (0@ (1)) (¢ (t)] is

- N
equivalent to the density matrix in the master equation in Eq. (4.9), if the initial condition p(t =
0) = a(t = 0) is satisfied. [58] Therefore, the expectation value of an observable is computed by

taking the average [58]
1 X .
(4) = 5 2(614]6) | (4.15)

=1

where ¢ is the wave function obtained in the i*" realization of Monte Carlo calculations.

4.3.1 Decay of the kinetic energy
From the master equation in Eq. (4.9), the dynamics of an operator O is [35]

0

ih&@ = [0, Hs]_ +ilry(al[0, a]_ + [at, O]_a) . (4.16)
As an estimate of the decay rate of kinetic energy Fj, = <—%(%22>, we evaluate the second term
in and obtain
0 hy |[V"(zro)
—Eilaeph = =27 + —{| ——, 4.17
57 Lkldeph v+ - (4.17)
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where 7 is the decay rate. Denoting the decay time 7,;, = %, the time dependence of kinetic

energy is

Fu(t) = B e 5w 4 1 V'(zno) (1 - etfrztf> , (4.18)
4 m
where E = E} (1) is the kinetic energy at tg.

We compute for the ionEQC motion starting from the latched state on the negative side. A Gaus-
sian pulse E(t) = FEy e 2 with a duration of 7 = 160 fs and peak field Fy = 25 MV/cm is
applied to switch the polarization. The relaxation time is set to 7,;, = 80 fs. Figure 4.2(a) shows
the ionic density (color-coded background) during the excitation pulse (red line). The results are
averaged from N = 2 x 107 realizations. The solid line shows the average position (z)/z, that
shifts from the negative side to the positive side near ¢ = 0. The polarization switching is followed
by small oscillations near (z) = z,, which decay in about 100 fs due to relaxation. Figure 4.2(b)
shows the corresponding kinetic energy during the polarization switching (black line). It reaches
a maximum near ¢t = 0 and decays as the ion is stabilized on the positive side. Denoting ¢, as the
time when the maximum kinetic energy E} is reached, the red dashed line shows the analytics
of kinetic energy following Eq. (4.18) for ¢ > t;. The decay of Ej, from numerical results agree
with analytics well, with small deviations due to the first term in Eq. (4.16) that is not evaluated

explicitly here.

-400 0 400 -400
t [fs]

Figure 4.2: Decay of kinetic energy due to relaxation. (a) The color-coded plot of ionic
density during the excitation of a Gaussian pulse (red line). The white line indicates the mean
position of ion. (b) Numerical results (black solid line) of kinetic energy during the switching,
compared to the analytics (red dashed line).
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4.3.2 Convergence with the number of realizations

In Monte Carlo method, the error in the average value of an observable [Eq. (4.15)] decays with
the number of realizations as € \/% [58] To test the number of realizations needed in our
calculations, we quantify the error in the mean position of the ion (z) during the polarization

switching. Explicitly, we evaluate the relative error for different number of realizations N

max |(z) N (t) — (2) n, (t)]
max [(2) n, (t)]

e(N) = , (4.19)
where (z) y(t) is the mean position as a function of time, averaged from a total of NV realizations,
and Ny = 2 x 10? is the maximum number of realizations for which (z), (¢) is chosen as the
reference. For the same excitation conditions as discussed in Sec. 4.3.1, we evaluate the relative
error in (z) as a function of N. Figure. 4.3 shows the numerical results in black line, compared
to the analytical trend € = \/LN in the red dashed line. The constant c is found from the least-
square fitting. The decrease in the relative error with the number of realizations agrees with
the analytics. To reach a relative error of ¢ < 5%, a total of N = 500 realizations are needed.

However, the convergence is pretty slow such that to get a better accuracy of ¢ < 1%, we need
N > 7500 realizations.
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Figure 4.3: Convergence with the number of realizations. The error in the mean position of
ion as a function of the number of realizations N, with respect to the reference computed from
Ny = 2 x 10* realizations.
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4.4 Natural switching time

In this section, we aim at identifying the natural time required for polarization to be reversed. In
general, the switching of polarization is influenced by several factors including the ionic poten-
tial, strength of the pump field, and phonon relaxation. Here, our goal is to identify the natural
switching time where the impact of external factors such as the strength of electric fields and
relaxation are minimized. Understanding the natural switching process allows us to identify the
root cause that limits the switching speed and thus provides insights into materials engineering
for improving the switching speed. It also provides an estimate of the frequency of optical fields

for the effective control of polarization switching.

4.4.1 Polarization switching with a linearly ramped field

To analyze the natural switching process, we apply a slow, linearly ramped electric field, to sure
that changes in field strength occur over a significantly longer time scale than the motion of ions.
The field F(t) starts from F = 0 with a ramp rate of 8 MV/cm per picosecond. The linear ramp
gradually increases the field strength over time, enabling the potential to exceed the threshold re-
quired for switching to take place. However, this gradual increase in field strength is intentionally
slow to minimize disruptions to the ionic motion. The relaxation is switched off for simplicity.
Figure 4.4(a) depicts the ionic density along 2 direction in a 200 fs time window near the reversal
of polarization. The red line indicates the field strength. At¢ < —100 fs, the wave function is well
confined, with the mean position (white solid line) changing slowly near the the left-side valley
(z) = —zp. As the time approaches t = 0, the ion undergoes significant acceleration, leading to
a rapid shift towards the positive-side valley, reaching a position near (z) = z within 100 fs.
Figure 4.4(b) shows ionic wave functions |¢(z)|? (shaded area) at ¢ = —72 fs when the ionic
motion is slow, indicated by the first vertical dashed line in Fig. 4.4(a). The red solid line shows the
ionic potential V' (z) lower in the right valley. Compared to the symmetric double-well potential
(black dashed line), the asymmetry in the actual potential is mainly due to the external field that
is used to drive the ionic motion. The wave function has a single main peak near the left-side
valley. The horizontal dashed line indicates the total energy of the ion Ej,, = (¢|H|¢). In the
central region where the total energy is below the potential F;,, < V(z), the wave function

®(2)|? decays from its peak

enters a classically forbidden region (red shaded area). As a result,
position to the central region via quantum tunneling. This is indicated by the extended tail of
the wave function on the right side of its peak. The existence of the tunneling region hinders the
ionic motion such that (z) changes slowly as shown in Fig. 4.4(a).

Figure 4.4(c) shows the corresponding wave function and potential at £ = 50 fs when the

ionic motion is significantly faster than that shown in Fig. 4.4(b). This selected time is indicated
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Figure 4.4: Polarization switching under a linearly ramped field. (a) Color-coded plot
of ionic density close to the switching. The external field E(t) (red line) is linear in time. The
vertical dashed lines are selected times at which the wave functions |¢|? (shaded areas) and full
potential energy V' (red solid lines) are shown in (b-c). The black dashed lines indicate double-
well potential without charging or external field. The red horizontal dashed lines indicate the
total energy of ion at selected times. (d) Tunneling region as function of time. The vertical solid
indicates the vanishing of tunneling region.

by the second vertical dashed line in Fig. 4.4(a). As the peak of the wave function shifts near
the center z = 0, there are major oscillatory features on the right side of the wave function,
indicating a large kinetic energy. The ionic potential is significantly lower on the right side,
favoring the motion of ion towards the right valley z = 2. At the same time, the ionic potential
decays monotonically between two valleys. Therefore, the ionic motion towards the right side
is similar to the classical transition driven by the large external force. Comparing Fig. 4.4(b)
and Fig. 4.4(c), the ionic potential evolves significantly as the position of ion changes. Since the
external field varies slowly during this short time window, the major change is due to the local
charging potential as the ion moves.

For the ion to move from one valley to the other, it needs to overcome the potential barrier
between two valleys. In Fig. 4.4(b) where the local maximum of V' (z) near z = 0 exceeds the

total energy of the ion, the ion moves by the slow, tunneling process. We define the tunneling
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region to be the area within valley positions |z| < z, bounded by the positions at which E;,,, =
V(z) is reached. Figure. 4.4(d) shows the tunneling region as a function of time. The upper
branch and lower branch represent the boundary on the right and left side of the tunneling region,
respectively. The tunneling region gradually reduces in the first 100 fs. The merge of two branches
at the cyan vertical line indicates the elimination of tunneling region. This is also the time when
the fast motion is initiated as shown in Fig. 4.4(a). Therefore, the elimination of tunneling region
leads to the onset of rapid motion during polarization switching.

Combining Fig. 4.4(a-d), we summarize the switching process in a three-step model: 1) Initially,
the motion of the ion is slow due to the presence of a tunneling region, which acts as a barrier
for the polarization to be reversed. During this process, the wave function moves to opposite
valley via quantum tunneling, but remains predominantly confined to the initial position. 2) The
tunneling region diminishes as the ion gradually shifts to the center. At a tipping point where
the tunneling region vanishes, the ion shifts with a much faster speed than the first step. 3) In the
absence of the tunneling region, the switching of ion to the opposite side is driven by the large
external force that moves the ion towards the potential minimum. During this process, the ion

gains substantial kinetic energy:.

4.4.2 A simple model for tunneling time

The study in Sec. 4.4.1 shows that the instantaneous switching of polarization is prevented by the
tunneling region. To provide an estimate of tunneling time required to reach the onset of fast
motion, we begin by identifying a critical ionic position where the tunneling ends. Assuming a
constant external field is used, the only time dependence in the system Hamiltonian in Eq. (4.8) is
present in the charging potential. In Appendix. A, we show that the total energy of the ion £},,, =
(¢| H|¢) is conserved when the charging potential is of the form AV (z) = —2Q(z)z + Q(z)2.
Defining the unit-cell dipole due to ionic displacement d = (z), the full potential at a given d

is
Va(2) = Upw(2) — QezE — 2Qd z + Qd* , (4.20)

where d determines the charging potential in the third term and introduces a constant shift to the
total potential in the fourth term. The height of the potential barrier between two valleys, denoted
as Fpqr, is defined as the maximum value of the potential V;(z) within the range |(z)| < 2.
Without charging or electric field, the maximum barrier potential is obtained at z = 0. When
charging and electric field are added, there is a small shift to the barrier position. Ignoring that
small shift from z = 0, the barrier height can be approximated by Ey,,., = Vy(z = 0) = Qd?.

Given a constant ionic energy FE;,,, we define a threshold position d;;, at which the total energy
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equals potential barrier E;,,, = Qd?, which gives

Eion
Q .

di, = £ (4.21)
When the ion is positioned within the threshold boundaries on either side |(z)| < |d;|, the
maximum potential is lower than ionic energy Ejp..r < Ej,,. In this scenario, the ion does not
encounter a tunneling region. On the other hand, if the ion is located further away from the

center |(z)| > |dy,

, the ion moves to the opposite valley via tunneling.

To illustrate the threshold position where tunneling is ended, we show an example of the
polarization switching similar to Sec. 4.4.1 but using a constant electric field, so that the total
ionic energy is conserved. Figure 4.5(a) shows the ionic density (color-coded background) under
a constant field of £ = 20 MV/cm (red line). The field is switched on at ¢ = 0 and moves the ion
in the positive direction. Figure 4.5(b) shows the kinetic energy Ej = (4| — %g—;ﬂgb), potential
energy V' = (¢|Vy(2)|#), and the total energy of the ion F;,, = Ey+V as a function of time. The
energy is computed relative to the center of the double-potential Upy, (2 = 0) without charging
or pump field. After the pump field is switched on ¢ > 0, the kinetic energy and potential energy
change oppositely, and the total energy Fj,, is constant. Figure 4.5(c) shows ionic potentials at
selected times indicated by the vertical lines in Fig. 4.5(a-b). The horizontal dashed line indicates
the total energy F,,,. Att = 40 fs when the ionic reaches (z) = d; (black vertical line), the
potential V, (2) (black dashed line) has its local maximum larger than E;,, near z = 0, with the
gray area indicating the tunneling region. When the ion moves to (z) = dy (vertical red line),
the local maximum of V5 (2) (red line) near z = 0 coincides with F,,, indicating the removal of
tunneling region. In this case, the threshold position dy, is reached at dy = —0.48z2.

During the switching of ionic position from the left to the right, a quantity that defines the
switching efficiency is the probability of finding the ion on the right side. This probability, denoted
as R, is defined as

R= /0 4z |6(2))? (4.22)

where 2,4, is the boundary position on the positive side. As the ion shifts from left to right, it
increases from R = 0 to R = 1. While the ionic density can be broadly distributed between two
valleys during the switching, it peaks near the valley positions 2 = %z as the potential reaches
local minima. As an estimate of the ionic mean position, we approximate it by an average of
the valley positions on two sides, weighted by the probability of finding the ion on two sides
d = zrR + z1(1 — R), where z1p) is the position of the left (right) valley. From this, we get a
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Figure 4.5: A simple model for the tunneling threshold. a) Ionic density (color-coded
background) under a constant electric field (red line) turned on at t = 0. (b) Kinetic energy Ej,
potential energy V/, and the total energy of the ion E;,, = Ej; + V as a function of time. The
vertical lines in (a-b) indicate the selected times at which the ionic potentials V;(z) are shown in
(c). The average position of the ion dy, d; are indicated by vertical lines. The horizontal dashed
line indicates £, that is kept constant at ¢ > 0.

linear relation

rR— 4= (4.23)

ZR — 2L

which expresses R as a function of the ionic mean position d. Figure 4.6 shows R as a function
of d/zy from full computations during the initial switching. When the ion is located in the left
valley d = —zp, the increase in R is negligible when d increases. This is due to the minute leakage
of the wave function towards the right side. As the position shifts to d > —0.7z, the increase
in R with d enters the linear regime. The vertical line indicates the threshold position d;, where
the tunneling region becomes vanishing. We compare the full results with the simple model of
Eq. (4.23), indicated by the red dashed line. The valley positions are chosen to be z;, = —0.7z, and
Zr = Zp to take into account the asymmetry in the ionic potential when there is a strong field.
The linear model approximates the full results well near dy;,. The threshold probability, denoted
as Ry, is defined to be the value of R when d = dy, is reached. According to the linear model,
this threshold probability is calculated to be Ry, = 13%.

