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Abstract

Abstract

Highly doped polar semiconductors are essential components of today’s
semiconductor industry. Most strikingly, transistors in modern electronic devices are
polar semiconductor heterostructures. It is important to thoroughly understand
carrier transport in such structures. In doped polar semiconductors, collective
excitations of the carriers (plasmons) and the atoms (polar phonons) couple. These
coupled collective excitations affect the electrical conductivity, here quantified
through the carrier mobility. In scattering events, the carriers and the coupled
collective modes transfer momentum between each other. Carrier momentum
transferred to polar phonons can be lost to other phonons through anharmonic decay,
resulting in a finite carrier mobility. The plasmons do not have a decay mechanism
which transfers carrier momentum irretrievably. Hence, carrier-plasmon scattering
results in infinite carrier mobility. Momentum relaxation due to either
carrier—plasmon scattering or carrier—polar-phonon scattering alone are well
understood. However, only this thesis manages to treat momentum relaxation due to
both scattering mechanisms on an equal footing, enabling us to properly calculate the
mobility limited by carrier—coupled plasmon—polar phonon scattering. We achieved
this by solving the coupled Boltzmann equations for the carriers and the collective
excitations, focusing on the “drag” term and on the anharmonic decay process of the
collective modes. Our approach uses dielectric functions to describe both the
carrier-collective mode scattering and the decay of the collective modes. We applied
our method to bulk polar semiconductors and heterostructures where various polar
dielectrics surround a semiconducting monolayer of MoSo, where taking plasmons into
account can increase the mobility by up to a factor 15 for certain parameters. This
screening effect is up to 85% higher than if calculated with previous methods. To
conclude, our approach provides insight into the momentum relaxation mechanism for
carrier—coupled collective mode scattering, and better tools for calculating the

screened polar phonon and interface polar phonon limited mobility.
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System of units and preferred units of frequency

System of units and preferred units of frequency

This thesis uses the Gaussian cgs system of units, e.g. [6], except in plots and tables
of quantities which are conventionally expressed in other units in semiconductor
physics. For consistency, all equations in this thesis are in Gaussian cgs units.
Consequently, they yield the mobility in em?/(statV's) and the Seebeck coefficient in
statV /K. However, the mobility and the Seebeck coefficient are usually expressed in
em?/(Vs) and pV/K, respectively. This means that we have to convert the statvolts
into volts, replacing 1 statV with exactly 299.792458V. This is done behind the

scenes, and all the plots use the conventional units.

We recommend Yu and Cardona’s textbook [3] to a reader who is more familiar with
SI units, because they give many important quantities in semiconductor physics both

in cgs and in SI units.

Different subfields of solid state physics have their own preferred methods of giving
“phonon frequencies”. In this thesis, we will give the phonon energies £ = hw in
electronvolts in all tables. As discussed above, all equations are strictly in Gaussian

cgs, so that phonon energies—as indeed all energies—in equations are in erg.

In spectroscopy, the convention is to characterize phonon frequencies by the wave
vector kSPeCtroscopy an electromagnetic wave of the phonon frequency would have in a
vacuum. The phonon energy can hence be retrieved as fiw = 27 hcyqck PECt05CPY
where cyqc is the speed of light in a vacuum. This convention is used in most of our
sources for phonon frequencies [3] and references therein, and [7, [8, 9], and we have

converted them to phonon energies in eV for the tables in this thesis.

Momentum relazation in doped polar X Anna Miriam Hauber
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Chapter 1

Introduction

Polar semiconductors, such as III-V compounds, and especially Gallium Arsenide
(GaAs) have long been materials of interest in semiconductor and device physics, and
have a plethora of technological applications [10} [II]. Optically active III-Vs are used
in LEDs (light emitting diodes), semiconductor lasers, photo-detectors and solar

cells [I1]. Heterostructures consisting of layers of different III-V alloys allow the
creation of arrays of quantum wells [12], with applications such as the quantum
cascade laser [I3]. Certain polar semiconductors, like lead telluride (PbTe) alloys, also

show thermal properties which are promising for energy harvesting [14].

source

(O]
+
Q]
o
©
4
(]

Semiconductor
insulating substrate

Figure 1.1: Schematic sketch of the main components of a MOSFET.

Metal-oxide-semiconductor field effect transistors (MOSFETs) are the most
technologically important polar semiconductor structures today, as they are crucial
components in the computer chips without which modern electronic devices would be
unthinkable (cf. Fig.[1.1)). These MOS structures are even polar when the
semiconductor is non-polar (such as silicon), because the oxide layer is a polar
material. Traditionally, the oxide layer used to be silicon oxide (SiO2 or silica), but in

current MOSFETSs, SiOs has been replaced by “high-x” oxides, where x stands for the
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Figure 1.2: Stick and ball model of the atomic structure of MoSs. The yellow balls
symbolize sulfur atoms and the green balls stand for molybdenum atoms. The picture
shows two monolayers offset against each other as they are in bulk MoSs. [7]. This plot

was created from data from the American Mineralogist Crystal Structure Database [20]
by Ben Mills (Own work) [Public domain|, via Wikimedia Commons [21].

relative dielectric constant, and “high-x” means that the dielectric constant is higher
than that of SiO3. The reason for this development is that a high-«—MOSFET of the
same capacitance as a SiOo—-MOSFET has a thicker oxide layer, thus reducing leakage
currents. Importantly for this thesis, this means that today’s high-x MOSFETs are
more strongly polar then former SiO-MOSFETs, with dielectrics such as hafnia
(HfO3). Even tomorrow’s more futuristic MOSFETSs cannot forgo the polar dielectric.
Recent MOSFETS consisting of just a single layer of molybdenite (MoSs),

cf. [15], lying on silica [16], or a monolayer of MoSy on SiOy with a HfOq
top gate [I7], are mainly polar heterostructures because of the silica and hafnia.
MoSs itself is only barely polar [18, [19].

The understanding of carrier transport in highly doped polar semiconductor
structures which will be developed in this thesis is applicable to all the applications

discussed above.

Polar semiconductors are often highly doped in order to increase the carrier
concentration, so that the high number of charge carriers (electrons or holes, though
we will mainly be concerned with electrons in this thesis) delocalized throughout the
semiconductor form a plasma. In non-polar semiconductors, natural, unforced
longitudinal oscillations of this plasma occur at the plasma frequency. At this
frequency, the electrical displacement is zero, because the polarization of the carrier
plasma compensates any uniform external electric field. Plasma waves were first
studied in classical plasmas by Langmuir and Tonks [22]. In quantum mechanics,

these collective excitations of the electron gas are described as plasmons [23].

In undoped, polar semiconductors, the lattice causes a polarization field when the

Momentum relazation in doped polar 2 Anna Miriam Hauber
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1. INTRODUCTION

different species of atoms oscillate out of phase. Similarly to the case of the plasma
discussed just above, this can give rise to natural collective oscillations, at frequencies
where the polarization compensates for any external electric field. These collective
excitations are called longitudinal optical (LO) phonons, and the natural oscillation
frequencies are called the LO-phonon frequencies [24], 25] [3, 26]. Phonons in general
are quantized collective excitations of the semiconductors, see, e.g. [24], 25]. These
phonons are called “optical”, because the out of phase oscillation of different species
of atoms gives rise to an oscillating electrical dipole moment, so that these phonons
can couple to infrared radiation and light. In fact, the optical phonon frequencies
used as parameters in this thesis have been determined from infrared and Raman
spectroscopy [7, [8, B]. Both the plasmons and LO-phonons are longitudinal
excitations, that is, the collective mode oscillation is in the direction of the electric

field, the polarization, and the wave vector. E|

Highly doped polar semiconductor have both a carrier plasma, and optically active
lattice excitations. Hence, their natural oscillations occur at frequencies where the
polarization due to the lattice and the carrier plasma together compensate the
external electric field. We will call these coupled collective excitations of the lattice
and the carrier plasma “coupled modes” throughout this thesis. In highly doped polar
semiconductors, the plasma frequency can be large enough to be comparable to the
LO-phonon frequencies, and the coupled mode frequencies differ significantly from
both the plasma and LO-phonon frequencies, as has been measured, e.g., for bulk
PbTe and GaAs [27, 28], 29], following calculations by Varga [30].

We describe the collective excitations entirely through their dielectric functions,

cf. [6 BI]. Dielectric functions capture how the electric displacement in a material
depends on the external electric field. In Fourier space, the dielectric displacement is
simply the product of the dielectric function and the electric field, and all three
quantities are functions of wave vector and frequency. The natural oscillation of a
collective motion, where the electric displacement field vanishes, occurs at the zeros of
the dielectric function. These zeros are usually parametrized through the wave vector,
so that one speaks of the natural oscillation frequencies as a function of wave vector.
In the simplest case, like for a single undamped LO-phonon or plasmon mode in the
bulk long-wavelength limit, the natural oscillation frequency is a single real number
independent of wave vector. Yet, some polar materials are better described with
several different optical phonon modes, like HfO5 or SiOz [1]. In the semiconductor
heterostructures consisting of MoS, sandwiched between different polar dielectrics,
which we investigate in this thesis, each of the constituent layers on its own has at

least one longitudinal optical phonon mode. They all couple with each other and with

1 This holds without qualification in isotropic bulk materials. In anisotropic materials, the
direction of the electric field to the crystal axes is also important, and in heterostructures, only the
in—plane contribution of the wave vector, polarization and electric field will be parallel.

Momentum relazation in doped polar 3 Anna Miriam Hauber
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Figure 1.3: Real part and imaginary part of the dielectric function, and imaginary
part of the inverse of the negative dielectric function as a function of frequency. The
dielectric function describes undamped optical phonons in GaAs in the long-wavelength
limit, cf. The dielectric function ¢ is scaled by its high-frequency limit £,
and the frequency w by the transverse-optical phonon frequency wro.

the carriers in MoSo-monolayer, yielding a complicated set of coupled modes. In
general, natural oscillations will be damped, that means the zeros of the dielectric
functions have an imaginary contribution, the damping rate. Both the natural
oscillation frequencies and the damping rates usually depend on wave vector. In this
thesis, we consider anharmonic damping of the LO-phonons, and Landau damping [2]
for the plasmons. The coupled modes will in general be damped due to a mixture of

those two mechanisms.

Keeping track of the multiple coupled modes, each with a wave vector dependent
frequency and damping rate seems quite daunting and requires conscientious
bookkeeping. As we will see in the course of this thesis, it will be advantageous to
describe the coupled mode excitations in terms of the inverse dielectric function as a
function of wave vector and a real frequency. Real zeros of the dielectric function, or
undamped collective excitations correspond to poles in the inverse dielectric function,
or delta-peaks in the imaginary part of the inverse dielectric function as a function of
wave vector and real frequency [32]. Damped collective excitations correspond to
poles in the inverse dielectric function off the real frequency axis. They show as peaks
of finite width and height in the imaginary part of the inverse dielectric function as a
function of wave vector and real frequency. A simple example are damped
LO-phonons in the long wavelength limit (whose dielectric function is plotted in

Figure 1.3 and which will be discussed in detail in chapter 3)): The imaginary part of

their inverse dielectric function can be expressed through Lorentzians, whose width
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depends on the damping rate. In the limit of undamped LO-phonons, the Lorentzians
become delta-peaks at the LO-phonon frequencies. The imaginary part of the inverse
dielectric function as a function of wave vector and real frequency is a crucially
important quantity throughout this thesis. Its magnitude shows how strong the
collective excitation is for a certain wave vector and frequency. The position of its
peaks gives the dispersion of the collective excitations, and their width indicates their

damping.

As the LO-phonons and the plasmons in highly doped polar semiconductors are
coupled, carrier—coupled mode scattering in such materials cannot be described
accurately by independent carrier—LO-phonon scattering and carrier—carrier
scattering. Carrier-LO-phonon scattering [33] 34] is known to have an important
effect on the carrier momentum relaxation, and the hence the carrier mobility (For a
comparison of the different scattering mechanisms in GaAs see, e.g., [39]).
Carrier—carrier scattering, which, in our collective excitation picture will be described
as carrier—plasmon scattering (similarly to carrier—LO-phonon scattering), is usually
assumed to have a negligible effect on momentum relaxation and mobility, see, e.g.,
the discussion in Ziman’s textbook [25]. Loosely speaking, this difference in
momentum relaxation occurs because the damping of the LO-phonons is due to
coupling to an external “bath” (of other phonons), so that some of the momentum
transferred between the carriers and the phonons is lost to the environment. The
damping of the plasmon is due to Landau damping [2], i.e., an interaction of the
carrier gas amongst itselfﬂ No external bath is involved. Consequently, none of the
carrier momentum can be transferred to the environment. The momentum relaxation
due to carrier—coupled mode scattering falls somewhere in between these to limiting
cases. It cannot be assumed a priori that either carrier LO-phonon or carrier plasmon
scattering describe it accurately. Therefore, carrier scattering with the coupled modes

needs to be investigated carefully.

In this thesis, we develop a method which treats the scattering of carriers by coupled
excitations in a generalized way, thus treating carrier—carrier scattering and
carrier—LO-phonon scattering on an equal footing. We achieve this conceptual
simplicity by expressing the relevant properties of the coupled collective excitations,
(the scattering rate between the carriers and the coupled modes and the damping
rates of coupled modes) in terms of dielectric functions. Our treatment includes

LO-phonon scattering and carrier—carrier scattering as limiting cases.

We also want this thesis to help the reader to attain an intuition for the momentum
relaxation due to carrier—coupled collective mode scattering. Therefore, we discuss a

quantity, which we shall call the “phonon dissipation weight factor”, the ratio of the

2In quantum mechanical language, Landau damping means that the lifetime of the plasmon is due
to its ability to decay into quasi-particle—quasi-hole pairs, which are again excitations of the carrier
gas. Hence, none of the carrier momentum is lost in such a process.

Momentum relazation in doped polar 5 Anna Miriam Hauber
semiconductors



1. INTRODUCTION

imaginary part of the dielectric function for the optical phonons alone and the
imaginary part of the total dielectric function, and which follows naturally from our
description. The phonon dissipation weight factor characterizes how strongly
scattering with a coupled excitation of a certain wave vector and energy contributes
to degrading an electric current - on a scale from zero to one. Zero - no degradation
of the current - corresponds to the conventional description of carrier—carrier

scattering, and one characterizes the LO-phonon scattering limit.

It has long been known that LO-phonons and plasmons in doped polar
semiconductors are coupled, but the effect of this coupling on momentum relaxation
has been less clear. Varga [30] gave the frequencies of the resulting coupled
excitations in the long-wavelength limit, and also defined their phonon content - the
part of the total kinetic energy which is due to atomic motion. Ridley used the
phonon content to derive the scattering rate of the coupled modes in the long
wavelength limit [26]. He also commented that this was equivalent to the expression
of Kim et al. [36], where the scattering rate is calculated from the dielectric function
of the coupled plasma-lattice system. While Kim’s long-wavelength expression is
satisfactory for a description of energy relaxation, this is not true for momentum
relaxation. A calculation of the momentum relaxation time for carrier—coupled modes
scattering in strict analogy to the calculation of the momentum relaxation time for
carrier—LO-phonon scattering, cf. [37], leads to inaccurate results in most parameter

ranges.

Fischetti et al. [I] alleviated this issue by taking into account what they called “an
approximate treatment of Landau damping”ﬁ They used the long-wavelength limit
expression for the coupled mode momentum relaxation rate only up to a certain
cut-off wave vector, and the LO-phonon momentum relaxation rate for larger wave
vectors. This provided a patch to the problem, and was suitable for the realistic
device-physics application they studied. Incidentally, the desire to fully understand
the reasons behind, and the validity of this approximation by Fischetti et al. [I] was
one of the major motivations for this work originally. We will carefully analyse this
approximation, apply it to polar semiconductors in the simplest conceivable case, and

then carry out a careful comparison with our own approach.

Kim et al. [36] describe the energy relaxation of a carrier due to scattering with a
coupled mode in terms of the imaginary part of the inverse dielectric function [3§].
Unlike the approaches by Varga and Ridley, which are based on discrete modes
characterising the long wavelength limit rather than a spectrum of excitation
frequencies, Kim et al’s approach can be applied to nonzero wave vectors directly —
simply by using a wave vector dependent dielectric function. Using the

zero-temperature random-phase approximation (RPA) [39, 23] 140] dielectric

3Note that Landau damping was originally introduced in the classical limit [2] and not in the
extreme quantum limit, as used in [IJ.
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function [41] for the electronic dielectric function and a

Lyddane-Sachs-Teller [42] type lattice dielectric function as suggested by Varga [30],
Kim et al. [36] could calculate the changes in the coupled mode excitation frequencies
as a function of wave vector [36]. Kim el al. [36] did not calculate the energy
relaxation time for this case, but other authors have, using this method, e.g., [43, [44].
Drawing on work by Maslov[45] and Stern [46], we can apply Kim et al’s treatment of
the carrier-coupled mode scattering in terms of the imaginary part of the dielectric
function to carrier—interface phonon scattering. This requires solving a Poisson
equation to find an effective scalar dielectric function for the investigated

semiconductor heterostructure.

Sanborn [47] expands on the method by Kim et al. [36] by using scattering rates
calculated from the dielectric function in a Boltzmann transport equation to calculate
momentum relaxation rates. A variety of scattering mechanism enter Sanborn’s
numerical calculations of momentum relaxation rates in GaAs [48], and Sanborn’s aim
was not to track the effect of carrier-coupled mode scattering specifically. However,
her carrier—carrier collisional integral reproduces the textbook result [49] that
carrier—carrier scattering in parabolic bands does not degrade an electric current (in
the absence of Umklapp processes). Sanborn’s carrier—carrier scattering model can be
extended to the case of carrier - coupled mode scattering. Yet, Sanborn did not do
this, and instead used an approximate treatment of the carrier coupled mode
scattering in another collisional integral in the Boltzmann equation. The present work

generalizes Sanborn’s approach to include carrier-coupled mode scattering.

Our contribution, the critical step for the generalization of the description of
momentum relaxation due to carrier—carrier scattering to momentum relaxation due
to carrier-coupled mode scattering, is to emphasize the importance of the collective
mode decay mechanism for momentum relaxation. We formulate a Boltzmann
equation for the carriers - including a term due to the external electric field, and a
Boltzmann equation for the coupled excitations, including the anharmonic decay of
the LO-phonons. All these terms are expressed through dielectric functions. We find
that the details of the anharmonic phonon decay determines how far the coupled
excitations are out of equilibrium. E| This in turn affects the carrier contribution to
the momentum relaxation, and hence the carrier mobility. The same non-equilibrium
term in the Boltzmann equation is responsible for the “phonon drag effect” [25] on
the thermal conductivity and the Seebeck coefficient [50].

We first apply our approach to a series of bulk polar semiconductors where
electron—-LO-phonon scattering is well described with electrons in a single spherical,
parabolic conduction band interacting with a single LO-phonon resonance. We

investigate in detail how our approach compares to other treatments, and how the

4Sanborn [47] implicitly assumed that the LO-phonon distribution function, not the coupled mode
distribution function, is in equilibrium.
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Figure 1.4: (a) Band structure of monolayer MoSs. (b) The hexagonal lattice spanning
the reciprocal space of monolayer MoSs. The first Brillouin zone is shaded. The K-
points are at the vertices of the hexagons. The six K-points shared between the first
and subsequent Brillouin zones are marked with circles. Reprinted figure (a) with
permission from [T. Cheiwchanchamnangij and W. R. L. Lambrecht, Phys. Rev. B,
vol. 85, p. 205302, 2012.] Copyright 2012 by the American Physical Society [52]

inclusion (screened LO-phonon scattering) or neglect (unscreened LO-phonon
scattering) of the carrier gas affects the mobility. We also explain in detail how we
iterate the solution of the coupled Boltzmann equations to self-consistency, and how
the self-consistent solution differs from relaxation time approximation (RTA) solution.
The comparatively simple case of carrier-coupled mode scattering in bulk polar
semiconductors allows us to develop qualitative understanding of momentum
relaxation due to coupled collective mode scattering, which we can carry over to our
investigation of screened interface phonon scattering (also called “remote phonon” or

“surface optical phonon” scattering)[51l [I] in polar semiconductor heterostructures.

MoSs has attracted great interest in the last few years, because single atomic layers of
it can be exfoliated and manipulated [15]. As a semiconductor, a gap is already
present in its band structure [53, 52], shows a quasi-particle GW
calculation of the band structure of monolayer MoSs [52]) and does not have to be
painstakingly introduced before it comes suitable for electronic applications. Field
effect transistors with one or few layers of MoSy as the channel material have already
been realised [16, [I7]. Such devices have the advantage (at least in principle) of

eliminating carrier scattering due to surface roughness, cf. [54].

The conduction band minima in MoSs-monolayers lie at the K-points,
cf. [Figure 1.4h [52]. [Figure 1.4p shows the six equivalent K-points within the first

Brillouin zone. As each K-point is shared equally between three hexagonal cells, MoSs

has two equivalent K-points per cell, and hence two equivalent valleys in the band
structure governing low-field transport, e.g. [24, 25]. Due to the two equivalent valleys
with quite high effective mass in monolayer MoSs, screening effects are

important [52] B, [54]. If defects in the MoSy layers, which presently limit the carrier
mobility through large charged impurity scattering[55), 56], can be decreased, higher
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carrier mobilities could be reached. Therefore a careful investigation of dynamically
screened interface polar phonon scattering is of interest, since this scattering might
ultimately limit the carrier mobilities that can be achieved in certain ideal
heterostructures. We will discuss this in

As the conduction band minima in monolayer MoSs are well described by spherical
parabolic bands and well separated in energy from the next lowest conduction band
extrema, 52} [57], we will follow [54], 57, 57, [55] in treating transport in MoSy with

effective mass theory.

At a computational level, transport in semiconducting monolayers is simpler than in
traditional MOSFET channels [58], because it can reasonably be approximated as
truly two-dimensional. This relieves us from worrying about carrier wave functions in
the directions perpendicular to the direction of transport, and the associated
eigenvalues, which give rise to so-called subbands, e.g. [3], which, in turn would affect
the carrier dielectric function. Finally, heterostructures with polar dielectrics
surrounding a non-polar or weakly polar semiconductor like MoSy (Imagine the
MOSFET from with a MoSs-monolayer as the semiconductor and various
dielectrics as the gate oxide and substrate.) are ideal to study the effects of screening
on carrier-optical phonon scattering, because changing the dielectrics allows us to
change the background dielectric function in a way that would be impossible in a bulk

polar semiconductor.

The rest of this thesis is organized as follows: In we review the dielectric
functions for the phonons, plasmons and coupled collective modes. In we
discuss how carrier-coupled mode scattering can be expressed in terms of these
dielectric functions. In we focus on bulk polar semiconductors, and in

on polar semiconductor heterostructures. In we lay out our
method of treating the momentum relaxation due to carrier-coupled mode scattering.
We apply this method to the momentum relaxation in bulk polar semiconductors in
and to the momentum relaxation in polar semiconductor heterostructures,
consisting of sandwiches of various dielectrics around a monolayer of MoS», in

The material presented in [section 3.2) |chapter 4} [chapter 5| and [chapter 6|

has been submitted for publication. We summarize and give a brief outlook in

chapter
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Chapter 2

Dielectric functions

In this chapter, we discuss the dielectric functions which we need to describe the
collective excitations throughout this thesis. As discussed in the zeros of
the dielectric functions correspond to the natural oscillation frequencies, and we
describe the collective excitations in terms of the imaginary part of the inverse
dielectric function. We start by deriving the dielectric functions in the long
wavelength limit from the equations of motions for the normal coordinates of the
phonons or plasmons, because this gives some intuitive insight. These dielectric
functions will be used for the LO-phonons throughout this thesis, and we give
material parameters for the various polar semiconductors and polar dielectrics we

treat in this thesis at this point.

In [section 2.2] we discuss the carrier dielectric function. In [subsection 2.2.2] we treat
this dielectric function in the random phase approximation (RPA) [39) 23] 40], which

we will use to describe the dielectric response of the plasma excitation in this thesis.
The RPA captures certain important properties, like the existence of two clearly
divided regimes where plasmons are either damped, or undamped at zero
temperature. In general, we will use temperature dependent RPA dielectric functions

with a full wave vector and frequency dependence [59, 60].

Landau damping [2] is reviewed in detail in [Appendix Al Besides providing an
illuminating picture of the damping of collective oscillations in a classical electron gas,

this appendix provides background information on the Landau contour and how it
relates to the computation of the real and imaginary part of the dielectric functions in
isection 2.2

As mentioned in the imaginary part of the inverse dielectric function will

prove to be an important quantity for this thesis. In [subsection 2.2.3] we discuss some

of its properties, its temperature dependence, and how it differs in two and in three

dimensions.
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2.1 Lattice dielectric function for a polar
2. DIELECTRIC FUNCTIONS material in the long-wavelength limit

In we piece the phonon and the carrier dielectric function together to
form the total dielectric function, which we can then use to describe the collective

excitation in a polar semiconductor.

2.1 Lattice dielectric function for a polar material in the

long-wavelength limit

In our derivation of the dielectric function of the lattice, we follow [3], section 6.4].
Polar materials are optically active, because there is an ionic contribution to the
bonds. Say there are two ions of different polarity in the unit cell, as in Gallium
Arsenide, which crystallizes in the rock salt structure. As the two ions oscillate, the
charge distribution changes, giving rise to an electric field. In the center of mass
reference frame we can describe the coupled oscillation of the two ions as an
oscillation of a single oscillator which has their reduced mass M, their effective charge

Q, and their relative displacement, u:
M — M~y + Mwiou = QE. (2.1)

Here, wro is the transverse natural oscillation frequency of the coupled ionic

oscillators and -y is their damping rate. E is an external electrical field.

The Fourier components of the displacement and the electric field obey

Q E,

== . 2.2
e M w2, — w? — iwy (2:2)
The polarization due to the motion of the ions is
, N NQ? E,
P = — = , 2.3
@ v Que VM w2, — w? —iwy (23)

when there are N unit cells in the sample of volume V.

Our model does not take electronic motion into account yet. The contribution to the

polarization and displacement field from the electrons in filled bands is usually treated

as a constant and lumped into the ionic dielectric function. As the ionic polarization

vanishes in the high frequency limit, this so-called valence electron polarization is the

only high-frequency contribution. Therefore, the valence electron contribution to the

dielectric function is called €*°. The polarization field due to the valence electrons is
e® —1

Pe—valence — E . 2.4
w 4 T w ( )

The displacement field due to the ionic motion and the valence electrons hence follows
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2.1 Lattice dielectric function for a polar
2. DIELECTRIC FUNCTIONS material in the long-wavelength limit

as
DI = By, + 4x (PS4 Pin) = &P B, (2.5)
with the dielectric function

AT NQ? 1
VM wi,—w? —iwy

h
el =% 4 (2.6)
We marked the displacement and the dielectric function with a superscript “ph” for
“phonon”, to stress that the dielectric response is due to the optical phonons in the

polar material.

Lyddane-Sachs-Teller relations It is customary to express the ionic dielectric

function through its high- and low-frequency limit

4T NQ? 0

ph e
2 - 9
VMuwi

€omn =€+ (2.7)

and the longitudinal natural oscillation frequency, wro in the undamped limit. The

latter is the frequency for which the dielectric function

ATNQ? 1
ph _ —
€or om0 = e>® + VI W%o — W%o =0 (2.8)
so that )
4TNQ
wio = who + Vs (2.9)

It can be verified easily that the longitudinal and the transverse natural oscillation
frequencies are connected to the high and low frequency dielectric constants by the
Lyddanne-Sachs-Teller relation [42]

2 0
Yo _ (2.10)
wpo €™

Replacing N, V,Q and M by wro,wro and €, we can write

h EO — &

P . o

ePt = > 4 T (2.11)
wFo Wro

2.1.1 Dielectric functions for polar semiconductors

We use the model lattice dielectric function Eq. for all the bulk semiconductors
discussed in this thesis. The parameters in Eq. are given for room temperature
GaAs in Tab. and for the other bulk semiconductors considered, InAs, InP, InSb,
ZnSe, PbTe and ZnS in Tab. 2.2] The assumption of constant optical phonon

frequencies is well justified on the length scales of an inverse Fermi wave vector (See
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2. DIELECTRIC FUNCTIONS material in the long-wavelength limit

Table 2.1: Material parameters for GaAs [3]. m, is the electron mass. For simplicity, we
assume that these parameters do not change with temperature or carrier concentration.

Quantity symbol value
LO-phonon energy hwro 36.14 meV
TO-phonon energy hwro 33.25 meV
High frequency dielectric e>® 11.1
Static dielectric constant el 13.1
Optical phonon damping rate ¥ 0.007 wro
Conduction band effective mass m* 0.067 me
LA phonon scattering Volume deformation potential a,. 6 eV
crystal density P 5.31 5%
LA phonon velocity Us 5.22x 105%

Table 2.2: Material parameters for coupled collective mode scattering. Parameters
from [3] unless indicated otherwise.

GaAs InAd] P InSHJ ZnSe PbTd ZndH
hwro(meV) 36.14 30.2 43.1 23.6 31.9 13.65 36.9
hwro(meV) 33.25 271 38.1 22.2 26.2 3.97  28.40

g™ 11.1 11.8  9.52  15.7 5.9 32.8 4.9
m*/me 0.067 0.026 0.073 0.014 0.134 0.038 0.34
v/wro 0.007r 0.01 0.01 0.016 0.01 0.65 0.01

nc(10Y7em=3) | 7.04 202 936 089 582 1.68 16.5

definition in [section 2.2)), which is relevant for mobility calculations. Even for very
highly doped GaAs at n =5 x 10"%¢m ™3, the Fermi wave vector kp = 1.14 x 107em ™!
is still about a factor of five smaller than 7 = 5.56 x 107em ™!, the width of the

Brillouin zone in [100] direction.

The real and imaginary part of the dielectric function Eq. (2.11]) were already plotted
in for GaAs, using the parameters in [Table 2.1] see [Figure 1.3]

2.1.2 Dielectric functions for polar materials

We use a phenomenological model for the ionic dielectric response of the different
dielectric materials surrounding the MoSs-monolayer in our calculations of the carrier
mobility in (dielectric 1)-MoSs-(dielectric 2) structures. We account for two damped

optical phonon modes.

(@~ Nudos . (€ —ewhoy

w%()’l — w? +iwmn w%OQ — w? 4wy

Ew =% + (2.12)

!Experimental value for + is an upper limit

*Effective mass from [61]

3Effective mass from [36], other parameters from [62]. PbTe bands are highly anisotropic and
anisotropic, but have been approximately described with a single effective mass before [30].

4Parameters from [61], set v = yznse due to lack of vz,s in the literature.
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A dielectric response of this kind can be parametrized in many equivalent ways
(compare [8] with Eq. (2.12)) - we use a parametrization of the scattering strength in
terms of an intermediate dielectric constant ?, as [I], but with nonzero damping rates
for the optical modes. Here, €° is the static and £ the high-frequency dielectric
constant, wro 1 is the lower frequency transverse optical mode frequency and ~y; the
corresponding damping rate, and wrp 2 is the lower frequency transverse optical mode

0

frequency and 7 the corresponding damping rate. Setting e’ = €° or £ = > recovers

Eq. (2.11)) a dielectric response with just one optical resonance.

Some of the polar materials discussed here have strongly anisotropic dielectric
functions [8] [7]. These are layered materials, where the in-plane dielectric function
differs strongly from the out-of-plane dielectric function. As the structures discussed,
if anisotropic at all, are stacks of monolayers, the crystal axes of the various materials
align with the interfaces between the layer (x-y-plane) and the axes perpendicular to
it (z-axis, see Fig. . Consequently, the dielectric function parallel to the hexagonal
c-axis, £l as used by [8, 7], is equal to €**, and the dielectric function perpendicular to

the c-axis, e* is the same as £**.

All parameters relative to ionic dielectric response used can be found in Tab. 2.3

Table 2.3: Material parameters for model dielectric functions

Material g e e’ wro1 (meV) vi(meV) wroa(meV) A2(meV)
MoSJ] er® 15.2 15.4 47.61 0.12
e*® 6.2 6.23 58.27 0.29
BNY ere 495 682 7.04 95.10 4.34 169.49 3.60
g% 4.10 4.56 5.09 97.08 0.99 187.22 9.92
SiO4] g™ =¢** 1 25 3.056 3.9 55.6 0.56 138.1 1.38
HFOF e™ =¢** | 5.03 6.58 22.0 12.4 0.124 48.35 0.4835

2.2 Carrier dielectric functions

2.2.1 Electronic dielectric function in the long wavelength limit

We discuss the carrier dielectric function in great detail in The present
treatment serves only to give an intuitive understanding of its short wavelength limit.
In that case, the only conceptual difference between the plasma oscillation and those

of the ions is the lack of a restoring force and a damping in the former. Hence, we

SRef. [7]

SRef. [8]

"Dielectric constants and TO mode frequencies from Ref. [I].Ref. [J] has a review of
measurements of these TO modes and their damping rates. The damping rates vary between
measurements, but all have roughly i1 /wro,1 = vy2/wro,2 = 0.01, which we use.

®Dielectric constants and TO mode frequencies from Ref. [T]. Damping rates set to
Y1 /wro,1 = y2/wro,2 = 0.01, because we could not find these values extracted previously.
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2. DIELECTRIC FUNCTIONS 2.2 Carrier dielectric functions

skip the equation of motion for the electrons and jump straight to the polarization P°

(We use the superscript “e” for “electron”) due to the plasma oscillations,

e _ 14’ By

P,° = neu, = (2.13)

m* w?
where m* and e are the effective mass and charge of an electron, n is the electron
concentration, and wu, is the displacement of an electron. We see that this equation
bears a strong similarity to Eq.

The contribution P¢, to the polarization is only from the free carriers in the
conduction bands. Corresponding expressions can be found for the hole plasma in
p-type semiconductors, in particular for the polarization P" due to the free holes of
concentration p in the highest valence band. We will not give explicit expressions for
the hole plasma, because we treat n-type semiconductors throughout this thesis,
which are usually better described by parabolic bands. In principle, however, the
formalism developed in this thesis applies to the holes in parabolic valence bands just
as well as to the electrons in parabolic conduction bands, and we will use the term

carrier throughout the remainder of this thesis to account for both scenarios.

The polarization due to the electrons in all the lower lying bands, the valence band
electrons, is already taken into account, see Eq. The total polarization for a
non-polar n-type semiconductor therefore is the sum of the two, and its total

displacement field is

DZ — Ew /s (anlence electrons + PZ) — 62Ew (2‘14)
with the dielectric function )
4mne

EZ = EOO — W (215)

Plasma frequency The plasma frequency wp, the natural oscillation frequency of
the plasma excitations in the long wavelength limit, is the frequency at which the

dielectric function €f, vanishes:

dne?
e, = -~ =0 (2.16)

wp m W123

This determines wp as
4rne?
2

= . 2.17
wp I ( )

Similarly to the ionic case above, we will replace the material parameters n, e and m*

by the plasma frequency wp, and we can write the electronic dielectric function in the
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2. DIELECTRIC FUNCTIONS 2.2 Carrier dielectric functions

long wavelength limit as

w? w?

2 2
szzsoo—soow—stoo (1_wp> . (2.18)

Again, keep in mind that we have included the contribution from the valence band

electrons in the electronic dielectric function.

2.2.2 Dielectric function in the random phase approximation

We use carrier dielectric functions in the random phase approximation (RPA)
throughout this thesis. The name RPA stems from a sum over exponential terms
which are neglected in the derivation with the argument that the phases in the
exponentials vary randomly [32]. The RPA has historically been derived in different
equivalent ways, see the discussion in [32} 22, [63]. Originally, the focus was to
understand the behaviour of the collective excitations of an electron liquids, or
plasmons [39] 23] [40].

In 1957, the ground state energy of the electron liquid was calculated from a sum over
certain pertubation theoretic terms [64, [65], in an approximation which was later
proved to be equivalent to the RPA [66, [67]. There are a multitude of equivalent
derivations of the RPA [68], 69], including a quantum-mechanical equivalent of
Landau’s derivation (cf. appendix [A) [70].

The radius rg of a sphere whose volume contains on average one carrier, measured in
units of the Bohr radius ag [63],

=

o= (o) 219)

has been used as a measure for the applicability of the RPA. The RPA holds better
for high-density carrier gases, or smaller rg, and is quite accurate for rg < 1 [22].
Pines puts the breakdown of the RPA at densities with rg ~ 1 [22, Chapter 3].

When we apply the RPA to semiconductors, the effective Bohr radius

K2e>®
2

= 800 me
m* m*

ap = aop, (2.20)

e
which is much larger than a Bohr radius for many semiconductors, because the high
frequency dielectric function usually fulfills €* > 1 and the effective mass m* is

usually much smaller than the electron mass m., enters into the effective rg

m*

Ty = (371@0) = ngoome. (221)

W=
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2. DIELECTRIC FUNCTIONS 2.2 Carrier dielectric functions

This means that the RPA has higher applicability for semiconductors than for metals,
and can even be applied at quite low carrier concentrations [63], 36]. In GaAs at
n=>5x10"em ™3, rg ~ 0.89 with the parameters from Tab. but r, ~ 150.

We employ a Lindhard-type or RPA carrier dielectric function [41], 22], but for
nonzero temperatures [59, [60]. The nonzero temperature dielectric functions allow us
to consider any point of the sliding scale between the classical and the extreme

quantum limit.

The real part of the temperature dependent RPA dielectric functions has to be
evaluated numerically, but its imaginary part can be expressed analytically. See, for
example, [63, chapter 5.5] for the imaginary part of the three-dimensional
temperature dielectric function. Arista and Brandt [59] calculated the real part of the
temperature dependent dielectric function in three dimensions numerically, and

Flensberg and Hu [60] calculated its two-dimensional equivalent.

The zero and high temperature limits of the real and imaginary parts of the dielectric
function can also be expressed analytically. The three-dimensional zero temperature
dielectric function was found by Lindhard [4I]. The high temperature expressions for
the three-dimensional dielectric function is discussed in the context of Landau

damping in appendix [A]

Stern gives an analytical expression for the zero temperature limit of the
two-dimensional dielectric function [46]. There are also analytical expressions for the
high temperature limit [71]. Maldague gives a semi-analytical formula for the
temperature dependence of the static susceptibility [72], which is commonly used for

capturing static screening.

All these expressions for the dielectric functions depend on a parabolic dependence of
carrier energy on wave vector, because they were originally envisioned with either free
electrons or effective mass theory in mind. We will assume thoughout this thesis that
the kinetic energy of a carrier of wave vector p

h22
B, =P

2.22
2m* ( )

unless it is explicitly specified otherwise. Here m* is the effective mass, and h is the

reduced Planck constant.

In this section, we derive the expressions for the 2d and 3d dielectric functions
alongside each other. In the process, we also introduce important quantities which
will be used throughout this thesis, like the Fermi-Dirac distribution function, and the

carrier density, and the Fermi wave vector and energy.
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2. DIELECTRIC FUNCTIONS 2.2 Carrier dielectric functions

Distribution functions and carrier concentration We are interested in the
dielectric function for a system with N carriers, which are all in equilibrium. Such a

carrier is described by the Fermi-Dirac distribution function

1
0 _
fy =T mrs (2.23)

where f[i is the chemical potential. g = kE%T with the Boltzmann constant kp. E, is

the energy of a carrier of wave vector p, cf. Eq. (2.22).

The carrier concentration n%=3 in three dimensions is
_ 2 87 p?
d=3 — Z fO — d3 0 — d
n p 3 / pfp 3 / D - -
< (27) (2m) 1+ exp [(% _ u)ﬁ} 220
V2 mAN\E_ 3 mkpT\? _
=3 (W) P(i)g%(ﬂﬁ) =2 ( 972 > §1(ab)

The summation over the spin o can be carried out, because fg does not depend on

spin. We also used the Fermi-Dirac integrals §;

I
Sj(x) = TG 1) O/dt R with the Gamma-function I'(z), (2.25)

and I'(3) =

oS

.

d=

Similarly, the carrier concentration n¢=2 in two dimensions is

d=2 _ 0o_ _2 d2p 10 — Am d p
Lk a7 =y | "1t o (52— )]

— Lz L(1Fo(aB) = Lz In(1 + €f7)
<7rh ﬂ) <7rh B)

(2.26)

Here we used the analytic expression for the §p Fermi-Dirac integral, and I'(1) = 1.

