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Abstract

Resistive Switching of Amorphous Non-Stoichiometric Gallium Oxide Thin Films

Amorphous, non-stoichiometric gallium oxide (a-GaOy, x < 1.5) is a promising material for re-
sistive switching memory and logic, especially for neuromorphic computing. However, despite
considerable research efforts in recent years, its resistive switching mechanism is still far from un-
derstood. A wide range of different switching patterns has been reported, without consensus in the
interpretations. This work aims at a deeper understanding of the resistive switching processes in

a-GaOy, by focusing on the electron transport and the ways it can be influenced by ion migration.

The resistive switching measurements not only confirm counter-8, figure-8 and abnormal bipolar
resistive switching, but also unveil new links between these switching patterns. The surface oxi-
dation of a-GaOy, which is quantified for the first time, and the voltage amplitude seem to play a
decisive role. The highlight of this work is the discovery of variable-range hopping (VRH) as the
dominating electron transport mechanism in a-GaOy at room temperature. This has never been
reported before, as all previous works explicitly or implicitly assumed band conduction. The mea-
sured conductivity closely follows the exponential T~"/4-dependency of Mott’s law for VRH. The
presence of localized electronic states near the Fermi level is confirmed by photoemission spec-
troscopy and density functional theory. The electron hopping between the localized states is sim-
ulated with the kinetic Monte Carlo (KMC) method, in what are likely the first VRH simulations
with an ab-initio density of states of an amorphous material. It is demonstrated that the KMC-
VRH model can reproduce the conductivity measurements quantitatively. Experiment and simu-
lation also agree that the conductivity decreases non-linearly with increasing O/Ga ratio. At high
electric field strength, the simulations yield an elevated electron temperature and an exponential
increase of the conductivity, in accordance with VRH theory and with notable resemblance to the
resistive switching curves. Finally, the consequences of VRH on the device scale, particularly for
metal|a-GaO, Schottky barriers, are investigated by finite element modeling. The device simula-
tions reveal low-conductive regions near both interfaces, which typically dominate the total resis-
tance. The electric field dependence of the VRH conductivity in these regions leads to symmetric,
S-shaped current-voltage curves that are comparable to the experiments. Resistive switching thus
occurs most likely via changes of the O/Ga ratio in these regions. Based on this conclusion, a new

unified switching mechanism is devised that would explain the various experimental observations.



Abstract

Resistives Schalten von Amorphen Nicht-Stochiometrischen Galliumoxid-Diinnschichten

Amorphes, nicht-stdchiometrisches Galliumoxid (a-GaOy, x < 1.5) ist ein vielversprechendes Ma-
terial fiir resistiv schaltende Speicher- und Logikelemente, insbesondere im Bereich neuromorpher
Computerschaltkreise. Trotz erheblicher Forschungsbemiihungen in den letzten Jahren ist der Me-
chanismus des resistiven Schaltens von a-GaOy bisher nicht geklart. In der zugehdrigen Literatur ist
ein breites Spektrum unterschiedlichen Schaltverhaltens dokumentiert, zusammen mit vielen ver-
schiedenen Interpretationen. Das Ziel dieser Arbeit ist ein tieferes Verstdndnis der Schaltprozesse
in a-GaOy, indem primir die Elektronenleitung und ihre potentielle Beeinflussung durch Ionen-

migration untersucht wird.

Die durchgefiihrten Messungen zum resistiven Schalten zeigen nicht nur alle drei bekannten bipo-
laren Schaltmuster (“counter-8”, “figure-8” und “abnormal”), sondern auch deren Beziehung unter-
einander. Die erstmals quantifizierte Oberflaichenoxidation von a-GaO, und die maximal angelegte
Spannung scheinen eine entscheidende Rolle zu spielen. Das Highlight dieser Arbeit ist die Ent-
deckung, dass “Variable-Range Hopping” (VRH) der vorherrschende Elektronenleitungsmecha-
nismus in a-GaO, bei Raumtemperatur ist. Zuvor wurde ubiquitdr angenommen, dass wie iiblich
Bandleitung dominieren wiirde. Die gemessenen Leitfahigkeiten folgen genau der exponentiellen
T-Y/4_Abhingigkeit, die nach dem Mott'schen Gesetz fiir VRH erwartet wird. Die lokalisierten Elek-
tronenzustinde nahe des Fermi-Niveaus, zwischen denen die Ubergiinge bei VRH stattfinden, wer-
den durch Photoemissionsspektroskopie und Dichtefunktionaltheorie-Rechnungen nachgewiesen.
Letztere bilden die Basis fiir Kinetik-Monte-Carlo-Simulationen, welche die Leitfdhigkeitsmessun-
gen quantitativ reproduzieren. Dies sind sehr wahrscheinlich die ersten VRH-Simulationen mit ei-
ner ab-initio Zustandsdichte eines amorphen Materials. Sie ergeben in Ubereinstimmung mit den
Experimenten eine nicht-lineare Verringerung der Leitfahigkeit bei steigendem O/Ga-Verhiltnis x.
Hohe elektrische Feldstiarken fithren zu einer stark erhohten Elektronentemperatur und zu einem
exponentiellen Anstieg der Leitfdhigkeit, welcher zur Kriimmung der gemessenen Schaltkurven
passt. Die Konsequenzen des VRH-Transports auf der Ebene der Schaltelemente, insbesondere fiir
die Schottky-Barrieren an den Grenzflachen, werden schlieflich durch Finite-Elemente-Modellie-
rung untersucht. Es zeigt sich, dass der Gesamtwiderstand typischerweise von schmalen Bereichen
nahe der Metall|a-GaO,-Grenzflichen dominiert wird. Die Verdnderung der VRH-Leitfihigkeit in
diesen Bereichen in Abhéngigkeit von der lokalen elektrischen Feldstarke fithrt zu symmetrischen,
S-formigen Strom-Spannungs-Kurven, die denen im Experiment dhneln. Das resistive Schalten
erfolgt daher wahrscheinlich durch Veranderungen des O/Ga-Verhdltnisses in diesen Regionen.
Ausgehend von dieser Schlussfolgerung wird ein neuer Mechanismus fiir das resistive Schalten von

a-GaOy vorgeschlagen, der die vielfiltigen experimentellen Beobachtungen erkldren wiirde.
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Introduction

The digital evolution of humankind in the information age is tightly coupled to the improvement of
data storage and processing. The current advent of artificial intelligence (AI), based on enormous
amounts of training data, is just one example. Symbolic for the rapid development of computation
hardware are Kryder’s law, describing the exponential growth of storage capacity by about 40% each
year,[1] and Moore’s law, which states that the transistor density in integrated circuits approximately
doubles every two years.[2] In recent years however, the technological progress struggled to meet
these predictions, as the down-scaling of field-effect transistors is approaching its physical limits. 3,
4] Another challenge is the increasing disparity between computation and memory speed. Data
transfer bandwidth (“von Neumann bottleneck”) and read/write access times (“memory wall”) are
becoming a limiting factor, due to the separation of data storage and processing that is inherent to
the von Neumann architecture.[5] Several transistor alternatives are under development in order to
overcome these limitations, and resistive random-access memory (RRAM) is one of the promising

candidates.

RRAM is based on resistive switching (RS), i.e., the non-volatile, reversible modification of a mate-
rial’s resistance through an applied voltage. The individual memory cells are two-terminal, capacitor-
like devices with an RS-capable material sandwiched between two electrode layers. Ion migration,
driven by the electric field between the electrodes, causes local compositional changes in the mate-
rial and thereby alters the overall device resistance (“write” operation). Depending on where these

internal processes occur, a distinction is typically made between

« Filamentary switching: A more conductive phase in form of a filament grows in the RS material,
decreasing the resistance when it short-circuits the electrodes and increasing the resistance when

it ruptures.

« Interface switching: A Schottky barrier at one of the interfaces between RS material and elec-
trodes dominates the device resistance, which varies when the local composition at the interface

changes.

« Bulk switching: The device resistance depends on the bulk conductivity in the entire cross-
section of the RS material, no just in a filamentary region, and varies when the local stoichiom-

etry changes throughout the material.
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The resulting resistance variations can be abrupt, such that the device switches between two distinct
resistance states (digital RS), or gradual, allowing the device to switch to any resistance in a certain
range (analog RS). Without an applied voltage, the reached state of the device is conserved. At suffi-
ciently low voltages, the resistance state can be probed without altering it (“read” operation). Digital
RS devices that switch between a high resistive state (HRS) and a low resistive state (LRS) are ideal
for conventional computer logic and memory. Their rather simple, two-terminal structure allows
for a higher device density than the common three-terminal transistors, e.g., in the form of stacked
crossbar arrays.[6] High switching speeds in the range of nanoseconds and low power consump-
tion in the range of picojoules per read/write operation make them suitable both for data storage
and for data processing, even in combination to avoid the von Neumann bottleneck by in-memory
computation.[5, 6] Analog RS devices that switch gradually can serve as artificial synapses in neu-
romorphic computing, as their ability to adjust on a continuous scale, based on an incoming signal,
mimics the synaptic plasticity of biological neurons.[7] Together with the other aforementioned
advantages, this in-memory learning ability makes analog RRAM suitable for hardware-based AI
that is more efficient than the current Al software running on digital systems. The high potential
of RRAM and the successive accumulation of promising results have led to tremendous research
efforts in the field of resistive switching in recent years.[5-8] In this time, digital RRAM has reached
a quite mature stage, with first commercial prototypes produced by the semiconductor industry.[6]
Still, several issues must be solved in order to compete for example with state-of-the-art flash mem-
ory. Apart from architectural challenges in scaling and stacking of the crossbar arrays, especially
the cell-to-cell and cycle-to-cycle variability of the memory cells is problematic.[6, 8] This is even
more so for analog RRAM that relies on the reproducibility of a whole range of resistance states.
The non-linearity and asymmetry of the switching response, too short retention times and complex
control circuits are further exemplary reasons, why RRAM-based Al is still in its infancy.[7] Even
at this stage, remarkable pattern-recognition results have already been obtained with rather small
analog RRAM chips.[7] Given that in most cases the underlying atomistic processes during resistive
switching are still insufficiently understood, it is the investigation of RS mechanisms - like in this

work - that paves the route for RRAM optimization.

The inspiration for this work has been the observation of resistive switching in amorphous, non-
stoichiometric gallium oxide thin films (a-GaOy, x < 1.5).[9, 10] This material raised special at-
tention because of the severe oxygen-deficiency of about one third (x ~ 1.1), because the proposed
bulk switching mechanism differed from the established filament- or interface-based RS,[10] and
because crystalline B-Ga,O; was already a prominent research topic, e.g., for power electronic de-
vices and solar-blind photodetectors, due to its ultra-wide band gap of about 4.9 eV.[11-16] The use
of $-Ga,0; in high-temperature oxygen and hydrogen sensors underlined the sensitive relation be-
tween stoichiometry and conductivity in gallium oxide.[11] In the following years, promising results
for a-GaO,-based memory cells [17-20] and neuromorphic computing devices [21-23] have been
reported, but the underlying switching mechanism(s) remained controversial. A large variety of
switching patterns has been observed, e.g., both digital RS [18, 24, 25] and analog RS [9, 10, 26], and



all major RS mechanisms have been attributed to a-GaO, by now: filamentary switching 18, 24, 25],
interface switching [9, 26-28] and bulk switching.[10, 29, 30] It stands out that in these explanatory
approaches a-GaOy is mostly treated like a crystalline n-type semiconductor doped with oxygen
vacancies, even though amorphous solids typically have unique properties that differ from their
crystalline counterparts. For instance, point defects are not well-defined in an amorphous solid,
which makes the picture of self-doping by oxygen vacancies merely an illustrative description for
local non-stoichiometry. It is also well-known that amorphicity leads to localized electronic states
in the band gap that may affect the electron transport.[31] The common analogy between a-GaO,
and the well-understood n-type semiconductors originates from the assumption that electrons in
a-GaO, move by mobility edge conduction (MEC), i.e., band transport via extended electronic
states above the so-called conduction band mobility edge, which separates localized from extended
states. The localized electronic states below this mobility edge have been essentially ignored in the
models. So far, no one considered variable-range hopping (VRH), i.e., electron conduction via
phonon-assisted tunneling between localized states, in amorphous gallium oxide. Clarification of
the electron transport mechanism is however mandatory in order to understand how local changes

in stoichiometry may affect it and lead to resistive switching.

It is the aim of this work to investigate the RS mechanism of a-GaO,. The sample setup thereby
follows essentially the original work that proposed bulk switching: a-GaO, prepared by pulsed
laser deposition (PLD) in Ar atmosphere at room temperature, sandwiched between an indium
tin oxide (ITO) bottom electrode (BE) and a platinum top electrode (TE).[10] In order to gather
mechanistic clues, the switching behavior of these Ptla-GaO,|ITO devices — and modified vari-
ants thereof - is characterized by I-V measurements. They lead to a central question of this work:
How is the electric field distributed inside the devices? Since the local electric field is the driving
force for ion migration, it is its spatial and temporal development that controls the RS process. The
question is approached through the investigation of the electron conduction in a-GaOy. In a given
resistance state, the electrons are responsible for the majority of the measured current (otherwise
the RS could not be non-volatile), such that according to the current continuity equation the lo-
cal variations of the electron conductivity throughout the device essentially determine the electric
field. Consequently, the bulk conductivity of a-GaOy, in relation to temperature and stoichiome-
try, is measured with the van-der-Pauw technique. In combination with further assessment of the
localized electronic states, mainly through density functional theory (DFT) and hard X-ray photo-
electron spectroscopy (HAXPES), it becomes evident that the dominant conduction mechanism is
most probably variable-range hopping. This is confirmed further by kinetic Monte-Carlo (KMC)
simulations of the VRH mechanism. The resulting KMC data is then used as a basis for simulat-
ing the internal electric field and the I-V curve of as-prepared Pt|a-GaO, (|ITO devices with the
finite element method (FEM). Alongside this electron-focused approach, also the bulk and sur-
face oxygen-deficiency of the a-GaO, samples is investigated through electron probe microanalysis
(EPMA), electron energy loss spectroscopy (EELS) and HAXPES.






Fundamentals

2.1 Irreversible Thermodynamics of Electron Conduction

Electron transport can be described in several different ways. Probably the most coarse depiction

of conductive behavior is Ohm’s law

that relates the current I to the voltage V applied to a two-terminal device. The resistance R — name-
sake for the resistive switching effect — characterizes the device like a black box where all intricacies
of charge transport are hidden.! Ohm’ law is even indifferent to the nature of the charge carriers,
but it is known that in a-GaO, the electrons are the majority charge carriers, while migration of
oxygen or gallium ions may influence the electron transport but is negligible for a measured cur-
rent.[10, 32, 33] The high level of abstraction provided by Ohm’s law and likewise relations is for
example useful for the analysis of extended electronic circuits. The other extreme is quantum me-
chanics. Therein, individual electrons are described as wave packets that occupy distinct quantum
states with discrete energy levels. The temporal evolution of the wave functions and the transition
probabilities between the electronic states govern the motion of the electrons on the atomic scale.
Section 2.1.1 will introduce this quantum theory of electrons in more detail, also as a basis for the

conduction mechanisms discussed later in sections 2.2.2 and 2.2.3.

For the treatment of macroscopic electron fluxes in a material, however, the framework of non-
equilibrium thermodynamics is ideal, as it is situated in between the two aforementioned vari-
ants.[34] It describes the electrons as an ensemble with average properties that govern the behavior.
In order to focus on the electrons, primarily the case of a homogeneous material with spatially and
timely constant atomic composition shall be discussed.”> Consider a point-like region within the

material as a thermodynamic system. The local temperature T is a measure for the average kinetic

"The treatment here shall be limited to slowly varying voltages for the sake of brevity. Otherwise, the time-dependent
I-V response would need to be described by the impedance.

*Homogeneity with regard to the ions is not a requirement for the theory presented here, but it is helpful for a concise
notation. It is imposed already at this point, since in this work the equations will only be used under such conditions
and since it will be a prerequisite for the later definition of the effective charge carrier density anyway.
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energy of the electrons in such system. When T differs nearby, i.e., when there is a temperature gra-
dient VT, the electrons tend to diffuse either towards higher or lower T, depending on the material,’
which is called thermoelectric effect. Another average property is the local chemical potential y of
the electrons, which describes how the Gibbs free energy G of such system would change with the

number of electrons N when there would be no electric field:[34]

dGint = Vdp-SdT+udN = u= (aGint) (2.2)
ON Jr p
Here, Gip is the Gibbs free energy without contributions from a macroscopic electric field, V is the
volume, p is the pressure, S is the entropy and T is the temperature. It is thermodynamically favor-
able when electrons redistribute from regions with high y to those with low y, since this reduces
Gint of the material as a whole. The result is a diffusion flux in the direction of -~V . In an electric
field F = -~V ¢, where ¢ is the electric potential, the electrons with charge g = —e also possess an
electric potential energy q¢ relative to a reference (e.g., electrical ground). The so-called drift flux
of electrons in the direction of V¢ is beneficial as it reduces g¢. The sum of chemical potential and
electric potential energy is the electrochemical potential ji = y — e¢ of the electrons. It describes

how G of the system changes with N when the electric field is taken into account:
- e
dG = dGimi - epdN = Vdp - SdT + idN = y:(—) (23)

In combination, it is the redistribution of electrons in the direction of —V i that is thermodynami-
cally favorable. From the 1 and 2™ law of thermodynamics essentially follows for the total macro-
scopic electron flux J. (34, 37, 38]

. 1 1
Joe = —Lee [TV (%) - eV(p] — LeQ?VT = —Lee [V{«l - %VT - eV(p] — LeQ?VT
- 1 . L vT
= —Le Vi + Lee%VT - LEQ?VT = —LeeVii — Lee [—Le:j - y] I (2.4)

where Lee and Leq are the Onsager coefficients.? L., essentially corresponds to the conductivity o

of the electrons according to [37]
o
Lee=— (2.5)

while the thermoelectric term can be expressed in simpler form with the electrons’ Seebeck coefhi-
cient [35, 39]

1 [Leq ]
Se=—— - 2.6
eT [ Lee # (26)

3According to the Sommerfeld-Bethe relation, the direction of the thermoelectric effect depends on which of the elec-
tronic states around the Fermi level contribute most to the conductivity.[35, 36]

*Further terms with Onsager cross-coefficients that link the electron flux to the flux of ions are omitted here, because
the discussion was limited to a material without ion migration. In a-GaOy, these terms should not be relevant anyway,
since the ions can be expected to migrate on a significantly slower timescale than the electrons.[10, 33]
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The result is the fundamental macroscopic flux equation for electrons as the sum of the diffusion
driven by Vy, the drift due to V¢ and the thermoelectric effect through VT

- o_. 0 o o o
Je==—=Vi+—=8VT=-=Vu+—-Vo+—SVT (2.7)
e e e e e

Note that the flux of ions with charge g; in a solid is governed by the analog equation

7 Oi . 0Oi i Oi Oi
Ji=——L Vi — =8 VT = ——Vu; - —Vo— —S;VT (2.8)
i 2 Ui 4 i qz Ui a P a i

1 1

where the ionic conductivity o;, the electrochemical potential ji; = y; + g;¢ and the Seebeck coeffi-
cient S; refer to the respective ionic species. In comparison to Ohm’s law (eq. 2.1), the definition of
Je in eq. 2.7 offers more insight into the driving forces of electron flux, yet it is still general enough
to serve as the basis for the later KMC and FEM simulations. In a-GaOy,, the thermoelectric term
most likely can be neglected, since the Seebeck coefficient S, is in the order of uV/K while V¢
may even reach MV /cm in thin film devices ([40]: Se = —(1.9 + 0.4) uV/K for a-GaO, 4 at room
temperature). Large VT are not expected either, because - as will be discussed later — a-GaOy is
typically well conductive, which suggests a high thermal conductivity and a low impact of Joule

heating. Henceforth, just isothermal electron transport shall be considered (VT = 0).

While electric field and temperature are intuitive quantities, the chemical potential is a rather ab-
stract driving force that shall be examined further. Essentially, 4 is a measure for the local electron
density n. More precisely, it is the non-electric potential energy inherent to the presence of a certain
amount of electrons. In thermodynamics, ¢ and # are linked by the activity coefficient y according
to [37]

p=po+kgTln (yni) (2.9)
0

where p is the reference chemical potential belonging to the reference electron density ny. The
density of core electrons is constant in the absence of ion transport, such that # shall refer to the
valence electrons only. In general, electrons are neither ideal (y # 1), nor is y a constant. In the here
regarded homogeneous and isothermal material, y just varies with # or u. This allows to transform

the Vp-term of eq. 2.7 into FicK’s first law of diffusion with V# as driving force:

n kgT kBT[ oy ] kgT n oy
=kpTVl1 — | =— = —— — =— |1+ —-—=— 2.10
Vu=kgTV n(yno) o= V(yn) - yVn+nanVn - + > 3n vn (2.10)
T
= Vu= kB—dDVn with ®=1+ Eﬂ (2.11)
n y on
> o o o i o kgT
= Je=—-—=Vu+—-Ve=-DVn+—-Ve with D=——0 (2.12)
e2 e e ez n

Here, @ is the thermodynamic factor and D is the Fickian diffusion coefficient of the electrons. In

summary, the electrons flow towards regions with lower electron density and against the direction
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of the electric field (¢ > 0 and D > 0 always). Again, analog expressions describe ion transport,
with the consequence that both gallium and oxygen ions in a-GaO, would diffuse towards where
their concentration is low. Simultaneously, the positively charged gallium ions would flow in the di-
rection of F = -V ¢, while the negatively charged oxygen ions would move antiparallel to F like the
electrons. The extent of these gallium and oxygen fluxes of course depends on the respective ionic
conductivities (cf. sec. 2.3.4). Regarding the interplay of electron and ion transport, it was already
mentioned that ionic fluxes would mainly affect the electrons by altering their local stoichiometry-
dependent conductivity o. For resistive switching, however, it is also important how the electrons

affect the flux of ions through their mutual driving force, the electric field.

An electric field is always present when there are uncompensated positive or negative charges, as

described by the Poisson equation [41]

v2p=-VF = - (2.13)
€0€r

Here, € is the vacuum permittivity, €, is the material’s relative permittivity and p is the charge den-
sity, i.e., the sum of positive charges (e.g., gallium ions) and negative charges (e.g., electrons and
oxygen ions). According to the Poisson equation, the variation of the electric field F throughout
the material depends on how electrons and ions are distributed. Consider for example the homoge-
neous, isothermal material regarded so far. When the valence electrons would be evenly distributed
as well, the material would be charge neutral everywhere (p = 0), resulting in a constant electric
field throughout the material (VF = 0 according to eq. 2.13). The actual strength F = |F| of this
electric field depends on the applied voltage V. In general, V' corresponds to the difference of the
electrons’ electrochemical potential ji between the contacts.” However, when not only the material
composition but also # is equal at the contacts, then y is equal there as well (cf. eq. 2.9). In this
case, V is just the difference of ¢ between the contacts and F is the voltage divided by the distance
between the contacts. This idealized situation is not persistent of course, due to the ensuing move-
ment of electrons and ions. On the one hand, the electric field acts upon the electrons and ions.
On the other hand, electrons might diffuse from the regarded material into the electrodes, because
p is typically lower in metals (cf. sec. 2.2.4 about Schottky barriers). The drift fluxes due to the
electric field cause gradients of the electron density and the ion concentrations, leading to diffusion
fluxes that work against the drift fluxes (egs. 2.7 and 2.8). In turn, the diffusion fluxes due to chem-
ical potential gradients cause charge imbalances, i.e., counter-acting variations of the electric field
(eq. 2.13). Since the electrons typically move much faster than the ions, a balance between electron
drift and electron diffusion is reached on timescales on which the ions are practically static. For each
momentary, quasi-static ion distribution, the redistribution of electrons adapts both y and p — and

thereby the electric field according to the Poisson equation - until a spatially constant steady-state

>Primarily, an applied voltage V is the difference of ¢ between the outlets of the voltage source. Since these are made
from the same metal, i.e., y is equal, V is also the difference of j between the outlets. When the cabling to the sample
is isothermal and has negligible resistance, then ji virtually does not change from each outlet to the respective contact
point/electrode on the sample (cf. eq. 2.7). Therefore, V corresponds to the difference of ji between the contacts.



Irreversible Thermodynamics of Electron Conduction | 2.1

electron flux is established according to the continuity equation [41]

a—n——vf—o = v[zv]—v[i(v —eV )]—0 (2.14)
ot ¢ e? “l= e? “ 9= '

The difference of /i across the material thereby equals the applied voltage V. The electrons redis-
tribute under this constraint until 0V j is constant throughout the material. The resulting electric
field is still controlled by the voltage, although not in the trivial way mentioned before. As soon
as p # 0 somewhere within the material, the electric field is no longer constant (eq. 2.13) and F
does not equal V divided by the distance of the contacts anymore. Instead, V influences F = V¢
indirectly, since it defines i = y — e¢ at the contacts. Together with any variation of y that may
results from the redistribution of electrons (or ions), the applied voltage therefore enforces certain
¢ at the contacts. In this way, V affects the varying electric potential ¢ (and hence also the electric

field) that establishes within the material according to the Poisson equation (eq. 2.13).

