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ABSTRACT

Modern nanodevices such as silicon integrated circuits and superconducting quan-
tum bits achieve their performance from the intrinsic properties of semiconducting,
superconducting, and optical materials. Creating devices with improved perfor-
mance, as well as creating new types of devices, requires an understanding of the
fundamental material properties and the methods to actually grow and process these
materials. For instance, in charge transport devices like transistors, phenomena
such as hot carrier effects become relevant at the small length scales relevant in
modern integrated circuits, necessitating new physical models and understanding
during miniaturization. Additionally, as researchers seek to push the limits of device
performance by reducing signal losses and by using novel materials, new etching and
deposition technologies are needed to prepare ultra-high quality thin film materials
to fabricate their devices. To this end, this thesis contains work in three facets of
solid-state devices: simulation, etching, and deposition.

In Chapter 2, we investigate the hot hole transport properties of silicon via a recently
developed ab-initio formalism utilizing the Boltzmann transport equation. Hot car-
rier transport and fluctuations are of critical importance in essentially all modern
transistors, and a thorough understanding of the underlying physics is central to their
design and operation. In the hot carrier regime, electric fields are sufficiently strong
to perturb the electron distribution function such that equilibrium relationships in-
cluding Ohm’s law, the Einstein diffusion relation, and Nyquist noise equation are
no longer valid. In this non-equilibrium case, additional microscopic insight may be
learned about the material system from the field-dependent mobility, diffusion coef-
ficient, and noise spectrum. Here we develop and apply a first-principles approach
to hot carrier transport that does not require any adjustable parameters, facilitat-
ing direct comparison to experiment. While this computational method has been
applied to electrons in Si and GaAs, we apply it to holes in Si for the first time,
calculating the anisotropic DC mobility, diffusion coefficient, and energy relaxation
time. Furthermore, we extend the numerical theory underlying the solution to the
linearized Boltzmann transport equation to achieve greater accuracy and allow for
calculations at cryogenic temperatures. Using this modified theory, we successfully
predict experimentally observed phenomena in the cryogenic field-dependent drift
velocity and noise spectrum and elucidate their origin from the characteristics of
the electron-phonon scattering rates and momentum relaxation time.
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Chapter 3 switches focus of the thesis to nanofabrication techniques for thin films;
in this chapter we work with a process called atomic layer etching. Although this
technique is practically the reverse of atomic layer deposition, which is now common
in nanofabrication, atomic layer etching is only a recent development and still in its
infancy. The process utilizes sequential, self-limited steps to modify and remove
the surface of a material in a precise and controlled manner. Here we report a new
process for etching silicon dioxide (SiO2). This material is common in device fabri-
cation as a dielectric, optical medium, or surface contaminant. Atomic layer etching
has the unique properties of smoothing surfaces while exhibiting sub-angstrom pre-
cision. To this end, a technique utilizing less-hazardous reactants than prior works
and performed using a commercial-scale tool is of interest to improve devices by
smoothing SiO2 interfaces. We develop and demonstrate such a process using
trimethylaluminum (TMA) and an argon/sulfur hexafluoride/hydrogen (Ar/SF6/H2)
plasma mixture, demonstrating the process window, step synergy, saturation curves,
process parameter dependence, contamination from precursors, smoothing effect,
and the influence of SiO2 deposition method on the etch rate.

In Chapter 4 we turn from etching to deposition techniques. This chapter focuses
on a new physical vapor deposition method denoted thermal laser evaporation (also
called thermal laser epitaxy). Physical vapor deposition techniques create thin films
by the physical diffusion of material vapors onto a substrate. Common techniques
included sputtering, electron beam evaporation, molecular beam epitaxy, and pulsed
laser deposition. However, all of these come with various limitations. These limits
include maximum process pressures, the use of reactive or fragile crucibles, and the
maximum temperature of the deposition source. Thermal laser evaporation is an
old technique which has long been neglected owing to the limits of laser technology
and associated high cost. However, the recent development of 1070 nm fiber lasers
has proven to be an enabling technology for this technique. In this chapter, we
report the design and demonstration of a home-built thermal laser evaporation
system. The system is among the first to be placed into operation in the modern
era. We demonstrate its capabilities by evaporating nickel and perform roughness,
compositional, and electrical characterization. We discuss lessons learned during
system development and comment on both current and future designs.



vi

PUBLISHED CONTENT AND CONTRIBUTIONS

[1] David S. Catherall and Austin J. Minnich. High-�eld charge trans-
port and noise in p-Si from �rst principles. Phys. Rev. B, 107:
035201, Jan 2023. doi: 10.1103/PhysRevB.107.035201. URL
https://link.aps.org/doi/10.1103/PhysRevB.107.035201.

D.C. designed the research, conducted the calculations, analyzed the
data, and wrote the manuscript.

[2] David S. Catherall and Austin J. Minnich. Hot-hole transport and noise
phenomena in silicon at cryogenic temperatures from �rst principles. Phys.
Rev. B, 108:235207, Dec 2023. doi: 10.1103/PhysRevB.108.235207. URL
https://link.aps.org/doi/10.1103/PhysRevB.108.235207.

D.C. designed the research, conducted the calculations, analyzed the
data, and wrote the manuscript.

[3] David S. Catherall, Azmain A. Hossain, Anthony J. Ardizzi, and Austin J.
Minnich. Atomic layer etching of SiO2 using sequential exposures of
Al(CH3)3 and H2/SF6 plasma. Journal of Vacuum Science & Technology A,
42(5):052605, 09 2024. ISSN 0734-2101. doi: 10.1116/6.0003793. URL
https://doi.org/10.1116/6.0003793.

D.C. co-designed the research, conducted the calculations, analyzed the
data, and wrote the manuscript.

[4] David S. Catherall, Yifei Yan, Finley B. Donachie, Azmain A. Hossain,
and Austin J. Minnich. Characterization of ultrathin nickel �lms de-
posited by thermal laser evaporation. Applied Physics Letters, 128(8):
081902, 02 2026. ISSN 0003-6951. doi: 10.1063/5.0309594. URL
https://doi.org/10.1063/5.0309594.

D.C. co-designed the research, designed and co-constructed the experi-
mental apparatus, co-ran the experiments, analyzed the data, and wrote the
manuscript.

[5] Ivy I. Chen, Jennifer Solgaard, Ryoto Sekine, Azmain A. Hossain, Anthony
Ardizzi, David S. Catherall, Alireza Marandi, James R. Renzas, Frank Greer,
and Austin J. Minnich. Isotropic atomic layer etching of MgO-doped lithium
niobate using sequential exposures of H2 and SF6/Ar plasmas. Journal of
Vacuum Science & Technology A, 42(6):062603, 10 2024. ISSN 0734-2101.
doi: 10.1116/6.0003962. URL https://doi.org/10.1116/6.0003962.

https://link.aps.org/doi/10.1103/PhysRevB.107.035201
https://link.aps.org/doi/10.1103/PhysRevB.108.235207
https://doi.org/10.1116/6.0003793
https://doi.org/10.1063/5.0309594


vii

D.C. participated in devising the experimental methodology and in the
analysis of results.

[6] Azmain A. Hossain, Haozhe Wang, David S. Catherall, Martin Leung,
Harm C. M. Knoops, James R. Renzas, and Austin J. Minnich. Isotropic
plasma-thermal atomic layer etching of superconducting titanium nitride �lms
using sequential exposures of molecular oxygen and SF6/H2 plasma. Journal
of Vacuum Science & Technology A, 41(6):062601, 09 2023. ISSN 0734-2101.
doi: 10.1116/6.0002965. URL https://doi.org/10.1116/6.0002965.

D.C. participated in devising the experimental methodology and in the
analysis of results.

[7] Azmain A. Hossain, Sela Murphy, David S. Catherall, Anthony J. Ardizzi, and
Austin J. Minnich. Atomic layer etching of niobium nitride using sequential
exposures of O2 and H2/SF6 plasmas. Journal of Vacuum Science & Technol-
ogy A, 43(4):042605, 07 2025. ISSN 0734-2101. doi: 10.1116/6.0004548.
URL https://doi.org/10.1116/6.0004548.

D.C. participated in devising the experimental methodology and in the
analysis of results.

[8] Haozhe Wang, Azmain Hossain, David Catherall, and Austin J. Minnich.
Isotropic plasma-thermal atomic layer etching of aluminum nitride using
SF6 plasma and Al(CH3)3. Journal of Vacuum Science & Technology A,
41(3):032606, 05 2023. ISSN 0734-2101. doi: 10.1116/6.0002476. URL
https://doi.org/10.1116/6.0002476.

D.C. participated in devising the experimental methodology and in the
analysis of results.



viii

TABLE OF CONTENTS

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii
Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv
Published Content and Contributions . . . . . . . . . . . . . . . . . . . . . . vi
Table of Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii
List of Illustrations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix
List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi
Chapter I: Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Simulation: Hot carrier transport . . . . . . . . . . . . . . . . . . . 3
1.2 Etching: Vacuum etching techniques . . . . . . . . . . . . . . . . . 7
1.3 Deposition: Physical vapor deposition . . . . . . . . . . . . . . . . . 11
1.4 Outline of thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

Chapter II: Ab-initio hot hole transport in silicon . . . . . . . . . . . . . . . . 19
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2 Computational details . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.3 Results: standard properties . . . . . . . . . . . . . . . . . . . . . . 31
2.4 Adaptation of computations for cryogenic temperatures . . . . . . . 38
2.5 Results: properties at cryogenic temperatures . . . . . . . . . . . . . 45
2.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
2.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

Chapter III: A new recipe for Atomic layer etching of SiO2 . . . . . . . . . . 60
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.2 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . . . 66
3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
3.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

Chapter IV: A thermal laser evaporation system enabling novel �lm synthesis 83
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
4.2 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . . . 89
4.3 Optical delivery design . . . . . . . . . . . . . . . . . . . . . . . . . 93
4.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
4.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

Chapter V: Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
5.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
5.2 Discussion and future work . . . . . . . . . . . . . . . . . . . . . . 110

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114



ix

LIST OF ILLUSTRATIONS

Number Page

1.1 Schematic overview of charge transport BTE calculations . . . . . . 7

1.2 Schematic of a continuous etching process . . . . . . . . . . . . . . 8

1.3 Schematic of existing physical vapor deposition sources . . . . . . . 12

2.1 Schematic of a 1D �nite di�erence matrix . . . . . . . . . . . . . . . 23

2.2 Proposed FDM column sum �xes . . . . . . . . . . . . . . . . . . . 24

2.3 E�ect of FDM column sum �xes on DC mobility divergence at high

�elds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.4 Si bandstructure, spin-orbit coupling, and band warping . . . . . . . 29

2.5 Convergence study of DC mobility at 300 K and 77 K . . . . . . . . 31

2.6 Room temperature high-�eld DC mobility and hole distribution function 32

2.7 High-�eld DC mobility at 77 K . . . . . . . . . . . . . . . . . . . . 33

2.8 High-�eld di�usion coe�cient at 300 K and 77 K . . . . . . . . . . . 35

2.9 Field-dependent energy relaxation time at 77 K . . . . . . . . . . . . 37

2.10 Hole occupation function at various electric �elds with varying FDM

shells at 20 K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.11 Schematic of a 1D high-order FDM . . . . . . . . . . . . . . . . . . 40

2.12 Optimized FDM approximation versus analytical derivative at 300

and 77 K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.13 Objective function error of the FDM using various numbers of

nearest-neighbor shells . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.14 Drift velocity from 45 K to 6 K . . . . . . . . . . . . . . . . . . . . 46

2.15 Hole-phonon scattering rates and occupation function at cryogenic

temperatures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.16 Non-monotonic PSD behavior at 80 K . . . . . . . . . . . . . . . . . 49

2.17 PSD versus AC mobility . . . . . . . . . . . . . . . . . . . . . . . . 50

2.18 Ab-initio AC mobility versus di�erential equation model . . . . . . . 52

2.19 E�ect of momentum and energy relaxation time on AC mobility . . . 53

2.20 Modi�ed Drude model displaying non-monotonic behavior . . . . . . 54

2.21 PSD contour map at 80 K and comparison to the momentum relax-

ation time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.1 Schematic for a typical ALE process . . . . . . . . . . . . . . . . . . 61



x

3.2 Diagram of various SiO2 ALE processes . . . . . . . . . . . . . . . 63

3.3 Experimental issues with ALE: initial surface etching and precondi-

tioning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.4 SiO2 etch rate and in-situ HF process window . . . . . . . . . . . . . 70

3.5 Synergy of the two ALE half-steps . . . . . . . . . . . . . . . . . . . 72

3.6 ALE half-step saturation curves . . . . . . . . . . . . . . . . . . . . 73

3.7 Etch rate dependence on temperature and pressure . . . . . . . . . . 74

3.8 Surface XPS of SiO2 prior and post-ALE . . . . . . . . . . . . . . . 75

3.9 ALE etch per cycle for several SiO2 preparation methods. . . . . . . 77

3.10 ALE smoothing e�ect measured by AFM . . . . . . . . . . . . . . . 79

3.11 ALE smoothing e�ect as a function of feature size . . . . . . . . . . 79

4.1 Schematic of a TLE system . . . . . . . . . . . . . . . . . . . . . . 87

4.2 Photograph of the Caltech TLE system . . . . . . . . . . . . . . . . 89

4.3 System interior rendering and photograph . . . . . . . . . . . . . . . 90

4.4 Iterations of the target holder . . . . . . . . . . . . . . . . . . . . . . 91

4.5 TLE internal renderings: target and substrate holders . . . . . . . . . 94

4.6 Iterations of the TLE mirror design . . . . . . . . . . . . . . . . . . 96

4.7 Mirror failures caused by thermal runaway . . . . . . . . . . . . . . 96

4.8 Rendering of the laser delivery optics . . . . . . . . . . . . . . . . . 98

4.9 TLE target photographs . . . . . . . . . . . . . . . . . . . . . . . . 99

4.10 Deposition rate versus laser power . . . . . . . . . . . . . . . . . . . 101

4.11 Flux variations over di�erent timescales . . . . . . . . . . . . . . . . 102

4.12 AFM scans of TLE-deposited Ni . . . . . . . . . . . . . . . . . . . . 103

4.13 Surface and depth pro�ling XPS of TLE-deposited Ni . . . . . . . . 104

4.14 Resistivity of TLE-deposited Ni . . . . . . . . . . . . . . . . . . . . 105



xi

LIST OF TABLES

Number Page

2.1 High-accuracy optimized Monkhorst-Pack mesh FDM weights . . . . 43

3.1 Tabulated XPS surface composition of SiO2 prior and post-ALE . . . 76



1

C h a p t e r 1

INTRODUCTION

Perhaps the most de�ning feature of technological development within the last

120 years has been the development of computing technologies, starting with the

invention of the most basic transistor, the vacuum tube. Developments since have

included the invention of electronic components, miniaturization, and the discovery

or integration of novel materials. Underlying all of these advances has been four

key tools: simulation, patterning, etching, and deposition. Advancements in each

tool has led to advancements in one or more of the three major technological

developments. Each tool is indispensable, and in this thesis we will discuss all but

patterning, though it is no less deserving of study.

Fabricating devices with improved performance and creating new types of devices

both require a thorough understanding of the intrinsic properties of the materials

used. For instance, at the macroscopic level the behavior of integrated transistors

is determined by charge transport phenomena which can generally be understood

through average quantities and simple or empirical equations. At these scales,

transport is a�ected primarily by material properties such as composition, thickness,

and doping. However, in applications at very small scales (less than electron mean

free path) or large electric �elds (¦ 1 kV cm-1 at room temperature), and especially

where noise is important, the necessary physics to predict behavior become even

more complicated as a microscopic understanding of charge transport is required.

For example, Moore's law has begun to reach its end owing to physics such as

quantum tunneling, which only becomes important at nanometer scales. While

advances in device packaging and 3D architecture may keep overall transistor density

increasing, we are fast approaching physical limits for planar transistor density.

Pushing these boundaries any further requires a precise understanding of material

properties and behavior not currently available in the simulations used to design

these devices.

Additionally, as semiconductor companies seek to increase device yield and reli-

ability and researchers push the limits of device performance by reducing signal

losses, new etching techniques are required with novel characteristics. Etching is

a critical step in the fabrication of practically any device, whether it utilizes the
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transport of electrons and holes (semiconductors), Cooper pairs (superconductors),

or photons (optical). The typical fabrication pipeline starts with the deposition of

one or more materials, patterning, and the etching of some number of the deposited

layers. This is usually followed up with more etching, patterning, and deposition

steps to make a functional device. The current state-of-the-art in materials etching

is split into two categories: wet and dry. Wet etching is a relatively simple process

in which the material is placed in a solution which contains an etchant. Wet etch

parameters include the etch bath chemistry, temperature, and time. Wet etching

is notoriously di�cult in practice, though, for multiple reasons: obtaining perfect

uniformity requires removing the etchant in a uniform manner, which is practically

impossible for modern substrates with sizes in excess of 6 inches, in-situ monitoring

is di�cult or impossible, it is an ex-situ process, and etching reactions can have

products which make control of the etch rate or small-scale uniformity challenging.

Dry processes, on the other hand, take place under vacuum and the etchant takes

the form of either reactive gas species such as chlorine and oxygen, high-energy

plasmas, or some combination thereof. In dry processes, no liquid phase is used

(hence the �dry� moniker, even though water vapor may be used). Dry etching

features more parameters than wet etching, including the gas chemistry, pressure,

ion energy, table bias, temperature, and time. Dry etching, however, has a rela-

tively limited set of chemistries and if a plasma is required, will always have some

anisotropic character (which may be desirable). While dry etching has advantages

including amenability towards in-situ monitoring and producing less-problematic

reaction products, it lacks the �ne control or selectivity that cutting-edge device

fabrication demands. Furthermore, dry plasma etching often leads to signi�cant

(sub)surface damage which may decrease device performance.

Lastly, as researchers continue to develop or discover new materials, whether suitable

for devices or having their own interesting properties to study, deposition techniques

need to develop to deposit them. Today, techniques fall into two main categories:

chemical and physical. Chemical techniques rely upon chemical reactions at the

substrate surface to deposit the material of interest. However, it is generally limited

by the available chemistries: not every material has precursors which react on the

substrate surface within the thermal budget available or leave a pure high-quality

�lm behind. Physical deposition techniques are much less burdened by chemistry,

relying instead on the vaporization of one or more elemental constituents which

condense on the substrate to form the desired �lm. Vaporization techniques vary

widely and include plasma bombardment, laser ablation, and evaporation through
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electric currents, resistive heating elements, or electron beams. Each technique

has advantages and disadvantages, however, there exist certain materials which

no technique is able to deposit a �lm of reliably. These �lms include refractory

or highly reactive elements, which are increasingly of interest in the exotic �lms

envisioned by materials scientists. Therefore, a technique which reliably deposits

these problematic materials is desirable.

1.1 Simulation: Hot carrier transport

The fundamental equation most common among anyone familiar with electricity is,

of course, Ohm's law:

+ = � ' (1.1)

which represents a linear relationship between voltage and the resulting current in a

circuit, mediated by the resistance. This equation generally holds at the voltages and

temperatures employed with macroscopic electronics. Other linear relationships

also exist which hold similar validity, including the Einstein relationship, which

links the di�usivity of charge carriers to their mobility:

� =
` @: � )

@
(1.2)

where `@is the carrier mobility, :� is the Boltzmann constant, T is the temperature,

and @ is the carrier charge. Another quantity of interest is the current noise, which

manifests as spontaneous, random �uctuations in the measured current. To quantify

these random �uctuations, the power spectral density (PSD) can be used, which

represents the power of the noise at a given frequency. This can be calculated using

the Johnson-Nyquist noise relation:

( 9¹lº = 4: � ) Re»f �� ¹lº¼ (1.3)

where (9¹lº is the spectral power density of current �uctuations, l is the angular

frequency, and f�� ¹lº is the AC conductivity.