The rate at which the probability on the right side changes, denoted as Cﬁl—ff, is determined by
the probability current j(z,t) via

dR

E = ](Oa t) - j(zmaxa t) 3 (424)

43



| 1 /
03F Ve
Full
02F — — Model / T
e 4
01F -
OF / dth -
1 / 1
1 -0.5
d/iz

Figure 4.6: Probability of wave function on the right side R as function of d/zy. The solid line
shows R from full results, and the red dashed line shows the linear model. The vertical line
indicates the threshold ionic position d;;, for which the tunneling is removed.

where

0

h
j(z,t) = %Im[aﬁ*%@ : (4.25)

Because the wave function is vanishing at the boundary ¢(z,,..) = 0, we have j(242,t) = 0.
This implies that % is governed by the probability flow passing through the center j(z = 0).
To obtain the tunneling time to reach the threshold probability R, discussed above, we quantify
Jj(z,t) during the tunneling. As j(z,t) has a unit of 1/time, we define a scaled probability current

AR;(z,t) = j(z,t) At (4.26)

which is the change of R over a specific time interval At. We choose this time interval to be
At = 100 fs, which is the typical time scale for the polarization switching to take place.

Figure 4.7(a) shows AR; during the tunneling at selected ionic positions (z) = —0.7z, (black
line), (z) = —0.62 (red line), and (z) = —0.52¢ (cyan line). As the ion moves towards the positive
direction, the peak of AR; also moves in the same direction. The distribution of AR; gets broader
in the meantime. Figure. 4.7(b) shows the magnitude of AR; at the center between two valleys
z = 0. It is nearly vanishing for the first 50 fs, but starts to rise significantly afterwards. We
quantify the average probability current in 0 < ¢ < 100 fs to be ARj = 0.18, which states that
R increases 18% in a time interval of At = 100 fs. Given the threshold probability R;, = 13%
as discussed above, the tunneling time is estimated to be 13, = RALRAJ? = 72 fs. As the major
transition does not occur before tunneling has ended, this tunneling time is an important measure

of the delay of ionic response to an applied field.
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Figure 4.7: Probability current during tunneling. (a) Scaled probability current AR; = jAt
at selected ionic positions (z) = —0.7z (black line), (z) = —0.6z (red line), and (z) = —0.5z
(cyan line), during a time interval of At = 100 fs. (b) Magnitude of the scaled probability current
AR; at the center of two valleys (z = 0).

4.4.3 Classical avalanche time

In Sec. 4.4.1, we demonstrated that, once the tunneling region is removed, the fast transition of ion
to the opposite valley occurs in the presence of a large difference in the ionic potential between
two sides. This avalanche process aligns with classical mechanics, where a particle moves towards
the potential minimum with a gain of its kinetic energy. To further explore the factors influencing
the switching speed, we compare the full dynamics with classical motion predictions described
by % = LF(z), where F(z) is the force on a classical particle of mass m. For simplicity, we
assume that the ionic potential is static in classical calculation.

Figure 4.8(a) shows the wave function |¢|? (shaded area) and the potential (red line) at the onset
of classical avalanche. The wave function |¢|? is centered on the left side, with its mean position
indicated by the vertical line. The potential is lower on the right side. In classical calculation,
we approximate the wave function by a particle released at = = —0.3z at ¢ = 0, as indicated
by the light blue sphere. An initial velocity in the positive direction v = 1.1 x 1072 A/fs is
assumed, based on the full results. Figure 4.8(b) shows the average position from full results
(shaded area) and classical dynamics (blue line), with their positions at ¢ = 0 aligned. In both
computations, the transition to the positive valley (z) = zj is realized in 120 fs. We define the
traveling time from the onset of classical transition to the valley on the opposite side to be the
classical avalanche time, quantified to be 7};,ss = 120 fs in this calculation. Figure 4.8(c) shows
the average velocity v = % from full results (shaded area) and the classical velocity (blue line).
While there are discrepancies between two calculations, the maximum switching speed close to
v =5 x 1073 A/fs is obtained in both results. Therefore, we conclude that the switching speed

during classical avalanche is determined by the ionic potential.
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Figure 4.8: Classical avalanche time. (a) Ionic wave function |¢|? (shaded area) and the po-
tential (red line) at the onset of classical transition. In classical model, we assume a particle is
released at = = —0.3zy (light blue sphere) with a small initial velocity to the right side. Due
to the lower potential on the right side, it moves to the potential minimum (dark blue sphere).
(b) Average position and (c) velocity from full computation (shaded areas), compared to classical
dynamics (blue lines). The position of the particle in classical model is shifted to full results at
t=0.

In summary, during polarization switching, the ionic motion involves a tunneling stage and
a classical transition. We identify a threshold position d;, when the tunneling ends, at which
the probability of finding the ion on the opposite side Ry, is quantified. The tunneling rate is
analyzed via the probability current, from which we obtain the tunneling time 73,; = 72 fs. After
the tunneling step, the ionic motion can be approximated by classical mechanics. We quantify the
classical avalanche time for an ion to move from the threshold d;;, to the opposite valley, which is
about 7,55 = 120 fs. Including both the tunneling time and classical avalanche time, the natural
switching time is about 7T';;;, =200 fs. It is important to note that the precise switching time can be
affected by materials parameters including the ionic potential, mass, and lattice structures. Our

discussions here provide a rough time scale for the natural switching,.

4.5 THz control of polarization switching

Building upon the fundamental switching mechanism outlined in Sec. 4.4, we aim for exploring
the potential of manipulating the switching process using light fields. The interaction between
lightwave and ferroelectrics is a potential route towards ultrafast control of switching. As the
natural switching time is on the order of the duration of THz pulses, we start with low-frequency
THz field as the excitation source. The ionic motion is computed with few-cycle THz pulses.
Additionally, we analyze the impact on the switching efficiency when we vary the duration of

the light pulse. This provides an estimate of the frequency limit of the control source. In the end,
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we present preliminary results of experiment-theory comparison for the polarization switching

in ScAIN ferroelectric materials excited by a THz field.

4.5.1 Multiple switchings with THz pulses

To explore the possibility of ferroelectrics switching using THz fields, we start with few-cycle
THz pulses as the excitation sources. The frequency of the THz field is set at v = 0.2 THz, with
a half-cycle duration much longer than natural switching time to ensure complete switching.
The strength of peak field is £ = 30 MV/cm. We assume the relaxation time to be 7,;, =80 fs.
Figure 4.9(a-c) shows the ionic density along z direction under THz pulses (blue shaded area)
of the duration of 0.75 cycles, one cycle, and two cycles. For the 0.75-cycle pump pulse, the ion
switches to the positive side near ¢ = 0 within the main peak of THz pulse. After that, it oscillates
back slightly during the negative cycle of the THz pulse, and relaxes to the switched position. As
the duration increases to one cycle, an extra switching is seen after the main THz peak, which
brings the ion back to its initial position. Further increasing the duration to two cycles, switching
is initiated at earlier time and multiple switchings are observed following the change of direction

of the THz pulse. In this case, a total of five switchings occur within a few picoseconds.

0 Normalized pion(z) 1

I
E 01 (a) 0.75 cycles _,E. T . =
D 0.0 - 1 (d)ﬂ\ |
= E \ — 1 cycle
g 0.1 Q] - 1y S ' 2 cycles
A s \
> i
E’ 0.1 2 cycles [

- NN NS 2
c 00 4

-15 0 15 0

t [ps] (A

Figure 4.9: Ultrafast switching driven by THz field. (a-c) Color-coded plot of ionic density
driven by THz field with durations of (a) 0.75 cycles, (b) one cycle, and (c) two cycles at the
frequency of v = 0.2 THz. The blue shaded areas indicate the THz field. (d) Emission spectra of
polarization switching under pump field of the durations of 0.75 cycles (black dashed line), one
cycle (red solid line), and two cycles (gray shaded area).

It is interesting that the ionic motion does not follow sinusoidal changes in the pump pulse,
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but the transition occurs on a much faster time scale. This indicates strong nonliearities in the

switching process. We compute the emission field due to polarization switching E(t) —%—f.
2

Figure. 4.9(d) compares the emission spectra |E(w)|® for the polarization switching shown in
Fig. 4.9(a-c). The spectra are normalized to their peaks near the pump frequency vz .. From all
three pump durations, strong high-harmonic peaks are shown. For the 0.75-cycle pump pulse,
the emission spectrum (black dashed line) shows broad peaks especially at v /vy, > 5. With the
single-cycle pump pulse, four distinct peaks above the fundamental frequency are observed (red
line). The intensity of the third-order harmonic peak reaches 40% of the fundamental peak, and the
intensities of higher-order peaks decay slowly. For the excitation with a two-cycle pump pulse,
more high-harmonic peaks are observed (shaded area) with linewidths narrower than those from
the single-cycle pump. This demonstrates the potential of extreme high-harmonic generation

from ferroelectric polarization switching.

4.5.2 Effect of pump duration on switching efficiency

During the THz excitation of ferroelectrics, the polarization direction follows the THz field. If the
THz pulse frequency increases, we also expect the polarization switching frequency to increase.
However, with higher frequencies, the duration of a half cycle gets shorter, which means there is
less time for the polarization to switch. The natural switching time discussed in Sec. 4.4 sets a limit
on the pulse duration required for an effective polarization switching. To test this, we compute
polarization switching under a unipolar, Gaussian light pulse of varying durations. We use a
unipolar pulse to ensure that the ion is driven in one direction, thereby eliminating the influence
of opposing electric fields on the switching direction. The peak field is fixed at £ = 25 MV/cm,
and the relaxation time is set as 7,;, =160 fs. For the initial state on the left side, we quantify the
switching efficiency as the probability on the right side R.

Figure 4.10(a) shows the maximum R during the pump pulse (black line) and the final R after
the pump pulse (red line) as a function of the ratio between pump duration and the natural switch-
ing time 7/T;;,. Overall, the switching efficiency increases with pump duration. For short pump
durations (7 /7'y, < 0.3), the switching efficiency increases with 7 rapidly. The rate of R increase
then gets slowed down, where the final R becomes lower than the maximal R as shown in the
shaded area. In this region, the switching is partially reversed after the pump. For 7/Ty;;,, > 3,
the flip becomes irreversible and R saturates near one. We define the onset of switching to be
R = 0.5 (horizontal line). The final switching efficiency reaches the R = 0.5 when 7 = T},
verifying the pump duration longer than natural flip time is needed for switching.

To investigate the reason of the reversible switching in 0.37%;, < 7 < 3T%;,, we perform

an energy analysis in the following. Neglecting the external field, the asymmetry in the ionic
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Figure 4.10: Effect of pump duration on switching efficiency. (a) The maximum R during
the pump pulse (black line) and the final R after the pump (red line) as a function of 7/7 ).
The shaded area indicate the regime where the flip is reversible. (b) The maximal Ej during the
excitation (black line) compared to the potential depth Veptn for the ion to move to the center. (c)
Color-coded plot of ionic density for selected cases 7/7;;, = 0.3 (top frame), 1.0 (middle frame),
and 3.6 (bottom frame). The white line shows the average ionic position, and shaded area shows
the pump field.

potential on two sides comes from the charging potential AV (z) = —2Q(z)z. We define a
potential depth Vjeptn as the difference in AV (2) between the position where the ion is maximally

switched, z = (z) 4z, and the center between two valleys z = 0

Viepth = 2Q(2)2,. . (4.27)

This provides an estimate of the excess kinetic energy needed for the ion to move from (2),,4.
to the center. Figure 4.10(b) compares Vjepn With the maximal kinetic energy obtained during
the switching. It shows that the kinetic energy exceeds the potential depth £, > Viepsn in the
reversible region, but the opposite is true in the initial growth and the final saturation regions.
Therefore, the reversed motion is caused by the excess kinetic energy that moves the ion back
towards the center.

The vertical dashed lines in Fig. 4.10(a-b) indicate the selected cases where the wave functions
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are shown in Fig. 4.10(c), for 7/T;;, = 0.3, 1.0, 3.6 in the top, middle and bottom frames. The
white solid line shows the average position (z)/zy, and the shaded area shows the pump field.
For 7 /T, = 0.3, the wave function moves towards the positive side near ¢ = 0, but immediately
moves back as the field vanishes. In this case, there is no transition since the pump duration is
much shorter than natural switching time. For 7/Ty;;, = 1, the displacement of ion during the
pump is longer compared to that in the top frame. The maximal position reaches the positive
side (2),m4: > 0 near the end of the pump field, after which the reverse motion occurs. The final
state is equally distributed on two sides. For 7/T;;;, = 3.6, the ionic position reaches the valley
at (z) = zy during the pump field, reaching a switching efficiency R = 80%.