According to eq. 2.14, the steady-state electron distribution depends on the local conductivity o
of the electrons throughout the material. The electrochemical potential gradient of the electrons
becomes large everywhere where o is low. As will be described in sec. 2.3 in more detail, in a-GaO,
the conductivity depends on the local stoichiometry x, i.e., on eventual fluxes of oxygen or gallium
ions. Typically, o is higher the lower x, but the actual relation between ¢ and x depends on the
electron conduction mechanism on the atomic scale (cf. sec. 2.2). Additionally, the conductivity o
generally varies also with » (and p), in a way that is determined by the conduction mechanism as
well. In both ways, the electron conduction mechanism impacts the steady-state electron distribu-
tion and the steady-state flux J.. Even in the model case with homogeneous material composition,
o may not be constant as soon as n (or y) varies spatially. This for example happens when Schottky
barriers form in the vicinity of a-GaO,|metal interfaces (sec. 2.2.4). In this work, the electron con-
duction mechanism will be investigated, followed by KMC simulations that elucidate the relation
of o to p and x, and FEM calculations that yield the steady-state electron distributions by coupling
the Poisson equation (eq. 2.13) with the continuity equation (eq. 2.14).

From the perspective of the ions, the electrons instantaneously adapt to any changes of the ions’ dis-
tribution and the electric field that results from the steady-state electron distribution is the driving
force for the further movement of the ions. Thereby, the local electron conductivity o influences
where within the material the electric field becomes strong enough to cause significant ion redis-
tribution, which in turn changes the local o. This feedback loop is the general principle behind
resistive switching and the three major RS mechanisms - filamentary, interface or bulk switching —
basically differ in where it takes place, as indicated by their names. They will be described in more
detail in sec. 2.4. From outside, the interplay of electrons and ions is observed as a timely vary-
ing measured current I, which essentially corresponds to the momentary steady-state electron flux
when the electrons are the majority charge carriers. More precisely, I equals the current density
j ~ —eJ, integrated over the contact area. Therefore, the resistive switching effect can be observed

as a hysteresis in the I-V response of the material.



Chapter 2 | Fundamentals

10

2.1.1 Effective Charge Carrier Density

So far, the treatment of electron transport followed the conventional description of particle fluxes
in non-equilibrium thermodynamics.[34] The analog equations for ion migration are part of every
textbook about solid-state diffusion.[37, 38] Even on the macroscopic scale, there is however a dif-
ference between electron and ion conduction.® It is common to consider all ions of a mobile species
(e.g., all ions from a certain element or all ions in a certain sub-lattice) as charge carriers for the re-
spective ionic flux.[37] This is not the case for electrons, where according to quantum mechanics
only a certain fraction of n, which is called effective charge carrier density n.g, contributes to the
macroscopic flux.[42, 43] In the following, the reasons for this will be explained alongside a con-
densed introduction to the quantum mechanical description of electrons in solids. The subsequent

combination with the irreversible thermodynamics discussed before will lead to the definition of

Neff.

As mentioned before, on the quantum scale the electrons occupy electronic states that are described
by complex wave functions y. These wave functions are solutions to the Schrédinger equation
of the regarded quantum system, or more precisely, they are part of the many-body wave func-
tion that describes how the system of atoms and electrons evolves with time as a whole.” Therein,
each single-electron wave function y represents a quantum state that an individual electron may
adopt.® In other words, the electron “is” a particle wave y that spreads over a certain region of space.
Consequently, ¥ contains all information about the electron. For example, the probability density
of observing the electron at a precise point in space (and time) is given by the squared modulus
|y2. The energy of the electron is E = (y|h|y) (bra-ket notation), where h is the single-electron
Hamiltonian that includes the electron’s interactions with other electrons, the cores of the atoms
and external fields. A wave function may describe either a stationary state, which means that |y/|*
does not vary with time, or a non-stationary state. The wave functions of stationary states are the
eigenfunctions of 1, with eigenvalue E according to the time-independent form of the Schrédinger
equation A|y) = E|y).[44] Since [y|?> does not evolve with time, they do not describe macroscopic
movement of electrons per se, but electrons may transition between stationary states for example
via excitation, relaxation or tunneling (cf. sec. 2.2.3). The wave functions of non-stationary states
depict dynamic processes, where the region where the electron is likely to be observed changes

with time. An example is the acceleration of an electron in an external electric field F. As long

%The here discussed difference between electron and ion conduction is merely a difference in how they are commonly
treated than in the actual physics. For example, ions also have an energetic distribution and require a vacant space
nearby in order to migrate. The fraction of ions that actually migrates at a time is limited like for electrons, but since
the underlying probability functions are mostly unknown except for idealized cases, this typically remains hidden
inside the activity coefficient or the thermodynamic factor. Note that eq. 2.9 is a modification of such an idealized
case, namely Boltzmann-distributed particle energies.

7 An in-depth or more formal introduction to quantum mechanics in general and solid-state electron wave functions
in particular would go beyond the scope of this work and can be found in respective textbooks.[35, 44-47] This
includes the decomposition of the many-body wave function, e.g., using the Born-Oppenheimer approximation,
Slater determinants and Bloch waves. Concepts that are exclusive to crystalline compounds are avoided here as well.

8 Throughout this work, the term “electronic state” refers to a single-electron state, which means that the spin function
is included within y. Thus, for each state there is another one with equal || and opposite spin.
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as h is not explicitly time-dependent (e.g., F approximately constant in time), it is possible to ex-
press any non-stationary state as a superposition of stationary eigenstates y/; (times the respective
phase factor exp(—iE;t/h)).[44] As a result, y of a non-stationary state has the form of a more or
less extended wave packet that corresponds to the macroscopically moving electron as a particle.
In such a superposed state, the electron simultaneously occupies each of the partaking eigenstates
with a certain probability. This also means that there is a quantum uncertainty for the energy of the
electron and E = (y|h|y) is just its expectation value but no longer a sharp eigenvalue of /. The for-
mation of such a wave packet essentially corresponds to a partial excitation of an electron to other
eigenstates, which is only possible if such states are available. The resulting probability distribution
among the eigenstates governs the magnitude and the direction of the group velocity, i.e., the veloc-
ity of the position expectation value of such wave packets. In absence of an external electric field,
the wave packets have time-invariant group velocities and, on average, each wave packet moving
in one direction is compensated by another traveling in the opposite direction, which leads to zero
net flux. An external electric field breaks this balance. The eigenstates adapt to the additional po-
|2

tential gradient and exhibit a superimposed variation of |y;|° in the direction of F.° The energy of

the eigenstates changes and becomes lower the higher |y;|* is in regions with low q¢ ((v;|q¢|v;)
term in the expression for E;). The superposition of these modified stationary states results in wave
packets that accelerate at the expense of electric potential energy, in principle causing a non-zero
net flux of electrons within the material.[44] However, a wave packet cannot traverse the whole ma-
terial undisturbed. The accelerated motion only continues until a scattering event, e.g., with static
or dynamic disturbances in the atomic structure, forces a transition to another non-stationary state
that propagates in a different direction (cf. sec. 2.2.2). If no other state is available, the electron
bounces back and oscillates in its confined non-stationary state. The same applies to other tran-
sition options like the excitation/relaxation to states with higher/lower energy. In summary, any
macroscopic electron flux requires transitions between quantum states. The Pauli exclusion prin-
ciple however forbids that two electrons occupy the same state simultaneously.!® This means that
only those electrons can contribute to J, that can reach unoccupied states. In order to quantify this

restriction, the energetic distributions of the eigenstates and the electrons have to be regarded.

In a solid, the stationary electronic states are so numerous that the energy differences between them
are minuscule. Therefore, the technically quantized energy eigenvalues are typically considered to
form a continuous energy scale E. The density of states (DOS) g(E) describes how the electronic

states are distributed on E.!! Put in more precise terms, g(E)dE is the number density of electronic

®For example, the stationary wave functions of a free electron in a constant electric field (i.e., in a triangular potential
well) are Airy functions instead of plane waves.[45, 48]

""More specifically, the Pauli exclusion principle states that the total many-body wave function must be antisymmetric
with regard to electrons, i.e., change sign upon the exchange of two electrons. For different non-stationary single-
electron states, each spread among the eigenstates, this can be interpreted as the requirement to differ “sufficiently”
in their probability distribution among the stationary states. The total probability to find an electron in a certain
eigenstate must not exceed unity.[35] This also means that an electron cannot move in the form of a wave packet
when all spatially and energetically close stationary states are occupied.

""The basic layout of the DOS for metals and semiconductors should be familiar to the reader, incl. the respective ter-
minology (e.g., valence band, band gap, conduction band edge, etc.). Otherwise see for example [41, 44, 46, 47].

n
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states with an energy in the infinitesimal interval dE around E. At T = 0K, all electrons occupy the
lowest possible states. In this case, all states are filled with electrons up to the Fermi level Ex(0K),

which is therefore related to the electron density n via

Er(0K)
n= f ¢(E)dE (2.15)
When T > 0K, then a part of the electrons is thermally excited to higher states, leaving behind
unoccupied states below the Fermi level, as described by the Fermi-Dirac distribution frp [44]

fep = [exp (Ek; ITEF) + 1]_1 (2.16)

that yields the occupation probability for a state with energy E, provided that the electrons are in
mutual thermal equilibrium. The Fermi level Er is then the energy where the occupation probability

is 50% (frp (Er) = 0.5) and the relation to the electron density #n becomes

n= [ &(B)fin(E) dE (2.17)

Note that 1 — fpp(E) corresponds to the probability that a state with energy E is unoccupied. It
already becomes visible that the DOS and the Fermi-Dirac distribution together determine where
occupied states are energetically close to unoccupied states, i.e., which electrons can reach the empty
states required for macroscopic electron flux. However, before the derivation of n.g, the connection
to thermodynamics and several common approximations regarding the influence of temperature
and electric field need to be clarified.

Inthecaseof T = 0K, itis obvious that an additional electron would occupy a state at the Fermi level.
This would increase the system’s Gibbs free energy G by Er. The same also applies to T > 0 K when
the added electron is in thermal equilibrium. Therefore, the Fermi level equals the electrochemical
potential of the electrons (cf. eq. 2.3): Er = ji = y — ep. When ¢ = 0, then Ep is also the chemical

potential of the electrons.

When the temperature T of the electrons changes, this mainly affects their energetic distribution
according to eq. 2.16. However, any variation in the state occupations in principle also influences
the other electronic states in the system through the electron-electron interaction, thereby changing
the DOS. It is common to consider this effect negligible and treat g(E) as T-independent. Even
with this approximation, Er generally varies slightly with T as a result of eq. 2.17 when #» stays
constant. The change of Ex(T) is more pronounced the more asymmetric g(E) is in the vicinity
of the Fermi level. When the DOS is symmetric around Ep, then follows from eq. 2.17 that Er does
not vary with T. Note that in this way the quantum mechanics also yield the T-dependence of the

thermodynamic quantities ji and y (since ¢ does not depend on T').
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In general, the influence of an external electric field on the DOS is less subtle, since g becomes part
of the Hamiltonian and, as explained above, affects both energy and wave function of the eigenstates
directly. It is however common to approximate the effect of F as a shift of the whole DOS by q¢
along the energy axis, without any change of the actual density values.[49, 50] This assumption
is widely used for example for the description of band bending in space charge zones of Schottky
barriers or pn-junctions. It is justified as long as the external electric field is a weak perturbation
in comparison to the other forces on the atomic scale (which is typically the case) and as long
as it is approximately constant over the extent of the wave functions (each state shifts approx. by
(vlgelv) ~ q¢). Accordingly, the DOS may as well be defined on an F-independent energy axis
¢ = E — q¢ that denotes the state energy without electric potential energy. This not only means
that g(¢) has the same value as the respective g(E), but also E — Ep = ¢ — y. From eq. 2.17 then
the common thermodynamic notion is recovered that the local electron density # just depends on
the material (i.e., g(¢)), the chemical potential y and the temperature T, but not directly on ¢ (cf.
eq. 2.9):

n= foog(s)fpp(s,y) de = jog(s) [exp(skgj“j) + 1]_1 de (2.18)

—00 —0Q0

The chemical potential therefore denotes the field-independent position of the Fermi level relative
to the electronic states. An increase of y equals a shift of Er upwards in the DOS, corresponding to
higher electron density and a negative charging of an otherwise charge-neutral material. In turn,
decreasing y describes positive charging. Note that any such change of  in principle affects all elec-
tronic states through electron-electron interaction. As discussed for T above, this effect is typically

ignored.

The ingredients for the derivation of n.¢ are now complete. According to quantum mechanics, only
a certain part of the valence electrons may contribute to J., namely those electrons that are close to
the unoccupied states around the Fermi level. The thermodynamic analogon is the thermodynamic
factor @ that determines which fraction of # is “active”. This becomes clearer, when examining
eq. 2.12 a bit further. While the conductivity o is a measure for all charge carriers together, the
Fickian diffusion coefficient D is a per-particle property. In the relation between the two (eq. 2.12),
o is divided by n/® in order to get the contribution of a single charge carrier (® > 1). This means
that

n
e = o (2.19)

is the density of electrons that actively participate in charge transport. The same term also connects
the two driving forces Vy and Vn according to eq. 2.11. This allows to calculate n.g from the just
introduced quantum mechanical relation between y and #n (eq. 2.18): [42]

on Nef on

Vn = @V‘M and (eq. 2.11) Vn = kBTv# = Neff = kBT@ (2.20)
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on _ [ dfn(en)
ou _l 8(e) u & (2.21)
dfen(eu) _ 1 exp (7) 1

u  ksT fexp (2) 1] = /) [1= fio(e )] (2.22)
Meff = /g(s)fFD(&H) [1- fep(e, u)] de (2.23)

Note that this derivation is based on a spatially constant DOS, i.e., a homogeneous material, and
isothermal conditions, similar to the definition of ® via eq. 2.10. However, the additional terms that
would arise from the chain rule in inhomogeneous or non-isothermal materials would not concern
the conductivity but the eventual Onsager cross-coefficients that couple electron, ion and heat flux
(cf. eq. 2.4). In the final eq. 2.23 for the effective charge carrier density n.q the term frp[1— fep]
selects from the DOS the symmetric region around the Fermi level where charge transport happens
due to the simultaneous presence of occupied and unoccupied states. Any investigation of electron
transport therefore has to focus on this part of the DOS.!> This is also reflected by the relation
between ¢ and the spectral conductivity o (¢) from Kubo-Luttinger linear response theory [35, 36,
51]

U:[O(E)(_afma(:,y))dp kBlT/a(e)pr(e,y) [1- fin(e, 4)] de (2.24)

— 00

where o () is the theoretical conductivity due to all electronic states with energy e. This equation
is popular for linking conduction mechanisms that yield o (¢) to the macroscopic conductivity. For
band transport via wave packets for example, o(¢) is related to the sum of the group velocities of
all states with energy ¢.[35] In turn, eq. 2.23 for ng is useful to express the conductivity in a more
macroscopic way as the combination of a per-charge-carrier property and the effective number
of charge carriers. The respective relation for the diffusion flux was already explained above and

follows from eq. 2.12 as

o negD

= 2.25
e? kB T ( )

The analog per-charge-carrier quantity for the drift flux driven by V¢ is the mobility u, defined as
the average charge carrier drift velocity (v4) = |(¥4)| per applied electric field strength F = |E|:

[(va)l _ (va)

(Vg) =—uF = u= F = (2.26)

According to the outdated Drude model, which considers all valence electrons as charge carriers,

Electrons are indistinguishable and may swap states over time, so always the electrons around Ef take part in the flux
but not always the same electrons are flowing.

14
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it relates to ¢ via [44]

o =enuy with uy-= (val and  (vg)y = 1 ivdk (2.27)
F N4
where N = nV is the number of valence electrons in the regarded volume V and vy is each charge
carriers’ displacement per time in the direction of V. As discussed already, the picture that this
model conveys is not appropriate for electrons (in contrast to ions). It is mentioned here, because
it can be easily confused with the classical semiconductor theory found in textbooks (sometimes
even referred to as “Drude model”). The reason is that in the Drude model uy is typically written
as “u”, leading to “o = enu”. At first sight, the same expression is typically used for n-type non-

«_ »

degenerate semiconductors, albeit with a different meaning of the quantities. There, “#” denotes
just those valence electrons that are excited to the conduction band (CB) and “u” is also only an
average over the CB electrons. Instead of corresponding to the Drude model, the classical equations
in semiconductor theory are special cases of the effective charge carrier model. For n-type non-
degenerate semiconductors n.¢ equals the conduction band electron density, because 1 — fzp ~ 1in
the CB, 1 - fgp ~ 0 in the valence band (VB) and Ef closer to the CB edge than to the VB edge (cf.
eq. 2.23). This example illustrates that the electron mobility in general should refer to the effective

charge carriers instead of all valence electrons: [42, 43, 50]

0] Vil ©
0 =enuy = enuNa =enegu with u=uy® = % = %
o N | N (2.28)
and  (va) = (va)y @ = = D Vak = S var with  Neg = negV

Similar to D, the per-charge-carrier quantity u is multiplied with n.g to yield the conductivity o.

This has also consequences for the Nernst-Einstein relation that results from eqs. 2.25 and 2.28:

ukBT
e

D:

(2.29)

Technically, this is the so-called “generalized” Nernst-Einstein relation, since it takes the activity of
the flowing particles into account, whereas the “classical” Nernst-Einstein relation connects the mo-

bility and diffusivity of ideal particles (or tracers)."

Originally, this distinction has been introduced
because D naturally refers to the “active” particles (i.e., to neg = n/®, cf. eq. 2.12), while the mobility
often has been defined with regard to all particles or sub-groups thereof (e.g., w.r.t. # in the Drude
model, cf. eq. 2.27). To generalize the Nernst-Einstein relation then of course has required an addi-
tional factor to compensate for this deviation (e.g., @ as a result of combining eqs. 2.12 and 2.27).[46,
52] This is not necessary in the n.g-formalism where 1 and D both refer to the “active” particles. As
a consequence, eq. 2.29 retains the same form as the original Nernst-Einstein relation. A distinction

between “classical” and “generalized” Nernst-Einstein relation is then obsolete.

B A more in-depth discussion of Fickian diffusion (where Vn # 0) vs. tracer diffusion (where Vn = 0) with regard to
electrons can be found in the supplement of [40].
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Finally it shall be emphasized that the #.¢-formalism is not coupled to a specific electron transport
mechanism. It mainly requires that the electrons adhere to the Fermi-Dirac distribution and that
the electron flux involves empty quantum states. In contrast to the idealized semiconductor theory
found in most textbooks, it applies to crystalline and amorphous electron conductors alike, regard-
less of whether they are metals, degenerate semiconductors or non-degenerate semiconductors. The
actual values of u and D, however, depend on the specific electron transport mechanism. In order
to complete the picture, the following section is therefore dedicated to the quantum mechanical

behavior of the electrons in the vicinity of Er in amorphous solids.

2.2 Electron Transport in Amorphous Solids

Amorphous solids have no long-range order in contrast to crystalline solids. They contain mainly
three types of structural disorder: varying bond lengths, varying bond angles and under- and over-
coordinated sites.[53] These are tightly connected to a second type of disorder, the energetic disor-
der, which means that the electron-ion interaction (in /) differs substantially from periodicity. This
section is concerned with the consequences of the disorder for electron conduction. The concept
of localized and extended electronic states, the bulk electron transport via mobility edge conduc-
tion (MEC) or variable-range hopping (VRH), and the conflicts with the classical Schottky barrier

model for metal-semiconductor interfaces will be explained.

2.2.1 Extended and Localized States

In a crystal, the stationary wave functions' are Bloch waves y (7) = uy(7) exp(ik7) where 1y is a
function with same periodicity as the lattice and k is the wave vector of the plane wave backbone of
Vg, serving also as a quantum number to identify the state.[47] The components of k in reciprocal
space are the wave numbers k. The wave vector describes the phase velocity v, = E/(fk) of a Bloch
wave with energy E, which is why hk is called the quasi-momentum (or crystal momentum) of a
Bloch wave. The wave packets in a crystal are very compact in reciprocal space (otherwise they
would disperse quickly), which means that they consist of Bloch waves in a small range Ak around
a wave vector k (Ak/k <« 1in every direction). Correspondingly, according to the Heisenberg
uncertainty principle!® they extend over a broad region Af in real space, spanning several atomic

spacings.[44] These Bloch wave packets move with a group velocity v; = V +E(k)/h that depends

“Note that in presence of an external electric field (or other disturbances of the periodicity like impurities/defects) the
Bloch waves are no longer the single-electron eigenfunctions of a crystal. Perturbation theory however allows to ex-
press the actual eigenstates through Bloch waves as basis functions. This is especially elegant when the perturbation is
weak, leading to the here roughly presented semi-classical Boltzmann transport theory of acceleration and scattering
of Bloch wave packets in crystals.[35, 54]

For a wave packet in vacuum (free electron) is (p) = hk the real momentum expectation value. The Heisenberg
position-momentum uncertainty principle AxAp, > h/2 then becomes AxAk, > 1/2 (in x-direction as exam-
ple).[46, 47] It is not that simple for Bloch wave packets due to uy, but the tendency of increasing A7 with decreasing
Ak (and vice versa) typically remains.
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on the dispersion relation between E and k (V denotes the derivative along the axes in reciprocal
space). On their way trough the crystal, the wave packets get scattered when they collide for example
with lattice defects or with phonons, which are the quasi-particles of lattice vibration. Scattering
alters the trajectory of wave packets in a random fashion, leading to a diffusive motion characterized

by the mean free path £, and the mean free time 7, between scattering events.'®

Both ¢;, and 7y, decrease with rising disorder in a crystal, which gives a rough idea of what happens
when a material becomes amorphous. Since scattering is generally not uniform for all wave packets,
also the effects of disorder may differ. As long as the mean free path ¢, of a wave packet remains
rather large, its movement through the material is just slowed down by the additional scattering.
However, when ¢, approaches interatomic distances (k€y, ~ 1) the wave packet becomes confined

to that space, i.e., less delocalized, and cannot move without scattering to another state.!”

Any
movement is then accompanied by ever-changing k and Vg of the wave packet.[47] It only seems
logical that when a wave packet would be affected by disorder even stronger it would become even
more localized and could no longer scatter freely from state to state. It would become a localized
stationary state, comparable to impurity trap states but much more abundant. However, this regime
cannot be described within the semi-classical model of scattering Bloch wave packets, since this
model already reaches its limits when k¢y, ~ 1 (Ioffe-Regel criterion).[47, 54] Restricting the extent
of Bloch wave packets that much in real space (|A7| < €y,) corresponds to an increase of Ak to the
same order as k due to the uncertainty principle.[47] The uncertainty in k is then so large that the

description of the state through superposed Bloch waves is meaningless.

In amorphous solids, the stationary states cannot be described by Bloch waves y; due to an even
more fundamental reason: The total lack of long-range periodicity in the Hamiltonian makes it im-
possible to solve the Schrodinger equation using the product of a periodic function u and a plane
wave with wave vector 12.[53] There is no meaningful wave vector associated with each electronic
state as a quantum number and the concept of a band structure E (7() loses its validity. Even though
short-range order is typically preserved, the amorphous state is in general too disordered to treat it

like a perturbed crystal.'®

The mathematics of the Bloch wave theory are therefore not appropriate,
but the concepts developed for crystals are still valuable for amorphous compounds. The orbital
overlap combined with the high density of atoms still creates dispersed states with minuscule sep-
aration on the energy scale like in crystalline solids. Accordingly, there is a quasi-continuous DOS
with valence and conduction band in amorphous solids as well. The wave functions can still be
approximated by a linear combination of atomic orbitals (tight binding model), but the coefficients
no longer vary periodically but depend on the variation of the potential term in the Hamiltonian

throughout the material.[31, 53] In principle, an amorphous structure therefore does not prevent

'®More generally, £, and Ty, refer to quasi-momentum relaxation. Since this may take more than one scattering event,
they are defined as the average distance and time in which the phase of a wave packet becomes completely random.

7In the semi-classical model that uses Bloch wave packets with constant composition in the k-space, any change of the
wave packet’s dynamics is a state transition. Closer to reality is that the eigenfunctions adapt to the disorder, leading
to non-Bloch wave packets that have varying momentum despite constant distribution among eigenstates.

'8 An exception to this is for example Ziman’s theory of liquid metals.[54]

2.2

17



Chapter 2 | Fundamentals

18

wide-spread wave functions per se, but the form of y is not as regular as in crystals. The effects
of disorder-induced potential variations on the wave functions can be illustrated by the following
Anderson model.[31, 47, 55]

The basic principle already becomes visible in a quantum system of two adjacent potential wells,
say with potential energies V, and V4. The overlap of the respective “atomic” single-well wave
functions ¢, and ¢y, leads to two electronic states with approximate wave functions y; = A¢, + B¢y,
and y, = B¢, — A¢yp, where the symmetric state y; has lower energy than y, (E; < E;). When V,
and V;, are quite similar (|V, — Vy| < I with the transfer integral I = |{¢|%|¢p)|), then is A ~ B and
|E; — E»| ~ 21.[31] In this case, both states have rather equal |y|* in both wells. Electrons that occupy
these states would be almost evenly delocalized between both wells. However, when for example
V, is decreased and V}, is increased until both differ considerably (|V, - V4| > Iand V, < V),
then is A > B with A/B ~ |V, — V;|/(2I).[31] In consequence, an electron in state ¥ is now much
more likely to be found in the deeper V,-well (where |y;|* is high) than in the V;,-well. Since this is
energetically beneficial, E; is now lower than in the balanced case before. The opposite effects result
for the antisymmetric y,: An electron in this state would be rather localized to the V;,-well (where

vl

imbalances in the potential landscape can cause localized states with a broader dispersion on the

is high), which is energetically less favorable such that E, is higher than before. In this way,

energy scale.