Fermi wave vector and energy The chemical potential at zero temperature is
called the Fermi energy Er. At T = 0, all states with Ej, < Er are occupied, and all
states with F, > Ef are unoccupied. In the present case, where we have a spherical,

parabolic band of effective mass m™*, the Fermi wave vector is defined by

h2k?
Ep=—L. 2.27
F 2m* ( )
This means that the 7' = 0 Fermi-Dirac distribution reads
1 E,<FE 1 <k
fy= pbr )L Ipl<kr (2.28)
0 Ep>Ep. |0 |p|>kp.
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2. DIELECTRIC FUNCTIONS 2.2 Carrier dielectric functions

This carrier configuration is sometimes called the “Fermi-sea”. It is sketched in

Fig.

T T
Fermi sea
Eyp
E,
€3]
£
g Erp
]
[<b)
=
[}
2
—
g
2 E,
&
]
e
Dh kr  pe

Quasiparticle wave vector p

Figure 2.1: Energy E, (Eq. ) as a function of wave vector p. The region marked
Fermi-sea indicates all occupied states at T'= 0. FE, and Ej are the quasi-particle and
hole energy, p. and p;, are the quasi-particle and hole wave vector. The Fermi energy
and wave vector, Er, kg are also marked.

The carrier concentration at 7' = 0 thus becomed?]

ki
md—1q

2
d

nd =3 f= dip = (2.29)
; P (2m)

lp|<kr

Fermi-Energy scaling In order to investigate the effects of temperature on the
dielectric functions, scales for both energy and wave vector which are independent of
temperature can be useful. We will use the Fermi wave vector and energy as a wave

vector or energy scale, even when the temperature is nonzero:
R=2 — /o= k=3 = 3n2nd=3 (2.30)

The Fermi wave vector kp is only determined by the density of carriers. Using
Eq. (2.26) and Eq. (2.24]), we can express how the Fermi energy is connected to the

9Tn [chapter 5| and [chapter 6] we will not include the superscript, because only deals
with the 3-d case and |[chapter 6|only with the 2-d case. However, we explicitly use ng = n?=2 for the
two-dimensional sheet density in to distinguish it from a volume density.
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2. DIELECTRIC FUNCTIONS 2.2 Carrier dielectric functions

chemical potential at a given temperature kg1 = %: For three dimensions, we have
2
oo 1 3

/B [3f ( ~d= 35)1 - 20/(1951_1_@:2#%_35 (2.31)

and for two dimensions the analytical expression
=28 =In (1+¢"7) (2.32)

holds. Figure 2.2 shows that the Fermi energy is positive for all chemical potentials,
with Fpf — 0 as i — —oo. This makes it useful for scaling energies with it. One
can also see that for low temperatures, i > kg1, Er — [i as expected.

oo

— Epf for d=3
Eﬁgford )
Er—=fatT =0

(=) ~
T T

Ot
T

Fermi energy per thermal energy Erpf3
N W e
T T T T

@)

—6 —4 —2 0 2 4 6
Chemical potential per thermal energy i3

Figure 2.2: Fermi energy Er as a function of chemical potential fi in two and three
dimensions, both in units of the thermal energy kT = % The limit for T' = 0, where
i — Er is also shown.

Dielectric function and polarizability in two and three dimensions In this

section, we derive the RPA carrier dielectric function

Ehw = €7+ Xiew (2.33)

with the susceptibility Xi,wm In the literature, the dielectric function is often defined
as € = 1 4+ x, when the context is a free electron model, so that e = 1. As we apply
the RPA to semiconductors described with effective mass theory, we always have

°© 2£ 1. As the carrier susceptibility XZM is the same in both cases, we focus on this

10The polarizability and susceptibility are not defined consistently throughout our references. If in
doubt, the reader should work back to the dielectric function for comparisons with the literature.
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2. DIELECTRIC FUNCTIONS 2.2 Carrier dielectric functions

quantity. We also drop the superscript “c” in this section, to make room for a

superscript indicating the dimension d.

The carrier susceptibility is

Xk = viag, (2.34)

)

in a 3-d or 2-d system, where d marks the number of degrees of freedom.

271']:2 d=?2
Vi = Are? (235)
k2 d - 3
is the Fourier transform of the Coulomb potential and agw is the polarizability.
In the random phase approximation (RPA), the polarizability is [22]
azyw = — lim lptko — lpo (2.36)

=07 ~ Eptr — Ep — hw —ihy’

~ is a positive damping rate used for regularizing the summation and will be discussed

further later. n, , is the occupation density of a state with wave vector p and spin o

The dielectric function is defined by Eq. through Eq. in two and in three
dimensions [46]. The definitions of the polarizability change between authors.

Stern [46], e.g., includes part of the Fourier transform of the Coulomb potential in his
definition of the polarizability. Our definition of the polarizability differs from Stern’s
in order to highlight the similarities between the 2d and the 3d case. These different

exact definitions of the polarizability yield the same dielectric function.

At this point, we can already directly derive the expression for the imaginary part of
the dielectric function in the RPA, which will be of use extensively latter in this

thesis. Using

lim Jm {

v—0

o i’y} = lim 1 = mo(x), (2.37)

where §(x) is the Dirac delta function, and exchanging the order of the summation
and the limit in Eq. (2.36|), we find

Jm {Ek,w} = TV} Z (npﬂ — npﬂw,) 0 (Eerk — Ep — hw) (2.38)
p,o

0

After substituting n, , = % where, L? = A is the area of the 2d system, and L3 =V

is the volume of the 3d system, into Eq. (2.36)), we can carry out the spin summation.

Moreover turning the summation over p into an integration, we find

fO
=91 pik . 2.39
a ’ylir%)/ Ep+k Ep hw — Zh"}/ ( )
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2. DIELECTRIC FUNCTIONS 2.2 Carrier dielectric functions

Here, we have used the notation

p/z (2;)0! /ddp (2.40)

for wave vector integrals which hold for both two and three dimensions. This notation
will prove particularly useful in where many long equations will be

discussed. The imaginary part of the RPA dielectric function thus now reads

Jm{epe} = 27%/ (£9 = for) O (Epia — Ep — hw). (2.41)
p

It will turn out to be advantageous to make the substitution p — p’ = p — g, so that
Eq. (2.39) will take on the symmetric form

0 _ r0
£ =10

p—Ek
-F

d 2
— hw —ihy’

oy, = —2lim
kyw v—0

(2.42)
p+%

b~}
[Nk

p

We assume that the carriers are all in one spherical, parabolic band characterized by
the effective mass m*, cf. Eq. . We scale all wave vectors with the Fermi wave
vector kr and all energies with the Fermi energy Er from Eq. . We use capital
letters for the scaled wave vectors P and K and the scaled frequencies and damping
rates Q and I

v ; oL by

P:E K:E and Q:E—F I‘—EF (2.43)
The carrier energies fulfill £, = ErP?. In this notation, Eq. (2.42) becomes
d _ 2k, d pri —px
Y = _%lil%)(zn)dEF/d Pk —a—ir (244)

In the last step, we aligned the x-axis of the P-coordinate system with K, so that
P - K = P,K. We can now simplify Eq. (2.44)) by carrying out the integration over
the other d — 1 Cartesian axes. Defining the quantities

[ee)
f dPy fIOJZPzeI+Pyey d=2
[ e (2.45)
f dPy f dPZ f%:Pxex+HJey+Pzez d= 37
—0oQ —0oQ
which will be evaluated explicitly shortly, Eq. (2.44]) can be written as a scalar
integral,
[e%9) Fd _ Fd
2k¢ 1 p+E " "p_K
d F : 2 2
O = 77— - lim /dP - . (2.46)
w (27r)dEF 2K I‘aoiC>C> P % — Z%
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2. DIELECTRIC FUNCTIONS 2.2 Carrier dielectric functions

Finally, introducing the dimensionless quantities z = % and u = % used by

Lindhard [41] for easy reference, we write

. A1 F Rl
=———1i dP # 2.47
Y 27 4z T30 P—u—iD’ ( )
—0oQ0
d
with the additional constant A% = (2”)(2:% and D = %
Real and imaginary part of & The real and imaginary parts of ag » from
Eq. (2.47) read
Re {af,} = A 7dP P—u (Fh_. - FP..) (2.48)
Q@ _—— — )
kel ™ 4z D50 ) 21 (P—w)2+ D2\ Pz T PH2
—0o0
Ad dpP D
~ d ar _ (Fd _ pd
Jm{ak’w} 4z $—>0 / 21 (P —u)? 4 D? (FP_Z FP"’Z) (249)
— 0o
When we exchange the limit and the integration, we find
Algy T ap Fp_.—Fp,
Re {akw} = E(p o Piu (250)
—00
d
m{af, b= £IFL-FL) (2.51)
Here, we have used the Poisson representation of the Dirac delta function,
1 D
0(P—u)=lim ————. 2.52
(P—u) = I s D2 (252)
We denote the Cauchy principal value of an integral with .
Note that Eq. (2.50) and Eq. (2.51]) can equivalently be obtained from
Ad 1 Fd  —Fd
d P—z P4z
=—— [dP ————™= 2.
ke T or 4 / P—u 7 (2.53)

ry

with a Landau Contour I'y, for real valued singularities u. Such a Landau Contour is
shown in Fig. in appendix [A] The Cauchy principal value yielding the real part of
the polarizability is the contribution from the integration along the real axis. The
imaginary part of the polarizability stems from the integration off the real axis, the

residue contribution in Landau’s formalism.

After defining the Cauchy principal values

0o
dy 1. dy (. q d
*‘B / a:+y = *il_{%/ ? (Fa:—l-y - y) (2.54)
g
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2. DIELECTRIC FUNCTIONS 2.2 Carrier dielectric functions

we can write the real part of the polarizability as
Ad1l
Re{af,} = o3 (rd.-1l.), (2.55)
similar to Eq. .
The integral I, Eq. has certain properties independent of the precise choice of

distribution function. As the energy only depends on the magnitude, and not one
direction of the wave vector, Eq. (2.22)), the expressions F, Eq. (2.45) have to be even

functions of x, and the I, are consequently odd functions of x. This entails I,—¢ = 0.

The integrand of I¢ fulfills

1Fe —F¢ 29
lim — 2~V _ 2 pd (2.56)
y—0 T Yy wOx

i.e., the singularity in the integrand of I¢ is removed.

The polarizability «, and hence the carrier dielectric function € can be evaluated
explicitly in the classical limit and in the degenerate limit. The classical limit yields
the expression due to Landau [2] discussed in appendix |Al We will now discuss the

general case for nonzero temperature, and afterwards the degenerate, or 1" = 0 limit.

2.2.2.1 Nonzero temperature dielectric function

For the evaluation of the nonzero temperature dielectric functions, we first evaluate
the quantities F'&, Eq. (2.45). In 2d, this yields

Fi? = ELFﬁS_% (26 — P*Er3), (2.57)

with the Fermi-Dirac-integral from Eq. (2.25)). In 3d, an integration best carried out

in polar coordinates yields,

FE=3 = 50 (1B — P2EpB) = —— In (1 4 /4= P*Erp 2.58
P Epﬁgo@ﬁ FB) Epﬂn( +e ), (2.58)
which can even be expressed in closed form. Consequently, the imaginary part of the
three dimensional dielectric function is expressed through the simple expression [63]
chapter 5.5]

d=3 gd=3 if—(u—2)*Erf
_ vi=2 A T 14 et
gm {ef} = In _ ; (2.59)
’ 8z Epp 1+ efB—(utz)?Erp
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The imaginary part of the two-dimensional dielectric function still features

Fermi-Dirac integrals:

o et} = A [ 5y (39— = 25) =3, (3 - st
2.60

We do not give the real part of the dielectric functions explicitly, because there is no

closed form expression for them. They are obtained by substituting the expressions

F f;l, Eq. (2.45) into into the Cauchy Principal integrals Ij‘_g, Eq. (2.54), evaluating the
Cauchy Principal integrals numerically and substituting them into the polarizability

Eq. (2.55). The dielectric function is determined by Eq. (2.34)).

=3

w Asan example, we give some detail of the

numerical evaluation of the three dimensional dielectric function 5%23.

Using Eq. (2.33)), Eq. (2.34) and Eq. (2.55)), we find

Numerical evaluation of 5%

I/d:3 Ad:S

Re {ef P} =+ e (ri=2 - 1552) (2.61)

with

(2.62)

z EFB 5;0 y 1+ efB—(z—y)?Erp
[

I9=3 will have to be calculated numerically and tabulated for every value of i3 (i.e.,

e

10

=3
/)
/'

d
wlg

0.1 S

i

0.001 - BN
0.01 0.1 1 10

Figure 2.3: Plot of 71273 from Eq. (2.62)) against x for g8 € {—5,—1,1,5,10} from
bottom to top. Also plotted are the approximations for large x for the same values of

fip.
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every carrier density) and x. However, the asymptotic behavior for large x can be
calculated more easily. For z > 1, e 2Frfvr « ¢2ErByr 5o that
I4=3 ~ — [ % In [1 +exp (i — ErB(y — x)?)]. If, moreover, the width of the

Gaussian is much smaller than x we can approximate further

4% ~ —% /dy In |1+ exp (58 — Brfly - 2)?)] = _\/%ﬂx /dy tn [1-+ exp (5~ o).
0 0

The last expression has the advantage that it only contains an integral which is
independent of x. Figure shows the numerically calculated I9=3 for several choices

of i, and the approximation for large x.

2.2.2.2 Highly degenerate or zero temperature dielectric function

The expressions for the polarizability oy, above can be evaluated explicitly in the
zero temperature limit. The corresponding dielectric function in three dimensions was
first found by Lindhard [41], and is hence called the Lindhard dielectric function. The
two-dimensional zero temperature electronic dielectric function was later calculated
by Stern [46].

The zero temperature dielectric functions have one very striking difference with the
classical dielectric functions: They are real for a large region of the wave-vector vs
frequency region, while the classical dielectric functions are generally complex valued
for nonzero wave vectors. This means that the natural oscillation frequencies of the
carrier plasma will be real, i.e., undamped, for certain wave vectors and frequencies at
zero temperature, where they were damped due to Landau damping at higher
temperature. That means that Landau damping at T = 0 is restricted to certain

regions of k — w space, the single pair excitation region.

2.2.2.2.1 Single pair excitation region The single pair excitation region is the
region in a wave vector — energy plane where energy and quasi-momentum
conservation allow the plasma excitation to decay into an electron-hole pair. Due to
energy conservation, the plasmon energy has to be the difference between the
electronic energy E, at the electron wave vector p., Ep = Ee, and at the hole wave
vector py, Ep, = Ej. The former has to lie above the Fermi sea, the latter below.
This is is illustrated in Fig. Momentum conservation means that p, = p;, + k,

where k is the plasmon wave vector. We hence find

oo = 22 [ — 2] = +k)?-pi| = - k* + 2k 2.63
B =g [Pe = Ph| = 5 |[(PhHR) = Ph| =5 ‘P (2.63)
Momentum relazation in doped polar 26 Anna Miriam Hauber

semiconductors



2. DIELECTRIC FUNCTIONS 2.2 Carrier dielectric functions

As —kpp, < k- p;, < kpp, and p, < kp, we get

K2 K2
klk —2kr| < hw, < —Ek |k + 2k 2.64
e [ F] < [ [k + 2kF] (2.64)

for the single pair excitation regime. The phrase is used to distinguish from a regime,
in which multiple pairs can be excited, see, e.g., [32]. When expressed in terms of
Fermi energy and wave vector, the long-wavelength boundary of the single pair

k

excitation regime is at EAF = E(LF +2).

Natural oscillations are undamped outside the single pair excitation region, because
they do cannot fulfill energy and momentum conservation for the decay into an
electron-hole pair. At higher temperatures, the Fermi-sea is smeared out, so that the
decay of a plasmon into an electron-hole pair is always possible (if unlikely), and the

natural oscillations are always Landau-damped (if only by a small amount).

Imaginary part of the zero temperature polarizability At zero temperature,
the Fermi-Dirac distribution function Eq. (2.23]) becomes

1 |Pl<1
=31 |pP=1 (2.65)
1 |P|>1

with the wave vector P = p/kp. Consequently, the quantity Eq. (2.45)) is

2v1—-P2 |P|<1
F% = 1P (2.66)
0 |P| >1
in the 2d case and
T(1-P?%) |P|<1
F} = ( ) 1P (2.67)
0 |P| >1
in the 3d case. Using the notation
1 |jzxul<1
Dy = (2.68)
0 |zftu/>1

introduced by Stern [46], we can write the imaginary part of the polarizability as

Al | D_\/1—(u—2)2—Dyy/1— (u+2)2 d=2

m{af,} = = { (u=>2) ; - (ut2) , (2.69)
S0 (w2 - Dy [1-(ut 22} d=3
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This expression contains the claim we made above, that the imaginary part of the
dielectric function is only nonzero in the single pair excitation region. To make this

point clearer, we define the matrix

~ (sen(1+ 2z —wu) sgn(—1+2z—u)
Sgn = (sgn(l —z—u) sgn(—1—2z-— u)> ’ (2.70)

which can have 9 different values for £1 + z — u # 0.

z

= %kr

Figure 2.4: The nine different values of the matrix Eq. (2.70]) in a plan spanned by the
quantities z and u. The lines +1 £ z — u = 0 where sign changes in one of the elements
in the matrix Eq. (2.70) occurs are also included.

These values are plotted as a function of z and u in Fig. [2.4] If the signs in the upper
row of the sign matrix are equal, D_ = 0. If the signs in the lower row of the sign
matrix are equal, Dy = 0. If both of these conditions apply, D+ = 0, and hence

Jm {a,iw} = 0. That means the dielectric function is entirely real in those regions.

If the signs in the upper row of the sign matrix are not equal, D_ = 1. If the signs in
the lower row of the sign matrix are not equal, Dy = 1. If one of these conditions

applies, Jm {ag w} is nonzero, and the dielectric function is complex-valued.

Fig. is similar to Fig. but it shows the sign matrix Eq. for wave vectors
k > 0 and frequencies w > 0. We see that the borders of the region where

ﬁm{agw} # 0, are the parabolas u = z £ 1, or hw/Er = k/kp (k/kr £ 2), i.e., the
borders of the single pair excitation region Eq. .
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u=142
u=z-—1
25 fu=1-2 i
& - -
8 2t |- - - - :
~
2
s 1.5 + g
S
]
S
o
o 1F i
&3
+ - + +
0.5 + + — — — ] A
0 1

0 0.5 1 1.5 2 2.5 3
Wave vector k/kp
Figure 2.5: Values of the sign matrix defined in Eq. (2.70)) in the part of the wave
vector—{requency plane where the wave vector k > 0 and the frequency w > 0. The

T = 0 dielectric function in 2d and 3d only has imaginary contributions in the shaded
areas, and is real elsewhere for k£ > 0 and w > 0.

Real part of the zero temperature polarizability The real part of the zero
temperature polarizability in 2d is [40]
Ad:2
Re {aﬁzf} = {22 — D_sgn(z —u)y/1 — (u—2)2 — Dysgn(z +u)y/1 — (u+ 2)2} :
’ z
(2.71)

and in 3d is [41]

_ AT=3 |1+ 2z —ul 11— 2z —ul
d=3) _ hre—uwpr 0 o] H—2-ur 2
%e{a,w}— < {4Z+ln\1—z+u| [1 (u z)} hl]l—i—z—i—u\ {1 (u+z)}}

This means the real part of the Lindhard dielectric function is

Re {a%fﬁ} =™
I/fcl:3 Ad=3

o {4z+ln|1+2_u|[1—(u—z)2}—1n|1_2_u|{1—(u+z)2}}

1 — 2+ ul |1+ 2z + ul
for 1+ z+u#0. (2.73)

See for a step by step derivation. Je {agi}?’} has singularities at the arguments of
the logarithms, see Fig. and Fig.
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2.2.3 ’Jm{g;—l} and the f-sum rule

As mentioned in the imaginary part of the inverse dielectric function is a
crucial quantitiy in this thesis. In this section, we discuss some features of the

imaginary part of the inverse carrier dielectric function.

2.2.3.1 3m{—1}

Ek,w

(a) (c)
8 . . 1 8 1
7 L Re(ek,w)=0 /| 7 a
Bgundaries of pair
56 - excitation region - 5 6 -
= =
= ’ g° i
o4 - 0.5 5.4 - 0.5
56 56
g3 - g3 -
= =
& 2 i & 9 i
1 - 1 i
0 L 0 0 ° 0
0 1 2 3 4 4
Wave vector k/kr
(b)
8 . : 1 1
7 L Re(é‘k,w)=0 | /|
Botindaries of T=0
5 6 pair/excitation region — 4
=
E 5 . 4
-4 1M 05 1M 05
56
g3 - 8
=
S5y i |
1 = .
0 L = 0 . 0
0 1 2 3 4 0 1 2 3 4

Wave vector k/kr Wave vector k/kr

Figure 2.6: jm{jio} as a function of wave vector and energy E' = hw. The left
column, (a) and (b) show the three-dimensional dielectric function for electrons in
GaAs. The right column, (c¢) and (d) show the two-dimensional dielectric function for
electrons in the z = 0 plane in GaAs. In first row, (a) and (c), the temperature is 7" = 0.
In second row, (b) and (d), the temperature is 7" = 300K. In the three-dimensional
case, the electron density n = 5 x 107em™3. In the two-dimensional case, the electron
sheet density ng has been chosen so that the Fermi-wave vector is the same as in the
three-dimensional case: ng = %(3%271)% ~ 9.6 x 10"em =2, All subplots have the
zeros of the real part of the dielectric function and the boundaries of the T = 0 pair

excitation region marked Eq. (2.64]).

In this section, we discuss some properties of the imaginary part of the inverse

dielectric function. The quantity

Jm{ ! } = Im {en} (2.74)

hew | Im{ep}? + Re{epn}?

is a measure of the strength of the collective excitations described by the dielectric
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function depending on their wave vector and frequency, e.g.[63].

This is particularly evident for excitations where Jm {ey ,} is zero, or very small. As

Jm {a;—l} is proportional to the Poisson representation of the delta function,

Eq. (2:52),

Jm {;k%} — 70 {’ifie {6,“,}’} = 7722: m for Jm{e} — 0, (2.75)

where w} are the zeros of the dielectric function. When Jm {ej,} vanishes, Jm {%}
is proportional to a delta function. This behavior is the signature of an undamped
collective excitation. In the case of carrier dielectric function, this excitation is an
undamped plasma excitation. We can observe this in Fig. [2.6{a) and (c), which show
Eq. in the three- and two-dimensional case, respectively. Jm {e,} = 0 outside
the single pair excitation region Eq. . Consequently, outside the single pair
excitation region, Jm {i} is a delta-peak at the zeros of Re {ey,,}. As delta-peaks

are invisible in our color plot, we have marked the line with Re {4} = 0 in Fig. [2.6

Inside the excitation region, there is a broad peak, which is associated with the decay

of the collective excitations into quasi-electron and quasi-hole pairs, as discussed in

[paragraph 2.2.2.2.1] Hence, the plasma excitation is damped inside the single pair

excitation region. Note that the line where fRe {ej ., } = 0 extends into the single pair

excitation region, but there is no delta peak, because Jm {e ., } > 0 inside that region.

For nonzero temperatures, the boundary between damped and undamped plasma
excitations is blurry. As in the classical limit (cf. appendix , all plasma excitations
are damped. However, the magnitude of the damping depends strongly on the wave
vector and frequency. As can be seen in Fig. (b) and (d), Jm {i} has a sharp

peak for small wave vectors, and broadens strongly for higher wave vectors.

In the long-wavelength limit, the imaginary part of the dielectric function vanishes for
all temperatures, and Jm {E:—l} is a delta-peak at wp, the plasma frequency. In the
3d case, the plasma frequency Eq. (2.17) is independent of wave vector k. In the 2d

case, the plasma frequency is proportional to k for small wave vectors k.

2.2.3.2 The f-sum rule

Sum rules [63], [32] make statements about integrals of the imaginary part of the
inverse dielectric function times a power of frequency over frequency The derivation of

the so-called f-sum rule can be seen in [63], for example. As the f-sum rule is exact,

we can use it to test if our numerical evaluations of Jm {E;—l}, and especially the real
,w
part of the dielectric function, are correct. For carriers in a vacuum, i.e., €*° =1, the
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f-sum rule can be written as [74]

o0 1 dpd.2
/ dwwﬁm{ } = T (2.76)
0

Ek,w 2m

with d = 2 for two dimensions and d = 3 for three dimensions. For carriers in a

medium, this has to be changed to

o0 00 d de
/dw wjm{ c } — T (2.77)
0

Ekw 2m*e>®

In 3d, this is
o0 0o o
/dw wim {—E} = §w% (2.78)

i.e., the integral over wjm{ } is proportional to the square of the plasma

frequency Eq. (2.17]).
Eq. (2.78) also holds in 2d, when we take into account that the two-dimensional

plasma frequency depends linearly on the wave vector k:

=1
€k,w

_ 2rnd=2¢2
(w%—z)k =27 Tk (2.79)

m*e™>

Zero temperature dielectric functions in two and three dimensions In the
case of the zero temperature dielectric functions, there are two distinct contributions
to the sum-rule integral:
The first is from the undamped part of the dielectric function, E@ < ki (kL + 2),

F F F
where the imaginary part of the dielectric function is identically zero. With
Eq. (2.75)), the delta-contribution to the f-sum rule integral is

/dw wm {_ € } =1 m(wp)k for all k with E@ < kﬁ (kk + 2) - (2.80)
Ckw ‘%9% {5k,(wp)k}’ F F \kFp

The second contribution to the sum rule integral is from the damped part of the

dielectric function. The damping broadens the peak, making
500
/ dwwIm { - (2.81)
Ekw

numerically integrable. Figure shows how the two contributions add up to the

result predicted by the f-sum rule in 2d.
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Figure 2.7: f-sum rule integral [dwwJIm {— } for the T' = 0 dielectric function of
0

€k,w
electrons in a two-dimensional plane in GaAs as a function of wave vector. The sheet
density is ng = 9.6 x 10'tem ™2, as in Fig. . We give the contributions from inside
and outside the single pair excitation region, i.e., for the damped and the undamped
plasma excitation separately.

Nonzero temperature dielectric function For the nonzero temperature case of
the RPA dielectric function, we calculate the sum rule integral entirely numerically.
In the wave vector - frequency region without sharp peaks in the energy loss function
o Jm{1/e} this is not problematic, but for small wave vectors or low temperatures,
there are almost delta-shaped peaks. Approximating them as actual delta-peaks
positioned at the zeros of the real part of the dielectric function can be the easiest

way to integrate them.

2.3 Total carrier and lattice dielectric functions in bulk

semiconductors

In a polar semiconductor, we have to take into account the polarization due to the
motion of the ions, and the electrons in the valence and the conduction bands. This

yields the total displacement field
Dy, = By + 47 (P50 4 P}, + PI') = €L B, (2.82)

with the polarization PP" due to the polar phonons, P¢~"€"¢¢ due to valence

electrons. and P¢ due to free carriers, which might be electrons or holes. The
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Table 2.4: Important energies in GaAs for the electron concentration n = 5 x 10'7em ™3
hwro hwro hwp hwy hw-  Ep

Energy (meV) 36.14 33.25 30.45 39.84 2541 34.29

Energy/Ep 1.0 097 088 116 074 1

Phonon content (%) 70.12  29.88
corresponding total dielectric function is

giot =1+ Xz—valence + ijw + ijh
(2.83)

=1+ (> -1+ (52,w - 600) + (Eﬁh - 500) =ePh 4 Ehw — €

h
c/ph — 55/10 — &%°, because both

Note that the carrier and phonon susceptibilities are x
the phonon and the carrier dielectric function above include the contribution from the
valence electrons. This is not always the case in the literature. In discussion of the
carrier dielectric functions [41} 59] , especially for the carrier dielectric function of a
single parabolic band, it is natural not to include the response of the valence
electrons, because they are not part of the model. In discussion of the lattice
dielectric function, the valence electron response is often included. It is thus

important to be aware of the convention when combining dielectric functions.

2.3.1 Total dielectric function for a polar semiconductor in the
long-wavelength limit

We discuss the k£ — 0 limit of the total dielectric function in bulk semiconductors first.

2 2 . 2
w — wW" —w w
eloty, — e (Lo "B TP (2.84)
: who —w? —iwy  w

See Fig. for an example of the long wavelength dielectric functions in a polar

semiconductor.

Coupled modes in the long-wavelength and low damping limit In many
polar semiconductors, the damping rate + is small compared to wro and wro, see [3,
Tab. 6.5]. In room temperature GaAs, e.g., v = 0.007wro. Hence, it is often assumed

that the ionic motion is entirely undamped. In this case,

2 2 2
tot  _ oo [ WLO — W wp
€w’,y:0 =£ 5 5 To > (285)
wTo — W w
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wro

I T Eph
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Figure 2.8: Long wavelength dielectric functions in GaAs for an electron concentration
of n =4 x 107em™3 in the absence of damping, as a function of frequency. The solid
blue line is the total dielectric function Eq. , the purple line with dots is the lattice
dielectric function Eq. with v = 0, and the green line with crosses is the carrier
dielectric function Eq. (2.18]). Also marked are the high and low frequency limits of
the dielectric function e* and €°, and the LO-, TO- and plasma frequencies, wr,o, wro
and wp.

tot

the natural oscillation frequencies w4, the zeros of ¢ obey the bi-quadratic

w,y=0"
equation
wi —wl (w%o + w%) + wihwio =0 (2.86)
1 1
or wh = o (who+wh) £ 5 (who +wh) — dwpwlo (2.87)

We will call these oscillation frequencies coupled collective mode frequencies, because
they are hybridized plasmon-phonon excitations. Fig. 3.3 shows them in GaAs for a
range of conduction band electronic density and hence a range of plasma frequencies.
We can see that when the plasma frequency is much smaller than the optical phonon
frequency, the coupled collective mode frequencies almost coincide with the plasma
and the LO-phonon frequency. When the plasma frequency is much larger than the
optical phonon frequencies, the coupled collective mode frequencies are almost
identical to the TO phonon frequency and the plasma frequency. Only when the
plasma frequency and the optical phonon frequencies are of the same order of

magnitude do the coupled collective mode frequencies differ significantly from wp,
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wro or wro. We will call the parameter range in which this happens the strong

coupling regime. To quantify this, we introduce the strong coupling density nc, with

w? om*e™

yooe (2.88)

ne =
In GaAs, the strong coupling regime is roughly 10'7em ™3 < n < 10'8em ™3, with
ne = 7.04 x 1017em 3.

2.3.2 Total dielectric function of a polar semiconductor in the RPA

For the total dielectric function in the RPA in three dimensions, we use Eq.
with the ionic dielectric function €2 Eq. , discussed in which is
independent of wave vector altogether. In general, we use a temperature dependent
RPA carrier dielectric function for £k as discussed in great detail in Its
real part is described by Eq. and its imaginary part by Eq. (2.59)). To
emphasize the differences between the dielectric functions, we also discuss the zero

temperature total dielectric function in the RPA, where the carrier dielectric function

is the Lindhard dielectric function discussed in [subsubsection 2.2.2.2| Its imaginary
part is described by Eq. (2.69), and the real part by Eq. (2.73]).

In [subsubsection 2.2.3.1] we established that the imaginary part of the inverse

dielectric function Eq. (2.74) can be used as a measure for the strength of the
collective excitation. In this section, we investigate the imaginary part of the inverse
total dielectric function in the RPA, Jm{ = } depends on temperature and the

anharmonic damping rate. We can 1dent1fy three different effects:

Firstly, the delta-peaks in the plots for 7' = 0 start to blur abruptly as soon as they
move into the single pair excitation regime. This can be seen in the plots of the
imaginary part of the inverse dielectric function for 7= 0 (Fig. —c). Fig. 2.9
shows Jm{ } and Fig. , shows Jm{ e::t} where the electronic dielectric
function is the T = 0 RPA dielectric function, and the lattice dielectric function is the
undamped (y — 0) limit of Eq. (2.11)). This shows that the excitation of

quasi-electron-hole pairs is captured by the RPA dielectric function, as expected.

Secondly, the damping rate in the lattice dielectric function broadens the LO-phonon
peak from a delta-peak to a Lorentzian, and also has an effect on the width of the
coupled peaks before they reach the single pair excitation regime, see Fig. (b)

and (e).

Thirdly, the temperature dependence in the electronic part of the dielectric function
again broadens both coupled peaks. Moreover, it causes the boundaries of the single
pair excitation limit to blur. For an example, compare Fig. [2.9h-c with Fig. [2.9d-f,
which show jm{ tot} for T' > 0. This blurring occurs, because of the thermal
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Figure 2.9: Imaginary part of the inverse dielectric function jm{—%} in GaAs with
n =5x10"em™3 at T=0 (a-c) and T=300K(d-f) as a function of wave vector k and
energy E = hw. The dielectric function in each of the subplots is the electron dielectric
function in (a) and (d), the total dielectric function with an anharmonic optical phonon
damping rate v = 0 (b) and (e), and the total dielectric function with an anharmonic
optical phonon damping rate v = 0.007wro (¢) and (f). As the delta peak at the
zeros of Re {5?&} is infinitely sharp at zero temperature, it does not show in the color

plot. To make up for this, lines with ‘Re {ezofj} = 0 are also marked.
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excitation of quasi-electrons and quasi-holes from the Fermi sea. In the classical limit,

this contribution to the damping of the modes is referred to as Landau damping[2].

In the long wavelength limit k£ = 0, we can make out the two peaks in Jm {—Eti:o}
k=0,w

at w = w4 discussed in [subsection 2.3.1} independent of temperature, see

Fig. 2.9(b),(c),(e) and (f) at k = 0.
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Chapter 3

Carrier scattering by coupled

polar phonon and plasmon modes

In this chapter, we review how carrier—coupled phonon-plasmon collective mode
scattering is calculated. We start with the description of the energy relaxation rate as
given by Kim et al. [36]. We are not interested in energy relaxation as such, but in
the carrier-coupled mode scattering matrix element squared (we will refer to it a
“scattering rate” for the sake of brevity from here on) as described by Fermi’s golden
rule [75], because this quantity will be used throughout this thesis. This scattering
rate is determined by the imaginary part of the inverse total dielectric function. We
examine the scattering rate more closely for carrier scattering with damped and
undamped LO-phonons, and see that our approach of describing the scattering in
terms of continuous modes with the damping expressed through the imaginary part of
the dielectric function is equivalent to a description with discrete modes, where the
damping is accounted for explicitly as the imaginary part of the mode frequency
which enters into the expression for energy conservation in Fermi’s golden rule. We
show explicitly that carrier—plasmon scattering can be expressed equivalently as

carrier—carrier scattering.

In we extend a calculation by Maslov [45] to polar heterostructures with
anisotropic dielectric functions to be able to describe the scattering between carriers
and interface polar optical modes in terms of the imaginary part of the inverse of an
effective dielectric function of a polar semiconductor heterostructure involving the

anisotropic material MoSs.

In we discuss why momentum relaxation due to carrier—coupled mode
scattering is more difficult to capture than energy relaxation, and analyse one

approximate treatment of momentum relaxation.
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3. CARRIER SCATTERING BY COUPLED POLAR 3.1 Carrier-coupled plasmon-phonon mode
PHONON AND PLASMON MODES scattering: energy relaration

3.1 Carrier-coupled plasmon-phonon mode scattering:

energy relaxation

Kim et al. [36] give the energy relaxation time Tf for a carrier scattering with a
coupled plasmon-phonon mode. For our case, where the carrier wave functions are

described by plane waves, and we only have one band present, this is

1 [e.@]
= /dﬁw /f,‘.? (1 - S,k) (1 + Ng) § (Ep—r — Ep + hw) Wy, (3.1)
—00 k

in our notation[tl We use the notation

k/ = (2717) y / dk (3.2)

for wave vector integrals in d dimensional semiconductors. Here, the superscript “E”

stands for energy, to distinguish the energy relaxation time 7% from the momentum
relaxation time 7, which will be discussed later. N0 is the Bose-Einstein distribution
function

NY !

w = oW _ 1’ (3.3)

where = kf%T’ the inverse of the thermal energy, was introduced in [subsection 2.2.2|,

as was the Fermi-Dirac distribution fg for carriers of wave vector p. The quantity

Wi = 2%%1 {s’,;li,} (3.4)
gives the probability of a carrier being scattered by a coupled plasmon—LO-phonon
mode, given that the mode is occupied, per unit time and reciprocal space volume.
We will use the expression carrier-coupled mode scattering rate for Eq. . Note
that we use a convention, where w can be negative [49]. Consequently, the energy
relaxation rate Eq. contains a contribution from the emission of a coupled mode

(w > 0) and a contribution from the absorption of a coupled mode (w < 0).

The scattering rate formally becomes negative for w < 0, because W,S’fw = _ng,w
yet the product W,a_w (N,g_w + 1) = W,SMN,SM is always positive, because
ng,fw +1=-—-N ,gw. We use this convention for the sake of brevity. However, it is

important to keep in mind that both the emission and absorption contributions

matter. (Compare [44], which stresses this issue in a correction to [43].)

Kim et al. [36] discuss this result in the cases where the total dielectric function £ is
made up of the Lindhard dielectric function for the electrons and an undamped lattice
dielectric function of the type Eq. (2.11)). We will apply it to the total RPA dielectric

!We think Kim et al. [36] are missing a factor 2 in their equation 12, which we corrected.
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function Eq. (2.83) discussed in [subsection 2.3.2) where the carrier dielectric function

is temperature dependent and the lattice dielectric function is damped.

The expression Eq. can be derived by evaluating the probability for a scattering
event with Fermi’s Golden rule [75] (or, equivalently, in the Born approximation), in
terms of the dynamic form factor [38]. With the dissipation-fluctuation

theorem [76), [77), [78], the scattering probability can be cast in terms of the dielectric
function and distribution function of the collective excitation. This derivation has
been given on a fairly abstract level [47], or with more detail [36]. We will roughly
sketch out the derivation, but then motivate it extensively by discussing the
scattering rates for the more familiar limiting cases of carrier—carrier scattering and

carrier—LO-phonon scattering.

Derivation In the Born approximation, the probability Py, per unit time that a
carrier transfers energy to collective excitations with wave vector k and frequency w
through inelastic scattering, can be expressed through the dynamical form factor S .,
of the system,
2

Pk,w = kaSk,w (3-5)
see [32 chapter 2.6],[47]. The v}, were introduced in Eq. (2.35)). If the system is in
equilibrium, the dynamical form factor can in turn be expressed through the

imaginary part of the density-density response function x
- _ 1 -
Im (X} = 7 (1= ™) Spe or Sp=—— (NJ+1) Imine (36)

through the fluctuation-dissipation theorem[32] [77, [76]. The density-density response
function is related, but not identical to the susceptibility discussed in
Using [32] chapter 4]

1 _
— =1+ Vi Xk w (3.7)
Ekw

yields an expression for the dynamical form factor in terms of the imaginary part of

the inverse dielectric function

Ske = ——Jm <_1> (NO+1). (3.8)

TV Ek,w

The zero temperature limit (with N0 = 0, and the T=0 or Lindhard dielectric
function [41]) of this expression is more commonly cited (cf. [79, 63, 22]). With

Eq. (3.5)), we find
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Similarly, the probability per unit time that a carrier absorbs energy from a collective

excitation is

~1
P == Jm{ }NO (3.10)

In our discussion, it is useful to isolate the occupation factor from the probability, and
writing

P = Wi, (NS +1) (3.11)

leads to Eq. (3.4).

3.1.1 Carrier—carrier scattering

In this section, we show the connection between carrier—carrier scattering, and
carrier—plasmon scattering. We follow the presentation in [22] and [32], but we give

expressions which also hold for nonzero temperatures.

According to Eq. (3.1)), the energy relaxation time for an electron due to the

interaction with a plasmon is

1 vy, Jm
= = // |2}fp(1—fp W1+ NS) O (By g — Bp+ hw) (3.12)
P
Here, we have substituted the carrier-plasmon equilibrium scattering rate Eq. (3.4))

2y, -1 2y, J‘”{gﬁw}
0 k ~ k )
W, im{ —— = 7 1
" h {@c,w} h ‘52@’2 (3 3)

with the carrier dielectric function ey ,. Using the definition Eq. |) of the
imaginary part of the dielectric function, Eq. (3.12)) becomes

4
///h””’“ 5 (Ep-k — Ep+ hw) 6 (Eqyi — Eq — h)

|€k W
< fS = fpi) (£9 = forse) (NS +1) (3.14)

Using the equation of detailed balance Eq. ((C.3b|) discussed in appendix we can
eliminate the plasmon distribution N2 for carrier distribution functions. Moreover, we
can carry out the integral over w, thus eliminating the plasmon frequency from the

equation. The resulting energy relaxation rate only contains carrier quantities.