The dependence of R on pump duration is also expected to change with ionic relaxation, as
the ionic distribution is largely affected by its energy. To quantify this, we computed switchign
efficiency R after the pump pulse for different relaxation time 7,;,. Figure 4.11 shows R as a
function of 7/7';, for different relaxation time 7,;,, expressed in ratios to the natural flip time
T'1ip- The initial increase of R with pump duration becomes faster with a shorter 7,,. For 7, =
0.471;p, an efficiency of switching R = 80% is reached at 7 = 1.277;,, which is significantly
reduced from 7 = 4.17Y;;, needed with a longer relaxation time 7,;, = 1.67%;,. For selected
relaxation time 7,;, = 0.47%;,, 0.81%;p, and 1.67Y;,, the threshold pump duration to reach
R = 80% are 7 = 4.1T;p, 3.5T 114, and 1.2T;,,. Based on the T'y;;, discussed in Sec. 4.4, these
pulse durations correspond to THz frequencies v =0.6 THz, 0.7 THz, and 2.0 THz, respectively.
Therefore, the maximum frequency of the control source for an effective polarization switching

is influenced by both the natural switching time and the relaxation time.
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Figure 4.11: Switching efficiency R as a function of 7/7;,, for selected ratios between relaxation
time and the flip time 7,4, /T;;,=1.6 (black line), 0.8 (red line), and 0.4 (cyan line).
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4.5.3 Experiment-theory comparison of ultrafast switching

As a preliminary study of the switching speed, our collaborators (Rupert Huber) performed
near-field experiments to probe the polarization switching. The experiments were performed
on Scy1Aly 9N ferroelectric samples (Zetian Mi), with a control sample of silicon that is not fer-
roelectric. After being excited by the 1.5-cycle THz pulse at the frequency of v = 1 THz, the total
field is collected from a small area near the sample using a near-field tip. In this way, the changes
induced by polarization switching are detected. Figure 4.12(a-b) show experimental data of the
normalized THz fields at different pump powers. For Scy1Aly 9N sample [Fig. 4.12(a)], the shape
of the THz field is unchanged as pump power increases from 17.5 W (black line) to 35.0 W (blue
line). However, the relative heights of peaks at ¢ > 0.5 ps are reduced when pump power reaches
70.0 W (red line). This reduction of field strength is not observed in the control sample of silicon

[Fig. 4.12(b)], where the shape of total field is unchanged at pump powers from 17.5 W to 70.0 W.

We perform theory computations accordingly using weak field and strong field excitations to
study the effect of polarization switching. The threshold field for switching is £/ = 22 MV/cm in
our system. We compute the total field £ = FE;,, + C' Eg including the incident field £, and
the emission field E'z due to polarization switching. The emission field contribution is amplified
by a factor C' to take into account the reduced area being collected and thus the amplification of
the emission field. We choose an enhancement factor C' = 6 x 103 to produce sizable changes
as detected in experiments. The total field £y is averaged over the finite pump spot assuming
parabolic pump profile E(r) = Ej <1 _ (£>2> where FE is the peak field at the center of the
spot, and L is the radius of pump spot. The averaging is computed including the central region
where r < 0.8L.

Figure 4.12(c) shows the normalized field when the pump strength is below the switching
threshold (£y = 15 MV/cm, shaded area), compared to the results under high pump field above
the threshold (£y = 30 MV/cm, red line). The field is normalized at ¢ = —0.5 ps before po-
larization switching occurs. At high pump field when switching occurs, the relative heights of
the peaks at ¢ = 0 and ¢ = 0.5 ps are reduced. These can be correlated with the ionic motion
shown in Fig. 4.12(d). The ionic density is shown in color-coded background and mean position
is shown in the white line. The pump field is indicated by the shaded area. Polarization switching
is observed at the highest peak of the pump field and the dip after it, synchronizing with the
shape changes in ' shown in Fig. 4.12(c). While further investigations are needed to analyze
the details of experimental measurements, the shape changes in the electric field that occurs on
the sub-picosecond time scale are signatures of ultrafast ferroelectrics switching in Scy 1Al 9N

samples.
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Figure 4.12: Experiment-theory comparison of ultrafast switching. Normalized THz
fields from (a) ferroelectric Scy 1 Aly 9N and (b) a control sample of silicon at pump power of 17.5
W (black line), 35.0 W (blue line), and 70.0 W (red line). (c) Computed field without (shaded
area) and with (red line) polarization switching. The field strengths are scaled to be the same at
t=-0.5ps before switching occurs. (d) Ionic density (color-coded background) and mean position
(white line) under strong excitations. The gray shaded area indicates the THz pump field.

4.6 Conclusion and outlook

In conclusion, we presented a microscopic theory for the switching of ferroelectric polarization
that includes the effects of local charging and phonon relaxation. Our calculation highlights the
importance of many-body Coulomb interactions in the switching process. The switching mech-
anism is identified by a three-step process including the initial tunneling stage, the tipping point
where the tunneling region is eliminated, and a classical avalanche. The current analysis, based
on preliminary estimations of ionic potentials, predicts sub-picosecond natural switching time.

To determine a more accurate switching time, additional information will be needed from ab ini-
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tio calculations about the ionic potential and lattice structures. Furthermore, the theory we have
discussed so far considers the motion of a single ion within the unit cell. As the actual structural
changes are likely to involve different types of ions, extending the current theory to multiple ions
can shed light on how the interactions among multiple ions influence the polarization switching.

In addition, we explored the control of polarization switching using few-cycle THz pulses.
Excited by the THz field at the frequency of v = 0.2 THz, ultrafast switching of polarization is
predicted, accompanied by strong high-harmonic generation. To increase the frequency of po-
larization switching with higher-frequency pulses, we need to take into account both the natural
switching time and the relaxation time. Finally, as a preliminary study, we presented an exper-
imental-theory comparison of the polarization field in ScAIN ferroelectric materials, showing
evidence of sub-picosecond switching time. Future studies are needed to verify the details in
these switching processes, such as the limit of ionic switching frequencies, effect of pump field,
and verification of high-harmonic generation. These investigations will deepen our understand-
ing of the polarization switching in novel nitrides and explore ways utilize them for high-speed

electronics and memories.
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CHAPTER 5

Coherent-Phonon Oscillations in Quantum

Heterostructures

5.1 Introduction

In quantum optics theory [35, 59], a coherent state |«) is defined as the eigenstate of the annihi-

lation operator d|o) = «|a) and can be constructed from a superposition of Fock states |n) via
2

n o] . . -
la) =300, g6 |n). Coherent state is also a displaced vacuum state |a) = D(«)|0) under
the displacement operator ﬁ(a) — eoal—aa Similarly, coherent phonon is condensed mat-

ter corresponds to the average lattice displacement under non-equilibrium conditions [33, 34].
In this case, coherent phonon amplitude, defined as the expectation value of phonon annihila-
tion operator D = <ﬁ>, indicates the magnitude of lattice displacement. Coherent phonons have
been detected in various systems including bulk GaN [28], carbon nanotudes [29], semiconductor
quantum dots [30], and van der Waals materials [31, 32]. The most common way for generating
coherent phonons is to excite the crystal ultrfast using femtosecond pump pulses, after which
the oscillations in time domain are detected using pump-probe techniques. [28, 30, 31] Apart
from direct observations of the structural changes in the time domain, coherent phonons enable
the generation of novel quantum phases such as enhanced superconductivity [60] and ultrafast
ferroelectric polarization switching [53].

From the fundamental point of view, the dynamics of coherent phonons reveals the underlying
principles of electron—phonon interactions and carrier dynamics. Here, we study the microscopic
mechanism of coherent phonon generation in quantum heterostructures and its effects on pho-
toluminescence (PL) spectra. We start with an introduction to coherent phonons and our method
to compute PL based on semiconductor luminescence equations (SLEs). Then, we focus on a spe-
cific system: transition metal dichalcogenides (TMDCs) heterobilayers. While this system has
been demonstrated to realize charge separation on the ultrafast time scales [9], the mechanism
of this charge transfer is not well understood. This is particularly intriguing in van der Waals

heterostructures where charge transfer is expected to be slow due to the weak interactions be-
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tween different layers. We explore different mechanisms in the charge transfer that can lead to
coherent-phonon oscillations. Our results demonstrate the potential of using the spectroscopic

features of coherent phonons as a means to detect charge dynamics in quantum heterostructures.

5.2 Dynamics of coherent phonon amplitude

To study the mechanism for the generation of coherent phonons, we start with the general

phonon Hamiltonian including free phonon energies and electron—-phonon interactions [35]

th = Z hQJGPD},pDJ)p + Z G;\,p at\,kak,kﬂ) (Dj,fp + D;[,p) ) (5-1)
J:p Ak.J,p

where N€); , is the phonon energy at phonon branch j and wavevector p, DW s the phonon

P
annihilation (creation) operator, aE\Tj{ is the electron annihilation (creation) operator at band A
and wavevector k, and G?’p is the electron-phonon matrix element. For simplicity, we consider
a single phonon branch and omit the branch index j in the following. From Eq. (5.1), coherent
phonon amplitude, denoted as Dy, = (D,,), has the density-like source <ai\’ka Ak+p) in its Heisen-
berg equation of motion. Under the homogeneous condition, only diagonal terms are nonvan-
ishing and thus coherent phonon amplitude is nonvanishing for p = 0 only. In the following,
we discuss Dp—o, and omit the subscript. Also, we focus on optical phonons which have a finite

energy at p = 0. From Eq. (5.1), the dynamics of coherent phonon amplitude reads [35]

0
ihoeD = (h = iyp) D + 3G 3 {al yanx) (5.2)
A K
where a phenomenological dephasing constant v is added to describe the decay of phonon co-
herence from higher-order correlations. In Eq. (5.2), the source to D includes carrier densities

(a;ka rk) from all bands. In the electron-hole picture [35], the carrier distributions for electrons

and holes are defined as

A <al,n,kac,n,k>7 lim =1- <al,n,kav7n,k>v (5.3)

where n is the subband index. Inserting these into Eq. (5.2) , we get

m;D = (hQ —iyp) D+ (G Nom — G Nten) (5.4)

where NV = S fli\ "™ is the total density within a subband. The last term of Eq. (5.4) should

formally contain a Y, 1 contribution from the completely filled valance band, but it is typically
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included in band structures and thus excluded from phonon dynamics.

In this Chapter, we study which types of charge transfer can generate coherent phonons in
quantum heterostructures. As can be directly seen from Eq. (5.4), both electrons and holes enter
the source to induce coherent phonon amplitude. In many situations, G¢™ and G™" reach similar
values within a single material, especially for longitudinal optical phonons. As a result, when
charge neutrality N" = N"" is reached among each subband, the source to coherent phonon
amplitude is negligible. However, this scenario changes when electrons and holes are separated
into different materials. In this situation, phonons in each layer interact with one type of carri-
ers only. As the strengths of electron-phonon coupling are different in different materials, the
source to coherent phonon amplitude can be significant. This makes quantum heterostructures a

promising platform for generating coherent phonon amplitude.

5.3 Theoretical methods for photoluminescence

The most common way to detect coherent-phonon oscillations in solids is using pump-probe
techniques where transient reflection or transmission is measured. [28, 30, 31] Here, we present
another way to detect coherent phonons through the analysis of photoluminescence (PL) spectra
of the material. Theoretically, this can be described more simply than the dynamics in pump-
probe processes, while fully incorporating the essence of coherent phonon effects. The theo-
retical method to compute PL for semiconductor heterostructures is based on semiconductor
luminescence equations (SLEs) [35]. We briefly introduce the key quantities in SLEs here and
more details can be found in Ref. [35]. Microscopically, PL is defined by photon-assisted polar-
ization Ilyx ¢ ,, = A(B;qz aljk_qagk) , where B;qz is the photon creation operator at in-plane
wavevector q and out-of-plane wavevector ¢, for general two-dimensional materials, and a(;}{
is the electron annihilation (creation) operator at electron band A and wavevector k. Photon-
assisted polarization is a doublet that describes the correlation of photon and optical polarization

of the semiconductor.

Including the effects of coherent phonons that follows from Eq. (5.1), SLEs for photon-assisted
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polarization Ily 4 4., photon number A(B(TL 4. Ba,q.)» and coherent phonon amplitude D read

. 0 [c [ c v
Zhin’qu = (Ek - Ek—q - hwqﬂz + 2 (GO - GO) R‘e[D]) Hkvq#]z

ot
- (1 - fli - fl}cl—q) Z Vkvk,Hk,quQZ + ifqv‘h Skvq + Tk7q7QZ ) (55)
K’

0 *
gy A B Ba) = 2Re [ (Faa) | 5
mgtp = (W2 —iyp) D+ Y (GonNe" — oA | (5.7)

where E} is the renormalized band energy for electrons A = ¢ and holes A = v, fiwg,, is the
photon energy, Vi ,i is the Coulomb matrix element, F ,. is the light-matter coupling constant,
and Ty q 4. is the triplet dephasing. Also, Skq = fi f{j_q + Dk c}’k_q’k/ is the spontaneous-
emission source including free carriers f fﬁfq and exciton correlations c(}(’k’k/. The stimulated
emission source is neglected. Equation (5.6) is photon flux driven by photon-assisted polariza-
tion. Here, we compute photon number along the perpendicular direction to the two-dimensional
materials g = 0. The triplet term is included via a phenomenological dephasing constant
Tx,qq = —171llk q,q.. Equation (5.5) shows that the coherent phonon amplitude modulates the
electronic band gap, when G, # GJ is satisfied. As the coherent phonon amplitude oscillates at
phonon frequency [Eq. (5.7)], the change in band gap also oscillates at phonon energy. This os-
cillating band gap creates sidebands at integer multiples of phonon energy near the zero-phonon
line (ZPL). In the following, we compute for the TMDC heterobilayers to evaluate under which

condition it is possible to detect these phonon sidebands.

5.4 Coherent phonon sidebands in TMDC heterobilayers

When monolayers of WSe; and MoSe, are stacked together, they form type-II band alignment
where the conduction band minimum and valance band minimum are located in different mate-
rials. [8] Upon optical excitation in the WSe, monolayer, the electrons relax to MoSe,; monolayer
due to the lower conduction band energy. The time scale for this process is within 100 fs. [9, 10]
In addition, experiments [61] have demonstrated that this ultrathin heterostructure is capable of
achieving exceptionally high carrier densities. The large carrier density together with ultrafast
separation is expected to create a massive source to coherent-phonon oscillations. In this sec-
tion, we explore different types of charge-transfer dynamics that can lead to coherent-phonon

oscillations in MoSes/WSe, heterobilayers.
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5.4.1 Ultrafast charging

As is seen from Eq. (5.7), coherent phonon amplitude oscillates at phonon frequency €2 before its
stead state is reached. To analyze the excitation condition needed to generate coherent phonons,
we consider a simple model where a single type of charge carriers (either electrons or holes) are
excited in the material. Also, the interaction between charge carriers and lattice vibrations in this
material is defined by an effective constant G°. Specifically, we describe the carrier density N ()

using a smooth ramp function

No t
N(t) = 20 [1 4+ erf(t } , 58
(1) = 52 1+ erf () (55)
where 7 is the switching time of the carrier density, and N is the total carrier density. In this

case, coherent phonon dynamics can be solved analytically, yielding

Geﬁ"NO
() = 2hY

7T AD() — Dy (1)] (5.9

where T = Q—ivyp/his renormalized oscillation frequency, AD(t) = e [1 + erf(L — ZTTT)}

is the oscillation amplitude, and Dy (t) = 1 + erf (%) is a slowly varying shift. As the typical
decay time for coherent phonon amplitude is in the range of tens of picoseconds [28-30], which
is significantly longer than the duration of phonon oscillation cycle, yp < €1 is assumed in our

analysis. At ¢ > 7, the relative amplitude of coherent-phonon oscillation, defined as

AD
Dshift

Aosc = | > (5 10)

2.2
decays exponentially as A, = €~ “7~ . This shows that the oscillation amplitude decays rapidly

as the switching time 7 increases.