Underlying these three equations and all other �equilibrium� charge transport rela-

tionships is the assumption that the charge carriers are in thermal equilibrium within

their host system. In the case of semiconductors, this means that the carriers are

always in equilibrium with the crystal lattice. In these cases, the carrier distribution

is negligibly altered from the Fermi-Dirac distribution:

=_ =
1

4¹n_ �`º•: � ) ¸ 1
(1.4)
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where=_ is the mean carrier occupation of the electronic state _, n_ is the state

energy, and ` is the Fermi energy. Therefore, in this case transport properties are

simply derived from a small perturbation of the equilibrium distribution.

However, this assumption is not always valid. When carriers are subject to a suf-

�ciently strong electric �eld (for instance, at room temperature in silicon this is

about 1 kV cm-1), charge carriers are accelerated so rapidly that the distribution

shifts anisotropically towards higher energies. Once carriers have excess e�ec-

tive temperature (�)) comparable to the lattice temperature (�)•) � 1), carriers

access di�erent scattering mechanisms than those available at equilibrium (when

�)•) � 1). Thus, not only is the �uctuation-dissipation theorem [1, 2] violated

(which normally relates transport properties of �uctuation and relaxation because

the underlying physical mechanisms by which they occur are the same), but even

the most basic equilibrium equations like Ohm's law lose validity. For instance, at

high �elds the current changes nonlinearly with voltage and may even depend on

crystalline orientation with respect to the applied electric �eld, even in cubic crystals

[3]. At these �elds, qualitatively new information may also be obtained from noise

quantities such as the current PSD, owing to the breakdown of the Einstein [4] and

Nyquist equations [5]. Additional interesting phenomena such as drift velocity sat-

uration and negative di�erential resistance may also occur [6�8]. This phenomenon

is commonly referred to as �hot carrier transport�, so named because the carriers

are �hotter� than the lattice. In this regime, properties like the di�usion coe�cient

di�er from the mobility, yielding new information about the material system when

examined as a function of electric �eld strength [5, 9�12].

Hot carrier transport has long been of interest for its uses in devices, to avoid its

e�ects in devices, and as a tool to probe semiconductor physics. As semiconductor

devices become smaller, hot carriers are increasingly relevant as device operating

voltages have remained largely the same while dimensions have shrunk dramat-

ically, increasing the electric �elds involved. Sometimes hot carrier e�ects can

be bene�cial; in some materials (e.g. GaAs) hot electrons scatter between states

with substantially di�erent e�ective masses, yielding negative di�erential resis-

tance which is of use in devices such as the Gunn diode [13]. On the other hand,

e�ects such as hot-carrier injection, in which a carrier gains enough energy to tunnel

through energy barriers, is a major problem in modern integrated circuits, causing

leakage current in devices such as MOSFETs [13]. However, because hot carriers by

their nature interact with both the host lattice and with the electric �eld in di�erent
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ways than at equilibrium, the study of their behavior has been important for the

understanding of semiconductor physics [10]. Alternatively, simulating hot carrier

behavior and comparing to experiments is a means to test our current understanding

of physics.

Owing to the importance of hot-carrier transport for both devices and physics

(particularly electron-phonon scattering), the calculation of properties from �rst

principles (ab-initio) is of interest [14�18] as this method is inherently connected to

our ability to describe the underlying transport physics. Historically, and even today,

empirical models are often used to simplify calculations, but without a physical basis

these models do not have strong predictive capabilities, relying on free parameters

which must be �t to experiments. By extension, they cannot be used to probe the

underlying physics behind emergent phenomena such as carrier mobility since the

mathematics may contain little physical meaning. While the ab-initio method was

out of reach during the time in which much of our understanding of hot carrier

transport was developed, recent advances have made the computations feasible.

Now, the calculation of phonon-limited mobility is possible without adjustable

parameters through density functional theory (DFT), density functional perturbation

theory (DFPT), Wannier interpolation to �ne grids needed for transport calculations,

and the Boltzmann transport equation (BTE) [17, 18]. Implementations of this

approach are now available in various software packages [19�23], and have been

applied to calculate low-�eld properties in a number of materials such as Si [24�26]

and GaAs [26�28], 2D materials including graphene [29�32] and MoS2 [24, 31�34],

and others [16]. The approach continues to develop, with advances in the ab-initio

description of two-phonon scattering [35], neutral and ionized impurity scattering

[36, 37], quadrupole interactions [38, 39], and other physics [40, 41].

Because charge transport in polar materials is more physically complex than in non-

polar ones, we will focus here on non-polar semiconductors. In these materials,

high-�eld e�ects were �rst experimentally observed as a departure from Ohm's law

in Ge and Si [42�45]. The time-of-�ight (TOF) technique was the �rst by which

hot carrier transport could be quantitatively studied, in which carriers are injected

into a material and their arrival at a spatially distant extraction point is monitored.

This technique allowed the hot-carrier drift velocity to be measured, revealing high-

�eld e�ects including anisotropy, drift velocity saturation, and negative di�erential

resistance in n-Si [8] and p-Si [7, 46�48]. The TOF technique has also been used to

measure �uctuation quantities such as the charge carrier di�usion coe�cient [6, 49�
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51]. Contemporaneous developments measuring the spectral noise power of current

�uctuations also allowed for the determination of noise temperature [52, 53] and

provided a second means for evaluating the di�usion coe�cient [50, 51, 54, 55] using

the �uctuation-di�usion relation [56]. Measurements at cryogenic temperatures

have also found that non-Ohmic behavior becomes more apparent as temperature

decreases [57�59].

Various theoretical and numerical methods have been employed to interpret these

measurements in terms of microscopic transport processes [6, 10, 60�62]. For in-

stance, Monte Carlo (MC) methods have long been employed to study high-�eld

transport phenomena in p-Si [14] which have investigated both steady-state [63�66]

and �uctuation phenomena [48, 50, 67]. These simulations function by simulating

some number of discrete particles over time as they move through a system, us-

ing random number generation to simulate probabilistic events such as scattering.

Monte Carlo simulations are useful when analytically or numerically solving the

equations underlying carrier transport (e.g. the BTE) are di�cult. However, while

MC simulations have the distinct advantage of treating realistic device geometries

[68, 69], something di�cult to achieve with approaches such as solving the BTE,

they often employ semi-empirical approximations for the band structure and scatter-

ing rates. Some recent works have employed full-band calculations which partially

relax prior approximations [70�74], and applied them to various materials including

p-Si [75�80]. However, no MC study on p-Si has employed a fully ab-initio band

structure and scattering rates.

The fully ab-initio treatment of electron-phonon scattering [17, 18, 81] has recently

been used to calculate low-�eld hole transport properties in silicon [82, 83]. These

works found that ab-initio calculations with one-phonon scattering, spin-orbit cou-

pling, and the relaxation time approximation is generally adequate to predict the

low-�eld mobility. Overestimates of the mobility of around 30% were attributed to

inaccuracies in the DFT valence band structure. At high �elds, recent works have

extended the ab-initio method to study high-�eld transport phenomena and noise

[84�88].

High-�eld transport calculations o�er a stricter test of the theory because band

anisotropy, intervalley and interband scattering, and energy relaxation take on in-

creased importance [10, 12, 89, 90]. The main di�erence between high and low-�eld

calculations is the treatment of the momentum-space derivative of the deviational

occupancy, which we show in Fig. 1.1. The methodology here uses a �nite di�er-
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Figure 1.1: Schematic overview of charge transport BTE calculations. The BTE
for a steady-state system of charge carriers under an electric �eld is given on the
left. In the center is the form of the solution: the steady-state distribution function
can be split into equilibrium and deviational components. Then, the treatment of
the gradient of the deviational component determines validity at high �elds. The
treatments indicated within the arrows yield the BTE shown on the right, which can
be used to calculate quantities such as the mobility. Noise quantities can be similarly
calculated.

ence matrix to approximate a term which is typically neglected in low-�eld studies,

permitting an approximation to the full solution to the BTE when the occupation

function deviates from equilibrium due to a strong electric �eld.

Recent �ndings with the ab-initio methods include the importance of two-phonon

scattering in GaAs [35, 85] and Si [86, 87] as well as the discovery of simultaneously

high electron and hole mobilities in BAs [91�93]. However, recent methods for the

ab-initio treatment of high-�eld transport [84�88] have not yet been applied to

p-type semiconductors.

1.2 Etching: Vacuum etching techniques

Etching is a subtractive process in which material is removed from a substrate or

�lm through physical or chemical means. Etching requires an etchant, typically

a reactive chemical or energy source (usually ions), to remove material at a solid-

liquid or solid-gas/plasma interface. A representative schematic of an etch process is

shown in Fig. 1.2, in which a solid �lm is exposed (Fig. 1.2a) to a reactive chemical.

The etchant adsorbs onto the surface (Fig. 1.2b) and reacts with it, forming a volatile

or soluble compound which subsequently desorbs (Fig. 1.2c). Further exposure to

the etchant continues the process (Fig. 1.2d), deepening the etch for as long as the
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Figure 1.2: Schematic of a continuous etching process. (a) A �lm which is about
to be exposed to an etchant. (b) The etchant adsorbs on the surface. (c) The etchant
reacts with the �lm material and desorbs. (d) The etchant continues to react with
the �lm and remove material for the entire duration of exposure.

material and etchant are in contact.

Subtractive processing is a critical step in the fabrication of practically any mi-

crodevice, whether it utilizes the transport of electrons and holes (semiconduc-

tors), Cooper pairs (superconductors), or photons (optical). In a typical fabrication

pipeline, the process starts with the deposition of one or more materials on a sub-

strate, followed by patterning, and then etching of some number of the deposited

layers. This sequence is usually followed up with more etching, patterning, or

deposition steps to make a functional device.

The current state of materials etching is split into two categories: wet and dry

[94, 95]. In wet etching, the material is placed in a solution in which the etchant

is dissolved. The process works exactly as shown in Fig. 1.2, where the dissolved

etchant reacts with the solid material to form soluble products. Wet etching is

attractive in its simplicity: it features only a few variables which need to be controlled

(the etch bath chemistry, temperature, and time), and also features a very large range

of chemical etchants to provide the necessary etch rate or selectivity. However, wet

etching has a few notorious drawbacks: uniformity over large substrates (¦ 6 in) is

practically di�cult for rapid etches since the etchant cannot be uniformly removed

with sub-second accuracy, in-situ monitoring is di�cult or impossible, reaction

products may a�ect the reaction, sensitivity to stirring and evaporation, and the

majority of processes result in an isotropic etch (meaning the etch proceeds equally
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in all directions). These issues mean many devices are not possible to fabricate

using wet etching, particularly when sub-nanometer control is desired without the

use of an etch-stop layer.

Dry processes, on the other hand, typically take place under vacuum and the etchant

takes the form of either reactive gas species such as chlorine or oxygen, plasmas,

or some combination of the two [94�96]. In dry processes, no liquid phase is

used (hence the �dry� moniker, even though water vapor may be a part of the

process). Dry etching has a number of advantages over wet etching, some of which

are as follows: Dry etching is more amenable towards in-situ monitoring since the

surface is completely exposed. The reaction products of dry etching are typically

volatile and do not interfere with the reaction. Dry etching o�ers a larger number

of variables than in wet etching, including the gas chemistry, pressure, ion energy,

plasma power, the type of plasma source, table bias, temperature, and time. The

lack of a liquid phase also allows for processing at both very low and very high

temperatures (typically between �150� C and 400� C). Owing to its versatility and

widespread use, we will focus the remainder of this discussion on dry etching.

The simplest form of dry etching is exposing a material to a gaseous etchant. For

instance, silicon is etched by exposure to XeF2 vapors [97], a process common in

the fabrication of micro-electro-mechanical systems (MEMS). In this process, XeF2

adsorbs onto the silicon surface and reacts to form Xe and SiF4, both of which

are volatile and quickly desorb. Furthermore, this reaction does not occur for the

compounds of silicon including SiO2, Si3N4, or SiC, meaning that patterns can

be transferred into the silicon by using a mask of these materials. Because of the

gaseous nature of XeF2, the etch also proceeds isotropically, meaning it does not

only etch down into the material but also underneath any mask that is present. This

allows for undercuts or even the full release of structures built up on a silicon base

layer [95], a necessary feature for MEMS devices.

A slightly more complex form of this method is the incorporation of plasma products.

For instance, one can use a plasma containing chlorine gas to create highly reactive

chlorine radicals for use as an etchant. In this case, the kinetic energy of plasma

species plays no direct role in etching, but the plasma provides chemical species

useful for etching reactions [98] (including radicals, ions, metastable species, and

electrons). Sometimes these species are stable enough that the plasma can be placed

so remote from the processing chamber that no charged species interact with the

substrate at all, which can be advantageous as some plasma species may damage
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exposed materials [96]. This latter remote-plasma process is often employed using

oxygen as a source gas for stripping residual lithography resists, but is sometimes

also employed for etching functional materials such as polysilicon [99].

There also exists a form of etching that does not require chemical reactions. This

technique, termed ion milling [95, 96, 98], uses a plasma electrically biased against

the table on which the substrate is placed. The resulting electric �eld causes ions

generated in the plasma to be accelerated towards the substrate. These ions, typically

in the form of ionized noble gases (e.g. Ar), bombard the material surface with

enough kinetic energy to break bonds and release atoms or molecules of the solid

material. Ion milling, unlike the techniques discussed previously, is anisotropic,

meaning the etch proceeds primarily in a single direction. This feature allows for

the fabrication of high aspect ratio features and accurately transferring a pattern from

a lithographic mask into the underlying material without an undercut. However, it

has a few notable drawbacks. First, because the solid material released by the

ions has not been chemically altered, it often falls back onto the material surface

and redeposits, degrading the quality of the etch. Second, the ions cause a large

disruption in the crystal lattice where they hit the material surface. While this

may be useful for etching as it weakens the existing surface bonds for subsequent

removal by other ions, the �nal surface after etching is typically amorphous and this

can induce losses in device performance. Third, because chemistry is not involved,

this technique is largely non-selective meaning that it will etch both material and

mask layers alike. Therefore, it is used only in unusual cases.

Reactive ion etching (RIE) is a combination of physical and chemical dry etch

processes. In this case, species are introduced (either gas species or plasma products)

which react with the material surface in conjunction with ion bombardment [96,

98]. The reacted material has a decreased binding energy to the material surface,

requiring less kinetic energy from the ions to remove. A famous example is the

Bosch process [100], which is a specialized version of this technique for highly

anisotropic silicon etching. RIE is now so ubiquitous that it is nearly synonymous

with dry etching. However, RIE lacks atomic-scale �delity, results in plasma-

induced surface damage, and can increase the surface roughness, placing limits on

the achievable device quality.

Despite the wide variety of processes available between wet and dry etches, there

are desired etch processes which have not yet been developed. For instance, some

materials, such as lithium niobate, are notoriously di�cult to etch owing to their
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physical and chemical stability. In fact, until recently, the only means of etching

this material for optical devices was ion milling. This technique, however, lacks the

�ne depth control necessary to reliably fabricate devices based on lithium niobate

[101, 102]. Similarly, optical devices made from other materials including SiO2

or Si3N4 require incredibly smooth (sub-nm roughness) sidewalls to avoid optical

losses. Current etching techniques typically result in a su�ciently rough surface

that optical losses from these imperfections are measurable and mitigation is an area

of active research [103�106]. Therefore, etch techniques which smooth out surfaces

would be of great interest in the optical device community.

Other types of devices, such those based on superconductors, are also prone to

losses from the surface regions of their active materials. In this case, native oxides

and damage induced by processing give rise to loss mechanisms such as two level

systems. Ideally, an etch with �ne depth control and without damaging the super-

conducting material could be used along with an encapsulation process to improve

the noise performance of these devices [107, 108]. Finally, some devices such as

high-electron-mobility transistors are incredibly sensitive to �lm thickness and etch

damage. Therefore an damage-free etch process with precise sub-nm control is

needed to improve both the functionality of these devices as well as the reliability

of fabrication [109]. A process which exhibits excellent selectivity, precision, and

smoothing would solve many of these problems [96].

1.3 Deposition: Physical vapor deposition

The simplest form of physical vapor deposition (PVD) is the evaporation and conden-

sation of material. This technique utilizes thermal energy to sublimate or evaporate

an element in vacuum, allowing the vapors to di�use to the substrate where they

condense and form a �lm [94, 95, 110]. Deposition material typically comes in the

form of elementally pure pieces, which are loaded into a crucible made of either

high-temperature ceramic (such as alumina or boron nitride) or refractory metal

(such as tungsten or tantalum). While providing the needed thermal energy through

resistive elements is possible, the preferred method to is to use a beam of electrons.

This technique is called electron beam evaporation (E-beam). A schematic E-beam

source is shown in Fig. 1.3a. The electron beam is supplied via a high-voltage power

source and it is directed at the material surface through electron optics. This redi-

rection is critical so that the electron beam source does not have line-of-sight to the

deposition source, which would result in deposition on the beam source. Because

electrons are charged particles, a local electric �eld will form on the deposition
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Figure 1.3: (a) An electron-beam evaporation source, which uses a directed beam
of high-energy electrons to heat material held in a crucible. (b) An MBE e�usion
cell, consisting of a crucible heated by resistive coils. (c) A sputtering deposition
source, which utilizes a plasma to bombard the surface with high-energy ions with
su�cient kinetic energy to liberate material for deposition. (d) A PLD deposition
source, which uses a pulsed laser to ablate material.

source where the beam impinges upon it, repelling the beam. This is typically dealt

with by scanning the beam around the surface of the deposition source, which also

aids in temperature uniformity. The use of a beam of electrons also means the

maximum source temperature is limited only by the crucible and power output of

the electron source. The major disadvantage of E-beam systems is that they are

typically not constructed to deposit multiple elements simultaneously, nor are they

used for reactive deposition with a background gas.

Where precision crystalline growth of compounds is required, molecular beam

epitaxy (MBE) is employed [110, 111]. Chemical deposition techniques are also

often used for this purpose, but for this thesis we limit the scope of our discussion

to physical deposition. A schematic of an MBE source is shown in Fig. 1.3b. The

main di�erence between MBE and E-beam lies in the energy source: rather than

use a high-energy beam of electrons, MBE systems use a resistively heated coil.

Furthermore, the source geometry also di�ers signi�cantly: E-beam sources have

a width comparable to their depth and the resulting �ux has a wide solid angle.

In MBE systems, crucibles are often many times deeper than they are wide. This

di�erence means that E-beam source �ux is widely dispersed through the chamber
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above while MBE cells have a restricted solid angle resulting in a �molecular

beam�. Multiple MBE sources are used simultaneously to form compounds, and

non-solid (such as oxygen) or high-vapor pressure materials (such as arsenic) can

be incorporated through background gases, plasma sources, or specialized sources.

This deposition method is typically used for ultra-pure epitaxial growth, utilizing

very slow deposition rates (at or below a single monolayer per second) and heated

substrates. MBE is unique in that the process may be tuned to be driven by kinetics

rather than thermodynamics, allowing for the growth of metastable compounds.

While MBE and E-beam are capable of depositing many di�erent materials, they

are still limited by large-scale uniformity (e.g. wafers over 6 inches in diameter) and

by the need for multiple sources to deposit compound materials. If one were to

put a compound in an MBE or E-beam deposition source, the di�erent constituents

will most likely exhibit di�erent vapor pressures and evaporate at di�erent rates,

forming a non-stoichiometric compound on the substrate. Sometimes this can be

worked around, especially in the case of oxides, by introducing more of the limiting

constituent through another source (such as oxygen gas when evaporating an oxide).

However, for many compounds with multiple metallic elements this is not possible.

These limits can be worked around by turning to non-thermal techniques. The

most common of these PVD methods is sputtering, which today is ubiquitous from

research laboratories to the largest-scale semiconductor manufacturing facilities

[94, 95, 110]. A schematic of sputtering is shown in Fig. 1.3c. In a sputtering

process, a �at target comprised of a mechanical support, interfacial layer(s), and

the material to be deposited is placed on top of a plasma source. Typically, the

plasma source is coupled with a magnet to both con�ne the plasma ions close to the

surface of the target and to distribute ion impingement as evenly as possible. Once

a plasma is struck, ions are accelerated towards the surface of the target where they

impart su�cient kinetic energy to liberate atoms of the material into the surrounding

vacuum, where they subsequently di�use towards the substrate.