ﬁ:// g 25(Ep—k_Ep_Eq+k_Eq)fp (1_fp—k) fq (1_fq+k:)
p
6k,(}Eﬂ*ﬂ,,,,c)/)‘z
(3.15)
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To highlight that this describes an interaction of two carriers with the initial

pPsp—k q=q+k

b q

Figure 3.1: Schematic explaining wave vector transfer between carriers in carrier carrier
scattering. The blue circle stands for the carrier—carrier interaction with a matrix
element < I >.

momentum p and g, and final momentum p’ = p — k and ¢’ = q + k for all possible
sets of k and g, we express Eq. (3.15) as

e [ - ) (- 5) 19

vdaq e (Ep—Ep/)/h

x6(p'+qd —p—q)0 (Ey — Ep — Ey — Ey)

This is also a proof that Eq. (3.1) with Eq. (3.4) describes the energy relaxation time
for a carrier interaction with a carrier gas. Note that the carrier—carrier scattering is
mediated by the screened Coulomb interaction, v /e, rather than the bare Coulomb

interaction vy.

The energy relaxation time discussed here is related to the lifetime of a quasi-particle
in the RPA electron gas, which was first expressed by Quinn and Ferrell [80]. We
show how this expression is evaluated explicitly in appendix [C.2.1}

3.1.2 Carrier—longitudinal optical-phonon scattering

According to Eq. (3.1)), the energy relaxation time for an electron due to the

interaction with an longitudinal optical phonon is

nl? / / 2 }fp( — o) (14 N2) 8 (Bpor = By + hw)  (3.17)

| ph|2
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Here, we have substituted the carrier-plasmon equilibrium scattering rate Eq. (3.4))

~ h
2, —1] 2y Im {EZZ }
Wl ==E7 — = = 3.18
k,w h m {egh} h |€€)h|2 ( )

With the lattice dielectric function 522), Eq. 1' this can be written explicitly as

2 2
ng _ 20 Wi o — Wro wry
7w - 2 °
hooe® (Wi —w?) +why?

(3.19)

3.1.2.1 Carrier—longitudinal optical-phonon scattering without damping

If the anharmonic damping rate - is vanishingly small, the scattering rate becomes a

delta-function

2 2
0,7=0 _ 2Tk Wio — WTo 2 2
Wy, =sgn(w) . = d(wip —w

h 2wrpoe™® [0 (weo —w) = d(wro +w)]. (3.20)

Here, we have used Eq. (2.52)), the Poisson representation of the Dirac delta function.

Introducing the unscreened Frohlich scattering strength
1 1
F =y 2Lo ( - > . (3.21)

the energy relaxation time can be expressed as

- 27
W = — B [b(wro —w) —d(wro +w)] (3.22)
Consequently, the energy relaxation rate [33] is ‘%E = T% + L with
P P Tp
1 27 0 1+1 E, ) —Ep 0 0
=5 (Nww + 2) /F,g(s (h twro ) fo (1= fok),  (3:23)
k

compare the expressions by Ehrenreich [33] and Kim et al. [36] derived from the
Frohlich Hamiltonian [81].

3.1.2.2 Carrier—longitudinal optical-phonon scattering with damping

For nonzero anharmonic damping +, the frequencies where z—:iflw, =0 are
> gl
W=+ fwi, — v 25 with wro > 5 (3.24)
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——Tim(—1/en (& — L) with y = 22
2+ L(w)™8e with ¢ = 240
-L(—mw) ™4 with v = =42
1L
0
1L
-2 L
Im(=1/eb")/(z — v) with v = 462
-2 -1 0 1 2
Frequency w/wro
Figure 3.2: Scaled imaginary part of the inverse dielectric function ﬁm{——} /(L
1) from Eq. , and the scaled Lorentzians that make it up, for a very large
damping rate v = %42 as a function of frequency w. The frequency-axis is scaled by
the LO- phonon frequency wro. The imaginary part of the inverse dielectric function
5Im{— ph (L ) is also plotted against frequency for v = 4k€ — note the scaling
factor 50

and we can write

Jm {—ih} - (;O - ;) w10 5 [2() — 8(~)] (3.26)

with the scaled Lorentzian £(w) defined as

R

(w) = - =20

. (3.27)
“lo = (3 (w = fulo - (3)2) +(3)?

Fig. |3.2[ shows how the antisymmetric function Jm{— ph} is made up of the two
Lorentzians Eq. at positive and negative frequency With Eq. - we can

write Eq. - as

2

WP, =~ FE() — £(-w) (3.28)
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in complete correspondence to Eq. . Comparing the scattering rates for
undamped phonons Eq. with the one for damped phonons Eq. , we see
that delta function at w = +wro in the undamped case is replaced by a Lorentzian at
w= :I:\/w%o — % of with 3. These two are of course the same in the limit v — 0.

We can now write the energy relaxation time as

1+1 1
ey e * | S (£ B Bp) (329

h

1 _27r w 0 0
T;—hk/kap(l—fp—k) N

which means that the energy-conserving delta function in Eq. (3.23)) has been
replaced by a scaled Lorentzian in Fermi’s Golden rule. This can be interpreted as
energy conservation being smeared out, because the energy of an excitation is only

defined exactly when the lifetime is infinitely long (cf, e.g. [26]).

In the cases where we are concerned, the damping rates are much smaller than the

excitation frequencies, a typical value being ﬁ ~ 0.01, compare Tab.

Eq. (3.29) and Eq. (3.17)) with the scattering rate Eq. (3.19)) are equivalent.

Eq. (3.29) expresses the energy relaxation in terms of the single, damped mode
described by Eq. (3.24)). The scattering strength F}! is always the same, but energy

conservation is smeared out.

Eq. (3.17)) involves an integral over a all possible frequencies w. The scattering rate

Eq. (3.18]), which depends on the real frequency w, is proportional to Jm {;}L},

which is a measure for the strength of damped LO-phonon excitation at each

frequency. Energy conservation is explicitly enforced at each frequency.

In the long wavelength limit, and with only a single mode present, these two
approaches are equally useful. In general however, where both the frequency and the
damping rate of an excitation depend on wave vector, and where several modes might
be important, energy-conservation would not be smeared out by a simple Lorentzian,

but by a complicated function Dzwz
2 . . .
ng,w = ? Z Flé[ i:,w - D;c,fw] (330)
i

We adopt the approach, where the damping is accounted for in the scattering rate,

rather than in the energy conservation, for the rest of this thesis.

An example for a more complicated scenario is Eq. , where the energy
relaxation of the carrier is due to a single plasma excitation which is damped through
Landau damping. In the energy relaxation due to carrier—coupled phonon-plasmon
mode scattering Eq. , the damping of the plasmon mode is caused by Landau

damping, and the damping of the phonon mode is due to anharmonic damping. This
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reflects in the scattering rate Eq. , where the finite width of the peaks in W,gw,
cannot, in general, be attributed to either Landau or anharmonic damping, but only
to a mixture of the two. (Compare the discussion of plot of Jm{i} in Fig. in
lsubsection 2.3.2|)

3.1.3 Common approximate treatments of carrier—coupled
phonon-plasmon mode scattering

We now briefly discuss a few common limiting cases of Eq. (3.4]), which can be

expressed in terms of discrete scattering strengths, because the collective excitations

are undamped (cf. [subsubsection 2.2.3.1). As our approach contains all the relevant

information about the system in the dielectric function, this means making the
appropriate approximations for the dielectric function. These approximations often
are that the imaginary part of the dielectric function vanishes in a certain region. As
the scattering rate ng,w from Eq. has the form of the Poisson representation of
the delta function for small Jm {e'*'}, we see that when the imaginary part of the
dielectric function vanishes, W,S}w becomes a delta function at the zeros of the real

part of the dielectric function,

som{ 22} 5(@45@?@}]):2% for (=} 50, (331

— | 0 tot
k,w 1 &USRQ {€k7w

where wj, are the zeros of the total dielectric function. Consequently, the treatment of
the problem is now in terms of discrete modes rather than a continuous spectrum,
and it will be convenient to describe the scattering in terms of the scattering strength

F' of each mode 4 than in terms of the continuous scattering rate W,? w>

2

Wy, = F[0(w—wi) =6 i 3.32
o g_h k0w —wi) = 0w + wi)] (3.32)

with the scattering strengths
Fi = Uk . (3.33)

0 tot

This reproduces the unscreened Frohlich scattering strength F}' in Eq. (3.21)) if we set
sfgozj = P with P! from Eq. {D with v = 0.
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Figure 3.3: (a) Coupled mode energies hwy from Eq. in n-type GaAs in the
long wavelength limit (thick lines) as a function of carrier concentration n in three
dimensions. Additional horizontal grid lines mark the LO- and TO-phonon energy. The
thin line indicates the plasmon energy fuwwp(n) in the long wavelength limit . (b) Carrier
scattering strength F*, Eq. of the coupled modes (thick lines), the plasma mode
F? Eq. (3.35)(thin), as a function of the carrier concentration n in three dimension. All
scattering strengths are divided by the LO-phonon scattering strength F“. Both plots
have a vertical grid line marking the critical density nc where wp = wro. The more
phonon-like of the two coupled modes is marked with open squares.
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3.1.3.1 Carrier—coupled phonon-plasmon mode scattering in the

long-wavelength limit

In [subsection 2.3.1] we described how the coupling of the long wavelength plasmon

and LO-phonon excitation gives rise to the two coupled natural oscillation frequencies
wy in Eq. (2.87). The scattering strength for each coupled mode follows from
Eq. (3.33) with the long wavelength and undamped limit of the total dielectric

function, Eq. (2.85),

2 2
Wt Wi — Wro

k 2 P
26 wi —wr

Fr=y (3.34)
(Compare Kim et al. [36]’s screened Frohlich scattering strengths F? (w4 ) in their
Eq. 33.) The last fraction in Eq. (3.34) is always positive. For comparison with

carrier-plasmon scattering, we introduce the plasmon scattering strength

wp
FP =y ——. 3.35
k 2e° ( )
These quantities are useful for comparisons between expression in terms of a
continuous mode frequency and a discrete mode number. We show these different

scattering strengths for a range of carrier concentrations in n-type GaAs in Fig. [3.3pb.

Equivalent expressions for the long-wavelength scattering strength Eq. (3.34) have
been derived by Ridley [26] and Fischetti et al. [I]. We will demonstrate this
equivalence explicitly in appendix

3.1.3.2 Carrier—longitudinal optical phonon scattering with

Thomas-Fermi screening

This section discusses Thomas-Fermi-screening of LO-phonon modes, which holds for
high carrier densities and nonzero wave vectors. In cases where wp > wro, the carrier
dielectric function is often approximated by the Thomas-Fermi limit

k2
c:€oo+ TF

€5 . (3.36)

where krp is the Thomas-Fermi wave vector, e.g. [24]. Whenever we take this to hold
in a medium, where > # 1, a little caution is necessary. The term k]:T—QF is the
Thomas-Fermi limit of the susceptibility of the free carriers, so krr does not depend
on €. It can be useful to write the Thomas-Fermi limit of the dielectric function in

: x _ krp
terms of a scaled Thomas-Fermi wave vector k7 = N

1+ (k;fﬂ (3.37)

ep=¢>
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ﬁmg kr can be expressed through

the effective Bohr radius af from Eq. (2.20)), with af oc ™.

The scaled Thomas-Fermi wave vector, k7., =

Assuming that the lattice dielectric function is undamped, v = 0, this yields zeros of

the total dielectric function at the frequency [36]

2
2 k 2
wiro + | = Wio
WIF = () (3.38)

L+ ()

[~

with the scattering strength [33] [36]

ko 0o ) TF )2 ()2 ' ’
k LO TO

In this approximation, the frequency of the single relevant mode goes from wpp at
k=0 to wro at k — oo, while the scattering strength goes from zero to the
LO-phonon value Eq. . Note that it is the scaled Thomas-Fermi wave vector
kT, and not the Fermi wave vector krp itself which determines the length scale on
which ng moves from wro to wro. (w,{F and Fg F are shown in Fig. and

Fig. in the context of [chapter 5|)

3.2 Screened interface phonon scattering

In this section, we show that the expression Eq. (3.4) also holds for two-dimensional
semiconductor heterostructures, as long as we find the appropriate dielectric functions
for these composite structures. Specifically, we show that this holds when the carriers

are confined to a single interface, i.e., we consider them as truly two-dimensional.

Maslov [45] did this to describe the Coulomb drag between a 2d electron gas (2DEG)
in interaction with a 3d electron gas. His approach has been applied to Coulomb drag
in various heterostructures, e.g. [82} [60], and also to remote phonon scattering, the

interaction of a 2DEG with the surrounding optical phonons[83]. We will refer to this

as screened interface phonon scattering.

Following Maslov [45], we use the fluctuation-dissipation theorem to describe interface

scattering with the scattering rate
Wi o [der [deavdaud(z2)Im {pnu(en, 22)) (3.40)

where the z-axis is perpendicular to the interface and k is the wave vector component
parallel to the interface and w the frequency of the relevant excitation. ¢y (21, 22) is

the electrostatic potential at point z; introduced by a point charge at z. ¥, (2) is the
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transverse wave function of the carriers in the n'* subband.

If we take the interface to be infinitely thin and situated at z = 0, 1, (2) x (5(2)E|, S0
that
Wi, o Im { (21 = 0,20 = 0)} (3.41)

and we only have to determine the electrostatic potential ¢ ,(0,0) at z; = 0 due to a
point charge at zo = 0. We will drop the argument 2o = 0 on ¢ in the subsequent

discussion.

3.2.1 Solution of the Poisson equation in a heterostructure of

anisotropic dielectrics

As Maslov [45] discusses a case with isotropic dielectrics, we show the solution to the
Poisson equation for a heterostructure of anisotropic, dispersive media, and a sheet
charge density in an interface at z = 0. We need a solution of the Poisson equation
which captures anisotropy, because we want to treat materials with anisotropic
dielectric constants such as hexagonal boron nitride (BN) or MoSs, cf.

The potential ¢(r,t) fulfills the Maxwell equation, [0, [31]

VD(r,t) = 4np(r,t) or Z J'D(r,t) = 4mp(r,t) (3.42)

where the sum runs over the Cartesian axes. The dielectric displacement D has the

Fourier components

Dy, =Y clE], (3.43)
j

with the dielectric tensor %, which we assume to be independent of wave vector k.

The electric field E has the components
Ei(r,t) = =& p(r,t). (3.44)

In the absence of external charge p, and for a constant or sufficiently slowly varying

dielectric tensor, the Laplace equation

Ze” )0 p(r,t) =0 (3.45)

holds. If we assume that the interface is aligned with one of the principal axes in the
crystal, € = 6% becomes diagonal. We also assume that the two principal axes
parallel to the interface have the same dielectric constant, ™ = &%, If ¢ ., (%) is the

Fourier transform of ¢(r,t) in the x and y coordinates, and in time, the Laplace

25(2) is the Dirac delta function.
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equation becomes

( A k|> prs(2) = 0. (3.46)

822 czz

We can introduce the scaled wave vector K

Kpo = ky| -2 (3.47)

in order to write the anisotropic Laplace equation the same way as the isotropic one.
We plugged in explicitly that the dielectric functions are independent of wave vector,
which makes K || k.

0? 9
(822 - K ) Prw(z) =0 (3.48)

In general, all dielectric functions, and hence K, are complex. We choose the root in
Eq. (3.47), to lie in the right half plane, Re{K} > 0. Hence, we know that the term
o e~ 5% in the solution to the differential equation of second order Eq. (3.48))

Vrw(z) = ae K7 4 BeKZ (3.49)

corresponds to an exponentially decreasing oscillatory term, whereas the term o e?

corresponds to an exponentially growing one. Eq. (3.49) requires two boundary

conditions to determine the complex coefficients a and 3. For convenience, we

e, = e, /% (3.50)

an effective scalar dielectric function. Again, we take the root in the right half-plane.

introduce the quantity, [31]

Boundary conditions

In a system with a series of homogeneous dielectrics changing along the z-axis,
between interfaces z = z, (Fig.|3.4), there are three kinds of boundary
conditions: [6], 31]

1. The potential on the edges of the relevant domain needs to be known.
Prw(?a) = Pa Prw(26) = @b (3.51)

We use the requirement lirin ¢k w(2z) = 0 that the potential vanishes far away
Z—T 00

from the interface.

2. The potential has to be continuous at the interfaces.

lim 9r (2 — 6) = lim (2 + 0) (3.52)
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3. The component of the dielectric displacement D* perpendicular to the interface
on either side of the interface has to differ by the surface charge oy, ,: This

follows from Gauss’s law in its integral form :

lim Di ,(zp, +9) — lim D} (2, — 0) = 47og, (3.53)

5—0 §—0 ’
With the dielectric displacement D* defined as

z zz z zZ 6
Di,=¢"EL, = —¢€; @%’W(z)’ (3.54)
this can be written as
2z . 0 22 1: 0
€55 lim a—gokw(zn +6) — e lim — g (2, — 0)

60 0z ™ 550 0z
= —47woy (3.55)

Where ¢, is the dielectric to left of the interface at z, and €,41 the dielectric to
the right of the interface at z,. Both these dielectric functions can depend on

frequency.

For a system with n interfaces, and n + 1 different layers, this will yield 2n +2
equations for the 2(n+1) variables «,, and ,. For heterostructures with a large
number of interfaces, it is convenient to apply a transfer matrix model [84], which
solves the this system of equations step by step. In this thesis, we only treat systems
with up to two interfaces (cf. Fig.[3.4p), and it is still tractable to solve the six

equations for six variables by hand.

3.2.2 Effective scalar dielectric function sinterface oy the

heterostructure

Imagine a 2d test sheet charge density at z=0, which is constant as a function of wave
vector and frequency, oy, = o, surrounded by a uniform medium with the dielectric

function €,. This gives rise to a potential

: 2o
uniform _ _
Phw (2 =0) = Foguniform (3.56)
w
at z=0. We define an effective dielectric constant 5226# “““ due to a test charge
density o at z = 0 in the composite system as
; 2o
interface _—
= — 3.57
kyw k(p}:gerface(z — 0) ( )
so that Eq. (3.56|) for the uniform background holds for the the case with the
interface. With Eq. (3.57)), we can express the scattering rate in terms of the
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imaginary part of the inverse dielectric function

2 -1
W](C],w = %jm {ginterface} . (358)

k,w

Effective dielectric function for a infinitely thin interface between two
different dielectrics
For the example in Fig. 3.4h, an interface between two different dielectrics, we get
e a1 =0, B3 =0 due to the boundary condition Eq. (3.51) at z = +o0
o 1 = az = ¢(0) due to the boundary condition Eq. (3.53)) at z =0

o Eq. (3.55) at z = 0 lets us fix the last variable,

(0) = 4o _ Ao
P T K F Koe k(6 + )
This yields 1
6interface la _ — (8/1 4 5/2) (3.59)

2
We can retrieve Hess and Vogl’s[51] case of remote polar phonon modes at the

interface between a non-polar semiconductor and an oxide if we set €] = €% and

gl = oz t0 Eq. (2.11) with v = 0.

Effective dielectric function for a thin layer with dielectric ¢;, between two

different dielectrics

For the example in Fig. [3.4b, a thin layer with dielectric €} between two different

dielectrics, the same procedure yields

B-A
(1+A)(1+ B)

/ / / /

. Er — &7 _ Er +¢
with A = fi}e KL“, B:/L7,26KL“.

e, +¢&1 €7 — €9

interface 1b — E/L (360)

In the examples, we indexed the effective dielectric functions &/, Eq. and the
scaled wave vector K, Eq. with the indices 1 and 2 for the left and right side of
the interface and with an “L” for layer in the case where there is a small interface
layer of thickness a (See Fig. [3.4b).

The static limit of Eq. (3.60]) is shown as a function of layer thickness in Fig. . It
is equal to Eq. (3.59) for zero wave vector k, and goes towards the low-frequency

dielectric function of the layer material, EILO as k — oo.
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(a) (b)

€1 €2 €1 el €2
T >7 T } T >7
a a
0 -50 3
C) 10 —— g ——7=—— — Er
8 F ]
e 6
27 i
) el 4!
Q [ 152
0 ! ! ! !
0 1 2 3 4 5

ka

Figure 3.4: Interface layer with the dielectric function £ between two dielectrics with
the dielectric functions €] and &5 on the left and right, respectively. (a) Assuming the
interface is infinitely thin. (b) The interface has a finite thickness a. (c) Static interface
dielectric e}gnterface Eq. 1} as a function of wave vector k and layer thickness a. The

w=0
example is for a structure as shown in subplot b, at w = 0, where material 1 is SiOs,

the layer consists of MoSy of a thickness a=6.145A, and the “material” 2 is vacuum.
e, €} and &) are all evaluated at w = 0.

3.2.3 Dielectric response of carriers — screening of polar interface

modes

As we assume that all free carriers are localized in the plane at z = 0, we can use

purely two-dimensional expressions for the dielectric response of the carrier gas.

We derived the expression Eq. (2.33)),

c

Ehw =€+ Xﬁ? (3.61)

for the dielectric function of a two-dimensional electron gas surrounded by a
-homogeneous- dielectric medium [46] in Here Xi,:f is the susceptibility of
the two-dimensional electron gas in the RPA, and €™ is the high frequency dielectric
constant of the background medium. Following Maslov [45] we use Eq.
replacing the dielectric constant for the homogeneous surrounding medium with the
dielectric function of our composite structure, e™*face  Thig yields the total dielectric

function (phonon and plasmon response) of the composite structure

tot __ _interface d=2 __ _interface c,d=2 00
Chw = Ckw + Xkw = €kw + ek,w —€ (362)
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This expression is formally identical to the expression for the total dielectric function

in jsection 2.3 Eq. (2.83), with eerface the dielectric response of a polar composite

structure replacing eP”, the dielectric function of a polar bulk material. Hence, the

expression Eq. (3.4]) discussed for bulk materials in can be applied to

composite structures:

2vg —1 2y, —1
Wiw =737 = =70m 4 3.63
k,w A m { 8};?& } 7 m { 5}22?{&66 + Xi’ch } ( )

As various materials are involved in composite structures, the calculations become
more complex than those for bulk materials. Even when neglecting the dielectric
response of the carriers, the multiple optical modes from different constituents of the
composite structures will couple. To avoid confusion with the coupled collective
phonon-plasmon modes in the simpler bulk case, we will call these coupled optical
modes unscreened interface modes. When we take the carrier response into account,
we obtain screened interface modes. In general, we treat this screening dynamically.

As static screening is a common approximation, we also consider this limit.

3.2.4 Screened interface polar phonon scattering in pseudo-2d vs
truly 2d heterostructures

In this thesis, we only treat carrier scattering with interface polar phonons in strictly
two-dimensional systems. Explicitly, this means that the carriers are confined to
exactly one plane in three-dimensional space. This criterion goes beyond what is
often used to specify as a two-dimensional electron gas (2DEG) in semiconductor
physics [85], 58], where a step-like density of states is essentially the criterion for
two-dimensionality. We will call this type of two-dimensionality “pseudo-2d”, whereas

we call the carriers “truly-2d”, if they are confined to a single plane.

The truly 2d carriers will have delta-functions as wave functions in the direction of
the confinement, whereas the pseudo-2d carriers will extend into the confinement
direction, and have finite transverse wave functions in this direction (which is
perpendicular, or transverse to the direction of transport). We illustrate this for an
n-type MOSFET:

Transverse wave function in an n-MOSFET If we consider an n-MOSFET in
inversion, the substrate is p-doped. Hence, with no gate voltage applied, electrons
would be minority carriers in the substrate. However, applying a gate voltage causes
the bands to bend - eventually strong enough to cause inversion. An n-conducting

region, the channel, will emerge at the oxide-semiconductor interface, see, e.g.,[58].

In order to determine the band banding, a Poisson equation must be solved, where
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Figure 3.5: Schematic sketch of the band bending at a semiconductor-oxide interface in
a MOSFET in the z-direction, the direction of confinement, cf. [85, 58] . A triangular
well approximation to the potential (blue line) is also included.

the charge that determines the potential depends on the potential. The charge
distribution follows from the transverse wave functions, which are the solution of a
Schrédinger equation with the potential determining the Hamiltonian. This
inter-dependency means that the Poisson and Schrédinger equations have to be solved
self-consistently. In practice, the potential is often approximated, for example as a
triangular well like in Fig. 3.5

The confinement in the z-direction gives rise to so-called subbands. The solution to
the Schrodinger equation in the transverse direction z has discrete eigenvalues E,, so

that the energy of a pseudo-2d carrier is

2(,:2 2
h*(pz +py)

prvpy7n = En + 2m*

(3.64)

This energy dependence has to be taken into account in the calculation of the
dielectric function and the mobility. The presence of subbands also means that not
only intra-subband scattering, but also inter-subband scattering needs to be taken
into account. Moreover, the extension of the wave function also affects the scattering
rate Eq. , as mentioned at the beginning of Furthermore, if the
confinement region is sizable, the interaction of the pseudo-2d carriers with confined

polar optical modes cannot be neglected [86], see the section on LO-phonon scattering
in appendix [E.2]

None of these complications apply for truly-2d carriers. Therefore, we approximate

the carriers in MoSso-monolayers as truly-2d.

Historically, most treatments of interface phonon scattering or “remote phonon
scattering” has been for pseudo-2d structures, mainly MOSFETS. [51] 1, [87) 88} [83]
Only recently has remote phonon scattering in MOSFETs with truly-2d channels
—such as graphene— been treated [89, 90} 91].
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Originally, Hess and Vogl [51] applied remote phonon scattering to the

silicon—silicon oxide interface in a MOSFET. As mentioned briefly in [subsection 3.2.2],
this can be described as a limiting case of Eq. (3.59)). We will discuss here how Hess

and Vogl’s expressions follow from our expression in [subsection 3.2.2| explicitly, but

the procedure is the same for obtaining the long-wavelength, zero-damping limits for

the descriptions of remote phonon scattering in MOSFETs, e.g. [1l, 92].

The interface dielectric function for Hess and Vogl’s Si-SiOs-interface is

1
SHV _

v 2

) ) 2 60 — &%
€g; +e + —5 | 3.65
Si Wro W%O — w2 ( )

where the quantities €, €%, wro all refer to the SiO,. This means the natural

e +¢0
= —=r 3.66
WHY = WT0\| g (3.66)

The scattering strength FkH V follows from Eq. (3.33) as

oscillation frequency is at

0 _ g 1 1

R+l eP+e®

FHV _ Yk € _
i 4 (e 4 0 (e +e>) 4

WHV ’ (367)

compare [51, Eq. 2b]. Note the formal similarity between the difference of the two
inverse dielectric function in the Hess and Vogl scattering strength Eq. (3.67) and the

Frohlich scattering strength Eq. (3.21) E|

3.3 Approximate treatment of momentum relaxation for

carrier—-phonon-plasmon scattering

Naively, one could expect to be able to treat the momentum relaxation due to a
carrier scattering with a coupled plasmon-phonon mode similar to energy relaxation,

so that the momentum relaxation rate would be described by

17 0
— = /dm / L (1 - NB) § (Ep—r — Ep + hw) W, (1 — cosOppr)  (3.68)
™ —o0 k fp—k

for quasi-elastic scattering processeﬁ with the scattering rate Eq. (3.4). Op p—k is the

angle between the vectors p and p — k.

This assumption has two main problems: Firstly, carrier-coupled mode scattering will

3Compare also the expression for the scattering strength of the coupled modes in Fischetti et al.
notation, appendix
“This is a textbook expression, e.g.,[3]. We will obtain Eq. (3.68) as a limiting case from our

discussion in [chapter 4
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in general be inelastic. Secondly, momentum relaxation in carrier—carrier scattering
and carrier—LO-phonon scattering are vastly different, but Eq. treats the
momentum relaxation through carrier—carrier scattering in them same way as it does
carrier—LO-phonon scattering. We will discuss this point in great detail in
Here, we only try to give some intuitive understanding for the problem. In
carrier—LLO-phonon scattering carrier momentum is relaxed (colloquially: lost),
because it is transferred to the LO-phonons, which, in turn, transfer it to other

phonons through anharmonic decay.

In carrier—carrier scattering no momentum is lost, because momentum is only
transferred between carriers and plasmons. The plasmons do not have an anharmonic
decay mechanism like the LO-phonons, and any damping of the plasmons is
Landau-damping, i.e, decay into an quasi-electron and quasi-hole pair, and this decay
mechanism transfers the momentum back to the carrier distribution. The momentum
relaxation rate must thus fulfill % = 0, but it is quite clear that Eq. will in

general be nonzero.

Coupled phonon-plasmon modes can decay through both of these scattering
mechanisms. Hence, the momentum relaxation of carriers through these coupled
modes cannot be described by either the carrier—carrier scattering limit or the

carrier—LO-phonon scattering limit. The formalism we develop in this thesis to treat
carrier—coupled mode scattering is presented in

3.3.1 Approximate treatment of carrier-coupled mode scattering by
Fischetti et al. [1]

Here, we review the approximate treatment of carrier—coupled mode scattering by
Fischetti et al. [I]. Their approximation is based on the zero temperature dielectric
function, where the regions in the wave vector—energy plane in which the plasmons

are damped (single pair excitation region or SPER) and undamped, are strictly

divided, cf. [subsubsection 2.2.2.2] Hence, when the plasmon is undamped, on the

long-wavelength side of the SPER, the coupled modes only have anharmonic decay
available as a decay mechanism. This makes the momentum relaxation mechanism
the same as for carrier-LO-phonon scattering only. In a quasi-elastic approximation,
the momentum relaxation rate would indeed obey Eq. .

When the plasmon is damped, inside the SPER, the plasmons are neglected entirely,
and the momentum relaxation rate, in the quasi-elastic approximation, is described
by Eq. with the carrier—LO-phonon scattering rate Wg’ph Eq. . This can
be interpreted as treating the plasmons and the LO-phonons separately, and adding
the carrier—carrier momentum relaxation rate and the carrier—LO-phonon momentum

relaxation rate — the carrier—carrier relaxation rate being zero.
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3.3.2 Approximate treatment of Landau damping at zero
temperature by Fischetti et al. [1]

Fischetti et al. [I] additionally approximate the boundaries of the SPER and the
plasmon dispersion. This is because they applied this treatment to MOSFET
structures with a poly-silicon gate, so that they have a gate plasmon and a substrate
plasmon, and therefore a gate-SPER and a substrate SPER. Their approximate
treatment of “Landau damping at T = O”E| simplifies the computation of the
momentum relaxation time. In our case, where only one SPER is present, this
additional approximation is not strictly necessary, but we still present it, because it
has merit in yielding the simplest possible expressions for the momentum relaxation
time due to carrier—coupled mode scattering. We will investigate its validity carefully

later on in this work, see chapter [5]

In their approximation of Landau damping, Fischetti et al. [I] treat the plasma modes
as damped out entirely as soon as they hit the single pair excitation regime in the
degenerate limit, see Fig. [3.6h. Figure sketches the situation with only the
plasma mode present: The plasmon has constant frequency and is undamped on the
long-wavelength side of the single pair excitation limit, and damped out entirely on

the short-wavelength side of it.

Applied to the case of coupled carrier—-LLO-phonon modes in bulk semiconductors,
Fischetti et al. [I]’s method only uses the coupled modes for wave vectors shorter
than the wave vector where the plasmon-like mode enters the single pair excitation

regime. The plasmon-like mode, with the frequency w. at k = 0, is defined by

S, <S_
oo s (3.69)

We = .
w_ S_ <S54

To determine which of the two modes w- is more plasmon-like or phonon-like,
Fischetti et al. use Varga’s “phonon content” [30, [36] S+, which is discussed in
In the case of only two coupled modes in the 3d case, the plasmon like
mode is the lower mode if n < ne and the upper mode if n > n.. (See Fig. [3.3)). This

makes the wave vector where w. enters the single pair excitation region

kc—kp<,/h§;f+1—1>. (3.70)

For k > k., only the LO-phonon mode is considered. This means that the

plasmon-like mode disappears when it reaches the single pair excitation regime. The

® This approach is called an approximate treatment of “Landau damping” by the authors of [I].
The reader should not be confused by the fact that Landau damping [2] is indeed the classical limit of
the process that is described here in its “extreme quantum limit” [I]. This is explained in great detail

in [Appendix A
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Figure 3.6: Model dispersion in GaAs for n = 5 x 107em ™3 as suggested by Fischetti
et al. [I]. (a) Plasma frequency as a function of wave vector: A constant frequency
plasma excitation is Landau-damped out as soon as it would have to cross the border
into the single pair excitation limit. (b) Coupled plasmon-LO-phonon mode frequency
as a function of wave vector: The plasmon like mode, Eq. (3.60))(thick solid line) is
damped out as soon as it enters the single pair excitation region, at k = k., Eq. (3.70).
The phonon like mode (open squares) jumps from w, to wro at k = k..
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frequency of the phonon-like mode jumps from wy to wro at k = k. (Fig. [5.2). The
scattering strengths for the Fischetti approximation F' Iffz schetts consequently jump from
the long-wavelength expression Eq. (3.34) to the Frohlich expression Eq. (3.21) at

k = k.

F* <k
kaF'ischetti =4 F" k>k.and wy ?é We (371)
0 elsewhere

The scattering strengths F; kin schett; Will then be substituted in the scattering rate

Eq. , and finally into Eq. . The approximate dispersion of the coupled
modes is plotted for GaAs at n = 5 x 10!7em ™3 in Fig. . The parameters used are
in table 2.4l

Approximate treatment of Landau damping at zero temperature by

Fischetti et al. [I] in more complex structures

The approximation due to Fischetti et al. [I] discussed in [subsection 3.3.1| can be

applied directly to more complicated structures, say the two-dimensional
semiconductors described in or bulk semiconductors with several optical

phonon modes. However, the additional approximate treatment of 7' = 0 Landau

damping from [subsection 3.3.2] will not be applicable, because there will generally be

more than two coupled modes, and the phonon content of these modes will not be

defined any more.

In this thesis, we will only discuss Fischetti et al’s approximate momentum relaxation

for bulk GaAs, see
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Chapter 4

Coupled carrier—collective mode

Boltzmann equations

This chapter is the main part of this thesis. Here, we develop our model for the
momentum relaxation due carrier—coupled collective mode scattering in polar
semiconductors. The treatment here is formulated to apply to bulk polar
semiconductors and polar semiconductor heterostructures equally. The only difference
is that the corrsponding two- or three-dimensional scattering rates, dielctric functions
and integrals need to be substituted. Morover, even though the examples which will
be discussed in latter chapters of this thesis are all semiconductors with spherical
parabolic bands, we formulate the equations in this chapter for semiconductors with
parabolic bands which do not necessarily have to be spherical. We do this to stress
the point that pure carrier—carrier scattering in semiconductors within parabolic

bands does not contribute to the momentum relaxation rate.

We present coupled linearized Boltzmann equations, for the carriers and for the
collective modes. The crucial terms in the Boltzmann equation are due to the
non-equilbrium contribution to the distribution function of the collective modes,
caused by their interaction with equilibrium carriers on the one hand (“drag term”)
and due to anharmonic decay on the other hand. In the limiting case of
carrier—plasmon scattering, there is no anharmonic decay, so that the momentum
transfer between the plasmon and carriers compensates each other. The “plasmon
drag” is just such that the total transferred momentum equals zero. In the limiting
case of carrier—-LLO-phonon scattering, the anharmonic decay dominates so strongly
that the LO-phonon distribution function can be considered pinned at the equilibrium
value. This means that the phonon drag term vanishes, and thus the total transferred
momentum is nonvanishing. In the general case of carrier—-coupled mode scattering,
the coupled-mode drag term will vary between these two extremes, depending of wave

vector and frequency.
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4. COUPLED CARRIER—COLLECTIVE MODE 4.1 Linearized Boltzmann equations for the weak
BOLTZMANN EQUATIONS field limit

Describing the momentum relaxation accurately involves iterating the coupled
Boltzmann equations to self-consistency. We also discuss the relaxation time solution

(RTA) to the coupled Boltzmann equations.

The coupled Boltzmann equations for carriers and phonons can be found in many
textbooks. We follow the description by Peierls [49] chapter 6], using the notation
in [22], chapter 5]E| However, we apply Peierl’s phonon Boltzmann equation to all

collective modes of the coupled phonon-plasmon system.

Our model incorporates three distinct effects: Firstly, the carriers and the collective
excitations interact with each other. Secondly, the carriers are accelerated by an
external electric field. Thirdly, the collective excitations can decay. The decay will be

different for phonons, plasmons and coupled phonon-plasmon excitations.

We find the mobility of the carriers by solving the coupled Boltzmann equations
self-consistently for both the distribution function f}, of a carrier of wave vector p and
the distribution function Ny, of a collective mode of wave vector k and frequency w.

We do this in the weak field approximation.

4.1 Linearized Boltzmann equations for the weak field

limit

The issue in solving the coupled Boltzmann equations is that both the distribution
functions Ng, and f, and the scattering rate Wy, are unknown. All we have are
their equilibrium values. In the case where the field is small enough to drive the
system only slightly out of equilibrium, we can linearize the Boltzmann equations
around the equilibrium expressions. This gives us equations featuring the familiar
equilibrium values N lgw’ fz[)) and Wk(:),w’ which we subsequently solve for the small
deviations g and G of the distributions from their equilibrium values. All first order
terms will be denoted by the superscript 1, and all equilibrium, or zeroth order terms

by the superscript 0.

We use Peierls’s notation [49] for the linearized distribution functions:

af
o= 1% —9poi> =18, + 1%, (1- 12,) Bop (4.1)
and
1 0 aNBZ 0 0 0
Nk,a’ f— ng - Gk’wZW f— ng + ng <1 + Nw’ccr) ﬁGk7wg, (42)
k

where we assume that SGj .o < Ngg and Bgp < f%p. i is the energy of a mode

!The description in [22] is more pedagogical, whereas the one in [49] has fewer typographical errors.
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(k,0), Ep is the kinetic energy of a carrier with wave vector p, and 8 = kB%T is the
inverse of the temperature T times the Boltzmann constant kg. NO is the equilibrium
distribution function of the collective mode, the Bose-Einstein distribution function
first introduced in Eq. . f% is the equilibrium distribution function of the
carriers, the Fermi-Dirac distribution function, first introduced in Eq.

4.2 Collective mode Boltzmann equation

The stationary Boltzmann equation for the collective excitations requires that the
change of the distribution Ni , due to collisions with carriers is balanced by the decay

due to anharmonic coupling.

8Nk o aNkz 0')
: : =0 4.3
( ot )coll * ( ot decay ( )

The collective mode index is |o| € {1,...3}, where ¥ is the number of discrete modes.

We assume that the rate of decay of the collective mode (k, o) due to anharmonic
processes is proportional to the deviation ANy , of the distribution function from its

equilibrium value. We will allow the constant of proportionality, the relaxation time

Tk,o to depend on (k, o). We will specify its exact form of 7, in [subsection 4.2.2|

<6N,w ) ANk, )
ot decay Tk,o '

We make this relaxation time approximation for the collective modes to account for
their anharmonic decay in a simple model. E| As we will discuss shortly, we will
express this relaxation time in terms of dielectric functions, which, in turn, accounts
for anharmonic damping phenomenologically. This collective mode RTA must not be
mistaken with the RTA for the carriers. While we always employ the RTA for the
anharmonic decay rate of collective modes throughout this thesis, we do not, in

general, make use of the RTA for the carriers.

To first order, the deviation of the distribution function of the collective excitation
from its equilibrium value is ANy , = ng,a (1 + Nl?:,a) BGk,wga so that

(4.5)

(8Nk’a')1 ng,a (1 + ng,a) 5Gk,wg
ot T ’

decay Tk,o

As we discuss in appendix [C.I} the collisional integral for the collective mode o to

2The alternative would be to account for the interaction of these collective modes with different
collective modes (cf. three-phonon processes in thermal transport) explicitly and to formulate another
Boltzmann equation for these other collective modes. This would lead too far afield for this thesis.
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first order is

(8]\7,%(7

1
a o 0 0 0 0
ot )coll =2 / 27rFk 5(Ep+k B Ep N hwk) (pr o prHc) ’BNk,U (Nk,a + 1)
p

X (gp+lc —9p — Gk,wZ) . (46)

(See, e.g., Peierls [49],[22]). The factor 2 accounts for the spin degeneracy. The

symbol [ signifies a d-dimensional integration over all carrier states p. We show how
p
this is parametrized in practice for two and three dimensional semiconductors in

appendix @ The scattering strength F}J of a discrete mode with index o and wave
vector k has been discussed in We also assume that F{ only depends on
the transferred wave vector k, and not on the initial and final wave vectors p and

p + k. The validity of this assumption will be discussed in

4.2.1 Solution to collective mode Boltzmann equation

We now solve the collective mode Boltzmann equation Eq. (4.3]) in its linearized form

for the non-equilibrium distribution Gk,wg,

AmFY [ 6Bk — By — o) (1, — %) Gpek — )
p

Gk wg —
Wi 2F7 ~
L 4 Zkgm (ei a)
Tk,o Vi ,wk

(4.7)

We simplified the second term in the denominator of Eq. (4.7]) by using Eq. (2.41)),

the definition of the imaginary part of the carrier dielectric function Jm (‘gi,w) in the
random phase approximation (RPA), cf. [22, chapter 3].