Figure. 5.1 shows the relative oscillation amplitude A, as a function of the ratio between
the switching time 7 and the phonon period 7" = %” For a short switching time in 7 < 0.1 7,
the relative oscillation amplitude approaches one. As 7 increases from 7 = 0.17 to 7 = T, the
oscillation amplitude decreases sharply, reaching A.,. < 107* at 7/T" = 1. For the switching
time significantly longer than phonon period 7 >> T/, the oscillation amplitude is negligible. This
is due to the adiabatic following of the lattice structure with the new equilibrium position when
the perturbation is slow enough. Therefore, coherent-phonon oscillations are created only when
charge switching time is shorter than phonon period.

In TMDCs, the optical phonon energy is about 40 meV, corresponding to a period of 7' =

100 fs. Based on the analysis above, it is expected that carrier density needs to be switched
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Figure 5.1: Relative oscillation amplitude A,;. of coherent phonons as a function of the ratio
between charge switch time 7 and phonon period 7.

on within 100 fs to induce coherent phonons. We compute for MoSe,/WSe; heterobilayers under
femtosecond optical excitations. Figure. 5.2(a) shows a schematic of the heterobilayers, where the
yellow region and blue region represent MoSe, monolayer and WSe, monolayer, respectively. As
a reduced model, we include one valance band from the WSe; monolayer and two conduction
bands, one from each material. The wave functions are approximated in Gaussian basis ¢ (z) =

_Fs/2)? . . . o . .
Ne a2 centered on two sides z = i% with a separation of s = 7A. Here, N is a normalization

constant, and Az is the width of carrier confinement chosen to be Az = 5 A. The lowest electronic
state [light yellow area in Fig. 5.2(a)] is a simple Gaussian centered on the left. For the excited
state [light blue area in Fig. 5.2(a)], a linear combination ¢(z) = ¢_(z) + ¢, (z) is used to
approximate the wave function, where the constant c is chosen to ensure its orthogonality with
the ground state. We compute for optical excitations at 250 meV above the 1s-exciton energy of
WSe, monolayer. Due to the extended electronic wave functions, the dipole matrix element for
the interlayer excitation is nonvanishing and electrons are excited to the MoSe, monolayer as
well. We assume all the excited holes remain in WSe, monolayer. This creates immediate local
charging with excess electrons in MoSe,; monolayer and holes in WSe, monolayer.

We compute for different pump durations 7 and adjust pump field strengths so that the total
carrier density is the same for different pump durations. Figure 5.2(b) shows the increase in
electron density in the MoSe; monolayer with pump durations 7 = 10, 40, 100 fs. The total
electron density reaches N = 3 x 10'2 cm~2 after the pump pulse. The electrons in the MoSe;
monolayer interact with phonons in this material, without compensation from the contribution
of holes. Based on electron-phonon matrix elements (data from Matthias Florian), we compute

the coherent phonon amplitude for optical phonon and its changes to the band energies in the
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Figure 5.2: Coherent phonon sidebands in MoSe,/WSe; heterobilayers with ultrafast
charging. (a) Schematic of MoSe,/WSes heterobilayers, including the lowest conduction band
in each material and a single valance band from WSe; monolayer. The electron wave functions
for two conduction bands are shown in shaded areas. (b) Electron density in MoSe; monolayer
(black lines) with pump durations 7=10 fs (top row), 40 fs (middle row), and 100 fs (bottom row).
(c) Band gap oscillations and (d) PL near 1s-exciton energy with different pump durations.

MoSe; monolayer. Fig. 5.2(c) shows the change in band gap, denoted as AE,, at different pump
durations. As pump duration increases from 7 = 10 fs to 7 = 40 fs, the oscillation amplitude of
the band gap decreases from 7.1 meV to 3.5 meV. Further increasing pump duration to 7 = 100 fs
reduces gap oscillation to negligible levels. This is consistent with the analytics discussed above
that the coherent-phonon oscillation is only generated when the carrier switching time is shorter
than the phonon oscillation cycle.

Figure 5.2(d) shows computed PL spectra for the interlayer exciton at different pump durations.
We include only free carriers in the spontaneous emission source for simplicity. The dephasing
of photon-assisted polarization is set to be ¥ = 2 meV. In addition, we include an inhomogeneous
broadening of 5 meV. For pump durations 7 = 10 fs and 7 = 40 fs, sidebands at the phonon
energy h{2 on both sides (vertical dashed lines) of the main peak are visible. The intensities of

these sidebands decrease as pump duration increases. For the duration increases to 7 = 100 fs,
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there is only ZPL at 1s-exciton energy. Therefore, sidebands occur at optical phonon energy on
both sides of the resonance and are visible when the local charging is created on a shorter time

scale than the phonon oscillation cycle.

5.4.2 Long-lived carrier oscillations

In Sec. 5.4.1, we explored coherent phonons generated by a rapid increase in carrier density, where
this density is approximated by a smooth ramp. While such a gradual increase in carrier density is
typical in the excitation of a single material, the dynamics of carrier densities in heterostructures
tend to be more complex. Here, we examine a scenario where a small amount of carriers oscillate
between two different materials. This scenario is a conceptual model designed to mimic the way
carrier density oscillations resemble lattice vibrations. Specifically, we approximate the electron
density within one layer of the heterostructure using

N(t) = Ny B (1 + erf(i)) + 7 e_% cos(wt)| , (5.11)

where the second tern describes carrier oscillation with a relative amplitude r with respect to total
carrier density. We assume this oscillation term follows a Gaussian envelope with the duration
7, which is defined by pump duration. The resulting coherent phonon amplitude has the same

form as Eq. (5.9) except that the oscillating term is replaced by

_ 72 (w+52)2

AD(t) = —iry/m Qre” 1 (1 + eQ“”z) : (5.12)

when pump duration 7 >> &. For resonant oscillations w = €, the relative amplitude of coherent
phonon as defined in Eq. (5.10) becomes

Aosc = T\/QEQT ’ (513)

showing a linear increase in the oscillation amplitude with the pump duration 7.

Figure 5.3 shows the amplitude of coherent-phonon oscillation A, as a functionn of pump
duration 7. The amplitude of carrier density oscillation is set to » = 1075 (black line), r = 10~*
(red line), and r = 1073 (cyan line). In the case where r = 10~ (black line), the oscillations
of coherent phonons are negligible. At 7 = 10~* (red line), the amplitude of phonon oscillation
reaches a vlaue A, = 0.16 at 7 = 30 ps. When the value of r is increased to 1072, there is
a significant rise in the amplitude of coherent-phonon oscillations. In this case, the amplitude
of these oscillations reaches A,sc > 1 when 7 > 20 ps. This time scale is much longer than

the typical phonon oscillation cycle (7" < 1 ps). Our analysis shows that when r > 1074, the
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oscillations in charge carriers can induce oscillations in coherent phonons. Furthermore, the
magnitude of these coherent-phonon oscillations increases with pump duration. This process
can be driven over a time scale that is significantly longer than the cycle typically associated

with optical phonons.
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Figure 5.3: Amplitude of coherent-phonon oscillations as a function of pump duration 7, at se-
lected ratios 7 = 107> (black line), r = 107" (red line), » = 1073 (cyan line) representing the
fraction of total carrier density that oscillates at phonon frequency.

In the following, we demonstrate the effects of carrier oscillation in MoSe,/W Se, heterobilay-
ers. The microscopic mechanism of charge transfer is not discussed here as it is beyond the focus
of this study. Instead, we approximate the carrier density N(¢) in the MoSe,; monolayer using
harmonic-oscillator model

8—QN =—0?N — ’ygN + QS (5.14)

ot? ot ot '
where the characteristic frequency ise set to be phonon frequency €2, v is the phenomeno-
logical dephasmg, and S is the driving source of carrier density. Specifically, we use S(t) =
gy +rge = cos(€2t) where the first term is a smooth ramp as an effective model for opti-
cal excitation with pump duration 7, and the second term oscillates at phonon frequency with
a relative amplitude 7, < 1. We refer this second term as phonon-coupled oscillations in the
following. The duration of the pump pulse 7 is chosen to be significantly longer than phonon
period to eliminate the effects from ultrafast charging as discussed in Sec. 5.4.1.

Figure 5.4(a) shows the electron density in the MoSe; monolayer without (r, = 0, shaded
area) and with (r, = 107, red solid line) phonon-coupled oscillations, during a pump pulse

which reaches its peak at ¢ = 0. As the difference between carrier densities in these two cases
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is small, we also plot the amplitude of carrier oscillation relative to the total carrier density in
the red dashed line. This amplitude reaches a maximum value of A, = 5 x 1072 at ¢t = 0.
Figure 5.4(b) shows the corresponding coherent-phonon oscillations, manifested as the change
in band gap. The amplitude of band gap oscillation reaches a few meV as carrier density reaches
N¢ = 10'? cm™2. The inset in Fig. 5.4(b) is a zoomed-in plot of AFE, near ¢ = 20 ps indicated
in blue shaded area in the main frame, showing A E; oscillating periodically at the phonon cycle

of 100 fs. This change in band gap vanishes when the phonon-coupled oscillation is switched off
(rg = 0, black line).
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Figure 5.4: Coherent phonon sidebands induced by phonon-coupled carrier oscillations.
(a) Carrier density N¢ in the MoSe; monolayer without (shaded area) and with (red solid line)
phonon-coupled carrier oscillations. The red dashed line shows the amplitude of the oscillations
in carrier density relative to total density. (b) Change in band gap without (black line) and with
(red line) phonons. The inset shows a zoomed-in plot in the time window indicated by blue area in
the main frame. (c) Computed PL near 1s-exciton energy without (shaded area) and with (red line)
phonon-coupled oscillations. The vertical dashed lines indicate phonon energies relative to ZPL.
(d) Experimental data of PL in MoSe,/WSe, heterobilayers under the excitation by a continuous-
wave laser (black line) and a 20 ps pump pulse (red line).

Figure 5.4(c) shows the corresponding PL spectra of MoSe,/WSe, heterobilayers near the 1s-
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exciton energy. We assume a constant dephasing v = 1 meV and include 5 meV inhomogenous
broadening. Compared to a single peak at 1s energy without phonon-coupled oscillations (shaded
area), sidebands emerge on both sides of the main peak when phonons are included (red line).
The amplitude of sidebands relative to the main peak reaches 4 x 1073. Figure 5.4(d) shows
preliminary experimental data (Parag Deotare) of the PL in WSe,/MoSe, heterobilayers excited
by a continuous-wave laser (shaded area) and a 20 ps pump pulse (red line). The bilayer has a twist
angle of 54° and the measurement is done at the temperature of 7' = 4 K. The side peak on the
low-energy side at A = —20 meV is due to phonon-assisted emission from the indirect exciton
[11]. On the high-energy side, a sideband at A = 40 meV emerges when excited by the 20 ps
pump pulse but is negligible under continuous-wave excitation. As the energy of this sideband
is close to optical phonon energy, our computation shows the possibility of coherent sidebands
as a result of carrier oscillations between the bilayers. While further investigations are needed
to confirm the origin of this sideband, our theory prediction shows the possibility of coherent
phonon driven by long-lived carrier oscillations. Further, as the generation of coherent phonons is
directly connected to charge-transfer dynamics, these spectroscopic features of coherent phonons

hold the potential for monitoring charge-transfer dynamics in quantum heterostructures.

5.5 Conclusion and outlook

In conclusion, we presented the mechanism of coherent-phonon oscillations and the correspond-
ing phonon sidebands in photoluminescence (PL) of semiconductors. Compared to bulk materials,
this phenomenon can be more readily observed in heterostructures due to the presence of local
charging. Specifically, we explored which type of charge-transfer dynamics in heterostructures
can produce coherent-phonon oscillations. Our studies reveal that coherent phonons can be gen-
erated in two scenarios: 1) ultrafast charging that occurs on the times scales shorter than phonon
oscillation cycles; and 2) long-lived oscillations in carrier density where the oscillation frequency
occurs at optical phonon frequency. As a result of coherent-phonon oscillations, the band gap is
modulated at the phonon frequency, which leads to phonon sidebands in PL spectra.

We demonstrated the effects of coherent phonons in type-II aligned MoSe,;/WSe; heterobi-
layers. In the first scenario where carrier density is described by a smooth ramp, sidebands are
generated only if the charge switching time is shorter than 100 fs. In the second scenario where a
small fraction of charge carriers oscillate at phonon frequency, sidebands can be generated with
pump pulses of the durations of tens of picoseconds. Further work is needed to confirm coherent
phonon sidebands in experiments. This includes examining the effect of various factors such as
the strength, duration, and frequency of the pump pulses. As coherent phonons exhibit unique

spectral features, they can be valuable for observing and understanding charge-transfer processes
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in quantum heterostructures.
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CHAPTER 6

Hyperspectral Absorption of Semiconductor

Monolayer Crystals

This Chapter is mainly adapted from Q. Wen, Y. Wu, P. Wang, D. Laleyan, D. Bayerl, E. Kioupakis,
Z.Mi, and M. Kira, Hyperspectral absorption of semiconductor monolayer crystals, Appl. Phys. Lett.
116, 181103 (2020).