Sputtering has a number of signi�cant di�erences from the two PVD methods

discussed previously:

1. Owing to its non-thermal nature, compounds can be deposited while pre-

serving stoichiometry. Where stoichiometry is known to change from the

deposition source to the deposited �lm, reactive deposition, cosputtering, or

superstoichiometric targets are sometimes used to compensate.
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2. Because a plasma in necessary to provide �ux, the process requires medium

vacuum (1-10 mTorr). To avoid contamination, the plasma gas (typically

argon) must be re�ned to exceptional purity, but even still, argon itself may

be incorporated into the deposited �lm.

3. A signi�cant amount of time is often necessary to �burn out� the target, not

just removing the native oxide and contaminating material, but also bringing

its surface into a steady state.

4. Sputtering deposition tends to be isotropic, meaning that all surfaces get coated

evenly. This may be advantageous for various device processing steps since

3D structures can be coated uniformly, but makes lift-o� processing more

di�cult since a continuous �lm forms over the mask. This feature stems from

two aspects: First, sputtering targets are typically many inches in diameter,

sometimes even larger than the substrate itself, meaning deposition may come

from a wider range of angles than the nearly point-source nature of MBE or

E-beam sources. Second, the relatively high operating pressures compared to

MBE and E-beam results in the mean free path of sputtered material being

smaller than the distance from the material source to the substrate. This results

in scattering events which randomize the incident angle of deposition.

For highly complex compounds containing constituents with dramatically di�erent

sputtering rates, or where �ne tuning of the �lm properties is required, pulsed

laser deposition (PLD) can be used [112]. A schematic PLD source is shown in

Fig. 1.3d. Like sputtering, PLD is a non-thermal process. However, instead of using

ion bombardment from a plasma to liberate the source material from a target, PLD

utilizes high-energy laser pulses to ablate material. These pulses have su�ciently

large energies and short pulse-widths that the di�erential vapor pressures of the

source constituents do not practically matter. Because the deposition source is a

point source, under UHV this method shares the non-conformal nature of MBE and

E-beam.

However, this method is prone to two major issues: First, the ablation process

does not guarantee that the ejected material will be atomic or molecular, and it may

include large particles that settle on the substrate surface [113, 114]. Second, because

light cannot be redirected (at the laboratory scale) without a physical medium, the

�nal optic in the vacuum system will by necessity have direct line-of-sight to the

deposition source. Therefore, the �nal optic (typically a window) will be deposited
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upon and its performance will slowly degrade, necessitating regular maintenance

[115].

While other PVD techniques exist, the four discussed here are the techniques primar-

ily used by researchers and industry alike to create semiconducting, superconducting,

and optical devices. Each technique has its advantages and disadvantages; however

some gaps remain in the capabilities of all these techniques together. Currently,

practical deposition of refractory metals and their compounds is only possible by

sputtering, as it does not require heating the material to within its melting point.

However, because sputtering involves the use of a plasma, the resulting �lm may be

damaged by charged particles or high energy photons. The isotropic nature of sput-

tering also makes lift-o� of these �lms di�cult. MBE cannot reach the temperatures

necessary to fabricate refractory metal and compound �lms without destroying the

resistive heaters or the crucibles themselves. E-beam systems, while capable of

arbitrary source temperatures in theory, pose challenges related to avoiding damage

to the crucible, the crucible material evaporating, and the crucible reacting with the

source material or di�using contaminating material into it. At high powers, E-beam

systems can also generate a signi�cant amount of x-ray radiation which may dam-

age the device being fabricated [95]. Furthermore, both MBE and E-beam systems

are limited in both the maximum background pressure and what background gases

are permissible for reactive deposition due to the mean free paths required and the

heated elements. Therefore, prior to the recent development discussed here there is

no easy means to deposit refractory metals or their compounds.

1.4 Outline of thesis

In this thesis we further develop the tools for understanding and predicting material

behavior through ab-initio calculations. Further, we expand the methods for fabri-

cating real devices through the development of a novel atomic layer etching recipe

and the construction and demonstration of a thermal laser evaporation system.

In Chapter 2, we improve upon and employ a recently developed ab-initio formal-

ism to simulate hot carrier transport in semiconductors by applying it to holes in

silicon (p-Si). In our approach, we develop and apply a �rst-principles approach

to hot carrier transport that does not require any adjustable parameters, facilitating

direct comparison to experiment. In the hot carrier regime, electric �elds are suf-

�ciently strong to perturb the electron distribution function such that equilibrium

relationships including Ohm's law, the Einstein di�usion relation, and Nyquist noise



16

equation are no longer valid. Therefore, another technique is needed to predictive

simulations of material and device behavior. Our method utilizes the Boltzmann

transport equation, which describes the evolution of the charge carrier distribution

function under external �elds and gradients and retains validity so long as transport

is semi-classical. Taking as inputs a set of electronic states, their group velocities,

and scattering information from DFT and DFPT, a set of linear equations are solved

for the high-�eld transport and noise properties. In this non-equilibrium case, addi-

tional information can be learned about the material system from the �eld-dependent

mobility, di�usion coe�cient, and noise spectrum.

While the computational method employed here has been applied to electrons in Si

and GaAs, we apply it to holes in Si for the �rst time, calculating the anisotropic

DC mobility, di�usion coe�cient, and energy relaxation time without adjustable

parameters and up to 20 and 12 kV cm-1 and temperatures of 300 and 77 K. At these

temperatures we �nd that the calculated properties quantitatively reproduce the

trends of high-�eld transport including the electric �eld-dependence and anisotropy

of the mobility and PSD, and the rapid variation of energy relaxation time with

electric �eld at cryogenic temperatures. We also �nd that the absolute transport

properties are uniformly overestimated by around � 25%, consistent with the origin

being inaccuracies in the valence band structure.

Furthermore, we extend the theory underlying solving the linearized Boltzmann

transport equation to achieve greater accuracy and allow for calculations at cryo-

genic temperatures down to 6 K. Using this modi�ed theory, we reproduce exper-

imentally observed phenomena in the cryogenic �eld-dependent drift velocity and

noise spectrum and provide new physical mechanisms for their occurrence. We

show that the additional drift velocity saturation regime arises from scattering dom-

inated by acoustic phonon emission. For the PSD, we �nd that the peak occurs due

to the decrease of the momentum relaxation time with increasing electric �eld, an

explanation not given in prior literature. This low-temperature investigation proves

an important value of ab-initio calculations beyond just its predictive abilities: this

technique yields more information about the system than could be realistically ac-

cessed in experiments. This knowledge allows for a thorough analysis regarding

the mechanisms behind experimentally observed phenomena, an understanding of

which is critical for accurate device simulation.

Chapter 3 and beyond switches focus to nanofabrication techniques for thin �lms. In

this chapter, the focus is on the improvement of etching techniques through atomic
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layer etching, which is practically the reverse of atomic layer deposition. Whereas

in plasma and wet etching techniques the material is continually etched for as long

as it is exposed to the etchant, atomic layer etching utilizes multiple steps to remove

material. These steps are necessarily self-limiting; they react with the material to a

speci�c depth (typically a monolayer) and no more. Atomic layer etching typically

consists of a modi�cation step to change the surface chemistry, and removal step

which volatilizes the modi�ed surface. In this chapter we report a new process for

etching silicon dioxide, or silica. This material is common in device fabrication

as a dielectric, optical medium, or surface contaminant. Atomic layer etching

has unique properties among etching techniques including smoothing surfaces and

repeatable sub-angstrom precision. However, previous recipes to etch silica entail

the use of HF vapor, which is both di�cult and dangerous to work with, and generally

incompatible with commercial-scale tools capable of handling multi-inch wafers. To

this end, a recipe utilizing less-hazardous precursor materials and performed using

a commercial tool is of interest to improve devices by smoothing silica interfaces.

We develop and demonstrate such a process using trimethylaluminum and sulfur

hexa�uoride plasma, demonstrating the process window, step synergy, saturation

curves, process parameter dependence, contamination from precursors, smoothing

e�ect, and the in�uence of silica deposition method on etch rate.

In Chapter 4 we turn to a technique for the deposition of novel materials, denoted

thermal laser evaporation (TLE). While traditional PVD techniques rely on energetic

plasmas, resistive heaters, or high-voltage electron beams, thermal laser evaporation

uses laser light to evaporate material. This technique di�ers from pulsed laser

deposition in that the laser power is continuous; the material is evaporated thermally,

not through rapid ablation. While current PVD techniques have limitations including

process pressures, the use of reactive crucibles, and most notably the maximum

temperature of the deposition source, thermal laser evaporation (or epitaxy) either

lacks these drawbacks or otherwise improves on them, making it an attractive

alternative for the future of semiconducting, superconducting, and optical device

fabrication. While the technique has a history spanning over sixty years, it has

long been neglected owing to the limited power and high cost of short-wavelength

lasers. However, the recent development of �ber lasers (1070 nm wavelength) has

proven to be the enabling technology for this technique, as demonstrated by recent

works. In this chapter we review the construction of the �rst modern TLE system

in the US, discuss current and future design choices, and demonstrate the system

by evaporating a nickel �lm. We characterize the resulting �lm with compositional,
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roughness, and electrical analysis.

In Chapter 5 we summarize this research and present directions for further work.
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C h a p t e r 2

AB-INITIO HOT HOLE TRANSPORT IN SILICON

This chapter has been adapted from

David S. Catherall and Austin J. Minnich. High-�eld charge trans-
port and noise in p-Si from �rst principles. Phys. Rev. B, 107:
035201, Jan 2023. doi: 10.1103/PhysRevB.107.035201. URL
https://link.aps.org/doi/10.1103/PhysRevB.107.035201.

D.C. designed the research, conducted the calculations, analyzed the data,
and wrote the manuscript.

David S. Catherall and Austin J. Minnich. Hot-hole transport and noise
phenomena in silicon at cryogenic temperatures from �rst principles. Phys.
Rev. B, 108:235207, Dec 2023. doi: 10.1103/PhysRevB.108.235207. URL
https://link.aps.org/doi/10.1103/PhysRevB.108.235207.

D.C. designed the research, conducted the calculations, analyzed the data,
and wrote the manuscript.

2.1 Introduction

The linearized Boltzmann transport equation

The Boltzmann transport equation (BTE) has long been the gold standard by which

charge transport in semiconductors is understood. In its full form it can describe the

time-dependent behavior of a system of particles subjected to both external forces

and internal interactions, and is expressed as [14, 116�118]:

m 5
mC

¸ vr r 5 ¸ F � r p 5 =
�
m 5
mC

�

2>;;
(2.1)

where 5 is the space, momentum, and time dependent function describing the

occupation of states, v is the velocity, rr is the gradient in space, rp is the gradient

in momentum, F is the external force, and
�

m 5
mC

�

2>;;
represents the e�ect of particle

scattering. We can simplify this expression when considering a system of charge

carriers. First, the force exerted on a charged particle in an electric �eld E is

simply F = @E, and the momentum can also be expressed in terms of wave vector

k through the de Broglie relation p = \k, where \ is the reduced Plank constant,

meaning rp = r k•\. Second, we may also assume spatial homogeneity; while this
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means real devices are out of reach for these calculations, the assumption enables

computational tractability while the underlying materials physics remains largely

the same in experiment where samples are su�ciently large to ignore size e�ects.

With these changes we can express the spatially homogeneous charged particle BTE

as:
m 5_
mC

¸
@
\

E � r k 5_ =
�
m 5_
mC

�

2>;;
(2.2)

where we now express the distribution function as 5_, recognizing that it is only a

function of _, which represents the electronic state (which itself is determined by

the wave vector and band index). Because time-dependent transport property data

are scarce compared to the steady-state, we will neglect time-dependence and set

m 5_•mC = 0, which also decreases computational complexity. We may further re�ne

the left hand side of Eq. (2.2) by breaking apart the vectorized terms into cartesian

components:
@
\

E � r k 5_ =
Õ

W

@�W
\

m 5_
m:W

(2.3)

where W represents the cartesian directions. We also replace the collision term with

the collision integral � » 5_¼ [118] to get a simpli�ed version of Eq. (2.2):

Õ

W

@�W
\

m 5_
m:W

= �» 5_¼ (2.4)

To solve this partial di�erential equation, we will need to convert it to a linear form.

We assume the solution to the equation, 5B
_ , which is given by 5B_ � 5 0

_ ¸ � 5 _ where

50
_ is the equilibrium distribution and � 5_ is the deviation. Substituted into Eq. (2.4)

we get:
Õ

W

@�W
\

m 50_
m:W

¸
Õ

W

@�W
\

m� 5_

m:W
= �» 50

_ ¸ � 5 _¼ (2.5)

note that, taking 50_ to be the Fermi-Dirac distribution:

m 50_
m:W

= �
50
_

: � )
¹1 � 5 0

_ º
mn_
m:W

(2.6)

where n_ is the energy of state _, :� is the Boltzmann constant, and ) is the lattice

temperature. Because we are operating where 50
_ � 1, we can neglect the second

order 50_ terms. Then, we can relate this to the group velocity E_ yielding:

m 50_
m:W

= �
\E_

: � )
50
_ (2.7)
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Two critical components must be linearized: the collision integral and the momentum-

space derivative. We will �rst show the linearization of the BTE and then review

these two linear terms in detail. The collision integral has the linear form:

�» 5_¼ = �__0� 5_0 (2.8)

where � __0 is the scattering matrix and is calculated through Fermi's Golden Rule.

We can also treat the momentum-space derivative m� 5_•m:Wwith a �nite di�erence

scheme:

m� 5_•m:W� � W–_–_0� 5_ (2.9)

where � W–_–_0 is the �nite di�erence matrix (FDM). With the linearized collision

integral and FDM substituted into the BTE, we obtain:

Õ

_0

� _–_0� 5_0 �
Õ

W

Õ

_0

@�W
\

� W–_–_0� 5_0 =
Õ

W

4� W

: � )
E_ 50

_ (2.10)

For simplicity, we de�ne the relaxation operator �__0 as:

� _–_0 � � _–_0 �
Õ

W

@EW
\

� W–_–_0 (2.11)

Then, since this work deals with holes, @ = 4 and we arrive at the �nal form of the

BTE: Õ

_0

� __0� 5_0 =
Õ

W

4EW

: � )
E_–W50

_ (2.12)

The solution to the linear system, � 5_–U(where U is the �eld direction) can then be

expressed as:

� 5_–U=
4� U

: � )

Õ

_0

� �1
_–_0

�
E_0–U50

_0

�
(2.13)

The scattering matrix

Here we choose to include only electron-phonon scattering with single-phonon

interactions. This neglects other forms of scattering such as ionized impurities,

quadrupole, multi-phonon scattering, defect scattering, and electron-electron inter-

actions. While work on modeling these other interactions from �rst principles is

underway [35�39, 41], it is nevertheless not well established. Furthermore, these
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e�ects can largely be ignored in the experimental transport data where high purity,

lightly doped semiconductors are used. Then, the scattering matrix is given by:

� __0 =
2c
#\

Õ

q

�
�6_–_¸q

�
�2 �

X¹n_ � \l q � n _¸@º� 4< ¹ 5_º ¸ X¹n_ ¸ \l q � n _¸@º� 01B¹ 5_º
�

(2.14)

where # is the total number of q points, which represent the phonon wavevectors,

6_–_¸q is the electron-phonon coupling matrix element which couples the electronic

wavevector _ to another state _ ¸q, lq is the frequency of a phonon with wavevector

q. The X functions represent the conservation of energy during scattering events.

� 4< ¹ 5_º and � 01B¹ 5_º are the emission and absorption weights, respectively, which

are given by:

� 4< ¹ 5_º = 5_¹1 � 5_¸q º¹#q ¸ 1º � 5 _¸q ¹1 � 5_º#q (2.15)

� 01B¹ 5_º = 5_¹1 � 5_¸q º#q � 5_¸q ¹1 � 5_º¹#q ¸ 1º (2.16)

where #q is the phonon distribution function.

Notably, these terms depend on the phonon populations, which may be perturbed

by Joule heating, an e�ect known as the hot phonon e�ect [119, 120]. Owing to

the small free carrier densities in the relevant experiments (® 1014 cm�3 ), this e�ect

may be neglected as the non-equilibrium phonon generation rate is too small to

a�ect hole transport properties [7]. Therefore, we assume #q is the Bose-Einstein

distribution. We can then substitute in 5B
_ � 5 0

_ ¸ � 5 _ and neglect second order

terms on � 5_ since we assume the deviational occupancy is negligible in size. With

these changes we get:

� 4< ¹� 5_º = � 5 _¹# q ¸ 1 � 5 0
_¸q º � � 5 _¸q ¹# q ¸ 5 0

_ º (2.17)

� 01B¹� 5_º = � 5 _¹# q ¸ 5 0
_ º � � 5 _¸q ¹# q ¸ 1 � 5 0

_¸q º (2.18)

The �nite di�erence matrix

In a �nite di�erence approximation, the derivative is calculated by using a sum of

the nearest neighbor values with appropriate weightings. As a simple example, let

us consider a �nite di�erence scheme for a 1D chain of 7 points. The FDM for

the centered, �rst derivative to the lowest order of accuracy is shown in Fig. 2.1,

neglecting edge points. If the array of points, shown adjacent to the matrix, is

multiplied against the FDM the derivative is approximated as shown in the right of

the �gure. For all points except the edges, an approximation for the derivative is

achieved.
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Figure 2.1: A schematic representation of a simple �nite di�erence scheme for a
1D chain of 7 points. The matrix is shown as the colored entries, with the discrete
data array adjacent. The results of their product are shown on the right.

In this work we use a similar but slightly more complex scheme. Within the

Monkhorst-Pack Brillouin zone (BZ) discretization scheme [121], the reciprocal-

space gradient can be approximated by an FDM as de�ned by Eqns. 8 and B2 of

Refs. [122, 123], respectively. In the �rst sections of this chapter, we consider only

nearest-neighbors, which for an FCC silicon lattice consists of the eight neighbors

on the corners of the momentum-space BCC lattice.

In this linearized BTE formalism, all column sums of the FDM must also be zero

in order to ensure that the total occupation is preserved, but this is not a property

that comes automatically for an FDM as seen in Fig. 2.1. Three methods of �xing

the FDM matrix column sum issue have been tested, which are shown in Fig. 2.2.

First, sacri�cing accuracy around the point in momentum-space with the highest

energy by setting its corresponding row values to cancel the column sum, shown in

Fig. 2.2a. In theory, this �xes the problem numerically and only sacri�ces numerical

accuracy at the point with the least probable occupation. The second method was

to spread out the modi�ed matrix elements to all boundary points, spreading out the

inaccuracy across all of the edge states, as shown in Fig. 2.2b. The third method

was simply to transpose the matrix and �ip the sign of all elements. This �x, as

shown in Fig. 2.2c, means that accuracy is explicitly lost for not just the boundary

points but also points neighboring the boundaries.

The numerical e�ect of each column sum �xing scheme is hard to estimate, so we

calculated the mobility versus electric �eld at 40 K with these various FDM �x

schemes and show the results in Fig. 2.3. We found that not �xing the column

sums resulted in divergence after � 0•2 kV cm-1, the maximum energy �x diverged

after � 0•7 kV cm-1, the boundary point �x diverges after � 5 kV cm-1, and the

transposition �x does not diverge even at 10 kV cm-1. This result was not expected

since the last scheme also reduces accuracy at the boundary point nearest-neighbors,
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Figure 2.2: Possible �xes to set the FDM column sum to zero. Top: the maximum
energy �x, in which the column sums are �xed via the row corresponding to the
single highest-energy state. Middle: the boundary �x, in which the column sums
are �xed in the rows corresponding to boundary points. Bottom: The transpose �x,
in which the matrix is transposed and signs reversed.

Figure 2.3: The DC mobility versus electric �eld at 40 K calculated using di�erent
column sum �xes for the FDM. No �x (cyan) diverges �rst, then the maximum
energy �x (gold), then the boundary �x (magenta), and the transposition �x (black)
shows no divergence at the highest �eld.
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but nevertheless, it results in the most numerically stable result. Therefore, it was

this last solution that was employed in this and other works [84�87].