We interpret the second term in the denominator of G e, Eq. 1)

1 2F] 5 ( .
= m &k 0) 4.8
T,:‘:‘:);Lpled c vy Wi ( )
as the inverse of the lifetime 7,2 fed=¢ of the coupled mode (k, o) due to interaction

with the carriers (marked c in the superscript). This lifetime can be understood from
the decay of the coupled modes into pairs of quasi-electrons and quasi-holes in the

carrier gas in the conduction or valence band.

4.2.2 Anharmonic decay of the coupled modes

Let us now consider the first term in the denominator of Gk .z, Eq. 1' the inverse
of the lifetime 73 , of the coupled excitation due to anharmonic damping of the

coupled modes. If we assume that the plasma excitations have no anharmonic decay

Momentum relazation in doped polar 66 Anna Miriam Hauber
semiconductors



4. COUPLED CARRIER—COLLECTIVE MODE
BOLTZMANN EQUATIONS 4.2 Collective mode Boltzmann equation

channel, the anharmonic decay of the coupled plasmon-phonon modes is solely due to

the anharmonic decay of the phonons. We stress this by adding superscripts to this

effect to 7: T, = T;o;fpled ph.

The imaginary part of the dielectric function is a measure for the dissipation rate of
energy when an external electric field is applied to a dielectric. Eq. (4.8) shows
explicitly that this holds for 7, %" led=¢ We construct Tcou” led=ph , the lifetime of a

coupled mode due to decay mto phonons, such that it depends on the imaginary part

of the dielectric function of the optical phonons, Jm (ezh g) in the same way,

coupled—ph ~ c
Tk:,a B Jm <(€ka>

coupled—c ~— A ph ’
Tk,o Jm (Ek wk>

(4.9)

This means that the contribution to the lifetime of a coupled mode due to decay into

phonons obeys

1 2F] h
= Jm (el ). (4.10)
T}g’ogpled—ph Uy, ( ‘*’k)

The imaginary part of the phonon dielectric function, Jm (egh) is shown for bulk
GaAs in the long-wavelength limit in

In the limit where the collective modes are just LO-phonons, Ff will be replaced by
the Frohlich scattering strength Eq. (3.21]), and the lifetime of the LO-phonon mode

. 1 (1-=v) . Y~ >
can be written as T 7(1*%)2+&2 . Typically o © 0.01, and 1 — 8?0 ~ 0.1,

LO

cf. |Table 2.2} so that ph -5 ~ 7, i.e., the lifetime of the LO-phonons due to

anharmonic decay is roughly equal to the phenomenological damping rate parameter
in Eq. (2.11] .

The total lifetime of the coupled modes can be calculated from Eq. (4.10]) and
Eq. (4.8]) and consequently equals

1 2FC /1,
—— =" Eam (e, ), (4.11)
o m (6e)

where Jm ( };"t ) is the imaginary part of the total dielectric function. This finally
gives us the expression for the “coupled mode drag term” G,
Gruwy = " /5 prk — Ep — hwp) (fE,, - pr+k> (Ip+k — 9p) (4.12)
6k wp
Note that the scattering strength F}} cancels in G. This is the only term which

depends explicitly on o, and we will describe G through its dependence on frequency
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directly from now on:

2wy,
Gk: w =

i

= %(&?tk‘:i)p/é (Eptr — Ep — hw) (f]%p - f]%p+k) (Ip+k — 9p) (4.13)

G is called the drag term, because the coupled modes are dragged out of equilibrium
due their interaction with the carriers. This will be discussed more in [subsection 4.4.3

4.3 Carrier Boltzmann equation

As we are interested in a stationary, homogeneous solution to the carrier Boltzmann
equation, only the field term and the collision term are non-vanishing. Hence, the
Boltzmann equation for the carriers states that the change of the distribution f, of
carriers of wave vector p due to the electric field is balanced by its change due to

collisions with collective excitations.

(9fp) (3fp>
— = == 4.14
< Ot / field ot ) con (4.14)
The field term o/ of d

9lp _ 97 9P

< ot )ﬁeld op dt (4.15)

can be expressed in terms of the force eE caused by the external electric field E [93]
appendix E]. As the external force driving the distribution function out of equilibrium
is already of first order, the field term can only be of first order if the gradient of the

carrier distribution function is of zeroth order. Hence, to first order the field term is

op h

.7__5f%(1_f%>vp.eE (4.16)

(%‘eE)l_afgﬂp eE
= =

where v, = %88—%’ is the group velocity.

Peierls’s carrier collision term in the Boltzmann equation [49] is

<8£>1 ZQW/XU:F]g&(Ep—i-k—Ep—th) 1By (1= 18,) B (N, +1)
k

coll
X (gp+k —9p — Gk,wg> (4.17)

to first order in our notation. We demonstrate this in detail in appendix Note

that the integrand on the r.h.s. of Eq. is identical to the integrand on the r.h.s.
of Eq. for the rate of change of the collective mode distribution function. We use
Peierl’s short convention [49], where negative values of o mean a negative transferred

energy hwy _|s = —hlwg |q||-
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4.3.1 Broadening and continuous modes

As we take damping of the modes into account, the modes will, in general, be
broadened. This means that energy-conservation is smeared out as discussed in
We can take this into account by including the function D  and an

integral over wave vector.

coll

afp\' 2
((;ctp) B % /ZFED,‘;wé (Eptr — Ep — w) fl%wk (1 - fgp) B (N’g"’ * 1)
khw 7
X (gp+k —gp — Gk,wg) (4.18)

In this sense, Dy , is the density of states of the collective excitation of wave vector k.
Employing Eq. (3.30]), we can write the collision term as

coll

<aaf1;p>1 // W]S,wfs (Ep+k - Ep - hW) f%pHc (]_ — f%p) 15} (Ng + 1)
k hw
X (gp+k — 9p — Grw) (4.19)

This gives the scattering rate due to collisions in the usual form, except that the
summation over discrete modes at each wave vector k is replaced by an integral over

mode energy hw.

Our non-equilibrium Boltzmann equations do not contain a non-equilibrium
scattering-rate term, because if it was combined with the first order distribution
functions, the whole term would be second order, and if it was combined with the
equilibrium distribution function, they fulfill an equation of detailed balance and the

collision term would cancel.

4.4 Solution of coupled Boltzmann equations

We can now solve the coupled carrier Boltzmann equation and collective mode
Boltzmann equation in first order for the non-equilibrium distribution functions g and
G. With the first order field term Eq. (4.16]) and collision term Eq. (4.19)) we get the

first order Boltzmann equation for the carriers

Ih
~vpeeB = [[ W8 By~ By — 1) 5% (NS 41) (g — gp — Girw) (420)
5
k hw P
where Gy, is determined from Eq. (4.13)), which is also a function of the
non-equilibrium carrier distribution functions g. Note that Eq. (4.20) is not defined

for all p as the temperature goes to zero and the Fermi-Dirac distribution in the
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fO
denominator becomes zero for E, > Er. Consequently, for E, > Ep, Cptk (NS +1)

w
7

0

T fﬁ““ N 0 which holds because the equilibrium distribution

functions fulfill the equations of detailed balance Eq. (C.3)).

has to be replaced Wlth

4.4.1 Iterative solution

We find the solution of the coupled Boltzmann equations by solving Eq. (4.20]) for g

and iterating the resulting equation to self-consistency:

E f gn an
vpnfl = // Wiwd (Bpik — Ep — ) ?"*’“ (NO+1) (1 - ZZ’“ - gi) (4.21)
k hw Ep P p

Here, the n in ¢" stands for the n'* step in the iteration process. G™ means that G
was calculated with g = ¢" in Eq. (4.13]). As the g and G depend on the magnitude of

the applied field, one usually introduces “lifetimes”

9p
= 4.22
» vp - eE’ (422)

which only depends on the direction of the field. We also define a corresponding

lifetime

Gk,w

Thw=—"F
ko 'vk-eE

)

(4.23)

for the non-equilibrium collective mode. The remaining equation can be expressed as

a function of 7, only, and can be solved iteratively for the latter:

1
T},H'l
fo Tn v - FE T (T”)vk-E
wo Ep — hw Epi NO 1 ptk Upt+k w\'p
/ kawd (Bpiie = ) 12, ( * ) ™ vy E vy B

(4.24)

The self-consistent momentum relaxation time, 7, = nlgrgo 7, fulfills the equation

1z ‘E T 'E
/ Wkw p+k E ha}) EFJF"’ (NO + 1) Tp+k Up+k + k,w(Tp)’Uk

fE T Vp- E Tp Vp- E
k hw
(4.25)
with
T = 2[5 By — By — ) (18, — 1B,,,.) et = Tava By o)
W Ym ( cht ) q+ q Eq Egtk vy - E
Momentum relazation in doped polar 70 Anna Miriam Hauber

semiconductors



4. COUPLED CARRIER—COLLECTIVE MODE
BOLTZMANN EQUATIONS 4.4 Solution of coupled Boltzmann equations

In [chapter 5] and [chapter 6] we will evaluate the equation for semiconductors with

spherical parabolic conduction bands. This lets us simplify the expression for 7,
significantly. For details on the evaluation of these and all following integrals for
spherical parabolic bands, refer to appendix and [C4]

4.4.2 Initial step and the relaxation time approximation

The iteration processes converges the faster the better the initial step is. We use an

approximate solution to the coupled Boltzmann equation as an initial “guess”.

For this, we assume a parabolic band structure

h? ~
Ep=45p-M L.p (4.27)

where M is the constant effective mass tensor. This means that the group velocity is

vp=hp - M (4.28)

0

Let us furthermore set 7‘3 = 7", a constant, for the initial step to the coupled mode

solution Eq. () As this means that gg kT gg = g,g, we find

I (o) e o ()

Grw = 90 - (5%) N =T - (6%). (4.29)

The superscripts “0” on 7, g, G and T' mark the initial step n = 0 in the iteration

process. Substituting Eq. (4.29)) into Eq. (4.24)) yields

(p+k)-M 1. E
p- M. E

(4.30)

1—

~ h
L gj%; )3 6~ 5y g (211
k, P

for the first step in the iteration. This expression takes the form of the relaxation
time approximation, and ’7’; can be referred to as the relaxation time solution to the
coupled Boltzmann equation. It is important to understand that our fully
self-consistent solution to Eq. goes beyond the relaxation time approximation.
The non-relaxation time 7, from Eq. are sometimes called “effective
momentum relaxation times” [26] to stress this point. We will demonstrate the
difference between the fully self-consistent effective momentum relaxation time and
the momentum relaxation time in and in [Section 6.4l
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Quasi-elastic approximation It is clear that the square bracket in Eq. can
become negative for certain p, k and w. If these negative values have enough weight,

T; itself can become negative, which is non-physical. If one makes the approximation

of quasi-elastic scattering |p + k| ~ p in the square bracket in Eq. , however little
this might be justified physically, this problem is circumvented, see appendix [C.3]

h 0 k+p -1
1 Jm (e} f ‘M- E
. //W,Swiﬁ ( f’:’>5(Ep+k — By — ) 2 (NO+ 1) 1 B
[ Jm (6,&]) fE, 2. )
(4.31)

In all calculations of the relaxation time 711, in the results of |chapter 5| and |chapter 6L

we use the quasi-elastic approximation Eq. (4.31)).

4.4.3 Phonon dissipation weight factor

The scattering rate W,gw in Eq. 1) and Eq. ll is multiplied by the scalar factor

Jm (aﬁhw)
Crw = —F—"%X

w = - (52"2)7 (4.32)

which we will call the phonon dissipation weight factor. In a non-polar material,
carrier—coupled mode scattering reduces to carrier—plasmon scattering. This solution

has Cy,, = 0, giving an infinite relaxation time. We discuss this limit in detail in

[subsubsection 4.4.4.1] In an undoped semiconductor with low intrinsic carrier

concentration, Landau damping is weak compared to the anharmonic decay rate of
the optical phonon, the drag term G vanishes, and only the carrier—LO-phonon
scattering need be considered. This solution has Cj, ., = 1, reducing Eq. to the
usual expression for the relaxation time for carrier—phonon scattering (Discussed in
isubsubsection 4.4.4.3]).

We call C}, the phonon dissipation weight factor, because it equals one when the
coupled excitations decay infinitely fast, as in the usual approximate treatment of
carrier—phonon scattering [94] and zero when the coupled excitations are infinitely
long-lived, as in the approximate treatment of carrier—carrier scattering [25]. In
general, the intermediate decay rate of the coupled excitations at given wave vectors
and frequencies will result in

0< Cro < 1. (4.33)

This mapping of the decay mechanism onto a scale between 0 and 1 makes the
phonon dissipation factor C, useful for developing an intuition for the character of
the coupled modes. Moreover, Cy,,, can be evaluated analytically within the

temperature dependent RPA.
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We also define an effective scattering rate
0
Wod? = Cru Wi, (4.34)

which will be illustrated in Through the phonon dissipation weight factor,
the effective scattering rate reflects not only how strongly a coupled mode scatters
carriers, but also how long-lived it is. Therefore, it is a better measure of momentum

relaxation than the scattering rate alone.

4.4.4 Solution of the coupled Boltzmann equation in limiting cases

As our approach treats LO-phonons and plasmons on an equal footing, it contains
carrier—carrier scattering and carrier—LO-phonon scattering as limiting cases. In this

section, we discuss these limiting cases in some detail.

4.4.4.1 Infinite mobility in the absence of anharmonic decay

In the absence of an external field, and if the collective excitations are infinitely

long-lived, any set of g and G satisfying

9p+k — 9p — Gk,w =0 (4.35)

are a solution to the coupled system of Boltzmann equations Eq. (4.20) and
Eq. (4.12)).

Peierls discusses different sets of g and G which fulfill the above in [49]. With
constant relaxation times Eq. (4.22)) and Eq. (4.23))

Tptk =Tp = Thw = T, (4.36)

Eq. (4.35) becomes
Vptk — Vp — U =0 (4.37)

for any field direction. If the band structure is parabolic Eq. (4.27)) the group velocity
Eq. (4.28) fulfills Eq. (4.37)). The reason Eq. (4.35)) is fulfilled for a parabolic

bandstructure is the conservation of quasi-momentum. In particular, it is important

that no Umklapp processes occur, i.e., no momentum is transferred to the lattice:
p=p+k (4.38)

If all wave vectors need to be small compared to the dimensions of the Brillouin zone,

the absence of Umklapp processes is a reasonable assumption.
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This solution allows an electric current to flow without an applied external field,
which means infinite carrier mobility. Equivalently, one can see that the momentum

relaxation time has to be infinite directly by substituting the phonon dissipation
weight factor Cj ., = 0 into Eq. (4.30)).

This shows that in materials with a parabolic band structure, any relaxation time
solution to the coupled first order Boltzmann equation yields infinite mobility as long

as the collective excitations are infinitely long-lived.

Drag term The solution to Eq. (4.35)) requires that
Gk =gk — €TV - E, (439)

that is, the collective excitations are dragged out of equilibrium by their interaction
with the carriers. When the collective excitations are phonons, this term is known to
contribute to the lattice thermal conductivity [25], and the Seebeck coefficient [50] ,
and is referred to as “phonon drag”. We will discuss the drag term in more detail in

the following section.

4.4.4.2 Carrier-carrier scattering vs carrier—plasmon scattering

When the collective modes are infinitely long-lived, i.e, 7, — 00, G (Eq. (4.3)) is

determined by carrier quantities alone:

[0 By = By = 1) (13, = 13, ) (994 = 90)

Gho =
* [0 (Bpok— By~ ) (1, — f3,..,)

(4.40)

)

and we see that G, = gx if gp+x — gp = gk, i.e., in a parabolic band without
Umklapp processes, as discussed above. See Eq. (4.39).

Substituting G into the carrier—plasmon collision term to first order, Eq. yields
the first order carrier—carrier collision term (see [49, chapter 6.5], [48, appendix]). We
demonstrate this explicitly in appendix This shows that our description of
carrier—plasmon scattering with two coupled Boltzmann equations, one for the
carriers and one for the bosonic plasmons, and the description with one Boltzmann

equation for carrier—carrier scattering |49, chapter 6.5] are equivalent.

4.4.4.3 Carrier—phonon scattering

Carrier—phonon scattering is the other limit of our approach. Here, it is commonly

and often implicitly assumed that G = 0, i.e., that the phonon distribution is the
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Bose-Einstein distribution function. The physics behind this is that the phonons are
taken to equilibrate, through phonon—phonon interaction, on a faster time-scale than

through carrier—phonon interactions.

We will illustrate this in the relaxation time approximation with parabolic bands.
Eq. (4.29) states the momentum relaxation time for the phonons, 7" is much smaller

than the momentum relaxation time for the carriers 7,

TO _ 0 j (6270‘1)

=T
kyw ctot
k,w

if Jm ( ) < Jm ( ) As we have assumed that ng”h; determines the ratio of

<77 or Gru, < gk (4.41)

Q
2|2

Ck,w
the lifetime of phonon modes due to anharmonic decay compared to decay into

electron-hole pairs, Eq. (4.9), this is the same as saying the phonon modes equilibrate

too fast due to interaction with other phonons to contribute to phonon drag.

The momentum relaxation time solution for carrier—phonon scattering, in the

quasi-elastic limit, and in parabolic bands, becomes

s ML .M E
WOS (Bt — By — hw) —22tk (N0 4 1) [1 — k2Pl 4.49
/h[um =) = (WS 1) 1= P

We give this expression explicitly, because it is often used for the electron-phonon
momentum relaxation time, often with the additional assumption of spherical bands.

The scattering rate for carrier—LO-phonon scattering Eq. (3.22]) has been discussed
already in

For the fully self-consistent carrier—phonon effective momentum relaxation rate,

Eq. (4.41) means setting G, = 0 in Eq. (4.20) or Ty, = 0 in Eq. (4.24), yielding the
expression used in the literature.[94], 05| [96]

T )
1— P‘;k'vp“c] (4.43)
™ wvp-E

1 r3
n+1 - // Wk w P+k E hw) P+k (NB + 1)
P K fuw fE P

We will discuss the differences between the effective momentum relaxation rate for

carrier—LO-phonon scattering and that for carrier—coupled mode scattering in

[chapter 5| and [chapter 6]
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Chapter 5

Coupled collective mode
scattering in bulk polar

semiconductors

The formalism developed in is applicable to polar semiconductors in
general. The level of approximation manifests itself in the expressions used for the
dielectric functions. In principle, one could use expressions for the carrier and lattice
dielectric functions extracted from electron and phonon band structure calculations.
In practice, we expect our assumptions to work best, and to be most consistent with
each other, for screened electron—-LO-phonon scattering in semiconductors with a
parabolic conduction band: We consider n-type semiconductors, because conduction
bands are usually better described with parabolic approximations than valence
bands [3]. We take the doping concentrations to be low enough that higher bands are
not significantly occupied and that the conduction band can be described as
parabolic. Consequently, we can use model carrier dielectric functions for parabolic
bands [41, [59]. Moreover, the wave vectors at the bottom of the conduction band
relevant for intra-valley scattering will be small on the scale of the Brillouin zone, so
that the assumption that the scattering rate only depends on the transferred wave
vector and not the initial or final wave vector should be good. This also justifies the
use of the long wavelength limit of the lattice dielectric function. All these
approximations are common for the calculations of electron—LO-phonon scattering in
bulk semiconductors, see, e.g., [94]. Our phenomenological account of the lifetime of
the coupled plasmon—LO-phonon modes is new, but nontheless consistent with
previous treatments of electron—LO-phonon scattering and electron-electron scattering
in the appropriate limits (See appendix and [47), 48, 97, 94]).

In we illustrate coupled collective mode scattering in GaAs with the help
of carrier-coupled mode scattering rates. In we connect back to important
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limiting cases of coupled collective mode scattering, which were discussed in

[Appendix Bl Insection 5.3 we discuss the effect of carrier collective mode scattering

on the effective momentum relaxation times and carrier mobilities in GaAs. In
we explore how the screened LO-phonon limited mobility depends on

material parameters, by calculating mobilities for a selection of polar semiconductors.

5.1 Scattering rate, effective scattering rate and the

phonon dissipation weight factor

5.1.1 Phonon dissipation weight

The phonon dissipation weight factor Eq. (4.32)) (See Fig. [5.1(b) at zero and (e) at

room temperature) introduced in [subsection 4.4.3] which provides a measure of the

decay mechanism of the coupled modes, can be evaluated analytically with the carrier
dielectric function discussed in and the lattice dielectric function
Eq. (2.11)). Using the analytic expression Eq. (2.59)), we find the phonon dissipation

weight factor

-1

2[(Qo - 07)” + Q217 14 eﬂﬂ-5EF5(Q/KK)2] } o)

n
EpBkpal (2, — Q2,) TQK?

Cro = {1+ 1 + eBi—5ErB(Q/K+K)?

where the capital letters all stand for dimensionless quantities, defined by the same
lower case letter scaled by the Fermi wave vector or energy, cf. Eq. 1) ap = e n

m*e?

is the effective Bohr radius with the effective mass m*. Note that the phonon
dissipation factor only makes sense when the damping of the optical phonons is finite,
ie.,, I' > 0.

In the zero temperature limit, Jm(¢) vanishes outside the single-pair excitation
region (See the discussion in . Consequently, CkT;() = 1 everywhere except
the single pair excitation region, see Fig.[5.1p. As the imaginary part of the carrier
dielectric function is antisymmetric in K, Cx g — 1 as K — 0, see Fig.|5.1{(b) and (e).
This ensures that our effective scattering rate (Fig. and f), and the scattering
rate (Fig. and d) have the same long-wavelength behavior.

5.1.2 Effective scattering rate

The effective scattering rate Eq. governs the momentum relaxation time TZ}
from Eq. (4.30). As plotted in Fig. for T =0 and (f) for T'= 300K, the effective
scattering rate is the product of the scattering rate (Fig.|5.1p) and the phonon
dissipation weight factor (Fig. ) Consequently, the phonon dissipation weight

factor, which is small throughout the single pair excitation regime (except for
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Figure 5.1: (a) and (d) Jm <—§;> o« WP /v, the scattering rate
k,w ’
Eq. (3.4), (b) and (e) phonon dissipation weight factor Cj,, Eq. (4.32), and
(c) and (f) Ck,JIm —;;Z) x W,S’Sff/l/k effective scattering rate Eq. (4.34) as a func-
k,w ’

tion of wave vector k and energy E = hw, for GaAs at n = 5 x 10" 'ecm™3. The
temperature is 7' = 0K (a-c) and 7' = 300K (d-f)

frequencies close to wrp) suppresses the large, dispersive features seen in the single
pair excitation region in Fig.[5.1a) and (d). As we can see in Fig. 2.9(a) and (d), this
blurred feature is characteristic of electron-plasmon scattering. We can ascribe it to
Landau damping in the classical picture [2], or to the excitation of single pairs of
quasi-electrons and holes in the Fermi sea in the quantum mechanical picture [32] [63]
(See appendix . Crucially for our purpose, these features characterize scattering of

the carriers amongst themselves, which does not contribute to momentum relaxation.

Consequently, the effective scattering rate is only, if at all, significant close to the

zeros of the real part of the dielectric function (Fig. [5.1)c) and (f)).
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5.2 Treatment of carrier—coupled mode scattering in

limiting cases

5.2.1 Recovery of descriptions in the literature as limiting cases of
our approach

In this section, we show that the method presented in contains previous
descriptions of the long-wavelength-limit of carrier—coupled mode

scattering [26], 36], B0] as its long-wavelength limit. We also demonstrate how the
approximate treatment of Landau damping by Fischetti et al. [I] compares to our
approach, which has Landau damping built in. We discuss these limits in the
three-dimensional case of bulk polar semiconductors, rather than the 2d case
(interface or remote phonon scattering) because its comparative simplicity gives a

clearer view of the basic physics involved.

Long wavelength limit As mentioned in [subsection 5.1.1] the phonon dissipation

weight factor goes to 1 in the long-wavelength limit, so that the scattering rate and
the effective scattering rate show the same long-wavelength behavior. Consequently,
we only have the behavior of the scattering rate as k — 0 left to consider. If the
lattice dielectric function is undamped, the scattering rate follows Eq. and can
be described through a discrete set of F,z We discuss these scattering strengths F,ﬁ
Eq. in the long wavelength limit for carrier LO-phonon scattering and

carrier-coupled mode scattering in They can be derived in several
different ways, and we show, that they lead to equivalent expressions to Eq. (3.33).

Static screening Carrier scattering with coupled plasmon-LO-phonon modes is
sometimes described as statically screened LO-phonon scattering, especially when the
carrier concentration is high. The assumption behind static screening is that for high
carrier concentrations, optical phonon frequencies are very small compared to the
plasma frequencies wro < wp. Consequently, the carrier dielectric function might as
well be approximated by its zero frequency value on a scale determined by the optical

phonon frequencies.

We obtain the static screening limit from our expressions by setting w = 0 in the
carrier dielectric function ef ,_,. Obviously, we have to retain the frequency
dependence in the lattice dielectric function. As the static, i.e. w = 0 carrier dielectric
function is real (cf. , the phonon dissipation weight factor equals one, and
we have the same scenario as in the long wavelength limit, insofar as the effective

scattering rate and the scattering rate are identical.

In the case where the lattice dielectric function is undamped, we can describe static
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Figure 5.2: Phonon dissipation factor Cy ., Eq. , for GaAsat T =0, n =5 X
107em ™3 as a function of wave vector k and energy E = fw. The legend for the color
plot is the same as in Fig. Also shown are the coupled modes in the approximation
by Fischetti et al. [I], [subsection 3.3.1|

screening by a discrete scattering strength, Eq. (3.32). We give the scattering
strength FkT F Eq. 1’ for static screening in the Thomas-Fermi limit in

Fischetti et al. approximate treatment of Landau damping The long
wavelength approximation discussed above gives simple convenient expressions, but it
neglects the dispersion and the damping of the modes. The latter issue is addressed
by Fischetti et al. [I]. Their approximation was developed for two-dimensional
structures, but it can be applied to three-dimensional cases. They approximately
treat the plasma modes as damped out entirely as soon as they enter the single pair
excitation regime in the degenerate limit. We discussed this in detail in

subsection 3.3.11

In Fig. we plot the coupled modes in this approximation for GaAs with an
electron density of n =5 x 10'7¢m ™3, together with the phonon dissipation factor at
zero temperature, C’kTEO. Ckw=1 on the long-wavelength side of the single-pair
excitation limit, indicating that there, the carrier-coupled mode scattering is fully
dissipative, just as for electron-phonon scattering. Fischetti’s approximation
incorporates this, only the cutoff for the single-pair excitation regime is chosen
somewhat more simply. Hence, it is the only approximation discussed which reflects
the importance of the lifetime of the coupled modes for the scattering rate, although
indirectly. Fischetti’s approximation, however, does not capture the situation inside

the single pair excitation region accurately. We will discuss this in more detail in the
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following section.

5.2.2 Discretization of continuous effective scattering rate

FU

F- —
el f

keff 7
@Fischetti

FkF‘ hetls
,zscF‘gJ:?I,

2 3 4
Wave vector k/kp

Fu
b —
B — |

Fl&_Fischetti

k,Fischgtts ~ =~
it

1 2 3 4
Wave vector k/kp

Figure 5.3: Discretized scattering strengths Eq. and scattering strengths from
lsubsection 3.3.1) for n = 5 x 107em™3 as a function of wave vector k, (a) at zero
temperature and (b) at room temperature. All scattering strengths are plotted as
multiples of the carrier-LO-phonon scattering strength F“, Eq. .

In order to compare the limiting cases from appendix [B] with the relaxation time

approximation to the full solution from [subsection 4.4.2] on the level of the scattering
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strengths, we define the discretized effective scattering strength

w,f+Aw
h
pE wo Ir

+
Wy, —Aw

with W,S ,zf ! from Eq. 1} The exact width Aw of the integration interval is not
crucially important, as the effective scattering rate has two well-defined peaks —see
Fig. 5.1{c) and (f) — but it must be large enough to capture each peak. Fig. |5.3|shows

the discretized scattering strengths calculated in this manner. Also shown are
F* Eq. (3:21), F'F Eq. (3.39) , and Fy, pyyeperss Ea- (3.71).

F ;,EZ schetti 18 equal to F'* throughout the single pair excitation regime, while F; ,j is very
small at the low k side of the single pair excitation region and only grows towards F™
as it leaves the single pair excitation region again. The Thomas-Fermi scattering
strength FkT F however, shows good qualitative agreement with the F* in the single

particle excitation regime.

An approximation similar to Fischetti et al. [I], but with the scattering strength
inside the single pair excitation region described by F; kT F Eq. 1' rather than
F* Eq. (3.21]), would improve the qualitative behavior while retaining much of the

simplicity of the approximation. The resulting scattering strengths would be defined

as
F*  k<k,
FI::‘,:Fischetti = FEF k> kc and W+ 7é We (53)
0 else ,

similar to Eq. (3.71]).

5.3 Carrier momentum relaxation and mobility in bulk
GaAs

In this section, we calculate the effective momentum relaxation time and mobility due
to carrier-collective mode scattering in bulk GaAs. All relevant parameters are in
Tab. We compare these results for unscreened and statically screened
carrier—LO-phonon scattering. We also investigate what difference it makes to use the
relaxation time approximation (RTA) or the fully self-consitent solution to the
coupled Boltzmann equations. We conclude this section with a calculation of the total

carrier mobility in GaAs, which can be used for a comparison with experiment.
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5.3.1 Notation

In chapter 4] we derived the effective momentum relaxation time Eq. (4.25) from a

self-consistent solution to the coupled Boltzmann equations for the carriers and

coupled modes. In appendix [C.3] we give the explicit expression for the effective

momentum relaxation time Eq. (C.42) for carrier—coupled collective mode scattering,

in materials with a spherical, parabolic conduction band.

We call the 7, satisfying Eq. with the scattering rate Eq. the
dynamically screened effective momentum relaxation time. This calculation is
our best description of carrier—coupled mode scattering, and we will judge all
other approximate treatments of carrier—coupled mode scattering on its

accordance with this one.

To stress the importance of the drag term on the momentum relaxation time,
we calculate the momentum relaxation time without the drag term, i.e.,
Tkw = 0in Eq. (4.25)). This will be tagged “dynamical screening no drag”.

As discussed in [subsubsection 4.4.4.3] carrier—LO-phonon scattering yields an
effective momentum relaxation time Eq. without a drag term. The
difference to dynamical screening without drag is that here, we use the
electron-LO-phonon scattering rate W,S’w, Eq. We tag this with the term

“unscreened” in the figures below.

On top of the self-consistent effective momentum relaxation times discussed above, we

also calculate actual relaxation times. All these will receive the tag "RTA".

The dynamically screening momentum relaxation time is calculated from

Eq. (4.31) with the scattering rate Eq. (3.4))

The unscreened momentum relaxation time "unscreened RTA" is calculated

from Eq. (4.42)), with the scattering rate Eq. (3.22])

We also calculate the momentum relaxation time for carrier—LO-phonon
scattering, when screening is taken into account in the Thomas-Fermi model.
Therefore we plug the scattering rate Eq. (3.32)) with the Thomas-Fermi

scattering strength Eq. (3.39) into equation Eq. (4.42)). This is tagged
“Thomas-Fermi RTA”.

We calculate the momentum relaxation time for the Fischetti et al.

approximation discussed in [subsection 3.3.1| and [section 5.2.1] Here, we plug the
scattering rate Eq. (3.32) with the scattering strength Eq. (3.71) into equation
Eq. (4.42). This is tagged “Fischetti RTA”.

Finally, we calculate the momentum relaxation time for the mixture between

the Fischetti et al. approximation and Thomas-Fermi screening which we
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defined in Here, we plug the scattering rate Eq. (3.32)) with the

scattering strength Eq. (5.3) into equation Eq. (4.42)). We will tag this
“Fischetti-Thomas-Fermi RTA”.

For the explicit evaluation of these relaxation times in a spherical, parabolic

conduction band, see Eq. (C.44) in appendix

We calculate the carrier drift mobility, the proportionality factor between the applied

external field and the velocity component in field direction using

T (§8) %
P Jdpp? (519)
o op’p

(5.4)

which holds if all the carriers are in a spherical parabolic conduction band, e.g., [9§].

Here f is the Fermi-Dirac distribution function. We do not assume that f° is a
Boltzmann distribution, as is often done [3| 26]. We give a derivation of Eq. in
appendix including its corresponding expression in the Maxwell-Boltzmann limit.
We obtain mobilities in the different approximations discussed above by substituting

the corresponding momentum relaxation times into Eq. (5.4)).

The derivative of the Fermi-Dirac distribution function is shown in the momentum
relaxation time plots Fig. and Fig. to give an idea in what energy range 7

contributes most to mobility.

5.3.2 Iteration of momentum relaxation time to self-consistency

It is evident that Eq. (4.25)) in general cannot be solved analytically for 7, because it

involves both 7, and integrals over 7 at different wave vectors. As mentioned in

chapter 4] we therefore find a solution iteratively. Specifically, we write Eq. (4.25)) as

1
~ = Ry B3} /m+ Byr (55)
where R}, R2{7} and R}{r} are the first, second and third terms in Eq. (4.25)

multiplied by 7,. The curly braces indicate that R2{r} and R>{r} are functionals of

Tp-
In principle, the iteration of Eq. (4.25) to self-consistency can be carried out as
indicated in Eq. (4.24), i.e.,

1

n+1
Tp

= Rllj — RZ{T”}/T;} + R?){Tn}/’l'g (5.6)
However, we have found that the iteration procedure Eq. (5.6|) is not very numerically
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stable for the examples discussed in this thesis. Fortunately, we have found that
rewriting Eq. (5.5)) as

= }%) (1+ B2 {r} - RE{Y) (5.7)

yields an iteration procedure

n 1 n n
= = (1+ R} = By{7"}), (5.8)
P

which is very numerically stable even for undamped iteration. If 7 — 7, it will fulfill

Eq. (4.25) — and the equivalent expressions Eq. (5.7) and Eq. (5.5)) .

Fig. [5.4] shows how the momentum relaxation time changes as it is iterated towards
self-consistency for dynamically screened LO-phonon scattering. The initial iteration
71 is the RTA and all subsequent ones are calculated from Eq. (5.8)).

3 3

The examples are for GaAs with n =5 x 10%em ™3, n =5 x 107em ™3 and

n=>5x 10%em™3 at T = 300K, corresponding to the highly degenerate limit, the
concentration where the optical phonon frequencies are close to the plasma frequency,
and the classical limit, respectively. We can see that for the first few steps in the
iteration, there are notable differences between 7 and 77!, but these differences
become smaller as the iteration converges. We also observe that the iteration process

smooths the curve, and makes it flatter.

When comparing the iteration steps for different carrier concentrations, we have to
keep in mind that the energy axis is scaled with the Fermi energy, which is different
for each carrier concentration. Therefore % f%p is only significant close to the Fermi
energy for n = 5 x 10%cm =3, while it is broadened for lower carrier concentrations,
and a larger energy range is important for mobility calculations. We mark the
LO-phonon energy hwro in each of the plots for orientation. We see that for
n=>5x10%em™3 and n =5 x 107em ™3, the step at the LO-phonon energy is clearly
visible in the initial iteration and flattens out for subsequent ones. This also occurs at
n=>5x 10"%m ™3, but is hardly visible, because hwro < EF.

The smoothing of the self-consistent momentum relaxation time does not happen

throughout the energy range in the case of unscreened LO-phonon scattering, which is
discussed in appendix [C-3.2.1] Instead, the unscreened effective momentum relaxation
times in Fig. and Fig. [C.4] show sharp steps at multiples of the LO-phonon energy

for carrier energies small compared to the thermal energy [94].

We can gain operational understanding of the structure of the curve by considering
how the carrier—LO-phonon momentum relaxation time Eq. is iterated to
self-consistency. This calculation can be carried out analytically, and the relevant
expressions are given in appendix [C.3.2.1] We find that the iteration relation links the

momentum relaxation 7g at one energy, and T VEThoLo” at the energy plus or minus
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Figure 5.4: Momentum relaxation time 7", Eq. , at different steps n in the iteration
process as a function of energy E, in GaAs at T = 300K for n = 5x 102,107,105 cm 3.
The initial and final curves of the iteration 7! and 7 are thick lines. The first five iter-
ations are the dashed lines. We only plot every tenth step after the 7'°. The derivative
of the distribution function (dash-dotted, in arbitrary units) gives an indication how
the momentum relaxation time contributes to mobility. The vertical dotted line marks

hwro.
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the LO-phonon energy. The steps in the momentum relaxation time 7' in the first
iteration occur when the carrier has enough energy to emit an LO-phonon, at

E = hwro. The next iteration, 7'% is a weighted sum of the Téith o and will
consequently feature another step at £ = 2hwro, and so on. Hence, we see that the
sharp peak structure critically depends on the constant frequency of the LO-phonon,

which only couples energies which are iwpo apart in the iteration process.

As the coupled mode frequencies do depend on wave vector, Tgﬂ depends on 71 in a

more complicated way than when we are concerned with LO-phonon scattering alone.
Roughly speaking, the less the coupled mode dispersion resembles an LO-phonon, the
more will the LO-phonon-like steps be washed out.

5.3.3 Comparison of momentum relaxation times in different

approximations

no screening RTA - - - -
no screening ——
Thomas-Fermi RTA -..-.

dynamic screenin
dynamic screening RT 7
dynamic Screeninano drag RTA -.-.
ischetti RTA ...

0
200 (a ) —

—
T

<
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e,
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e, = T AT

P el

- - e N e

Momentum relaxation time 7 (ps)

Energy E/Er

Figure 5.5: Momentum relaxation times 7 for carrier—coupled mode scattering in dif-
ferent approximations for GaAs at n = 5 x 107em ™3 at T' = 300K, as a function of the
carrier energy. The lines marked “RTA” are relaxation times FEq. , the others
are effective momentum relaxation times, solutions to Eq. . Details on the cal-
culations are given in [subsection 5.3.1] The derivative of the Fermi-Dirac distribution
function with respect to wave vector is shown in arbitrary units.

In this section, we compare the effective momentum relaxation time for dynamically
screened LO-phonon scattering to those calculated in other approximations. We plot
the derivative of the Fermi-Dirac distribution function in Fig. 5.5l For the energies for
which it is large, the momentum relaxation time contributes significantly to mobility

Eq. (5.4). Thus, this curve marks the energy ranges which interest us most.

We can associate the kinks in the momentum relaxation lines with scattering

Momentum relazation in doped polar 87 Anna Miriam Hauber
semiconductors



5. COUPLED COLLECTIVE MODE SCATTERING IN 5.8 Carrier momentum relazation and mobility
BULK POLAR SEMICONDUCTORS in bulk GaAs

processes which are allowed as soon as the carrier has enough energy. As we can see
in Tab. the dip in all the effective momentum relaxation times at £ = 1.05EF is

due to the ability of the carrier to emit an LO-phonon.

We see that the curve for dynamic screening does not show sharp kinks at multiples

of the LO-phonon frequency, as all the other curves do. We explained in

[subsection 5.3.2| that this is due to the fact that coupled LO-phonon—plasmon modes

have dispersion, while we assumed that uncoupled LO-phonons have a constant
frequency for all wave vectors. The difference between the dynamic screening curve
and its RTA version are striking. It suggests that the RTA underestimates scattering
for low energies and overestimates it for high carrier energies. However, as carrier
mobilities are proportional to energy averages of the momentum relaxation time
(specifically Eq. ), the difference between the RTA and the fully self-consistent

mobilities will not be as striking.

The Thomas-Fermi RTA curve lies quite close to the one for dynamic screening, but
the unscreened RTA curve underestimate the momentum relaxation time drastically.
Moreover, the momentum relaxation times in the unscreened and Fischetti et al.

approximation are virtually identical at this carrier concentration.