6.1 Introduction

Semiconductors that can absorb light across the entire solar spectrum are highly sought after
for applications in photodetectors, solar cells, and artificial photosynthesis. Equally important
is the efficient charge-carrier separation to reach high photon-to-electron conversion efficiency.
In this regard, nanostructures are particularly advantageous due to their capabilities for carrier
transport at the nanoscale. Atomically thin IlI-nitrides, an emerging class of quantum materials
with direct band gap tunable via adjusting thicknesses and materials compositions, is a promising
candidate. Here, we focus on hyperspectral absorption that we quantify to be 50% or more over
spectral range covering several eV.

In semiconductors, light absorption creates electrons to the conduction band and holes (vacan-
cies) to the valence band. The Coulomb attraction can bind them into excitons, with the 1s exciton
having the lowest energy. After their optical excitation, coherent 1s excitons decay radiatively
via light-matter coupling or non-radiatively via disorder-, Coulomb-, and phonon-interaction
induced dephasing ~y. The radiative decay I o< 1/(ap)? is inversely proportional to exciton ra-
dius ap squared for effectively two-dimensional excitons.[62] Generally, the ratio of v and I’
defines the strength of the excitonic absorption, and the maximum absorption is detected when ~y
and I are equal[62]. The specific material determines I" and it often is too small to realize strong-
absorption condition v = I although  can be tuned with either the temperature or electron-hole

density. Since [ increases with shrinking confinement, [' — + is easiest to reach at the limit of
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a single atomic layer, monolayer, which already is standard for transition metal dichalcogenides
(TMDCs)[63]. Indeed, an hBN-encapsulated TMDC monolayer has been demonstrated to pro-
duce radiative-limited linewidth of few meV.[64-66] Nearly 100% [67, 68] excitonic absorption
has been measured for MoSe; monolayer with a mirror next to monolayer, but only close to a
2 meV-wide absorption peak, far from being hyperspectral. We have recently predicted[69] and
demonstrated[70, 71] a new class of room-temperature quantum materials - GaN monolayers
that exhibit exciton binding comparable to TMDCs while being the only known materials whose
energy band edges straddle water redox potentials. This makes nitride monolayers an exciting
candidate for efficient solar-fuel generation.

We present strategies to extend high-absorption bandwidth from few meV to 2 eV based on
TMDC and IlI-nitride monolayers as well as GaAs quantum wells to cover a broad range of design
possibilities. We will introduce monolayer arrays that consists of different monolayers separated

by barriers with thickness L [Fig. 1(a)] and position the structure in front of a mirror.

Figure 6.1: (a) Color-chirped monolayer (ML) array near a mirror. The barriers between mono-
layers have a thickness L, and a mirror is distance L,, away from the first monolayer. (b) MLs
color chirped to have different excitonic resonances, producing a broadband absorption.

By changing the exciton energy of each monolayer to be partially overlapping, we expect
to increase the bandwidth of the collective absorption as illustrated in Fig. 1(b). Since this in-
volves a changing exciton energy with position, we call this approach as color chirping. Our
results suggest that the excitonic absorption can be combined with multilayer-enhanced contin-
uum absorption to produce hyperspectral absorption without the need to compromise the ideal

photovoltage.
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6.2 Many-body theory for linear absorption in semiconduc-

tors

We fully describe may-body aspects of monolayers with the semiconductor Bloch equations sys-
tematically coupled to the Maxwell equations, following the discussion in Ref. [62, 72]. Since the
sunlight is weak in terms of semiconductor nonlinearities, it is sufficient to analyze the linear
response defined by a dimensionless susceptibility {(w). That defines the absolute absorption
of light, a(w) = 2Im[{(w)]/|1 — i€(w)

1s-exciton absorption alone can be understood from its linear susceptibility [62]

2, for a free-standing monolayer[62]. The properties of

Fls

Ss(w) = By — hw —iy(w)

(6.1)

where I'y; defines the radiative decay of 1s excitons having energy F;; = hwy,. The full many-
body description introduces Coulomb- and phonon-interaction induced dephasing v(w) that
eventually depends on exciton state and light frequency.[62] At the 1sresonance w = wys, the lin-

ear susceptibility reduces to {(wys) = il'15/ = i/r, which yields 50% peak absorption at v = 'y,

A/QJFF;:)Q = (liZ)Q for a general ratio r of non-radiative and radiative

dephasing. The 1s energy defines a wavelength \;,, and adding a mirror at \;;/4 distance from the
4

(1+Tr)2

following[62] from cvpeax = (

monolayer doubles the radiative decay 'y = 2I", halves r = 7/I'cq, and doubles apeax =
peaking at 100% for v = I'og, as measured recently[67, 68].

Since Coulombic enhancement of light-matter interaction is weak for excitonic continuum
states, their radiative coupling is equally weak. The corresponding ratio reony = Re[i/&(wWeont )] ¢
1/a(weont) is large producing only a weak continuum absorption o(weont ), evaluated at Aweons
matching the energy of the continuum states. In typical semiconductors, £(weont ) and thus a sin-
gle layer a(weont ) is one-to-two orders of magnitude smaller than for 1s. However, it is well known
that radiative coupling among multiple quantum wells strongly modifies the absorption[73, 74]
through significantly altered effective r. Additionally, radiative coupling among multiple quan-

tum wells can produce new spectral resonances [75] not describable by the Beer’s law.

6.3 Artificial studies of multilayer absorption

We first analyze multiple monolayers, all positioned at the same location, A;;/4 spacing away
from a mirror. This artificial study approximates[74] monolayer arrays with inter-monolayer
spacing much smaller than the resonance wavelength L < A;,. Our system has an exciton bind-
ing energy Ep = 267 meV and radiative coupling I';; = 0.9 meV matching a typical TMDC
monolayer [64-66, 76]. The total dephasing is the sum of Coulomb- and phonon-scattering in-
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duced dephasing, and we analyze a realistic case with v, = 2 meV and y,.1; = 4715, due to the
diffusive nature Coulomb scattering[77]. We also add v = 7, + 10 meV due to room-temperature
phonons[78]. Figure 6.2(a) shows the absorption spectra of 1 (shaded area), 10 (black line) and
120 (red line) TMDC-type monolayers as function of photon detuning A = Aw — Ej, with re-
spect to the 1s energy E;,. We see that while the absorption near the 1s energy increases from
1 to 10 monolayers, it significantly drops for 120 monolayers. At the same time, the continuum

absorption increases to reach nearly perfect absorption over a broadband.

Figure 6.2: (a) Absorption of N=1, 10, 120 TMDC-type monolayers at \;;/4 distance from a mirror.
Blue vertical lines mark the 1s, 2s, and continuum energies. (b) Absorption peak as a function of

r(N) = 3/T(N).

As discussed above, the 1s and continuum absorption have a very different radiative I') and
thus ry, = /I, that defines the corresponding peak absorption .. Having N monolayers
at the same position increases I'y(N) = '\ N linearly as function of N while a more general
monolayer spacing introduces additional coupling effects analyzed later in Figs.3—-4. The pure
I'\(IV) effects always decrease 7, for increasing N, which produces 7(N) = 5 = % X ~
such that we can determine the peak absorption from an effective apea vs. 7(N) = v/IT'(NV)

curve shown in Fig. 2(b). As discussed after Eq. (6.1), perfect absorption emerges at r(N) = 1
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implying that a system having

Non-radiative decay

Np=r(l) =
p=r(l) Radiative decay @ NV =1

(6.2)

monolayers produces perfect absorption. Our TMDC example has r13(1) = 6.7 and reon (1) =
125, yielding a high apeax = 0.45 (red solid line) and low apeaxc = 0.03 (blue solid line) for the
1s and continuum states, respectively. Since r(/N) decreases with increasing N, both cases can
be brought toward the perfect absorption by increasing N towards Np = r(1). However, if N is
increased further, the absorption starts to droop, producing a significant decrease in absorption
as N is elevated further. For this system, we find the droop-point Np=6.7 for the 1s resonance
and Np=125 for the continuum states. These numbers explain why 1s absorption in Fig. 6.2(a)
increases from N=1 to N=10 and then droops for the N=120 whereas continuum absorption

continuously improves all the way to N=120.

6.4 Strategy towards hyperspectral absorbers

Reaching hyperspectral absorption through 1s absorption is limited because while 1s absorp-
tion is strong, it remains spectrally narrow and droops faster for elevated N. At the same time,
continuum absorption intrinsically covers a broad spectral range and its absorption level can be
increased continuously up to a very large NV, to eventually reach hyperspectral absorption. As
a further advantage, light absorption to continuum states creates unbound electron-hole pairs
which can be directly harvested as free charges, unlike excitons created by the 1s absorption [77].
Since excitons do not participate in currents, they must be dissociated into free carriers before
useful for solar-cell or photo-detection applications, which adds a new design complication. We
therefore conclude that hyperspectral absorption can and should be optimized with respect to
continuum absorption.

Since the continuum-absorption-based (CAB) hyperspectral absorbers typically need a large
N, it is unlikely that the total thickness can be made much smaller than \. This inevitably intro-
duces coupling effects beyond modifying only Iy (V). To identify the effect of nontrivial coupling
effects on CAB absorbers, we compare N=120 monolayer absorption when they are positioned
at L=0, L=10 nm, and L=M\;,/2 spacing in Fig. 3(a), 3(b), and 3(c), respectively. While setting L=0
eliminates nontrivial coupling effects, it is not experimentally feasible, except as a limiting case
having L much smaller than the wavelength. Materials parameters are the same as the TMDC-
type monolayers studied in Fig. 6.2. The shaded areas show the absorption from all states. We
see that while a 1s droop appears for L=0, the 1s absorption becomes large and extended-band

for L=10nm and splits for L=X;/2. The 1s droop for L=0 results from the too strong radiative
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Figure 6.3: Absorption spectra of N=120 identical monolayers positioned at (a) L=0, (b) L=10 nm
and (c) L=\,/2 spacing. For each case, the absorption from full states (shaded area) is compared
to that without n;s = Re[£;1] (red line) or without iy, = Im[&;] (black line).

coupling among all monolayers as discussed above, which is also true for L=X;,/2 at fw=F,
where all monolayers are coupled in phase. For L=10 nm spacing, the radiative coupling changes
it nature because most monolayers couple out of phase and in-phase monolayers form a subset of
N'. This reduces the number of optimally coupled monolayers and the droop. These phase aspects
split the 1s resonance into 90 meV-wide miniband for =10 nm, although this is not enough to
extend high absorption all the way to the continuum, above detuning A = hw — E}; > 267 meV.
At the same time, the continuum absorption itself remains high in all three cases.

To quantify the effect of 1s state on continuum absorption, we compute absorption without
the 1s refractive-index n,s = Re[{y,] (red line) or without the 1s absorption «; = Im[{;] (black
line) contributions in the total £, shown in Fig. 6.3. For L=0, the n, is essential for reaching nearly
perfect absorption in continuum because the absorption without 7, (red line) is 15% lower than
the full absorption (shaded area) while eliminating only the o, (black line) reproduces the actual
continuum absorption. To explain this unexpected 1s contribution to the continuum absorption,
we analyze Eq.(6.1) further. Since &, contributes nonresonantly to continuum frequencies as
&1y X —ﬁm, nis = Re[&y,] contribution is A/~ times larger than a3 = Im[£;]. As we have
A/ys = 22 at A = 267 meV, the ny, part dominates the 1s contribution for the continuum.
At the same time, negative n;, —i means that the 1s state reduces the total refractive index
Neont at the continuum, further enhanced by the monolayer number V. Since the actual radiative
coupling has a I'eg o< 1/ncony dependence[62], reducing ncone by 15 increases continuum’s radia-

tive coupling, which explains the enhanced continuum absorption for L=0. When the monolayer
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spacing L becomes sufficient, the out-of-phase coupling tends to average out the n;s contribu-
tions. Indeed, n has very little effect on the continuum part for L=10 nm and L=)\/2 spacing.

These results identify a straightforward strategy to realize hyperspectral absorption, from 1s
to continuum: we combine the /N-enhancement of radiative coupling for continuum states with
color-chirping [Fig. 1(b)] to improve the bandwidth of 1s absorption. Here, we consider color-
chirped crystals where the 1s energy of each monolayer changes by about AF;; = 21'j; with
respect to the previous one. The crystal itself is positioned \;;/4 away from a mirror to enhance
absorption further. To cover the design possibilities for different materials, we compute TMDC,
nitride, and GaAs representing strong to weak Coulomb interaction. The TMDC parameters are
chosen as in Figs. 2-3. We choose a typical GaAs quantum well having 8 nm thickness, 10 meV
binding energy, and I';; = 25 peV [75], as well as nitride monolayers having 200 meV binding
energy[69-71] and I';; = 0.16 meV.

With these materials, our designs lead to color-chirped structures with AFE;; =2, 0.4, 0.05
meV for TMDC, nitride and GaAs-based crystals, respectively. The TMDC crystals have 4 nm
thick hBN spacers between each layer. The nitride crystal has 2 nm spacers since 8 monolayers
of AIN barrier is sufficient to form the confinement [69]. The GaAs crystals have 20 nm spac-
ers to accommodate reasonably thick quantum wells. To quantify hyperspectral absorption, we

determine an average absorption

1 E15+Ehyper
a = / dE o(E) , 6.3)
Ehyper Eqs

over a hyperspectral energy window defined by Fi,p,c,. For all cases, we use Eyyper = 2 €V above
the lowest 1s absorption resonance. Fig. 4(a) shows a for TMDC (red line), GaAs (black line), and
nitride (blue line) crystals as function of . For all cases, & increases monotonically as function
of N. Onset to above 80% (50%) « is reached at N=120(60), 240 (100) and 700 (300) for TMDC,
GaAs and nitride-based crystals, respectively.