Calculating transport quantities

This solution to the BTE can be used to calculate various observables. For instance,

the mobility is given by the average velocity (the drift velocity) divided by the

electric �eld:

` UV¹Eº =
2

� VV

Õ

_

E_–U� 5_–V (2.19)

where V is the supercell volume, U is the direction along which the current is

measured, and V is the direction along which the electric �eld is applied. The factor

of two accounts for spin degeneracy. Expressed using the solution for � 5_ is [24]:

` UV¹Eº =
24

: � )V

Õ

_

E_–U

Õ

_0

� �1
__0

�
E_0–V50

_0

�
(2.20)

The AC mobility is also of importance as it describes the response of the system

to a perturbing electric �eld X�U48lC (where l is the angular frequency of the

perturbing �eld) under a steady state condition induced by a DC electric �eld �V.

The behavior of this quantity reveals information about relaxation times within the

system. The AC mobility can also be calculated using the BTE. Given that the time-

dependent part of the occupation function takes the form of X 5_¹Cº = X 5_¹lº4 8lC,

with 5 = 5B¸ X 5 ¹Cº and E = E�� ¸ XE¹Cº, we obtain:

8lX 5_ ¸
4
\

E � r k 5_ =
�
m 5
mC

�

2>;;
(2.21)

Running through the same derivation given prior, noting that unlike 50
_ the derivative

of 5B
_ cannot be analytically taken, we obtain the solution:

X 5_–U= �
4X�U

\

Õ

_0

¹8lI ¸ � º�1
_–_0

�
� U–_–_0 5B

_0

�
(2.22)

where I is the identity matrix. This solution can then be used to calculate the AC

mobility:

` UV¹Eº = �
24
\V

Õ

_

E_–U

Õ

_0

¹8lI ¸ �º �1
_–_0

�
� U–_–_0 5B

_0

�
(2.23)
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Calculating noise quantities

In addition to mobility, which represents a mean characteristic of the steady-state

distribution, the current PSD, which quanti�es the random �uctuations of carriers

about the non-equilibrium steady-state distribution, is obtainable through the BTE.

The PSD can be computed as the Fourier transform of the autocorrelation function

through the Wiener-Khintchine theorem [12]:

( 9U 9V ¹E– lº � ¹X 9U9Vºl = 2
¹ 1

�1
X 9U¹CºX 9V4�8lC 3C (2.24)

where 9 represents the current density, and X 9 represents a �uctuation in the current

density (X 9 ¹Cº = 9 ¹Cº � 9B). The overline indicates the ensemble average. Since

current density can be expressed in terms of the occupancy (in the same manner that

the mobility is in Eq. (2.20)), it follows that this can be done forX 9U¹CºX 9V [56]:

X 9U¹CºX 9V =
�
24
V

� 2 Õ

_1

Õ

_2

E_1–UE_2–VX 5_1 ¹CºX 5_2 (2.25)

whereX 5_1 ¹CºX 5_2 is known as the time-displaced two-particle correlation function.

Taking the Fourier transform of both sides of Eq. (2.25) we get the relationship:

¹X 9U9Vºl =
�
24
V

� 2 Õ

_1

Õ

_2

E_1–UE_2–V
�
X 5_1X 5_2

�
l (2.26)

Thus, to solve for ¹X 9U9Vºl we must �nd
�
X 5_1X 5_2

�
l .

Let us consider Onsager's regression hypothesis [124] which proposes that the

behavior of �uctuations in a system obey the same physical laws of the system itself.

In terms of the system described here, this meansX 5_1 ¹CºX 5_2 obeys the BTE. A

rigorous derivation is possible but beyond the scope of this work [56]. Therefore:
"

m
mC

¸
Õ

_

� _–_0

#

X 5_1 ¹CºX 5_2 = 0 (2.27)

Now, this equation dictates the necessary form ofX 5_1 ¹CºX 5_2:

X 5_1 ¹CºX 5_2 = X 5_1X 5_24
��C (2.28)

whereX 5_1X 5_2 represents the initial condition of the system (X 5_1 ¹CºX 5_2 jC=0) and

is known as the one-time two-particle correlation function. From here we can take

the Fourier transform:

�
X 5_1X 5_2

�
l =

¹ 1

�1
X 5_1X 5_24

��C 4�8lC 3C (2.29)
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Owing to the real valued and stationary properties of the autocorrelation function

(namely even symmetry owing toX 5_1 ¹CºX 5_2 = X 5_1 ¹�CºX 5_2):
¹ 1

�1
X 5_1X 5_24

��C 4�8lC 3C = 2<
� ¹ 1

0
4�C¹8l¸�º X 5_1X 5_23C

�
(2.30)

therefore:
�
X 5_1X 5_2

�
l = 2<

2
6
6
6
6
4

Õ

_0
1

¹8lI ¸ �º �1
_1–_01

X 5_0
1
X 5_2

3
7
7
7
7
5

(2.31)

Now all that remains is to �nd an expression forX 5_1X 5_2. Fortunately, this has

been previously solved by Refs. [9, 125] and is also explained in detail in [56]. This

problem, for a non-degenerate system consisting of # indistinguishable particles, is

equivalent to the problem of distributing balls among a set of bins, with any given

bin having the probability 5_•#. This leads to the standard multinomial distribution,

and the quantity we are after is equivalent to the variance, therefore:

X 5_1X 5_2 = 5_1X_1–_2 �
5_1 5_2

#
(2.32)

where # =
Í

_ 5_ is the number of holes in the Brillouin zone. Combining Eq. (2.26),

Eq. (2.31), and Eq. (2.32), we obtain:

¹X 9U9Vºl = 2
�
24
V

� 2

<

2
6
6
6
6
4

Õ

_1

E_1–U

Õ

_0
1

¹8lI ¸ �º �1
_1–_01

Õ

_2

E_2–V

�
5B
_0

1
X_0

1–_2 �
5_0

1
5_2

#

� 3
7
7
7
7
5

(2.33)

the last sum over _2 can be taken analytically:

Õ

_2

E_2–V

�
5B
_0

1
X_0

1–_2 �
5_0

1
5_2

#

�
= 5B

_0
1
¹E_0

1–V� + Vº (2.34)

where +V is the drift velocity along axis V de�ned by:

+V =
1
#

Õ

_

E_–V5B
_ (2.35)

Substituting Eq. (2.34) into Eq. (2.33), the PSD of current �uctuations can �nally

be expressed as:

( 9U 9V ¹E– lº = 2
�
24
V

� 2

R

"
Õ

_

E_–U

Õ

_0

¹8lI ¸ � º�1
__0

�
5B
_0

�
E_0–V� + V

� �
#

(2.36)

Lastly, it is worth noting that this derivation can also be performed using Langevin

dynamics and Green's functions. However, the derivation given here is the math-

ematically simpler of the two and is also easier to physically intuit. The other

derivations are discussed in Refs. [9, 56].
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Why p-type silicon?

In this work, we apply this high-�eld charge transport formalism to holes in silicon.

Recent �ndings using this technique have revealed that two-phonon scattering is

important in both GaAs [85] and Si [86, 87], which are material systems with

multiple conduction band minima (for GaAs these are separated by a small energy

gap, and in Si they occur as identical �pockets� in momentum-space). The ab-initio

treatment of high-�eld transport has not yet been applied to p-type semiconductors

in general, and the accuracy of the simulations has not been tested for systems

with a single band extrema (for p-type semiconductors, the valence band maximum

(VBM)), multiple bands at the same wave vector, or in systems with warped, highly

non-parabolic bands.

The valence band structure of silicon allows a test of the theory against all three

of these features, as shown in Fig. 2.4. Fig. 2.4a shows a large picture of the

electronic bands in Si. In electron transport, the minimum near X is most relevant,

and itself is rich with transport phenomena owing to the six pockets which occur

due to symmetry. In hole transport, however, a single maximum occurs at �. This

maximum is shown in detail in Fig. 2.4b. Three bands are (nearly) degenerate at

this point: the heavy, light, and split-o� bands. Due to the e�ect of spin-orbit

coupling (SOC), the split-o� band is separated from the other two bands by a small

energy gap (� 44 meV). The bands are non-parabolic, meaning that the hole energy

is not simply related to the square of the wavevector magnitude. Lastly, heavy and

light hole bands are heavily warped, meaning the energy-wavevector relationship is

dependent on the wavevector direction, not just its magnitude. This latter feature is

captured in Fig. 2.4c, which shows the isoenergy contours for the heavy and light

holes. The heavy hole band forms a ten-lobed shape while the light hole band is

nearly cubical in momentum-space. Therefore, anisotropy in p-Si is largely driven

by this feature, as opposed to n-Si where the pockets exhibit di�erent behavior

in �eld orientations which break their symmetry. Finally, p-Si makes for a good

testbed for these high-�eld calculations as it has been one of the most historically

investigated semiconductors, so there is a large amount of experimental data to

compare against.

Charge transport in p-Si at cryogenic temperatures and microwave frequencies is of

particular interest due to two anomalous transport characteristics which appear in the

experimental data. First, at large electric �elds of tens of kV cm-1, semiconductors

generally exhibit drift velocity saturation in which the drift velocity no longer
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Figure 2.4: (a) Ab-initio Si bandstructure with the fermi level set to the VBM for
reference. Three bands are relevant at the VBM, at �: the heavy, light, and split-o�
bands. (b) Close-up of the VBM. Calculations using SOC in blue and without SOC
in red. Without SOC, all three valence bands are degenerate at �, however including
SOC separates the aptly named split-o� band. (c) Rendering of the iso-energy
contours of the heavy (upper) and light (lower) bands in momentum-space. The
heavy band forms a 10-lobed shape, while the light band is nearly cubical.
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increases with �eld [14]. In p-Si below 40 K, an additional regime of drift velocity

saturation occurs at considerably smaller �elds, approximately 0•1 kV cm-1 [7].

This feature has been studied numerically by semi-analytical [126, 127] and full-

band Monte-Carlo methods [79]. While an initial investigation attributed the feature

to the non-parabolic hole dispersion and Bose-Einstein distribution occupation of

phonons [126], a later study instead attributed the behavior solely to population of

the spin-orbit band at high �elds [127]. The �shoulder" feature has more recently

been computationally reproduced using full-band Monte Carlo [79], but without

analysis. Therefore, the explanation of the anomalous saturation regime remains

unresolved.

The second anomalous feature appears in the PSD. It has been observed experimen-

tally that in p-Si at 10 GHz and 77 K, a non-monotonic (peak) trend with increasing

DC electric �eld is observed for current noise both longitudinal and transverse to

the �eld. This feature has also been observed in n-Si and Ge [54, 128]. The trend

was originally ascribed to an initial increase due to carrier heating followed by a

decrease due to a decreasing momentum relaxation time at high �elds [128]. In

Sec. 9.3 of Ref. [12], the trend was attributed to a �eld-dependent energy relaxation

time which in�uences the convective noise mechanism (described in section 7.2 of

the same reference). The convective mechanism arises from the coupling of velocity

and energy �uctuations of the charge carriers, leading to a decrease in the PSD with

increasing electric �eld for materials with a sublinear current-voltage characteristic.

Given these di�ering explanations, the origin of the peak remains unclear.

2.2 Computational details

The numerical details used here are identical to those in Refs. [84, 85]. The cal-

culation of electronic structure and electron-phonon matrix elements are performed

with Quantum Espresso [129, 130] using a coarse 8�8�8 grid, wave function en-

ergy cuto� of 60 Ryd, and a lattice constant of 5.430 Å. The spin-orbit interaction

is included. The interpolation to �ne grids is performed using PERTURBO [22].

The linearized BTE is solved using the GMRES algorithm [131]. Other algorithms

including MinRes, LGMRes, QMR, and GCROTMK were also investigated, but the

di�erence in both the computational cost and end results were negligible. Observ-

ables are calculated using a Brillouin zone sum. Transport and noise properties are

calculated for lattice temperatures of 300 K and 77 K, with carrier densities of 1016

cm-3 and 1014 cm-3, maximum energy of 192 meV and 92 meV, Gaussian smearing
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Figure 2.5: (a) Normalized DC mobility vs electric �eld at 300 K, using various grid
densities. Convergence is achieved at 1203. (b) Normalized DC mobility vs electric
�eld at 77 K, using various grid densities. At this lower temperature, convergence
is achieved at around 1703. No points were calculated between 0 and 0.1 kV/cm, so
lines are a guide within this region.

parameters of 5 meV and 2.5 meV, and grid densities of 1203 and 1803, respectively.

Increasing the grid densities to 1303 and 1903, respectively, resulted in less than a

1% change in mobility and PSD with the exception of the 77 K PSD, which exhibited

a 3% change at the highest �elds. We show representative convergence results for

the mobility at 300 and 77 K in Fig. 2.5.

These convergence results are in agreement with a recent low-�eld study [82]. Only

the heavy and light valence bands were included in the calculations presented as the

split-o� band was found to contribute negligibly to all quantities while considerably

increasing computational costs. Where normalization of transport quantities is

performed, quantities are shown relative to their value at 1 V cm-1. Furthermore,

we de�ne error between calculations and experiments for arbitrary property H as

a function of some parameter as jjH4G?� H 20;2j j2 • j jH4G?j j2. The anisotropy for a

property along di�erent crystallographic directions is de�ned at a parameter value

G for direction U as jH¹Gº»100¼� H¹GºUj • jH¹Gº»100¼j.

2.3 Results: standard properties

Transport

We begin by examining the electric �eld dependence of the DC mobility at 300 K.

The calculated low-�eld mobility is 525 cm2 V-1 s-1, overestimated compared to

the experimental value of � 450 cm2 V-1 s-1 [50, 58]. We �nd that calculations

yield the same overestimate at all �elds, so the mobilities have been normalized to

facilitate the comparison of trends; computed data are normalized to the calculated
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Figure 2.6: (a) Normalized DC mobility versus electric �eld at 300 K. Calculated
data normalized to their values at 1 V cm-1, experimental data normalized to the
low �eld value of Ref. [50] (450 cm2 V-1 s-1). Calculated data shown for electric
�elds in various crystallographic axes including »100¼ (solid red line) and »111¼
(dotted blue line). Experimental data shown from Canali et al. [58] (»100¼ as red
circles, »111¼ as blue circles), and Nava et al. [50] (»111¼ as blue squares). (b) Hole
distribution function versus energy ( 5n), from the valence band maximum at 300 K
for electric �elds of 1 kV cm-1(solid light blue line), 10 kV cm-1 (dashed orange
line), and 20 kV cm-1 (dotted magenta line) applied along the »100¼ crystallographic
axis. The equilibrium distribution is shown as a dashed black line. The distribution
function was calculated using kernel density estimation. Inset: deviation from the
equilibrium distribution function � 5n = 5n � 5 0

n . The redistribution of holes to
higher energies with increased �eld strength is evident, leading to the decrease in
mobility in (a).

low-�eld mobility, while experimental data are normalized to the low-�eld mobility

measured by Ref. [50] (450 cm2 V-1 s-1).

The calculated DC mobility versus electric �eld in various crystallographic axes

is shown in Fig. 2.6a along with experimental data from Refs. [50, 58]. At low

�elds ® 1 kV cm-1, the mobility is nearly constant as expected in the Ohmic regime.

At �elds ¦ 1 kV cm -1, the mobility decreases with increasing �eld. We �nd the

normalized mobilities are in quantitative agreement with experiment, with errors

of only 2.5% and 5.4% for the »100¼ and »111¼ directions, respectively (compared

to Ref. [58]). Additional data can be found in Ref. [7], which is not shown

but is also in similar agreement. There is a minor discrepancy in the onset of

anisotropy, which occurs at �elds � 80% lower than predicted by experiment for the
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Figure 2.7: (a) Normalized DC mobility versus electric �eld at 77 K. Calculated
data shown for electric �elds along the crystallographic axes »100¼ (solid red line)
and »111¼ (dotted blue line). Calculated data normalized to their values at 1 V
cm-1. Experimental data shown from Tschulena [59] (»100¼ red triangles, »111¼
blue triangles) and Asche et al. [57] (»111¼ blue squares). (b) Same as (a) but for
data from Ref. [7] (»100¼ red circles, »111¼ blue circles), normalized to 9800 cm2

V-1 s-1.

»111¼ direction. However, the anisotropy at high �elds is in good agreement with

experiment; at 20 kV cm-1 the »111¼ anisotropy is 13% and 11% for the calculations

and measurements, respectively. It was also found that the properties along the

»110¼ and »111¼ directions are degenerate at all �elds, in agreement with data from

Ref. [7].

The decrease in mobility with increasing �eld is attributable to the heating of the

holes owing to their �nite energy relaxation time and because hole scattering rates

increase with energy (see Fig. 6b of Ref. [82]). Thus, the mobility decreases as

holes are heated by the applied electric �eld. To illustrate this point, we computed

the hole distribution versus energy ( 5n) at various electric �elds in Fig. 2.6b. At

low �elds (® 3 kV cm-1), the steady-state distribution of holes coincides with the

thermal distribution, and � 5n � 0. At higher �elds, � 5 n becomes non-negligible

and the steady-state distribution 5n is shifted to higher energies, ultimately leading

to a nonlinear response between drift velocity and electric �eld.

Next, we show the mobility versus electric �eld at 77 K in Fig. 2.7. Data from

Refs. [57, 59] were originally reported in normalized form, and are thus presented

separately from Ref. [7] for which the absolute high-�eld mobility was reported but

not the low-�eld mobility, complicating the normalization. At this temperature the
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low-�eld mobility is again overestimated, with a value of 12300 cm2 V-1 s-1 com-

pared to the experimental value of � 9800 cm2 V-1 s-1 [7, 132]. Mobility versus

�eld at 77 K for Refs. [57, 59] are presented in Fig. 2.7a, along with calculations.

Quantitative agreement with experiment is observed from 0 � 0.6 kV cm-1. Above

this �eld there is a minor discrepancy in the »100¼ direction from Ref. [59], but other

data remain in agreement with calculations. The overall error between calculations

in the »100¼ direction with data from Ref. [59] is 3.6%.

Experimental data from Ref. [7], which do not reach the Ohmic regime, have been

normalized to 9800 cm2 V-1 s-1 and are presented in Fig. 2.7b along with calcu-

lated data. While the computed »111¼ anisotropy is once again in good quantitative

agreement, being 20% (15%) for calculations (measurements) at 12 kV cm-1, the

mobility-�eld values only agree qualitatively, with an error of �12.5% in all crys-

tallographic directions. At 77 K, the »110¼ mobility is not degenerate with the

»111¼ mobility, with 23 % (29%) calculated (measured) anisotropy, but data for this

�eld direction is omitted for clarity. It should be noted, however, that comparing

experimental data from both �gures in the region of 0.1�0.7 kV cm-1, the data

from Refs. [57, 59] agree quantitatively with the calculations while the data from

Ref. [7] do not. Some inconsistency therefore exists between measurements in these

references, and the appropriate reference for comparison is not presently clear.

Noise

We next examine the PSD in the low-frequency limit, de�ned as frequencies for

which lg � 1. Here, g is a characteristic relaxation time of energy, momentum,

or similar parameter. In this limit, the current PSD is proportional to the di�usion

coe�cient through the �uctuation-di�usion relation (see Eqn. 2.49 of Ref. [56]).

Experimentally, the di�usion coe�cient has been obtained by the TOF method [89]

and from low-frequency noise measurements [50, 55]. We calculate the di�usion

coe�cient through the current PSD, which was computed at 1 GHz to obtain the

low-frequency value; negligible di�erences were observed between 1 GHz and 100

MHz.

The hole di�usion coe�cient versus electric �eld at 300 K is shown in Fig. 2.8a.