Imagine now a disordered solid as a three-dimensional collection of potential wells with fluctuating
depths. The especially deep wells give rise to localized states with especially low energy, while the
particularly shallow wells produce localized states with high energy. Those wells with rather aver-
age potential create non-localized states with intermediate energy.[47] This has also been shown
mathematically by Anderson for a one-dimensional chain of wells with equal separation but ran-
dom potential modifications.[55] The formation of localized states in amorphous solids is therefore
called Anderson localization. Considering instead spatial disorder of equally deep potential wells
leads to the same effects. Wells that are especially close together form energetically stable states with
rather equal [y/|*> among them but decaying |/|? all around, while wells that are particularly far from
all others give rise to localized states with higher energy.[31, 53] In an amorphous material with
structural and energetic disorder it is therefore expected that each band exhibits band tails with lo-
calized states, often with an exponential shape of the DOS,[54, 56] while the states in the middle of
the band remain extended.[31] The latter allow the formation and movement of wave packets, which
differ from Bloch wave packets but lead to comparable band transport.[53, 54] Characteristic for
extended states is therefore a non-vanishing spectral conductivity o (E) (cf. eq. 2.24) for T - 0K,
while for localized states 6(E) — 0 for T — 0K.[47, 53] There cannot be both extended and local-
ized states at the same energy, because any localized states would become integrated into the band
transport via the extended states.[31] Based on the above ¢ (E)-criterion, it is hence possible to de-

termine the mobility edges, i.e., the energies that separate the regions of extended and localized

A one-dimensional model system could be for example two Dirac delta potential wells, i.e., a potential V(x) =
Vad(x) + Vd(x — d) with V,, V, < 0 and distance d between the wells.
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states in the DOS. The conduction band mobility edge E¢ separates the CB extended states from
the localized CB tail that reaches into the band gap. Likewise, the valence band mobility edge Ev
marks the border between VB extended states and the upper localized VB tail. The region between
Ec and Ey is called the mobility gap, in analogy to the band gap between the conduction band edge

and the valence band edge in crystalline semiconductors.

The localized states are not necessarily centered at specific atoms, since their shape depends on the
nature and the number of the partaking atomic orbitals. In analogy to the well-known behavior
of wave functions that penetrate the boundaries of finite potential wells, the localization is typi-
cally modeled by an exponentially decaying envelope in the outer regions of their stationary wave
function: [31, 47, 54]

yi(7) o< exp (—M) (2.30)

Here, 7; is the center of the state and « is the localization radius that determines how fast y; decays
with distance. A similar exponential decay is also known for impurity states in doped semiconduc-
tors, which have the form of inflated spherical s-orbitals.[54] Close to the mobility edges (here for

Ec), the localization radius approximately varies according to

a(E) ~ ag (ECE; E )2/3 (2.31)
where « is its value far from the mobility edge.[31] For E — E¢c with E < E¢ it follows a(E) — 0,
i.e., the eigenstates become extended when E = Ec. Near the mobility edges, the localized states
therefore strongly overlap and electrons can transition between them easily aslong as T > 0 K (since
localized states with equal energy must not overlap).[31] Far from the mobility edges, the localized
states are much more confined and dilute, limiting either the conduction via extended states in
the sense of traps or allowing transport via direct tunneling (hopping) between them.[54] These

mechanisms will be discussed in the two following sections.

2.2.2 Mobility Edge Conduction

In amorphous semiconductors, the electron transport via extended states beyond the mobility edges
is called mobility edge conduction (MEC). Here, just the n-type case shall be regarded,?® where the
conduction above E significantly dominates in comparison to the region below Ey. This typically
involves that the Fermi level is closer to E¢ than to Ey (Ey << Eg < Ec). Above Ec, the electrons
move in the form of wave packets that consist of superposed extended eigenstates. Although they
are not Bloch wave packets, their behavior is comparable to the previously described band transport

in successively more disordered crystalline materials (cf. sec. 2.2.1). The wave packets with E > E¢

*"The p-type conduction via VB extended states can be treated analogously.
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are rather weakly affected by the amorphous structure and have an appreciable mean free path ¢y,
in between scattering (e.g., by phonons) or trapping in localized states. According to the Ehrenfest
theorem,” they are accelerated by an electric field in a similar way as the Bloch wave packets in
crystals. The gain of momentum within the time 7,, is balanced by the loss through scattering/-
trapping.[44] For E > Ec, the Boltzmann transport theory (e.g., in [35, 50]) is therefore often a
valid approximation and the mobility can be described by the same expression that is well-known

for band transport in crystalline semiconductors: [31, 53, 54]

eTm

- (2.32)

m
where m* is the effective mass of the electrons.?? The wave packets close to the mobility edge (E
Ec) are much more affected by the disorder and can no longer be treated in a simple scattering
model (¢, reaches interatomic distances, cf. sec. 2.2.1). The eigenstates are becoming successively
more distorted, up to the limit that the states at Ec have a strongly varying phase from atom to
atom.[31] Since they still extend through the material, 0(Ec) # 0 for T — 0K (as shown with the
Kubo-Greenwood method in [31]), but wave packets that consist of such states have a drastically
varying momentum in reaction to the disorder instead of a plain acceleration in an external electric
field. The analytical treatment of this behavior quickly becomes complex (e.g., [54]), but still a rather
general statement can be made. Under the assumption that ¢ (E) does not vary strongly with E (in
comparison to fgp(E)) in the direct vicinity to Ec, the total MEC conductivity is mainly governed
by how many electrons are excited to E > Ec. According to Mott,[31, 53] from eq. 2.24 then follows
that the conductivity o can be described by the MEC law

PN ro
o=- / G(E)fF(_I;—E(E) dE ~ -0y / JCF(_I;—EUE) dE = gofep(Ec) ~ 0p exp [_kAB_I;] (2.33)
Ec Ec

where gy ~ 0(Ec) and AE = Ec — Eg > 3kgT in order to use the Boltzmann approximation. The
MEC law also follows from ¢ = en.gu and eq. 2.23 for n.g under the same assumptions. Note
that it is similar to the common expression for n-type conduction in crystalline non-degenerate
semiconductors,[41, 49] albeit with the conduction band edge replaced by the conduction band
mobility edge Ec. The presence of the localized states in the lower region of the conduction band

restricts the band transport to E > Ec.

Since 0y generally has a much weaker dependence on T and Ep than the exponential term in
eq. 2.33,[53] the MEC law captures quite accurately how o varies with the temperature and the

chemical potential of the electrons for this transport mechanism. Accordingly, a linear relation be-

'The Ehrenfest theorem says that 9(p)/dt = —(y|V V|y) for the momentum expectation value (p) of a wave packet
y(7) - not necessarily of the Bloch-type - in a potential gradient VV (¥).[48]

*>The concept of effective mass, originally developed to treat electrons in crystals analog to free electrons, is also appli-
cable to amorphous materials, as shown for example in [53]. Eq. 2.32 is only valid in this simple form if 7, and m*
are approximately equal for all involved electronic states and if the external electric field is weak (0 independent of
F).
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tween In(¢) and T™! is a typical experimental observation for amorphous semiconductors, just like
for their crystalline counterparts.[31] The dependency on the material composition also approxi-
mately follows the same principle as in crystalline semiconductors. Doping or non-stoichiometry
leads to defect states, typically in the mobility gap between E¢ and Ev, together with an increase or
decrease of the number of valence electrons that could potentially be excited to E > Ec. This results

in a shift of Er (and u), which influences o exponentially according to the MEC law.[10]

2.2.3 Variable-Range Hopping Conduction

Electron transport in the range of localized states occurs by hopping, i.e., tunneling, of the electrons
between the localized states. This process is called variable-range hopping (VRH), because it is not
restricted to nearest-neighbors.?> The foundation for the theoretical treatment of VRH was devel-
oped by Miller and Abrahams, who derived a rate equation for electron hopping between localized
impurity states in crystalline semiconductors.[57] Although they used concepts that are strictly
valid for crystals only, an approximate version of their rate equation was later adopted by Mott and
others to describe hopping in amorphous systems.[31, 58-60] This approach was exceptionally suc-
cessful in explaining the deviations from the MEC law that were measured in amorphous materials,

especially at low temperature. The essentials will be explained in the following.

Miller and Abrahams regarded the tunneling from an occupied localized state y; to an unoccupied
localized state y;, each centered at an impurity in a crystal and defined according to eq. 2.30. The
localization radius « is approximated as equal in the regarded energy range (i.e., far from the mo-
bility edges, cf. &g in eq. 2.31). Following the definitions in sec. 2.11, the state energy difference E;;

in presence of a constant electric field F is

Eij =Ej—E,' =8,‘j+€?i]‘F (2—34)

where 7;; = 7; — 7; is the vector from the center of y; to the center of y; and ¢;; = ¢; — ¢; is the state
energy difference without the contribution from the electric field. E;; always has to be non-zero,
because localized states cannot have partial overlap and equal energy (otherwise they would com-
bine into two larger stationary states, see two-well example in sec. 2.2.1). Variable-range hopping
therefore requires that the energy |E; j| is supplied (E;; > 0) or received (E;; < 0) by the vibra-
tional motion of the atoms.[47] In the common picture of vibrational modes traveling through the
material in the form of quasi-particles called phonons, the energy difference between the states is
compensated by simultaneous absorption (E;; > 0) or emission (E;; < 0) of phonons. VRH is thus
a phonon-assisted tunneling process. This also illustrates why for hopping conduction ¢(E) — 0
for T — 0K. In crystals, each phonon is characterized by a well-defined wave vector 4 as a quan-

tum number. Although this is not the case in amorphous compounds, since the non-periodicity

2 Nearest-neighbor hopping occurs only when the thermal energy kg T is larger than the energetic spread of all partaking
states, such that the tunneling probability only depends on the distance between states (cf. eq. 2.46).[31, 54]
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of the structure also prevents periodic vibrational modes,[53] for now the original route of Miller
and Abrahams shall be followed. The adaptation of this model to amorphous materials, also with

regard to phonons, will be discussed further below.

When y; and y; are close enough to allow tunneling, which means they partially overlap, they also
“interact”: Each state is influenced by the potential landscape around the other that is apparently
also favorable to host an electron. Specifically, e.g., an electron in state i would also be partially
delocalized to the potential well of the impurity j. The actual initial and final states of the tunneling
process are therefore not the isolated localized wave functions y; and y; (defined by eq. 2.30) but
perturbed states v} and w;. An important measure for this perturbation is the transfer integral

I;j = (1//j|f1|1//i). As long as the states have rather weak overlap (|7;j| > a), it is approximately**

73]
Iij ocexp| —— (2.35)

Additionally, for a quasi-random distribution of the localized states within the material, it is a fair
assumption that for most pairs of rather close states |E;j| > kg T. For weak overlap, i.e., when the
concentration of localized states is rather low and E;, E are far from the mobility edge, almost every
pair has |E;j| > I;;. With this, the variational method yields the perturbed states [57, 61]

I I;;

/ ij /
.= s 4+ — . d .= L
Wl W! Ez] ll/,/ an WJ I//] El]

Vi (2.36)
The states v} and 1//;. are still well localized around r; and 7;, respectively, but have small contri-
butions from the other state. Their energy separation still approximately equals E;;. These are the
actual states the tunneling happens between. The transition rate with simultaneous absorption or

emission of a phonon with energy |E;;| is given by Fermi’s golden rule [57, 61]

vijoe [ IMPS(hedl - Exj) dd 237)

where g is the phonon wave vector, ¢ is the speed of sound and M, is the electron-phonon matrix

element with (e.g., see [61] for details)

|My|? o< (1//;.|eiq?|l//§)2fBE(|Eij|) for absorption (E; > E;) (238)
|My|? o< (1//;.|eiq?|1//§)2[fBE(|E,-j|) +1] for emission (E; < E;) ‘

Here, fgg is the phonon distribution function, i.e., the Bose-Einstein distribution, since phonons

*Miller and Abrahams solved the transfer integral analytically for a Hamiltonian with two impurity potential wells and
an effective potential term due to the surrounding. Assuming that the non-envelope part of y; and y; oscillates
quickly w.r.t. 7, the integration just had to be done for the envelope functions and they arrived exactly at the here
given relation for I;;.[57, 61] The same relation is also well-known from the quantum mechanical description of the
Hj molecule. For more complex or more general systems, e.g., when 7; and 7; do not coincide with the position
of simple potential wells, an analytical treatment is difficult. Still, all typical terms in an Hamiltonian have weaker
7-dependence than the exponentially decaying envelope functions. For weak overlap, any term in I;; thus should be
approximately proportional to exp(—|7i;|/a).
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are bosons:*

LTAYNE
fBE(|E1]|) = |:€Xp (kB_T -1 (2.39)
Eq. 2.37 integrates over all possible phonon states g, with the Dirac delta selecting those that have
suitable energy fic|q|. The matrix element |[M,|* describes the transition probability w.r.t. to the

respective phonon state. For |E;j| > kg T, the Boltzmann approximation is applicable to fgg:

E;;
fBE(|E1]|) NeXp(—]@—;) for Eij>0 and fBE(|Eij|)+1”1 for Eij<0 (2.40)

Inserting eq. 2.36 for v} and 1//;- into the electron-phonon interaction term yields

I
(yile"yi) - E—;wiww (2.41)

1\, iGr). ! igr Lij ige
(wile'yi) = (wjle' i) + E—?j(wjle ly;)
! j

_ Ly
Since y; and y/; have weak overlap, the mixed integrals can be neglected.[61] With y/;(7~7;;) ~ v;(7)
follows
gy L igr igr Lij  ig; iqr
(wile i) = == [(ysleTTys) = (wile™ i) | = 2= (e =1) {yile™ ly) (2.42)
ij )
The remaining integral (y;|e’?|y;) can be calculated analytically,?® at least as long as the phonons

have a well-defined wave vector (using |g| = |E;;|/(fc;)): [61]

2 -2
(ile Ty = [1 . (Ef) ] (.43

2hc

The last term to examine is
(' ~1) (e7"i 1) = 2(1 - cos(§7+;)) (2.44)

which results when inserting eq. 2.42 into the expression for | M, |*. This is the only term containing
q that remains in eq. 2.37. When integrating this term over all possible g with given length |g| =
|Eij|(/hcs), the cos(g7ij) function oscillates quickly between +1 and -1 such that the areas below

and above zero approximately cancel each other: [57, 61]

/Z(I—COS(é?ij))é(hcs|é|—|Eij|)dém2/5(hcs|é|—|E,-j|)d(§ (2.45)

The integral over the §-term equals the number density of phonons with energy |E;;|. Inserting all

discussed terms into Fermi’s golden rule (eq. 2.37) shows that the hopping rate v;; is governed by

ZThe different terms fBE Vs. fsg +11in eq. 2.38 originate from the boson annihilation and creation operators (e.g., [48]).
**With the usual assumption that the non-envelope part of y; oscillates quickly w.r.t. 7, just the integral of the squared
envelope function times exp(ig7) needs to be solved (e.g., [62]).
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the exponential terms from Ifj (eq. 2.35) and fgg (eq. 2.40). Collecting all other weakly varying
terms and here omitted constants in a comparably invariant attempt frequency v, yields finally the

Miller-Abrahams rate equation: [57]

2’," iit q,"ﬁ >
Vo exp _Argl_ eyreryF for ¢;; + er;;F >0
Vi = « ks T / / (2.46)
v 2l - :
voexp(—%) for e;j + er;jF <0

The transition rate for phonon-assisted tunneling thus depends on the spatial and energetic sepa-
ration of the states in relation to the localization radius and the thermal energy, respectively. Note
that the temperature T in the Miller-Abrahams rate equation refers to the vibrational motion of
the atoms, since it stems from the phonon distribution fgg. This phonon temperature is what is
typically meant by the temperature of a material. Normally, the electron-phonon interaction keeps
the electron temperature, which describes the average thermal energy of electrons, identical to the
phonon temperature. It is however a known effect that for example high electric field strength or
intense laser irradiation can raise the electron temperature significantly above the phonon tem-
perature.[63-67] This is noteworthy, since in the previous thermodynamic description of electron
transport (sec. 2.1) the temperature T always referred to the electron temperature (e.g., in frp). In
cases where phonon temperature and electron temperature may differ, it is thus advised to denote

the latter by an effective temperature T, of the electrons instead of T.

The above derivation for VRH between localized states in an otherwise crystalline structure has
the major advantage that the whole model can be treated mathematically.[57, 61] In amorphous
materials, this is not immediately possible because the electronic states and the phonon states are
not as well-defined. For the electronic states, the non-envelope parts of y; and y/; are unknown (cf.
eq. 2.30), whereas they are Bloch wave packets in the Miller-Abrahams model. Still, it is plausible
that also in amorphous solids these factors oscillate much faster w.r.t. 7 than the decay of the enve-
lope functions with |7 — 7;|. This justifies to just integrate over the well-defined envelope functions
also in the amorphous case (eqgs. 2.35, 2.36 and 2.43).[31] The uncertainty in the electronic wave
functions therefore should not affect the applicability of the rate equation to amorphous solids.
Concerning phonons, the effects of amorphicity are quite comparable to the situation for electrons.
Due to the non-periodicity of the structure they can no longer be described by periodic waves with
a defined wave vector , just like k for electrons.[53] Furthermore, three different types of vibra-
tional modes occur in amorphous materials: While some remain phonon-like with rather ballistic
movement through the material (called propagons), others are strongly disturbed by the disorder
in their path through the material (called diffusons) and still others become localized, i.e., spa-
tially confined, vibrations (called locons).[31, 68-71] In this work for simplicity the term “phonon”
will still be used for all these more or less collective vibrations of atoms, but of course their defi-
nition (in real space; e.g., [53]) is bound to differ from the one used by Miller and Abrahams. The
electron-phonon interaction operator ¢’d" in the above derivation thus must be different in amor-

phous solids (except approx. for propagons). The actual affected term is (y;e’d"|y;) — (y;le'?|y;)
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in eq. 2.42, which describes how the interaction of the same phonon with either y; or y; differs. As
long as this difference is still governed by the phase shift of the phonon wave function from 7; to 7;,
i.e., as long as the amplitude of the phonon wave function does not vary exponentially with regard
to energy or distance (at least in the typical range of |E;;| and |#;;|), the argumentation for eq. 2.45
should still be valid in principle. It is then unlikely that this term has a dominant influence on v;;.
Since the phonons in amorphous solids still have a defined energy, in Fermi’s golden rule (eq. 2.37)
the selective meaning of the §-term remains the same and the integral over 4 just becomes a sum
over all phonons. Both I;; and fgg (egs. 2.35 and 2.40), which are the origin of the exponentials in
the rate equation, are unaffected by how the phonons are defined. As a result of these considera-
tions, the Miller-Abrahams rate equation - in the here presented form with vy not further specified

- is generally deemed applicable to amorphous solids.[31, 54]

The individual tunneling rates v;; now allow to analyze the VRH conductivity of a whole network
of localized states. Since VRH requires that the destination state is empty, it predominantly occurs
via the states around the Fermi level (cf. eq. 2.23 for nes). When Er is in a real band gap, e.g.,
below the CB tail, then hopping can only take place by the few electrons that are excited to the CB
tail. The other extreme occurs when Ef is so far within the CB tail that it is close to the mobility
edge. Then the localized states around the Fermi level are much more wide-spread (cf. sec. 2.2.1),
hopping must be described differently (e.g., [31]) and VRH is hardly relevant due to excitation to
the extended states. Instead of these two limiting cases, here the common situation of substantial
density of localized states around the Fermi level (e.g., Er in the CB tail) shall be discussed. In
his according model for 3-dimensional VRH, Mott has used a DOS with g(¢) = const. around the
Fermi level. The current is thereby limited by the hops upwards in energy (&;; + er; jI:' > 0). Mott’s
reasoning was then that the flux is dominated by hops with an optimal “range”, i.e., with an optimal
combination of state distance and state energy difference.[58] In order to find these, he considered a
sphere with radius r around a certain occupied state i. Within that sphere, the number of states per
energy interval is g(u) times the sphere volume. The inverse is thus the average energy separation
(eij) of state i to the next higher state j within that sphere (which is the most likely destination with

gj > ¢; since lower ¢;; is beneficial):*’

3

ii)= ——=—— 2.47
)= g ) 247
The state j has a random position within the sphere, such that the average distance (|7;;|) and the

average separation (d;;) in direction of the electric field are (see sec. A.1)*®

—

F

<|?,]|) = ZT and <d,]) = = gr for 7’1]13 >0 (2-48)

Following Mott,[31] the optimal “range” for the situation of occupied i and unoccupied j is derived and thereafter
multiplied with the number of electrons for which this condition is fulfilled (n., cf. eq. 2.54).

**In the original treatment by Mott,[31] {|7;;|) F was used for the field term, which is corrected here by the average in
direction of F. This only influences gy in the final expression.
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In half of the cases an electron encounters the situation with (?,-]-13 ) = +(dij)F, ie., jlies in the
direction of F, and in the other half it is (7;;F) = —(d;;)F. From the Miller-Abrahams rate equation
(eq. 2.46) therefore follows for the average net velocity (vq4) of an electron in the direction of the
electric potential gradient —F = V¢:

(va) = —%sz)vo exp (_2(’7’1']“) B (&) + e<dij>F)

a kgT
+ %(diﬁvo exp (_2<|Zij|> _ {eij) ;:;dij)F)
= (dij)voexp(—@—%)sinh(ﬁ—i;w) (2.49)
For weak electric fields where e(d;;)F <« kgT, it is possible to approximate the sinh-term by its
argument:
(va) = vo% exp (—@ - %) (2.50)

According to eqs. 2.47 and 2.48, (¢;;) decreases with increasing r, while (|7;;|) behaves opposite.
Therefore, (v4) must have a maximum at an optimal sphere radius 7. Since the exponential term

dominates the value of (v4), the optimal radius can be found by

9 ( 2(17) <sij>):0 L3 :

LTI o 4 .
or o kg T 2a 4mrg,g(p)ksT

1/4
= fopt = _ e (2.51)
oPt 2ng(u)kpT '

Combining this result with eqs. 2.47, 2.48 and 2.50 yields

eF 9 3a 2
{va) = vo kpT 64 (Zﬂg(y)kBT)

N _i( 3a )1/4_ 3 ( 3a )‘3/4
P 20 \2mg(p)ks T 4ng(p)ksT \2ng(u)ks T

=, ek 9 o 1/2ex -2 3 v (2.52)
" VksT 64 \ 2mg(p)ksT i 2madg(u)ksT '

According to eq. 2.28, the mobility is given by u = (v4)/F. The charge carrier density in the case of
constant DOS follows from eq. 2.23 (see sec. A.2): [72]

ner = g(1) [ fin(e) [1- fio(e)] de = knTg(w) (253)
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The classical relation o = en.gu (eq. 2.28) then finally leads to Mott’s VRH law: [31, 58]

To \ /4 24
UZUOCXP[—(—O) ] with Tozf
T kg g(u) (2.54)
29 (3ag(w)\"? '
d - 2298\
e =y ( anBT)

Mott’s approach was later criticized because the notion of all relevant hops occurring with opti-
mal “range” is too simple. However, a more robust treatment with percolation theory then gave the
same principal form of eq. 2.54, with Tj just differing by a unitless factor.[59, 73] This is not surpris-
ing, since 2|;j|/a + E;j/(ksT) o< (o’ g(p)ks T)~Y/* for the critical subnetwork in the percolation
treatment, just like for the optimal “range” of Mott. Hence, it is established that Ty o< 1/(a*g(u)),
but estimating the density of states near the Fermi level from eq. 2.54 was shown to yield largely

incorrect values.[74]

Analog to the above VRH law for a constant DOS, other relations for ¢ have been derived for
different DOS models. For a power-law DOS of the form g(¢) o< (e — u)", the resulting ex-
pression is o = ag exp[—(Tp/T)~+M/(4+m)7 (73, 75] This yields ¢ = oq exp[~(To/T)"/*] (Efros-
Shklovskii hopping) for a parabolic DOS (n = 2), which is a common consequence of electron-
electron repulsion at very low temperatures (Coulomb gap).[61, 76] For an exponential DOS of
the type g(¢) o exp[(e — u)/eo], which is often assumed for the CB tail,[77] the expected rela-
tion is 0 = opexp[—Ae/(kgT)], like Mott’s MEC law (eq. 2.33), with a weakly (logarithmically)
T-dependent activation energy Ae.[54] In general, Mott's VRH law for constant DOS becomes a
good approximation at low temperatures — except for cases where a Coulomb gap emerges - since

the relevant region around Ep shrinks with decreasing temperature (cf. eq. 2.23).