At this point, it is illustrative to reexamine Fig. [5.3|(b), which shows the scattering
strengths corresponding to the Fischetti RTA, the unscreened RTA and the

Thomas-Fermi-RTA curves for n = 5 x 107¢m ™ at room temperature.

The momentum relaxation times shown in Fig. 5.5 are characteristic of the scattering
strengths in Fig. [5.3|(b) for wave vectors k > k. (Eq. (3.70)): For k > k., the Fischetti
scattering strength F; ,j Fischetti (4. (3.71)), is equal to the unscreened scattering
strength F* (Eq. ). Moreover, the Thomas-Fermi scattering strength Eq.
is similar to F; ,j . The behavior of the scattering strengths for k < k. cannot be
important for the momentum relaxation time, otherwise, the momentum relaxation

times would show different trends.

When we compare the dynamic screening RTA curves with and without drag, it helps
to look back to Fig. [5.1(d) and (f), which show the scattering rate Eq. (3.4) and
effective scattering rate Eq. (4.34]), respectively. As explained in [subsection 5.3.1}

dynamic screening in the RTA without drag is calculated from an integral over the

scattering rate, whereas dynamic screening in the RTA is calculated from the same
integral, except that the scattering rate is replaced by the effective scattering rate.
Hence, as the scattering rate is much larger than the effective scattering rate, the

dynamic screening momentum relaxation time with drag is much smaller than the

dynamic screening momentum relaxation time without drag.

To investigate if these observations about the different approximations of screened

carrier—LO-phonon scattering carry over to other parameter ranges, we next consider
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5.3.4 Comparison of carrier mobilities in different approximations
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Figure 5.6: Dependence of carrier-collective mode scattering limited mobility u on
the electron density m, at room temperature, in different approximations. How the
mobilities are calculated in detail is described in [subsection 5.3.1l Different curves are
plotted to highlight (a) the accuracy of the RTA for dynamic screening, signatures of
anti-screening (b) the Fischetti et al. approximation discussed in and
lsubsection 3.3.11

In Fig. [5.6) we plot mobilities from the momentum relaxation times which we showed
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for n =5 x 107em ™3 in Fig. over a range of electron densities. Mobility curves

calculated in different approximations are named in the same way as the (effective)

momentum relaxation times they are calculated from — see [subsection 5.3.1]

Fig. 5.6{a) shows that the dynamical screening curve with and without the RTA show
the same qualitative behavior throughout the electron density range. The curve for
dynamical screening without drag underestimates the mobility significantly compared
to the curve with drag. This is exactly what we expect, because when we neglect the
drag term, we treat the momentum relaxation of carriers due to coupled modes
exactly like momentum relaxation of carriers due to phonon modes. The magnitude of
the discrepancy is a measure for the importance of the drag term. For low carrier
concentrations around n = 10%¢m ™3, this discrepancy is small, but for intermediate
and high carrier concentration, it is large, such that, for n = 10'%¢m ™3, the
dynamically screened mobility with drag is almost three times as high as the one
without drag. As the calculation of the dynamically screened mobilities without drag

differs from the calculation of the unscreened mobilities only in the scattering rate

—see [subsection 5.3.1}- and as the scattering rate is larger in the presence of carriers

than in their absence, it is no wonder that the mobilities of dynamic screening
without drag are typically smaller than the unscreened mobilities. The usual effect of
screening, i.e., of taking carriers into account, is to increase the mobility. When

taking carriers into account leads to lower mobilities, we speak of anti-screening [26].

The dynamically screened mobility is slightly smaller than the unscreened mobility up
to about n < 2 x 106¢m =3 (anti-screening regime), and becomes up to around twice
as large as the unscreened mobility for higher carrier concentrations (screening
regime). Roughly speaking, the anti-screening regime is dominated by an increased
scattering rate compared to the case without carriers, and in the screening regime,

this effect is overcompensated due to the drag term.

Thomas-Fermi screening yields higher mobilities than dynamical screening at carrier
concentrations up to around n < 2 x 10'7em ™3, and lower mobilities for higher carrier
concentrations. The agreement between Thomas-Fermi screening and dynamic
screening is generally poorer than between dynamical screening with and without the
RTA. Nonetheless, Thomas-Fermi screening captures the general carrier
density-mobility behavior much better than dynamic screening without drag or the

unscreened case.

We plot the mobility calculated according to the approximation by Fischetti et al. [1]
in Fig. [5.6b, which shows a section of Fig. [5.6h. This mobility curve differs very little
from the unscreened mobility curve. This makes it a poor approximation to the
dynamically screened mobility for intermediate and high carrier concentrations. At
low carrier concentrations, the agreement between the Fischetti et al. and the

dynamically screened mobility are good. In fact, the Fischetti curve captures
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anti-screening to a certain extent: We can see that when we compare it to the curve
for the unscreened mobility in the RTA. The Fischetti curve is about the same as the
unscreened mobility curve without the RTA, but significantly lower than the
unscreened mobility curve with the RTA. As the Fischetti curve itself is calculated in

the RTA, this is the signature of anti-screening.

In above, we suggested combining the Thomas-Fermi with the Fischetti et
al. approximation to a model which hopefully had the advantages of both. We plot
the resulting mobility curve in Fig. [5.6(b). It behaves as the Thomas-Fermi curve for
intermediate and high carrier concentrations. For low carrier concentrations, it lies
between the Fischetti and the Thomas-Fermi curve and is quite similar to the curve

for dynamic screening in the RTA.

The differences between the RTA and the fully self-consistent mobilities are only large
when the drag term is taken into account. Therefore, the RTA version of the dynamic
screening without drag curve was excluded from the plots. The RTA curve for the
unscreened mobility only differs slightly from the fully self-consistent one. We
included this curve in Fig. [5.6(b), so that we can disentangle the effects of

anti-screening on mobility from the effects of self-consistency on mobility.

5.3.5 Total carrier mobility in bulk GaAs

The mobility in n-GaAs is dominated by polar scattering in the high temperature
limit and by charged impurity scattering in the low temperature limit [94]. Other
scattering mechanisms, like neutral impurity, piezoelectric or deformation potential
scattering usually contribute less [94] 35], and we include only carrier LO and LA
phonon scattering and charged impurity scattering in the present discussion.

Appendix [E-I] gives computational details on the two latter scattering mechanisms.

5.3.5.1 Calculation of total mobility

There are three conceivable methods to calculate the total mobility:

1. Substitute the momentum relaxation times 7; for each scattering mechanism ¢ in
Eq. (5.4). This yields individual mobilities yu;, and the total mobility is
calculated from Matthiessen’s rule [25, chapter 7][99].

_ 1
Nto%,l = Z ,17 (59)

2. Iterate the polar contribution 7pe, (i-e., coupled mode scattering in one of the

approximations discussed in [subsection 5.3.1)) to self-consistency according to
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Eq. (5.8]). Calculate the total momentum relaxation time 73, from the

self-consistent 7,o1qr, 724 and oy.
-1 _ —1
Tp,tot - Z T, N (510)
i

Calculate the total mobility i from substituting 7,0+ in Eq. (5.4)). This
procedure is usually adopted when one is mainly interested in polar scattering

mechanisms, e.g. [94].

3. In general, an expression of the structure Eq. must hold for the total
momentum relaxation time, not just for its polar contribution. Rode [100] used
this approach, listing the “avoidance of Matthiessen’s rule” as an advantage.
Obviously, the coefficients R® have to be different to include the additional
scattering mechanisms. The present case is quite simple, because the additional
scattering mechanisms, charged impurity and acoustic phonon scattering, are
well described by elastic scattering (appendix , so that for charged impurity
(CI) and acoustic phonon (LA) scattering, Eq. becomes

1 1
=Ry cr and

— =R ,. 5.11
Tp,CI ’ Tp,LA pLA ( )

The total momentum relaxation time due to charged impurity, acoustic and

polar phonon scattering consequently is

1

Tp,tot

_nl 1 1 2 3
—p CT + Rp,LA + Rp,polar - Rp,polar{TtOt}/TpvtOt + Rp,polar{TtOt}/TpvtOt
1 1
-+
Tp,CI Tp,LA

1 2 3
+ Rp,polar - Rp,polar{TtOt}/TP,tOt + Rp,polar{TtOt}/TP:tOt

(5.12)

This allows us to iterate 7 ;o to self-consistency using

1
T;‘;—o}‘, - Rl (1 + Rzzl,polar{’rtr(?t} - R?Lpolar{Tt?Z)t}) : (513)

1 1
olar+
p.p ™p,CI "p,LA

We can then calculate the total mobility fi0¢,3 from substituting

Tp,tot m 7, in Eq. QD This approach has been used by Sanborn [48],

= i 7,
for example, and should yield the most accurate total mobilities.

5.3.5.2 Electron density dependence of the electronic mobility

Fig. [5.7a shows that at room temperature, LO-phonon scattering is the most

important scattering mechanism for low carrier densities up to around n ~ 10'7em =3,

and charged impurity scattering is the most important scattering mechanism at
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Figure 5.7: Electron density dependence of the mobility in GaAs at T = 300K. In
(a) and (b) the mobility is plotted against the electron density in the I' valley, in (c),
mobility is plotted against the total electron density in all valleys (See appendix.
(a) Mobility limited through carrier scattering with charged impurity scattering pcr,
LA phonon scattering, and screened and unscreened LO-phonon scattering. (b) The
three different methods of calculating the total mobility from charged impurity scat-
tering, LA phonon scattering and screened LO-phonon scattering is marked “total,
screened” — see [subsubsection 5.3.5.11 (c) Exp a is the total mobility for low carrier
concentration [94]. Exp b is from [I01] and ¢ from [102]. The total mobility from
charged impurity scattering, LA phonon scattering and screened LO-phonon scattering
is marked “total, screened”. The total mobility from charged impurity scattering, LA
phonon scattering and unscreened LO-phonon scattering is marked “total, unscreened”.
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carrier densities higher than around n = 10'¥¢m™3. The difference between the
screened and the unscreened LO-phonon limited mobility is not large in the electron
density region where LO-phonon scattering is dominant. Acoustic phonon scattering
is significantly less important than LO-phonon scattering and charged impurity

scattering for all carrier densities at room temperature.

The three methods to obtain the total mobility from charged impurity, acoustic
phonon and screened polar phonon scattering are compared in Fig. [5.7p. We find that
methods 1 through 3 yield successively smaller mobilities. However, the difference
between method 2 and 3 is quite small for all considered electron densities. The
difference between methods 1 and methods 2 and 3 does not exceed 30%, and is very
small for low carrier concentrations and high carrier concentrations. That the precise
method of calculating the total mobility is not too important in parameter regions

where it is dominated by a single scattering mechanism should not be surprising.

In Fig. 5.7k, the total mobility was calculated with the third method, and the
notation pscreened 1S the total mobility where the polar contribution was screened
LO-phonon scattering, whereas psereeneq iS the total mobility where the polar

contribution was pure LO-phonon scattering.

The population of the L-valley and X-valleys becomes significant at higher carrier
concentrations, so that the total carrier concentration is not identical to the carrier
concentration n in the lowest conduction band. We treat this approximately in
appendix Note that the horizontal axis in Fig. marks the total carrier
concentration n.,, and not the carrier concentration n in the I' valley, like Fig. (a)
and (b).

The total mobilities with screened and unscreened carrier LO-phonon scattering
thsereened A Uynsereened are plotted against some experimental values. As charged
impurity scattering dominates in the “strong coupling regime” around

n =15 x 107em ™3, where screened and unscreened polar phonon scattering differ most
(Fig. [5.7h), the screening effect is not very striking. Polar phonon scattering is the
dominant scattering for small carrier concentrations, so that Fig. reveals

anti-screening (Usereened < Hunscreened), Which is hardly perceptible in Fig. [5.6

Comparison with experiment In Fig.[5.7c, we show our calculated total
mobilities compared to experiment for room temperature GaAs against the total
electron density n.y in the occupied conduction bands (See appendix for an
account of the occupation of the relative occupation of these bands and its effect on

mobility).

Our calculated total screened mobility is higher than the experimental values (a[101],

b[102]) for all electron concentrations. Our calculation of the total unscreened
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mobility agrees somewhat better with experimental values for intermediate carrier

concentrations of about 106em =3 < n < 108em 3.

Piezoelectric scattering is not thought to be important for the mobility in room
temperature GaAs [100}, B5], and therefore our neglect of piezoelectric scattering
cannot explain the deviations between our calculations and experiment. The same

holds for neutral impurity scattering [35].

A more elaborate account of charged impurity scattering [98), 102] might improve
agreement with experiment at intermediate and high carrier concentrations, but is

unlikely to be significant at lower carrier concentrations.

We have assumed that the deformation potential is 6eV (See Tab. [3]), but values
of 7eV have also been used, e.g., [35 [100]. This would lead to a reduction in the
mobility due to acoustic phonon scattering by (6/7)% ~ 27% (See appendix for
how we calculate acoustic phonon scattering). For n = 5 x 10"em ™3, this decreased
the total mobility calculated in the Matthiessen method (Method 1 in

isubsubsection 5.3.5.1]) by only 1.6%. Consequently, this alone cannot explain our

deviation from experiment either.

We attribute the deviation of our calculations from experiment largely to our neglect
of non-parabolicity of the lowest conduction band, the I" band. Rode [100] calculated
the mobility due acoustic phonon scattering, piezoelectric scattering and unscreened
polar phonon scattering and found an effect of several percent for undoped (i.e., low
electron density) GaAs at room temperature[100), Fig. 3]. The effects of
non-parabolicity would certainly not be smaller for room temperature GaAs at higher
carrier concentrations than at lower carrier concentrations. We do not carry out
calculations with non-parabolic bands in this thesis, but such calculations are possible
within the framework developed in and we will discuss them in our outlook

5.3.5.3 Temperature dependence of the carrier mobility

For Fig. 5.8 we calculated mobilities over a range of temperatures for a carrier
density of n = 5 x 10'7em™3. At this electron concentration, the room temperature
mobilities for screened and unscreened polar phonon scattering differed strongly. We
now investigate how these two mobilities behave as a function of temperature. We

assume that the GaAs parameters in Tab. 2.1 do not depend on temperature.

Temperature is an easy variable to change experimentally, and therefore the
dependence of mobility on temperature is often used to characterize and distinguish
different scattering mechanisms, e.g. [35]. Doubly logarithmic plots of mobility
against temperature are useful, as power laws u oc T, with real numbers « will be

straight lines in such plots. We show the mobility due to screened and unscreened
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Figure 5.8: Mobility due to screened and unscreened polar phonon scattering in GaAs
at the carrier concentration n = 5 x 1017em ™3 for a range of temperatures. (a) The
mobility is plotted against temperature. Both axis are logarithmic. (b) The mobility
is plotted on a log scale against inverse temperature.
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polar phonon scattering in GaAs at the carrier concentration n = 5 x 1017¢m ™2 in the
doubly logarithmic Fig. (a). We fit a power law line p o T~% to the unscreened
mobility curve for high temperatures. This is the high temperature behavior for
LO-phonon scattering, where it can be described as quasi-elastic, cf. Eq. [26].
Yet, the polar phonon limited mobility does not have a power law dependence on

temperature throughout the plotted temperature range.

In Fig. |5.8(b), we plot the screened and unscreened polar phonon mobilities in GaAs
at the carrier concentration n = 5 x 10'7em ™3 against the inverse temperature. A fit
shows that the unscreened polar phonon mobility roughly behaves as log p oc 771

through a large temperature range, as long as the temperatures are not too high.

Unfortunately for the purpose of distinguishing experimentally between screened and
unscreened polar phonon scattering, the temperature signatures of both curves are

very similar.

Fig. [5.9(a) shows the temperature dependence of the electron mobility due to charged
impurity and acoustic phonon scattering (See , and screened and
unscreened polar phonon scattering in GaAs at the carrier concentration

n =5 x 1017em™3. With growing temperature, coupled mode scattering increases and
charged impurity scattering decreases. Therefore, carrier-coupled mode scattering
becomes the dominant scattering mechanism at higher temperature. While charged
impurity scattering dominates at low temperatures, coupled-collective excitation
scattering is the most important scattering mechanism at high temperatures, starting
from T ~ 400K.

The difference between the “total screened” and the “total unscreened” mobility curve
are vanishingly small at T' < 50K . At higher temperatures, the difference between the
curves is intelligible: As shown in Fig. the ratio fitor sereened/ ot unsereened 15 1.28

at most, the room temperature value.

We did not find T'— p curves in the experimental literature for n =5 x 10/7em ™2 in

particular. However, we included the value of y = 3500 Cvmj at room temperature from

the collection of experimental values in Sze and Irvin [I0I], with the 25% deviation

they report.

We also calculated the Seebeck coefficient in room temperature GaAs, but found it to

be very insensitive to the effects of screening, cf. appendix

5.4 Magnitude of effect in different polar materials

Whether explicit treatment of coupled collective mode scattering is important in a

material depends on two factors. Firstly, coupled collective mode scattering has to
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Figure 5.9: (a) Temperature dependence of total mobility due to charged impurity,
acoustic phonon and screened or unscreened polar phonon scattering in GaAs with an
electron concentration kept constant at n = 5 x 107em™3. The total mobility curves
are calculated with method 3 from [subsubsection 5.3.5.1, The line marked /i is
the total measured mobility at 7' = 300K from [10I]. (b) Ratio of the two mobility
curves marked “total, screened” and “total, no screening” in subplot(a) as a function

of temperature.
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differ significantly from LO-phonon scattering for a certain density. Secondly, polar
scattering mechanisms have to be an important scattering mechanism at that density.

This depends on the other relevant scattering mechanisms in the material.

In this section, we address the first factor for some polar semiconductors similar to
GaAs. We also describe them with a single spherical parabolic conduction band, and
compare the mobility limited by coupled collective mode scattering (“piscreened”’) t0
the mobility due to LO-phonon scattering (“funscreened”) - Appendix describes
the evaluation of the momentum relaxation time in detail. The mobilities are
calculated from Eq. . The parameters used for these calculations are given in
Tab. and the ratio of the screened to the unscreened LO-phonon mobility
—Msereened g plotted for some n-type materials at room temperature in Fig. .

Hunscreened
In the long-wavelength limit, the coupling between LO-phonons and plasmons is
strongest when the plasma frequency and the LO-phonon frequency are similar (See
Fig. in appendix , or n =~ ng, with the strong coupling density no from

Eq. . We see that mﬁ is slightly smaller than one for low carrier densities
(“anti-screening”), and larger than one (“screening”) for high carrier densities across
all materials. The ratio M’*m& has a broad peak around n = n¢, and decreases

unscreened

towards one again for larger n.

The curve for InP, which has very similar m*, 14% lower > and higher optical
phonon frequencies than GaAs, is very similar to the GaAs curve. InAs, which has a
much smaller m* than GaAs or InP, similar e to GaAs and smaller optical phonon
frequencies, has smaller maximal —tscreened_ TnSh - which is even lighter, and has

unscreened
higher €, has even lower -fscreened PhTe has the smallest maximal —Facreened of a]]
unscreened Hunscreened
considered materials. It has quite a low effective mass, and the highest > of all
considered materials. Moreover, its optical phonon frequencies are very small, with

wro only a fraction of wrp.

We see much larger % in ZnSe, which has roughly twice the GaAs effective
mass and half its £*°, and whose optical phonon frequencies are similar to InAs. ZnS,
which has even higher m* and lower > than ZnSe, shows the largest -£screened of the

Hunscreened

investigated materials.

To investigate how —£sceened . depends on the parameters, we consider hypothetical

Munscreened

materials which have:
e 7ZnSe parameters, but a GaAs effective mass
e 7ZnSe parameters, but a GaAs &>
e 7ZnSe parameters, but GaAs > and m*

When we change €, we leave wro and wro constant, but adjust ¥ to satisfy the

Lyddane-Sachs-Teller relation.
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Figure 5.10: Fraction lﬁ‘:ﬁ at T = 300K (a) for n-type GaAs, InAs, InP, InSb,
ZnSe, PbTe and ZnS depending on electron density. (b) for n-type GaAs, ZnSe, and
hypothetical materials with mixed GaAs and ZnSe parameters, depending on electron

density normalized by their respective characteristic density nc.
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Fig. [5.10b shows that Hp»scre% grows with increasing m* and falls with increasing

£%°. Changing the ZnSe effective mass and £°° to their GaAs value results in a

—Msereened _ywhjch is very similar to the GaAs curve.

Hunscreened
Extrapolating from the comparison between GaAs and ZnSe, and the trend observed
in Fig. .10k, we expect the relative difference between screened and unscreened
LO-phonon mobility to be largest in materials with large effective mass and low high
frequency dielectric constant. We explain this as follows: The Thomas-Fermi wave
vector kpp is proportional to the effective mass, and the static free carrier
susceptibility proportional to krr for small k. That means that the free carrier
susceptibility will be the more important compared to the valence band susceptibility
g if the latter is small, or if m™* is large. In materials which are very strongly polar,
like PbTe, €% is much larger than €, and the free carrier susceptibility plays an even

smaller role.
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Chapter 6

Screened interface phonon
scattering in polar MoS,

heterostructures

We calculate the carrier mobility due to interface phonon-plasmon scattering for
MoSs-sandwiches, that is, for a single layer of MoSy between dielectric 1 on the one
side and dielectric 2 on the other side (Fig. [3.4p). We first calculate the effective
momentum relaxation time from Eq. . We discuss how this expression is
calculated in detail in appendix yielding Eq. for the fully self-consistent
effective momentum relaxation time. We discuss the treatment of screening in detail
in In the second step, we then calculate the carrier mobilities from the
momentum relaxation times using Eq. .

In order to assess the mobility which could be achieved in a device which is not
dominated by charged impurity scattering, we include acoustic deformation potential
scattering, piezoelectric scattering and optical deformation potential scattering in the
calculation of the total mobility, using the parameters calculated by Kaasbjerg et

al. [57, 5]. In appendix [El we describe how to calculate the momentum relaxation
times due to acoustic and optical deformation potential scattering and piezoelectric
scattering [57), B, 54]. Like Kaasbjerg et al. [57], but unlike Ma and Jena [54], we do
not think longitudinal optical phonon scattering in the layer of MoSs itself contributes

significantly to the scattering. See appendix [E] for details.

We then calculate a “total” momentum relaxation time 7;,; due to these scattering

processes, and screened interface phonon scattering from

1
Ttot — — 1 (61)
S S

where the sum is over the different scattering processes above. We put quotes around

102



6. SCREENED INTERFACE PHONON SCATTERING
IN POLAR MOS2 HETEROSTRUCTURES 6.1 Modeling of channel material: MoSs

total here, because in realistic structures, the mobility is often dominated by charged
impurity scattering caused by a large number of defects [56], [55], which we do not
include here. The corresponding “total” mobility u:,: due to acoustic and optical
deformation potential scattering, piezoelectric scattering and screened interface
phonon scattering is calculated by substituting 7, in Eq. .

6.1 Modeling of channel material: MoS,

Hexagonal molybdenite in its bulk form has been long known and characterized (see
Fig. or Ref [7] for its crystal structure). Bulk MoSs(2H) consists of weakly
bonded layers with a gap between layers that is similar to the layer thickness. All
layers are identical, but they are offset to each other, so that a primitive unit cell has
to contain atoms from two layers [7]. The individual layers are not completely planar,
because the sulfur atoms, which are strongly chemically bonded to each molybdenum
atom, are offset in the direction of the c-axis, cf. [7], Fig. The microscopic details

> c-axis

Figure 6.1: Projection of the MoSy(2H) primitive unit cell onto the c-axis, to scale.
Lines perpendicular to the c-axis mark the planes in which the marked atoms sit. The
length of the unit cell is c=12.29A, the inter-atomic distance is d=2.96A. [7] The size
of a unit cell of a monolayer a=c/2=6.145A.

of the crystal structure are not necessary for our transport calculations, and, as far as
electrostatics are concerned, we treat monolayer MoSs as a slab of bulk MoSsy of
width a=c/2=6.145A, cf. Fig. While this is quite crude a description of the
atomic structure of MoSs, it offers the chance to investigate the effects of dynamic

screening in these 2d structures.

We treat the electrons in the MoSy conduction band minima as truly two-dimensional

(cf. [subsection 3.2.4)), that is, we take their wave functions to be delta functions at

z=0 in Fig. [3.4p, in the middle of the monolayer. Monolayer MoS, has two equivalent
conduction band minima at the K points (cf. Fig.[1.4). Kaasbjerg et al.[57, Fig. 2] fit
a parabola to the K-point minimum with good agreement, and comment that the
closest conduction band valley lies about 200meV higher, so that low field transport is
well described by effective mass theory. The effective masses in the longitudinal and
transverse directions are almost identical [52] [57]. We will use m* = 0.35m,, which

Cheiwchanchamnangij and Lambrecht [52] determined with a self-consistent
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GW-method rather then the value of m* = 0.48m, which Kaasbjerg et al. [57]

obtained with density functional theory and the local density approximation.

6.2 Influence of surrounding dielectrics

(a)
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Figure 6.2: (a) Mobility limited by dynamically screened interface phonon scattering
(b) Total mobility due to dynamically screened interface phonon scattering, deformation
potential and piezoelectric scattering (appendix in different structures, at T=300K,
as a function of carrier sheet density ng.

We calculate both y, the dynamically screened interface phonon scattering, and piot
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6. SCREENED INTERFACE PHONON SCATTERING

IN POLAR MOS2 HETEROSTRUCTURES 6.2 Influence of surrounding dielectrics
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Figure 6.3: High frequency interface dielectric function e;75%°¢ as a function of the
wave vector times the interface layer thickness a. (See Eq. ) for different structures
discussed in The lines are marked with the materials which make up the
heterostructure described in Fig. |3.4{(b), in the order “left dielectric”-“interface layer
material”-“right dielectric”. In this plot, the interface layer is always MoSs3, with a

thickness of a=6.145A, as discussed in

for MoSs surrounded by different dielectrics. A free-standing MoSso-monolayer, a layer
of MoSy between layers of hexagonal boron nitride BN, a layer of MoSs on SiO», and
a MoSy-monolayer between SiO2 and HfOs. This is shown in Fig. [6.2(a) and (b).

Hexagonal boron nitride (BN) is mildly anisotropic with /> = 4.5 and ¢° = 6,
compared to the strongly anisotropic but barely polar MoSs with ¢/*° = 9.71 and

€0 =9.79. SiOy and HfO, are isotropic oxides. SiOs has €* = 2.5 and € = 3.9,
HfO,, with € = 5.03 and €° = 22.0 is very strongly polar. Details of the dielectric
functions are in Tab. and the high-frequency interface dielectric function for each
of the four sandwiches are plotted in Fig. [6.3]

The structures SiO2-MoSs-vacuum and SiOs9-MoSso-HfOs were investigated
experimentally in [I7], the freestanding MoSs case is useful as a reference and relevant
for studies of the intrinsic, phonon-limited mobility of MoSy such as [57, [5]. The
BN-MoS2-BN structure is interesting because hexagonal BN has a layered structure

similar to MoSs and its optical phonon frequencies are very high.

Fig. shows that the most strongly polar sandwich, SiO2-MoSo-HfOs, has the
lowest room temperature mobility. HfO2 also has the lowest TO-phonon energy
hwro = 12.4meV of the considered dielectrics.

The SiO2-MoSs-vacuum structure has the next lowest mobility, which is still roughly
a factor of 10 larger than that of the Si02-MoSs-HfO9 structure throughout all carrier
concentrations. This is because SiOy is much less polar than HfO- and its lowest
TO-phonon energy hwro = 55.6meV is much higher, even larger than the thermal
energy of 25meV.

As the lowest TO-phonon energy in BN is around four times the thermal energy, the
mobility of the BN-MoSo-BN structure is higher still, and very similar to mobility of
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the free-standing MoSs.

Fig.|6.5(c) and (f) show the effect of the different surrounding dielectrics on the
effective scattering rate Eq. . We can see the hybridized plasmon-phonon modes
at long wavelengths, and the flat LO-phonon-like modes at larger wave vectors. The
low energy HfO2-like mode and the high energy SiOs-like mode are clearly
distinguishable in Fig. [6.5f, unlike the remaining modes around 50meV. We can
qualitatively understand that the scattering will decrease if we remove the HfOs-type
resonances from the effective matrix element in Fig. [6.5f, essentially yielding the

SiO9-MoS,-vacuum W,Siff in Fig. .

6.3 Treatment of screening

In this section, we compare carrier mobilities and momentum relaxation times, where
the screening of interface polar phonon scattering is treated in different

approximations:

1. The tag “dynamic screening” means fully self-consistent 7, and T, from
Eq. (C.61)) and Eq. (C.76]). The scattering rate in 7, is calculated from
Eq. (3:63)

2. The tag “dynamic screening no drag” means fully self-consistent 7, from

Eq. (C.61)), but the drag term T, Eq. (C.76) is set to zero. The scattering rate
in 7, is calculated from Eq. (3.63))

3. The tag “no screening” applies to calculations where the drag term is equally

zero (See discussion in [subsection 4.4.3), but the scattering rate in 7, is
calculated from Eq. (3.58)), i.e., free carriers have no effect on the scattering rate.

4. The tag “dynamic screening RTA” refers to dynamic screening in the relaxation
time approximation. The relaxation time is calculated in a quasi-elastic

approximation according to Eq. (4.31)). The explicit expression is Eq. (C.63)) in
appendix The scattering rate in 7, is calculated from Eq. (3.63])

5. The tag “static screening” also refers to a RTA solution. To obtain the static
limit of the relaxation time, we have to replace the scattering rate Eq.
with its static limit W£7w20 and set the phonon dissipation weight factor
Eq. to its static limit C} ,—0 = 1 in the momentum relaxation time

Eq. (C.63) in appendix
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6.3.1 Neglecting screening

If one neglects electronic screening altogether, the scattering matrix rate will look like
Fig. [6.4h, where no hybridization effects occur. Qualitatively, and across all systems
considered, one can say that for medium and high carrier concentrations, this will

overestimate the scattering. We can also see this in plots of the momentum relaxation

rate (Fig. or the mobility (Fig. [6.6).
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6.3.2 Dynamic screening neglecting phonon drag

Let us illustrate the point we made in that not only the change of the
scattering rate on introduction of free carriers is important, but also the lifetime of
the coupled modes the carriers scatter with. Therefore we compare the scattering rate
for the SiO2-MoSy-Vacuum device (Fig. [6.5a), with the corresponding effective
scattering element (Fig.[6.5f), and the scattering rate for the HfO2-MoS9-SiO4y device
(Fig. [6.5(d), with the corresponding effective scattering element (Fig. ) The
respective phonon dissipation factors (Fig. and e), capturing the lifetime of the
coupled modes reduces the scattering strength of the striking plasmon-like peaks in
Fig.[6.5(a) and (d) to the peaks of Fig. [6.5(c) and (f). Qualitatively speaking, we can
infer from a comparison of these plots that a neglect of the phonon dissipation factor

would dramatically overestimate the scattering.

On the level of the Boltzmann equation, neglecting the finite lifetime of the coupled
modes means neglecting the phonon drag term Gy o . For a quantitative
analysis, we calculate the fully self-consistent, dynamically screened effective
momentum relaxation rate neglecting the phonon drag term. Kasiyan and Russu [37]
carried out an approximate version of such a calculation. The resulting mobility for
the SiO2-MoSs-Vacuum structure is plotted in Fig. [6.6h. As expected, the mobility is

much lower than for dynamic screening including phonon drag.

Dynamic screening without phonon drag typically (but not always, see
HfO2-M0S2-Si0s-sandwich in Fig. ) yields so-called anti-screening, the effect that

scattering is increased, not reduced by the introduction of free carriers.

6.3.3 Dynamic screening including phonon drag

Anti-screening in fact exists, but dynamic screening without phonon-drag
overestimates it unless the relevant carrier concentrations are close to the intrinsic

carrier concentration.

For low carrier concentrations, longer wavelength hybridized modes contribute more
to the scattering of carriers. As we can see in Fig. the coupling of the plasmon
and phonon modes gives rise to dispersive coupled modes at long wavelengths. The
lowest frequencies of these coupled modes are smaller than the lowest optical mode
frequencies. If these modes significantly contribute to scattering of carriers,
anti-screening can occur. Heuristically speaking, at long wavelengths, the electronic
response is slower than the phonon response, so the electrons cannot screen the
optical phonon interaction. To the contrary, as these modes have a phonon

dissipation factor close to one, they contribute significantly to momentum relaxation.

We can see how anti-screening is captured in the SiO9-MoSo-Vacuum structure in
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Figure 6.5: (a) and (d): Jm <—§;) o« WP, /v, Eq. (3.63) as a function of wave
k,w ’

s

vector k and energy F = hw for screened interface phonon scattering in the (a) HfOq-
MoS,-SiOq9 structure (d) SiO2-MoSse-Vacuum structure. (b) and (e): Phonon dissipa-
tion weight factor Eq. (4.32) as a function of wave vector k and energy E = hw (b)
HfO2-Mo0S2-Si04 structure (e) SiO2-MoSse-Vacuum structure. (c) and (f): Eq. (4.32))
Jm Einterface

as a function of wave vector k and energy E' = hw for screened interface phonon scatter-
ing in the (b) HfO2-Mo0S2-SiO4 structure (e) SiO2-MoSs-Vacuum structure. All plots
are for T=300K and ng = 2 x 102em=2.

x W,?jf ! /vk, Eq. (4.34) as a function of wave vector k and energy E = hw

Fig. when we compare the mobility calculated without screening with the

a1 . . . . | . Hdynamic
mobility calculated with dynamic screening. Fig. shows the ratio T —
between those mobilities directly. Anti-screening is visible for all the structures except
the HfO2-M0S2-SiO4 sandwich, whose lowest TO energy is only roughly half the
carrier energy at room temperature. This is because the plasmon-like modes which

are still lower in energy, and which would have to contribute for anti-screening to
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happen, are low in intensity (See Fig. and f). See also Fig. for more detail

on the mobility of the HfO3-Mo0S,-SiO9 sandwich.
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Figure 6.6: Room temperature mobility limited by interface phonon-plasmon scattering
in the (a) SiO2-MoSy-vacuum (b) HfO2-MoS2-SiO2 structure as a function of carrier

sheet density ng. explains how the mobilities tagged “no screening”, “dy-

namic screening”,
screening” are calculated.
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6.3.4 Static screening

By treating screening statically, the hybridization effects for small wave vectors are
neglected and the scattering rate at the long wavelength limit is generally decreased.
(See the statically screened scattering rate in Fig. ) It is therefore clear that
static screening can never describe the anti-screening effect at low carrier
concentration. Fig. , showing the ratio —£static _ demonstrates this.

Hunscreened
At high carrier concentrations, static screening is often a good approximation,
because here, the strongly coupled modes lie at very long wavelengths and hence do
not contribute much to momentum relaxation. For intermediate carrier

concentrations, the effects on the mobility are generally more subtle.

To quantify the mistake one would make by treating screening statically, we plot the
Hdynamic
N}s,tatic
is smaller when one takes all other scattering mechanisms into account, especially for

ratio of the mobility with dynamic and static screening in Fig. . The error
the sandwiches where the interface-phonon-plasmon limited mobility is quite high.
(Compare Fig. and b.) Even so, statically screening the
interface-phonon-plasmon scattering overestimates the total mobility in the
SiO2-MoSs-Vacuum sandwich by up to 15%, and underestimates the total mobility in
the HfO2-Mo0S2-SiO5 sandwich by up to 75%.

6.3.5 Effect of screening between different sandwiches

In we established that the ratio of the screened to the unscreened mobility
increased with an increased effective mass of the carriers, and a decrease of the high
frequency dielectric constant. In our X-MoSs-Y sandwiches, the effective mass is
always the same, but their interface dielectric differs. Fig. [6.3] shows the high
frequency limit of the interface dielectric functions of the investigated sandwiches. We
see that the rough relation “The higher 5}?2?1;%? , the lower fiscreened/ Hunscreened s also
holds for the height of the peaks in Fig. and b. While static screening (Fig. [6.7b)

gets the order of the peaks right, it underestimates their magnitude somewhat.

In the bulk case, fiscreened/Munscreened S 6 (Fig. [5.10p in [section 5.4)) compared to that
for the X-MoSs2-Y sandwiches fiscreened/ unscreened S 16 (Fig. , even though the

effective masses of ZnS, which has the largest such ratio of the considered bulk

interface
k~1/a,w—o00

materials, and MoSy are almost identical, and the e around ka ~ 1 and
€%, are similar. This difference is due to the difference of the dielectric response of a

three-dimensional compared to a two-dimensional electron gas.

In we introduced a critical carrier density where the optical phonon
frequency and the plasma frequency are roughly equal, and observed that density was

roughly where the peak in piscreened /frunscreened 1lay. For the interface phonon case, such

Momentum relazation in doped polar 111 Anna Miriam Hauber
semiconductors



6. SCREENED INTERFACE PHONON SCATTERING
IN POLAR MOS2 HETEROSTRUCTURES 6.3 Treatment of screening

16 . —————r . .
—_— Vacuum—MoSz—Vlacuum I
14 | —w— BN-MoS»-BN i
—u— Si09-MoSs-Vacuum
< 12 —— HfOQ—MOSQ-SiOQ
=
=10
:
\f: 8
6
a
z
< 4
2
1011 1012 1013 1014

Carrier sheet density ng (cm™2)

—_— Vacuum—MoSz—Vlacuum
14 | =——t— BN—MOSQ-BN 4
—u— Si09-MoS,-Vacuum

12 | = HfOQ—MOSQ-SiOQ ]

Hstatic /Munscreened

?011 | ...H .1.032 | ...H .1.(;13 | ...H .1.014
Carrier sheet density ng (cm™2)
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Figure 6.8: Ratio of dynamically to statically screened carrier mobility ftqynamic/tstatic
in different structures at room temperature as a function of carrier sheet density ng:
(a) Interface phonon scattering limited mobility (b) Total mobility (also including de-
formation potential and piezoelectric scattering, see appendix .

a critical carrier density would be more difficult to define, firstly, because there are
more optical phonon modes present, and secondly, because the plasma frequency has
a linear, not constant, dispersion in the long wavelength limit. However, we can still
see how the peaks in fiqynamic/ tunscreened in Fig. are ordered along the sheet
density axes roughly according to the position to their optical phonon frequencies:
The HfO2-Mo0S2-SiO2 sandwich has the lowest TO-phonon frequency and it peaks at
the lowest sheet density. The BN-MoS2-BN sandwich has very high TO-phonon
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frequencies apart from the TO-frequencies of the weakly polar MoSs which all

sandwiches share.

Note that these shifts are absent in the pgiatic/funscreened i Fig. , as static
screening is by construction blind to dynamic effects such as the dispersion of the

plasma excitations.

6.4 Relaxation time approximation compared to

self-consistent solution of the Boltzmann equation

We observed that for the calculations without screening and with static screening, the
relaxation time approximation (RTA) is fairly close to the self-consistent solution for
all investigated structures. E| This also holds for the calculations with dynamic

screening without the phonon drag term.

However, in general, it does not hold for the calculations with dynamic screening
including the drag term. The agreement between the RTA and the fully
self-consistent solution is good for the mobility calculations in HfO9-Mo0S2-SiO-
(Fig.[6.6p), but not for the other investigated structures.

In particular, the RTA does not capture anti-screening, as can be seen in Fig. [6.6h.
Explicitly this means, the hybridized modes in W,Sif / in Fig. c) and (f) do not
contribute significantly to scattering in the RTA. However, they do contribute
critically in the fully self-consistent solution. One can see that in Fig. where the
fully self-consistent effective momentum relaxation rate (marked “dynamic
screening”) is larger than its RTA correspondent (marked “dynamic screening RTA”)
for energies smaller than 60 meV where hybridization occurs, and smaller for energies
over 60 meV, where hybridization is less important. The fully self-consistent effective
momentum relaxation rate shows none of the steps associated with a certain onset of
the emission of optical phonons, seen very strongly in the unscreened curve, and to a
lesser extend in the static screening and dynamic screening in RTA curve. This
flatness is another indication that the coupling to plasmons, which are dispersive and
hence produce less featured momentum relaxation rates, are more important in the

fully self-consistent effective momentum relaxation time than in the RTA.

The iteration to self-consistency is a process to find the right balance between the case
where all the coupled modes relax momentum (no drag term), and the case where all

plasma effects are neglected (no screening case). The RTA is only a rough guess.