Experimental measurements from TOF and noise data from Ref. [50] are also shown

normalized to the equilibrium value reported by the same study (11.6 cm2 s-1). The

calculations are in reasonable quantitative agreement with experiment, with an error

of 5.5%, although the data from noise measurements are much closer to calculations,
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Figure 2.8: (a) Normalized hole di�usion coe�cient versus electric �eld at 300 K.
Calculated data normalized to their values at 1 V cm-1. Calculated data shown for
electric �elds applied in the crystallographic axes »100¼ (solid red line) and »111¼
(dotted blue line). Experimental data shown from Nava et al. [50] (»111¼, noise
measurements as blue circles, TOF measurements as blue triangles) and normalized
to 11.6 cm2 s-1. (b) Same as (a) at 77 K. Experimental data shown from Reggiani
et al. [133] (»100¼ as red squares, »111¼ as blue squares) and Gasquet et al. [55]
(»111¼ as blue crosses).

with an error of only 2.5%. At 300 K, comparing Figs. 2.6a and 2.8a, we observe

that the decrease in di�usion coe�cient with increasing electric �eld follows the

same trend as that of the mobility. This result is expected as the system remains

in the warm carrier regime for all �elds considered. At the highest �eld presented

here, the mean energy of the steady-state distribution is greater than that of the

equilibrium distribution by only � 10%, indicating that the steady-state distribution

remains close to the equilibrium distribution. In this case, the �uctuation-dissipation

relation remains approximately valid [84], so the di�usion coe�cient is related to

the mobility through Eq. (1.2).

At 77 K and high �elds (¦ 0•1 kV cm-1), holes enter the hot carrier regime, with

mean energies exceeding the equilibrium value by up to 200% at 6 kV cm-1. Thus,

in contrast to the 300 K case, it is expected that the mobility and di�usion coe�cient

exhibit distinct dependencies on electric �eld. We present the di�usion coe�cient

versus �eld at 77 K in Fig. 2.8b. Experimental data have been normalized to the

approximate low-�eld di�usion coe�cient obtained from the Einstein relationship

assuming 9800 cm2 V-1 s-1 as the low-�eld mobility (yielding 65 cm2 s-1). The

calculations predict an initial decrease, followed by a plateau around � 0•5 kV
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cm-1, and a subsequent decrease. This trend has been previously attributed to the

rapid increase in energy relaxation rate once optical phonon emission becomes

possible (see Ref. [134] and p.70 of Ref. [12]). The di�ering trends of mobility and

di�usion coe�cient highlight the failure of equilibrium relationships for hot carriers,

and hence the utility of calculating both steady-state and �uctuation properties at

high �elds.

The 77 K di�usion coe�cient calculations exhibit qualitative agreement with ex-

periment, but discrepancies are clearly present. At 3 kV cm-1, the calculated

(experimental) »111¼ anisotropy is 26% (39%), indicating the anisotropy has been

reasonably captured. However, the plateau feature in the calculation is not evident

in the data. We note that experimental details are not available for data from Ref.

[133], and data from both Refs. [55, 133], obtained from TOF measurements, have

uncertainties on the order of 25% [135]. Comparison of the trends is therefore

challenging considering the uncertainties in experiment.

Energy relaxation time

At low temperatures the mechanisms by which carriers lose energy depend on the

electric �eld strength. At low �elds and at the temperatures in this study, scattering

is dominated by acoustic phonons because holes lack su�cient energy to emit

optical phonons, and the energy relaxation time (ERT) achieves its maximum value

with little dependence on �eld strength. At high �elds, the carriers are heated to

energies su�cient to emit optical phonons, and the ERT decreases by orders of

magnitude [136] since, with respect to energy, optical phonon emission is a far

more e�cient relaxation process than acoustic phonon emission. Experimentally,

the �eld-dependent ERT has been estimated by measuring the transverse noise

temperature and using a phenomenological energy balance equation as:

gn¹Eº =
3: �

24

�
) =

? � ) 0
�

`E 2
(2.37)

where ` is the DC mobility at electric �eld �, ) =
? is the transverse noise tempera-

ture, and )0 is the lattice temperature (see Sec. 9.2 of [12] or Sec. 4.5 of Ref. [10]).

However, computationally the energy relaxation time is obtained more straightfor-

wardly though the energy PSD; this property follows the form of the current PSD

in Eq. (2.36) but with the quantity of interest being energy instead of velocity, as

follows:
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Figure 2.9: Hole energy relaxation time versus electric �eld applied in the »110¼
direction at 77 K from calculation (dashed light blue line) and experiment (black
circles, Ref. [54]). Also shown is the equilibrium (zero �eld) value of gn measured
by Ref. [137] (orange arrow).
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where n_ is the energy of a hole relative to the energy at the valence band maximum,

and E is the mean energy given by:

E =
1
#

Õ

_

n_ 5B
_ (2.39)

A representative calculated energy PSD is shown in Fig. 3b of Ref. [84]. The ERT

is then obtained from a Lorentzian �t of the computed energy PSD [12]:

( nn¹E– lº =
( nn¹E– 0º

1 ¸ ¹lg nº2
(2.40)

We compare our ERT calculations to the experimental data reported in Ref. [54].

The experimental and calculated ERT are shown in Fig. 2.9. We �nd the equilibrium

energy relaxation time at zero electric �eld to be within � 30% of the value obtained

from [137]. High-�eld calculations are also in quantitative agreement with experi-

ment considering the experimental uncertainty. As expected, the ERT shows a rapid
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decrease with �eld once optical phonon emission becomes possible around � 0•1

kV cm-1, consistent with the start of the di�usion coe�cient plateau in Fig. 2.8b.

2.4 Adaptation of computations for cryogenic temperatures

Previously in this work, and in other prior high-�eld works [84�87], the inclusion

of only �rst-nearest-neighbors in the �nite di�erence scheme provided adequate

accuracy at ) � 77 K. At temperatures below 77 K, we found the quality of this

numerical �nite di�erence approximation to be poor. This manifested either as

an inability to converge the GMRES solution or unphysical transport and noise

trends. This latter issue stemmed from a nonphysical hole occupation function.

In Fig. 2.10 we show the raw occupation function data at 20 K with various �eld

strengths and FDM accuracy levels; moving down a column is an increase in �eld

strength, and right across a row is an increase in FDM accuracy, which will be

explained below. We observe that for 1 shell of nearest neighbors, the distribution

function quickly becomes nonphysical: even at 0.15 kV cm-1, negative occupation

is observed. Because we are dealing with holes, this indicates an occupation greater

than unity for the corresponding electron occupation function, which violates the

Pauli exclusion principle. Furthermore, at higher electric �elds such as 2.4 kV cm-1,

a signi�cant number of outliers are observed. The distribution function must be be

a smooth function given there are no discontinuous features of the electronic band

structure. Although 5n is shown instead of the single-valued function 5k, resulting

in a dispersion at any given energy, outliers should still not occur.

Both the negative occupation and discontinuous occupation function manifest in the

transport properties as nonphysical results: for instance, a negative PSD. However,

nonphysical trends are not always obvious so calculations near the limits of the

numerical technique would be considered suspect. This issue could, in principle,

be addressed by increasing the grid density. In the past this was the method used

at higher temperatures and the convergence of transport properties was used as the

measure to address the underlying numerical problem. However, for ) Ÿ 77 K the

grid density cannot be made su�ciently large to achieve the accuracy needed due

to three problems:

1. The multi-band structure of p-Si increases the number of k-points over similar

calculations for n-GaAs and n-Si by a large factor. Due to SOC, the bands

are doubled, and the inclusion of both light and heavy holes again doubles

the number of bands. This results in a 16x increase in the size of the matrices
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Figure 2.10: Raw hole occupation function versus energy at various electric �elds
using varying FDM shells at 20 K. With 1 and 3 shells, negative occupation is
observed at 0.15 and 2.4 kV/cm. The equilibrium distribution is shown as a black
line, for reference. The use of 1 shell also results in a signi�cant number of outlying
points. However, both of these issues are almost completely mitigated by using 7
shells.

involved. This square scaling is also the reason why the split-o� band was

omitted.

2. The energy window cannot be made much smaller than the optical phonon

energy, approximately 60 meV. This is because acoustic phonons cannot suf-

�ciently relax carrier energy at high �elds. Therefore, if the energy window

is too small such that carriers don't emit optical phonons, calculations quickly

diverge as carriers collect at the edge of the energy window.

3. The equilibrium distribution function becomes increasingly exponential as

temperatures are decreased, meaning that at low �elds the 50
_ becomes in-

creasingly concentrated at low energies, and the derivative becomes steeper.

Therefore, to maintain accuracy the compensation in grid density would have

to be similarly exponential, quickly outscaling the available computational

resources.
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Figure 2.11: (Left) Maximum-order FDM for a 1D chain of 7 points. Each row has
the highest �nite di�erence scheme available given the existing neighbors (neglect-
ing the edges). (Center) The array of point values to be multiplied against the FDM.
(Right) The result of multiplying the FDM with the array of values, and associated
accuracy of the �nite di�erence approximation.

As a solution to these numerical issues, we utilize the same prior FDM method used

in previous calculations but use multiple shells for the �nite di�erence approxima-

tion. Such a scheme was originally proposed in Ref. [123]. In principle the change

is simple, however the implementation of this scheme requires a complex algorithm

to maintain the highest possible accuracy near the edges of the �nite k-space grid.

While the use of a nearly arbitrary number of nearest neighbor shells is possible

in the center of the grid, near the edge not all neighbors are de�ned. This leaves

two options: e�ectively decrease the size of the grid by neglecting points near the

edges without a fully de�ned number of shells, or adjust the FDM scheme near the

edges such that the number of shells used for any point corresponds to the largest

number of nearest neighbor shells de�ned. Since the �rst option e�ectively wastes

computational power, we chose the second approach. Using the FDM shown in

Fig. 2.1 as a reference, we show a schematic high-order FDM using this scheme in

Fig. 2.11.

To determine the shell weights, an analytical method cannot be used (such as

the method used to derive the weights in Fig. 2.11) since the combination of a

BCC Monkhorst-Pack mesh for Si and the use of multiple nearest-neighbor shells

leaves low-order mixed partial derivatives which cannot be eliminated using a �nite

number of shells. To overcome this limitation, we solve the shell weights for a

selected electronic band by the minimization of an objective function measuring the

di�erence between exact and approximate derivatives, weighted by the equilibrium

distribution function to boost accuracy near the points with the highest occupation

through the warm carrier regime. We used the following equation:
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where
m 50_
m:W

is the analytical derivative of the Fermi-Dirac function 50
_ and � W¹fF 1gº

is the FDM representation of the operatormm:W
. The temperature-dependence of

the objective function arises from the temperature-dependence of 50
_ . The FDM

is de�ned using fF1g, which is the set of shell weights and are the minimization

parameters, subject to the constraint
Í

1 F1 = 1. The subscript 1 identi�es the

nearest-neighbor shell. We de�ne the total number of shells in a scheme by �.

As a visual representation of this optimization scheme, we show both m 50•m:G
versus energy and its absolute value at both 300 K and 77 K in Fig. 2.12. We

observe that the FDM reproduces the analytical results with generally quantitative

accuracy, there being only a few outlying points near the edges of the k-space grid.

With shell weights optimized to each temperature, accuracy is also maintained at

both 300 and 77 K.

It was found that relative to the one-shell case ¹� = 1º at ) � 77 K, the error

de�ned by Eq. 2.41 decreased by 96% with the inclusion of three shells (� = 3),

and by a further 77% with seven shells (� = 7). These accuracy gains are re�ected

in Fig. 2.13, where order-of-magnitude decreases in the error are observed for the

inclusion of 3 and 7 shells. For only 2, 4, 5, and 6 shells, negligible decreases in

the error are observed. Similarly, beyond seven shells, the gain in accuracy was

negligible.

We show the e�ect of this higher-accuracy FDM in Fig. 2.10. Moving right through

any row increases the number of shells used in the scheme, and a clear reduction in

both negative occupation and outliers is observed. This apparently solves the issue

underlying the divergence of calculations and the resulting transport quantities. To

be sure, however, we also compare transport properties to �nd the minimum number

of shells required to maintain accuracy. We compare the high-�eld DC mobility in

di�erent cases via RMS di�erence (de�ned as jjH1 � H 2j j2 • j jH1j j2, where H is the

property of interest). The mobility obtained using � = 3 and � = 7 agreed with the

� = 1 case to within 2.1% even at 20 K and up to 10 kV cm-1. The RMS di�erence

between � = 3 and � = 7 was 0.3%. This agreement indicates that, despite being

optimized to accurately calculate the gradient of the Fermi-Dirac function 50
_ , the
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Figure 2.12: (a) and (b) Partial derivative of the Fermi-Dirac distribution with
respect to momentum in the x-direction at 300 K and 77 K, respectively. FDM-
calculated values shown in red, and exact values are shown in black. (c) and (d)
Same data as in (a) and (b) but in absolute value.
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Figure 2.13: Error according to Eq. (2.41) multiplied by 100% for various numbers
of nearest neighbor shells. Order-of-magnitude decreases are observed for the
inclusion of 3 and 7 shells, while including only 2, 4, 5, or 6 shells results in very
little accuracy gains.

Shell (1)
Total shells (�) 1 2 3 4 5 6 7

1 1.000
2 0.725 0.275
3 1.390 0.530 -0.920
4 1.270 0.600 -0.490 -0.380
5 1.280 0.590 -0.480 -0.370 -0.020
6 1.310 0.590 -0.420 -0.680 0.030 0.170
7 1.380 0.730 -0.330 -0.980 -0.450 0.100 0.550

Table 2.1: Calculated FDM shell weights F1 using Eq. (2.41) and ) = 77 K for
various numbers of shells �.

higher-order FDM still provides an accurate result when applied to the hot carrier

distribution function 5_.

For noise properties, however, � � 3 was found to be necessary to remove numerical

artifacts. Therefore, we used � = 3 at 77 K and � = 7 for ) Ÿ 77 K. For points near

the edge of the de�ned grid for which the default number of shells (�) is not possible,

we used the maximum number of shells with fully de�ned neighboring points. For

uniformity, the shell weights were calculated using ) = 77 K, as temperature had

only a negligible e�ect on fF1g. For example, calculating fF1g for � = 7 at ) = 20
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K results in an RMS di�erence in the 20 K drift velocities of only 3.7% compared to

calculations using shell weights optimized at 77 K. Shell weights F1 for each value

of 1 and � are as shown in Table 2.1.

The algorithm to apply this approach for a 3D BCC system with multiple, separate

bands was written to function as follows:

1. A loop is initiated over the shells, starting from the largest shell and decre-

mented to the smallest. A list is initialized to track which k-points have valid

neighbors in this shell.

2. Another loop is initiated over the electronic bands. Because charge carriers

cannot be moved between bands without scattering, states should only be

linked within each individual band. Points from each band are pulled from

the master dataframe and used for the remainder of this loop.

3. A �nal loop is initiated over each k-point.

4. The following is attempted:

5. The shell neighbors are found and their respective weights are pulled from a

pre-calculated dataset. Shell weights are assigned according to the highest

scheme possible for this k-point. Meaning, if this k-point has de�ned neighbors

up to shell �, then the shell weights used are those de�ned for �. However, if

the point is near the boundary of the grid such that not all shells up to � are

fully de�ned, the accuracy scheme is reduced to the highest number of shells

available. Meaning if � = 7 but only 3 shells are valid, the shell weights for

� = 3 are used for this point.

6. If the above fails, it means that the k-point does not have a full set of de�ned

neighbors in the given shell for the energy window used in the calculation. In

this case, nothing is done.

Cryogenic computational details

For the calculations in the remainder of this chapter, the numerical details are as

follows. Band structure and phonon calculations were performed in Quantum

ESPRESSO [129] as in Ref. [138]. Fine-grid interpolation and scattering rate

calculations were performed via Perturbo [22]. A 2503 (250 � 250 � 250) grid

with 2.5 meV Gaussian smearing were used for ) ¡ 6 K, and 3253 grid with 1.25
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meV smearing for ) = 6 K. Increasing the Gaussian width to 1.55 meV at 6 K

resulted in a maximum change in drift velocity of 1.7% at any �eld. The energy

windows for scattering rate calculations were 80 and 57 meV for ) ¡ 6 K and ) = 6

K, respectively. Increasing the energy window to 90 meV at 77 K and a grid of

1803 resulted in a 3% di�erence at the maximum �eld studied (10 kV cm-1), and

increasing the window to 70 meV at 6 K and a grid of 2003 resulted in a similar

3.5% di�erence at 0.84 kV cm-1. Only the heavy holes were included to reduce

computational costs; it was found that at 77 K omitting the light hole band resulted

in an RMS di�erence of only 1.5% compared to results with both the heavy and light

holes, and this error decreases with decreasing temperature owing to the decreasing

occupation of the light and split-o� bands.

2.5 Results: properties at cryogenic temperatures

Drift velocity

We �rst investigate the drift velocity characteristics between 6 and 45 K; we show

these drift velocity-�eld curves in Fig. 2.14. We observe that the ab-initio calcu-

lations reproduce two experimentally observed regimes of velocity saturation. At

® 10 V cm-1, the drift velocity increases linearly with �eld following the Ohmic

trend, followed by an increase with lesser slope from 10 - 200 V cm-1 corresponding

to an anomalous saturation regime. At � 200 V cm-1, the drift velocity increases

further with nearly the same slope as in the Ohmic regime, but eventually enters

another saturation regime at � 500 V cm-1. Near-quantitative agreement with ex-

periment is achieved to within 8% (RMS) over all temperatures. This agreement,

achieved by only considering e-ph scattering, indicates that ionized impurity scat-

tering is negligible in the high-purity samples (¦ 100 k
 cm) even at cryogenic

temperatures, as originally concluded in the experimental studies [7, 8].

To gain insight into the origin of the low-�eld saturation regime, we show the

calculated hole-phonon scattering rates versus energy in Fig. 2.15a. In the following

discussion, we focus only on the 20 K case for simplicity. At this temperature, we

observe that the scattering rates increase rapidly with increasing energy; from hole

energies of 0 to 20 meV there is an increase in scattering rates by a factor exceeding

200. However, from 20 to 60 meV the rates are relatively constant, only rising by

a factor of 4. Above 60 meV optical phonon emission becomes possible and the

scattering rates again rapidly rise with energy.

These di�ering trends below and above � 20 meV arise due to two factors. First,
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Figure 2.14: Hole drift velocity versus electric �eld in the [100] direction. Exper-
imental values from Ref. [7] (6 K as red circles, 20 K as green upward triangles,
30 K as yellow squares, 45 K as blue downward triangles). Calculated values also
shown (dashed lines with identical color scheme to experiment).

below � 40 K, the population of zone-edge acoustic phonons, which have the

largest density of states among acoustic phonons, rapidly diminishes with tempera-

ture. Consequently, the acoustic phonon absorption rate approaches zero while the

acoustic phonon emission rate approaches a constant, which causes a large disparity

in scattering rates between low and high energies where absorption and emission

are dominant, respectively. Second, the phonon density of states, which increases

quadratically with energy up to a maximum at � 20 meV [139], causes a correspond-

ing increase in scattering rates with energy from 0 � 20 meV. These factors together

result in an strongly temperature-dependent increase in scattering rates from 0 to

� 20 meV and relatively constant rates at higher energies up to � 60 meV.

We next examine the occupation function at various �elds to establish which hole

energies and corresponding scattering rates are relevant when the saturation feature

occurs. We plot the hole occupation function versus energy and applied electric

�eld in Fig. 2.15b. At 1 V cm-1, we observe that nearly all holes are con�ned to

energies less than 10 meV, and the hole occupation exhibits a clear dependence on

temperature. For su�ciently strong electric �elds (¦ 10 V cm-1), the weight of the

distribution shifts towards 10-30 meV as shown in Fig. 2.15b at 100 V cm-1, where

the slope of drift velocity with �eld reaches a local minimum. In this energy range,

we observe the rapid increase in scattering rates due to zone-edge acoustic phonon
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Figure 2.15: (a) Calculated hole-phonon scattering rate versus energy from the
valence band maximum at temperatures of 6 K (red circles), 20 K (green upward
triangles), 30 K (yellow squares), 45 K (blue downward triangles), and 77 K (ma-
genta crosses). (b) Hole occupation function versus energy from the valence band
maximum at various electric �elds applied in the [100] direction. The occupation
is obtained using a kernel density estimate. Colors correspond to the same lattice
temperatures as in (a). Data at 6 K are shown up to the 57 meV energy window at
that temperature.
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emission. At 500 V cm-1, shown also in Fig. 2.15b, the hole distribution has weight

in the 30-60 meV region, where scattering rates are relatively constant. Above 500

V cm-1, some holes have energy exceeding � 60 meV and may undergo optical

phonon emission processes.