In most amorphous solids, both mobility edge conduction and variable-range hopping are possible
to some extent. Comparing the MEC law (eq. 2.33) and the VRH law (eq. 2.54) shows that in an
In(o) vs. T~! plot the MEC conductivity would follow a straight line, while the VRH conductivity
would be a convex function with decreasing slope. It is therefore typical that VRH dominates at low
temperatures, where excitation to the mobility edge is negligible.[31] MEC prevails when T is high
or when E¢ — Ef is small, since the electron mobility is commonly much higher in the extended
states than for the hopping process between the localized states. The differing T-dependence of &
allows to identify experimentally which conduction mechanism dominates for which temperatures.
Note also that the T-dependencies of MEC and VRH have a totally different origin: For MEC it
comes from the Fermi-Dirac distribution (occupation probability), while for VRH it stems from
the Miller-Abrahams hopping rate (tunneling probability). This also means that T in the MEC law
refers to the electron temperature, while it corresponds to the phonon temperature in the VRH law.
The relation to the material composition also differs fundamentally. Adding impurities (doping) or
removing native atoms (non-stoichiometry) in principle changes the number of defect states and

valence electrons in the system. As a result, the DOS - especially in the mobility gap - is modified
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and the position of the Fermi level may vary (depending on eq. 2.18). For MEC the change of
the DOS is rather irrelevant but any shift of the Fermi level affects the amount of charge carriers
exponentially. For VRH the effect depends mostly on how much g(y) differs due to the modified
number of defect states near the Fermi level and due to the shift of u (cf. eq. 2.54).

2.2.4 Schottky Barriers

So far, the discussion focused on MEC and VRH in the bulk of homogeneous amorphous materials,
i.e., in regions with spatially constant chemical potential  of the electrons. Now, the interfaces to
metallic electrodes shall be regarded. In comparison to semiconductors, metals typically have a
significantly higher work function W, which is the difference between the energy of a free electron
at rest just outside the material (vacuum level) and the Fermi level at the surface of the material.?’
According to the definition of y (eq. 2.2), this means that the chemical potential of the electrons is

commonly lower in metals than in semiconductors (y, < ps), with the difference given by
ePpi = ps — pim ~® —(Wy = W) = Win = Wi (2.55)

when surface effects can be approximately neglected. The quantity ¢p; (> 0) is called the built-
in potential. Due to this chemical potential gradient, electrons diffuse from the semiconductor
into the metal when the interface is formed. The resulting charge imbalance in turn gives rise to
an electric field and a counter-acting drift flux, until a steady state with constant oV ji is reached
(cf. eq. 2.14). In the metal, the excess electrons pile up at the interface because there is virtually
no change of the chemical potential (since metals have a large DOS at the Fermi level). On the
semiconductor side of the junction, the loss of electrons creates a positively charged depletion zone
where the chemical potential is reduced in comparison to the bulk value y,. The size of this zone
can be obtained by numerically solving the Poisson equation and the continuity equation together
(egs. 2.13 and 2.14), as it will be done in the later FEM simulations (sec. 4.3), but the essentials can
already be illustrated by the following one-dimensional full depletion model. Therein, it is assumed

that all mobile electrons up to a depletion width x4 flow into the metal, leading to a charge density

eng for0<x<xg

p(x) = { (2.56)

0 for x > x4

where x denotes the distance from the interface and nq is the density of depleteable electrons (e.g.,

the conduction band electron density).>* Integrating the Poisson equation twice then yields (with

**The vacuum level refers to an electron with zero kinetic energy (i.e., at rest) which is far enough outside the material
such that its potential energy just corresponds to the macroscopic q¢ near the material, but is no longer influenced
by the material itself (i.e., a free electron). In materials with DOS at the Fermi level, the work function is the min-
imum energy (ionization energy) required to eject an electron from the surface Fermi level into vacuum (e.g., by
photoemission).

3*The full depletion model also assumes that the regarded interface dominates the device resistance by far, such that
Ve(x) ~ 0 (and Vu(x) ~ 0) for x < 0 and x > x4.
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¢(x <0) = 0 as arbitrary reference) [50]

eng
Vi = - = x)=
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[xczi —(xq - x)z] (2.57)

for 0 < x < x4. The electric potential is thus a quadratic function that reaches the bulk value for
x = x4. In the steady state, the difference between the Fermi levels of the semiconductor bulk and

the metal is known to be

fis = fim = s — m —e(Ps —pm) =eV =  @(x2xg) =i~V (2.58)

where V is an eventual voltage applied to the metal (relative to the semiconductor), ¢, = ¢(x <
0) = 0 is the electric potential in the metal and ¢s = ¢(x > xq4) is the electric potential in the bulk

of the semiconductor. With this boundary condition, the depletion width x4 can be obtained:

eng 2€0€y

1/2
p(xa) = 2 gy-V = d[ (¢bi—v>] (2.59)

2€0€; eng

The larger the work function difference between the materials (and the larger €, of the semicon-
ductor), the broader is the depletion zone. Increasing the voltage applied to the metal decreases
x4, while decreasing V' broadens the depletion zone. According to the band bending model intro-
duced in sec. 2.1.1, the varying electric potential modifies the energy of the electronic states in the
semiconductor by —e¢(x). In a crystalline n-type semiconductor, this means that in the depletion
zone the conduction band edge is bent upwards for x — 0, thus imposing an obstacle for electron
flow that is called Schottky barrier.” Fig. 2.1 illustrates this situation. For V > 0 (forward bias), the
electrons flow from the semiconductor to the metal, thereby encountering a potential barrier with
height ¢; — V. The equivalent for V' < 0 (reverse bias) is the Schottky barrier height ¢, which
according to the Schottky-Mott rule is given by [78]

@B = Pbi + Pn (2.60)

where ¢y, is the difference between the semiconductor’s Fermi level and CB edge in the bulk (¢, > 0
in the non-degenerate case). In a crystal, there are no (or few) defect states in the band gap, such
that the electrons need to cross the Schottky barrier by excitation over the barrier, called thermionic
emission, or by tunneling through the barrier.** The tunneling can take place either at the lowest
possible energy level, then called field emission, or thermally activated at a higher energy where the
barrier is thinner, which is called thermionic field emission (cf. fig. 2.1).[41] As mentioned above,

thermionic emission benefits from a decreasing barrier ¢p; — V for increasing forward bias, but faces

*'For extended states, the band bending is just a picture to describe that each wave function with a certain energy below
the tip of the Schottky barrier begins to decay exponentially when it encounters the potential barrier gp(x) at a
certain distance away from the interface. Quantum mechanically, individual stationary states cannot “bend” as they
have a unique, not a spatially varying eigenvalue.

2There are further conduction processes through a Schottky barrier like for example electron-hole recombination,
which are not discussed here (e.g., [41, 78]).
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Figure 2.1: Schematic band diagrams for a Schottky barrier at a metal-semiconductor interface, with either
positive voltage (left) or negative voltage (right) applied to the metal. For a crystalline n-type semiconductor,
the solid line represents the conduction band edge and the shaded area can be ignored. For an amorphous
n-type semiconductor, the solid line is the CB mobility edge E¢ and the shaded area indicates the localized
tail states. The dashed line shows the situation for V = 0 and the dotted line is the Fermi level of the semi-
conductor. The colored arrows symbolize thermionic emission (blue), thermionic field emission (green) and
field emission (red).

an (approximately) constant barrier ¢p for reverse bias. This leads to the classical I-V relation of a
diode with exponentially increasing current for V' > 0 and a minor saturation current for V' < 0:
[41, 78]

Thermionic emission: I o< exp (—%) [exp( eV ) - 1:| (2.61)
kgT nkgT

The ideality factor #, which equals unity for pure thermionic emission, is typically introduced to
account for minor deviations for example due to additional tunneling. Eq. 2.61 shows that a metal-
semiconductor interface may represent a directional resistance which allows current for forward
bias but almost blocks it in the opposite direction. A reverse-biased Schottky barrier is thus often
the dominating resistance in electronic devices. The Schottky barrier height typically has a weak
V-dependence due to image force lowering (Schottky effect),’ such that

e3nd

1/4
$B = @B, ~ [ (pvi — V)] (2.62)

8mleyel
where ¢g ¢ is the original barrier height from eq. 2.60.[41, 79] This effect is generally negligible for
forward bias (where the lowering decreases with increasing V'), due to the stronger V-dependence
in eq. 2.61. For thermionic emission at V > 3k T/e (and 5 = 1), In(I) therefore increases linearly
with V, until at V' > ¢y; there is no barrier anymore and the interface becomes ohmic (I o< V). For

reverse bias, the Schottky effect prevents the complete saturation that eq. 2.61 alone would indicate

»Image force barrier lowering: Each electron that crosses the Schottky barrier in either direction repels the electrons
that are piled up at the metal surface, when it is close to the metal (i.e., near the tip of the Schottky barrier). The
electrons in the metal are slightly pushed away from the interface, which lowers the electric field experienced by the
nearby electron as if there would be a positive image charge in the metal.[4]]
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and leads to an exponentially increasing current also for this direction, albeit with a much weaker

1/4

V-dependence. For V < —-3kpT/e, a linear relation between In(|I]) and (¢p; — V))"/* is therefore

expected for thermionic emission.

As indicated in fig. 2.1, the tunneling width through the Schottky barrier decreases both for pos-
itive and for negative voltage. Field emission and thermionic field emission therefore have more

symmetric I-V relations: [41]

_ 1/2
Field emission (V > 0): I o< exp [—M] with  Egg = % ( M ) (2.63)

*

Eoo €0€rM
26(/)3/2
Field emission (V < 0): T oc -— B 2.64
ield emission ( ) exp[ oo (9 — V)1/2:| ( )
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Thermionic field emission (V >> 0): I ocexp|-— T I (2.65)
B 00
v
Thermionic field emission (V << 0): I o< exp [— e(’,)B - 67] (2.66)
Epy  Ego
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with E),=E coth(—) and Ej,=E [— —tanh(—)]
00 = 00 ks T 00 = 00 ey ks T
The more tunneling occurs, the less diode-like is the resistance of a Schottky barrier. As a rough
criterion serves the quantity Eqo: Thermionic emission dominates for Eyg << kg T, thermionic field

emission for Eyy ~ kg T and the almost T-independent field emission for Egg > kpT.[41, 78]

In amorphous n-type semiconductors, the CB mobility edge Ec essentially takes the role of the
CB edge in the treatment of Schottky barriers, as it marks the onset of band transport (fig. 2.1). The
Schottky barrier height ¢p then refers to the difference between E¢ and Er at the interface (eq. 2.60),
while eg,, is defined as Ec — Ef in the bulk of the amorphous semiconductor. In this regard, the
picture is analog to the crystalline case discussed before, but now there are localized states below
E that partially (or even completely) fill the formerly state-free Schottky barrier region (fig. 2.1).
The aforementioned model equations for thermionic emission, thermionic field emission and field
emission (egs. 2.61 to 2.66)** — originally derived for crystalline n-type semiconductors — therefore
have only limited applicability for amorphous solids. Even when MEC dominates in the bulk of an
amorphous semiconductor, VRH could play a vital role at Schottky barriers where both conduction
mechanisms are affected to a different degree. Hopping transport below the Schottky barrier tip
could for example significantly reduce the necessary excitation for thermionic emission. Localized
states in the regions of field emission or thermionic field emission present an efficient way to split
the tunneling process into multiple shorter hops with higher tunneling probability (cf. fig. 2.1).
Furthermore, the full depletion approximation becomes problematic when there is substantial DOS
around the Fermi level, since in that case it is not reasonable that p has a constant value in the

depletion zone. These possibilities are often ignored in literature and the above models are used

*Note that the here given I-V relations are popular but not unique. Depending on the utilized approximations and
included effects, for each of these emission currents also other model equations have been proposed (e.g., [79, 80]).
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for amorphous Schottky barriers with the implicit assumption that the density of localized states
is too low to have any impact.[9, 26, 27, 81-83] This is rarely mentioned or explicitly justified. In
materials where VRH dominates in the bulk, it is even thinkable that electrons cross the Schottky
barrier via localized states close to E, i.e., by tunneling (hopping) at an even lower energy level than

field emission. The later FEM simulations will show that this is indeed a viable option (sec. 5.6).

2.3 Gallium Oxide

Now that the major theoretical foundations have been introduced, it is time to move on to the
material under study. Three varieties of gallium oxide are of concern for this work: crystalline
B-Ga,05 as quite well-understood starting material, amorphous, stoichiometric a-GaO, 5, which
reflects the sole influence of amorphicity, and of course amorphous, non-stoichiometric a-GaO,

(x < 1.5) - the investigated material.

B-Ga,0Os3 is the thermodynamically stable phase of Ga,O; on the whole temperature range up to
its melting temperature of about 1800 °C.[11] It has a monoclinic structure with 8 gallium atoms
and 12 oxygen atoms in the unit cell.[84] The Ga atoms are tetrahedrally and octahedrally coordi-
nated by oxygen, while the O atoms have trigonal and tetrahedral coordination by gallium. In these

polyhedra, the Ga-O nearest-neighbor distance varies between 1.83 and 2.07 A.

The amorphous varieties a-GaO, ; and a-GaO, are metastable materials that are commonly pre-
pared in thin film form either by radio-frequency (RF) magnetron sputtering [18, 24, 85-90], pulsed
laser deposition (PLD) [9, 10, 26, 27, 32, 91] or atomic layer deposition (ALD) [92-94] at low temper-
ature.” PLD and sputtering typically use p-Ga,O; targets as source material, from which gallium
oxide fragments are ejected and deposited on a substrate through irradiation with a laser beam
or accelerated ions, respectively. In contrast, ALD employes molecular gallium and oxygen precur-
sors (e.g., trimethylgallium and O, plasma), which sequentially react with the surface of a substrate,

thereby forming gallium oxide layer by layer.

For the PLD method, which is used in this work, the decisive process parameters to obtain a-GaO, 5
or a-GaOy are the substrate temperature, the pressure and the gas composition in the deposition
chamber. Even though X-ray amorphous gallium oxide films have been reported for PLD at room
temperature [10, 33, 96, 97], 300 °C [98], 400 °C [91, 96], 450 °C [9], 500 °C [26, 27, 99, 100] and
even up to 600 °C [32], the actual temperature limit for permanently and fully amorphous gal-
lium oxide seems to be at around 300 °C. During post-deposition annealing in inert atmosphere,
as-prepared X-ray amorphous films developed the first crystalline features in X-ray diffraction

(XRD) and transmission electron microscopy (TEM) already at 330-350 °C, even when they were

** According to [95], sputtering, PLD and ALD are the predominant preparation methods for a-GaOy - in that order -
in the literature up to the year 2021. See also [95] for a detailed overview over these and other preparation methods
for a-GaOsy.
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deposited at much higher temperature.[32, 33, 96] Films that were deposited at room tempera-
ture stayed fully XRD- and TEM-amorphous during up to 40 days annealing at 300-320 °C.[33,
97] Whether stoichiometric a-GaQ, 5 or non-stoichiometric a-GaOy is obtained in PLD depends
mainly on the atmosphere in the deposition chamber. Pure Ar gas always leads to oxygen-deficient
a-GaOy, regardless of the pressure.[10, 32, 96, 97] In air, pure O, or Ar/O, mixtures, a-GaO, re-
sults just when the pressure is especially low [9, 26, 27, 91], while oxygen partial pressures (po,)
of 0.04-0.008 mbar lead to a-GaO, 5 films.[32, 33, 96, 97] The underlying principles for the non-
stoichiometric material transfer from the Ga,Oj; target to the substrate have not been fully clari-
fied, but it is common belief that scattering between the ablated species and the gas plays a major
role.[101] Scattering events have a weaker effect on the trajectories of heavier particles (e.g., Ga),
while lighter species (e.g., O) are easily deflected away from the substrate.[28] In presence of O,,
the oxygen loss through scattering is compensated by incorporation of oxygen from the gas phase
into the thin film.

A fine-grained control of the non-stoichiometry x of a-GaO, through PLD conditions has proven
difficult so far. In [102], it was reported that x may be varied rather smoothly between x = 1.5
and x = 1.0 by decreasing the oxygen partial pressure from 10! to 10~” mbar and increasing the
laser fluence, i.e., the pulse energy per illuminated target area. They however found that most of
their films consisted of a stoichiometric and an oxygen-deficient phase, probably due to the depo-
sition at 400-500 °C, and that the variation of x was just a changing ratio between the two phases.
Likewise, in annealing studies of a-GaO, at 480 °C the disproportionation into a p-Ga,O; phase
and an almost pure Ga phase was observed, with an average x = 1.2.[96] This was also deemed re-
sponsible for a metal-insulator transition observed in a-GaO, , at 390 °C.[32, 96, 103] Such a phase
separation could also be involved in the apparent trend that PLD in Ar or vacuum at high temper-
ature (400-600 °C) results in x ~ 1.2-1.4, while room temperature (RT) leads to stoichiometries
around x ~ 1.0.[26, 27, 91, 96] These films with x ~ 1.2-1.4 might not have been homogeneous. In-
stead, PLD in low-pressure O, seems to give access to these intermediate oxygen deficiencies. With
po, ~ 107> mbar, x ~ 1.4 has been obtained at 300 °C [104], while x ~ 1.3 has resulted at 100-160 °C
and po, ~ 107> mbar.[105] Based on the aforementioned annealing experiments in [96], a phase
separation is less probable at these temperatures (even though it has not been ruled out). PLD-
made films with amorphicity and homogeneity explicitly verified by TEM have been reported for
x ~ 0.8-1.1 (deposited at RT in Ar, 0.04 mbar) and for x = 1.5 (deposited at RT in O,, 0.04 mbar).[10,
33, 96, 97] These works also hint at another trend: For an equal gas atmosphere (Ar, 0.04 mbar)
and temperature (RT), x ~ 0.8 has resulted with a laser energy setting of 200 mJ/pulse [97], while
300 m]J/pulse has led to x ~ 1.0-1.1.[10, 96] However, this cannot be assessed with certainty because
the actual measure for the laser energy delivered to the PLD target, the laser fluence that takes

beamline losses and beam diameter into account, has not been reported.

The structures of a-GaO, 5 and a-GaO, deposited at RT have been investigated by extended X-ray
absorption fine structure (EXAFS) measurements.[96, 106] According to the radial distribution

functions (RDF) extracted from the Ga K-edge signal, these materials still have short-range or-
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der, i.e., a rather defined first coordination shell around Ga, but no further ordering beyond that.
The corresponding RDF peak at about 1.7-1.9 A had the same position but significantly increased
amplitude in the amorphous films in comparison to crystalline reference films, which indicated
a higher average coordination number of Ga in a-GaO, 5 and a-GaOy than in B-Ga,05.[96, 106]
It was found that the EXAFS at the Ga K-edge of a-GaO, 5 could be modeled with the octahedral
and tetrahedral coordination polyeder known from p-Ga,O;, albeit with slightly different Ga-O
distances and a substantially higher proportion of octahedra (50% octahedra and 50% tetrahedra
in $-Ga,03, 57% octahedra and 43% tetrahedra in a-GaO, 5).[96] Since it is questionable whether
the ideal polyhedra employed in the modeling can really be present in an amorphous compound,
considering that even those in f-Ga,O; are distorted, this result has to be interpreted rather qual-
itatively: The polyhedra present in B-Ga,Oj still seem to be a rather appropriate description of the
immediate environment around Ga atoms in a-GaO, 5, but with a higher proportion of distorted
6-fold coordination enabled by the flexibility of the amorphous structure (less dense packing). This
is in line with the commonly lower density of a-GaOj 5 (5.1-6.0 g/cm® [106-111]) in comparison to
B-Ga,0; (6.0-6.3 g/cm’ [11, 106]). The density is typically even lower for a-GaO, (4.5-5.8 g/cm’
[92, 107]), which is plausible for a lack of oxygen.36 For a-GaO, with x ~ 1.0, the EXAFS-RDF
amplitude was lower than for a-GaO, 5, corresponding to lower average coordination number of
Ga, as anticipated for oxygen-deficiency.[96] The effect was however weaker than expected for 1/3
of oxygen missing in the coordination polyhedra, which led to the conclusion that either the oc-
tahedra/tetrahedra ratio or the average polyhedra shape differs significantly from a-GaO, 5.’ A
rearrangement of the local structure around Ga is highly probable, considering that at such high
oxygen deficit on average 2 of 6 and more than 1 of 4 oxygen atoms would be missing in octahedra

and tetrahedra, respectively.

This not clarified question of the short-range order in a-GaO, immediately translates into difficul-
ties in describing the defect chemistry. In pure f-Ga,O;, the intrinsic majority defects in the po,
range from 1077 to 1 bar are oxygen vacancies vy or v, with relative charge +2 or 0 depending on

the po,.[112-114] The respective defect equilibria can be expressed in Kroger-Vink notation as
X oo ! 1 X X ]'
05 =— v +2e' + 502 (g and Of =— v§ + 502 (g) (2.67)

where v{j is an oxygen vacancy with two bound electrons (in the Ga dangling bonds), v§y is an
oxygen vacancy without bound electrons and € is an excess electron excited to the CB. In an amor-
phous structure, there are no crystallographically equivalent positions and therefore vacancies are
— in principle - not a valid concept. Nevertheless, one could argue that a vacancy picture is still

appropriate when there would be rather equally shaped Ga coordination polyhedra which either

**Note that most of the here mentioned densities of a-GaO, 5 and a-GaO, refer to films prepared by other methods than
PLD (mostly by ALD). Just [106] contains a value for PLD-made a-GaO, 5: 6.01g/ cm’.

’Note that an EXAFS analysis for a-GaO, , (deposited by PLD at 500-600 °C) was reported in [32, 103]. There, an equal
octahedra/tetrahedra ratio was obtained as stated for a-GaQO, 5 in [96]. The RDF of a-GaO, , however contained a
second peak at about 2.8 A, just like B-Ga,0s, which makes an interpretation difficult (see the above discussion of
PLD at high temperature).
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host an oxygen ion or not. As discussed above, in almost stoichiometric a-GaOy this might ac-
tually be the case, but for high oxygen-deficiency a short-range order with distinguished “empty”
positions is unlikely. The Kroger-Vink notation is thus inappropriate for a-GaO, in general and the

oxygen-deficiency defect equilibrium just reads
. 1
O (s) == 2¢e + 3 0,(g) (2.68)

In X-ray photoelectron spectroscopy (XPS) of a-GaOy, it has been observed that the excess electrons
e~ predominantly increase the electron density around Ga** ions (electron configuration: [Ar] 3d'?),

formally leading to Ga* valence defects (electron configuration: [Ar] 3d'® 4s%): [10, 92, 115]
Ga** (s) + 2e” = Ga'(s) (2.69)

Instead of the oxygen vacancy picture, the effects of oxygen-deficiency in a-GaOy thus may be
roughly described as a reduced average coordination number of the Ga ions and the presence of

Ga* valence defects.

Naturally, the structural and compositional differences between -Ga,03, a-GaO, s and a-GaOy also
have consequences for the material properties, e.g., for the band gap. f-Ga,O; has an indirect band
gap of about 4.85 eV and a direct band gap of 4.9 eV, as determined congruently by ab-initio band-
structure calculations, UV-Vis spectroscopy and angle-resolved photoemission spectroscopy.[11, 14,
116, 117] It is commonly considered a direct-band gap material due to the ten times higher prob-
ability for this transition.[14] This large band gap is an outstanding characteristic of 3-Ga,05 and
led to its use in high power diodes and transistors, as well as in solar-blind UV photodetectors.[12,
13,15, 16] For a-GaO, 5, an almost equal direct band gap of 4.8-5.0 eV has been measured via spec-
troscopic ellipsometry and UV-Vis spectroscopy in the vast majority of works.[9, 85, 109, 110, 118—
122] Therefore, it is often used for the same applications as B-Ga,O3, with the benefit of preparation
at low T and on flexible substrates in exchange for lower thermal stability.[86, 87, 89, 95, 123-125]
Only few studies report a significantly lower band gap in the range of 4.3-4.5 eV for a-GaO, 5, prob-
ably as a result of unintentional doping or oxygen-deficiency.[105, 107, 117] Such narrow band gaps
have been consistently found for non-stoichiometric a-GaOy. Direct band gaps of 4.4-4.9 eV for
x ~ 1.4 [104, 126, 127] and of 4.0-4.4 eV for x ~ 1.3 [26, 105, 126] have been measured by UV-Vis
spectroscopy. The following discussion of the DOS will show that this clear trend of narrower band

gap for lower x originates from defect states that emerge in the band gap.

2.3.1 Density of States
Fig. 2.2 shows different densities of electronic states (DOS) for B-Ga,03, a-GaO, 5 and a-GaOy,

which have been calculated by hybrid DFT.[89, 128] Thereby, the required amorphous structures

have been created from crystalline supercells through an artificial melt-quench procedure using
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Figure 2.2: Electronic states in crystalline and amorphous gallium oxide. (a) DOS of B-Ga, O3, calculated by
hybrid DFT (HSEO06 functional with 32% Hartree-Fock exchange).[128] (b)-(d) DOS of a-Ga 30, (x = 1.50),
a-GaygOgg (v = 1.42) and a-GaygOgy (x = 1.25), calculated by hybrid DFT (HSE06 functional with 25%
Hartree-Fock exchange) for amorphous structures generated by AIMD.[89] In (a), VBM marks the VB edge,
while in (b)-(d) it refers to the VB mobility edge as inferred from the inverse participation ratio (IPR).
(e) Partial charge density of the highest electronic state below Eg in a-Ga,gOg4g, shown for an isovalue of
-0.008 e/Bohr3.[89] Reprinted with permission from [128] and [89]. © 2019 American Chemical Society.

ab-initio molecular dynamics (AIMD).*® The DOS of B-Ga,O; (fig. 2.2a) features a steep VB edge,
a more gradually rising conduction band and a broad band gap in between that is in accordance
with the values discussed above. Comparison with the DOS of a-GaOj 5 (fig. 2.2b) shows that the
amorphicity has almost no impact on the shape of the DOS, which is in line with the approximately
equal band gaps reported for f-Ga,0; and a-GaO, 5 (cf. sec. 2.3). However, the states near the
VB and CB edges in a-GaO, 5 are localized, as has been concluded from their inverse participation
ratio (IPR) that is also shown in fig. 2.2b. The IPR is roughly the inverse of the number of atoms that
contribute to a certain electronic state, such that extended states have low IPR while localized states
have high IPR.* The DOS of a-GaOj s thus exhibits the localized VB and CB tails that are expected
in amorphous compounds (cf. sec. 2.2.1). These are also present in the DOS of non-stoichiometric
a-GaOy (figs. 2.2¢,d), but with increasing oxygen deficit also more and more defect states emerge

in the band gap. According to their IPR, these defect states are localized as well. Other published

*8 AIMD procedure in [89]: Each structure was subjected to 10 sequential 3 ps-AIMD runs at 10 different temperatures
from 2000 K down to 500 K in equal steps (NVT ensemble, time step: 1.5 fs), followed by a full structure optimization
until all forces were lower than 0.05eV/A.