We notice that absorption per monolayer, &/N, is weakest for nitrides and strongest for
TMDCs. This order might be unexpected by comparing the relative strengths of I';; of these
materials [['15(GaAs) < I'15(GaN)]. However, while nitrides have a much stronger Coulomb
enhancement for the 1s state than GaAs, it becomes weaker for the continuum state. As a re-
sult, we find the continuum droop points Np=290, 560, and 1670 for TMDC, GaAs, and nitride
crystal, respectively. Although nitrides require a large /V to reach hyperspectral absorbers, they
can be tightly packed with a small L due to large barrier provided, e.g. by AIN spacers. With
the used example, @ = 80% (50%) is reached with 1.5(0.7) um thick nitride crystals compared
to 0.6 (0.35) um TMDC and 6.7 (2.8) um GaAs crystals, respectively. Since trivial reflection from

a sample surface can be eliminated with broadband antireflection coating[79], we have assumed
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Figure 6.4: (a) Average absorption within 2 eV bandwidth as a function of V. Absorption spectrum
of (b) N=120 TMDC monolayers, (c) N=700 nitride monolayers and (d) N=240 GaAs quantum
wells, color-chirped (solid line) vs fixed-energy (shaded area) structures.

perfect antireflection coating and have verified that a simple single-layer coating reduces & only
by 2% for monolayer crystals. At the same time, we have on purpose included continuum absorp-
tion of only two bands and expect that these thicknesses are an overestimate because continuum
absorption from additional bands should lower the thickness threshold for hyperspectral absorp-
tion.

Figures 6.4(b), 6.4(c) and 6.4(d) show the absolute absorption spectrum for TMDC, nitride,
and GaAs crystals, respectively. Each case compares color-chirped (solid line) and fixed-energy
(shaded area) monolayers to assign the benefits of color-chirping. For TMDC and nitride, color-
chirping creates an extended 1s flatband and reduces the droop. For GaAs structures, the 1s
absorption is smaller due to weaker Coulomb and resembles more continuum absorption than
for TMDCs and nitrides. These results show that color chirping is only needed for systems with a

strong 'y, whereas CAB-effects yield hyperspectral absorbers for all materials. For the artificial
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photosynthesis applications, one can grow a p-type doping gradient[80, 81] to create a built-in
electric field that can yield an efficient charge carrier extraction along the lateral dimension of
each monolayer. As such, relatively high photovoltage can be maintained for photo-generated

charge carriers in each monolayer.

6.5 Conclusion and outlook

In conclusion, we identified a clear design strategy to realize hypersepctral absorption with semi-
conductor monolayers. By color-chirping the 1s resonances, strong and peaked exciton reso-
nances can be converted into a broad flatband absorption. When combined with continuum-
absorption based optimization, monolayer crystals can reach high absorption bandwidth of sev-
eral eV. In [II-nitride-based systems, color-chirping can be realized with In and Al alloys to es-
sentially cover the spectral range of sunlight. Our analysis shows that such quantum structures
could be two orders of magnitude thinner than those used in existing solar-fuel applications,
which should significantly improve the total photon-to-electron conversion efficiency.

Further studies on charge transport properties within monolayer crystals can shed light on the
heterostructural design that optimizes the carrier collection efficiency. Additionally, the grow-
ing variety of two-dimensional materials, such as van der Waals materials, nitrides, and oxides,
offers extensive flexibility in the design of artificial crystals. Extending our theory approaches
to study various properties such as ferroelectricity, piezoelectricity, and optical nonlinearities in
these stacked quantum materials can be an exciting research direction in the field of quantum
materials. Experimentally, future work is needed in the fabrication of artificial crystals beyond a
few layers with controlled thickness and large homogeneity. Combining both theory and experi-
mental research efforts on the development artificial crystals is important to the advancement of

next-generation quantum devices.
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CHAPTER 7

Excitons in Monolayer Hexagonal Boron Nitride

7.1 Introduction

Hexagonal boron nitride (hBN) is a van der Waals material with the band gap in the deep UV
range. Even though hBN has a simple crystal structure, the basic property of bulk hBN being an
indirect-gap material was only confirmed in recent years [82, 83]. It is intriguing that bulk hBN,
despite being an indirect-gap material, exhibits significantly stronger emission compared to the
direct-gap AIN [84]. In the limit of a single atomic layer, monolayer (ML) hBN is predicted to have
an exciton binding energy of 2 eV [85, 86], an order of magnitude larger than that for transition
metal dichalcogenides [7]. Apart from its strong exciton binding, ML hBN exhibits degenerate
excitons and distinct optical selection rules that are not found in typical quantum materials. [86]
While these nontrivial aspects have been identified through first-principles calculations, there is
still a need for a more intuitive understanding of these excitonic properties. One of the challenges
in interpreting the ab initio data is the random phases in the electronic wave function at different
crystal momenta, which makes the symmetry information not easily accessible.

In this Chapter, we analyze the symmetry of excitons in ML hBN and compute its natural
linewidth. Based on the Bethe-Salpeter equation (BSE) calculations performed by Woncheol Lee,
I introduce an exciton gauge to remove the phase randomness in exciton wave functions and
Coulomb matrix elements. This is a crucial step in unveiling the symmetries of excitons. Our re-
sults show the importance of complex-valued Coulomb matrix elements and exciton wave func-
tions in obtaining degenerate excitons in ML hBN. In addition, we compute the natural linewidth
of ML hBN using semiconductor Bloch equations with electron—-phonon interaction included at
the microscopic level. Our prediction for the natural linewidth provides an estimate of the ab-

sorption linewidth that can be obtained in high-quality samples.
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7.2 Excitons in ML hBN

Monolayer hBN has unique excitonic properties, one of which is the degeneracy in excitonic
states. [85] Here, we focus on the degeneracy of the 1s excitons. According to first-principles cal-
culations (Woncheol Lee), 1s excitons in ML hBN are degenerate with an exciton binding energy
of approximately 2 eV in the ML surrounded by air. The fundamental reason for this degeneracy
is not fully understood. The random variation in the phase of the excitonic wave function across
different crystal momenta obscures the underlying symmetry of the wave function, which is cru-
cial for understanding the degeneracy in exciton states. In this section, we introduce an exciton
gauge to analyze the complex-valued excitonic wave functions, aiming to eliminate the phase

randomness typically obtained in ab initio calculations.

7.2.1 Symmetry of degenerate excitons

The electronic band energy of ML hBN resembles a double-well energy profile, with equal gap
at K and K’ valleys. Typically, from the double-well potential, one would expect a symmet-
ric ground state and an antisymmetric excited state. However, the exciton results from Bethe-
Salpeter equation (done by Woncheol Lee) show degenerate 1s excitons - the binding energy of
the lowest two states in ML hBN are the same E, = 1.9 eV, with a numerical difference less than
170 neV. Figure 7.1(a-b) depicts the absolute value of 1s-exciton wave functions for the ground
state |¢1| and the first excited state |¢3|. They both peak at K and K’ valleys, with the tail ex-
tending significantly along the X' — M direction. For the excited state, the amplitude of its wave
function |¢,| reaches 14% the relative height compared to its peak value at K and K’. This is

unlike a typical antisymmetric state where a node is expected at the center between two valleys.

To gain a deeper understanding of exciton symmetry, we analyze the phase of exciton wave
function apart from its absolute values. As ab initio calculations typically carry random phases
from the electronic single-particle wave functions, the exciton wave function also has random
phases. It is important to note that the random phase as function of k is the same for differ-
ent exciton states [see Appendix B.2 for details]. Based on this, the relative phase between two

excitonic states ), v can be identified using

_ 1 <¢)\)* ¢V
9)\7,, = Zln<m¢u‘> . (71)

Figure 7.1(c) shows cosine of the relative phase between two degenerate 1s-exciton states. Near
the K and K’ valley, small variations are observed in the phase as function of k. However, there

is a phase difference of 7 between K and K’ valleys, shown in the opposite signs of cos(6; 2) at
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Figure 7.1: Wave functions for the 1s exciton in ML hBN. (a-b) Absolute value of exciton
wave functions for the degenerate 1s states obtained from GW and BSE calculations (Woncheol
Lee). (c) The relative phase 0; o of the excited state A = 2 with respect to ground state A = 1. (d)
Phase-smoothed exciton wave functions under exciton gauge along the high-symmetry line.

two valleys. The phases are smooth across most areas in the Brillouin zone, with the exception
of the edges where band crossings occur.

To obtain exciton wave functions with smoothed phase, we apply an exciton gauge [details
in Appendix B.2] to process the data from BSE. In the exciton gauge, the ground-state wave
function ¢, is assumed to have a vanishing phase. This is based on the fact that the ground state
has the lowest energy and thus is expected to have the minimal variation in the phase of its wave
function. In the following, we denote gg A to be phase-smoothed wave function under the exciton

gauge. For the ground state 1s exciton, we have

Pr-1(k) = [pror (k)] - (7.2)

Adding the relative phase identified in Eq. (7.1) to the first excited state A\ = 2, we obtain

Pr—a(k) = |pr—a (k)] . (7.3)

Figure 7.1(d) shows the phase-smoothed wave functions for the degenerate 1s excitons along the
high-symmetry line. The ground state (black line) is indeed symmetric around the center at M/
point. For the excited state ¢, the real part (red line) is antisymmetric with a node at k = M. In
the meantime, the imaginary part of ¢, (cyan line) shows a finite value at k = M. This leakage

in the wave function at the M point, which is shown in the imaginary part of the exciton wave
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function, lifts the anti-symmetry of the excited state. Therefore, the nonvanishing wave function
¢ in the middle between K and K’ valleys is due to the imaginary part of its exciton wave

function.

7.2.2 Phase in Coulomb matrix elements

In the simplest form, Coulomb matrix element of two-dimensional semiconductors is real-valued

with its magnitude decaying in momentum space via Vi o However, the presence

ﬁ.
of nontrivial phases in the excitonic wave functions, as discussed in Sec. 7.2.1, implies that the
Coulomb matrix elements in ML hBN are more complicated than this model. To analyze the phase
in Coulomb matrix elements, we start with DFT-computed Coulomb matrix elements (data from
Woncheol Lee), and remove the random phases using the exciton gauge. Specifically, the phase-
smoothed Coulomb matrix elements, denoted as Vk,k/, are connected to DFT-computed matrix
elements via

‘N/k7k, = kI?IETei(AQSk/iA(ﬁk) 7 (7.4)

where the phase factor is identified from

1 (k)

Figure (7.2)(a-b) shows cosine and sine of the phases fy  in the Coulomb matrix elements Vkﬁk/.
We fix the first index at one valley k = K, and plot phase variations as a function of k’. In the
vicinity of K valley, the value of cos(fk ) is approximately one, indicating only small variations
in the phase of Coulomb matrix elements. However, near K’ valley, a three-fold symmetry pattern
emerges in both cos(fy i) and sin(fy x ). This pattern signifies that the phase undergoes a rotation
of 27 /3 within each section of this area. Therefore, Coulomb matrix elements exhibit minimal
phase variations when considering a single valley. However, they display more significant phase

variations when electronic states from different valleys are taken into account.

7.2.3 A reduced model for the phase in Coulomb matrix elements

Due to strong Coulomb interactions in ML hBN; electronic states from different valleys are
strongly coupled. Thus, in the studies of ML hBN, the entire Brillouin zone needs to be consid-
ered. This poses a challenge to theoretical studies as Coulomb matrix elements between electronic
states from different valleys are not described by the simple model, as is discussed in Sec. 7.2.2.

In this section, we introduce a reduced model to approximate the phase of Coulomb matrix el-
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Figure 7.2: Phase in Coulomb matrix elements under exciton gauge. (a) Cosine and (b) sine
of the phase 0y i in the Coulomb matrix elements with k = K.

ements. Using this model, we solve excitons in ML hBN using SBE and compare them with the
results from BSE (Woncheol Lee).

Since the 1s-exciton wave functions are centered at K and K’ valleys, we develop a reduced
model for the phase in Coulomb matrix elements based on Gaussian functions centered at X and
K’ valleys. Specifically, we assume the phase of the form

Cek? W K2 k2 K ok?
Ok =¢ e a2 e AT —e AT e A2 , (7.6)

where ¢ is a prefactor determining the strength of phase difference, and A is the width of Gaussian
function. This form ensures 0y v = —0y x and thus hermiticity of Coulomb matrix elements. We

select the width A2 = — < where [ = | K — M| is the distance between K and M points such

that a phase difference of m between K and M is maintained.

—In(Z

Figure 7.3(a) shows energies of the ground state (A = 1, black solid line) and the first excited
state (A = 2, black dashed line) computed from SBEs, with the phases of Coulomb matrix elements
given in Eq. (7.6). As the parameter ¢ is scanned between ¢ = 2.57 and ¢ = 3.5, the exciton
energies are tunable in a range of 50 meV, showing the impact of the phase in Coulomb matrix
elements on exciton energies. At ¢ = 37, the energy splitting between these two excitonic states
reaches a minimum of AE = 9 meV. This splitting is negligible compared to the large exciton
binding energy of 2 eV in ML hBN. Thus, this reduced phase model effectively produces excitons
that are nearly degenerate.

Figure 7.3(b-d) show exciton wave functions for the two lowest excitons along the high-
symmetry line. The prefactor in the Gaussian model is chosen to be ¢ = 3.1 7, indicated by
the red line in Fig. 7.3(a). Comparing to the wave functions from BSE results (shaded areas), the
reduced model of Coulomb matrix elements computed via SBEs (red lines) predicts the shape of
the exciton functions well. The magnitude of the imaginary part of the wave function Im[¢p,] at

M point computed from the reduced model also agrees with full results. Figure 7.3(e) shows the
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Figure 7.3: A reduced model for the in Coulomb matrix elements. (a) Exciton energies of
the ground state (A = 1, black solid line) and the first excited state (A = 2, black dashed line)
computed with the Gaussian model. The vertical line indicates the selected parameter for which
the wave functions of two lowest excitons are shown in (b-d), comparing results from BSE and
that from the reduced model in SBE. (e) Cosine of the phase in Coulomb matrix elements in the
reduced model.

cosine of the phase 0y i in Coulomb matrix elements at k = K. The variation in the phase is
negligible near K valley but becomes significant near K’ valley. In this case, a phase difference
of 1.1w between K and K’ points is obtained. Our calculation demonstrate the importance of
complex-valued Coulomb matrix elements on exciton energies and wave functions. Future work

is needed to understand the underlying reason for the complex-valued Coulomb matrix elements
in ML hBN.