We may now explain the relationship between acoustic phonon scattering and the

�rst regime of drift velocity saturation. At low �elds (® 10 V cm-1), the drift velocity

is linear with �eld corresponding to the Ohmic regime, as holes are approximately

in equilibrium with the lattice and the mean scattering rate remains independent of

�eld, a trend which occurs at all temperatures. However, at cryogenic temperatures

and high �elds (� 40 �200 V cm -1), carrier heating shifts the occupation to energies

where the scattering rates are 1-2 orders of magnitude larger than those relevant at

low �elds. The higher scattering rates at these energies more than compensates the

higher band velocity, causing a decrease in mobility and the drift velocity saturation.

At higher �elds, above � 200 V cm-1, the increasing band velocity with energy com-

pensates the relatively smaller increase in scattering rates. Therefore, the saturation

�shoulder" ends, and drift velocity again increases with increasing �eld. Finally, at

about � 500 V cm-1, optical phonon emission begins and another regime of drift

velocity saturation occurs. At higher temperatures ¦ 77 K, the scattering rates

below 20 meV do not show a pronounced increase, and therefore the anomalous

saturation regime does not occur. From these �ndings, we conclude that it is the

energy-dependence of the acoustic phonon scattering rates at cryogenic tempera-

tures which cause the saturation �shoulder" in p-Si between 10 and 200 V cm-1 for

) ® 40 K, in agreement with a prior work [126].

Power spectral density

We now turn to the non-monotonic trend of the microwave PSD versus electric �eld.

This feature appears in the experimental 10 GHz PSD, which �rst increases and

then decreases with an increasing electric �eld, leading to a peak at around 20 V

cm-1 [54, 128]. We have calculated the 10 GHz PSD for longitudinal and trans-

verse measurement directions ([110] and [110], respectively) versus [110] electric

�eld strength, shown in Fig. 2.16. Normalized values are shown to facilitate the

comparison of trends. The absolute PSD values would be uniformly overestimated

by around 25% based on previous calculations of the mobility and di�usion coe�-

cient and considering the Nyquist and Einstein relations linking the PSD, di�usion

coe�cient, and mobility at equilibrium [138]. The calculations do not agree quan-
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Figure 2.16: 80 K PSD of current noise versus electric �eld applied in the [110]
direction at 10 GHz. Experimental values from Ref. [128] (measurements taken
parallel to [110] as upward triangles, measurements taken in the transverse direction
[110] as circles). Calculated data also shown (parallel (k) as solid line, perpendicular
(?) as dashed line).

titatively with experiment but show a qualitatively similar non-monotonic trend. A

�rm conclusion regarding the origin of the discrepancy is di�cult to draw owing to

discrepancies between experimental reports (c.f. Fig. 1b of [54] and the various other

experimental reports of the di�usion coe�cient, namely Fig. 2a of Ref. [133] and

Fig. 3 of Ref. [55]) and the fact that only one reference exists for this particular data

set. In the following discussion, we therefore consider the qualitative experimental

trends rather than focusing on quantitative agreement.

Previous studies have attributed the trend to the competition of carrier heating (in-

creasing PSD) and decreasing relaxation time (decreasing PSD) [128], as well as

the convective noise mechanism which is in�uenced by the �eld-dependent energy

relaxation time [12]. However, each explanation has inconsistencies. Regarding the

�rst explanation, we note that the 10 GHz PSD measurements by Ref. [54, 128] were

used to calculate the di�usion coe�cient, which is valid only in the low-frequency

limit [56] (lg < � 1, where g < is the momentum relaxation time appearing in the

Drude conductivity expression [140]). In this limit, an increase in transport prop-

erties with increasing electric �eld due to carrier heating would be expected in not

just the PSD but also in DC quantities such as mobility. However, the hole mobility

in Si is observed to decrease with increasing �eld. Therefore, this explanation is
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Figure 2.17: (a) PSD versus frequency and electric �eld. Above approximately 7
GHz, a peak occurs in the PSD versus �eld data, represented by a �ridge� in the
contour plot consisting of lines sloping upward before dropping o�. The location
of the peak in the PSD-�eld curves is shown as a dotted line. (b) AC mobility on
the same axis as (a). In this case, a peak only occurs above approximately 60 GHz.
The location of the peak in the AC mobility-�eld curves is shown as a dotted line.

inconsistent with the assumptions made in the original work and observed trends of

other transport properties. Regarding the second explanation, the convective noise

mechanism only a�ects the longitudinal PSD, not the transverse PSD (see section

7.2 of Ref. [12]). Because the PSD peak appears in both measurement directions, the

convective mechanism cannot be responsible for the peak. Therefore, the underlying

cause of the non-monotonic PSD feature remains unclear.

To identify the origin of the peak, we calculated the PSD versus both electric �eld

and frequency. The result is shown in Fig. 2.21a. The longitudinal PSD calculation

in Fig. 2.17a corresponds to a horizontal slice of this plot at 10 GHz. The location

of the peak, given by the dotted line, is observed to depend on both electric �eld

and frequency. Because the peak is observed in our calculations which include only

the heavy hole band, interband scattering is ruled out. Additionally, the feature

is also observed when optical phonons are omitted, eliminating carrier streaming

noise as the origin (see Sec. 7.4 of Ref. [12]). Therefore, we conclude that the peak

must arise from qualities of the hole and phonon dispersion and acoustic phonon

scattering rates.

Knowing that the convective mechanism cannot be responsible for the PSD peak, and

without any other mechanism by which energy relaxation may produce the feature,

we take as a working hypothesis that the energy-dependence of the momentum

relaxation time leads to the trend. However, within the fully ab-initio framework,
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testing this hypothesis is di�cult. Furthermore, the physics underlying the PSD are

hard to capture in a more qualitative model, compared to a simpler quantity such as

the AC mobility. However, the PSD and AC mobility do share similarities as they are

related at low �elds through the Johnson-Nyquist relationship. In fact, we observe

that a similar peak occurs in the ab-initio AC mobility, as shown in Fig. 2.17b. While

the �ridge� feature in the PSD, which gives rise to the peak, is not as pronounced,

it does still occur in the AC mobility. Additionally, for the peak to occur it must

need be that m2( 9¹l– �º•m� 2 ¡ 0 at low �elds. Since at these �elds the Nyquist

relationship is approximately valid, it must also mean that m2` �� ¹l– �º•m� 2 ¡ 0,

so an investigation of the AC mobility, a much simpler quantity to understand than

the PSD, may yield an answer as to the origin of the �eld-dependent peak in both

quantities.

The AC mobility can be modeled with various levels of approximation. In order to

test whether the momentum or energy relaxation time is responsible for the peak,

we �rst try a model which includes both of these quantities. Here, we treat the

mean velocity and mean energy of the holes as they evolve over time with the Drude

model:
3
3C

E�� =
4
<

¹� �� ¸ � �� 48lCº �
E�� ¸ E ��

g<
(2.42)

3
3C

n�� =
4
<

¹E�� ¸ E �� º¹� �� ¸ � �� 48lCº �
n�� ¸ n �� � n 0

gn
(2.43)

where E�� and E�� are the velocities induced by the DC and AC electric �elds,

respectively. < is the hole mass, n�� and n�� are the energies over the thermal energy

n0 induced by the DC and AC electric �elds, respectively. While not immediately

obvious, the two equations are linked through the energy dependence of g< . This

system can be solved by �rst solving for the DC quantities when ��� = 0. Then,

the set of equations is time-stepped with a perturbing AC �eld by using a 4-th

order Runge�Kutta scheme. Finally, with enough time steps the Fourier transform

is taken:

` �� =
4

� ��

¹ 1

�1
E�� ¹Cº4�8lC 3C (2.44)

which must be taken numerically through the fast Fourier transform algorithm for

the discrete, limited simulated data. To ensure accuracy across the di�erent orders

of magnitude of frequencies, the system was simulated through a transient period

followed by 20c oscillatory periods of the AC �eld with 1000 time steps.

As a test of this model, we simulate the ab-initio system to the best of our ability by

using the e�ective hole mass and interpolating g< ¹nº and gn¹nº from the ab-initio
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Figure 2.18: (a) Real part of the ab-initio 77 K AC mobility as a function of frequency
and �eld. The energy relaxation time is shown as a solid line. (b) Modeled real part
of the AC mobility at 77 K on the same axis as (a). The energy relaxation time is
shown as a solid line, while the momentum relaxation time is a dashed line.

values. The results are shown in Fig. 2.18. While the results are not identical,

most likely owing to the collapse of the entire system of holes into a single mean

value, a peak is still observed in the �eld-dependent AC mobility at su�ciently high

frequencies, and the �ridge� feature is qualitatively preserved.

This model is convenient as we are able to de�ne the momentum and energy

relaxation times in an arbitrary manner. Starting with the most realistic case of

g< = 2gn and gn = 0n1, we again see the ridge in Fig. 2.19a. To eliminate the

possibility that the energy-dependence of the energy relaxation time is the cause, we

simply set gn to a constant and shift the energy dependence into g< . This result is

shown in Fig. 2.19b. In this case, the ridge is only qualitatively changed, and a peak

still occurs in the �eld-dependent AC mobility. Furthermore, we show that the peak

still occurs regardless of the value of the energy relaxation time by setting it to a value

much smaller than g< (an unphysical but mathematically possible scenario) and a

value much larger than g< , which results are shown in Fig. 2.19c and Fig. 2.19d,

respectively. While the changes to the ridge in each case are dramatic owing to the

changes in hole heating (being suppressed and increased, respectively), the peak still

occurs with m2` �� ¹l– �º•m� 2 ¡ 0 at low �elds for su�ciently high frequencies.

Therefore, we conclude that, while the energy relaxation time plays an important

role in the shape and position of the peak, a peak in the AC mobility versus electric

�eld (and similarly the PSD), will always occur for su�ciently high frequencies

given that g< decreases with carrier energy.
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Figure 2.19: E�ect of momentum and energy relaxation time on AC mobility. (a)
Energy and momentum relaxation time change with the mean hole energy, the two
being related by a constant. (b) g< changes with mean hole energy, but gn is constant
at the equilibrium value. (c) Same as (b) but gn is set to a constant much smaller
than g< . (d) Same as (b) but gn is much larger than g< .

This e�ect can be understood by simplifying the model. Since we started with

the di�erential, full form of the Drude model, we now consider the simple model

derived when g< is constant, but as a rough approximation substitute in g< = 4�� .

This yields, for the real part of the AC mobility:

` �� /
4��

1 ¸ ¹l4 �� º2
(2.45)

We show a map of this function over frequencies and �elds in Fig. 2.20, with a dotted

line to show 4�� . We see that the ridge features follows perfectly our expression for

the momentum relaxation time, in fact the peak is located exactly at l = 2c•4�� .

This behavior can be understood by inspecting the relative magnitude of the nu-

merator g< ¹�º (4 �� ) and the denominator 1 ¹̧lg < ¹�º º2, which represent carrier

scattering and carrier inertia [141], respectively. At su�ciently high temperatures

and low frequencies such that lg< ¹�º � 1, the AC mobility is proportional to g < ¹�º
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Figure 2.20: Modi�ed Drude model incorporating the electric-�eld dependence of
the momentum relaxation time. At frequencies where l ¡ 2c•g< ¹�º, a peak occurs
in the �eld-dependent AC mobility at l = 2c•g< ¹�º (dotted line).

and decreases with �eld due to g< ¹�º decreasing. However, when lg< ¹�º � 1

is satis�ed, which occurs at some combinations of su�ciently low temperatures,

high frequencies, and low �elds, then, with increasing �eld, as g< ¹�º decreases

the inertial term 1 ¸¹lg < ¹�º º2 decreases faster than g< ¹�º itself. Thus, the AC

mobility rises as �̀� ¹l– �º � g < ¹�º �1 . Once lg< ¹�º � 1 is satis�ed again at

high enough �elds, which will occur regardless of temperature and frequency, the

AC mobility again decreases with �eld.

We note that the role of the �eld-dependence of the momentum relaxation time

in producing non-monotonic trends of AC mobility with electric �eld has been

previously reported [142]. Various studies have incorporated �eld-dependence into

the momentum relaxation time of AC mobility models and observed di�erent trends

depending on the frequency. At low frequencies such that lg< ¹� = 0º � 1, the AC

mobility is both theoretically predicted [143, 144] and experimentally observed [145]

to decrease monotonically with increasing electric �eld, as expected for systems

with sublinear current-voltage characteristics. However, at frequencies such that

lg < ¹� = 0º � 1, other studies predicted a non-monotonic dependence of AC

mobility on electric �eld [146, 147].

Experimentally, non-monotonic trends of AC mobility with electric �eld have been

reported for n-InSb [142, 148]. These experiments measured AC mobility at 77 K

as a function of �eld from 0 � 165 V cm-1 and from 0 � 83•7 GHz, which includes

the case lg< ¹� = 0º � 1. The measurements show non-monotonic behavior when
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lg < ¹� = 0º ¡ 1, with an initial rise in the AC mobility at low �elds (® 50 V cm-1),

in contrast to the decreasing trend at lower frequencies. Furthermore, the data agree

qualitatively with a hydrodynamic model [148] which predicts non-monotonicity in

the high-�eld AC mobility for frequencies above � 50 GHz.

Relating the AC mobility back to the PSD, we can derive an approximation for

( 9¹l– �º that is practically identical to Eq. (2.45). This simpli�ed model comes

from relating the PSD to g< ¹�º by assuming equipartition and neglecting anisotropy.

The PSD then takes the form [149]:

( 9¹l– �º =
( 9¹0– �º

1 ¸ ¹lg º2
(2.46)

where g represents a characteristic relaxation time of the system (for instance

momentum, energy, or intervalley relaxation), and � represents the electric �eld

strength. A derivation of this expression, considering the constant relaxation time

to be g< , can be found in sections 3 and 7 of Ref. [12]. A simple although less-

rigorous derivation can be performed by combining the Nyquist current noise (Refs.

[150, 151], Eqns. 6 and 1, respectively) and Drude AC conductivity (Ref. [140],

Eqn. 1.29) to yield Eq. (2.46), also neglecting the �eld-dependence.

For our model, we assume a mono-energetic hole distribution characterized by a

momentum relaxation time depending on electric �eld, g< ¹�º. For simplicity,

we further approximate (9¹0– �º / g < ¹�º as the low-frequency PSD is directly

proportional to the momentum relaxation time through the �uctuation-di�usion

[56] and Einstein [4] relationships. These assumptions yield:

( 9¹l– �º /
g< ¹�º

1 ¸ ¹lg < ¹�º º2
(2.47)

Now, the Einstein relationship holds only in the low-�eld limit, but it remains

approximately valid at �elds where the carrier distribution is su�ciently close to the

equilibrium one. In the present case, the mean carrier energy at 20 V cm-1, where

non-monotonic behavior is apparent, is only 2.2% larger than the equilibrium value,

so the error arising from the use of the Einstein relationship should be on the order

of this di�erence (® 10%). Furthermore, the existence of this peak necessitates

that m2( 9¹l– �º•m� 2 ¡ 0 at low �elds, where the Einstein relationship is valid.

Therefore, it is expected that Eq. (2.47) provides a qualitatively accurate description

of PSD behavior at the electric �elds of interest.



56

Figure 2.21: (a) Contour map of normalized ab-initio PSD of current �uctuations
versus frequency and electric �eld. Location of peak in the horizontal slices (PSD
vs �eld curves) also shown (dotted black line) (b) Contour map of normalized model
PSD (Eq. (2.47)) versus frequency and electric �eld. An analogous peak feature
is observed as the ab-initio PSD. Location of peak in the horizontal slices shown
(dotted black line), as well as lg< ¹�º = 1 (solid black line). (c) Ab-initio PSD vs.
electric �eld in (a) (solid red line) and modeled PSD in (b) (solid blue line) at 60
GHz. The normalized momentum relaxation time is shown (dotted green line) as
well as its inverse (dashed magenta line). The normalization constant for g< ¹�º is
3.86 ps.

To plot Eq. (2.47), an expression for g< ¹�º is needed. From our ab-initio results,

we calculated the momentum relaxation time at each electric �eld by �tting a

Lorentzian to the frequency-dependence of the transverse AC mobility with an

identical functional form as in Eq. (2.47). The resulting function g< ¹�º is shown in

normalized form in Fig. 2.21c.

Using this function, we compute PSD versus frequency and electric �eld strength

using Eq. (2.47). The ab-initio PSD is shown in Fig. 2.21a, and the modeled result

is given in Fig. 2.21b. We observe a qualitatively similar �ridge" trend as seen in

the ab-initio PSD. Horizontal slices, which yield PSD versus �eld strength, taken at

high frequencies display a peak, the location of which follows the same trend as in

Fig. 2.21a. Within this model, the location of the peak corresponds to lg< ¹�º = 1,

providing evidence that the �eld-dependence of the momentum relaxation time

g< ¹�º is responsible for the non-monotonic PSD trend.

We show a slice of both Fig. 2.21a and Fig. 2.21b in Fig. 2.21c, taken at 60 GHz

to make the relevant features more visible. We also show the relative behaviors

of g< ¹�º and g< ¹�º �1 , for reference. We observe that at low �elds, both the

modeled and ab-initio PSD exhibit g< ¹�º �1 behavior, increasing with electric �eld,

as described previously. Furthermore, the PSD follows g< ¹�º behavior at high
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�elds, decreasing with electric �eld. These di�erent trends enable a peak in the

PSD, driven solely by the �eld-dependence of the momentum relaxation time.

Since the AC mobility is proportional to the PSD at low electric �elds through the

Nyquist relationship, the prior �ndings regarding the non-monotonic trend in AC

mobility are consistent with our conclusions regarding the PSD. On the other hand,

prior studies of the microwave PSD concluded the non-monotonic trend was due to a

competition between carrier heating and decreasing relaxation time with increasing

�eld [128], and convective noise [12]. While carrier heating is not exclusive of the

momentum relaxation time decreasing, it is not as speci�c a mechanism. Our study

and prior AC mobility studies support that the �eld-dependence of the momentum

relaxation time is the only necessary condition to enable this non-monotonic trend.

We now discuss why the ab-initio PSD results display a peak even when lg< ¹� =

0º ¦ 1 is not satis�ed, a condition strictly necessary for a peak to appear in the

model. In a real system, the hole distribution is not characterized by a single energy,

as was assumed in the model. Therefore, although the momentum relaxation time

g< ¹�º may satisfy lg < ¹�º � 1, the lifetime of some states g_ = � �1
_–_span a range

of values of lg_. Therefore, even at frequencies where lg< ¹� = 0º Ÿ 1, for the

system as a whole, some electronic states for which lg_ � 1 have non-negligible

occupation. The carriers in these states then contribute to the occurrence of a

non-monotonic PSD trend, even at lower frequencies than are required to satisfy

lg < ¹� = 0º ¦ 1.

2.6 Discussion

Previous studies of both polar and nonpolar semiconductors using the formalism

described here have reported that single-phonon scattering is insu�cient to repro-

duce a number of experimental trends [85�87]. Therefore, it comes as a surprise

that this level of theory provides quantitative agreement for most normalized trans-

port properties with experiment in p-Si. This �nding indicates that momentum and

energy relaxation scattering processes of hot holes in Si are adequately described

by the lowest level of pertubation theory in the electron-phonon interactions used

in prior works for non-polar semiconductors [24, 82, 83]. Additionally, the relative

di�erences in curvature of the valence band structure in di�erent crystallographic

directions appear to be captured as evidenced by the agreement of the high-�eld

anisotropy.

There is no obvious answer as to why the theory works well for this material
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system but not n-GaAs [85] or n-Si [86, 87]. However, there are a number of

signi�cant di�erences between the systems, which must necessarily be related to

the discrepancy in �ndings. Namely, p-Si does not have multiple valleys, whether

degenerate (as in n-Si) or spaced by a small energy gap (as in n-GaAs). While

multiple bands are relevant to transport in p-Si, they all gather at � in momentum-

space. In the other material systems, there is a wide swath of virtual energy

states between distinct conducting band pockets or valleys that could be accessed

through two-phonon scattering. However, in this system, all states are relatively

close in momentum and therefore are readily accessible by single-phonon scattering

events. To investigate this hypothesis, additional material systems will need to be

investigated. Ideally, the results would �rst be reproduced for similar systems such

as Ge. Calculating transport properties for p-GaAs would provide a test of whether

the results here hold for polar materials with a similar bandstructure. Finally,

measuring and calculating the transport properties of more exotic materials such as

IV-VI semiconductors would test whether the single-phonon theory holds for p-type

multi-pocket semiconductors.