3 There exist different definitions of the IPR, e.g., in [69,129,130], which differ in the calculation but not in the meaning
of the quantity. It is not specified in [89] which definition was used for figs. 2.2b-d.
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DFT-DOS for a-GaO; 5 [106, 126] and a-GaO, [126] show the same trends, but lack an analysis of

state localization.

For x = 1.42 (fig. 2.2c), the defect states appear as a rather broad defect band in the lower half
of the band gap. This not only explains the experimentally determined shrinking of the band gap
(cf. sec. 2.3), but also fits to the observation of defect states near the VB edge in photoemission
spectra of a-GaO, (with x = 1.4 in [104]), which have been measured by hard X-ray photoelectron
spectroscopy (HAXPES).[104, 123] They are not present in XPS spectra of a-GaO, 5.[106] HAXPES
and DFT agree further in that the defect states are predominantly occupied by the excess electrons
from oxygen-deficiency (cf. eq. 2.68), which results in a shift of the Fermi level to higher energy
for a-GaO, in comparison to a-GaO 5 (figs. 2.2b,c). The defect band in fig. 2.2c is located at signif-
icantly lower energy than the electronic defects from oxygen vacancies and gallium interstitials in
B-Ga,03, which lie 2.2-4.0 eV and 3.5-4.0 eV above the VB edge, respectively, according to hybrid
DFT calculations.[112, 114, 131] This is another sign that the situation in a-GaO, differs from a mere

accumulation of p-Ga,O;-like point defects.

The DOS for x = 1.25 (fig. 2.2d) indicates that for decreasing x the band gap is eventually filled
by localized states. It is however difficult to assess whether this condition is already reached for
x = 1.25, because in these DFT calculations only few defect states in the band gap have actually been
calculated (as indicated by the rather limited number of red IPR dots in this region). This is a result
of the low number of just 8 k-points (2 x 2 x 2) that have been used due to the high computational
demand of hybrid DFT.[89] Estimation of the CB mobility edges E¢ from figs. 2.2b-d is difficult for
the same reason, but it seems like Ec — EF, i.e., the governing quantity for mobility edge conduction
(cf. sec. 2.2.2), decreases substantially with decreasing x. Simultaneously, there are more and more
localized states close to Ep, up to the point where Ef is in the localized CB tail in fig. 2.2d. This
means that with decreasing x variable-range hopping also becomes a viable option (cf. sec. 2.2.3).

Whether MEC or VRH dominates in a-GaO,, is not clear so far, as discussed in the next section.

Fig. 2.2e shows the partial charge density of an exemplary defect state from the DFT-DOS in fig. 2.2c,
which confirms that these states are indeed localized as indicated by the IPR. The shown state seems
to be localized to a void in the amorphous structure, which illustrates that localized states are not
necessarily centered on a specific atom. The void appears to be coordinated by O and Ga atoms,
which fits to the rather comparable contributions from O and Ga orbitals to the defect states in
the site-projected DOS (fig. 2.2c). This is another argument against the simple picture of oxygen

vacancies (“empty” Ga polyhedra) as point defects in a-GaOy.

The trend indicated by figs. 2.2a-d, i.e., a successive filling of the band gap by defect states through
increasing oxygen deficit, is also plausible with regard to the reported colors of gallium oxide thin
films. B-Ga,0;, a-GaO, 5 and even a-GaO, thin films with x > 1.3 have been described as col-
orless and transparent,[11, 33, 92, 95, 105, 110, 111] which means that their band gap must exceed
the energy range of 1.6-3.3 eV for visible photons (cf. sec. 2.3). Severely oxygen-deficient films with

x = 0.8-1.0 however have been reported as dark and opaque due to strong absorption over the whole
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visible spectrum,[96, 97] which requires that their band gap is lower than 1.6 eV.? This also means
that visible light may influence the electron transport in opaque a-GaOy films, e.g., by additional
photoexcitation of electrons above Ec. While this effect can be used to construct broad-spectrum
photodetectors,[132] electrical characterization along the surface of a-GaO, - e.g., for measuring

the conductivity — should generally be done in the dark.

2.3.2 Electronic Conductivity

Pure B-Ga,0; and a-GaO) s are electrical insulators with o < 107® S/m at room temperature.[14, 123,
133] This is a direct result of the wide band gap that essentially prevents thermal excitation of elec-
trons from the valence to the conduction band. Consequently, they are used e.g. as inert substrates
[11], passivation layers in solar cells [107, 134] or gate dielectrics in field-effect transistors.[135] The
low intrinsic conductivity also makes B-Ga,0O; and a-GaO; 5 highly susceptible to the modifica-
tion of electron transport through (un)intentional doping or non-stoichiometry. Thereby, another
broad range of applications is enabled, e.g., as active material in diodes [136-138], transistors [123,
139, 140] and photodetectors.[86, 87, 89, 90, 141, 142] Furthermore, it is the basis for the resistive

switching effect that will be discussed in sec. 2.4.

The most abundant modification of 3-Ga,0Oj; is donor doping, e.g., by Sn or Si, which allows to
change the conductivity o = en.gu over several orders of magnitude.[14] The donor energy levels
are typically just about 50 meV below the CB edge (shallow donors), such that most of the respec-
tive electrons are excited to the conduction band.[14] Accordingly, Hall measurements have shown
that the charge carrier density n.¢ approximately equals the doping concentration and may thus be
varied from 10" to 10%° cm™>.[14] The electron mobility u in the conduction band decreases slightly
with doping due to additional scattering, but it has been found to stay in the order of 100 cm?/(Vs)
at RT for many different dopants and concentrations.[14, 143] It is tremendously faster than the
electron hole mobility in the valence band, which is expected to be in the order of 107° cm?/(Vs)
at RT.[11] Usually, acceptor doping of B-Ga,O; therefore does not lead to appreciable p-type con-
duction and may instead enhance its insulating character by compensating eventual donor impu-
rities.[14] The difference of the electron and electron hole mobilities is also the reason why impure
B-Ga,05 is commonly an n-type semiconductor. Apart from Ga-substituting impurities like Si, also
hydrogen incorporation (e.g., as Hy") is discussed as the origin of unintentional n-type conductivity
in B-Ga,0,.[14, 112, 144-146]

Oxygen-deficiency in 3-Ga,0; is comparable to donor doping, since the formation of oxygen va-
cancies leads to excess electrons that are partially excited to the conduction band (eq. 2.67). As

a result, B-Ga,Oj; exhibits a po, -dependence of the conductivity at high temperatures.* For ex-

**The dark brown color reported for a-GaO,, and a-GaO, 4 in [32] and [96] results from an embedded, more oxygen-
deficient phase, as discussed in [96] and in sec. 2.3.

“In principle, the conductivity of B-Ga,Os is also po,-dependent at lower temperatures, but the adjustment of the
oxygen vacancy equilibrium (eq. 2.67) takes an increasingly long time (about 1s at 1000 °C; > 1h below 800 °C).[147]
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ample, at 1000 °C the oxygen vacancy concentration increases from about 2x10" to 4x10? cm™>

and the conductivity increases approx. from 0.013 to 0.25S/m when the po, is lowered from 1 to
107> bar.[114, 147] Like for extrinsic donor dopants, the electron mobility seems to stay about the
same (around 100 cm?/(Vs) at RT).[148] The effect of the changing oxygen vacancy concentration
on ng (and thus on o) is much lower than for the aforementioned shallow donors, because oxygen
vacancies in B-Ga,O; are deep donors, with defect states rather far from the CB edge (> 0.8 €V, as
mentioned in the previous sec. 2.3.1). Only few of the excess electrons are excited to the CB and
contribute to conduction, while most occupy the oxygen vacancy defect states (v(), cf. eq. 2.67).
Furthermore, even for an extremely low po, of 107" bar (lower limit w.r.t. to phase stability) and

3 is ex-

rather high T = 1000 °C, just an equilibrium oxygen vacancy concentration of about 10'® cm™
pected,[114] which is in the order of the typical impurity concentrations (mainly Si) in commercial
gallium oxide powder.[14] In -Ga,0Oj3, intrinsic oxygen vacancies are thus typically less relevant for
the conductivity than extrinsic donors, except when the latter are compensated (e.g., by gallium va-
cancies, [114]). In amorphous gallium oxide, much more pronounced oxygen-deficiency is reached
through non-equilibrium preparation techniques like PLD.** For example, x = 1.4 would formally

—3 in a-GaO, (estimate from

correspond to an oxygen vacancy concentration in the order of 10* cm
density values in sec. 2.3). For rather pure a-GaOy, the effects from non-stoichiometry thus can be

expected to outnumber those from impurities by far.

Experimentally, a non-linear increase of the conductivity of a-GaO, over many orders of mag-
nitude has been observed for a decreasing O/Ga ratio x, from 2.2x1078S/m for x = 1.5 [126] to
3.3x107%S/m for x = 1.3 [126], 2.2x10' S/m for x = 1.0 [96] and 2.3x10*> S/m for x = 0.8 [97] at
room temperature. With increasing oxygen deficit, a-GaOy converts from an insulator to a good
conductor. In analogy to the donor doping by oxygen vacancies in $-Ga, O3, this has been attributed
to an increase of the number of change carriers taking part in band transport above the CB mobility
edge Ec.[32, 126] Mobility edge conduction is considered to be the dominating electron transport
mechanism in a-GaOy, since measurements of ¢ as a function of T showed an approximately lin-
ear relation between In(¢) and T~! (fig. 2.3a) in accordance with the MEC law (eq. 2.33).[32, 96,
97] Currently, all further models with regard to electrons in a-GaOy,, e.g., for Schottky barriers
(sec. 2.3.3) or for resistive switching (sec. 2.4), are explicitly or implicitly built on this conclusion.
The difference AE = E¢c — Er obtained from MEC fits decreases from x = 1.2 to 0.8 (fig. 2.3a), which
explains the non-linear increase of o with increasing oxygen deficit (cf. eq. 2.33). The same plausible
trend was observed in the DFT-DOS discussed in sec. 2.3.1, where a shift of the Fermi level Ef to
higher energy, i.e., towards Ec, can be seen as a result of more and more defect states emerging in
the former band gap (fig. 2.2). Whether the actual AE values in fig. 2.3a are realistic is difficult to
judge from the available DFT-DOS.

The alternative — variable-range hopping - has been reported just for crystalline gallium oxide,

“2Note that crystallizing a-GaOy in inert atmosphere leads to phase separation (as discussed in [91, 96] and sec. 2.3) and
not to $-Ga,0; with equivalent oxygen deficit. Annealing in vacuum even causes gallium loss through volatilization
of Ga,0.[149]
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Figure 2.3: Experimental literature data for the conductivity o of PLD-made a-GaOj thin films with x ~ 0.8
[97], x ~ 1.0 [96] and x ~ 1.2 [32], shown both as (a) MEC-plot and (b) VRH-plot for comparison. Lines are
the respective linear fits according to the MEC law (eq. 2.33) and the VRH law (eq. 2.54). The nearby shown
values in (a) and (b) are the fit results AE and T0 , respectively. Note that the a-GaO, films with x » 1.2 have
most probably not been phase-pure (cf. sec. 2.3).

where electron hopping between dopant sites or along grain boundaries has been proposed in sev-
eral cases.[136, 138, 141, 150-152] To the best of the author’s knowledge, there are no mentions of
VRH in amorphous gallium oxide so far. It probably has never been considered because in amor-
phous semiconductors there are typically too few localized states near Er to compete with the much
faster band transport beyond the mobility edges. VRH normally just dominates at temperatures far
below RT, where the excitation of electrons above E is practically suppressed. However, for highly
non-stoichiometric a-GaO, the DFT-DOS (fig. 2.2d) indicate a substantial amount of localized de-
fect states at/near the Fermi level. VRH thus might dominate at higher temperatures than usual.
Indeed, the aforementioned o(T)-measurements can also be adequately described by Mott's VRH
law (eq. 2.54), as demonstrated in fig. 2.3b. The Tj values obtained from the respective VRH fits
decrease from x = 1.2 to 0.8, as would be expected from Mott’s estimate Ty o< 1/g(Ef) (eq. 2.54) in
conjunction with the increasing DOS around Ef (fig. 2.2b-d). This trend for T would also be an

alternative explanation for the non-linear relation between ¢ and x (cf. eq. 2.54).

It is not possible to decide whether the MEC model (fig. 2.3a) or the VRH model (fig. 2.3b) is more
appropriate for the shown conductivity data. The scatter of the data is too large and the covered
T-range is too narrow on the reciprocal scale to observe significant differences in the fit quality.
Furthermore, both models yield equally plausible trends that match the experimental results. Hall
measurements, where the electron transport in the presence of a magnetic field is studied, could
provide additional insight. It is known that for VRH the Hall effect is extremely small, because
the electron tunneling events are not affected by the classical Lorentz force,[31, 153, 154] whereas
for MEC the charge carrier density and the electron mobility above E¢ can be obtained. The fact

that charge carrier densities in the order of 10 cm™ and Hall mobilities in the range from 1.5
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to 33.6 cm?/(Vs) have been reported for a-GaO,, at RT is thus a strong argument for MEC.[123,
155, 156] The mobilities are lower than for crystalline gallium oxide (see above), e.g., due to in-
creased scattering in the amorphous structure. Unfortunately, the respective studies lack a deter-
mination of the stoichiometry of the a-GaOj films. Based on the deposition conditions (e.g., PLD
with po, = 0.05mbar at RT) and other details (e.g., transparency, band gap > 4.0 V), it seems like
the investigated films had rather low oxygen deficit (x » 1.5), probably in conjunction with a decent
amount of unintentional doping (rather high conductivities of 4.4x10~ to 8.4x1072 S/m). Substan-
tial donor doping by impurities would of course distort the situation in favor of MEC. Still, these
results indicate that MEC dominates in a-GaOy at least for rather high x. This is also the regime
where VRH is expected to be weak (¢(Er) — 0). Further measurements are necessary to clarify the
main electron conduction mechanism in a-GaOy, especially for non-transparent films with x <1.2.

It is a major aim of this work to address this point (cf. sec. 5.3).

2.3.3 Metal|a-GaO. Interfaces

The electron transport across metal|a-GaO, interfaces is commonly treated as if a-GaO, were a
crystalline n-type semiconductor with a large amount of oxygen vacancies. Often, it is not men-
tioned that this analogy originates from the MEC model, that there is a mobility edge that takes
the role of the band edge and that oxygen vacancies are just an illustrative picture for local non-
stoichiometry in this case. The classical Schottky barrier models introduced in sec. 2.2.4 are used
without accounting for localized states that might be present in the barrier region (except through
a phenomenological ideality factor).[105, 156] This is probably a justified approach when the local-
ized regions in the band tails are narrow, i.e., almost no difference between band edge and mobility
edge, and when there are no localized states in direct vicinity of the Fermi level. The DFT-DOS
(fig. 2.2) show that this is likely not the case for the severely non-stoichiometric gallium oxide that

is investigated in this work, but it might be for films that are transparent and conductive.

As explained in sec. 2.2.4, the presence of a Schottky barrier is coupled to a difference of the work
functions W of the metal and the regarded semiconductor. However, no work function values seem
to be published for a-GaOy so far. For f-Ga,0; and a-GaO, 5, almost equal work functions of W =
4.79eVand W = 4.68 eV, respectively, have been obtained in Kelvin probe measurements on PLD-
made thin films.[157] The other extreme, pure Ga metal, has a significantly lower work function
of W = 4.32eV.[158] Considering that the work functions of the electrode materials employed in
this work are 5.5-5.6 €V for Pt [158, 159], 5.3-5.5 eV for Au [158, 160] and 4.3-4.5 eV for ITO [159,
161-163], Schottky barriers can be expected at Pt|a-GaO, and Au|a-GaO, interfaces.** ITOJa-GaO,

interfaces should either be ohmic or have low Schottky barriers (low w.r.t. ¢y, cf. eq. 2.55).

The extent of the Schottky barrier depletion region depends on the relative permittivity e, (cf.
eq. 2.59). Both B-Ga,0; [164] and a-GaO, 5 [121, 122, 135, 165] have €, ~ 10 (range: 9-14) according

*See [15] for a comprehensive review of metal|B-Ga,O; Schottky barriers.
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to capacitance measurements (C-V'). For non-stoichiometric a-GaOy, there is apparently only one
study, in which e, = 11.9 is reported for transparent a-GaO, 3.[92] Neither amorphicity nor oxygen-
deficiency seem to influence €, but this may be different for opaque a-GaO, with a large amount

of localized states in the former band gap.**

Experimental characterization of metal|a-GaO, Schottky barriers is rare as well, especially in com-
bination with a determination of the O/Ga ratio. For an Au|a-GaOj interface, with x approx. 1.3-
1.4 according to XPS, ¢p; = 1.1eV and ng ~ 107 cm™ have been determined by C-V measure-
ments.[105]* In combination with the aforementioned work function of Au, this indicates a realis-
tic work function of 4.2-4.4 eV for these transparent a-GaOy films (cf. eq. 2.55). The barrier height
has been extracted from the diode-like I- V' curves of the Au|a-GaO, devices as well. By fitting with
eq. 2.61 for thermionic emission (log(I) vs. V), g ~ 0.7 eV and 1 > 2 have been obtained.[105] The
high ideality factor has been attributed to additional trap-assisted tunneling and/or barrier inhomo-
geneities. Since gp < ¢1,; would indicate Er > Ec, the authors conclude that ¢p is underestimated
as a result of the deviations from ideal thermionic emission.[105] Essentially the same has also been
reported for Alla-GaO, Schottky barriers with unknown O/Ga ratio.[156]

Pt|a-GaOy interfaces prepared by PLD with po, = 0.05 mbar at RT exhibited diode-like I-V curves
as well.[123] The stoichiometry of these transparent films has not been measured, but x should be
close to 1.5 (cf. sec. 2.3). Taking the DFT-DOS in sec. 2.3.1 and the presence of impurities (high
reported o) into account, it seems plausible that thermionic emission dominates in this case. This
seems to change for Ptla-GaO, interfaces deposited by PLD in vacuum at 450 °C, where x < 1.5
can be expected (cf. sec. 2.3).[9] In this case, the non-linear I-V curves are not diode-like but quite
symmetric, indicating substantial tunneling or even hopping transport through the barrier region.
For V > 0 applied to Pt (forward bias), an approximately linear relation between In(I) and VY2 has
been observed in these measurements, which does not fit to any of the classical Schottky barrier

models introduced in sec. 2.2.4.%¢

ITO|a-GaOy interfaces have been investigated using symmetrical, transparent ITO|a-GaO,|ITO
devices, prepared by RF sputtering at RT in pure Ar atmosphere.[124] As expected, their I-V curves
are completely symmetric too. For each voltage polarity, In(|I|) vs. V' is approximately linear, which
would fit to thermionic field emission through the respective reverse-biased ITO|a-GaOy interface
that should dominate the device resistance (cf. eq. 2.66).*” However, in principle, the non-linearity
of the I-V curves could also stem from a V-dependence of the bulk resistance. The rather large

distance of about 2 um between these ITO electrodes and the low work function of ITO makes a

*1n several works about localized electrons (and VRH) in dielectric ceramics, these were seen as the reason for an
observed colossal ¢,.[166-168]

*In the full depletion approximation, the capacitance C of a Schottky barrier is given by C = €€, /x4, with the depletion
width x4 from eq. 2.59. This means C™> o< @y,; — V. Note that the calculation of 4 from the slope of this relation
requires to know €, but the used value is not mentioned in [105].

46Note that in [9] this forward bias current is erroneously fitted with a reverse bias thermionic emission model that also
neglects the V-dependence of the depletion width x4 (cf. eq. 2.59).

“Note that in [124] the I-V results are fitted with a wrong parallel circuit of two back-to-back thermionic emission
equations (instead of a serial circuit). This effectively leads to a forward-bias model for both polarities.
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dominance of the a-GaO, bulk more likely, but it is unknown whether the conductivity of a-GaO,
would actually increase exponentially for the electric field strengths reached within these devices.
As a result, the nature of ITO|a-GaOy interfaces is yet unclear. Still, for asymmetric devices like
Pt|a-GaO,|ITO it is very common to assume a low resistance for the ITO|a-GaOy interface in com-
parison to the other interface with higher work function difference.[9, 10, 18, 28, 169] In these cases,

ITO is treated like an ohmic contact, even if - strictly speaking - it may not be one.*?

2.3.4 Gallium and Oxygen lon Transport

Although this work mostly focuses on electron transport, ion transport is no less important, espe-
cially for the resistive switching mechanisms that will be discussed in the next section. However,

even for crystalline gallium oxide there are only few studies on gallium or oxygen ion diffusion.

The tracer diffusion of oxygen in p-Ga, 05 has been characterized by '®0 exchange experiments.[170,
171] Therein, p-Ga,Oj single crystals have been annealed in '*0, atmosphere at temperatures from
1200 °C to 1600 °C for about 24 h. The resulting diffusion profiles for the '®0 isotope have been
measured by secondary-ion mass spectrometry (SIMS). The oxygen tracer diffusion coefficient Dy
then has been obtained by fitting the profiles with the appropriate diffusion equation. For example,
D}, is in the order of 1077 cm?/s for T = 1200 °C. This means that the tracer diffusion of oxygen
is quite slow, even at such high temperatures. The main reason for this is most likely the low con-
centration of point defects (e.g., oxygen vacancies) that are a prerequisite for oxygen movement
in the crystal lattice. This is also reflected in the high activation energies of 3.2 eV and 5.0 eV that
have been extracted from the T-dependence of D for two different orientations of the crystals.[170,
171] According to theoretical calculations, these activation energies are dominated by the formation

energy of the required defects.

Extrapolating the above results to room temperature yields extremely low D in the range of 107

to 10784 cmz/ s. Still, it must be taken into account that this tracer diffusion coefficient just de-
scribes the diffusion without a concentration gradient. It may differ substantially from the Fickan
diffusion coeflicient that describes chemical diffusion driven by an oxygen concentration gradi-
ent. This is illustrated by a study, where Ti (50 nm) has been deposited on f-Ga,0;.[172] Before
annealing, the Ti|B-Ga,Oj; interface gave diode-like, non-ohmic I-V curves. However, after rapid
thermal annealing at 470 °C for 120 s in inert atmosphere, the I-V curves became linear. Subse-
quent cross-sectional TEM-EELS measurements revealed that this ohmic contact formation is the
result of oxygen diffusion from B-Ga,O; into the Ti layer. The whole Ti layer is oxidized rather
homogeneously to TiO, within the short heating period. The EELS analysis also showed that the
O/Ga ratio near the interface in 3-Ga,0Oj3 is drastically reduced to about 1.0 (50% Ga, 50% O). Dur-

ing the annealing process, the steep chemical potential gradient for oxygen causes an oxygen flux

*8Real ohmic contacts to a-GaQy, with linear I-V curves of the respective symmetric devices, have been reported for In
and Ti electrodes.[86, 88, 90]
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into the Ti layer, creating an increasing number of oxygen vacancies in p-Ga,Oj; that greatly facili-
tate the further oxygen transport in this region. These results demonstrate that, depending on the

conditions, oxygen transport in gallium oxide can be quite fast even at rather low temperatures.

For gallium diffusion, there is no suitable isotope that could be used in tracer diffusion experiments.
Instead, Al has been used as a substitute to investigate the diffusion of metal ions in B-Ga,05.[171]
Aluminum diffusion profiles have been obtained by SIMS after deposition of Al,0; on 3-Ga,O; sin-
gle crystals and annealing at temperatures from 1100 °C to 1500 °C. The resulting aluminum tracer
diffusion coefficients D}, are about two orders of magnitude higher than the aforementioned D§
for oxygen (e.g., D¥; ~ 107 cm?/s for T = 1200 °C). The activation energy for Al tracer diffusion
(4.2eV) is also lower than the respective value for oxygen (5.0 eV for the same crystal orientation),
mainly due to a lower formation energy for gallium vacancies (at high po, and typical impurity
concentrations).[114] Correspondingly, the extrapolated tracer diffusion coefficient at RT is higher
for Al (D}, ~ 107> cm?/s) than for oxygen (Dg ~ 108 ¢cm?/s for the same crystal orientation),
but, of course, still extremely low. These results indicate that gallium tracer diffusion is most likely
faster than oxygen tracer diffusion in B-Ga,0;. However, as discussed above, this has only limited

significance for chemical diffusion in non-homogeneous devices.