7.3 Natural linewidth of ML hBN

In general, the absorption linewidth of semiconductor is affected by several factors, including the
radiative coupling, Coulomb and phonon interactions, and inhomogeneous broadening due to
defects and variations in the thickness and composition. Currently, the experimentally measured
linewidth of ML hBN is about 40 meV. [87] This linewidth is significantly larger than that expected
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from the radiative linewidth alone. Therefore, a theory prediction for the natural linewidth in-
cluding radiative coupling and dephasing is needed. In this section, we start with an overview of
the microscopic theory for the absorption of semiconductors with phonons. Then, we compute

absorption linewidth of ML hBN at different temperatures.

7.3.1 Elliott formula for absorption with phonons

In SBEs, the Heisenberg equation of motion for optical polarization P is [35]

m;a:@mfu—ﬁ—ﬁmumW+$% (7.7)
where Coulomb and phonon dephasing are introduced via doublet terms I'{°"! and Fih. Here,
we specifically look into phonon doublets '™ and treat Coulomb doublets via constant dephas-
ing "l = —jy .. At room temperature, phonon broadening is primarily caused by acoustic
phonons due to its small energies compared to the thermal energy. For simplicity, we assume
the electron-phonon matrix elements for conduction band and valance band differ by a sign flip
Gy = —Gy- To simplify the notation, we denote G4 = G with the superscript omitted in the
following. This is a good approximation for hBN as ab-initio results (from Woncheol Lee) shows
similar magnitude of |G.| and |G, | for acoustic phonons. As the exciton-phonon interaction in-
volves compensation between electrons from conduction band and valance band [88], including
a sign flip between them provides an upper-bound estimate of the phonon effects.

Microscopically, phonon dephasing is defined via phonon-assisted polarization [89]

quii; = (Gq)* A<DL al,quhac,k+qe> ) (7.8)
Z5 = Go [A(D] 0l s tuscrar)] (7.9)

where Dil is the phonon creation operator at wavevector q. At the crystal momentum k, the

phonon doublets includes phonons across a wide range of wavevector q via [89]

ph —v,C —,C =c,v =c,v
1—‘k - Z {“kJrqh,q + —k—qe,q + —k—an,q + “k+qe,q} : (7'10)
q

The steady-state solution to P can be solved in exciton basis [see Appendix C] , which leads to
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Elliott formula for absorption with phonons

|due? o3 (r = 0)]?

w) = - — , 7.11
x(w) €0 %:E,\—Z’y—hw—z/\(w)—zj\“(w) (7.11)
L (ng + 5 £ 3)|GGA

= . 7.12
AW ZEHEqith—mT—m (7.12)

q

Equation (7.12) includes phonon emission 2, (w) and phonon absorption z; (w) terms, where nq

. . /. . . .
is phonon occupation, and G;\l”\ is exciton—phonon matrix element between two exciton states

A, N [88]

AN =3 [¢§(k)} [Gg¢§, (k —an) — G4 o3 (k+ qe)] : (7.13)

k
The minus sign indicates the compensation of interaction between electron-phonon Gg and
hole-phonon G¢, and ¢§’(R)(k) is left- (right)-handed exciton wave function. Due to phonon
emission processes that is proportional to (14 ng), phonon effects are nonvanishing even at zero

temperature. We use a constant dephasing -y to approximate triplet terms.

7.3.2 Natural linewidth of ML hBN

We apply Elliott formula in Eq. (7.11) to calculate the absorption linewidth of ML hBN. The data
for radiative coupling I'y; = 1.4 meV and phonon matrix elements are provided by Woncheol Lee.
Among three acoustic phonon branches, the longitudinal acoustic (LA) and transverse acoustic
(TA) phonons are found to be coupled to electrons. The magnitudes of phonon coupling strength
are similar for both the conduction band and valence bands. We use constant G obtained by
averaging DFT electron-phonon matrix elements G along I' — K direction. The corresponding
matrix elements for valance band is chosen to be G = —G*° to assess the maximum phonon
interaction. The Coulomb dephasing is assumed to be same as radiative linewidth v = I'y,,
which is typically a lower-bound limit and can be achieved in samples with high quality. We
use effective-mass approximation to compute exciton—phonon matrix elements. The effective
masses are fit from DFT band structures and averaged along K — " and K — M directions m, =
0.58mg, my = 0.53my. We compute for the ML hBN with an exciton binding energy of £, =
700 meV, which is a predicted value when the ML is placed on graphene layers [87]. We assume
phonon occupation follows Bose-Einstein distribution nq = W;T)_l Also, it is important to
note that the triplet dephasing in Eq. (7.12) needs to be treated carefully. The constant 7 is a
reduced model to describe triplet dephasing to phonon doublets. From the general structures of

cluster expansion [35], the triplet dephasing has to be larger than doublet dephasing to produce
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consistent results. In the following, we choose vy = 2 max[Im|z(w)]] in the calculation of phonon
linewidth.

Figure 7.4(a) shows imaginary part of linear susceptibility near 1s resonance, comparing the
absorption without phonon interaction (shaded area) and with phonons (solid lines). As temper-
ature increases from 7' = 12 K to 7' = 300 K, the peak in Im[y] is redshifted with a significantly
reduced peak height and an increased broadening. From Eq. (7.11), the peak shift and broadening
are connected to real and imaginary part of 2", respectively. Figure 7.4(b-c) show the spectra of
2(w) = 27 (w) + 2" (w). As different phonon wavevectors q are included, the spectra of z(w) is
highly asymmetric. As temperature increases, the magnitude of Im[z] at A = 0 increases from
3 meV at T=12 K to 22 meV at T=300 K. In addition, Fig. (7.4)(c) shows Re[z] > 0 near 1s resonance,

which explains the red shift in exciton energy.
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Figure 7.4: Absorption linewidth and energy shift with phonons. (a) Imaginary part of
linear susceptibility near 1s-exciton energy without phonon (shaded area) and with phonon at
T = 12 K (black line), 100 K (red line), and 300 K(cyan line). (b) Imaginary part and (c) real part
of z(w) = 21 (w) + 2~ (w) using the same color scheme as (a). (d) Halfwidth and (e) energy shift
of 1s exciton as a function of temperature.

Figure 7.4(d,e) show the halfwidth and energy shift of 1s exciton A ;5 as a function of temper-
ature from 7" = 12Kto 7" = 600 K. At T" = 0, including phonon coupling induces broadening and
peak shift due to phonon emission processes. The halfwidth increases sublinearly from 3 meV
atT = 12 Kto 19 meV at 7" = 300 K. This is close to the linewidth predicted for ML MoSe,
[90]. The 1s-exciton energy is shifted by AF;; = —7TmeVatT = 12K to Ay = —22 meV
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at 7' = 300 K. The analysis here provides an estimate of natural linewidth of ML hBN that can
be achieved when inhomogeneous broadening is negligible. As the low-temperature linewidth
computed here is much smaller than that has been realized in experiments [87], our predictions
indicates a need for the improvements in growth techniques to reduce inhomogeneous broaden-

ing.

7.4 Conclusion and outlook

In conclusion, we examined exciton symmetries in ML hBN by introducing an exciton gauge
which eliminates phase randomness in the exciton wave function across different momenta. Our
studies reveal the crucial role of the imaginary part of the wave function in creating exciton
degeneracy. Additionally, we studied how complex-valued Coulomb matrix elements affect ex-
citonic states by introducing a reduced model for the phase of Coulomb matrix elements. Our
calculations demonstrate that by scanning various phase parameters in Coulomb matrix elements,
the energies and wave functions of excitons change significantly. This shows the importance of
the phase in Coulomb matrix elements in exciton calculations. The importance of complex-valued
Coulomb matrix elements identified here motivates further investigations regarding the lattice
symmetry and phase of the wave functions.

In addition, we computed the natural linewidth of ML hBN using semiconductor Bloch equa-
tions. The halfwidth in the absorption of ML hBN is estimated to be 20 meV at room temperature
and a few meV at low temperatures. While this calculation is based on a simple model of band
structure and Coulomb matrix elements, the linewidth predicted in our theory provides an ap-
proximation of the linewidth that can be attained in samples of high quality. Further studies
including full band structures and more systematic Coulomb and phonon matrix elements can

provide a more precise value of the natural linewidth than what we have obtained here.
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CHAPTER 8

Conclusion

In this Thesis, I have discussed the phenomenon of local charging and its effects on charge-
transfer dynamics in quantum semiconductors. In the framework semiconductor Bloch equations
(SBEs), I have presented a novel approach that includes local charging effects together with other
many-body interactions to accurately compute the motion of charge carriers in semiconductor
heterostructures. This approach is then extended to describe the ionic motion during polarization
switching in ferroelectric semiconductors. Furthermore, I have explored how the local charging
in heterostructures can induce coherent lattice vibrations, which further modify electronic states
and produce phonon sidebands in optical spectra. The remaining parts of this Thesis present
the absorption of stacked monolayer crystals and degenerate excitons in monolayer hexagonal
boron nitrides. Some of the key results from our theoretical computations are summarized in
the following, together with implications for future work on quantum materials and quantum
technologies.

We have developed an efficient scheme to compute the motion of charge carriers in quantum-
well heterostructures, where local charging effects due to electron-hole separation are included.
In a type-II aligned quantum-well heterostructure, electrons and holes are excited to opposite
sides of the interface when excited by an optical pump resonant at the lowest, spatially indirect
state. This spatial separation of electrons and holes creates a charging potential that alters the
electronic energies of charge carriers. As a result, electrons and holes accelerate towards the in-
terface to counterbalance the charging. This charging-to-charge-neutral switching gives rise to
a unipolar pulse characterized by an electric field that is markedly stronger in one direction than
the other. The generation of such unipolar pulses is particularly important for lightwave electron-
ics, where an ultrafast light pulse is applied to control the electron motion within its subcycle.
The dominant electric field along one direction enables precise, unidirectional control of quan-
tum state, which holds the potential to beat decoherence in solids and allow room-temperature
quantum information processing. The underlying mechanism of these unipolar pulses, as un-
veiled in our studies, provides guidance on the heterostructure engineering and on the excitation

conditions to adjust the pulse shape that is needed for specific experiments. Additionally, the
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theoretical approach we have developed is applicable to a wide range of heterostructures where
local charging occurs. Extending our approach to more intricate systems, for example, stacked
two-dimensional crystals, could enhance insights on charge-transfer dynamics in these systems.

Following our first local charging results, we have extended the charging theory to describe the
ionic motion in semiconductor ferroelectric materials. We solve the time-dependent Schrodinger
equation for the ionic wave function including many-body Coulomb and phonon interactions. We
find that the ultrafast ferroelectric polarization switching at sub-picosecond timescale is enabled
by local charging that acts as a positive feedback to the ionic motion. This observation high-
lights the importance of many-body Coulomb interactions in the switching process. It also sheds
light on the key strategies for further quantum materials engineering to enhance the switching
speed. For example, tuning the lattice structure and reducing the dielectric constant are potential
ways to amplify Coulomb interactions, which could increase the switching speed for high-speed
electronics and memories. In addition, this intrinsic switching process illuminates pathways for
THz lightwave-driven polarization switching. This could pave the way to developing ferroelec-
tric memories from the present GHz range towards the next-generation THz range. Currently,
our theory describes the motion of a single ion within the unit cell, while the remaining charge
carriers are reduced to a uniform background. However, the real structural changes that happen
during polarization switching are likely more intricate and involve various types of charge car-
riers. To get a clearer understanding of the switching process, future work could consider the
individual motion of different types of ions as well as electrons. This study should offer a more
comprehensive picture of the many-body interactions during the switching process.