As in low-�eld studies [82, 83], absolute transport properties are still uniformly

overestimated by � 25% at all �elds. The low-�eld mobility overestimate has

previously been attributed to an inaccurate valence band structure [83]. Examination

of our valence band structure and that of Ref. [83] (Fig. 2b, `SOC' case) indicates

that the two are in quantitative agreement to within 5% as measured by the average

root-mean square di�erence of the dispersions, excepting the heavy holes in the ��K

direction which exhibit a � 20% heavier mass compared to those in Ref. [83]. This

di�erence is several times smaller than the di�erence with the required dispersion

which yields a mobility in agreement with experiment. Additionally, our computed

scattering rates are in similar quantitative agreement with prior literature, with the

values falling within the range of those reported in Fig. 6b of Ref. [82]. Therefore,

our results support the �ndings from low-�eld studies in which the overestimated

transport properties can be attributed to inaccuracies in the DFT valence band

structure.

The �ndings at cryogenic temperatures demonstrate the usefulness of ab-initio

calculations as a means for discovering and understanding emergent transport phe-

nomena. While the theory behind a non-monotonic trend in the PSD driven by the

energy-dependence of the momentum relaxation time existed, the level of analysis

achievable through these calculations was useful in ruling out every other potential
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cause. Furthermore, �nding that the �shoulder� in the cryogenic drift velocity arises

from the acoustic phonon scattering rates was only possible thanks to the detailed

picture of both the scattering rates and �eld-dependent occupation function obtained

through calculations such as these. While no model is yet perfect and experiments

must be done to validate predictions, no set of experiments can yet probe the micro-

scopic phenomena underlying transport to such a �ne resolution as can be achieved

through ab-initio calculations. Therefore, this technique may provide useful for

both materials discovery, analysis of experimental �ndings, and in informing the

physical models used for device simulation.

2.7 Summary

We have presented a study of hot hole transport and noise in silicon using a recently

developed ab-initio formalism. We �nd that the calculations quantitatively repro-

duce various experimental trends in the DC mobility, carrier di�usion coe�cient,

energy relaxation time, PSD, and drift velocity up to 20 kV cm-1and from 300 K

down to 6 K. Absolute properties are generally overestimated by � 25%, consistent

with prior low-�eld studies. This agreement may be improved by the use of a more

accurate valence band structure.

Furthermore, we have investigated the origin of anomalous high-�eld transport and

noise characteristics in p-Si at cryogenic temperatures using a modi�ed high-�eld

formalism for ab-initio charge transport. We �nd that the additional regime of drift

velocity saturation that occurs for ) Ÿ 40 K is due to acoustic phonon emission,

in agreement with a prior work. We also �nd that the peak in the power spectral

density of current �uctuations which occurs at 77 K and 10 GHz is due to the

�eld-dependence of the momentum relaxation time, contrary to the conclusions of

prior studies.

This work highlights the use of high-�eld transport and noise properties not only

as a rigorous test of the theory of electron-phonon interactions in semiconductors,

but also as a tool to understand the microscopic phenomenon underlying transport

and noise in semiconductors. With further investigation it may be possible to

�nd an origin for why single-phonon scattering is su�cient here but not in other

material systems, a critical question if calculations such as these are to be used for

materials discovery. It is evident, however, that this technique is useful for probing

the microscopic origins for phenomena which require accurate models for today's

semiconductor devices.
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C h a p t e r 3

A NEW RECIPE FOR ATOMIC LAYER ETCHING OF SiO2

This chapter has been adapted from

David S. Catherall, Azmain A. Hossain, Anthony J. Ardizzi, and Austin J.
Minnich. Atomic layer etching of SiO2 using sequential exposures of
Al(CH3)3 and H2/SF6 plasma. Journal of Vacuum Science & Technology A,
42(5):052605, 09 2024. ISSN 0734-2101. doi: 10.1116/6.0003793. URL
https://doi.org/10.1116/6.0003793.

D.C. co-designed the research, conducted the calculations, analyzed the
data, and wrote the manuscript.

3.1 Introduction

Atomic layer etching (ALE) is a dry etching process of increasing interest owing to

its ability to solve many of the issues outlined in Sec. 1.2. First, it exhibits extremely

�ne atomic-scale control and selectivity [98, 152�156], allowing for precise etch

depths (typically with a resolution between 0.1 and 10 Å per process cycle [98]) and

the protection of both masks and other materials incorporated into complex device

structures where near-in�nite selectivity is desired [96, 152, 157]. ALE also has

the rather unique ability among etch processes to smooth surfaces down to the sub-

nanometer scale [158�160], a feature which could reduce interface losses, thickness

variations, and surface roughness in all types of devices.

In contrast to continuous etching processes such as RIE, ALE consists of two or

more self-limiting surface treatments [98, 152�154]. Whereas a normal chemical

etchant will continuously react with a surface (as shown in Fig. 1.2), a self-limiting

reaction e�ectively terminates itself after a certain amount of reaction has occurred.

This happens through one of two mechanisms: either the reactant binds only to

speci�c surface sites and therefore cannot react further once all sites are used, or the

reaction product forms an e�ective di�usion barrier against the reactant. The natural

oxidation of aluminum metal is an everyday example of a self-limiting reaction, in

which Al2O3 prevents the di�usion of oxygen and water to the metal-oxide interface.

A schematic of a typical ALE process is shown in Fig. 3.1. In the �rst self-limiting

step, the surface of a material is chemically modi�ed by exposure to a reactant such
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Figure 3.1: The cycle of atomic layer etching. First, a modi�cation step utilizes
a self-limiting reaction to change the surface chemistry. Here, reactant A reacts
with the surface. Second, a volatilization step uses removes the modi�ed surface
by another self limiting chemical reaction, ion bombardment, or heating. Here,
reactant B reacts with the modi�ed surface, and forms a volatile compound.

as a gas, plasma, organometallic vapor, or chelating agent. A second step volatilizes

only the modi�ed material, and there are a few di�erent means to accomplish this:

One, a chemical reaction occurs with a second reactant which forms a volatile

compound with the modi�ed surface layer. Two, thermal cycling is performed if

the modi�ed surface is volatile at a higher temperature than it was formed. Three,

ion bombardment is performed if the bulk of the material is bound together more

strongly than to the modi�ed surface, though this method requires careful control

of the incident ion energies. In theory, other removal mechanisms are possible

including electron or photon-induced reactions [98]. In Fig. 3.1, volatilization is

achieved through chemical reaction using a second reactant.

The two ALE steps can then be repeated as many times as desired to achieve a

speci�c etch depth (it is worth noting that some processes require intermediate

reaction steps, meaning the total number of steps per cycle is more than two). While

ALE is slower than typical wet or dry etches (achieving � 0•1 � 10 Å/min versus

10�1000 Å/min) its numerous advantages have made it a very active area of research

over the past decade. The materials with known ALE processes now include metals
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(including Co [161], Cu [162�164], and W [165, 166]), semiconductors (including

Si [167, 168], InP [169, 170], InGaAs [109], and GaAs [170�172]), dielectrics

(including Al2O3 [173�176], SiO2 [174, 177�179], and HfO2 [174, 180]), optical

materials ([101, 102]), and superconductors (TiN [107], NbN [108]).

Etching methods for SiO2 are of particular interest in nanofabrication owing to the

presence of SiO2 in semiconductor, superconductor, and optical devices. Processing

of SiO2 with low damage and surface roughness is especially critical when it is

the active material in a device, as is the case for on-chip photonic devices such as

microcomb systems, microresonator gyroscopes, and microwave sources [181, 182].

These devices all rely on resonators such as silica microresonators which now exhibit

quality factors (&) as high as 109 [182, 183], where & is de�ned as the ratio of center

resonance frequency to the resonance bandwidth. The maximum theoretical & for

these microresonators is � 8 � 109, however; the di�erence between this maximum

value and the lesser value achieved in practice has been attributed primarily to surface

roughness created by fabrication processes [183, 184]. Therefore, to increase the

&, an etch process capable of smoothing to sub-nanometer length scales is needed.

ALE has potential to ful�ll this need; although ALE etches too slowly to be used as

the primary processing etch, it could be used to increase the & of these devices as a

post-processing smoothing step.

Since we intend to develop a recipe primarily for surface smoothing, an isotropic

etch is desired. Anisotropic ALE is possible in general but is not within the scope of

this work, so we will discuss isotropic etches only. There are two currently known

classes of isotropic ALE processes for SiO2. In the �rst process class, the SiO2

surface is modi�ed by conversion to ammonium �uorosilicate ((NH4)2SiF6) using a

combination of NH3 and �uorination agent, such as CF4 plasma [185], NF3 plasma

[185], HF vapor [186, 187], H2/NF3 plasma [188, 189], or H2/SF6 plasma [186].

This step is followed by desorption via heating using either halogen lamps [185],

infrared lamps [186, 187], or a vacuum break and a hot plate [188, 189]. This

approach yields etch rates in the range of 10 � 100 Å/cycle. We show a schematic

representation of this process in Fig. 3.2a.

The second class of processes uses a �conversion etch� [98] whereby SiO2 is modi-

�ed by conversion to alumina and aluminosilicates using trimethylaluminum (TMA)

exposures, followed by �uorination induced by HF vapor [190, 191] or CHF3 [191],

which forms �uorinated alumina and aluminosilicate compounds. Another TMA

exposure causes transmetalation and volatilization of the modi�ed surface, while
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Figure 3.2: SiO2 ALE process cycle using the process(es) found in: (a) Refs. [185�
187, 192]. AFS is an abbreviation of ammonium �uorosilicates. (b) Refs. [190,
191, 193, 194]. F.-Aluminosilicates stands for �uorinated aluminosilicates. (c) This
work.

simultaneously forming more alumina and aluminosilicates. This approach yields

etch rates of � 0•31 � 0•35 Å/cycle. We show an example of this process class in

Fig. 3.2b.

Each method has practical complications when applied to device fabrication. These

issues include the lack of atomic scale control (etch rates are ¡ 5 Å/cycle) [185�189];

long cycle times (from 155 s to over 10 min); inconsistent etch rates [191]; the use

of HF vapor [186, 187, 190, 191], which cannot be used in some commercial ALD

systems; high pressures (¡ 250 mTorr) [190, 191], which is outside the process

range for some commercial ALD systems; the use of lamp heating [185�187],

which requires special system designs and increases cycle time; or breaking vacuum

[188, 189]. Additionally, the only measurements of surface roughness show either

no e�ect [189] or an increase after ALE [188]. Therefore, a new process that is

compatible with commercial tools is needed to facilitate the practical application of

SiO2 ALE to device fabrication.

Here, we report an ALE process for SiO2 using sequential exposures of TMA and

an Ar/H2/SF6 plasma. This process falls into the second process class discussed,
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and we show it in Fig. 3.2c for comparison. We demonstrate that a su�cient

hydrogen content in an Ar/SF6 plasma reduces the spontaneous etch of SiO2 to

negligible levels while su�ciently modifying the surface for ALE. We observe

an etch-per-cycle (EPC) at 400� C of up to 0.58 Å on thermally oxidized SiO2,

and up to 2.38 Å on sputtered SiO2. This process exhibits perfect synergy and

self-limiting characteristics. We performed surface roughness measurements after

ALE and observed a 62% decrease in the roughness of an RIE-roughened surface.

Furthermore, XPS reveals less than 2% combined F and Al contamination post-

ALE, nearly an order of magnitude less than other reports. Our work paves the

way for SiO2 ALE in device fabrication pipelines using widely available processing

tools. For SiO2 optical devices in particular, this may potentially lead to on-chip

photonic devices limited only by intrinsic dissipation.

Overview of characterization techniques

There are three �lm characterization techniques which will be used both within this

work and the work in chapter 4. These deserve some description for the bene�t of

unfamiliar readers. We give a brief de�nition for each, providing information on

their advantages and disadvantages, and discuss why they are of interest here.

Ellipsometry is a non-destructive method by which a �lm (or stack of �lms) are

analyzed through their interaction with light. In its most basic form, an ellipsometer

re�ects a beam of monochromatic light o� the surface of interest and measures the

change in the polarization state [95, 195]. In most modern ellipsometers the light

source is composed of multiple distinct-wavelength sources or a broad spectrum

source, allowing for a spectroscopic analysis which yields additional information

about the surface being analyzed. Additional data can be obtained by taking multiple

measurements at di�erent angles to the surface. A model is then constructed with

some number of adjustable parameters and �t to the collected data. Depending on

the model and how much data can be taken, values such as the optical coe�cients

or �lm thickness may be extracted [95]. This technique can be performed both

in-situ or ex-situ and measurements typically only take a few seconds, making it a

versatile technique for the rapid collection of �lm data. The largest drawback is that

�lms which are too absorbing cannot be analyzed, and the values extracted through

the model �t are only as good as the model. Having too many free parameters

or unknowns (such as the optical coe�cients of the �lm) can result in incorrect

thickness values. The �lms in this thesis, however, are well characterized and thus

the ellipsometric models are ideal for measuring their thickness.
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Atomic force microscopy (AFM) is also a non-destructive (typically) ex-situ tech-

nique which focuses on the morphology (or other characteristics) of surfaces. An

atomic force microscope is �tted with a small mm-scale cantilever, at the end of

which is a needle-like tip that is sharpened to the single-nanometer scale. In the typi-

cal �tapping� mode, this tip is scanned across the surface of interest via piezoelectric

actuators, brie�y lowering to touch the surface and then raising again. Its position

is monitored through a laser which is re�ected o� the backside of the cantilever. By

monitoring the position of the tip each time it contacts the surface, a 3D map of the

surface is constructed. This method can be used for a number of purposes, including

the measurement of devices too small to be accurately imaged via other techniques,

nanoparticle analysis, and roughness characterization [196]. Specialized types of

AFM can measure other quantities such as resistivity and magnetization [95]. Here,

we use it to measure surface roughness of etched and deposited materials.

X-ray photoelectron spectroscopy (XPS) is a non-destructive in-situ or ex-situ tech-

nique which is capable of determining the elemental composition of the surface

of a �lm [197]. While other techniques exist to perform similar analyses, such as

secondary ion mass spectrometry (which are also far more sensitive and capable of

detecting elements such as H and He), facilities to conduct these measurements are

not as readily available. In an XPS tool, a metal target is bombarded with electrons

causing energy transitions which emit x-rays. These rays are cleaned to a single

wavelength and focused onto the surface of interest. There, the rays have su�cient

energy to remove electrons from the atoms in the surface. By measuring the ki-

netic energy of these electrons compared to the energy of the incident x-rays, the

binding energy of the electrons is calculated. Each element has a unique �ngerprint

in terms of the electron binding energies in each electron shell, allowing for the

determination of the elemental species in the surface. Furthermore, the technique

is sensitive enough that minor changes in binding energy corresponding to speci�c

bonds (for instance, Ni-Ni vs Ni-O) are detectable, which is useful for identifying

the speci�c compounds in the sample surface. Although x-rays penetrate quite far

into the sample, the electrons which are emitted only escape from the uppermost

� 10 nm of material, making it a surface-sensitive technique. While XPS itself is

non-destructive, it may also be coupled with destructive ion milling to evaluate the

composition of a sample as a function of depth. Here, an XPS scan is initiated after

some amount of surface material is removed by an ion beam. This is typically called

depth-pro�ling XPS. Depth pro�ling can also be performed in a non-destructive

manner using specialized tools which take measurements of the emitted electrons
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at multiple angles. By using the di�erences in spectra and the fact that electrons

emitting from deeper in the material will be less likely to be picked up at angles

far from sample normal, a pro�le of the top � 10 nm can be reconstructed. We

use both surface and depth-pro�ling XPS to measure contamination from etch and

deposition processes.

These three techniques cover the essential thin �lm characterization needs in this

work. ellipsometry is a very useful technique for the measurement of etch and

deposition rates since the measurement of �lm thickness before and after processing

are straightforward without having to perform any patterning or post-processing to

create features measurable via other techniques like AFM. Furthermore, measure-

ments can be taken at multiple points on the �lm, reducing uncertainty. AFM is

useful for quantifying surface roughness, which is of interest as ALE is known to

cause smoothing. Furthermore, in chapter 4, understanding the surface morphology

of fabricated �lms reveals the mode of �lm growth and is critical for creating good

devices (typically, smoother is better). Finally, because ALE is a chemical process,

the possibility of contamination is present. XPS is useful to quantify the degree to

which the chemicals used remain on the surface after treatment, and to what depth.

In chapter 4 it is useful for a similar reason, except to measure contaminants coming

from non-process sources (e.g. oxygen or water outgassing from the chamber walls

or the deposition source).

3.2 Experimental details

All ALE processes were conducted in an Oxford FlexAL II system unless otherwise

stated. The process chamber was preconditioned by an Ar/O2/SF6 plasma clean

(120 sccm Ar, 40 sccm O2, 40 sccm SF6) for 6 minutes to remove contaminants

with volatile �uorides. This cleaning was followed by 300 cycles of Al2O3 ALD

per four hours of ALE to coat the chamber in a material with a nonvolatile �uoride.

Next, the ICP and chamber were conditioned to the ALE plasma by running a

2 minute Ar/H2/SF6 plasma (150 sccm Ar, 42 sccm H2, 8 sccm SF6). Lastly, 10

cycles of ALE were performed with an oxidized silicon carrier wafer in the chamber.

Samples were then inserted into the reactor for processing. Except where otherwise

speci�ed, the table temperature was 400� C, and plasma steps were operated with

an ICP power of 100 W at a pressure of 100 mTorr.

Our ALE process is motivated by ALE processes for SiO2 based on HF and TMA

exposures. However, HF vapor is both hazardous and incompatible with commercial
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ALD tools including the Oxford FlexAL. To address these issues, one recent work

utilized �uorine radicals produced from a plasma containing SF6 or NF3 [176].

However, �uorine radicals readily etch SiO2. Instead, we employed an Ar/H2/SF6

plasma to supply the necessary HF chemistry. The inclusion of H2 in the plasma

mixture results in the scavenging of �uorine radicals to form vibrationally excited

HF in situ [198�203]. The resulting HF(v) functions in the etching process similarly

to HF delivered from a vapor source while posing far less of a safety hazard and

engineering problem. Despite having been known for some time owing to chemical

laser research [198�200], this reaction has only recently been employed for both dry

etching [201�203] and ALE [107, 108, 186, 188, 189].

The ALE process was performed using the following sequence of steps. First, all

valves were closed except the automatic pressure control valve (APC), the chamber

was pumped down for 5 s, the APC valve was closed, and an initial TMA pulse of

610 ms was used to bring the chamber to � 200 � 10 mTorr. After 390 ms, another

10 ms TMA pulse was admitted to maintain the TMA pressure in the chamber, and

this boosting pulse was repeated every 2 seconds thereafter until the total TMA dose

time was 51 seconds. This dose and hold process was chosen because of the 250

mTorr maximum system pressure and to minimize usage of the precursor. The TMA

dose was followed by a 2 s purge step with Ar. The TMA purge was followed by a

plasma exposure of 42 sccm H2, 8 sccm SF6, and 150 sccm Ar (gases stabilized for

3 seconds before striking). The plasma dose time was 15 s. The Ar/H2/SF6 plasma

mixture is hereafter referred to as �in-situ HF". The plasma exposure was followed

by another 2 s purge to end the cycle. No change in etch rates was observed for

purge times ranging from 2-10 s, and 2 s was chosen to minimize the cycle time.

The overall process was terminated with a �nal TMA step.