Chemical diffusion in f-Ga,O3 is addressed by another study, where single crystals have been bom-
barded with Ni" ions to introduce artificial disorder.[173] The simultaneous “healing” of the disor-
der® through diffusion has been monitored by Rutherford backscattering spectrometry (RBS) for
different temperatures (25-250 °C). From the T-dependence, an activation energy of 0.8 eV has
been determined. Due to the defect creation by ion irradiation, this energy does not contain the
formation energy of the defects. Instead, it corresponds to the migration energy for Ga diffusion,
since only the disorder in the Ga-sublattice has been measured by RBS. The obtained value is quite
low, at least for ion transport, which indicates that appreciable Ga diffusion can be expected when
enough vacancies are present in the Ga-sublattice. This is also demonstrated by the short timescale
of this experiment. Despite the low temperatures, “healing” periods of only 12-720 s were sufficient

to get meaningful results.

The oxygen and gallium ion transport in $-Ga,O; has also been studied theoretically by DFT cal-
culations.[113, 114, 174] They essentially confirm the above experimental findings. Migration en-
thalpies of 1.7-4.9 eV have been reported for the different migration paths of neutral oxygen vacan-
cies (v§) in the B-Ga,O; unit cell.[114, 174] The migration enthalpies tend to be lower for charged
oxygen vacancies (vg ; 1.1-2.7 eV), but their concentration is much lower under the usual experi-
mental conditions. For gallium vacancies (v¢,), migration enthalpies of 0.6-2.2 eV have been ob-
tained for the different possible paths.[114, 174] They fit quite well with the aforementioned exper-
imental value and they are significantly lower than those for oxygen. This indicates that gallium

movement through the crystal is fundamentally easier.

It has been verified by RBS that the introduced disorder is well below the amorphization level. Further, it is claimed
that the accumulated dose of Ni* is too low to have any chemical influence.
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The investigation of ion transport in amorphous gallium oxide is more difficult. For theoretical
calculations, there are no longer well-defined migration paths or defect positions. For experiments,
the crystallization temperature of about 350 °C sets an upper boundary for the observable diffu-
sion lengths. For example, 0 exchange annealing times of about 20 days have been necessary to
get meaningful tracer diffusion profiles for a-GaO; 5.[33, 97] Even with such long procedures, these
experiments have only been possible because the tracer diffusion of oxygen is significantly faster
in amorphous than in crystalline Ga,0;. The obtained tracer diffusion coefficients of oxygen in
a-GaO, 5 are much higher (e.g., D}, = 8.1x1072° cm?/s for T = 300 °C) and the determined activa-
tion energy of 0.83 eV is considerably lower than for $-Ga,05.[33, 97] Extrapolated to RT, a value
of D¥ ~107% cm?/s can be expected. This is many orders of magnitude higher than the aforemen-
tioned estimates for -Ga,Os. The same trend of drastically easier diffusion in the amorphous state
has also been found for other materials, e.g., for amorphous Si.[175] Still, it cannot compete with
electron transport. With the analog of eq. 2.12 for O*~ tracers - using the density stated in sec. 2.3
and coarsely assuming ideality for the thermodynamic factor (®* = 1) — an ionic conductivity of
00 ~ 107% S/m can be estimated for oxygen in a-GaO 5 at room temperature. This is many orders
of magnitude lower than the electronic conductivities discussed in sec. 2.3.2 (e.g., 2.2x107 S/m for
rather pure a-GaO, 5 [126]).

Apart of these results for a-GaOj s, there seem to be no other experimental or theoretical works
on ion transport in amorphous gallium oxide. Specifically, none were found for amorphous, non-
stoichiometric gallium oxide. It is even more difficult to investigate due to its high susceptibility to
oxidation.[33] The even lower density (cf. sec. 2.3) and the larger amount of electronic defects (i.e.,
less ideal bonds) in a-GaO, could probably benefit ion diffusion, but, so far, that is just speculation.

However, some general observations can be made:

« The known long-term stability of opaque a-GaOj films during storage in air indicates that oxy-

gen diffusion is slow at room temperature.

« The macroscopic phase separation observed during annealing at temperatures over 300 °C re-

quires ion transport.

+ On the one hand, resistive switching is based on ionic movement driven by an applied electric
field. On the other hand, the resistance states would be volatile if ion transport would be too fast

at room temperature.

It is unclear if the trends seen for $-Ga,0; and a-GaO, 5 are applicable to a-GaO,. For example,
it is unknown whether gallium or oxygen ions are more mobile in a-GaO,. Either one, or even
both, could be responsible for local changes within the material when a large enough electric field
is present. Since they have opposite charge, however, the outcome for the local composition x and
charge density p is qualitatively the same (e.g., V*¢ > 0 causes decreasing x and increasing p, cf.
egs. 2.8, 2.14). Therefore, in order to simplify the further descriptions throughout this work, the
picture of changing x (and p) through an oxygen ion flux will be used. This is common in the

resistive switching literature on a-GaOy, in analogy to the well-known oxygen vacancy migration
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in crystalline oxides, but it must be kept in mind that also an opposite gallium flux could lead to

the discussed effects.

2.4 Resistive Switching Mechanisms

The basic terms and mechanisms of resistive switching (RS) were already mentioned in the intro-
duction (sec.1). Here, the observations and proposed explanations for resistive switching of a-GaO,
will be examined more closely. But first of all, the nomenclature of different switching patterns must
be clarified.

Resistive switching behavior can be classified into two major categories, unipolar or bipolar.”® For
unipolar switching, no change of the voltage polarity is necessary to switch back and forth between
LRS and HRS (e.g., [17, 98, 100, 176]). Typically, this involves specitying a compliance current (i.e.,
a limit for I) for the HRS — LRS process. Applying a large enough positive (or negative) voltage
with activated current limit triggers the HRS — LRS transition but too high currents are prevented.
Afterwards, with deactivated current limit, applying again a sufficient positive (or negative) voltage
causes a high current that triggers the reverse LRS — HRS transition (e.g., through Joule heating).
In contrast, bipolar switching requires to alternate between positive and negative voltage in order
to observe RS behavior. A current limit is typically not needed. Depending on which transition

occurs for which voltage polarity, three types of bipolar resistive switching can be distinguished:

« Figure-8 bipolar RS (e.g., [9, 20, 23,127,177,178]): An HRS — LRS transition occurs for V > 0,
while LRS — HRS is observed for V < 0.

 Counter-8 bipolar RS (e.g., [9, 10, 18, 28, 29, 169]): An LRS — HRS transition occurs for V > 0,
while HRS — LRS is observed for V < 0.

« Abnormal bipolar RS (e.g., [26, 27]): It looks like the same transition occursat V > 0and V < 0
(e.g., LRS - HRS), while at V' = 0 the opposite process is observed (e.g., HRS — LRS).

The “abnormal” type usually involves at least one directional resistance (Schottky barrier). There
is no driving force for real switching at V' = 0, but due to the directional resistance it looks like
a transition occurs when the polarity changes. The actual reverse transition is hidden. There are
several possibilities how this can come about. In the easiest case, just one directional resistance is
relevant, which behaves like this: Whatever internal mechanism increases its resistance with regard
to positive voltage also simultaneously decreases its resistance for an opposite electron flow, and
vice versa. For example, after an LRS — HRS transition was observed at V > 0, the device is - at
the same time — in an HRS with regard to V' > 0 and in an LRS with regard to V' < 0. This can be
probed using small positive and negative “read” voltages. Still, V' < 0 would have to be applied to

reverse these states. This distinguishes abnormal bipolar RS from unipolar RS.

*The citations in this paragraph refer to corresponding examples specifically for a-GaOx.
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A proper definition of the voltage polarity is mandatory both for the categorization and the in-
terpretation of figure-8 and counter-8 bipolar behavior. The device notation usually follows the
convention for electrochemical cells, i.e., anode|electrolyte|cathode, assigned for V' > 0. The volt-
age is applied to the first mentioned electrode (= anode for V > 0), relative to the second electrode
that equals electrical ground in most cases (= cathode for V' > 0). For example, in a Pt|a-GaO,|ITO
device, positive voltage means that electrons flow from ITO to Pt, while negative voltage causes an
electron flux from Pt to ITO.

The basic operation of resistive switching devices is typically investigated either by voltage sweeps or
by voltage pulses. The continuous voltage sweeps yield I-V curves, where the switching property is
visible as a hysteresis. It is important to verify the non-volatility of this hysteresis (e.g., by multiple
sweeps with the same voltage polarity or by pauses within a sweep), because the RS devices are
typically built like capacitors, which exhibit an I-V hysteresis as well - albeit a volatile one due to
charging/de-charging. In pulsed measurements, positive or negative “write” pulses trigger resistive
switching, while the momentary resistance state is monitored by “read” pulses with low voltage. This

allows a more step-like operation of the devices, where switching and state-readout are decoupled.

The following sections give a condensed overview over the a-GaOy-related resistive switching litera-
ture, with focus on the proposed mechanisms. Common to all explanation attempts is the persisting
but reversible modification of the devices’ electron conduction by ion transport. Typically, they are
based on an electric field-driven modification of the local oxygen deficit in different regions of the
device. Note that neither HRS — LRS nor LRS — HRS transitions may rely on Fickian diffusion of
ions, because otherwise the device state could change even during zero voltage, i.e., when not used
and during storage, which means that the state would be volatile. Of course, diffusion is a major
factor for long-term state retention, but the switching processes must be driven by the applied volt-
age. It is also important to note that a-GaO, devices stay amorphous during resistive switching,

which distinguishes them from phase change memory.[10]

2.4.1 Filamentary Switching

The filamentary RS mechanism is based on the formation of a well-conductive, filament-like phase
between the two electrodes of an RS device. Along this filamentary path, the conductivity is sig-
nificantly enhanced in comparison to the surrounding phase. In general, this is due to a differing
material composition, resulting from ion transport in an inhomogeneous electric field. Especially
in highly resistive materials, the electric field due to an applied voltage is not uniform but guided
by already present defects. In consequence, electron and ion transport is concentrated to certain
regions, leading to the growth of individual filaments through the material. This process is self-
amplified by the further accumulation of defects and the Joule heating along the filaments. When
both electrodes get connected by such a continuous filament, they are essentially short-circuited and

the device is in the LRS. Then, reversible resistive switching can proceed via rupture (LRS — HRS)
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and re-connection (HRS — LRS) of the filament. The resulting abrupt changes of the device resis-
tance are typical for filamentary RS. This actual RS operation of the device usually involves only
a small part of the filament, where the connection is lost for example due to ion transport in the
opposite direction (reversal of the voltage polarity). Therefore, the initial filament formation often
requires much higher applied voltage than the ensuing RS transitions. This preliminary creation of
the filament prior to actual RS is called electroforming. It is a soft variant of dielectric breakdown,
and it often requires to limit the current in order to prevent complete device failure. Even though
electroforming is common for filamentary RS devices, it is not mandatory. Especially in very thin
layers, the normal RS voltages may be sufficient to grow a filament. Such devices, which exhibit RS

directly from the as-prepared state, are called forming-free.

The resistive switching of a-GaO,-based RS devices has often been attributed to this mechanism.

Bipolar filamentary RS has been reported in the following studies:

o [177]: TiN|a-GaO(30 nm)|Pt, with a-GaO, deposited by RF sputtering at room temperature,
either in O,/Ar (1:3) or pure Ar atmosphere. The O/Ga ratio for the two variants is x ~ 1.3
and x ~ 1.2, respectively, according to Ga 3ds/; XPS peak analysis. After electroforming at
+10V, both exhibit figure-8 bipolar RS with abrupt HRS — LRS transition and rather gradual
LRS — HRS process. For the sample prepared in O,/Ar, the difference between HRS and LRS is
larger, which is attributed to the higher x. For both samples, a linear relation between In(I) and
V2 is observed in the HRS.

« [18,169]: Al|a-GaO,(15-20 nm)|ITO, with a-GaO, deposited by RF sputtering at room temper-
ature in different O,/Ar gas mixtures (0.007 mbar). For samples prepared with up to 4% O,, no
RS is observed. Those with 20% to 50% O, during deposition exhibit stable counter-8 bipolar RS
with abrupt HRS — LRS and LRS — HRS transitions. From the I-V curves, ohmic conduction
in the LRS (approx. I oc V) and space charge limited conduction in the HRS (approx. I o< V?)

is concluded.” Both HRS and LRS current are independent of the device area.

o [178]: Ta|a-GaO,(20 nm)|Pt, with a-GaO, deposited by RF sputtering at room temperature in
pure Ar atmosphere (0.01 mbar). Initially, the devices have high resistance. After electroforming
at +5V, figure-8 bipolar switching with abrupt HRS — LRS and rather gradual LRS — HRS
transitions is observed. The I-V characteristics are quasi-ohmic both in LRS and HRS (approx.
ITo<c V).

o [20]: Alla-GaO(30 nm)|Pt, with a-GaO, deposited by RF sputtering at room temperature in
different O,/Ar gas mixtures with 0%, 10% or 20% O, (0.007 mbar). All three variants show
figure-8 bipolar switching with abrupt transitions, without explicit electroforming but rather
high voltage for HRS — LRS is required in each cycle. Approximately the same switching char-

acteristics are observed with Ti instead of Al, but the device endurance is lower (presumably due

5 1Space charge limited conduction (SCLC) can occur when Wy, < W; at a metal|semiconductor interface. In this case,
contrary to a Schottky barrier, a negative space charge is present in the semiconductor, which hinders electron flow
(n-type case). Under ideal conditions (e.g., no defects, no disorder), the current then follows the Mott-Gurney law
with I oc V2.[179]
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to oxidation of Ti at the interface). No resistive switching is observed for a Pt|a-GaOy|Pt device.

o [127]: Agla-GaO,|Pt and Pt|a-GaO,|Pt, with a-GaO, deposited by RF sputtering at room tem-
perature in O,/Ar gas mixtures with 0% to 1.5% O, (0.004 mbar). The O/Ga ratio increases
slightly with the O, percentage, but all samples have x ~ 1.4 according to Ga 3ds;; XPS peak
analysis. Figure-8 bipolar RS with abrupt switching events is observed after electroforming at
high positive voltages. Higher O, percentage in the deposition atmosphere leads to higher re-
quired voltages for forming and switching. The Ag|a-GaO,|Pt device requires lower voltages
for forming and switching than the Ptla-GaO,|Pt device, which is attributed to a cooperative
filament formation through Ag* and O* ion fluxes. In all devices, the LRS has a more than one

order of magnitude higher capacitance than the HRS.

« [23]: TiN|a-GaO,(20 nm)|Pt, with a-GaO, deposited by RF sputtering at room temperature in
0,(11%)/Ar atmosphere (0.0045 mbar). For the O/Garatio, x ~ 0.9 is reported based on Ga 2p3/,
XPS peak analysis, but the XPS signal is more like a single, symmetric peak instead of the two
assumed sub-peaks for Ga®>* and Ga*. Most probably, x is substantially higher. Figure-8 bipolar
switching is observed, with abrupt HRS — LRS but gradual LRS — HRS transition, apparently

without prior electroforming. A switching speed of 20 ns is reported.

In these works, filaments consisting of oxygen vacancies are proposed, even though vacancies are
not well-defined in an amorphous structure. Instead, one should speak of filaments with lower
O/Ga ratio x in comparison to the surrounding bulk material. Such filaments would have an in-
creased conductivity due to the lower oxygen content, as discussed in sec. 2.3.2. It is speculated
that the filament formation and the observed HRS — LRS transitions are the result of an O*" flux
towards the positive electrode, which is typically the less inert that may even incorporate oxygen
ions (e.g., Al, Ta or ITO). Through this O*" flux, a filament with lower x grows from the negative to
the positive electrode and short-circuits the device. When the voltage polarity is reversed, the O~
ions flow into the opposite direction, thereby increasing x at least in some region of the filament.
This blocks the path of lower o through the material and results in the LRS — HRS transition of the

observed bipolar switching.

Unipolar filamentary switching has been reported as well, in the following studies:

o [17]: Ptla-GaO,(60 nm)|Ga|ITO, with a-GaO, prepared by local anodic oxidation of elemental
Ga with conductive atomic force microscopy (C-AFM) at room temperature and humid atmo-
sphere. Unipolar RS is observed, using positive voltages applied to the Pt-coated AFM tip. At
+2.5V, with current limited to about 1 uA, an abrupt HRS — LRS transition occurs. During the
following I-V sweep, at +1.7 V without current limitation, the device reaches a current of about
1 mA and abruptly switches back to the HRS.

+ [98]: Pt|a-Ga0,(200 nm)|Pt, with a-GaO, prepared by PLD at 300 °C in vacuum (10~® mbar).
Unipolar switching with abrupt transitions is observed. The HRS — LRS transition occurs at
about +4 V (current limited to 6 mA), followed by the LRS — HRS transition at about +2V

and 14 mA when no current limitation is used. The same is observed for negative voltages, as
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expected for the symmetric devices. The LRS current is ohmic (I o< V') and shows a metal-like
T-dependence (decreases slightly with increasing T'), while the HRS current is interpreted as

Poole-Frenkel emission (approx. In(I/V) oc VY% I increases with T).%2

+ [100]: Agla-GaO,|Nb:SrTiO;, with a-GaO, from PLD at 500 °C in vacuum (2x10~7 mbar). Ini-
tially, the device is in the HRS. Positive voltage of +5V, in conjunction with a 0.7 mA current
limit, triggers an abrupt transition to an LRS. Positive voltage of about +4 V without current lim-
itation then causes an abrupt transition back to the HRS. Using negative voltages yields the same
unipolar RS behavior. The LRS current is ohmic and metal-like (I o< V, I decreases with increas-
ing T'), while the HRS current is interpreted as Poole-Frenkel emission (approx. In(I/V') o< V2

I increases with T).

o [176]: Ptja-GaO,(100 nm)|Pt, with a-GaO, deposited by RF sputtering at room temperature in
pure Ar gas (0.004 mbar). Unipolar, abrupt switching is observed, with an HRS — LRS transition
at +5V (current limited to 10 mA) and an LRS — HRS transition at +4 V (without current limit).
The same results for negative voltages. The I-V curves show ohmic conduction in the LRS (I o
V) and space charge limited conduction in the HRS (I o< V2). Illumination with ultraviolet light
has a much stronger impact on the HRS current than on the LRS current, and it also reduces the

voltages necessary for triggering the switching events.

In these works about unipolar filamentary switching of a-GaOy, again, the filaments are assumed to
consist of oxygen vacancies (i.e., lower O/Ga ratio x). The proposed mechanism for the HRS — LRS
transitions is the same as for the bipolar filamentary switching discussed above. The reverse tran-
sition back to the HRS is different, however, since it occurs with the same voltage polarity. In the
unipolar case, it is thought that the LRS — HRS transition results from the diffusion of O ions
into the weakest spots of the filament, which is decisively enhanced through Joule heating by the

high local currents.

A special type of filamentary RS is the electrochemical metallization mechanism, where the filament
originates from an “active” electrode. When a positive voltage is applied to said metal electrode (=
anode), it partially dissolves through the formation of metal ions. These ions migrate through the
central layer of the device, towards the cathode, where they are reduced to metal atoms. In this
way, a metallic filament grows from the cathode to the anode, consisting of material from the an-
ode. Filament rupture is induced by opposite voltage polarity, which reverses these processes. The
respective RS devices are typically called conductive-bridging memory. Electrochemical metalliza-

tion in a-GaOy-based devices has been proposed in the following studies:

o [19, 24]: Cu|TiW(1.5 nm)|a-GaO,(20 nm)|Pt, with a-GaO, deposited by RF sputtering at room
temperature in an O,/Ar (1:1) or in a pure Ar atmosphere (0.004 mbar). Abrupt, figure-8 bipolar
RS is observed in both cases, after electroforming at high positive voltage. The LRS resistance

increases approximately linear with temperature, indicating a metal-like filament, and the slope

>2Poole-Frenkel emission is an electron transport mechanism common in insulators, where the electrons move between
localized states (traps) through intermediate electric field-assisted thermal emission to the conduction band.
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of this T-dependence is close to the expectation for Cu metal. It is thus concluded that Cu-based
filaments are responsible for the RS behavior. It is assumed that the oxygen-deficiency of the
material facilitates the formation of the Cu filament. When the devices are annealed at 200 °C

in O, atmosphere prior to the RS experiment, they show no reproducible switching behavior.

 [25]: EGaln|a-GaO,(1-3 nm)|a-SiO,(2-3 nm)|p*-Si, with a-GaO, prepared by oxidation of
Ga-In eutectic (EGaln) in air (= native oxide). Figure-8 bipolar switching with abrupt transi-
tions is observed, without prior electroforming. The same is obtained with pure Ga or galinstan
(alloy of Ga, In and Sn) instead of EGaln. The LRS resistance is independent of the device area,
while the HRS resistance varies with the area. It is proposed that filaments consisting of Ga metal
are responsible for the RS behavior. Mainly, this is concluded from a volume expansion of the
device that occurs during the HRS — LRS transition (as measured by C-AFM).

Electrochemical metallization may also be involved in some of the studies discussed further above,
where oxygen-deficient filaments have been proposed. For example, Ag and Al could act as “active”

electrodes, too.

Notably, there is no direct evidence for a filament, or for any ion transport, in all these studies about

filamentary switching of a-GaO,.”® Instead, the main arguments for this mechanism are:

Abrupt RS transitions, with HRS and LRS resistance differing by orders of magnitude
« Electroforming prior to RS behavior

« LRS resistance independent of the electrode area

I-V and I-T relations consistent with bulk conduction (especially the metal-like T-dependence

sometimes observed)

It is noticeable that the a-GaOy layers, for which filamentary RS has been proposed, are quite thin
and intrinsically possess a relatively high resistance. These conditions might be beneficial for fila-
ment formation. For a high bulk resistance (= high O/Ga ratio x), the major voltage drop occurs
over the bulk and the influence of defects on the course of electron and ion fluxes is enhanced. In
combination with a thin layer, this may increase the probability that the switching process occurs

along distinct paths instead of homogeneous across the device area.

2.4.2 Interface Switching

In the interface RS mechanism, the switching process takes place either at one or at both electrode
interfaces. It requires that the interface resistances dominate over the bulk resistance, typically be-
cause of Schottky barriers at the involved interface(s). This is a common situation when the semi-
conductor bulk has rather high conductivity. The I-V response of the device is then governed by the

electron transport over and through the Schottky barrier(s). The interface RS mechanism is based

>3Filaments have been detected experimentally in several other materials, which is a major reason for the popularity of
this mechanism.[180]
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on the modulation of the Schottky barrier(s) through ion transport in the interface region. The
height, width and shape of a Schottky barrier depends sensibly on the local material composition,

which changes due to the applied voltage.

For example, when a sufficiently high positive voltage is applied to the metal at a metal|a-GaOj
interface (forward bias), it will increase the O/Ga ratio x in the vicinity of the interface, either
through an oxygen ion flux towards the metal or a gallium ion flux away from the interface. The
DFT-DOS discussed in sec. 2.3.1 indicate that such an increase of x would lead to higher work
function W; of a-GaOy, lower built-in potential ¢, (cf. eq. 2.55), higher ¢, = Ec — Er and lower
density n4 of depleteable electrons. The opposite effects can be expected for negative voltage (i.e.,
decreasing x). Comparison with the Schottky barrier models in sec. 2.2.4 then gives an idea how
a local variation of x would influence the electron transport through the barrier region. However,
additional to the big question whether these models are valid for a-GaOy, it is also far from obvious
how Schottky barrier height and width react to changes of x. The above trends have counteractive
effects on these two important quantities: Lower ¢, reduces the barrier height ¢g, while higher ¢,
increases it (cf. eq. 2.60). Lower nq4 increases the depletion width x4, while lower ¢, decreases it
(cf. eq. 2.59). Looking at the DFT-DOS and the trends for the optical band gap (sec. 2.3), it seems
like ¢, and ng might have a stronger influence, leading to an increase of gg and x4 for higher x.
In this case, a metal|a-GaO, Schottky barrier would undergo an LRS — HRS transition during
forward bias, since both thermionic emission and tunneling would decrease. Accordingly, reverse
bias (V' < 0 applied to the metal) would cause an HRS — LRS transition. This is, of course, still a very
simplified view, for example because the O/Ga ratio will not be homogeneous near the interface and
ion transport will be influenced also by the intrinsic electric field in the Schottky barrier depletion

Zone.

Since the underlying ion transport processes affect the aforementioned Schottky barrier parameters
in a continuous way, it is typical that interface-type switching is rather gradual than abrupt. While
this is beneficial for multi-level switching, it can be detrimental for the switching speed. In contrast

to filamentary RS, the interface RS mechanism generally does not require electroforming.