Keeping in mind that the effective scattering rate W,S ’Sf 7 from Eq. 1' only strictly

In all plots, we show the no electronic screening case in the self-consistent solution, but static
screening case in the RTA, because the previous study by Ma and Jena [54] used static screening and
the RTA.
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Figure 6.9: Momentum relaxation rate calculated with different treatments of screening,
as a function of electron energy E, for a (a) SiO2-MoSs-vacuum device. (b) HfO2-MoSs-
SiOy device at T=300K, n = 2 x 102em 2. explains how the momentum
relaxation rates % tagged “no screening”, “dynamic screening”, “dynamic screening
RTA”, “dynamic screening no drag” and “static screening” are calculated.
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has meaning within the RTA, it still conveys some intuition for the qualitative effects
of dynamic screening. However, our calculations show that, in general, the RTA is no
viable shortcut, and it is necessary to find the fully self-consistent effective
momentum relaxation time to capture dynamically screened interface-phonon

scattering correctly.

6.5 Present work compared to previous studies

Simulations of the carrier mobility in MoSy have mainly been of one of the following
two types: The first kind treat freestanding single layers of MoSs from first principles,
e.g. [57, 5 T03]. Such calculations aim to predict the “intrinsic” carrier mobility, due
to scattering with the monolayer MoSs-phonons. The second kind focuses on other
scattering mechanisms, which limit the mobility in realistic devices, taking into
account impurities, and the type and dimensions of the surrounding

dielectrics [56, 55, [54]. The methodology there tends to rely on effective mass theory
and macroscopic electrostatics, though the parameters might be obtained from
electron [57, [62] and phonon [I8, [19] band structure calculations. Free carrier
screening, present due to the impurity doping of non-ideal samples of MoSy or due to

gating in FETs, falls into the second type of treatment.

Kaasbjerg et al. [57, [5] calculated the intrinsic mobility in a free-standing layer of
MoSs. They performed first principles electronic structure calculations to obtain the
relevant scattering matrix elements in the low carrier concentration limit. However,
rather than accounting for the free-carriers effects explicitly in another ab-initio
calculation, they take screening into account ad hoc by dividing their n — 0 matrix

elements by appropriate model dielectric functions [5].

Ma and Jena [54] published a study of the mobility of different structures consisting
of MoS, surrounded by different dielectrics, using model dielectric functions to
statically screen the matrix elements calculated by Kaasbjerg et al. [5]. While lacking
the detail of a microscopic dielectric function, these numerically cheap model
dielectric functions can capture the electrostatic effects of placing a monolayer of

MoS, between a large number of permutations of different dielectrics.

This work uses Kaasbjerg et al’s “screening by hand” approach for composite
structures, as Ma and Jena [54] have. Its methodology is very similar to Ma and
Jena’s in that it also applies single particle transport and macroscopic electrostatics
to MoSa-heterostructures. However, it uses the formalism established in
and to focus particularly on the screening of the interface phonon

scattering effect, which is important in polar MoSs-heterostructures.
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Comparison of present work with calculations from Ma and Jena [54] In
this section, we compare some of our results with some results from the literature.
Out of the studies discussed above, [57, [5l, 103] give calculation of the carrier mobility
as a function of the sheet carrier density, but only for MoSs suspended in a vacuum,
and neglecting screening. We therefore compare our results with some presented by
Ma and Jena [54]. In their Fig. 7(b), they present calculations of a mobility due to
statically screened interface phonon scattering, charged impurity scattering, acoustic
and optical deformation potential scattering and LO-phonon scattering, as a function
of carrier sheet density at room temperature. The impurity concentration is fixed at
N7 = 10'"em™2. This mobility is plotted against some of our own calculations for a
HfO2-M0S2-Si04 structure in Fig. We choose the HfO2-MoS3-SiO4 structure,
because its mobility is dominated by screened polar interface phonon scattering, the
scattering mechanism we are particularly interested in in this thesis. We include other
scattering mechanisms (acoustic and optical deformation potential scattering and
piezoelectric scattering, as discussed in appendix , but they have barely any
influence on the total mobility. The effect of neglecting charged impurity scattering,
which we have not included, should also be negligible for N; = 10! em™2. We can see
this from Ma and Jena’s [54] Fig. 7a] calculations for ng = 103c¢m =2 and

N; = 10%m~2, which we included in Fig. as a diamond. It lies on the line for the
mobilities with a N7 = 103em =2 impurity concentrations for the HfO5-Mo0S32-SiO5

structure.

Fig. compares calculations of the total room temperature mobility in a
HfO2-Mo0S3-SiO4 structure as a function of carrier sheet density by Ma and Jena [54]
to ours. Ma and Jena’s treatment of screened interface polar phonon scattering differ
from ours in several important points. In order to disentangle the effects of these
differences on the mobility from each other, we go step by step: We start with the
calculation which we believe to best describe screened polar interface phonon
scattering in the HfO3-M0S5-SiO9 structure. We then change our treatment to agree
with that by Ma and Jena [54], eliminating one difference at a time. Each change will
be discussed first, and then retained for all subsequent calculations. Incidentally, each
of these changes reduces the mobility by a certain amount, until we finally reproduce
Ma and Jena’s mobilities quite accurately, which are around an order of magnitude

lower than our “dynamic screening” results from Fig. [6.10

1. Dynamic screening: Our best description of interface polar phonon scattering
involves dynamic screening as discussed in This curve was first
presented in Fig. [6.2(b), and is marked “dynamic screening” in Fig. [6.10

2. Static screening and the RTA: Ma and Jena [54] employ static screening and the
relaxation time approximation. We include our calculation of with static
screening and the RTA in Fig. [6.10| marked “Static screening RTA”. As shown in
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Figure 6.10: Room temperature mobility in a HfO2-MoSs-SiO4 structure as a function
of carrier sheet density. The thick orange solid line is from a calculation by Ma and
Jena [54]. All other curves are from our calculations. The top red line with the crosses
marked “dynamic screening” is our best description of the mobility in the HfO9-MoSs-
SiOy structure, and was first presented in Fig. [6.2(b). Each successive curve is marked
with the additional assumption that has been made to calculate it, as explained in
isection 0.9l

Fig. [6.8p, using static rather than dynamic screening decreases the mobility by

up to 43%. All calculations described below also employ static screening and

the RTA.

. MoSs effective mass: Ma and Jena use the LDA effective mass of

m* = 0.48m. [57]. We used a GW effective mass of m* = 0.35m. [52], because
GW band structures compare more favorably with experiment than those
calculated in the LDA (cf. [104] and references therein). From here on, we will
use the LDA value of m* = 0.48m,., like Ma and Jena. This causes the mobility
to decrease by about 25% to 35% throughout all carrier densities.

. Isotropic dielectric constant of MoSs: Ma and Jena use an isotropic dielectric

constant of MoSy of 7.6E| We use a formalism (subsection 3.2.2)) which accounts
for the anisotropic dielectric functions of MoSy. Our effective scalar high
frequency constant for MoSy €'y, 5, = 9.7, see Tab. and Eq. . Taking
Ma and Jena’s isotropic dielectric constant decreases the mobility by between

38% at low carrier sheet density and 20% at high carrier concentration.

. Interface layer thickness: Ma and Jena use an expression for the polar interface

phonon scattering limited mobility which only holds if the MoSs-interface layer

2They do not specify if this is supposed to be > or €2, but as the LO-TO splitting in MoS, is

very small [I8] [19], this does not matter much.
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is infinitely thin, a = 0. We account for a finite layer thickness a=6.145A, see
lsubsection 3.2.2] Fig. shows how, according to our continuum model, the

unscreened polar interface scattering limited mobility would vary if it was

possible to change the thickness of a monolayer of MoSy at will. The inset
demonstrates that the mobility would change drastically if one could vary the
layer thickness by several orders of magnitude. The main figure shows that
changes of the layer thickness by a fraction of an A around our value of
a=6.145A, a realistic guess for the uncertainty of a, has much smaller effects on
the mobility. Still, setting a = 0, as Ma and Jena do, reduces the mobility by

more than a factor of two for all the considered ng.

6. Hess and Vogl treatment: Ma and Jena treat the HfO9-Mo0S5-SiOs structure
with Hess and Vogl’s expression for interface polar phonon scattering (discussed
in [subsection 3.2.2) Eq. (3.67)). Here, this means “switching off” the polar
phonons in SiO9 by fixing the silica dielectric function at its high frequency

limit, ignoring the electrostatics of the MoSs-layer, and only considering the
lowest frequency polar phonon in HfO5. This reduces the mobility further to

give very good agreement with Ma and Jena’s calculation.

Implementing all these changes gives excellent agreement between our mobility
calculations and those by Ma and Jena [54] at low carrier sheet densities. Ma and
Jena’s slightly lower mobilities at high carrier sheet densities could be due to an
inconsistency of their treatment of electrostatics in screening: While they neglect the
MoSs thickness in their treatment of unscreened interface polar phonon scattering,
they take it into account in their generic treatment of screening of all scattering
processes. Another possible cause for the slight discrepancy are differences in the
treatment of other scattering mechanisms (appendix . We checked that our
different treatment of the electronic wave functions in the transverse directions (Ma
and Jena have particle in a box wave functions, and we delta functions) amounts to

less than a 3% difference in the mobility at any ng.
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Figure 6.11: Dependence of the mobility p due to unscreened polar interface phonon
scattering and the total mobility u:.: on the thickness a of the interface layer in struc-
tures of the type described in Fig. [3.:4p. This plot is for a HfO2-MoS3-SiOs structure
at room temperature and a carrier sheet density ng = 10'em™2. The main plot shows
layer thicknesses around the actual thickness of MoSy of a=6.145A, while the inset
shows how the mobilities when a is varied over several orders of magnitude.
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Chapter 7

Conclusions and Outlook

7.1 Conclusions

The aim of this thesis was to develop a formalism which describes momentum
relaxation due to carriers scattered by coupled longitudinal-optical phonons and
plasmons. This seems difficult, because the mechanisms for momentum relaxation due
to carrier—LLO-phonon modes and carrier—carrier scattering are very different, and
previous authors have struggled with treating momentum relaxation due to carrier
scattering with coupled plasmon-LO-phonon modes in terms of one of those two
mechanisms, or a mixture of the two [37, [T, [47), 48]. We overcame these struggles by
modeling the momentum relaxation mechanism due to carrier—collective mode
scattering, and recognizing that these two different momentum relaxation mechanisms
mentioned above mark two limiting cases of the momentum relaxation mechanism of

coupled LO-phonon—plasmon excitations.

To understand this, we needed to focus on the effect of the non-equilibrium collective
excitations in the coupled Boltzmann equations for collective longitudinal excitations
and carriers. The crucial term in the collective mode Boltzmann equation is known as
the “phonon drag” term in the context of thermal conductivity [25], where phonons
obtain momentum from interaction with carriers, or are, colloquially speaking,
“dragged along”. We improved on previous models [47, 48], [T, B7] by including the
anharmonic lifetime of the coupled collective excitations in the Boltzmann equation
for the collective excitation. This quantity affects the drag term, and consequently
the momentum relaxation rate:

If carriers transfer momentum into a collective mode with an anharmonic lifetime
which is much longer than the carrier-collective mode relaxation time, the collective
mode will likely not decay before it can transfer the momentum back to the carriers.
Conversely, if carriers transfer momentum into a collective mode with an anharmonic

lifetime which is much shorter than the carrier-collective mode relaxation time, it will
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likely decay almost immediately, and the carrier momentum will be lost.
Conventionally, carrier—plasmon scattering has been treated in the infinite lifetime
limit, and carrier—LO-phonon scattering in the zero lifetime limit. Our approach
naturally unites these two limits by assigning a finite lifetime to each of the coupled

collective modes.

Solving the two coupled Boltzmann equations for the carriers and the collective
modes self-consistently requires a certain numerical effort in the most general cases,
and it is not always immediately obvious why the resulting momentum relaxation
times and mobilities behave the way they do. We carefully analyzed these calculations
in order to establish an intuitive understanding for momentum relaxation due to
carrier—collective mode scattering. Studying the relaxation time approximation (RTA)
limit to our self-consistent solution to the coupled Boltzmann equations proved
particularly enlightening in that regard. Our formulas for the RTA momentum
relaxation time are as simple to use as the equations for energy relaxation by Kim et
al. [36]. More importantly, our solution naturally introduced the phonon dissipation
weight factor, the ratio between the imaginary part of the dielectric function of the
phonons alone and the imaginary part of the total dielectric function. This quantity
lets us assess how phonon-like or plasmon-like the coupled excitations behave at a
certain frequency and wave vector when it comes to degradation of an electric
current. We used map plots of the phonon dissipation weight factor in a wave
vector—frequency plane alongside map plots of the scattering rate to help develop an
intuition for momentum relaxation. Map plots of the scattering rate can help to
illustrate energy relaxation by showing at which wave vector and frequency the
collective excitations scatters carriers the most strongly. Map plots of the phonon
dissipation weight factor assign a number between zero and one to the collective mode
corresponding to their decay mechanism — with one meaning LO-phonon-like decay
and zero meaning plasmon-like decay. Combining the scattering rate and the phonon
dissipation factor yields our “effective scattering rate”. Map plots of the effective
scattering rate hence shows peaks at wave vectors and frequencies where the collective

excitations contribute most strongly to momentum relaxation.

When we applied our approach to dynamically screened electron—LO-phonon
scattering in bulk polar semiconductors, we observed that the mobility limited by
coupled collective mode scattering is most increased compared to mobility limited by
pure LO-phonon scattering at a density where the plasma frequency is similar to the
optical phonon frequencies. Calculations for a variety of direct gap polar
semiconductors assuming a single, spherical conduction band indicate that this
increase is strongest for materials with large effective mass and small high-frequency

dielectric constant.

We also investigated the effect of the treatment of screening and the RTA on
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momentum relaxation in bulk polar semiconductors, by comparing our fully
self-consistent, dynamically screened results to such obtained in other methods. These
methods included the RTA limit of our own approach, and the Thomas-Fermi
screening with the RTA, which gave good qualitative agreement with our mobility

calculations in room temperature GaAs for a range of carrier densities.

Finally, we applied our approach to screened polar interface phonon scattering in
structures where a monolayer of molybdenite lies between different polar dielectrics.
We found that the difference between screened interface phonon scattering (i.e.,
coupled collective mode scattering) and unscreened interface phonon scattering is
strongest for heterostructures with a small high frequency interface dielectric function,
which is an insight that carries over from the bulk case. Our fully self-consistent
dynamically screened interface phonon scattering calculation can capture
anti-screening at low carrier concentration, unlike previous calculations of interface
phonon scattering, which used static screening and the RTA. [54] Using static
screening leads to an overestimation of the total mobility by up to 15% at low electron
concentrations around ng = 10" em ™2 in devices with a molybdenite monolayer on
silica, due to the neglect of anti-screening. In devices with a monolayer of molybdenite
between hafnia and silica, static screening can underestimate the mobility by up to
75% at intermediate carrier concentrations around ng = 10'2cm=2. At high carrier

concentrations, the agreement between static and dynamic screening is good.

We also demonstrated that taking the thickness of the MoSs layer into account as far
as electrostatics are concerned is important for the mobility. It changes the mobility
of a structure with a monolayer of MoSy between hafnia and silica by more than a

factor of two for all considered carrier sheet densities.

Given these findings, we recommend carrying out a fully self-consistent dynamically
screened LO-phonon or interface phonon scattering calculation including phonon drag
if the LO-phonon or interface phonon scattering contributes significantly to the total

mobilities, and the relevant carrier concentrations are in an intermediate regime.

7.2 Outlook

Below are some thoughts on the accuracy of the formalism developed in this thesis

and its applicability beyond the examples discussed in it, in no particular order.

e Our best calculations for the total mobility in n-type GaAs at room
temperature yield larger mobilities than experiment throughout the considered
carrier concentrations. We would need to include non-parabolicity in our
calculations in order to compare our GaAs calculations with experiment in any

meaningful way. The large effect we would expect non-parabolicity to have in
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p-type semiconductors is a major reason why we chose n-type semiconductors

for the calculations in this thesis.

The effects of non-parabolicity on the occupation of the bands is quite easy to
capture within the Kane [I05] model, cf. [100, [106], but the effects of
non-parabolicity on the momentum relaxation time itself would require more
significant changes. Rode [100] included non-parabolicity effects in the
fully-self-consistent solution to the carrier-Boltzmann equation. This should
give an indication of what is required to take non-parabolicity into account in

the coupled carrier and collective mode Boltzmann equations.

e The calculations in bulk polar semiconductors were carried out assuming one
perfectly parabolic, spherical conduction band. Neglecting inter-valley
scattering, this could be generalized to materials with several spherical
parabolic bands, and we applied this generalization to transport in monolayer

MoSs, which has two equivalent conduction band valleys.

An extension of our approach to materials with parabolic and elliptical bands
would be conceptionally straightforward, if computationally cumbersome. We
formulated our treatment of momentum relaxation due to carrier-collective
mode scattering such that it also applies to carriers in parabolic, but
non-spherical bands, cf. However, such a treatment would require the
carrier dielectric functions to be recalculated for elliptical bands, and the
explicit evaluation of the Boltzmann integrals (cf. appendix and

appendix [C.4) would differ.

It is possible that a simple re-scaling of the ellipsoidal bands to spherical bands
as discussed by Herring and Vogt [107] would yield expressions similar to the
ones for the spherical bands. However, as this approach should not in general
yield isotropic carrier dielectric functions (cf., e.g., [108]), the resulting
expressions for the momentum relaxation time would be more complicated than

the spherical ones.

e Our formalism relies heavily on the RPA, and cannot capture mechanisms
beyond the RPA, such as the excitation of multiple pairs rather than just single
pairs [32]. There have been attempts to improve on the RPA, e.g., by
introducing correction factors into the dielectric function [109} 110} 63]. Such
corrections could probably be incorporated into our method, but given that
even descriptions in terms of simpler dielectric functions (like the
Thomas-Fermi-limit) can yield reasonable results, the benefits might not justify
the additional effort.

e Our derivation of the effective scalar dielectric function in which we

use to describe the polar semiconductor heterostructures can only be used with
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phonon dielectric functions which do not depend on wave vector in the present
form. This has to do with local field effects and ties in with the question
whether our continuum model gives an accurate description of the electrostatics
of such a small-scale structure. It would be interesting to see dielectric functions
for the composite structures discussed here calculated from first principles,
taking into account the detailed atomistic structure of the heterostructure, and
how mobilities calculated within our method with this dielectric function would

differ from the ones calculated with the continuum model.

e There are indications in this work that the minutia of the dielectric function
influences the carrier mobility due to screened interface phonon scattering,
which we have not explored in this thesis. Plotting the ratio of the screened to
the unscreened mobility for a much denser carrier concentration grid than in
Fig. [6.7] reveals that the peak in Fig. [6.7] really consists of multiple peaks of
smaller width, which are associated with different optical phonon modes in the
dielectric function of the composite structure. This demonstrates a sensitivity of
the carrier mobility to the dielectric function which relates back to the point
raised above about the possibility of calculating the dielectric function from first

principles.

e We already briefly discussed in [subsection 3.2.4] what the extension from

truly-2d to what we called “pseudo-2d” systems would entail. This is mainly an
increase in bookkeeping, as we now substitute Eq. , the carrier energy
which now depends on the subband energies FE,, into the equations for the
carrier dielectric functions in and in all the Boltzmann equations in
The transverse wave functions in pseudo-2d materials would enter
through the scattering rate, and affect the screening. On the level of technical
complexity, a MOSFET with multiple layers of MoSs as a channel material,
which is an interesting system to study on its own merit, would be an

intermediate step towards pseudo-2d systems.
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Appendix A

Landau damping for
three-dimensional classical

plasmas

In this appendix, we give a derivation of the carrier dielectric function in the classical
limit, as derived by Landau [2]. We then calculate the complex-valued, wave vector
dependent plasma frequency from zeros of this dielectric function. The imaginary
part of the plasma frequency can be seen as the damping rate of the plasma
oscillation. This damping mechanism is now called “Landau damping”, after
Landau’s 1946 paper [2].

A.1 Landau’s article [2]

Landau damping is now textbook material, e.g. [I11} 112]. We will largely follow the
presentation and notation of the material in Landau’s original article [2]. This means
that there will be some differences to the notation in the rest of the thesis. For
example, in the classical context, we describe a particle’s energy in terms of its
velocity rather than its wave vector, E = %mv? This differences in notation should

not be problematic, because this appendix is a stand-alone part of this thesis.

Let us consider a slightly disturbed plasma. The perturbation fi(7,v,t) is small

compared to the equilibrium distribution function fy(v). The Vlasov equation [113]

of  of F af

holds for the total distribution function to first order
f(r,v,t) = fo(v) + fi(r,v,t), (A.2)
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CLASSICAL PLASMAS A.1 Landau’s article [2]

and can be written as

o e T

0f1 ofyr  F (dfo , 0ft\ _
(% + 8@) 0. (A.3)

Hence, the Vlasov equation is equivalent to a Boltzmann equation without collision

terms, cf. |chapter 4

We assume a homogeneous ion distribution. In solid state physics this is often called

a jellium model, e.g. [24]. The equilibrium electronic charge e [dv fy(v) cancels out

the background ionic charge |¢|NZ, so that the plasma is neutral in the absence of

perturbations.

In general F' includes both external fields, and the self-consistent fields of electrons
and ions in the plasma. In our case F' = eF is only the self-consistent field due to a

small perturbation of the electrons. Gauss’s law, e.g., [6]
V- E(r,t) =4mp(r,t) = 4me /d'u fi(r,v,t) (A.4)

provides the connection between f; and FE, and tells us that FE is also a perturbation
of the order of f;. That means that the last term in the Vlasov equation (A.3)) is of
second order in the perturbation, so that the linearized Vlasov equation reads

of1 Ofr  eE Ofo _

The scenario described has been called a “Vlasov-Poisson” model, for example in the
review article [70]; this becomes more obvious if one uses the electrostatic potential ¢
such that

E=-Vyp (A.6)

in equation (A.5) and ({A.4).
Vlasov solved Eq. (A.5) only after Fourier-transforming them. [113] Only Landau

solved the linearized Vlasov equation as an initial value problem, found damped
vibrations, and gloated that “most of [Vlasov’s previous undamped] results turn out

to be incorrect” [2].

Initial value problem

This discussion follows Landau’s original paper[2] quite closely. Some additional
explanations are taken from [I14],[IT1] and [I12]. Landau considered how a small

perturbation that was turned on at t = 0 evolves. To that end he took the Fourier
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transform in position of the Vlasov-Poisson-equations

0 , eV 0
gltk +iv-kfi g — Pk a—{? =0 (A.7)
k2 pp, = 4me /dv fie(v) (A.8)
and the Laplace transform
9p = / dte Pg(t) peC, (A.9)
0

in time. Here, we use Landau’s notation, where p is a complex frequency, whose real
part corresponds to the damping rate, and whose imaginary part corresponds to the
frequency:

p=—iw+ (A.10)

The Laplace transform, as a one-sided transform, is well suited for initial value

problems, and the Laplace transform of a derivative

Jaee 0 — g, 400) (A11)
0

features the value of the function g at the time ¢ = 0.

In order to make the following equations more reader-friendly, we drop the index k,
and we set k = ke, without loss of generality. The Laplace-transformed

Vlasov-Poisson equations read

. e Of
(p+ikvy) f1p — zkacppa—vz = fi1,1=0 (A.12)
k2p, = dme /dv fip(v). (A.13)

The first equation can be solved for fi,, and substituted into the second equation.
This yields

fre=o(v)
gre AW SR

TR Amic? [ do2Doiv: (A.14)

ptikv,

To illustrate that the problem is essentially longitudinal, the integrations along the v,

and v, can already be carried out. Defining

o oo
Fy(vy) = Jdvg [dvy fo(v) (A.15)
0 0
o0 oo
Fl,t:()(’uz) = fdvm fd’Uy f1 (t = 0, ’U) (A.lﬁ)
0 0
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the previous expression for ¢, becomes

fdvz Fii=0 (vz)

Ame p+ikv,
7 L L (A-17)
¢ Jav. 2
The denominator of this is
4re? o dv  OFy(v)
kp=1-— Al
e(k.p) mk?2 /_oo v—ip/k Ov ’ (A-18)

the dielectric function of the plasma.

Finally, the time dependence of the potential can be determined using the inverse

Laplace transform

1 o+100
p(t) = G / dp ppe?’, o > ppmax and o > 0 (A.19)
T
T—100

where the integration path is defined as a line parallel to the imaginary p-axis in the
right half plane, which must lie to the right of all the poles p,, of ¢, to ensure

convergence.

That means that the singular point in the integrands in the expressions for ¢, and ¢,
above, v = % lies in the upper half plane, see Fig. |[A.2{(a). As the velocity integration
goes along the real axis, i.e., always below the singular point, the integrands in

eq (A.17)) will never be singular.

The potential ¢(¢) can be expressed in a neat way if ¢,e?’ is an analytic function to
the left of the line o except for isolated poles (meromorphic) E|That means that we

can use the residue theorem to express ¢(t) as
t) = Z Res (cppept,pn) , (A.20)
n

while we have to show that the integral along the path that closes the contour
vanishes, see Fig. [ATT]

However, for ¢, to be meromorphic, we have to analytically continue the integrals of

the form
g9(v)
_— A.21
/dv v—ip/k ( )

in Eq. (A.17)) into the left half plane, R(p) <= o. That means that the pole in the
integrand in Eq. (A.21]), at v = ipk can move into the lower half plane J(v) <= 0.

1For this appendix, an undergraduate level understanding of complex analysis is helpful, see, for
example [IT5].
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J(p)
_— A

- R(P)

~ |

Figure A.1l: Integration path in Eq. (A.19)) goes along I',. For Eq. (A.20]) to hold, the
integral along I'r in the limit R — oo needs to vanish.

That means that when you consider the integral as a function of ipk, it can have a
discontinuity at the real axis, because the integration goes across the pole. Landau’s
approach to analytic continuation is to distort the integration path down from the
real axis if necessary to avoid crossing the real axis, see Fig. We can use the
Cauchy integral theorem to calculate the difference between the integration along the
real axis and this “Landau-contour”:

Consider an integration along the contour as in Fig. [A.3] only with the contours

closed at +oo. If g(v) is an analytic function, the residue

g9(v) / 9(v) : ( glv) . )

dv ——— — [dv —+— =2miRes | ———,ip/k A.22

/ vv—z’p/k‘ Uv—ip/k: ERes v—ip/k iv/ ( )
I'p FR

gives the difference between the integral evaluated at a contour that runs below the

singularity, and one that runs above it along the real axis, in the limit € — 0. If the

pole is above the real axis, the two integrals are the same. If the pole lies exactly on

the real axis, the difference is exactly half of 27 times the residue.

The figures [A.4f(a) and (b) compare a plot of the imaginary part of the analytically
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(a)

J(V)
’)//k" ° Ip/k
T -
(b)
J(V)
. Ip/K
\_b/k = kW)
(c)
J(V)
‘ w/k = RW)
')//kc} ° Ip/k

Figure A.2: Landau contour I', for (a) v>0, (b) v =0, (¢) v < 0 in the complex plane
for the velocity v. v = ip/k = w/k + iy/k marks the singularity in the integrand of
Eq. (A.18).

continued dielectric function

47re2/ dv  0Fy(v)
mk? J v—ip/k Ov

'y

elk,p)=1— (A.23)

to the one calculated along the real axis according to Eq. (A.18)), for the
Maxwell-Boltzmann distribution function Eq. (A.30).

Once we have the analytic expressions for both the integrals in the expression
Eq. (A.17), we can see that the poles p,, that govern the time dependence of the
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J(V)

N
[2))
- —

>
o — R(v)

/K T
¥ /ke Agipm L

Figure A.3: Integration path above and below the pole, infinitesimally close to each
other. If the contour is closed, the integral along this contour yields 27¢ times the
residue of the integrand at the pole.

potential (t) are the zeros of the dielectric function Eq. (A.23). These zeros are in
general complex and wave vector dependent. Per construction, these zeros can only
be found after the analytical continuation of €. As ¢(t) has an exponential time
dependence, pyqz, the pp with the largest real part determines its long-time
behaviour. If it is real, the plasma oscillations are undamped. If it lies in the left half
plane, they are damped. A ppq. in the right half plane corresponds to growing
plasma, oscillations, which, however, are not compatible with our assumption of small

perturbations.

Longitudinal waves in a plasma

We have seen that the zeros of the dielectric function determine the oscillation and
exponential growth or decay of the self-consistent potential - and hence the electric

field in a plasma after a perturbation from equilibrium. Yet, we can also read
e(k,p) =0 (A.24)

as the requirement for longitudinal waves in a plasma.

We see from Eq. (A.24]) that the frequency of these “natural oscillations” in general

depends on wave vector.

The solution p(k) to Eq. (A.24) is complex . With the notation Eq. (A.10), we see
that if v > 0, the amplitude grows exponentially, if v < 0 it is damped.

A.2 Classical dielectric function and Landau damping in

three dimensions

The formalism above is valid for every equilibrium distribution function which is

analytic as a function of the complex variable v, as described above.

Momentum relazation in doped polar 132 Anna Miriam Hauber
semiconductors



A. LANDAU DAMPING FOR THREE-DIMENSIONAL A.2 Classical dielectric function and Landau
CLASSICAL PLASMAS damping in three dimensions

It is possible to simplify the expression for the dielectric function Eq. (A.23) further

only using a few reasonable assumptions that will be discussed below.

We use an equilibrium distribution function fy which is normalized to the number of

electrons per unit cubef]

ng = /dv fo(v). (A.25)

Before substituting fp into Eq. (A.23)), we have to integrate over v, and v, and

differentiate with respect to v,. It is convenient to do this in cylindrical coordinates -

with p =, /vZ + 02 and z = v,:
27 oo o
dF 0 0
;Z(Z) = E/dc,o /dppfo (\/p2—|—22) :27r£ /dppfo <\/p2+22> (A.26)
0 0 0

where we have used that fy(v) = fo(v). Now we can use a result from real analysis,
namely that if fo(1/p? + 22) is uniformly convergent, we can exchange the order of the
differentiation and the integration in Eq. (A.26)). E| Hence, we can continue to equate

dFo(z) . [, @ .

P —2W0/dppazfo(\/p +Z>

:27Tz/dp88pfo (\/p2+z2>
0

(A.27)

-1
having used % = %% = %—JZ’% (87) . Under the additional assumption that

lim fy(v) = 0, this provides us with the formula
VvV—00

dFy(z)
dz

Substituting the plasma frequency Eq. (2.17) and Eq. (A.28)) in Eq. (A.23]) yields

27rw2P Zfo(‘ZD
E(k,p) n0k2 “ zZ — ipk’ ( 9)

Iy

= —2mzfo (|2]).- (A.28)

into which we can substitute various equilibrium distribution functions fy(v).
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Figure A.4: Imaginary part of the dielectric function for the Maxwell-Boltzmann dis-
tribution function Eq. (A.30) as a function of W/K and Y/K, the real and imaginary
part of the scaled complex frequency W, divided by the scaled wave vector K, evaluated

(a) along the Landau contour (cf. Eq. (A.32)) and Eq. (A.37))) , (b) along the real axis
(cf. Eq. (A.33))

Maxwell - Boltzmann distribution function

In the following section, we will calculate the dielectric function Eq. , where
fo(v) is the Maxwell-Boltzmann distribution function. That is the distribution
function that Landau had in mind originally, and it is applicable for a large parameter
space in classical plasma physics, where temperatures are usually high and electron

densities small. We see that the Maxwell - Boltzmann distribution function

2

m % _ _muv
folw) =m0 (s ) e T (A.30)

2This is different from the normalization in the rest of the thesis, in order to conform with
Landau’s notation.

3Physicists usually don’t worry about uniform convergence of expressions like the
Maxwell-Boltzmann distribution function, which are essentially Gaussians.
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fulfills all the requirements to derive Eq. (A.29)). It turns out that the dielectric

function takes a compact form if we use the Debye length

Ap = | 2L (A.31)

dmnge?

as a length scale, the dimensionless wave vector K = kAp and the dimensionless
frequency W = o
ue

1 /d
U
VorK? U —
ry

(K, W) =1+ (A.32)

N‘% "":w

Next, we have to shift our focus to the integration path I'z, see Fig. As discussed
above, integrating along the Landau contour I'y, is a way of finding the analytic

continuation of

00 w?

1 ue 2
K,Wzl—l—i/d A.33
(K, W) e | (A.33)

from the upper half plane Jm% > 0 into the lower half plane Um% < 0. If one just
evaluates Eq. (} for all Jm%, the resulting function will not be analytic at the
real axis, see Fig. [A.4(b).

We also described above how the contribution to the integral from the part of the
Landau contour that passes below the pole Jm% <0is

1 w2

2
W> = zm'%e‘iﬁ (A.34)

2mi R, T, —
i es(ue %

Displaying the contribution to the dielectric function from the different parts of the
Landau contour, the contribution from the integral along the real axes and the

contribution from the residue yields

2

2
K

ue

\/27rK2 /duu

1
2

R

e(K,W) =

W
mie (A.35)

The integral in Eq. (A.35) can be transformed into an expression involving the

erfi(z) = % [dte ", which is well tabulated. Using
0

w2

=21 — 77% ¢ 2 {z + erfi (\fKﬂ (A.36)

*A good account of a very similar calculation can be found in [[12]- the main difference is that
they use the Dawson function, which is closely related to the imaginary error function.
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yields

1 W _iw? w w
Its imaginary part is plotted in Fig.|A.4(a). The two plots Fig. [A.4|a) and (b) are
identical in the upper half plane, but only if we use the Landau contour as integration
path is there no discontinuity at the real axis. This serves as visual evidence for a

correct analytical continuation.

Natural oscillation frequencies Landau gave approximations for the wave vector
dependent plasma frequency w(k) for small and large k, [2]. To the best of our
knowledge, Eq. cannot be solved for w explicitly. Even Landau’s approximate
solution for large wave vectors K is only an implicit equation. There are some
variations of those approximations in textbooks, e.g.,[IT1] for the small k
approximation of 7, and [I12] for a good treatment of approximations for w for small

and intermediate wave vectors, but we will constrain ourselves to Landau’s ones. In

104:'I T T T T T T T T T

0 | :
102 [ |
10"+

Frequency w/wp or damping rate v/wp
—_
)
o

10t E .
~: numerical —— ]
1072 [ w: numerical —— |
v k>1 1
10—3 B Ww: k>>]. ]
v kg1 — 7
J0—4 . . w: k<1 T
0.1 1 10 100

Wave vector k A\p

Figure A.5: Numerically calculated frequency w(k) and damping rate (k) of the plasma
oscillations as a function of wave vector. Also shown are Landau’s short and long -

wavelength approximations Eq. (A.38) through Eq. (A.42]) .

our notation they are

MAp<1: wk) —w, {1 + g (kAD)ﬂ (A.38)

LT Bnd L
v(k) —wp\/;(kkp) p{ 2(kAD)2} (A.39)
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for small wave vectors and

kAp > 1: &2 = W\/Q%)z (A.40)
wk) = %(MD) (A.41)
v(k) =& (kAp) (A.42)

for large wave vectors. Figure shows those approximations, together with our

numerical calculations.

Discussion of results We find that the plasma oscillations in a
Maxwell-Boltzmann distributed plasma are always damped. The damping factor v is
very small for small wave vectors, comparable to the oscillation frequency w at
intermediate wave vectors kAp =~ 1. At large wave vectors, - is even larger than w. It
is worth noting that both frequency and damping factor grow monotonously and
continuously. Hence, it is difficult to specify a maximum wave vector or cutoff kqz,
such that waves with & > k4 can be said to be damped out entirely. It has been
suggested [I11] to set this cutoff at v(kmaz) = W(kmaz), which means that the
amplitude of the oscillation decreases to % of its initial value after one oscillation.

This definition is obviously somewhat arbitrary.

Experimental verification of collisionless damping Following Landau’s
predictions of collisionless damping, it was a matter of discussion whether it was a
physical effect[I11], and the experimental verification of Landau damping came only
20 years later [I16, [117].
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Appendix B

Approximate treatments of
carrier—coupled phonon-plasmon
mode scattering in three

dimensions

This appendix deals with some of the concepts and expressions that have been used in
the literature to capture carrier—coupled mode scattering, especially in the
long-wavelength limit. Concepts such as the “phonon content” are not used in the
formalism developed in the main part of this thesis, and only need to be introduced

for the purpose of comparison with other descriptions in the literature.

The phonon content and the scattering strengths can be derived in different ways.
The scattering strengths can be obtained naturally as the low-damping,
long-wavelengths limits of the scattering rate Eq. , see [subsection 3.1.3] To help
readers who are looking to acquaint themselves with the literature, we show that the
scattering strength Eq. (used in [36]) is equivalent to expressions given used in
[26], and [1].

The phonon content is not a quantity that arises within our description, but we also
show how different expressions correspond with each other, because some of the
descriptions of the scattering strengths [26] and [1] rely the concept of phonon

content.
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B.1 Phonon content in the long-wavelength,

low-damping limit

Phonon content, roughly speaking, is a measure of how much the ions are moving
when they are a part of a coupled phonon-plasmon oscillation. This is important in
neutron scattering experiments, as neutrons only significantly interact with phonons,
not with plasmons. In Fig. we marked the coupled mode with the higher phonon

content with open squares.

There are a number of different expressions for phonon-content used by Varga [30],
Ridley [26], Kim et a. [36] and Fischetti et al. [I]. All apply to the case where the

damping v = 0. We will show explicitly that the last three expressions are entirely
equivalent, and that the first only differs from the others by a simple factor.

Ridley form

Roughly following Ridley [26], we define the phonon content S of a coupled collective
mode of frequency w as the kinetic energy of the ions divided by the kinetic energy of

both the ions and the electrons oscillating at frequency w,

Ekin,ion
Sw = kin,ion kin,e (Bl)
E,™ + Ey
The kinetic energy of the ions can be expressed as
kinjon _ 1 2 2 |E.|> NQ? w? _ |E., | 2 W%o - W%O
E} = —_NMw?|u,|* = 7 5 RV ) 72
2 2 (w? = wio) 8 (w? = wio)
B.2)
using the ionic displacement Eq. and Eq. cf. [30]. Similarly, we receive
, 1 |E,|> Ne? |E,|? w?
kin,e __ *x 2 2 _ w _ w P
EJ™e = §Nm wrul|* = 5 =% i (B.3)

as the kinetic energy of all the conduction band electrons, from using the electronic
displacements u{, and Eq. 2.18

This yields
S — 1 = ! (B.4)
g fi'f;"jn 14 “h(er=who)” '

w? ("JLo *W%o)

which is the form which appears in Ridley’s textbook [26], page 334].
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Varga form

Varga [30], Green’s functions are used to find the phonon content

972
(SV )—1 _ w n |:1 — (CU/WTO) i| W%O a@ik (B 5)
“wk) T wro 2(e% —e>®)  wro Ow '
which is wave vector dependent in general. In the long wavelength limit,
2
€Z7k =& ( — Z’;), so that
972
(59)" = (st) " = {1 g o[l Clorol iy o
“ = \Fwk=0  wro w (eV/e>* —1) wro w?
972
_ @ )y |1 - (@/wro)’] (B.6)
wLo (wro/wro)? =1 wi

2
_ e {1+ who = w?] w]%} - (g)

2 2
WLO Wi — Wiy wh WLO

This means that the phrase “phonon content” is applied to quantities differing by
wro/w by Varga and Ridley:

SV = YLOgR (B.7)
w
Varga also receives a sum rule
Zwmsu‘z/m,k = wro or ZSfm =1 (B.8)
m m

i.e., the Ridley phonon content of the lower and the upper mode add up to one.

Kim et al. form

Guided by the expression Eq. (B.5]), we write the kinetic energies as derivatives of the

real part of the dielectric function with respect to frequency, and the phonon content

becomes 5 ‘
w 0 p ion
S, = M (B.9)
§ g Re {el'}
w 0
w 9 gpe fee
|5, = 2oueicn) (B.10)

D€ [

o

o

auRe{el'}
is the corresponding plasmon content.

We use the form of the plasmon content involving derivatives to arrive at the

expression of the phonon content used by Kim et al. [36]. The derivative of the real
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part of the ionic dielectric function is

2 2
— 9> ¥Lo ~YTOo (B.11)

2 2
0 Re {gion} — g® 0 “ro —Wro
- 2 2 2 2 \2°

Ow w? —wro (W? —wpo)

Oow “

Writing the real part of the total dielectric function in terms of its poles and zeros,

2~ W) (@ — w2

jF), (B.12)

tot| _ oo (W
Re {aw } =¢ P —wly)

yields
2

T (B.13)

2e® wi —w
=02 2

;ime{gggt}

As the phonon content is only defined for w, it is not necessary to calculate the

W+

derivative everywhere. The plasmon content is

1 wiw? — wiw?
R P*+ PYTO
1-— Swi — 5 5 (B.14)

Using equation ([2.87) the plasmon content

2 2 2 2
R _ Wi~ Wo Wp—Wx
1-8,, = I R (B.15)
+ F + T
can be written quite elegantly. The phonon content is then
2 2 2 2
R _%YLo Y Wi —wWp
Sa=—3 t=—= (B.16)

2
wi—wq: wi—wq:

The last expression is the one used by Kim et al. [36] and Fischetti et al. [1].