Except where speci�ed, SiO2 thin �lm samples used for ALE experiments were

prepared by dry-oxidizing high-resistivity (¡ 20 k
cm) prime-grade (100) silicon

wafer (University Wafer) to a measured oxide thickness of 70�80 nm. Film thickness

was measured via ex-situ ellipsometry using a J.A. Woolam M-2000 spectroscopic

ellipsometer. Measurements were taken in a 3 �3 grid across the center 10 �10 mm

of a 13 � 13 mm sample. Each measurement was taken using a wavelength sweep

between 370 � 1000 nm, at 60°, 65°, and 70°, and using a dwell time of 2 s. No

focusing probes were used, resulting in a beam diameter of � 3 mm. The thickness

of SiO2 was determined using a �t to a �lm stack consisting of Si wafer, Si/SiO2

interface, and thermal SiO2 �lm, with all model data from Ref. [204]. Samples were
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oriented in the same position for each scan, and the uncertainty is taken as the sum

of the �t error as reported by the ellipsometer and two standard deviations of the

distribution of etch depths measured across the nine points.

Surface mapping was conducted using a Bruker Dimension Icon atomic force mi-

croscope (AFM) in PeakForce Tapping mode using a ScanAsyst-Air AFM probe.

Two types of scans were taken: 500 � 500 nm with a scan rate of 0.5 Hz and 256

samples per line, and 1000 � 20 nm with a scan rate of 0.1 Hz and 1024 samples

per line. Post-processing was performed on the 500 � 500 nm scans via the Bruker

Analysis �atten operation at �rst order, and the roughness parameters '@and ' 0

(de�ned as the root mean square and average deviations, respectively) were then

taken from the resulting surface map. The other scans were used for a surface noise

analysis described in Sec. 3.3.

XPS was performed using a Kratos Axis Ultra X-ray photoelectron spectrometer

and monochromatic Al KU source. XPS data was analyzed using CASA-XPS (Casa

Software Ltd.) with a U 2 Tougaard background. RSF values were taken from the

internal CASA library for Kratos tools.

3.3 Results

Native surface etching and wall e�ect

We �rst discuss the etching of the surface material on an SiO2 �lm. In non-oxide

materials, it is expected that the uppermost section of the surface, ranging from a

few angstrom to a few nanometers, will oxidize upon exposure to atmosphere and

form a native oxide. This layer will then etch di�erently than the bulk material

and is a factor that has to be accounted for without in-situ thickness monitoring.

Although SiO2 is, of course, already an oxide, it was discovered that the top few

angstroms etch more readily than the bulk material. This e�ect is shown in Fig. 3.3a,

in which we show the etch depth for the same process ran three consecutive times

on a single SiO2 �lm sample. In the �rst etch run, the rate was 1.1 Å /cycle. In

the two subsequent runs, the rate was 0.6 Å /cycle. This e�ect was observed for

every sample used and is an important factor to consider in experimental design.

To this end, most samples were pre-treated with ALE before they were used for an

experiment.

Another critical discovery was the importance of proper preconditioning for this

process. In some ALE works, the condition of the chamber walls has been a notable

contributor to the etch process [175, 205, 206]. Because the tool used was in a shared
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Figure 3.3: (A) Etch rates measured on the same sample using the same ALE recipe
for consecutive processes. The initial surface etches much faster than the bulk,
resulting in an increased etch rate for the �rst process. Afterwards, the etch rate
stabilizes. (B) Etch rates for the same ALE process measured on di�erent dates
using various preconditioning processes.

facility, the chemical condition of the chamber walls would vary as other users ran

ALD processes including but not limited to Al2O3, SiO2, HfO2, and NbN. We

show the e�ect of the chamber condition and preconditioning process in Fig. 3.3b.

On 8/25/23, preconditioning consisted only of alumina ALD. At this time this was

su�cient to neutralize any HfO2 coatings on the chamber walls, which was found to

be deleterious to the ALE process. On 8/30/23, preconditioning included alumina

ALD, plasma stabilization, and ten cycles of ALE. However, the tool had been used

recently for NbN deposition, and this preconditioning process was insu�cient to

remove or bury the coating on the chamber walls. Evidently, NbN is su�ciently

reactive with one or both ALE steps that it would form volatile compounds and

redeposit on the SiO2 �lm in su�cient quantities that Nb could be detected via XPS.

Although the �rst ALE process ran after preconditioning still showed a positive

but reduced etch rate, the next run showed a signi�cant amount of deposition. On

9/5/23, an O2/SF6 plasma was incorporated to help remove NbN �lms, but the recipe

did not have the plasma stabilization or ALE steps and still showed a reduced EPC.

On 9/19/23, the recipe was �nalized as detailed in Sec. 3.2, and the observed etch

rate was within the expected range.

It should be noted that under ideal conditions, the ICP discharge color of the in-situ
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Figure 3.4: Spontaneous etch rate of SiO2 when exposed to an Ar/H2/SF6 plasma
versus H2 �ow rate. Ar and SF6 �ow rates were held constant at 150 and 8 sccm,
respectively. At 30 sccm H2 and above spontaneous etching of SiO2 is practically
eliminated. The point at 42 sccm H2 is referred to throughout this work as �in-situ
HF�.

HF is brilliant red, but when the etch chemistry is altered by Nb compounds the

discharge was pink, more akin to the typical argon plasma. While techniques such

as optical emission spectroscopy were unavailable, this color change could indicate

that wall contamination results in the disruption of the HF-forming plasma reactions.

Even with a compatible chamber condition (such as an alumina coating), this color

shift is also present at the beginning of processing and is the reason for running the

2 minute Ar/H2/SF6 plasma and 10 cycles of ALE during preconditioning. These

steps allow the plasma chemistry to equilibrate with the wall coating, stabilizing

into its visually red state.

SF6:H2 �ow rate ratio and SiO 2 spontaneous etching

We next characterize the spontaneous etch rate of SiO2 versus the hydrogen �ow rate

into an Ar/SF6 plasma, to determine the H2 �ow rate which eliminates spontaneous

etching and thereby facilitates ALE. An Ar/H2/SF6 plasma has been used for ALE

of SiO2 previously, but the e�ect of the plasma exposure half-cycle was not reported

[186]. The spontaneous etch rate of SiO2 in Ar/SF6 was measured by exposing SiO2

samples to plasmas with varying H2 �ow rate. The Ar and SF6 �ow rates were 150

and 8 sccm, respectively. For these experiments, samples were pre-treated by a 2

min 150 sccm Ar, 35 sccm H2, 15 sccm SF6 plasma, followed by a 1 min 150 sccm
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Ar, 42 sccm H2, 8 sccm SF6 plasma to begin etching into the bulk and clean the

surface.

The measured etch rate versus H2 �ow rate is shown in Fig. 3.4. The data indicate

that for H2 �ow rates at or exceeding 30 sccm, corresponding to an H2:SF6 �ow rate

ratio � 4, the etch rate is negligible. This result is compatible with the �ndings of

Refs. [201, 202], which hypothesized that the addition of a su�cient quantity of H2

in an Ar/SF6 plasma yields vibrationally-excited HF, which does not spontaneously

etch SiO2. Recent ALE works using a similar chemistry also found a similar ratio

prevented spontaneous etching of TiN [107] and NbN [108]. The HF formed in situ

can then be used for ALE.

Synergistic etching and saturation curves

We next show the thickness change of SiO2 after repetitions of each half cycle (TMA

and in-situ HF) as well as the full ALE process in Fig. 3.5. Because samples were

not preconditioned, the �rst 20 cycles are omitted from the analysis to account for

the initial surface etching issue described previously. First, with only TMA half

cycle exposures, we observe an increase in �lm thickness of � 0•09 Å /cycle. This

increase could be attributed to the formation of alumina and aluminosilicates due to

TMA reacting with SiO2, and adsorbed aluminum species oxidizing during ex-situ

ellipsometry. With only in-situ HF exposures, we observe a negligible change in the

�lm thickness. With both half cycles, we observe a linear ('2 = 0•99997) decrease

in the �lm thickness with an etch rate of 0.53 Å /cycle. Because neither half cycle

results in etching, the recipe exhibits perfect synergy.

To ensure that each ALE half cycle is self-limiting, we measured the EPC versus

dose time and show the data in Fig. 3.6. When the TMA exposure time is varied

independent of the in-situ HF time (constant at 15 s), saturation occurs after � 80

s as shown in Fig. 3.6a. When the in-situ HF exposure time is varied while the

TMA time is kept constant (51 s), saturation is observed after � 8 s. In this latter

case, we also �nd deposition occurs when the dose time is zero, possibly due to the

formation of alumina and aluminosilicates. The fully saturated etch rate was found

to be � 0•58 Å per cycle.

EPC variation with temperature and pressure

Next, we present the dependence of EPC on table temperature in Fig. 3.7a. Temper-

ature was measured by a thermocouple integrated into the sample stage. Samples

were preconditioned with 10 cycles of ALE � 24 hours prior to usage. We observe
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Figure 3.5: Thickness change versus cycle number using only in-situ HF (red circles),
only TMA (green triangles), and both half-cycles together (gold squares) measured
using ex-situ ellipsometry. Dashed lines of the same color are linear �ts to the
points from 20 � 100 cycles. The per-cycle thickness changes for TMA only, in-situ
HF only, and both half-cycles are 0.09, 0.01, and -0.53 Å /cycle, respectively. This
indicates perfect synergy; while neither half step results in etching, taken together
etching is achieved.

that at 150� C deposition occurs, possibly due to the formation of AlF3 as was re-

ported in a previous ALE study of alumina [176]. At �200� C etching occurs, and

the EPC increases approximately linearly with increasing temperature.

We additionally show the dependence of EPC on TMA pressure in Fig. 3.7b. In

these experiments the TMA dose time was �xed at 51 s and the temperature at

400� C. The TMA pressure was varied by decreasing the TMA dose time below 610

ms such that the pulse brought the chamber to the desired pressure. Some variation

in the chamber pressure during the TMA hold was observed; this uncertainty is

indicated in Fig. 3.7b as a horizontal error bar. The e�ect of a shorter initial dose

time versus that of a lower pressure could not be distinguished. We observe a linear

trend between 50 and 200 mTorr. We note that it is expected that the etch rate

decreases to zero at zero pressure to be consistent with the �ndings in Figs. 3.5

and 3.6. The EPC does not plateau for pressures up to 200 mTorr, which suggests

that reactors capable of higher pressures could achieve either faster EPC saturation

or a larger EPC above 200 mTorr. We were unable to test higher pressures due to the

maximum system pressure of 250 mTorr. These �ndings di�er from prior HF/TMA
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Figure 3.6: (a) Etch per cycle versus TMA dose time with in-situ HF exposure time
�xed at 15 s. Self-limiting behavior is observed with the etch rate saturating after 80
s of exposure. (b) Etch per cycle versus in-situ HF dose time when the TMA dose
was �xed at 51 s. This step is also self-limiting with etch rate saturating after 8 s.

SiO2 ALE works as we observe signi�cant etching (¡ 0•2 Å/cycle) at pressures

below 800 mTorr [190, 191].

Post-ALE surface composition

We used surface XPS to characterize the composition of three di�erent samples:

untreated SiO2, ALE treated SiO2 (300 cycles of �rapid� ALE described below),

and ALE treated SiO2 with a post-process O2 plasma (5 min, 60 sccm O2, 400� C,

15 mTorr, 400 W ICP power). The post-processing step on the last sample was done

in an e�ort to replace surface �uorine species with oxides, decreasing F surface

contamination. The XPS spectra are shown in Fig. 3.8 and �lm compositions are

tabulated in Table 3.1. Spectra for the oxygen plasma-treated sample are qualitatively
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Figure 3.7: (a) Etch per cycle versus table temperature. At 150� C deposition
was observed, while at 200� C and higher etching was observed. Etch rates are
larger than reported in other �gures due to � 24 hours of sample exposure to
atmosphere between preconditioning and the experiment. (b) Etch per cycle versus
TMA pressure. Horizontal error represents the two-sigma deviation from the mean
pressure during the experiment.
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Figure 3.8: Surface XPS data for an untreated (upper plots) and ALE treated (lower
plots) SiO2 �lm. From left to right, peaks correspond to O 1s, Si 2p, C 1s, F 1s,
and Al 2p. Sulfur not shown as it was not detected. Experimental data shown as red
points, and blue lines represent the peak �t for single peaks. Where two sub-peaks
are present they are shown as green and yellow lines, with a black envelope.

similar to those of the ALE-treated sample and are therefore not shown. For the

untreated �lm, oxygen and silicon are detected at 2:1 as expected for SiO2. Some

carbon from adventitious sources is detected. Neither �uorine nor aluminum are

present above the detection limit (� 0•2%), and sulfur is not shown in any plots as

it was not found in any sample. Note that the silicon peak consists of two subpeaks;

the larger peak at �104 eV corresponds to SiO2, while the smaller peak at 102

eV could be attributed to surface contamination from either silicon (oxy)nitride or

organic bonds formed at the end of thermal oxidation [207].

After ALE, the O:Si ratio is unchanged at 2:1, and the overall quantity of these

elements decreases by 1.6%. The carbon concentration in the ALE-treated �lm is

the same as in the untreated �lm to within uncertainty. Fluorine and aluminum

are found to compose less than 2% of the sample surface. The Si sub-peak is not

observed, consistent with it originating from a surface contaminant. An oxygen

sub-peak appears at 531.5 eV, comprising 11% of the total peak area, which we

assign to aluminum species [207].

After oxygen plasma post-treatment, the surface is found to contain decreased con-

centrations of carbon and �uorine, with the �uorine concentration decreasing from

1•0 � 0•8% to 0•4 � 0•5%. No other contaminants were observed. To determine

whether this di�erence is statistically signi�cant, we performed a T-test, which takes
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Sample O (%) Si (%) C (%) F (%) Al (%)
Untreated 62•4�0•8 31•2�0•5 6•4 � 1•4 Ÿ 0•2 Ÿ 0•2

ALE 61•5�0•8 30•5�0•5 6•2 � 1•8 1•0 � 0•8 0•7 � 1•2
ALE and O2 plasma 62•6�0•7 30•8�0•6 5•3 � 1•7 0•40�0•5 0•96�1•1

Table 3.1: XPS surface composition of untreated SiO2, ALE treated, and ALE
treated with a post-process oxygen plasma step. Values derived from plots as shown
in Fig. 3.8. The estimated detection limit is 0•2%.

as input two sets of evaluations of a single variable and outputs the probability that

there is no statistically signi�cant di�erence (null hypothesis). We used as input the

peak areas from the 200 CasaXPS Monte Carlo data simulations from which the

original compositional uncertainties were derived. We �nd that the probability of

the null hypothesis is Ÿ 10�4 , indicating that the observed compositional change is

statistically signi�cant despite the overlap in uncertainties. The oxygen sub-peak is

still present in the same location at 13% of the area after plasma treatment.

Considering these observations, we �nd that the oxygen treatment is e�ective at de-

creasing the amount of �uorine while leaving the remainder of the �lm composition

unchanged. Similar ALE works using TMA and HF have reported approximately

8.5% F [191] and 4% Al (Refs. [190, 191]) after etching. After oxygen plasma

treatment, our process results in 89% less F and Al contamination compared to the

other works.

EPC dependence on SiO2 preparation method

We measured the EPC on four samples prepared by di�erent methods. It has

previously been established that oxides generally exhibit di�erent etch rates during

ALE depending on their crystallinity [208, 209], and although SiO2 is typically used

in amorphous form, di�erent preparation methods may produce di�erent amorphous

structures, compositions, and density. Our �rst sample was thermally oxidized as

described in Sec. 3.2 although with water vapor instead of oxygen. The second

sample was made using ALD with BDEAS and O2 plasma at 200� C on the Oxford

FlexAL. The third sample was made using PECVD with silane and N2O at 200� C

in an Oxford Instruments Plasma Technology Plasmalab System 100. The fourth

sample was fabricated via sputtering at ambient temperature using an SiO2 target

on an AJA Orion ATC 1800 system. The samples were pretreated with 20 cycles of

ALE before measurements.

The EPC for each of our four �lms is shown in Fig. 3.9. We observe that thermally
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Figure 3.9: ALE etch per cycle for SiO2 �lms prepared by di�erent methods: wet
oxidized (0.52 Å/cycle), ALD (0.78 Å/cycle), PECVD (1.5 Å/cycle), and sputtering
(2.4 Å/cycle).

wet-oxidized SiO2 etches the slowest at 0•52 � 0•01 Å/cycle, the same rate for

dry-oxidized �lms. ALD SiO2 has a comparable etch rate of 0•78 � 0•01 Å/cycle.

PECVD SiO2 exhibits a larger etch rate of 1•52 � 0•15 Å/cycle, and sputtered SiO2

has the largest etch rate of 2•38 � 0•56 Å/cycle.

A possible explanation for the observed trend is that ALE etch rates are inversely

correlated to �lm density (with lower density �lms having higher atomic di�usion

coe�cients), which is in turn a�ected by the �lm preparation method. It is known

that PECVD [210] and sputtered [211] SiO2 densities vary based on process condi-

tions and may be less than those of ALD [212] and thermal �lms. Because thin-�lm

density is di�cult to determine directly, we measured the index of refraction (=)

of our samples as an indirect measure of density [213, 212], assuming that = is a

function of density only. However, no correlation between = and the etch rate was

found. Therefore, we are unable to draw a conclusion as to the cause of the varying

etch rates. In addition to density, the �lms may also di�er in composition through

impurity content (hydrogen [210, 212] or other decomposition byproducts of silane

and BDEAS), the amorphous structure formed by each preparation process, and

roughness, all of which could a�ect the etch rate. Due to the di�culty in fabricating

samples with systematically varied properties, we are unable to draw conclusions as

to which factors are in�uencing the etch rate of each sample.
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Surface roughness

We �nally examine the change in surface roughness induced by ALE. Most of the

SiO2 samples previously fabricated had a surface roughness of approximately 0.3

nm or less. We applied the process to these samples but did not detect any roughness

change within the AFM resolution of 0.2 nm. Therefore, it was necessary to fabricate

a rougher starting surface to observe any changes in roughness. We fabricated these

rough SiO2 �lms by Si wet-oxidization to a thickness of 227 � 1•2 nm followed by

reactive ion etching (a 315 second plasma exposure using 40 sccm SF6 and 150

sccm Ar at 50 W RF table bias) to a thickness of 30•6 � 3•9 nm. The AFM scan

of this roughened �lm is given in Fig. 3.10a. The surface is an order of magnitude

rougher than a pristine SiO2 surface ('@= 3•49 nm versus '@® 0•30 nm).

The roughened sample was then treated with 300 cycles of a version of the ALE

recipe optimized to minimize the overall process time, which we refer to as �rapid�

ALE. This process had the following parameters: 450� C table temperature, 8 s of

in-situ HF, 15 s of TMA, 750 ms purge times, 2 s pump and gas stabilization times,

and 0.5 s for the APC valve to close before TMA dosing. The ICP was left open to

minimize particulates generated by the gate valve. This rapid version of the ALE

process has a total cycle time of 29 seconds. After 300 cycles, the SiO2 thickness

was 18•2 � 3•7 nm, corresponding to an etch depth of 12•4 � 0•3 nm and EPC of

0•41 � 0•01 Å/cycle. The post-ALE AFM scan is shown in Fig. 3.10b. The surface

is visibly smoother, with a 62% decrease in roughness to '@= 1•33 nm. Therefore,

the isotropic ALE of SiO2 using the recipe reported here was found to exhibit a

surface smoothing e�ect. We note that this smoothing e�ect is expected to depend

on the initial surface topology, a topic which will investigated in a future study. The

post-treatment oxygen plasma was not found to roughen the surface, indicating that

it can be used additionally to reduce surface contamination.

To be applied to optical devices, it must also be determined whether the smoothing

e�ect occurs for feature sizes relevant to optical scattering. In SiO2 resonators,

the relevant optical wavelengths are generally much larger than the characteristic

dimensions of surface features, resulting in a f�2 � �1 dependence of the roughness-

limited & (Ref. [214]), where f is the root mean square roughness of surface and �

is the correlation length of surface features. Therefore, scattering is not only related

to the height and quantity of surface features, but also their width, where long period

features scatter more strongly than short period ones.

To determine the degree of smoothing across various feature widths, we calculated
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