Interface switching of a-GaOy-based devices, with only one Schottky barrier responsible for the RS

behavior, has been reported in the following studies:

+ [9]: Ptj]a-Ga0,(250 nm)|ITO, with a-GaO, from PLD at 450 °C in vacuum (7x10~” mbar). The
O/Ga ratio is unknown, but significant oxygen-deficiency can be assumed based on the deposi-
tion conditions and a measured band gap of 3.6 eV. Forming-free, counter-8 bipolar switching
with gradual transitions is observed. For V' > 0 (forward bias), the HRS current approx. fol-
lows In(I) oc V2 and In(I/T?) o T, which is interpreted as thermionic emission over the
Pt|a-GaO, Schottky barrier.>* The LRS current can be described by In(|I|) o |V| for positive

>*This interpretation is based on reverse bias image force barrier lowering (lower barrier height for higher V, eq. 2.62),
even though it is a forward bias situation, in conjunction with the wrong assumption of F oc V at the interface,
thereby neglecting the V-dependence of x4 (eq. 2.59).
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and negative voltage, which is attributed to thermionic field emission (tunneling) through the
Schottky barrier (cf. egs. 2.65, 2.66). The ITO|a-GaOy interface is deemed irrelevant for the
RS behavior due to the low work function of ITO. Using Ti (low work function) instead of
Pt changes the RS behavior to figure-8 bipolar, which is explained with a bulk-type switching

mechanism (see sec. 2.4.3).

o [99]: Nb:SrTiO;|a-GaO,(150 nm)|Au, with a-GaO, prepared by PLD at 500 °C in vacuum
(2x10~7 mbar). Figure-8 bipolar switching with gradual transitions is measured, without prior
electroforming. It is claimed that the Aula-GaO, interface is ohmic and irrelevant for the RS
behavior, because a similarly prepared Auja-GaO,|Au device showed linear I-V curves. The
proposed mechanism, which is based on electron trapping/detrapping at the Nb:SrTiO5|a-GaO,
interface (v == vgy + 2¢') without any ion transport, has a weak point: HRS and LRS would
not be stable without an applied voltage. Since Nb:SrTiOj; is — like ITO - a degenerate semi-
conductor with a low work function, it is more likely that these results correspond to counter-8

bipolar switching at the Aula-GaOy interface.

o [28]: Pt|a-GaO,(60-100 nm)|ITO, with a-GaO, prepared by PLD at room temperature in pure
Ar atmosphere (0.005-0.015 mbar). The O/Ga ratio x is approximately 1.1-1.3, with lower x
for higher deposition pressure, according to the O 1s to Ga 3d peak intensity ratio from XPS.>
Counter-8 bipolar RS with gradual transitions is observed, also when measured at elevated tem-
peratures up to 600 K (in vacuum). The higher the temperature, the lower voltages are required
to trigger the switching events. The first HRS — LRS transition requires high negative voltage,
i.e., electroforming. This is attributed to a surface oxidation layer that may have formed before
the Pt deposition. It must be bridged by a short filament of lower x, before the actual interface
switching can occur in this region. This is consistent with the observed area-independence of
both HRS and LRS currents. The main arguments for non-filamentary RS are the non-abrupt
transitions and the decreasing HRS and LRS resistances with increasing temperature (in con-
trast to metal-like filaments). Note that for both HRS and LRS, the relation of In(9I/0V) vs.
T7! (at +0.1V) is quite non-linear and convex, which could hint at a substantial influence from

localized states (or even VRH transport).

In these works, interface switching at a single Pt|a-GaO, or Au|a-GaOy Schottky barrier - in the
way described above - is a plausible explanation, although the actual evidence for this mechanism

is very limited.

Interface-type RS with both interfaces taking part in the switching process has been reported in the

following studies:

+ [27]: Pt|a-GaO,(200 nm)|Pt, with a-GaO, prepared by PLD at 500 °C in vacuum (10~® mbar).
The O/Ga ratio is x = 1.3, as obtained from XPS in a not further specified way. Forming-free,

abnormal bipolar switching is observed in the rather symmetrical I-V curves, with gradual

>The reported values for x are realistic for the deposition conditions, but it is unclear whether the different photoion-
ization cross-sections of gallium and oxygen where taken into account.
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LRS — HRS transitions visible both for positive and negative voltage. Upon change of the volt-
age polarity at V' = 0, in both directions, there is an apparent HRS — LRS transition. The HRS
current approximately follows In(|1]) o< | V|2 for both voltage polarities, which is interpreted
as reverse bias thermionic emission.’® The LRS is quasi-ohmic for positive and negative voltage

(approx. I o< V), probably due to facile tunneling (i.e., negligible interface resistances).””

o [26]: Au|Ti(50 nm)|a-GaOy|Ti(50 nm)|Au, with an opaque a-GaO, layer deposited by PLD at
500 °C in vacuum (1078 mbar). Like in their previous study [27] (see above), an XPS-derived
O/Ga ratio of x = 1.3 is reported without details. Abnormal bipolar switching with symmetrical
I-V curves is observed without previous electroforming. Gradual LRS — HRS transitions are
visible at positive and negative voltage, while the device seems to switch from HRS to LRS at
V = 0. The LRS has an ohmic I o V relation and the HRS approximately follows In(|I|) oc [V|/?
in the high-V regime, as observed also in [9] and [27]. The HRS is influenced both by the
maximum voltage Viax and by the sweep rate v, used in the I-V cycles, while the LRS appears
inert to these parameters. The higher Vp,x, the more pronounced is the switching to the HRS
(i.e., the higher is the HRS resistance). The faster the I-V curve is measured (high vgy), the
higher is the voltage where the LRS — HRS transition occurs and the lower is the reached HRS
resistance. This shows that the LRS — HRS transition is a gradual, time-dependent process,

which can be accelerated by higher voltage.

In these two studies with abnormal bipolar RS, the following mechanism is proposed: In the as-
prepared state, due to the high oxygen-deficiency, the Schottky barriers are thin and allow quasi-
ohmic tunneling (= LRS). When positive voltage is applied to either electrode, then oxygen ions
flow towards the respective interface and increase the barrier width. As a result, forward bias
thermionic emission instead of tunneling occurs at this Schottky barrier (= HRS). When the volt-
age is reduced and close to zero, then the accumulated oxygen ions diffuse away from the interface,
which restores the thin barrier width and enables tunneling again (= LRS). Afterwards, for opposite
voltage polarity, the same processes occur at the other electrode. This mechanism is not only in-
consistent with the reported I-V relations, it also means that the HRS is a volatile state. According
to the high-v, results, the HRS — LRS transition would have to occur within fractions of a second
when no voltage is applied. Consecutive negative voltage sweeps and state retention measurements
in [27], however, demonstrate that HRS and LRS are non-volatile, at least for up to 10* s. This is only
possible when there is no actual switching process around V = 0. Instead, the Schottky barriers’
rectifying property must be responsible for the change of the device resistance around the origin.

So far, this has not been respected in the models for abnormal bipolar switching of a-GaO,.>

In summary, like for filamentary switching, there is only indirect evidence for interface-type RS of

a-GaOy-based devices. The main arguments put forward for this mechanism are:

*This interpretation is based on the wrong assumption of F o V (with an “effective switching layer width” as inverse
proportionality factor), thereby neglecting the V-dependence of the depletion layer width x4.

*"The authors in [27] report tunneling with In(|I|) o< |V| for the LRS, based on a very questionable fit.

> Note that the drift-diffusion modeling of abnormal bipolar RS in [30], which is based on the bulk switching mecha-
nism, suffers from the same problem of a volatile HRS.
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Gradual, time-dependent RS transitions, with rather low HRS/LRS resistance ratio

« No electroforming

o Influence of the used electrode material on the RS behavior

o I-V and I-T relations attributed to models for electron transport over/through Schottky barriers

The a-GaOy layers, for which interface switching has been proposed, tend to have alower O/Ga ratio
x and thus a lower bulk resistance than those where a filamentary mechanism has been assumed
(cf. sec. 2.4.1). In conjunction with the use of electrode metals with high work function, this makes

it plausible that the interfaces dominate the device resistance.

2.4.3 Bulk Switching

The bulk switching mechanism is directly based on the dependency between the bulk conductivity
and the material composition. Any redistribution of ions within the central layer of an RS device
inevitably changes the local conductivity o in the affected regions and therefore also alters the bulk
resistance of this layer as a whole. When the bulk is rather conductive (no incentive for filament for-
mation) but still dominates over the interface resistances, then these changes of the bulk resistance

can be visible as RS behavior with gradual transitions.

The strong, non-linear relation between ¢ and the O/Ga ratio x in a-GaO, has already been dis-
cussed in sec. 2.3.2. The higher x in a certain region of an a-GaOy layer, the lower is the local
conductivity. In the simplest case with an initially homogeneous a-GaOy layer, a positive voltage
applied to either electrode leads to an increase of x on the respective side of the sample due to oxy-
gen or gallium ion migration. The resulting decrease of ¢ in this region outweighs the increase of o
further within the a-GaOy layer, where x decreased due to the ion transport.59 Since the relation of
0 vs. x is a non-linear, concave function (sec. 2.3.2), the result is an increase of the total bulk resis-
tance (LRS — HRS transition). Afterwards, when a negative voltage is applied, the reversed electric
field leads to a decrease of the local O/Ga ratio near the respective electrode. This leads to an again
more homogenous O/Ga ratio throughout the sample and a lower total resistance (HRS — LRS

transition). Thus, in this exemplary case, counter-8 bipolar RS would be observed.

However, when the initial composition of the sample is not homogenous, then also figure-8 bipolar
bulk switching is possible. For example, if initially the region near the grounded electrode would
have high x (i.e., low local ¢), then applying positive voltage to the other electrode could lead to an
HRS — LRS transition. The major voltage drop would occur over this region with high x, causing
either oxygen ion migration away or gallium ion migration towards it. Thereby, the O/Ga ratio

would become more homogeneous and the total bulk resistance would decrease. Afterwards, when

>*When a device can be treated as 1-dimensional due to symmetry (built like a parallel-plate capacitor), then the total
bulk resistance is simply given by the inverse of the path integral over o~ between the two electrodes (analog to a
series circuit of resistances). Regions with low ¢ therefore have disproportionate influence on the overall resistance.
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the voltage polarity is reversed, x would again increase in this region, resulting in a LRS - HRS

transition.

Bulk switching of a-GaO,-based devices has been reported in the following studies:

o [10]: Ptja-GaO,(50-90 nm)|ITO, with a-GaO, prepared by PLD at room temperature in pure

Ar atmosphere (0.04 mbar). The O/Ga ratio is x = 1.1 according to X-ray emission spectroscopy
(STEM-EDX). Counter-8 bipolar switching with gradual transitions is observed, without pre-
vious electroforming. The HRS and LRS currents are proportional to the electrode area (i.e.,
current density constant w.r.t. area). The lower the a-GaO, film thickness and the slower the
sweep rate vg,,, the more pronounced is the observed RS behavior (higher HRS/LRS resistance
ratio). Higher maximum voltage or elevated temperatures (up to 110 °C, in inert atmosphere)
during the I-V sweeps also lead to more intense switching. It is mainly the LRS that is quali-
tatively and quantitatively affected by the variation of these parameters, while the HRS part of
the I-V curves stays mostly the same (even w.r.t. film thickness). The more pronounced the
switching processes (e.g., at slow sweep rates), the more linear is the I-V relation in the LRS, as
expected for bulk electron transport in a well-conductive a-GaOjy layer. In contrast, the HRS has
a distinct S-shaped I-V curve, most probably due to significant influence from the Pt|a-GaO,
Schottky barrier. It is detected experimentally, both by XPS and by STEM-EDX, that positive
voltage leads to an accumulation of oxygen ions and an increase of x near the Pt|a-GaO, inter-
face (LRS — HRS), while negative voltage reduces the oxygen ion concentration and x in this
region to approximately the same value as in the rest of the film (HRS — LRS). For the XPS
experiment, the Pt electrode was removed at different stages of the I-V sweeps and the associ-
ated O/Ga ratio at the Pt|a-GaOy interface was obtained from analysis of the Ga 3d XPS signal
(LRS: x ~ 1.0, HRS: x ~ 1.3). In the STEM-EDX experiment, a cross-sectional Pt|a-GaO,|ITO
lamella was switched in-situ, while measuring the spatial oxygen and gallium ion distributions
through EDX mapping. In the HRS, the oxygen ion signal is significantly increased in an about
10 nm wide region at the Pt|a-GaO, interface (EDX counts almost doubled), while in the LRS the
oxygen signal is quite homogeneous throughout the a-GaOy layer. Even though EDX is known
to be inaccurate for light elements like oxygen, this is still strong evidence that oxygen ion mi-
gration near the Ptla-GaOy interface is responsible for the RS behavior. The gallium signal is

homogeneous across the sample and does not change with the applied voltages.

[29]: Pt|a-Cr:GaO(120 nm)|Pt, with opaque Cr-doped a-GaO, prepared by RF co-sputtering
of gallium oxide and chromium metal at room temperature in pure Ar atmosphere (0.01 mbar).
By adjusting the amount of chromium, it is possible to control the oxygen-deficiency of the films.
The optimal switching performance is obtained for Ga 4,Cr 130, , (composition measured by
EPMA), which - when ignoring the Cr,0O; content - is comparable to a-GaO, with x ~ 1.2
(same Ga>*/Ga" ratio according to XPS). Counter-8 bipolar switching is observed without an
electroforming step. The slower the sweep rate v, the more pronounced is the RS behavior (no
switching at vg, > 100V/s). The shape of the I-V curves is quite similar to those in [10] (see

above), but tend to be more symmetric. The LRS current scales linearly with the electrode area.
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In these works, counter-8 bulk switching according to the mechanism discussed above has been
proposed. This hypothesis is supported by drift-diffusion simulations with the FEM method in
[10] and [30], which reproduce the counter-8 switching qualitatively. The simulations are based on
oxygen ion migration and mobility edge conduction of the electrons, but comparable results can be

expected when gallium ion transport or variable-range hopping of the electrons would be assumed.

A special kind of bulk switching has been proposed in [9], for a Tila-GaO,(250 nm)|ITO device
prepared by PLD at 450 °C in vacuum (7x10~” mbar). In contrast to the Pt|a-GaO,|ITO devices
investigated in the same study (sec. 2.4.2), those with Ti show figure-8 instead of counter-8 bipolar
switching. Due to the low work function of Ti, it is assumed that there is no relevant Schottky
barrier. Instead, it is proposed that positive voltage applied to the “active” Ti electrode leads to the
incorporation of oxygen ions into the Ti layer, such that the O/Ga ratio gets decreased in the vicinity
of the Ti|a-GaOy interface. As a result, the overall bulk resistance of a-GaOy is reduced (HRS — LRS
transition). For negative voltage, oxygen ions flow back from the Ti to the a-GaOj layer, thereby
restoring the as-prepared state (LRS — HRS transition). This mechanism is especially plausible if
the O/Ga ratio near this interface would already be elevated in the beginning (e.g., due to surface

oxidation). The effect of the reduction would then be all the stronger.

In contrast to the works about filament and interface switching summarized in sec. 2.4.1 and 2.4.2,
the bulk switching studies contain first experimental evidence for compositional changes within the
a-GaOy layer. The measurements convincingly show that a reversible oxygen ion accumulation near
one of the electrodes is involved in the switching behavior of a-GaOsy, at least for the investigated
samples with rather low x. There is no sign of gallium ion migration. Oxygen-deficient filaments

are ruled out by the following arguments:
« No filaments found in cross-sectional elemental mappings
« Linear increase of HRS and LRS currents with the electrode area
o Gradual, time-dependent RS transitions, with rather low HRS/LRS resistance ratio
 No electroforming

No conclusive statement can yet be made on the distinction from interface switching. The basic
assumption would be that the Schottky barriers are very thin for the low O/Ga ratio x in these
samples, such that the bulk resistance dominates despite the use of metals with high work function.
This picture is supported by the high number of defect states (high n4) expected for low x according
to the DFT-DOS (sec. 2.3.1). Another major argument for bulk RS instead of interface RS is the
observed thickness-dependence of the I- V' curves. However, as discussed above, this mainly applies
to the LRS, while the HRS could be governed by a Schottky barrier. The RS behavior probably even

involves a gradual transition between bulk- and interface-dominated device resistance.

All in all, it is likely that bulk and interfaces together play a role in the non-filamentary resistive
switching of a-GaO,. For the full picture, a more profound understanding of its bulk properties

and of the situation at metal|a-GaO, interfaces is a goal of this work.
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Experiments

3.1 Thin Film Deposition

The a-GaOy thin films investigated in this work were prepared by pulsed laser deposition (PLD),
following the procedure used in [10], where bulk switching of gallium oxide has been reported. The
PLD method, which belongs to the physical vapor deposition techniques, is based on laser ablation
from a solid target in a vacuum chamber. The material fragments ejected from the target by the
laser pulses form a plasma plume, from which a thin film condensates on a substrate positioned

above the target.

The used PLD workstation, built by SURFACE systems+technology, features two PLD chambers (#1
and #2), which are connected to a COMPexPro 205F KrF excimer laser (A = 248 nm, Coherent).
Apart from some explicitly stated exceptions, chamber #2 was used for the samples discussed in this
work. Chamber #1 is equipped with a substrate heater, while the newer chamber #2 has a built-in
laser energy meter and faster evacuation capabilities. The major difference between them, however,
is due to the beamlines from the laser to each chamber. Due to an unequal length and differing
optical elements, the energy loss and the focusing on the target differs between the beamlines. This
leads to a different areal energy density of the laser beam on the target, called laser fluence, which is
the decisive parameter for the ablation of the source material. It can be varied further by exchanging
lens systems and adjusting attenuators in the beamlines. For the different used configurations of the
beamlines, the fluence was determined by recording the laser spot size on wax paper placed on the
target and by measuring the laser pulse energy in the chamber with a portable energy meter. This

calibration of the beamlines was repeated from time to time, especially after maintenance.

Turbo pumps (Pfeiffer TMU 262, Pfeiffer HiPace 300) and membrane backing pumps (Vacuubrand)
are responsible for the vacuum in the PLD chambers. The supply of Ar gas (99.9992%, max. 2 ppm
0, and H,O, Air Products), O, gas (99.999%, Westfalen) and H,/Ar premix (5% H,) to the cham-
bers is managed through mass flow controllers. Prior to each deposition, the chamber was evacu-
ated to a pressure below 10~® mbar, followed by flushing three times with pure Ar gas. Afterwards,
the desired pressure and composition of the deposition atmosphere were established by limited,

continuous flow of either Ar, O, and/or H,/Ar gas.
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The required p-Ga,O; target was synthesized from 4-5g Ga,O; powder (99.999%, Alfa Aesar),
which was pressed uniaxially (80 kN, 10 min) and isostatically (200 kN, 85 min), followed by sin-
tering at 1673 K for 24 h in air (heating/cooling: 3 K/min). After coarse polishing, a clean target
surface was prepared by prolonged laser ablation. A comparable f-Ga,O; target from A. von der

Heiden, which is described in [33, 97], was used as well.

Different commercial substrates were utilized, depending on the intended use case. ITO-coated
glass slides (120-160 nm ITO layer, SnO, content: 10-20 %, Sigma-Aldrich) were used as conductive
substrates, e.g., as bottom electrode in RS devices or to prevent charging in electron microscopy.
Amorphous quartz glass (SiO,, Prazisions Glas & Optik) and crystalline sapphire slides (Al,O;,
MaTecK) were employed as insulating substrates, e.g., for conductivity measurements. The detailed
sample setup for the different measurements will be explained in the respective sections further
below. The ITO substrates were cleaned by ultrasonification in acetone/isopropanol (1:1), rubbing
with acetone-soaked tissue, rinsing with acetone and drying with compressed air. The polished SiO,
and Al,Oj; substrates were used without further cleaning. All substrates are squares with an area of
10 x 10 mm? and a thickness of 0.5-1 mm. Due to the PLD sample holder with a 1 mm border, the

coated area is limited to 8 x 8 mm?.

The amorphous, non-stoichiometric gallium oxide thin films were deposited with the following

PLD parameters:
o Substrate temperature: RT (approx. 300 K)
« Process gas: pure Ar or H,(5%)/Ar
o Chamber pressure: 0.04 mbar
o Laser fluence on the target: 0.2 to 5.0 J/ cm? (varied)
o Laser pulse rate: 10 Hz
« Laser pulse count: 10°-4x10* (depending on desired thickness)
« Distance between target and substrate: 40 mm
o Target rotation and toggling: enabled (for homogeneous ablation)

Stoichiometric a-GaO; 5 thin films for comparison were prepared in O, atmosphere (0.04 mbar),

with all other parameters equal to those above.

Pt, Auand ITO electrode layers were deposited by PLD as well, using commercial targets (MaTecK).
Both PLD chambers have a target carousel that enables switching between different targets without
the need to open the chamber. The basic PLD conditions were the same as for a-GaO,. Pt and Au
metal required high fluence, in the range of 3-5]/cm?, for sufficient ablation. They were deposited
at room temperature and in the same atmosphere as the respective a-GaOy film, i.e., either in Ar
or Hy/Ar (0.04 mbar). ITO layers were prepared with rather low fluence of 0.8-0.9 J/cm?, which

already gives efficient film growth. Amorphous ITO was deposited at room temperature in O,,
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Ar or H,/Ar (0.04 mbar), while crystalline ITO was obtained either by a substrate temperature of
300 °C during PLD in O, atmosphere (in chamber #1) or by post-annealing of amorphous ITO films
at 300 °C in air. These PLD-made ITO layers will be denoted as “a-ITO” and “c-ITO’, e.g., in the

notation of devices, while the aforementioned commercial substrates are written as “ITO”.

Pt electrodes were also deposited by DC magnetron sputtering and by electron-beam physical vapor
deposition (EBPVD). In distinction to the PLD-made Pt, these layers will be denoted by “sp-Pt” and
“eb-Pt”, respectively. The sp-Pt deposition was carried out with an Edwards ScanCoat Six sputter
coater, using Ar plasma with a base pressure of 0.1 mbar. The sputtering process lasted 3-6 times
300 s, with at least 2 min cool down in-between, at a deposition rate of about 0.2-0.3 f\/ s. The eb-Pt
electrodes were deposited with an electron-beam evaporator (Rocky Mountain Vacuum Tech) in
a vacuum chamber with a base pressure of 1.3x107® mbar and a deposition time of 1500 s. The e-
beam voltage and current were set to 7.3 kV and 100 mA, respectively, resulting in a deposition rate
of about 0.2 A/s.

Different layer dimensions and patterns, especially for the electrodes, were achieved primarily by
using drilled or laser-cut shadow masks (Becktronic). Placed on the sample during the deposition,
they limit the film growth to the non-covered regions. The employed masks and the resulting elec-
trode patterns will be explained in sections 3.3 and 3.4. Alternatively, lithographic etching after
deposition was used in the case of Pt-TEs (carried out by R. Borowski and M. Grates at PGI-7, FZ
Jalich): The PLD-made Pt layer was covered with photo-sensitive resist (AZ 5214 E, MicroChemi-
cals) using a BLE spin coater. After hardening of the resist at 90 °C for 5 min on a hotplate, the sam-
ple was exposed with a SUSS MA6 mask-aligner (350 W, constant power mode, 25 s), developed in
AZ MIF 320 solvent (MicroChemicals) and etched with an Oxford IonFab 300 Plus ion beam etcher
(125 mA Ar ion beam current, perpendicular, time adjusted to 30 nm Pt, cooling: 15 °C). Residual
resist was removed with hot dimethyl sulfoxide (80 °C). Besides a smaller feature size (< 100 pm),
the lithographic structuring also allows to avoid air exposure of the Pt|a-GaOy interface. In the case
of lithographic Pt-TEs, the Pt layer was deposited directly on a-GaOy, without leaving the vacuum
conditions. Using shadow masks, in contrast, always requires to open the PLD chamber before the
TE deposition. A potential downside of the lithography approach is the moderate heating of the

sample.

3.2 Thin Film Characterization

Several analytical methods were used for the characterization of the deposited thin films. They
address basic information like spatial dimensions, amorphicity and oxygen-deficiency, but also ad-
vanced properties like depth-resolved composition and work function. Together, they provide the
basis for the interpretation of the elaborate I-V and conductivity measurements described further

on.
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The thickness d of the deposited films was measured by stylus profilometry (Veeco Dektak 150),
where the vertical deflection of a diamond needle moving over the sample is recorded (2.5 um tip
radius, contact force: approx. 10 N). Baseline-correction was applied to each resulting profile by
fitting the outer substrate regions with a parabola and subtracting it from the raw data. Then, the
layer thickness d was calculated as arithmetic average of the aggregated height data from the plateau
regions of multiple measurements on the same sample. The associated measurement uncertainty s,
was obtained as sample standard deviation of these collected height data points. Artificial spikes,
which originate from the friction between needle and surface, were excluded from the analysis. The

growth rate of the PLD films was obtained as the thickness divided by the number of laser pulses.

The surface roughness of exemplary thin films was measured by interference microscopy (IM) with
a Veeco NT 110 instrument (W lamp, phase shift interference mode). After curvature & tilt correc-
tion of the 3D height data, the maximum area roughness S, was obtained as the width of the height
histogram. It corresponds to the vertical distance between the lowest valley and the highest peak

on the investigated surface area.

The lateral dimensions of the thin films, especially of the patterned top electrodes, were obtained
primarily with a calibrated optical microscope (Motic PSM-1000), which belongs to the probe sta-
tion used for the I-V measurements (cf. sec. 3.3). In case of transparent layers or low optical con-

trast, profilometry and IM were utilized instead.

3.2.1 Electron Microscopy (EPMA, SAED and EELS)

Several variants of electron microscopy were used to gain insight into the structure and composition
of the a-GaOy thin films. They all rely on the interaction between an incident electron beam and

the sample, but differ in the investigated sample region and in the detected effects.

Electron probe microanalysis (EPMA) was used to obtain the O/Ga ratio x in the bulk of the thin
films. It belongs to the scanning electron microscopy (SEM) techniques, where the surface of the
sample is scanned with a focused electron beam. The incident electrons scatter with core electrons
in a teardrop-shaped interaction volume, which can reach several um into the material (depending
on the kinetic energy of the beam electrons). The extent of this interaction region determines the
information depth of EPMA. The scattered core electrons are ejected as secondary electrons and
the re-filling of their electronic states by valence electrons causes the emission of characteristic X-
ray radiation. The latter is analyzed with wavelength-dispersive X-ray detectors, yielding the O/Ga

ratio in the sample by comparison with a Ga,O5 standard.