B.2 Scattering strength in the long-wavelength limit

Having discussed the phonon content, we now focus on the expressions for the
scattering strength Eq. (3.34)) by different authors:

Kim et al.[36] give expressions for the energy relaxation rate, Ridley[26] gives a
closely related so-called scattering rate, which is a modified energy relaxation rate
Fischetti et al.[I] and O’Regan et al.[92] give expressions for the momentum
relaxation rate. The comparison is made more complicated, because different systems
of units are used. We have extracted the different scattering strengths used and

converted them into Gaussion cgs units to facilitate comparison.
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Kim et al. form

We call the scattering strength as presented in Eq. the Kim et al. form,
because this form follows straight from their expression for the scattering rate. We
also took the phrase scattering strength from their paper [36] and based our notation
for the Frohlich- and coupled mode scattering strength on theirs. (They call the
coupled mode scattering strength the screened Frohlich scattering rate.) However,
Kim et al.[36] actually only define the fraction F'*/F", so that proportionality factors
are somewhat arbitrary. We take this into account in all our plots of scattering rates
by scaling them with the Frohlich scattering rate Eq. .

Ridley form

Ridley states in his book [26] that the formulation of carrier—coupled mode scattering
in terms of the imaginary part of the inverse dielectric function as discussed in

is equivalent to his derivation, which calculates how the polarization and
the effective charges are modified through the presence of free carriers, in the
long-wavelength limit. We will discuss the derivation using effective charges first, and

then prove the equivalence.

Change in polarization and effective charge Let us first consider the response
of the ions to an external electric field E. From Eq. 23] and Eq. 2.9] we know that

) e® w2 _ UJ2
P)jon — _ | LO T0O B.17
¢ Yhr w? — Wi, ( )

when the damping rate « is zero. Similarly to the phonon content Eq. [B:I] we
compare this to the polarization P,%"P*? due to both the ions and the conduction

band electrons, which is just the polarization due to the coupled collective modes.

choupled — szon + Pwe — Pwtot . Pwvalence—e —

B [etet — ] = _ By g

4 L w 47
In the last equality we have made explicit use of the fact that £ vanishes for the
coupled collective modes. This lets us express the ratio between the ionic polarization

and the coupled mode polarization as

ion on 2 2
Pw N Pw . WLO — CL)TO
led i - 2 2
choup e wan + Pwe w? — wa,

(B.19)

Let us now re-express the coupled polarization analogously to the electronic and ionic

polarization, Eq. and Eq.

led led led
choup ed __ NQE,OUP € ’U:E,OUP € (B.QO)
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where QcoUPle? is the effective charge of the coupled excitation. We will call ucourled
the effective displacement after Ridley [20, chapter 9.4]. We can obtain an expression
for the effective displacement by assuming that the mass of the coupled ion-plasmon
oscillators is the reduced mass of the ions, M. As the kinetic energy of the coupled
excitations is

kin,coupled __ pokin,ion kin,e __ g—1 pkin,ion
E — Ehinion  phine _ g—1 phinion (B.21)

the effective displacement then becomes

|ugoupled|2sw — |uf§n‘2‘ (B.22)

This enables us to express the effective displacement in terms of known quantities:

2 2
Pcoupled ‘Pcoupled ion|2 2 9 2
Qcoupled 2 _ ‘ « _ i |uw } QQ _ w “To S Q2
v o coupled 2 ion 2 coupled 2 B w2 — w2 w
N ’uw ’Pw ‘uw Lo TO

(B.23)
The scattering strength for both carrier collective mode scattering proportional to the
effective charge squared divided by the mode frequency. [26] This holds both for the
LO-phonons and the coupled phonon-plasmon modes. Therefore, the scattering

strength is

2
2 2
Wy, Wi —w
Fl%idley = ° 21 TQO SwlFu (B24)
W+ \WLo —%ro

where F'* refers to Frohlich scattering strength Eq. (3.21). That Eq. (B.24]) is
equivalent to the coupled mode scattering strength in Kim et al’s form, Eq. (3.34)),

can be proved by simple algebra:

2
2 2 2 2 2 2
1 1T\wpo (Wi —wprp | Wi—Wp wWiWi-—Wro (B.25)
WLO\ oo T 20 ) w2 — w2 wl —w2 g™ i — 2 '
+ LO TO + F = T
1 [ wi—wip P 2
e e (W:I: - U.)P) = W+ (B26)
Wt \Wro —Wro

The last line is a reformulation of the bi-quadratic equation and hence true.

Fischetti et al. form

Fischetti et al.[I] remark that their description of carrier—coupled mode scattering are
equivalent to those by Kim et al. and Ridley. In our notation, this means that the

expressions for the scattering strengths are equivalent:

Jan B 2m2elwy 1 B 1 wi — WJZD
Fischetti — 2 2 2 2 2 2
poehett q? €% — EOOWP/wi g% — é‘Oo“")P/sz Wy —wx (B.27)
_ t _ it
- FKim - FRidley
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CARRIER—COUPLED PHONON-PLASMON MODE B.2 Scattering strength in the long-wavelength
SCATTERING IN THREE DIMENSIONS limit

Fischetti at al. [I] note that

this agreement has been verified numerically here, although presumably more

efforts could produce a more elegant algebraic proof

The said proof is lengthy, but straightforward, and not particularly elegant:

1 1 wi-w? wiwl- w%o
W — = ===
£®° — Wi fwi €0 —e®wd /W | wi — w?F £® w3 — w%
1 1
2 2 2 2
& — (w —wp) = (wi —w
2/ 2 0 27 2 + P) ( + To)
[1 —wp/wi  €0/e® —wi/wi
1—wh/w? wi — w?
P/Yx + P _ (2 2
= 1— 3 2 2 3 1 3 5 = (Wi — wTo) (B28)
wio/Wio —wp/wi —wp/wi
2 2
wio/wro — 1 2 _(, 2 2
< |3 2 27 2 | %W+~ \Wt ~Wro
wio/wro — Wp/wi
2 2
WAy — w
< |3 Lg go D) wi = (wi _W%O)
WiowWt — WroWp
If we now use the bi-quadratic equation to re-express w%owi — w%ow% as
2 ( 2 2
wi (w:t - WP)
w%o — WTo 4 2
Aagl i 2 wi:(wi_wﬂ))
WioWt — WroWp (B.29)

2 2

w — W

LO TO| 2 _ ([ 2 2

< |—5 93 w:l:_(w:t_wTO)
wi —Wp

The last line is again only a reformulation of the bi-quadratic equation [2.87], and

hence true.
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Appendix C

Explicit evaluation of important

expressions

C.1 Linearization of the collisional integral

C.1.1 Collision term

Peierls’s carrier collision term in the Boltzmann equation [49] is

of; _ o -
<atp>wn = k/ EU 21 F78 (Epsr — Ep — huwf)
X [(Nko + 1) fprke (1= fp) = Niofp (1= fprr)] (C.1)

in the notation introduced in We use the scattering strengths F), from
because Peierls’s equations were formulated for scattering with discrete
modes. Let us keep in mind that we use Peierls’s short convention [49], where

negative values of o mean a negative transferred energy ﬁwglal = —hlwg|.

According to Peierls [49], the collective mode collisional integral for the mode o is

Nk o
( k. ) = 2/27rF,g5 (Epyr — Ep — hw)
ot coll
p

X [(Nk,a + 1) fp+k (1 - fp) - Nkpfp (1 - fp-l-k)} : (0-2)

C.1.2 Detailed balance

The collision terms (6]\8[’?") and (‘%”) vanish when Nj , is the Bose-Einstein
coll coll ’

distribution function N2, and f, is the Fermi-Dirac distribution function, because
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they fulfill equations of detailed balance:

(NS (B = 18,) + By (1= 13,)] 0 (Bpy — Ep—hw) =0 (C.3a)

(NS +1) (£, = 13,) + 8, (1= £8,.) | 6 (Bppr — By —hw) =0 (C.3b)

As the distribution of the collective excitations is already in equilibrium, the collective
excitation decay term vanishes. Hence, the Bose-Einstein and Fermi-Dirac

distribution function are the solution to the coupled system of Boltzmann equation in

the absence of an external field.

Expressed in terms of the probabilities Py, from the principle of detailed

balance reads
Pi (Eptk — Ep — hw) = PPy, 6 (Epyr — Ep — hw), (C4)

see [32], and it requires that

3m< - ) = —Jm <_1> : (C.5)
E_k7_w Ek,w

C.1.3 Linearization

In order to find the linearized versions of the collisional term in the collective mode
and carrier Boltzmann equations, Eq. (C.1)) and Eq. (C.2)), we focus on the expression
in square brackets which occurs in both of these equations, and which can be written
as

[Niw (fpr = fp) + fpr (1= fp)] 0(E" = E — hw). (C.6)

We evaluate it under the assumption that the distribution functions are only slightly
out of equilibrium. That means, we will replace the carrier distribution f, in

Eq. with its first order correspondent f; from Eq. , and the collective mode
distribution N, with N, li,w from Eq. . This results in expressions which only
depend on the equilibrium distribution functions f° and N, and the non-equilibrium
terms g and G, which we assume to be small compared to the former, 8Gy ., < N, lg,w
and Bgp < fg. (Here and in the following, we abbreviate E, to E and Ey to E'.) All

expressions involving squares of g, G or mixed terms gG are hence very small, and we
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can neglect them. Consequently, we find

[New (= fo) + Jyr (L= fp) ]| 68 — B~ o) =
(Mﬂr+u+Nmmm4{ﬁ{LH1—ﬁmwﬂ
— 1% [1+ (1= 2)Bg] }
+f%[1+@.tﬁﬂﬂ%ﬂ{lf%ﬁ+(lﬁ@ﬁ%”)
X §(E' — E — hw) (C.7)
where the superscript 1 indicates that the equation is true to first order. Sorting the

orders of the g, G, using that the 0" order equation vanishes, Eq. (C.3)) and

neglecting all second order terms leads to

[N (for = fp) + for (1= f)] ' 8(E' = E = hw)
= {Boy (NS+1-1%) & (1 - /%)
~Bgp (NS + ) 2 (1 - 1)
~BGuNS (NS +1) (= fi) }O(E' — E—hw) (C8)

Using the equations of detailed balance, Eq. (C.3|) again shows that the coefficients of
g¢,—g and —@G are all equal, and equal to

BNOFE (1= f8) = BNS (NO+1) (5~ &), (C.9)
as long as ' — E = hw. Therefore,

[Niw (for = fo) + for (1= fp)] 6(E' — B — hw) =

(C.10)
9 = 9 — ] BNOSE (1= f5) O(E' = E — hw)

and

[Niw (for = fp) + for (1= fp)] 6(E' — B — hw) =
(99 — 9p — Grw) BN (NS +1) (1% = f5) (B = E — hw) (C.11)

both hold, see [49]. Plugging Eq. (C.10) and Eq. (C.11) into Eq. (C.6) yields a first
order term. Consequently, when we substitute Eq. (C.6|) for the brackets in the

collisional term of the carrier Boltzmann equation Eq. (C.1)) and the collective mode
Boltzmann equation Eq. (C.1]) we get second order terms if the scattering rate W, , is
of first order. Setting the scattering rate to its equilbrium term W,g - yields the

desired collisional terms of the carrier and collective mode Boltzmann equation to
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first order, Eq. (4.19) and Eq. (4.6]).

C.2 Equivalence of carrier—carrier Boltzmann equation
with coupled carrier and plasmon Boltzmann

equations

In this appendix, we show that, to first order, the description of carrier—carrier
scattering with a single Boltzmann equation [49), chapter 6.5] and with two coupled
Boltzmann equation, one for the carriers and one for the plasmons, are equivalent.
See also appendix where we showed that the energy relaxation time for

carrier-plasmon scattering and carrier—carrier scattering are equivalent.

We start with the latter desription. The first order collision term for the carriers thus

is Eq. (4.19)

<afp> // o0, Im (e, )5(Ep+k — Bp—hw) fo (1- £5) B (NS +1)
coll

Ek:w

X (gp+k — gp — Giw) (C.12)

Here, we have substituted the carrier-plasmon equilibrium scattering rate Eq. (3.13))
Using the definition Eq. (2.41)) of the imaginary part of the dielectric function in the

RPA, Eq. (C.12) becomes

(8fp)cou /// 4W5Vk 20 (Ep+r — Ep — 1w) 0 (Eqr — Eq — hw) (C.13)

7

X (fq - fq-i—k) fp+k (1 - fp) (NB + 1) (9p+k —9p — Gk,w)

The Boltzmann equation for the plasmons yields

J 8 (Eqsx — Bq = hw) (£3 = f341) (Gqtr — 9a)
Grw="1 (C.14)
[ (Eqei = By = ) (19 = 131

when it is solved for G( Eq. (4.40)). Substituting G in Eq. (C.13) yields

(afp>cou //q/ 47T/8Vk 50 (Bptk — Ep — hw) § (Eqik — Eq — hw) (C.15)

5kw

X (fq - fq+k) o (1 - f;;) (NB + 1) (Ip+k — 9p — Yq+k + 9a)

Using the equation of detailed balance Eq. ((C.3b)), we can eliminate the plasmon
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distribution NO for carrier distribution functions. Moreover, we can carry out the
integral over w, thus eliminating the plasmon frequency from the equation. The
resulting Boltzmann equation only contains carrier quantities. This is indeed the

carrier—carrier scattering Boltzmann equation in first order.

<afp)con / / A Bu? 0 (Epik — Ep — Eqri + Eg) (C.16)

k (Eptk—Ep)/h

<fp (1= 19) £ (1= ok ) 9pk — 9p — Gk + 9a)

To highlight that this describes an interaction between two carriers of initial wave

p Py =q+k

(. r2
pP=ptk py=gq
Figure C.1: Schematic explaining wave vector transfer between carriers in carrier carrier

scattering. The blue circle stands for the carrier—carrier interaction Eq. (C.18]).

vector p’ = p+ k and p), = q and final wave vector p, = g + k and p (cf. Fig. |C.1))
for all possible sets of k and g, we express Eq. (C.16) as

0 A2,
( f”) i /// = 25(EP'+EP’2_EP_Epz)é(pl‘i‘Plz—P—pz)

P papy I p —p,(Ep—Ep)/h

< I (1= 1) 13 (1= 13,) (9 + 90, = 9 — 90 (C.17)

This is becomes the expression Peierls gives [49, chapter 6.5] if one takes his matrix

element (I) to be the screened carrier carrier scattering matrix element:

2
2T Vg —
(D =55 | 22— 5 (0 + P~ p—p)) (C.18)
p'—p,(Ey—Ep)/h
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EXPRESSIONS Boltzmann equations
10 I [ I I I | 1
: Do : delta peak
: P Boundaries of the integration domain:
8 — : . P=1 — 0.8
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Wave vector k/kp

Figure C.2: Map plot of Jm (—ﬁ) inside the single pair excitation region, as a func-
tion of wave vector k and energy F = hw, for s = 2 at zero temperature. Additionally,
the thick black line indicates where Jm (—ﬁ) is a delta peak. The points marked
Kpnin and K4, indicate the limits for the integration of the delta part of the self-
energy integral for an initial momentum P = kﬂ = 3. The two-dimensional integration
domains for different initial wave vectors lie between the k-axis and the lines in different
colours. The horizontal lines are due to the distribution function, while the parabolas

are due to energy-momentum conservation.

C.2.1 Quasiparticle excitation lifetime in a free electron gas in the

RPA at zero temperature

The lifetime of a quasi-particle excitation of a free electron gas in the
RPA [80, 118, 119] is a quantity which is closely related to the energy relaxation time
Eq. (3.12) discussed in [subsection 3.1.1 We discuss its detailed evaluation here,

because it is similar, yet more simple, than some of the integrals we will have to

evaluate in this thesis.

At T =0, all states with E < Er are occupied, and all others unoccupied, see
Fig.[2.1] An occupied state with E > EF is a quasi-particle excitation, and an
unoccupied state with ¥ < Ep is a quasi-hole. Interaction with the electron gas gives
the quasi-particle (and quasi-holes) a finite lifetime. Here, we only evaluate the
quasi-particle lifetime (i.e., p > kp, P > 1), and not the quasi-hole lifetime (P < 1),

because the derivation of the latter is analogous to that of the former.

Quinn and Ferrell[80] originally calculated this lifetime by relating it to E7 . the

imaginary part of the self-energy

9
P

) (C.19)
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This result can also be obtained directly from Fermi’s Golden rule, as described in

|subsection 3.1.1| [22]. The only differences are that the term fg is not present, because

we assume that the state with wave vector p is definitively occupied, and that we only
consider emission processes, w > 0. (Absorption processes do not occur, because

N9 =0 at zero temperature.) This yields

o (e s o

Expression in 3d

In three dimensions, and with the scaled wave vector and frequencies Eq. (2.43) first

introduced in [section 2.2] Eq. (C.20)) becomes

ngp = kFI[ /dQ uKJm{EKlg} (1- 2 x)o((P-K)?-P2+0) (C.21)
2 ekp

- /dK /de s1nc9/dQJm{ Klﬂ}(1—f3ﬂ)6(K2+Q—2PKcos9)

Evaluating the theta integral using the delta-function yields
2P  K(2P—K)

1 2e?kp [ dK -1 0

p
For the ease of comparison with the literature[I18], 80] we give the expression in terms
of the imaginary part of the self-energy

2P K(2P-K)

w { B} /B = ﬂkmop/dK /dmm{ ;Q} (1= ) (C.23)

As discussed in [subsubsection 2.2.2.2] at zero temperature, the wave vector —

frequency plane splits into the single pair excitation region (SPER), Jm{e .} # 0,
and the rest where Jm{ej ,} = 0 and where the plasma oscillations are undamped.
Consequently, the integral Eq. (C.23)) will have a SPER contribution, and an

undamped plasma contribution. much the same way we evaluated the f-sum rule

integral in section [2.2.3.2]

Delta peak contribution For Q > K (K + 2), we have can use Eq. (2.75) for the

imaginary part of the inverse dielectric function. Hence the imaginary part of the
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self-energy will be

Kmu.z

1 dK 1
Jm B [ Bp = — ———— — C.24
{ p }/ F aokpK J K ‘8%9% {€K,QK}‘ ( )
with K and Kjpe, from
0<Qrg < K(2P—-K) and (C.25)
0< Qg < P> -1 (C.26)

Note that we absorbed the factor (1 — f\o/ﬂ) into the definition of the domain

Eq. (C.26). The restriction Eq. (C.25|) stems from energy and momentum
conservation. We included lines corresponding to Eq. (C.25)) and Eq. (C.26) for

several initial wave vectors P in Fig. [C:2]

While there is an analytic expression for the real part of the Lindhard dielectric
function %%e{s(@, W,(Q)}, cf. Eq. , Kpin and K4 have to be determined
numerically, or graphically - see Fig. Eq. can be solved analytically when
we replace €i, by its long-wavelength limit. The corresponding approximate delta

peak contribution to Jm{E;°""} can be compared to the exact numerical solution in
Fig. [C.3
SPER contribution The SPER contribution to Jm { EZ"" | /Ep is

P+1 Qmaz (K,P)

1 dK 1
JmIEC" Y /Ep = ——— / — / dQJ — C.27
m{ p }/ F mapgkp P K m{EKQ} ( )
0 szn(K) ’

with the integration limits (cf. Fig. [C.2)

0 P <2
K(K-2) P>2

Qe (K, ) = {K(K 2RSS g

Qnin =
@ { P2 -1 K>P-1

Figure [C.3] gives the imaginary part of the self-energy for ry = 2. It includes the
contribution to the imaginary self-energy due to the delta-peak and the finite part of
Jm( 8}(1“ ), the approximations and calculations by Quinn[I18], and compares the total

imaginary self-energy to later and more numerically accurate results by
Lundqvist[120].

Momentum relazation in doped polar 152 Anna Miriam Hauber
semiconductors



C. EXPLICIT EVALUATION OF IMPORTANT
EXPRESSIONS C.3 Integrals for the 8-d Boltzmann equation

<
ot

Delta peak ——
Quinn: Delta peak in long wavelength limit ———
SPER
Quinn: SPER
Total: SPER + delta peak —a—
guinn total —m—
Lundqvist total —e—

0.4 |

0.3

0.2

0.1

Imaginary self energy —Zm{E“""}/Ep

Wave vector p/kr

Figure C.3: Imaginary part of the self-energy Jm{ESOT’"} for rs = 2 at T=0 as a
function of wave vector p. Our calculations - the first three in the legend- are compared
to the first calculations by Quinn[I18], and later ones by Lundquist[120]. The data for
the Quinn and Lundqvist plots was extracted from plots in[120] [118], and is therefore
somewhat inaccurate. We give the contributions from the single pair excitation region
(marked “SPER”) and the delta peak separately, both for our calculations and the
literature curves where available. Also given is the long wavelength limit of delta
contribution as calculated by Quinn [I18].

C.3 Integrals for the 3-d Boltzmann equation

The linearized collisional integral has been evaluated explicitly by Sanborn[48] for
pure carrier—carrier scattering and in bulk semiconductors with spherical parabolic
bands. Apart from the scattering rates, our expression is entirely equivalent to hers.
However, we give the expression in terms of transferred energy and wave vector, while

she uses bipolar coordinates [121].

We start by making the approximation of spherical parabolic bands, Eq. , from
which follows v, = %p for the group velocity, and 7, = 7,. We scale all wave vectors
with the Fermi wave vector kp = v/372n and all energies with the Fermi energy Ep
from Eq. , to obtain the dimensionless wave vectors and energies Eq.
already used in Assuming all carriers are located in a single band, we can

now specify the wave vector and frequency integrals as

/:k}v’w/gj; and /:EF/dQ- (C.29)
k Fuw
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C.3.1 Collective mode drag term Gy,

With these approximation, we can use Eq. (4.12)) to write Tk o from Eq. (4.23) as

8m2e?/K? 1
Jm (67}?5 > 27T 3E

Tk o=

= [#Qs(1Q+ K1~ @2~ 0) (5~ flgix)

" [TIQ+K\(Q +K) - TQQ} B

5 (C.30)

Here, we have used the Fourier transform of the Coulomb potential v}, = k427r1?2 We
evaluate the integral in Eq. - in spherical coordinates, with the polar axis
parallel to the K direction and with the vectors K and E spanning the x — z—plane.

That means that in Cartesian coordinates,

sin 6 cos @ sin k. 0
Q=0Q|sinfsingp |, E=FE 0 , K=K|0 (C.31)
cos cos Ok E 1

where @), and ¢ are the spherical coordinates of Q and 0k g is the polar angle of E,
the angle between K and E. As none of the other factors in the integral depend on

the azimuthal angle ¢, we can evaluate the ¢-integral.
1fd Q E-E K2 coso (C.32)
— -E=FE-K—cos .
27 7 K

We use the energy conservation delta-function to evaluate the #-integral, which means

we can replace cos 6 by %527?(2, and eventually find

. T (1) +e(1- %)
T s ] s, J100 (1 ) M

I —Kl

m\»—a
N\D

(C.33)

We split the integral for T into four parts.

Tico = — (i%) e (4 %) (o~ ) + (1 o) (T~ o)

J
(C.34)
with
Ikg = /dQQfQT\/QT Ifg = /dQQfQTQ (C.35)
l Qg l|Q K|
3lx 2K
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By making the substitution Q — /Q? + Q, we find that

I — K|

Wl
llS

4 _
I =

\8

dQQf(\)/ﬁ Q = I]1(7_Q (C.37)

_K|

IS
)

We exclusively use the expressions I}(’ 1q and 1[2(7 1q, and find

Tica = — (;{tg) ;]gF ;{ (Tho - Tk—a) + (o — ¥ o) (C.38)

b 2 ((tha then) ~ (Tras ea)] b (€30

which, together with the antisymmetry in Q of Jm (57}?9> shows that T _q = Tk q.

C.3.2 Effective momentum relaxation time 7,

Let us evaluate Eq. (4.24) for spherical parabolic bands. In the dimensionless

variables from [subsection C.3.1] the integral reads

L k% 3 0 2 2 flg’+K| 0
—= (%)S/d K/dQWK7Q(5(\P+K| - P2 Q) % (N§+1)  (C0)

X[1—7—|P+K| (P+K)E TK7QK‘E:|

TP P-FE 7 P-E

As in [subsection C.3.1] we will solve this integral in spherical coordinates. Alignment

of the coordinate system is identical to that in [subsection C.3.1] except for the
naming to the vectors, i.e., Eq. (C.31]) and |C.32[ hold, if we set K — P and Q — K:

27
1 K
—/dgoK-EzE-P—cos@ (C.41)
27r0 P

We also need to assume that Tk o = Tk o, which is another way of requiring that
Jm(eq) = Im(eig). On inspecting Eq. , we see that this is consistent with our
assumption of spherical bands. Furthermore, we need W?(,Q = WIO(@, which means
that the real part of the dielectric function cannot depend on the direction of the
wave vector either, Re(eiq) = %e(sl}?fg), see Eq. .

Hence, we can carry out the integral over the azimuthal and polar angles in
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Eq. 1' Using the delta-function in Eq. 1D we can set cosf = 92}1;(2 yielding

. 0o  K(K+2P) £0

e
— = dK K [dQ) NI +1
T (2w 22P/ / WKQ f9 ( ot )

K(K—-2P)
T/Pr1a 0 —K? TkaQ— K?
1— 1 42
X[ - <+ oz ) T ez | (42

From Eq. (C.42)) we can read that an infinite mobility solution of the type discussed

in [subsection 4.4.3| holds if 7p = T o =const.

Quasi-elastic relaxation time approximation As discussed in [subsection 4.4.3|

for the initial step n = 1 in our iteration, we set 7'1% = 7 =const, and we assume
|P + K| ~ P in the square bracket in Eq. (C.42), so that it will be replaced by
Cko [1 - %} where 04 p is the angle between A and B. This approximation

is only made in this term, that is,  is not set to zero anywhere else in Eq. (C.42)).

When we integrate over the azimuthal angle,

costpyk E
=1- > 4
Py /dcp [ cosOpn ] costpik,p >0 (C.43)

we see that the quasi-elastic scattering approximation ensures that T}; is non-negative,
independent of the particulars of the scattering mechanism. Consequently, the

quasi-elastic relaxation time for materials with spherical parabolic bands reads

) K(K+2P)

3
}e: kFQI/dKK/dQVP(QﬁQ(Ng—i-l)
P (2m) 2P0 K(K—2P) Ip

X WIO(,Q

2
e ()

C.3.2.1 Example: Momentum relaxation due to carrier—LO-phonon

scattering

We discuss carrier—-LO-phonon scattering in the case of undamped LO-phonons
explicitly, because all the integrals in the Boltzmann equation can be solved
analytically in that case. As the LO-phonon frequency is independent of wave vector,
Eq. can be turned into a system of linear equations and solved without
iteration [95], 94, [96]. We will not follow this path, because it is not straightforward to

generalize to the more general cases treated in this work.

To calculate the momentum relaxation rate, we have to evaluate Eq. (C.42)) with the
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Figure C.4: Effective momentum relaxation rate 7 as a function of carrier energy for
GaAs at 300K and an electronic concentration of 10™em™2. 7 is plotted in units
of Wy from Eq. [26, 96]. For GaAs, Wy ~ 7.6GHz. The first six steps of
the iteration are shown. The benchmarks have been calculated with a code [122],
which uses the Maxwell-Boltzmann distribution function. Our calculations use the
Fermi-Dirac distribution function, which, however for GaAs at 300K and an electronic

concentration of 104em =3, at jif ~ —8.4 is far in the Maxwell-Boltzmann regime.

scattering rate Eq. (3.22). This scattering rate reads

2T 1

WgQ = FFFgFﬁ [6(Q —Qro) — (2 — Q10)] (C.45)

in dimensionless units. We split up the integral Eq. (C.42)) in two terms as in
Eq. (5.5) which is described in [subsection 5.3.2|

1 _ _
— = Rp' Ry~ RpH{r}/e = Ry {7}/me (C.46)

The first term R}Di is

0
s pu f
L+ kg Frp 7V/P?20 0 + + 2
e L0 [ (Mg, + 1) | (K / Kify)O(P? £ Qro), (C.AT)
where O is the Heaviside stepfunction. This means that emission processes (“-"sign)
only occur when P? > 0, i.e., the kinetic energy has to be larger than the
LO-phonon energy to emit an LO-phonon. The Bose-Einstein distribution function in
R};_ is —(N%,,, +1)=Ng,,so that RY* are both positve.

Qro
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The quantities Kim and K stem from energy-momentum conservation, and are
K, =P+ VP2EQro0(P? + QL) (C.48)
Kty = |P = VP £ Q100(P* £ Q10)| (C.49)

The second term R?D’i can be evaluated similarly to the first, yielding

- BB 1 (g ) VP ()

Qro VP2 + Q0
: P2> SR L (C.50)

ln(Kﬁlax/Kr:sm) (1 +

We see that if we solve equation Eq. (C.46) by iterating it to self-consistency

1 1, L—  p24(ny/n_ pl-f.ny/.n
T = Rp" + Ry~ — REF{r"}/mp — RE{r"}/7p, (C.51)

each subsequent iteration TIQHF

! only depends on its previous iteration value T\’}m
at the energy plus or minus the LO-phonon energy. This is why Ridley has called his
way of solving this equation the ladder method [96]. As there are no integrals to

evaluate within each iteration, equation Eq. (C.51)) can be iterated to self-consistency

without large numerical effort.

Elastic limit of the LO-phonon momentum relaxation time For ease with

comparison with the literature, e.g. [26] [106], we give the elastic limit of the

elastic

carrier—LO-phonon momentum relaxation time, T i.e., for when the LO-phonon

energy is much smaller than the carrier energy E Q10 < P?, or hwro < E.

1 k?4 Fuv oo
= _F Tk _ (1 - 5) ¥LO (2N0 + 1) (C.52)

lastic ~ 0 wrLo
7'5 astic drEr p € pag

The momentum relaxation time is often given as a function of the carrier energy

scaled by the LO-phonon energy [26],

. 2 E 1 1\ e2 2m*w
elastic . LO
TG = \/ with Wop=—— — | —{/ ————— C.53
[[0(2NBLO ]') liLL.L() ' 0 (5 50) n h ’ ( )

where we introduce the frequency Wy used by Ridley [26], [96].

We show the momentum relaxation times obtained after a small number of iterations

in Fig.
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C.4 Integrals for the 2-d Boltzmann equation

C.4.1 Transport and screening due to multiple valleys

As we want to describe transport and screening in MoSs, which has two equivalent
conduction band minima, we have to account for multiple equivalent valleys in our

equations for the coupled Boltzmann equations, and the carrier dielectric functions.

Being able to capture this was one of the reasons why we wrote the integrals over the

carrier wave vector symbolically as [. If we now write these integrals as
p

[-3 [ hemn % e

we automatically obtain equations that hold for the case of M, equivalent conduction

band valleys. Explicitly, this means, that n?=2 = MvngQ, i.e., that only a fraction of

the total carrier sheet density is present in each valley, and that each of the valleys

contributes to the susceptibility of the carrier gas. xj, , = vxi”‘fueyi

As discussed in [subsection C.5.3] we only need to consider the carriers in one of the

valleys to calculate the total mobility due to all valleys. This means that all the
carrier quantities ( fg , B and n) in the integrals for the momentum relaxation time
only pertain to one valley (We do not include a valley index for brevity, and because
the equations are identical in all valleys.), but the dielectric functions and the

integrals for the collective modes are sums over all valleys.

C.4.2 Integrals for momentum relaxation time

In two dimensions, the expression for the effective momentum relaxation time 7, of a

carrier due to interaction with coupled collective modes obeys

1 1 b
— = de/dhwwan — B, — hw) (NO + 1) —=rtk
T (27?)2/ k,w ( p+k P )( w Tt ) f%p
y 1_Tp+k(p—|—k:)-E+Tk,wk:-E (C.55)
Tp p-E » p-E )

if we assume that all carriers are located in the z = 0 plane and hence all transferred

wave vectors k are truly two-dimensional. We also neglect inter-valley scattering.

Here, Wy, is the equilibrium scattering rate between the carrier and the coupled
collective mode, and k and hw are the transferred wave vector and energy in the
scattering process. F, is the energy of a carrier of wave vector p, which we assume to

be in a spherical, parabolic band, and f% is their equilibrium distribution function,
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the Fermi-Dirac distribution. N9 is the distribution function of the coupled collective
modes, the Bose-Einstein distribution. T, is the lifetime due to drag between the
carriers and the coupled collective modes. We now scale all wave vectors with the
Fermi wave vector kp = /27ng (cf. Eq. ) , where ng is the two-dimensional
electron density, and all energies with the Fermi energy Er from Eq. to obtain
the dimensionless wave vectors K = %, P= ﬁ and Q = ﬁ, and the dimensionless

energy ) = g—‘;

In the dimensionless variables, the integral reads

I k% 2 0 0 2 2 f\(}’+K|
TP_(2ﬂ)2/dK/dQWK@(NQ—i—l)(S(\P—s—K] —P —Q)T
Tp+k|(P+K)-E TKQK‘E:|
1— : .
X{ p P-E - p | (©%

The quantities Wi o, fp, 7p and Tk o have the same value (and unit) as Wy o, f&,,
7, and T}, . As 7 appears on both sides of Eq. (C.56), we will solve it iteratively. In

the following, we will discuss the evaluation of the integral for each iteration step. We

(a) (b)

A A

~P | e, ~K | e

0
Figure C.5: Coordinate system for (a) K integral in 7p, Eq. (C.56)f (b) P integral in
Tx o, Eq. (CT0)f

carry out the integral over K in two-dimensional cylindrical coordinates with the
x-axis aligned with P, as in Fig. [C.5h. The angle between P and K is the integration
variable 0, and the angle between P and F is Opg.

/de :/dKK/de (C.57)
0 -7

Let us write the integrand in Eq. (C.56) in terms of K and 6. As in the

three-dimensional case, we assume that Wk o = Wik . The delta-function reads

6(|P+K’2—P2—Q>:5<K2+2PKCOSG—Q>:2;K5<COSH—QK2>,
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and

|P+ K| = /P2 + K2+ 2PK cosf.

So far, all terms have been symmetric in the angle 6. The terms

K-E Kcos(bpp—0) K K )
———— = —cosf + — tanf 0 C.58
P E P cosbpg p oSVt p tanfresin (C.58)
and (P+K) E K K
+K)- .
3 R 1+ FCOSQ + FtanGPE sin 0 (C.59)

have an antisymmetric contribution. Fortunately, the azimuthal integral over the

antisymmetric summand vanishes:

0 h(—0) = —h(6)

/ 6 h(6) = 0/ WO +HOI =35 - b (C.60)
& 0

Eventually, this yields

oo K(K+2P)

2W9 , (NS +1 1o
/dKK/dQ ra (Ng+1) Nictze
™ VQ-K(K -2P)/K(K +2P)-Q fp
_ TJ/PTQ 0 - K? Tk o — K?
x [1 - <1+ 53 >+ S| (C6Y)

Here we used that the integral over 6

O - K2 1 71 Q- K2
2/d92PK (COSQ_ 9PK >—PKO/desin9 [ _arccos< 2PK )]

2 —
_ J VO-K(K—2P)\/K(K+2P)-Q K(K =2P) < KK +2P) (C.62)

0 else

For the quasi-elastic momentum relaxation time from Eq. (4.31), we have to replace
the square bracket in Eq. (C.61]) with its quasi-elastic, RTA limit. This bracket turns
out to be identical to its 3d equivalent, so that Eq. (4.31)) becomes

K(K+2P)

1 k2 7 2 (NS +1) fyprra
P /dKK/dQ\/Q K(K —2P)\/K(K +2P)—Q f% (C.63)

0  K(K-2P)

P Q- K?
" [11%2(“213)]%9%
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C.4.3 Integration of the singularities

As the reader might have noticed, the integrand of the €2 integral in Eq. (C.61) has
inverse square root singularities at both the upper and the lower integration limits.

However, integrals of the type

Qmaz

_ 9(&)
= e e (o1

min

are integrable unless the function g(§2) introduces difficulties. (See, e.g.,[123].) To see
this, we start by splitting I at some ;g With Qi < Qnida < Qmaz. For the lower
part of the integral, we make the substitution ¢ = v/ — Qin

Qmid Vv Qmid_Q’min

L= / do 9() - /dt 29 (min + 1)
\/Q - Qmin\/Qmax - 0 \/Qmax - Q’rm’n - t2 .

(C.65)

min

Our choice of €2,,,;4 guarantees that the remaining inverse square root in Eq. (C.65)

does not become singular.

Similarly, we make the substitution t = v/ Qe — €2 for the upper part of the integral:

Qmaz QnLu:L'_Qmid

I = / a0 9() - /dt 29 (mas — )
\/Q - Qmin\/gmax - 0 \/Qmaac - Qmm - t2

(C.66)

mid

The integral I is the sum of I; and Is. E|

C.4.3.1 Example: Integrals for carrier—LO-phonon-scattering

In the case of LO-phonon scattering, Wik o in Eq. is a delta function at the
constant dimensionless LO-phonon frequency €, and hence g*(Q) = g=6(Q — Q).
Qo > 0 and g" stand for absorption, and €y < 0 and g~ for emission. Using the delta
function, we can carry out the €2 integral in Eq. directly, yielding

K7naa: :t

g

Rp¥= | dKK
P K VQ — K(K —2P)/K(K + 2P) — Qo

(C.67)

for the first term in Eq. (C.61]), compare Eq. (C.46|). The integration domain is
defined by the K, /mae from Eq. (C.49). This integral also has inverse square root

singularities at both the upper and the lower integration limit. Some elementary

"' In principle, it would be possible to choose 2,,,;4 halfway between Qi and Qmaz, and combine
I, and I, conveniently. However, as the integrand is also singular at 2 = 0 because N is, and
Qmin < 0 for K < 2P, this is not very helpful in general.
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algebra helps to make this more evident, yielding

Kmaz +

1+ g 1
RP B / dKK\/(K - szn)(Kmax - K) \/(K + Kmm)(Kmaw + K) (068)

Kmin

This is again an integral of the type Eq. (C.64) and can be solved in the same way as
the former. Fig.[C.6] shows how an integral of this type takes many more evaluations

when done crude force rather than using a substitution of the type discussed here.

0.95

0.9

0.85

Numerical evaluation of

3o
C—r
o
8
11l
—_

0.8

Fraction of exact result

0.75
Crude force midpoint rule —+—
Midpoint rule after substitution —x<—

L M| L oo vl L MR L

1 10 100 1000 10000

Number of evaluations

1
1—22

[eo]
Figure C.6: Numerical evaluation of [dz with square root singularities at = =

41 divided by the exact result, depgnding on the number of function evaluations.
This corresponds to LO-phonon scattering as discussed in [subsubsection C.4.3.1] with
P = /Qq, which makes Eq. (C.68) R* = g* fol \/1(11”7. Numerical evaluation after
substitution requires a lot fewer steps to achieve the same accuracy.

C.4.4 Integrals for phonon drag term

The phonon drag Eq. (4.23|) defined in [chapter 4] reads

o 27Tl/k- M’U ) 0 0
Tiw = m (2m)2 /dp 0 (Eptp — Ep — hw) (pr - fEk+p)

y Tprk(Pp+ k) - E—1pp- E
k-F

(C.69)

Here, v = de; is the Fourier transform of the Coulomb integral in two-dimensional

space, which we can use because we assume all carriers are located in the z = 0 plane.
The factor M, is a scalar accounting for the possibility of multiple degenerate valleys.