Apart from its effect on charge-transfer dynamics, we have also discussed how local charg-
ing can induce coherent-phonon oscillations in quantum heterostructures. In traditional bulk
materials, carrier—phonon interactions from electrons and holes often compensate one another.
Semiconductor heterostructure that features separated electrons and holes in different materials
display strong phonon effects without this compensation, making it an interesting platform to ob-
serve strong coherent-phonon oscillations. We demonstrate the generation of coherent-phonon
oscillations in transition metal dichalcogenide heterobilayers. We explore two different charge-
transfer mechanisms that can lead to coherent-phonon oscillations: 1) ultrafast charge transfer
that occurs faster than phonon oscillation cycles; and 2) long-lived oscillations in charge carriers
that occur at the frequency optical phonon. In addition, we discuss how the coherent phonons
modulate electronic states, resulting in phonon sidebands in the photoluminescence spectra. The
sidebands produced by coherent phonons are indicative not only of lattice vibrations but also
serve as markers for charge transfer within the heterostructures. This makes them a potential
tool for probing the motion of electrons at the interface of quantum heterostructures. Future re-

search will be needed to confirm the generation of coherent phonons and to establish a clear link
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between these spectroscopic features and carrier dynamics within quantum heterostructures.
As a final point, stacking different quantum materials presents a promising method for devel-
oping novel functionalities. This is particularly interesting for two-dimensional materials due to
their reduced thickness, strong interactions with light, strong excitons at room temperature, and
rich interface physics. Aiming at developing ultrabroadband absorbers based on two-dimensional
materials, we have outlined the design principles for stacking nitride monolayers to reach nearly
perfect absorption over several eV. This is achieved by combining strong, peaked excitonic res-
onances with the intrinsically broad continuum absorption, leading to hyperspectral absorption
that also generates free carriers for efficient collection. This study underscores the critical role
of collective coupling in monolayer crystals for enhancing the absorption capabilities. Looking
ahead, the creation of artificial crystals presents an exciting frontier in quantum research. The
research into combining various properties such as radiative coupling, optical nonlinearity, ferro-
electricity, and quantum entanglement in these artificial crystals could lead to breakthroughs in
quantum sensing and quantum computing. To effectively design these novel structures, further
theoretical studies are essential. These studies should broaden the scope of collective coupling,

going beyond the absorption properties and exploring additional functionalities.
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APPENDIX A
Energy Conservation with Dynamic Charging

Typically, the total energy of the wave function E = (¢|H|¢) is conserved when the Hamilto-
nian is static. Here, as the local charging potential has an explicit time dependence, we need to
evaluate the energy conservation carefully. We assume the external field to be static so that the
time dependence only appears in the charging potential. From Eq. (4.5), the dynamic charging

potential is of the form
AV (z,t) = =2Q(2)z + Q(2*) (A1)

where we simplify the notation by using z for the scaled length 2z in Eq. (4.5). The first term is a
linear potential that varies with the position of ion, and the second term adds a constant shift to
the potential. As this constant shift does not affect the ionic motion, we neglect the second term
for simplicity. The linear potential AV (z,t) = —2@Q)(z)z alone however, does not conserve the
energy, as will be shown in the following. To compensate the change in total energy, we add to

it a new constant term so that the charging potential becomes
AV (z,t) = —=2Q(z)z + Q(2)* . (A.2)

With this charging potential, the time derivative of the total energy becomes

d d, -
B = 01 |0)

dt
0 | 0 ~ A O
= (=—o|H —H H|—
(50 16) + (0] 2 H16) + (0| T| 5. 6)
/i A AN a A Z A A
= —(¢p|HH —H|p) — —(p|HH A.
HOLAG) + (0] H16) — 3 (01 l9) (a3)
after inserting the Schrodinger equation %¢ = —%¢ and its complex conjugate. The third line

in Eq. (A.3) shows that the first term and the third term are canceled, leaving only the second
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term. Given the charging potential in Eq. (A.2), the second term becomes

0 - : .
(Plo H0) = (0] = 2Q(2)2 +2Q(2)(2)|9) = 0, (A4)
after we denote the average velocity (2) = %<z> . Therefore, the total energy is conserved with

the dynamic charging potential in Eq. (A.2).
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APPENDIX B

Wannier Equation with General Coulomb

B.1 Wannier equation

Including single-particle energies and Coulomb interaction on the Hartree-Fock level, the Heisen-

berg equation of motion for optical polarization Fy y: = (al,kacvk/) in a two-band system reads

) 0 c v v\ * c,c,ec pe
gy Ple = [Ekf —E - (VW) R -XW ;,f,kv,lfll P
1 1

h c,v,v,C e v,C,C,V *
- (1 - fk) > Vit B + fio D (Vk,1+k’7k’:k+1) Pepesa, (B1)
1 1

where we assume density terms are diagonal Pli’l;\/ = POy In Eq. (B.1), Coulomb matrix

elements are connected to single-particle wave functions ¢, k(r) in the general form [35]
Vawwis = [ & [ @ [o3lv) dup)) V=)o w (owae®) . (B2
Following Eq. (B.1), the eigenstates of the homogeneous part can be solved
Exx oa(k,K)— (1 - f{f) zl: Ve thorw ok + Lk +1)
+f8 21: (Wi enn) oak+LK +1) = By pr(k k), (B3)
where By o = E{ — B — Y, <Vlf fl’(qfiv) ' S =31 Via 51 Jf is renormalized band energy. For sim-

plicity, we consider vanishing carrier densities fﬁ(h) = 0 in the following. Defining polarization

with a center-of-mass momentum Q

Pixiq = <ai,kac,k+Q> ; (B.4)
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and introducing the notation ¢, q(k) = ¢x(k,k + Q), Eq. (B.3) becomes
(Elim - E{i) orqlk Z Vil kg 2rq(k) = Exq daq(k) - (B.5)

This is the Wannier equation with general Coulomb matrix elements.

B.2 Random phase removal with exciton gauge

We consider excitons with center-of-mass momentum Q = 0 in this section. We simplify the
notation by denoting Coulomb matrix elements V,},, = V3, and neglecting Q index in the

exciton wave function. The Wannier equation following from Eq. (B.5) is
(B — Ey) oa(k Z o OAK) = Ex oa(k) . (B.6)

In general, Coulomb matrix elements ka ' can be complex valued. In typical ab initio calculations,
the electron wave function has random phase ¢, k(r) = qg,\,k(r)e“’%k, where a tilde is used to
denote a quantity having a smooth phase. This random phase 0, k in the electron wave function

is carried over to Coulomb matrix elements, yielding

Vi = Viowe!(Bh80e) (B.7)

Aek = Hv,k — 0071{ . (B8)

Equation (B.8) shows that only the relative phase between conduction band and valance band is
relevant. Further, from Eq. (B.6), it is straightforwards to see that including phases ¢*(*%~2%)

to Coulomb matrix elements will impose an extra phase to exciton wave functions

dr(k) = P (k)e % . (B.9)

However, as this phase Afy is same for all exciton states ), the relative phase between wave
functions of different excitonic states does not carry this randomness.
In the exciton gauge, we assume the wave function of the ground-state exciton has a vanishing

phase

Pr-1(k) = [pror (k)] - (B.10)

This is based on the fact that the ground state has the lowest energy and thus is expected to pro-

duce minimal phase variations. Then, the relative phases between conduction band and valance
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band can be identified from Eq. (B.9)

NG, = E I P=1(K) (B.11)

i oK)
Based on this, we compute phase-fixed Coulomb matrix elements in the exciton gauge

kcjll()l — I(C:ﬁ/ eZ(AGk/ 7A6k) , (B‘lz)

which is a smooth function of k and k’. The generalizations to finite center-of-mass momentum

Q and multiband systems are straightforward.
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APPENDIX C
Elliott Formula for Absorption with Phonon

We start with equation of motion for optical polarization [35]

. a ” cou
@h&plgc = B P — (1= fE— £ (dUCE(t) +> Vk,k/Pk/) + rgeul 4 pﬁh 7 (C.1)
k/

where Ey is renormalized band energy, flf(h) is electron (hole) density, d,. is dipole matrix ele-
ments, E(t) is optical field, and [{®" 2" are doublets from Coulomb and phonon interactions.

The microscopic form of phonon dephasing is defined via phonon-assisted polarization [89]

ph —,C —v,C =c,v =c,v
I‘k - Z {“k+qh,q + ~k—qe,q + —k—an,q + —k+qe,q| (C2)
q
511:,; = ( q)* A<DI; aj),k—q,,,CLC,k+qe> ) (C.3)
~ *
:E; = lgq [A<DI1 ai,k—qeav,k+qh>} ) (C.4)

where Dfl is phonon creation operator, and (G is electron—phonon matrix elements. We assume
the electron—phonon matrix elements from conduction and valance band differ by a sign flip only
Gy = —Gy for simplicity and denote G4 = G, .

The equations of motion for phonon-assisted polarizations are [89]

o . .

; —=v,c __ c v - U,C| =v,c e h —v,c

iho B = [Big, = B g, = 10 — i7" B — (1= fing, — fiq,) 2 Vi Eidg
k/

+|Gal? [(ferq T 1) P gy + (g, + 1) PiSa.] (C5)
. a;xcv [c v . el =cv e ~=c,v
ih B = Bf g — Buyq, + 1% — v | S0 — (1= g — flyay) ; ViewEers

+ ’Gq|2 [(1 - fli—qe + nq)Pﬁiqh + (1 - fl}cl—&-qh + nq)Pﬁ}qu ) (C.6)

where hi{) is phonon energy at wavevector q, and 7 is phonon occupation that is assumed to be

Bose-Einstein distribution. A constant dephasing 7y is used for triplet correlations. The coupling
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to other phonon correlations, photon-phonon correlations and carrier correlations have been
ignored. In the following, we assume parabolic bands, and neglect carrier density in the source
terms of Equations (C.5) and (C.6). Diagonalizing the homogeneous part of Equations (C.1), (C.5)

and (C.6) using exciton basis, we obtain

0
iﬁapx = (Ex — i7) Py — dyeti(r = 0)E(t) + T, (C.7)
. 0 —ve h2q2 —wvce 2 AN
’Lha:)\yq: E)\—|— 2M —hQ Z’YT \_/\q+nq‘Gq| ;F({ P)\/ 9 (C8)
0 = Sew h2q2 . AN

zhaqu Ey+ —— Ii + Mg — typ u/\q+(1—|—nq |Gql? ZF_q Py, (C.9)

where a form factor of is defined
3N =3 [k (0] [65(k —an) + oF (k +a.)] - (C.10)

k

Applying Fourier transform to Equations (C.7) to (C.9), we get

Da) = X 7 [0400] S5 £33 ) [0 0k + ) + 6l — )

k a N
25 650 - an) + ok + )] )
5 nq|G |2FWFX X (1+ng)|Go 22N XY Po(@)
= — 3 2 ; PYAC
o a | B yr —hw  Ey + ZA‘Z + hQdq — iyr — hw
(C.11)
Including only intra-exciton coupling, the Elliott formula for absorption is
|ducl? o3 (r = 0)?
w) = : — , C.12
x(w) €0 XA:EA—W—M_Z,\(W)_Z)T(W) ( :
+ 1 £GP
(g + 3+ DIGY )

+ Z
2y (W) = . )
r (@) q Ex+ Eq £ Qg — iy — hw

—(+ . . .. . .
where z/\( )(w) involves phonon absorption (emission) processes, and G:J\l’)‘ is exciton—phonon

matrix elements
Gy =3 [0k0)] " [G50 e - an) - Gy o+ a)] €149
k
which is defined from left- (right-) handed exciton wave functions gbf(R) (k) and electron—-phonon
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matrix elements in conduction (valence) bands Gfl(”).
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APPENDIX D

Author’s Contributions

The first project of my doctoral studies involved exploring the absorption properties of stacked
monolayer crystals. This concept was partly driven by the theory predictions of large exciton
binding energy in gallium nitride monolayer (Emmanouil Kioupakis) and recent breakthroughs
in the growth of single-layer nitrides (Zetian Mi). My advisor, Mackillo Kira, discussed with me
about the interesting idea of layering multiple monolayers to create a hyperspectral absorber.
Based on semiconductor Bloch equations (SBEs) [35] and earlier work on multi-quantum-well
systems [73], I wrote the code to compute absorption and tested various heterostructure designs.
Initially, we encountered a challenge that the bandwidth of excitonic absorption was restrictively
narrow. Then, my advisor inspired me to investigate the effects of continuum states. We found
that absorption from continuum states could be significantly enhanced through radiative cou-
pling, reaching a level comparable to excitonic absorption when a large number of monolayers
are stacked. This was the key step in designing hyperspectral absorbers. This work was published
in Q. Wen, Y. Wu, P. Wang, D. Laleyan, D. Bayerl, E. Kioupakis, Z. Mi, and M. Kira, Hyperspectral
absorption of semiconductor monolayer crystals, Appl. Phys. Lett. 116, 181103 (2020).

In 2018, I began exploring the theory of coherent phonons with Alexander Steinhoff and
Matthias Florian, under the guidance of my advisor. This research was a collaborative effort
with the group of Xiaoyang Zhu (Columbia University), who detected multiple sidebands in the
WSes/MoSe, heterobilayers. In 2019, another set of experiments was done in the group of Parag
Deotare, showing an intriguing sideband that occurred at the optical phonon energy. To investi-
gate the origin of these sidebands, I computed charge-transfer dynamics in WSes/MoSe, heter-
obilayers using SBEs and investigated different possibilities for generating coherent phonons in
this structure. During my analysis, my advisor shed light on the significant role of local charging
effects, which were often overlooked in previous studies. Starting with an earlier work from Ada
Baumner [39], I applied the charging theory to the WSes/MoSe; heterobilayers to investigate how
local charging affects electron dynamics. My calculations showed that local charging altered the

electronic energies significantly which could lead to massive charge redistribution.
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I then applied these insights from the studies of WSes/MoSe; heterobilayers to the charge-
transfer dynamics in a double-quantum-well system. This research was in collaboration with the
group of Rupert Huber (University of Regensburg), who observed unipolar pulses from GaAs-type
double quantum wells, though the cause of these pulses was unknown. Guided by my advisor
about theory development, I generalized the method from Ref. [39] to include multiple subbands
in heterostructures. This allowed a self-consistent calculation of the charge distribution, which
was the key aspect to precisely describe the carrier motion. I analyzed experimental data with
the help from my advisor. Our theory prediction of the pulse shape aligned with experimen-
tal results. This study was published in C. Meineke, M. Prager, J. Hayes, Q. Wen, L. Z. Kastner,
D. Schuh, K. Fritsch, O. Pronin, M. Stein, F. Schéfer, S. Chatterjee, M. Kira, R. Huber, and D.
Bougeard, Scalable high-repetition-rate sub-half-cycle terahertz pulses from spatially indirect inter-
band transitions, Light Sci. Appl. 11, 1-8 (2022). In this paper, I contributed to the theory section
as a co-author. The detailed theoretical approaches and perspectives to improve the pulse shape
will be presented in a second paper Q. Wen, C. Meineke, R. Huber, and M. Kira, Unipolar pulse
generation from heterostructure charging dynamics. (In preparation.)

In 2023, I began to work on a project to investigate the microscopic mechanism behind po-
larization switching in ferroelectrics. Guided by my advisor in theoretical derivations and com-
putational schemes, I wrote the code to compute polarization switching described by the time-
dependent Schrodinger equation. This analysis revealed the natural switching time, which I then
related to a classical model to enhance the understanding. Collaborating with the group of Zetian
Mi, who synthesized ScAIN ferroelectric sample, and the group of Rupert Huber, who conducted
terahertz excitation experiments on these samples, we are now preparing a manuscript for the
paper Q. Wen, Z. Mi, R. Huber, and M. Kira, Terahertz switching in Ill-nitride ferroelectrics. (In

preparation.)
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