With several degenerate valleys, there are ng/M,, carriers in each valley, and the
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carrier susceptibility is M, times the contribution from a single valley. With the

dimensionless variables from [subsection C.4.2| this reads

27TI/K]€2

T =
K™ am(elg o) Er ( 271'

/dP2 (1K + P = P2~ Q) (o - fiicip)

» T|p+K|(P—|—K)~E—T|p|P-E

T (C.70)

We orient the coordinate system with K || e, see Fig. |C.5b. This means that

P.-FE

X E K(cosg0+81ng0tan<pE)

with ¢ and ¢g defined in Fig. [C.5pb. Consequently,

B 27ka:2
_jm(aEtOt )EF 271'

Tk o /dPP/dgoé K2+2KPcos<p+Q) (fp fﬂ)

P

cosp +sinptanpg)| — 7p E(

cos p + sin p tan goE)} }
(C.71)

P
1A

X{Tm L+

As the terms with sin ¢ cancel due to antisymmetry, we can write

Q—K2
2nvikd  2M, — arccos W) . .
T = dPP [d N
BT Sm(eig) Br (2m)? / / ‘p |2KPsin<p| (fP fm)

P P
T/P?rq <1 + Ve Cosgo) TP COSng|

(C.72)

or

9 0 _ 40
2rMyvickz 1 fp f\/m
Tka = jm(gtOt \Er 2r 2K / dP P - TR
7K
1 Q Q
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We define
Iq = / dp p— L VPO - (C.74a)
QO-K?2
9zt P2 (95)
2 T f]gTP
Ik o= dP P - (C.74b)
QO-K?2
o P2 (O5)
I
g = / ap p /PR (C.74c)
Q—K?2
o P2 (%)
4 i f?/mTP
Q-K?2
2552 P2 (95)
With the substitution P — P’ = v/ P2 — ), one can see that I%Q = I%_Q and
I?‘(’Q = I[l(ﬁQ. Using vk = 27,:36 = 2”6 ylelds
1 e2Mykpl [/, 5 Q 5 1 Q
Tict = Sty Bkt 2 (e~ feon) (1 52 (o = ko) (1 73
(C.75)
With &EE — - 2 we get
M,
T = C.76
K kragK2JIm(eR'q) ( )

Q
x {111<Q - Ill(,—Q + 112(,9 - I?(,—Q + e [Izldz + 111(,—9 - (IIQ(Q + 112(,—9)} }

The I}(Q are all integrals of the type of Eq. 1’ that means the singularity at
P = Ppin = |Q | is integrable. Explicitly,

mZTL + t f
2szn + t \/ mzn+t2 +Q P, '”’L+t2

I = 2/dt (C.77)

’ITLZTL+t

Ifo = Q/dtm P2 By 12 (C.78)

When implementing the numerical evaluation of these integrals, the value of T o for

constant T,
m (c5q)
e (C.79)
~ O
Jm (5 K, )
can be helpful as a test.
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>>c.

Figure C.7: Visualization of important angles for the three-dimensional drift velocity
and mobility. We have chosen to depict the x-z plane. In the three-dimensional case,
there is azimuthal symmetry, so that this picture could be rotated around the z-axis
arbitrarily. In the two-dimensional case, there are only two axes present, the x- and
the z-axis.

C.5 Calculation of carrier mobility

The calculation of the carrier mobility is textbook material. However, often only the
expressions for the mobility in the Maxwell-Boltzmann limit are given, cf. [26]. We

recommend, e.g., the brief description of the mobility in [98].

In weak field transport, where the perturbation in the distribution function is
proportional to the applied field, the drift velocity also proportional to the applied
field. The proportionality constant between the drift velocity and the applied field is
called mobility.

Drift velocity in isotropic parabolic bands

We are only interested in longitudinal transport, i.e., along the field direction. The

drift velocity arises from an average of the group velocity over the distribution

function. For isotropic parabolic bands, v(k) = %kz The component of the average
drift velocity in field direction F, is
% frlk - ep
(vg), = (v-eg), = ———— (C.80)

This way of defining averages is useful, because they are insensitive to scaling factors

in the distribution function.
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Table C.1: The four lowest order Legendre polynomials, see [4]

n P,(x)

0 1

1 T

2 1(322-1)
3 (523 — 3z)

We transform the sum into an integral using the notation first introduced in
Eq. (2.40), which holds for 2d- and 3d-integrals equally. Moreover, we write the

integral in terms of scaled, dimensionless wave vectors. With the vector K = ﬁ,

dimensionless wave vector scaled by the Fermi wave vector, the drift velocity now

a

reads
p Jdk fik - ep [dK [k K - eg

(vp)e = Tak e = UF K (C.81)

The evaluation of this integral will be different but similar in three or two dimensions.

C.5.1 Carrier mobility in semiconductors with spherical parabolic

bands in three dimensions

Let us use a spherical coordinate system with the z-axis aligned with the field
direction eg = e,, so that the angle between k and FE is the polar angle 8, see
Fig. [C.7l If our system is isotropic the distribution function is independent of the

azimuth angle ¢.

[dK [df K3sinffk cos®
0 0

<UE>k =UF 00 T (C82)
JdK [dO K?sinffk
0 0
We can expand the distribution function into Legendre polynomials[4]:
fx = Z frPp (cosf) (C.83)
n=0

The zeroth and first order coeflicients of this expansion are the distribution functions
f% and f, cf. [chapter 4. Legendre polynomials obey the orthogonality relation[4]

2

1 ks
/dx Pi(x)Pj(x) = ———0d;; or /d@ sin @ P; (cos @) Pj (cosf) = 2
—1 0

T2+ 1

The lowest order Legendre polynomials are listed in table Taking advantage of
Py(cos @) = cosf and Py(cosf) = 1, we can apply the orthogonality relation to the
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drift velocity

[eo]

iol [dK [df K3sin0fP,(cos )Py (cos ) [dK K3f}

(vp) = vr"S e =g (C8)
> [dK [df K?sinff}:P,(cos6)Py(cos ) JdK K2 f).
n=00 0 0

This shows that the drift velocity only depends on the first two coefficients of the
distribution function when expanded into Legendre polynomials. Explicitly, this
means that, as long as the proportionality between the applied field and the
distribution function holds, the drift velocity only depends on the linear contributions

to the distribution function, and no higher terms are necessary.

Mbobility The longitudinal mobility is the proportionality constant between the
drift velocity in field direction and an applied electric field |E|.

(vE)), = ulE| (C.86)

The first term of the expansion into the Legendre polynomials from our calculations

above is
fcost = ff (1= 1&) g = vreB i} (1 - f&) 7 K| B cos o, (C.87)
see Eq. (4.1).

This gives the expression

o T KA (= i) e
p=—tt—— (C.88)
JdK K2f9
0

for mobility, or, equivalently,

:fodK K3 (3% 1% ) i

3mx JdK K2f0.
0

After a partial integration of the integral in the denominator, we find

[ K (e fi)mc | JAKKUR (1= )
=t — . (o)
AR (Gefk) T JAR KR (1= )

This makes it clear that the mobility is proportional to an average over the
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momentum relaxation time,

(1) (C.91)

with
K K3 (s 1% ) i
(1) =25 . (C.92)
JAK K3 (53 1% )
0

C{/”SQ, which is neither cgs nor SI. As

Note that mobility is usually given in units of
mentioned in the preliminary, all the equations in this thesis are in Gaussian cgs
units. This means that Eq. (C.90|) yields a mobility in statV <» which then has to be

converted as described in the prehmlnary.

Mobility from integration over energy While the formula above is useful when
the effective momentum relaxation time 7 is calculated as a function of momentum,
transforming the integrals into integrals over energy allows the denominator integral

to be evaluated semi-analytically. From Eq. , we find

[AEE? (fpf8) e [AEE (- fh)7e
_ €30 __co0 (C.93)
m OdeE% (&re) ™ [aE B3y (1- )

The integral in the denominator is proportional to a Fermi-Dirac integral

with T (2) _ \/; (C.94)

N

1 T
I'(3)exp(z - fif) +1

§1 (af) =

and the chemical potential fi, and can be found tabulated, along with the Gamma

function, see [4].
This yields,

433

5775; ) /dE B3 (1 1%) e (C.95)

3-d mobility in the Boltzmann limit

In the classical limit, i.e., i3 — —o0

0 1 ~ o __ ©Xp (E/@ - ﬂﬁ)

1= —— ~exp(—ES+ap) and 1— fp = —— ~1

P 1+ exp(EB - if) ( ) P 14 exp (BB — if)
(C.96)
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so that the mobility Eq. (C.93) can be expressed as

00 3 0 00 3 BB
deE2TEfE e deEZTEe
0 0

e
% o . % 00 )
" JAEE:fY " [dEEseBS
0 0

IU, ~
(C.97)

17 47
e 3 e 3
=——— [dxa271, 3 = ——— [dox2T,807 "

r(3)y VT )
Thus, the mobility in the Boltzmann limit is proportional to an average over the
effective momentum relaxation time weighted with the Boltzmann distribution times

the energy to the 3, cf., e.g. [26] page 129].

C.5.2 Carrier mobility in semiconductors with spherical parabolic

bands in two dimensions

Expanding Eq. (C.81)) in polar coordinates with the z direction aligned with the
electric field yields

00 2m
[dK [df K?fk cos®
0 0

<'UE>k = VF (0.98)

o) 21
[dK [d0 K fx
0 0

0 is the angle between the wave vector k and the field, see Fig. [C.7] As we assume

f-x = fr and fx g2 = K9, We can express fg through a Fourier-Cosine expansion

fx = Z [ cos(nh). (C.99)
n=0

The zeroth and first order coefficients of this expansion are the distribution functions
f?( and f }(, cf. [chapter 4. The drift velocity thus becomes

00 00 2m
[dK Y frK? [df cos(nd) cos b
0 0

n=0

(vp) =vr——— o (C.100)
JAK Y fRK [d6 cos(nb)
0 n=0 0
Evaluating the 6 integral in the denominator yields
2 1
/ d6 cos(nf) = — sin(2mn) = 2m6,.0. (C.101)
n
0

Using cos(nf) cos(#) = 3 {cos[(n —1)8] + cos [(n + 1)0]} and the denominator integral
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yields the numerator integral as

2 2 2
/d0 cos(n#) cos O = % {/d0 cos[(n —1)0] + /d9 cos [(n + 1)9]} (C.102)
0 0 0
=7 (On1 + On—1) - (C.103)
Consequently,

JdK K2 fk
(VE) = VPt (C.104)

2 [dK K f)

0

With Eq. (C.86) and Eq. (C.87), which also holds in the 2-d case, we can express the
mobility as

T 2.9 40
JAK K (a3 /%) i

5 (C.105)
JdK K fp.
0

which which partial integration can be written as

. deK? (a%f?{) ™~ :deKK3f?((1—f?{) TK
=20 =—45 (C.106)
m K K2 (%) JAR K33 (1~ fi)

Note that the only formal difference to Eq. (C.90) is the exponent of K.

Mobility from integration over energy When the momentum relaxation time

TE is given as a function of energy, we can express the mobility as

JABE (fsfl) e JABEfY (1~ [9) e
- o =20 (C.107)
mx JaEE (r2) ™ JaE Ef% (1 f)

As the denominator integral

/dEE ( ) /dE 18 =kpTn (14 ¢7), (C.108)

we can write the mobility as

_e
b n 1+uﬂ

/dEEfE 1 - fE) (C.109)
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2-d mobility in the Boltzmann limit In the classical limit Eq. (C.96), the

mobility can be written as

oo
[dE Ee~FPrg
€ 0 &

hW=—-—"=— /dx :Ue_me/ﬁ (C.110)
* [dEEe-ES Y
0

C.5.3 Carrier mobility in semiconductors with multiple equivalent

valleys

If the conduction bands of n-type semiconductors (or valence bands of p-type
semiconductors) have M, equivalent minima (maxima), low-field transport in that
semiconductors takes place in M, so-called valleys in reciprocal space. This scenario

occurs for the n-type transport in MoSsy, which has two equivalent valleys at the
K-points, cf. Fig.

We take this into account for the mobility calculation by considering the fraction ﬁv
of the carriers concentration n; = 5~ in each of the valleys. The total drift velocity

will be
> frki-er 5 %:fkiki'eE

h 7 &
(VE), = E—Zkai = Eiz e (C.111)
This expression is formally identical to Eq. , we only sum over one of several
equivalent valleys rather than multiple ones [I07]. In the classical limit, where the
mobility does not depend on the chemical potential, the distribution of the carriers
into multiple valleys has no effect on the mobility. This of course assumes that the
effect of the multiple valleys on the momentum relaxation time is already taken into

account.

C.5.4 Approximate account of the effect of the occupation of
satellite valleys on the carrier mobility

This section discusses the occupation of satellite valleys in semiconductors with
parabolic bands. The phrase comes from situations like in bulk GaAs, where the
lowest lying conduction band is at the I' point, and the next higher conduction band
minima are in the 8 equivalent L points on the edges of the Brilloin zone. In a 3d plot
of the occupied states in reciprocal space, the electrons in the L point ellipsoids

resemble stellites in an orbit around the electrons at T, cf., e.g., [24].

In we calculated the occupation of a parabolic conduction band with a
minimum at E = 0, compare Eq. (2.24) and Eq. (2.26)). These formulas still holds for

the situation with multiple valleys present, but we have to include the energy at the
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bottom of each band for reference, and we must account for the fact that the satellite

valleys are not necessarily spherical.

The occupation of the bands i at the energy E; consequently is
d
n; X Mi (miDOS> 2 3%71 (ﬂ,@ - Elﬁ) (C.112)

Here, d € {2,3} is the dimension of the semiconductor, and §,, is the Fermi-Dirac
integal. M; is the valley degeneracy of the satellite valleys. For example, in GaAs,
there are conduction band valleys in 8 equivalent [111] directions, at the edge of the
Brillouin zone. This yield My = 8- % =4 L valley minima per Brillouin zone. So, in
our notation, ny, is the carrier concentration in all 4, not only a single L valley, and

equivalently for other valleys.
mPO% is the density of states effective mass of the conduction band minima. This
accounts for the fact that the equi-energy surfaces for parabolic bands can be
ellipsoids [107]. In our examples, the GaAs L bands, the equi-energy surfaces are

rotationally symmetric ellipsoids along the [111] directions, and hence
DOS _ ( 2) 3
mp T = \my (C.113)

where m; and m; are the effective masses along and perpendicular to the rotational

axis.

We can express the relative occupation in the conduction bands of type i as

M (mPOS)’ By (78 - Eip)
Mot Y My(mPOS) 2§y, (i — Eif)

(C.114)

In the d = 2 case, the Fermi-Dirac integral can be evaluated analytically, and we have

M;mPO% In (1 + eﬂB_EiB)
la=2 = 555 E (C.115)
Ntot > MimP9> In (1 4 eAP—Eib)

Calculating the fraction of the total occupation in the lowest conduction band lets us
see at what point the approximation that only the lowest conduction band is occupied
starts to fail. This is important, because unoccupied bands cannot contribute to

transport, but occupied ones might.

Maxwell Boltzmann limit In the Maxwell Boltzmann limit, i — —oo, the

relative occupation is independent of the chemical potential, and in consequence,
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independent of the absolute occupation:

M; (mZDOS)g e EiP

= _ (C.116)
Nitot Zz M; (miDOS) 2 e~ i

This limit holds for low carrier concentrations or high temperatures.

Degenerate limit For high carrier concentrations, or low temperatures, the

degenerate limit can be applied,

[N]IsH

2

M; (mPO%)? (Ep — E )2
|00 = () . (C.117)
2

Ttot >, M (mPO%)2 (Ep — Eif)

vl

where, the relative occupation of the bands is independent of temperature.
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e
Total carrier concentration (cm=3)

Figure C.8: Relative occupation of the lowest conduction bands in room temperature
GaAs, as a function of the total carrier concentration. For the multiply degenerate L
and X valleys, n; is the carrier concentration in all equivalent L or X valleys.

Relative occupation of parabolic conduction bands in 3d GaAs For this
calculation, we take the 4 equivalent L valleys and the 3 equivalent X valleys into
account. We set the energy to zero at the bottom of the I' valley. The parameters for
this calculation are given in Tab. The relative occupation of these three
different types of bands is plotted against the total carrier concentration in all three
bands in bulk GaAs in Fig.
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Table C.2: Effective masses, valley degeneracy number M and energies of the satellite
conduction bands in bulk GaAs relative to the lowest conduction band at I'. All
constant energy surfaces are rotational ellipsoids and the corresponding effective masses
are given in multiples of the electron mass me..

E (meV) M mi/me my/me mPo%/m, moP/m,

r 0 1 0.067  0.067 0.067 0.067
L 330 4 0.13 1.54 0.30 0.19
X 440 3 0.23 1.98 0.47 0.33

C.5.4.1 Effect of satellite valley occupation on the total mobility

When satellite valleys are occupied, they open up a new channel for transport. The

total mobility becomes

1
Mtot = Z j2% (0118)

5 ot

with the p; calculated with in each satellite band according to As
discussed by Herring and Vogt [I07], in materials with ellipsoidal equi-energy
surfaces, a coordinate transformation can be made, so that the expressions for
spherical bands can be used for the calculation of the momentum relaxation time,
except for the fact that the density of states effective mass Eq. has to be

substituted for the scalar effective mass.
The mobility in each valley is, averaged over reciprocal space,

i = —— (1), (C.119)

meprt;

where m?! is the optical, or conductivity effective mass [I07]. In a 3d material like
GaAs, where the equi-energy surfaces of the satellite valleys are rotational ellipsoids,

the optical effective mass is
moP = (C.120)

see Tab. [C.5.4]

Approximate treatment of the effect of the satellite valleys on the carrier
mobility in GaAs If we make certain assumptions, we can estimate the effect on
the satellite valleys on the total mobility without calculating the mobility in the

satellite valleys explicitly. These approximations can be quite good if the occupation

of the satellite valleys is not too high.

If we assume that the mobility in the I' valley is much higher than in the L or X
valleys, ur > pr, pr > px, Eq. (C.118) simplifies to

nr
Mtot =2 UT - (C.121)
Ntot
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C.5 Calculation of carrier mobility
Another possible approximation is that the averaged momentum relaxation time (7)
is roughly the same in all the valleys: (7). ~ (7); = (1) y ~ (7). Consequently, the

mobility becomes

opt
nr ng mp
~ Yy ———L, C.122
ftot Ntot K —~ np m2" ( )

7 [

which, again, leads to Eq. (C.121]), if the relative occupation of the satellite valleys is
not too high. Fig. shows the effect of the satellite valleys on the mobility in room
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Figure C.9: Mobility in room temperature GaAs as a function of the total carrier con-

centration, see [chapter 5 (a) Neglecting the effect of satellite valleys, i.e., assuming all
carriers are in the I' valley. (b) Treating the effect of the satellite valleys approximately

with Eq. (C.121))
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temperature GaAs. Up until n = 108em ™3, the approximation that all carriers are in
the I valley is excellent, see Fig. We only consider total carrier concentrations up
to about nger = 2 x 10em ™3, where still more than 70% of the carriers are in the T

band. Treating the occupation of the satellite bands approximately with Eq. ,
gives improved agreement with experiment over the case where the satellite bands are

ignored.

C.6 Numerical implementation

This section gives some information on the numerical implementation of the
expressions which need to be evaluated in order to calculate the momentum relaxation
due to carrier —coupled collective mode scattering. Some of the choices concerning the
numerical implementation were already made in appendix and appendix [C4] e.g.,
explicitly using the energy-conservation delta-function to eliminate the integral over

the polar angle rather than the integral over the transferred wave vector.

The numerical calculations in this thesis, and also the data to create plots of dielectric
functions and scattering rates were created with two codes, which were written for
this purpose. One code treats bulk semiconductors (3d-code) and one the
semiconductor heterostructures (2d-code). These codes have a largely identical
structure, and share certain modules and data structure, though the expressions

which had to be implemented differ somewhat.

These codes were written in C and have been run on Linux operating systems.
Workhorse functions for root-finding and integrations, or for special functions were
either taken from the Gnu Scientific Library [124] or modified from Numerical
Recipes [123]. An implementation of the derivatives of certain Fermi-Dirac integrals
written in FORTRAN was also used [125] [126], 127, [128].

The codes are most easily run with an input file, but can be run interactively. The
code takes options for what type of bulk material (3d-code) or heterostructure
(2d-code) is to be used, and what approximations are to be used (concerning the
treatment of screening, neglecting either the LO-phonons or the plasmons, RTA or
iteration to self-consistent solution, etc.). Other options set the temperature and the
carrier concentration, and a maximal number of iterations to be used for the iteration
to self-consistency, and the neglect or inclusion of other scattering mechanisms beside
screened carrier—polar phonon scattering. The codes can be run in different modes,
calculating some or all of the following quantities: the dielectric functions, zeros of the
real part of the dielectric functions, sum rule integrals, energy relaxation times,
momentum relaxation times with or without drag term (including carrier mobilities

and the Seebeck coefﬁcient)ﬂ

2Not all permutations of these options and parameters are implemented in the codes. The codes
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The codes discussed here were not written with distribution in mind. At the time of
the publication of this thesis, they are hosted in a private bitbucket.org repository.
Should they be distributed in the form they were in at the time of publication of the
thesis, they would have to be distributed under the GNU general public license
(GPL) [124], due to their use of GSL library functions.

For the calculations in this thesis, the codes were run with parameter ranging from
the classical limit to the degenerate limit, and choosing appropriate grid sizes, target
accuracies for adaptive integrations and integrations was challenging. We generally
carried out convergence tests for certain parameters and then erred on the side of
over-convergence for subsequent calculations. For the 2-d code, the convergence

criteria were relaxed carefully in order to allow faster calculations.

We will give details for the numerical parameters used to numerically determine the
quantities discussed below for one 2-d example and one 3-d example. The 3-d
example is room temperature GaAs with a carrier concentration of n =5 x 1017¢m 3.
The 2-d example is for a HfO2-Mo0S9-SiOo-heterostructure at room temperature and a
carrier concentration of ng = 2 x 10'2¢m=2. In both cases we calculate the fully-self
consistent momentum relaxation time for carrier—coupled plasmon—LO-phonon

scattering, including the drag term.

Initial wave vector grid FEach of the steps in the iteration of the momentum
relaxation time to self-consistency involved calculating the momentum relaxation 7,
depending on the previous step, cf. Eq. (4.24). To this end, integrals of the form

Ka(P)  Oa(K,P) 1
/ dK / 40 Im <€> FK,Q, P){7), (C.123)
K1 (P) Q1 (K,P) KA

where f is some function of the scaled frequency {2, the scaled wave vectors P and K
(cf. Eq. (2.43)) and a functional of the momentum relaxation time 7, have to be
evaluated. We calculated 7 on a uniform wave vector grid. As each step in the
iteration involves an integral over a previous iteration of 7 cf. Eq. , we have to

interpolate between the tabulated values as necessary.

We carried out calculations with widely varying temperatures and carrier densities,
putting us in the classical limit, the highly degenerate limit, or anywhere in between.
Consequently, there are multiple length scales determining the size and spacing of the
wave vector grid. We chose the maximal wave vector in the grid to be several times
the maximum of Fermi-wave vector or the Debye wave vector, and the spacing to be a
fraction of their minimum. Consequently, this approach fails when one goes very far

into either the degenerate or the classical limit. In the 3-d example, we used a grid

have not been tested extensively beyond the examples presented in this thesis.
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with 0 < P < 10 with 100 points for the scaled initial wave vector P (cf. Eq. (2.43)).
In the 2-d example, we used a grid with 0.026 < P < 5.2 with 200 points for the

scaled initial wave vector P.

Dielectric functions As discussed in the imaginary parts of the carrier
dielectric functions can be expressed in terms of Fermi-Dirac integrals. In the 2-d
case, this involves a Fermi-Dirac integral which has to be evaluated numerically, but
which has been implemented previously. [125] 126, [127), 128]. The real parts of the
carrier dielectric functions cannot in general be expressed analytically, or even in
terms of special functions. We tabulate the functions I¢ from Eq. on a fine grid
to calculate the polarizability Eq. and eventually the real part of the dielectric
function in two or three dimensions. The functions implementing the real parts of the
dielectric functions call the tabulated values and return an interpolated value. The

grid size is determined by the values at which the dielectric function will have to be

evaluated later in the code. See [subsubsection 2.2.2.7] for some details on the integral
I9=3 from Eq. (2.62) which determines the carrier dielectric function in the 3d-case.

In the 3-d example, I¢=3 is tabulated on a 0 < z < 26.353 grid with 52707 points. In
the 2-d example, 192 is tabulated on a 0 < x < 20 grid with 400000 points.

Zeros of the dielectric functions We calculate the -in general- multiple roots of
the real part of the dielectric function by first looking for sign-changes on a dense
frequency grid for each wave vector, and subsequently bisecting the interval with the
sign change. We check the amplitude of the real part of the dielectric function and
the imaginary part of the inverse dielectric function to distinguish between zeros and

poles.

In the 2-d example, we used a 0 < €2 < 40.38 grid with 4038 points for the initial
discretization for the scaled frequency Q (cf. Eq. (2.43). In the 3-d example, we used
a 0 < Q <10 grid for with 1000 points the initial discretization.

Frequency integrals We carried out the frequency integrals needed to calculate
the f-sum rule, quasi-particle lifetimes and energy momentum relaxation times as
described in appendix appendix [C.4] and appendix We split the frequency
integration domain between the sign changes of the real part of the dielectric
function. In each of these domains, we carry out the integration with an adaptive
open Simpson’s rule [I23]. This integration function increases the number of equally
spaced grid points until the integral reaches a target relative accuracy. In the 3-d
example, the target relative accuracy was 1073, In the 2-d example, the target

relative accuracy was 1072,
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If these integrals do not converge in this way, we treated sections of the integrand
around the zeros of the real part of the dielectric function (which are delta peaks for
undamped oscillations, and can be very sharp peaks if the anharmonic damping is
small) explicitly as delta-functions, cf. Eq. . This allows us to calculate the

T =0 or k = 0 limits of sum rule integrals, energy and momentum relaxation time,

but becomes rather cumbersome for the 2-d case, where the effective dielectric

function is quite a complicated function, cf. [subsection 3.2.2] Consequently, this

explicit treatment of delta-peaks has not been implemented for the general 2-d case,
and we always assumed sufficiently large anharmonic damping for the frequency
integrals to converge. As discussed in appendix it helps to use a certain
substitution to remove inverse square root singularities from the integrands of the 2-d

integrals for the momentum relaxation and drag term.

The f-sum rule described in [subsection 2.2.3] can be used as a test of the

implementation of the frequency integrals.

Transferred wave vector integrals The wave vector integrals for the momentum
relaxation time in the 3-d case were calculated on a uniform grid. We used a grid
with the same spacing as the initial wave vector grid, but with twice the number of
points, to allow for back-scattering. In the 3-d example, we used a grid with

0 < K < 20 with 200 points for the transferred wave vector K (cf. Eq. (2-43)).

We found that in the two-dimensional case, wave vector integrals needed a much
denser wave vector grid to converge than in the three-dimensional case. We
consequently implemented an adaptive integration in the wave vector domain, using
the gsl qag function [124]. In the 2-d example, we calculated the wave vector integrals
with a target relative accuracy of 5%. As the 2-d calculations were carried out after
the 3-d calculations, the adaptive wave vector integration was not implemented for
the bulk case, though, in hindsight this would be beneficial.

Evaluation of drag term The calculation of the drag term Tk o, Eq. in
3-d, and Eq. in 2-d can be a bottleneck if the integrations are carried out
explicitly within the wave vector and frequency integral. Therefore we tabulated T’ o
on a two-dimensional grid, and wrote a function which interpolated from this table on
each call. This two-dimensional wave vector grid is determined by the largest relevant
wave vector as described in the paragraph on wave vector integration above. The
largest relevant frequencies follow from the larges zeros of the real part of the
dielectric function. In the 2-d example, we used the Q-grid discussed above, with

0 < © < 40.38 with 4038 points, and a transferred wave vector grid with

0.0026 < K < 10.41 with 400 points. The drag term integral was calculated as on a
grid with 0 < @ < 5.2 with 200 points. In the 3-d example, we used the K- and
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Q-grids discussed above, with a 0 < © < 10 grid for with 1000 points and a grid with
0 < K < 20 with 200 points, and the drag term integral was calculated as on a grid
with 0 < @ < 10 with 1000 points.

Convergence criteria for iterating the momentum relaxation time to
self-consistency We used the carrier mobility as a convergence criterion when we
iterated the momentum relaxation to self-consistency. We broke off the iteration when
the mobility changed less than a certain value for a set number of iterations. For the
2-d calculations, the iteration was considered converged if the mobility had changed
by less than 1072 for 10 iterations. This meant that the 2-d example took 56
iterations to converge. For the 3-d calculations, the iteration was considered
converged if the mobility had changed by less than 10~ for 10 iterations. This meant

that the code considered the 3-d example converged after 30 iterations.

Iterations in the bulk case, and without a drag term typically needed only a couple of
tens of iterations, while calculations with a drag term could require many hundreds of

iterations, especially in the classical or degenerate limits.

Parallelization We parallelized the calculation of the momentum relaxation time
over initial wave vector points within each iteration. These calculations are
independent, so that the parallelization is very efficient. The 3-d example took 57min
to run on 8 processors. The 2-d example took 51min to run on 8 processors.

Calculations without a drag term run much faster.

Outlook It was not the aim of this thesis to develop efficient code for distribution,
and all the code written for this thesis is for proof of concept. The methods in this
thesis could doubtlessly be implemented to allow the examples discussed in this
section to run within a couple of minutes on a single processor. We recommend
integrating on adaptive grids throughout. For the calculation of carrier mobilities on
a dense grid of carrier densities, or temperatures, we discourage iterating the
relaxation time approximation momentum relaxation time to self-consistency
independently for each point. Instead, one should iterate from the self-consistent

momentum relaxation time for the previous point.
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Appendix D

Seebeck coeflicient

We only give a crude introduction into the Seebeck coefficient here, closely
following [24].

Applying a voltage to a material can not only give rise to an electric, but also a
thermal current. The latter effect is called Thomson effect (or Peltier effect under
certain conditions)[24]. The inverse effect is know as the Seebeck effect and the
proportionality constants between the applied fields and currents are related to each

other.

Starting from the thermodynamic relation for the change in heat,
dQ =TdS = dU — jidN (D.1)

with the chemical potential fi, the temperature T" and the change in entropy dS and
number N, we write

Jog=Tis=Jg— RN (D.2)
for the heat current j,. In an isotropic electron gas, its two contributions are from

the particle current jy

2

. _ 3 _
Iin= ) /d knvgfr, = nuE, (D.3)

with the mobility x and the applied external field E (see [section C.5 Eq.|C.88)), and

from the energy current

.2
JE_(QT‘_)g

/ 3Bk nvgEg fr, = ncE, (D.4)

where we have introduced the shorthand c¢. This means that the electronic
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contribution to the heat current is
Jo=nlc—ap)E. (D.5)

The Peltier coefficient connects the heat current with the electric current j, = ejy

which is proportional to the particle current:
Jo=1j. (D.6)

Hence we can express it as

-2

The Seebeck coeflicient is connected to the Peltier coefficient by
II 1 /c
S = = = — — — 1 . D8
T= o (u u) (D.8)
Here we have only considered the contribution from electrons to the Peltier and
Seebeck coefficients. In semiconductors, there is also a contributions from holes, with

opposite sign due to its opposite charge. As we consider highly n-doped

semiconductors, it should be permissible to neglect the hole contribution.

As the expression for the heat current only differs by the one for the particle current
by a factor of Ej in the integral, we can get the expression for ¢ by comparison with
the one for p from Eq. [C-89

. OdeK3 (%f?() i By OdeK5 (%f%) T
3mx JdK K2f9. 3mx [dK K2f9
0 0

and their quotient is

o JAK KO (G fh) JAK KSf% (1= f%) &
—=2 Ep=2% Ep (D.10)
p K K3 2 f%) i JAR KA fie (1= fi) i

/

Limits In the case of high degeneracy the derivative of the distribution function will
be a delta function at the Fermi wave vector K = 1, so that ﬁ — Er as the degenerate

limit is reached, and the Peltier coefficient I1 — 1 (Ep — fi) — 0 will go to zero.

If we assume a constant momentum relaxation time, the Peltier coefficient will be
independent of the momentum relaxation time, and hence any details of the

scattering process.

In the classical limit, with constant momentum relaxation time, we can evaluate ﬁ
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analytically .
- WEF A I PR (D.11)
2 deK‘lf?( I'(5/2) 2
0
(see, e.g., [25], chapter X]) and find
Hetassicat = % (ngT - ﬂ) : (D.12)

We use the momentum relaxation times calculated in above to calculate
the Seebeck coefficient in room temperature GaAs Eq. with Eq. In

B Exﬁeriment -+
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Figure D.1: Seebeck coefficient in n-GaAs at T'= 300K as a function of carrier con-
centration. The line marked “constant 7”is calculated total momentum relaxation time
Eq. D with Eq. [D.I0] with a constant momentum relaxation time, and is hence inde-
pendent of the momentum relaxation time. The line marked “unscreened” is calculated
from the total momentum relaxation time due to unscreened LO-phonon scattering,
charged impurity scattering and LA-phonon scattering. The line marked “screened”
is calculated from the total momentum relaxation time due to unscreened LO-phonon
scattering, charged impurity scattering and LA-phonon scattering. Experimental values

are taken from [129].

Fig. we show the room temperature Seebeck coefficient as a function of the
carrier concentration. The Seebeck coefficient is calculated from the total momentum
relaxation times calculated in which were plotted in Fig. . The
Seebeck coefficient is not suitable for experimental testing of the effect of screening on
the momentum relaxation time, because the Seebeck coeflicients calculated with and
without screening differ barely from each other. In fact, we see that these two

calculations for the Seebeck coefficient do not even differ strongly from the Seebeck
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coeflicient for an arbitrary constant momentum relaxation time.

Our calculation shows that drag between coupled plasmon—LO-phonon modes and
carriers is not important for the Seebeck coefficient of room temperature GaAs.
Phonon drag can however strongly affect the Seebeck coefficients, especially at low
temperatures — compare calculations by Mahan et al. [50] which explained some
striking peaks in the experimental data for the Seebeck coefficient in silicon [130] by

taking phonon drag into account.
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Appendix E

Other scattering mechanisms

E.1 Other scattering mechanisms in bulk GaAs

E.1.1 LA phonon scattering

We include scattering due to longitudinal accoustic phonon with the momentum

relaxation time [3, chapter 5]

L V3 (") ks TVE,

LA — 4 )2
T Th*pvz

(E.1)

and the parameters are given for GaAs in Tab.

E.1.2 Charged impurity scattering

Charged impurity scattering is calculated in the Brooks-Herring model, as described
in[98] chapter IIIB]. In the Brooks-Herring model, the Coulomb potential screened by
the carriers is assumed to have to form of a Yukawa potential, with the inverse
screening length

1 F-1/2(v)

Pa = lDebye Sl/l(y) ‘

(E.2)

Here, Ipepye is the Debye screening length, §;(v) are the Fermi-Dirac integrals and v is
the chemical potential. The factor involving the Fermi-Dirac integrals takes into
account that the screening length varies depending on the degree of degeneracy of the

carrier distribution [98)].

We use the relaxation time 75y from [98, Eq. 34], but calculate the mobility using the
proper Fermi-Dirac distribution function (Eq. (5.4)), not the non-degenerate

Boltzmann distribution function in [98, Eq. 36]. This is necessary, because we
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consider rather high electron concentrations.

We make the assumption that the carrier density equals the impurity concentration,
n = Ny, i.e., firstly, all donors are ionized, secondly, there are many more donors than
acceptors, and thirdly, the impurity concentration is much larger than the intrinsic
carrier concentration. In order to get a better estimation of the carrier density, we
would need not only the donor and acceptor concentration, but also the impurity
energy levels. That means that we can only make a more accurate mobility
calculation if we know which and how many dopants were used for each sample. We
will forgo such a detailed description and only show that the mobilities we calculate
are in accordance with existing measurements, and that, in principle, one should be
able to distinguish carrier coupled mode scattering from carrier-LO-phonon scattering

in certain parameter ranges.

E.2 Other scattering mechanisms in

MoSs-heterostructures

Other than interface phonon-plasmon scattering, we consider scattering mechanisms
which are intrinsic to the investigated structure, that is, acoustic and optical
deformation potential scattering (ADP and ODP) and piezoelectric scattering (PE).
We use parameters for relaxation times Kaasbjerg et al. [57), 5] calculated for a

monolayer of MoSs in a vacuum.

E.2.1 Acoustic deformation potential scattering and piezoelectric
scattering

We treat ADP scattering and PE scattering as elastic processes. We also neglect
interference term between ADP and PE, so that each process has an independent
momentum relaxation time [5, appendix C2]. For a carrier with momentum p, the

momentum relaxation rate is[57} 5]

—_ s
l: :27;*kBT1/d ~1—(:05(;72 (E.3)
Tp pc T J ‘Ek(go),wzo‘
where k(¢) = \/2p (1 — cos ) is the magnitude of the transferred wave vector if the
angle between the initial and final wave vector is . m* and p are the effective mass
and ion mass sheet density of MoSs c is the speed of sound of the TA or LA phonon,
and = is the corresponding ADP, or effective long wavelength piezoelectric potential.

(See [B, Eq. (15)]).

€ w is the free carrier contribution to the static dielectric function of the structure.
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The screening due to the valence electrons is already taken into account in the

deformation potential [5, appendix C2]. Hence

free

Xk.w=
Epmn = 1+ — o0 (E.4)

inter face
k=0
where stf?ﬂf ““¢ is the static dielectric function of the structure, Eq. and Xﬁ:fe
is the free electron susceptibility Eq. 1) As 527"’?# ¢ enters, the screening is
different for different structures, see Fig. [E.Ib. Ma and Jena, Kaasbjerg et al., and
Bogulsawski et al. [54] 5] agree that the TA ADP should have & = 1. Kaasbjerg et al.
make the argument that this is because TA ADP scattering is dominated by Umklapp
processes, which should be unscreened by free carriers. Bogulsawski et al.[131], [132]
argue that in the long wavelength limit, this result follows from the symmetry of the

TA ADP matrix element in a semiconductor with multiple spherical valleys like MoSs.

E.2.2 Optical deformation potential scattering

ODP scattering is an inelastic process. The momentum relaxation time is[57, Eq. 31]E|

1 m*D? 0 0

- = W [NO+ (NS +1) © (B — w)] (E.5)
Here D is the zeroth order ODP due to the LO or homopolar mode of constant
frequency w. The Heaviside step function © makes sure the emission term vanishes

when the electron energy is smaller than the phonon energy.

First order ODP and intervalley ADP has been found to be insignificant for low field
transport [57] and will be neglected.

E.2.3 LO-phonon scattering

The scattering due to the Frohlich interfaction Kaasbjerg et al.[57] is of an interface
phonon type, not of a confined phonon type, as can be seen from their discussion in
[57, appendix BJ.

Ma and Jena [54] include Frolich scattering of the interface or remote phonon type
and of the confined phonon type (which they refer to as LO-phonon scattering)ﬂ This
is not double counting. In fact, the Poisson equation has solutions of confined and of
interface type [806, [133]. However, we think that the confinement in a slab of MoS»

with a thickness of a=6.145Ais so strong that confined solutions do not contribute to

'ODP is not screened by free carriers in MoS2 due to the symmetry of the ODP [I31].
*However, despite the confined nature of these modes, Ma and Jena [54] screen them as if they
were interface type modes.
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Table E.1: Material parameters for MoSsy, from Ref. [5] unless a different reference
is given. m, is the electron mass. The effective acoustic deformation potential for
piezoelectric scattering was calculated with [5, Eq. (15)].

Quantity symbol value
Effective mass m* 0.35 me (Ref. [52])
Ion mass sheet density p 3.17 x 10_767%2
LA speed of sound CLA 6.7x 105%

TA speed of sound crA 4.2><105%

LA ADP Era 24 eV

TA ADP Era 1.5 eV

PE effective ADP ErE 2.39 eV (Ref. [57])
LO-phonon energy hwro 479 meV (Ref. [7])
Homopolar phonon energy hAwgp  50.0 meV

LO ODP Dro 2.6x108<C (Ref. [57])
HP ODP Dpp  4.1x10%%C (Ref. [57])

low-field transport. The discretized wave vectors allowed for the confined modes
would be k, =n? ~n 5.1 x 10”em ™!, which means that even k; is roughly three
times larger than the Fermi wave vector for the largest carrier concentrations

considered, kp(ns = 10em™1) ~ 1.8 x 107em L.
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Figure E.1: Room temperature mobility as a function of carrier sheet density with all
intrinsic scattering mechanisms considered, except for interface phonon-plasmon scat-
tering. (a) Room temperature mobility due to acoustic deformation potential scattering
of the LA and TA modes, piezoelectric scattering of the LA and TA modes, and zero
order optical deformation potential scattering, and the total mobility resulting from
all these scattering mechanisms for the HfO3-MoS,-SiOg-structure. (b) Total room
temperature mobility due to acoustic and optical deformation potential scattering and
piezoelectric scattering in the different investigated structures marked.
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