The EPMA measurements were carried out by S. Richter at the Central Facility for Electron Mi-
croscopy (GFE) of RWTH Aachen University. A JEOL JXA-8530F instrument was used, which
achieves relative accuracies of 1% to 5% for composition quantification. Typically, the O/Ga ratio

was determined as average of multiple measurement points on the same sample. EPMA error bars
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refer to the respective sample standard deviation. Only samples with ITO substrate were used for
EPMA to prevent charging. Additionally, carbon coating was employed when needed. Rather thick
a-GaOy films and low electron beam acceleration voltages were necessary to avoid interfering oxy-
gen signals from the substrate. Due to these constraints, only exemplary samples were measured.
They were taken as representative for all other samples with equal PLD conditions and temporal
proximity of the deposition. The actually measured O/Ga ratios will be written as “x = ...”, while

>

those estimated from the EPMA results will be written as “x ~ ...”.

Selected area electron diftraction (SAED) and electron energy loss spectroscopy (EELS) were used
to determine the amorphicity and spatially resolved composition, respectively. Both methods be-
long to the transmission electron microscopy (TEM) techniques, where the electron transmission
through an ultra-thin, cross-sectional lamella cut from the material is investigated. The electrons
are diffracted upon traversal trough the lamella, leading to interference of the wave functions and
an angle-dependence of the detected electron count. In a single crystal, the result is diffraction pat-
tern with regular spots, while in a polycrystalline material the dots merge to discrete rings around
the beam axis. In an amorphous material, there are only blurred rings, due to the widely varying
inter-atomic distances. Electron diffraction thus yields information about the structure of the ma-
terial. It is called SAED when an aperture is used to restrict the analyzed region on the lamella.
EELS, in contrast, does not measure the diffraction (= elastic scattering) but the energy loss of the
electrons (= inelastic scattering) after transmission through the material. The detected shifts of the
electron wavelengths are characteristic for each element, since the atom-specific energy levels de-
termine the energy that can be transferred during scattering. EELS therefore provides information
about the composition of the material. It is especially sensitive for light elements like oxygen. By
scanning the lamella with the electron beam, which is called scanning transmission electron mi-
croscopy (STEM), it was possible to record EELS line scans and area maps of the O/Ga ratio within
the prepared thin films.

The SAED and EELS measurements were carried out by J. Ryuand S. Lee at the Electron Microscopy
& Spectroscopy Lab (EMSL) of Seoul National University (SNU, Republic of Korea). A Thermo
Fisher Themis Z STEM microscope was used for the measurements, with an acceleration voltage of
200kV and an electron beam current of 50 pA. The required lamella were cut from the investigated
samples with a focused Ga ion beam (FIB, Thermo Fisher Helios G4) and thinned by ion beam
milling (Fischione NanoMill 1040, using Ar ions). The SAED images were recorded from circular
regions with about 100 nm diameter. In the EELS measurements, a nano-parallel electron beam
(probe diameter: 1 nm) was used for large-scale scans of the bulk, while a convergent electron beam
was employed for high-resolution scans near the surfaces/interfaces of the lamella. Plural scattering
was removed from the EELS spectra. The areal densities of gallium and oxygen were calculated
from the Ga L edge and O K edge signals (core-loss EELS), using the Hartree-Slater cross sections
included in the Gatan EELS software package. Both SAED and EELS were accompanied by annular
dark-field imaging (ADF-STEM) to visualize the investigated lamella regions.
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3.2.2 Photoelectron Spectroscopy (HAXPES and UPS)

Photoelectron spectroscopy was used mainly to analyze the O/Ga ratio xg¢ at the thin films’ surface
and to obtain the work function W of a-GaO,. It is based on the photoexcitation of electrons
through monochromatic electromagnetic radiation - essentially the reverse process of EPMA. The
electrons must be excited at least to the vacuum level in order to leave the sample, which means that
the photon energy hv must exceed the sum of the electron binding energy Ey;, and the sample work
function W;. Excess photon energy becomes kinetic energy of the photoelectron. After leaving the
sample, the electrons are accelerated further in the electric field between sample and detector, which
originates from their different work functions.®® Thereby, the electrons gain kinetic energy equal to
W, — Wy, where Wy is the detector work function.®! The kinetic energy Ey;, of the photoelectrons

measured at the detector thus corresponds to

Eyin = hv - (Ebin + VVS) + (VVS - Wd) =hv - Epin — Wy (31)
= Ecal — Epin with Ecq = hv — Wy (32)

After calibration, photoelectron spectroscopy thus allows to determine the energy levels of the elec-
tronic states in the material. Ey;, = 0 corresponds to the Fermi level. The peak positions in the pho-
toelectron spectrum are not only characteristic for the elements, but also depend on the chemical
environment of the atoms. Therefore, photoelectron spectroscopy provides rich information about
the material. Note that a significant part of the generated photoelectrons already loses kinetic en-
ergy through inelastic scattering before leaving the sample. These so-called secondary electrons are

responsible for a rather uniform background signal after each peak in the resulting spectrum.

In this work, two different variants of photoelectron spectroscopy were employed: Hard X-ray pho-
toelectron spectroscopy (HAXPES), which uses hard X-ray radiation with a typical photon energy
of 3-15keV, and ultraviolet photoelectron spectroscopy (UPS), which uses UV light with photon
energies of 3-124 eV.

The HAXPES measurements were carried out by S. Nemsak (PGI-6, FZ Jiilich) at the DESY syn-
chrotron facility (PETRA III, beamline 09), using a SPECS Phoibos electron analyzer with an en-
ergy resolution of 50 meV and a surface-detector angle of 90°. Hard X-rays with a photon energy of
5950 eV were used. Compared to conventional X-ray photoelectron spectroscopy (XPS) with lower
photon energies, this leads to an increased information depth in the order of 10 nm and improved
photon-electron scattering cross-sections.[181-183] Note that the information depth does not de-

pend on the penetration depth of the X-rays, which is typically some um, but on the escape depth of

%9Sample and detector are electrically connected, such that the equilibration of the electrochemical potential of electrons
yields an electric potential difference, i.e., an electric field.

%1 An additional voltage, which modifies the Wy — Wy term (not included in the equations for sake of brevity), may be
applied between sample and detector. This shifts the measured kinetic energies away from Eyi, = 0, such that the
spectrum does not overlap with secondary electrons that are generated through scattering at the detector. This is
necessary when the electrons with lowest Ei;, are of interest, e.g., for determination of the work function.
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the generated photoelectrons (i.e., their inelastic mean free path). This makes the method surface-
sensitive, in contrast to EPMA. It also means that electrons with higher kinetic energy Ej;,,, which
originate from states with lower binding energy Ey;,, have a higher information depth than those

with lower kinetic energy (e.g., the Ga 3d peak has larger information depth than Ga 2p).[184]

Only thin films deposited on conductive ITO substrates were measured by HAXPES, in order to pre-
vent charging through the photoemission process. No sample damage was observed after HAXPES.
In addition to a-GaO, and a-GaO, 5 samples deposited in Ar and in O, atmosphere, respectively,
also Aula-GaO, samples with a full Au coating were investigated (estimated Au thickness: 8 nm).
The Au deposition was carried out either directly after a-GaOy,, without leaving the vacuum condi-
tions, or after storage in air for different durations (1h or 3d). The influence of post-annealing in
air was investigated as well. In the 2-3 weeks between preparation and HAXPES, the samples were

stored in vacuum bags with a pressure of about 0.1bar.

The resulting HAXPES spectra were calibrated with peak positions from literature, using eq. 3.2.
The Aula-GaO, samples were adjusted to an Au 4f;/, peak position of Ep;, = 84.0€V,[185, 186]
giving equal E.; = 5945.3 eV for all Au-coated samples. This value of E.,j also proved viable for
the non-coated a-GaOy samples deposited in Ar, yielding identical Ey;, = 285.9¢V for the C 1s
contamination peak of all samples, as well as gallium and oxygen peak positions in accordance with
literature values (cf. tbl. C.1). The insulating a-GaO, 5 sample deposited in O, showed the same C1s
position but deviations for the Ga and O peaks when using the same E,}, due to the known issue
of charging-induced peak shifts to higher Ey;j,. It has also been reported before that the C 1s signal
is not a reliable reference for Ga,05.[184] Instead, as recommended in [184], the a-GaO, 5 sample
was calibrated to a Ga 3d position of Ey;, = 20.7 eV,[10, 115, 184] resulting in E_,; = 5944.7 eV and

matching peak positions.

The slightly different chemical shifts of the gallium peak positions for Ga** and Ga* ions were used
to determine the O/Ga ratio at the surface of the thin films. Both the Ga 2ps/; and the Ga 3d signal
were deconvoluted into two sub-peaks for Ga>* and Ga*, yielding complementary xg¢ (with higher
information depth for Ga 3d). This was done by fitting each signal with a Shirley baseline and two
Voigt functions (equal Gaussian and Lorentzian contributions enforced for the sub-peaks). From
the areas A" and A" of the respective Ga** and Ga* Voigt sub-peaks, the surface stoichiometry

was calculated according to

1 A3+

Xsurf = =

2 A A )

For the a-GaO), 5 sample, just a single Voigt peak was used — corresponding to Ga** (g = 1.5),

since adding a second sub-peak did not improve the fits.

The UPS measurements were carried out by K. Hong (and colleagues) at the Advanced in situ Sur-
face Analysis System (AiSAS) of the Korea Basic Science Institute (KBSI) in Daejeon (Republic of
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Korea). A Kratos AXIS-Nova photoelectron spectrometer and a He I UV light source with a pho-
ton energy of 21.2 eV were employed. The low photon energy limits the observable electronic states
to the valence band, but allows to determine the material’s work function from the photoelectrons
with lowest Ey, (i.e., highest Ep;,). These are the secondary electrons that leave the sample with
approximately zero kinetic energy due to inelastic scattering. When reaching the detector, their
measured kinetic energy therefore corresponds to Wy — Wy. The high-Ey;, cut-off in the UPS spec-

tra calibrated according to eq. 3.1 thus equals
Ep = hv - Wy - Egit = hv = Wy — (Wy = Wy) = hv - W, (3.4)

The difference between the photon energy and the binding energy cut-off therefore yields the work

function of the material.

Three a-GaOy, thin films, which were deposited on ITO substrates in Ar atmosphere with slightly
different laser fluence (0.72-0.81]/cm?, in chamber #1), were investigated by UPS. Before the mea-
surement, one of them was annealed at 600 °C for 10 min in O, atmosphere with a rapid thermal
annealing (RTA) system from Rocky Mountain Vacuum Tech (heating rate: 100 °C/s). During the
UPS measurements, a constant bias of 15 V was applied between sample and detector to reduce the
influence of scattering at the detector. A cleaned Au thin film was used as standard for calibration of
the binding energy axis. There are two different methods for determining the cut-off value from the
spectra, either as the inflection point of the high-Ey;, boundary, or by extrapolating the boundary
to the baseline. Here, following [159, 187], the extrapolation to the baseline was carried out with
the UPS measurement & analysis software. The typical accuracy of the UPS energy axis, and of the
resulting work function W, is about 4kgT ~ 0.1eV due to thermal broadening (width of the Fermi
function).[160]

3.2.3 Scanning Kelvin Probe Microscopy (SKPM)

The work function of a-GaO, thin films was also measured more extensively by scanning Kelvin
probe microscopy (SKPM), which is a variant of conductive atomic force microscopy (C-AFM).
Like UPS, it relies on the electric field that exists in the space between two electrically connected
materials with different work function. However, the measurement technique is completely differ-

ent.

In SKPM, a conductive AFM tip, mounted to an oscillating cantilever, is moved across the sample
surface in non-contact mode. The average tip-sample distance is kept in a region where two major
forces act on the tip: van der Waals attraction (induced dipole-dipole interaction) and electrostatic
force (due to different electric potential in tip and sample). The van der Waals attraction, which
has a much stronger distance-dependance than the electrostatic force, is utilized to measure the
sample’s topography. Since it is an attractive force, it has a dampening effect on the tip’s oscillation

and causes a distance-dependent decrease of the amplitude. This is detected with a diode laser that
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is reflected from the cantilever onto a four-quadrant photodetector. A lock-in amplifier, which is set
to the cantilever’s oscillation frequency, extracts the change in amplitude from the detector signal.
A feedback loop then automatically adjusts the sample’s vertical position to maintain a constant
oscillation amplitude, i.e., a constant average distance between tip and sample surface. This vertical
adjustment of the sample is recorded while scanning the selected area with the tip, resulting in a
topography image. Simultaneously, the work function difference Wy — W; between sample surface
and tip is mapped through the electrostatic force. This force depends on the difference of ¢, i.e., on
the voltage V, between sample and AFM tip. Since both are connected through an electric circuit,
the chemical potential difference p—ps = Ws— W (eq. 2.55) causes a surface potential (Ws,—W;)/e =
-V that depends on the local work function W under the tip. Additionally, both a DC voltage Vg,
and an AC voltage V, sin(wt) with angular frequency w are applied between sample and tip. The

total voltage V' thus has three components:
V = Vi = Vs + Vg sin(wt) (3.5)

The electrostatic force acting on the tip in this capacitor-like situation then equals®?

10C 10C 1 ) 1
23d V2= >3d [( Vie = Vo) + 3 VZ +2(Vae = Vi) Vae sin(wt) — EVazc cos(2wt)] (3.6)
with capacitance C and sample-tip distance d. The detector signal also contains the vertical tip
movements induced by this force. They have different frequencies than the mechanically produced
cantilever oscillations, because a sufficiently different AC frequency w is used. With a second lock-
in amplifier, which is set to w, the tip oscillations due to the third electrostatic force term

oC

ﬁ(VdC - Vi) Vae sin(wt) (3.7)

can be extracted from the detector signal (cf. eq. 3.6). This term becomes zero when Vj_ is set equal
to Vi, i.e., when the electric field due to the work function difference is compensated by the applied
DC voltage. In this case, there are no tip oscillations with angular frequency w and the output
amplitude of the second lock-in amplifier becomes zero. While scanning the selected sample area
with the tip, a second feedback loop automatically adjusts Vj. to always maintain this zero amplitude
situation. This results in a map of the relative work function Ws — W; = —e V. for the investigated
surface area. Absolute values for the work function W can be obtained by determining W; with a

standard sample whose work function is precisely known.

A commercial atomic force microscope (XE-100, Park Systems), with an additional lock-in ampli-
fier (SR830, Stanford Research Systems) for the Vj.-feedback loop, was employed for the SKPM
measurements. The AFM instrument was configured to “EFM(ext)” mode. An AC voltage with
Vac = 3.5V and w = 17.5kHz was applied to the Au-coated conductive AFM probe tips (PPP-

62Eq. 3.6 is the classical force in a parallel-plate capacitor with homogeneous electric field, which is a common approxi-
mation for the C-AFM situation.
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NCSTAu, Nanosensors). Highly oriented pyrolytic graphite (HOPG) with a work function of W =
4.65 eV was used as calibration standard. The obtained data was analyzed with XEI and Gwyddion.

Twelve a-GaOy thin films, which were deposited in Ar atmosphere with different PLD fluence
(0.36-1.21J/cm?, in both PLD chambers), were investigated by SKPM. Several samples also had
Pt or Au electrodes, which were prepared by PLD with shadow masks (cf. sec. 3.3). These metallic
layers and the ITO substrates were measured by SKPM as well. Additionally, the effects of different
post-annealing procedures on the work functions were investigated. Some of the samples were an-
nealed, either in a tube furnace with H,(5%)/Ar atmosphere at 200 °C or 300 °C for 1 h, or by RTA
(cf. sec. 3.2.2) in O, at 300 °C or 600 °C for 10 min, and then measured by SKPM again.%

In the SKPM measurements, topography and surface potential images were obtained by scanning
rectangular surface regions with sizes of 5-40 um?. At least two different regions were measured
on each investigated layer and each selected area was scanned twice. All scans from the same layer
were stitched together for collective statistical evaluation. For each layer, the area average and the
area standard deviation (S, root mean square roughness) of the combined surface potential image
were calculated. The same was done for the multiple scans of the HOPG standard. From the re-
sulting relative work functions, the absolute work function W; of each investigated material layer
was calculated as explained further above. The corresponding error bar was obtained from the
area standard deviations through Gaussian error propagation. Further aggregation of the SKPM
results, e.g., of all comparable a-GaOy, layers or all ITO layers, was done by weighted averaging and

corresponding error propagation (as explained in sec. A.3).

3.3 Current-Voltage Measurements

The resistive switching behavior of the a-GaO, thin films was characterized by current-voltage mea-
surements, which is the standard method for detecting voltage-induced changes of the device re-
sistance (cf. sec. 2.4). The sample layout for these experiments followed the classical capacitor-like
structure of resistive switching devices, with an a-GaO, layer vertically sandwiched between a bot-
tom and a top electrode (BE and TE). The respective notation TE|a-GaO,|BE was already intro-

duced in sec. 2.4.

In most cases, the commercial ITO substrates were used as BE, with a thickness d of 120-160 nm
of the conductive layer. Furthermore, PLD-made BEs of ¢c-ITO (d » 1.2 um), Au (d = 540 nm) or
Pt (d = 20-30nm) on SiO, substrates were employed in order to investigate the influence of the
BE material. It was verified that the different BEs had negligible resistance (< 33 Q2 from corner to
corner). The a-GaOy thin films were deposited on top of the continuous BE layers with a square

shadow mask, such that a border of the BE remained accessible for contacting. The PLD fluence and

53The work function of the a-GaOj film annealed at 600 °C in O, was also measured by UPS (after the SKPM experi-
ments). It corresponds to the sample mentioned in sec. 3.2.2, allowing a direct comparison of the results.
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the thickness of the a-GaO, deposition varied from sample to sample, as will be specified alongside
the respective results. The TEs were made of platinum, in the form of either PLD-made Pt (d =
20-30nm), sp-Pt (d = 15-60 nm) or eb-Pt (d ~ 30 nm). Structuring of the TEs into small electrode
pads was usually achieved by using shadow masks with differently sized, circular holes during the
deposition (e.g., fig. 3.1a,b). The hole diameters of these masks ranged from 500 pm to 100 pm.
Alternatively, in explicitly stated cases, the TE pads were created by photo-lithographic etching after
PLD deposition of a continuous Pt layer (e.g., fig. 3.1c,d). This resulted in square TEs with sizes from
100 x 100 um? down to 5 x 5 um?. The smallest investigated TE size was 10 x 10 um?, though, because
the smaller ones could not be contacted in a reliable way. It was verified that the actual TE sizes
approximately corresponded to the nominal sizes specified by the masks. Each individual TE pad,
together with the a-GaOy and BE regions underneath, represents a single resistive switching device.
The lateral dimensions of this device essentially equal the TE area, because the a-GaO, thickness
is more than two orders of magnitude lower than the TE diameters. Each prepared sample thus
contained many independent RS devices. Due to the vertical structure, the a-GaO, region of each

device is shielded from light by the opaque TE.

(a) (b) (d)

Figure 3.1: Sample setup for the I-V measurements. (a) Drilled shadow mask for circular TEs, in this case
with equal diameters of 300 um. (b) Example of a Pt|a-GaO,|ITO sample, where the Pt-TEs were prepared
by DC sputtering with a shadow mask. (c) Example of a Pt|a-GaO|ITO sample with a dense pattern of
lithographically etched Pt-TEs. (d) Microscope image of a set of square Pt-TEs on the sample shown in (c),
with pad sizes of 100 x 100 um?, 50 x 50 pm?, 20 x 20 um?, 10 x 10 um?, 8 x 8 um?* and 5 x 5 um?.

After device preparation, the I-V experiments were carried out with an MPSI50FA probe station
(Cascade Microtech). The probe station is equipped with an optical microscope (Motic PSM-1000
with a Moticam 3M camera; 20-400x magnification) and stands on a vibration-isolated table (Cas-
cade Microtech VIT801). The sample is kept in place by vacuum suction. Two micropositioners
(Cascade Microtech DPP220), each with a probe arm that holds a metallic probe tip, were used for
the precise contacting of the electrodes. Via the coaxial cables of the probe arms, the probe tips
were connected to a Keithley Sourcemeter 2636B, which served both as voltage source and amme-
ter. In some early I-V experiments — before the construction of the probe station - a more simple
measurement setup without a microscope and without vibrational damping was used. It consisted
of a single micropositioner, a plain cable with stripped end for the second contact and a Keithley
Sourcemeter 2611A. The contacting of the devices, i.e., the connections between the electrodes and
the Sourcemeters, turned out as a major issue in the I-V experiments. Different contact methods

were tried, which are summarized in the following together with their strengths and weaknesses.
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Tungsten cat-whisker: These commercial probe tips (T-4-22, GGB Industries; 7S, Micromanipu-

lator) consist of a thin tungsten wire (wire diameter: 22 um and 127 pm, tip radius: < 1pm).

+ suitable for smallest TEs - small contact area causes rather high
+ very flexible: low contact force and no contact resistance
device damage — contact sensible to vibrations

— formation of an insulating WO, surface
layer over time®*
— abrasive cleaning from WO, or adsorbed

contaminants not possible

Tungsten needle: These commercial probe tips (PTT-12-25, Cascade Microtech) consist of a rigid

tungsten needle with a sharp tip (tip radius: 0.6 um).%
+ proper contact to ITO-BE, since it allows — small contact area causes rather high
high contact pressure and abrasive contact resistance
movements — damages metal layers upon touchdown if
+ less sensitive to vibrations not careful

— formation of an insulating WO, surface
4

layer over time®
Etched gold wire: These self-made probe tips of pure Au were prepared by chemical etching of gold
wire (diameter: 50 um) with aqua regia (HNO3:HCI, 1:3) for about 2 h, until a thin tip was obtained
(tip radius: < 5um).

+ inert material (no oxidation) — irregular tip shape makes it difficult to hit
+ very flexible: low contact force and no small TEs
device damage — small contact area causes rather high

contact resistance
— contact sensible to vibrations
— abrasive cleaning from adsorbed

contaminants not possible

Gold wire attached by silver paste: Instead of a using a probe tip, Au wire (diameter: 50 um) was
connected to the electrode by Ag paste (LS200N, Hans Wolbring). The paste was dried at room
temperature and it was verified that this leads to negligible paste resistance. The other end of the
Au wire was coiled around the stripped end of a cable to the Sourcemeter. This method was used

just for contacting ITO-BEs.

4Removal of the WO, layer by abrasive cleaning, chemical etching with NaOH or sublimation through Joule heating
only led to minor improvements.

*Needles made of palladium alloy, which are inert towards oxidation (Paliney 7, SE-P, Signatone, tip radius: 12 um),
and of beryllium copper alloy, which is a rather soft material (forms native oxide like tungsten; SE-BC, Signatone, tip
radius: 12 pm), were tested as well, but brought no significant improvements in comparison to the tungsten needles.
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+ durable contact — only suitable for BE (low viscosity makes
+ essentially no contact resistance it difficult to attach Au wire to small TEs)
+ no influence of vibrations — brittle

Gold wire attached by platinum paste: Instead of a using a probe tip, Au wire (diameter: 50 pm)
was connected to the electrode by Pt paste (LPA88-11S, Heraeus). The paste was dried on a hot plate
at approx. 150 °C for a few minutes and it was verified that this leads to negligible paste resistance.
In order to prevent later movements of the Au wire (e.g., tearing out or contact with other wires),
both the sample and the other end of the Au wire were fixated on a larger glass slide. Thereon, the
Au wire was connected to a Cu wire that led to the Sourcemeter. In the case of TE contacts, the Pt
paste dot exceeded the deposited TE area significantly (approx. diameter: 700-900 um). The area

of the resulting, enlarged TE was measured with the calibrated microscope of the probe station.

+ durable contact - only suitable for BE and large TEs

+ essentially no contact resistance — requires short sample heating

+ no influence of vibrations — additional Pt paste|a-GaO, interface at
TEs

These contact methods were used in different combinations for the TE and BE of the devices, to-
gether with either of the aforementioned measurement stations. Throughout this work, these com-
binations will be identified by “contact type” labels (“CT”), as defined in tbl. C.2.

The underlying reason, why contact resistances are relevant for the I-V experiments, is the gener-
ally low resistance of the a-GaO,-based resistive switching devices. The resistance of a probe tip-
to-electrode contact can influence the results, despite the high conductivity of the involved metals,
because on a microscopic scale the actual contact area is extremely small (much less than the tip
radius). This applies all the more, when corrosion or contamination of the tip is involved. Reducing
the device size, i.e.,, the TE area, can partly alleviate this issue, as it increases the overall device re-
sistance in comparison to the contact resistances. When conductive paste is used instead of a probe
tip, the contact area is much higher and the electrode-to-circuitry resistance becomes negligible.
Furthermore, attaching Au wire with Ag or Pt paste ensures a reliable contact right from the start
of the measurements and prevents changes of the contact over time. This is crucial for observing
how the resistive switching behavior starts and develops throughout repeated measurements. The
major downside of the wired sample setup, however, is the inevitably large device size, which is

beyond the usual size in applications.

Another aspect concerning the contact circuitry is the polarity of the measurements, which is im-
portant both for the distinction between figure-8 and counter-8 resistive switching (cf. sec. 2.4) and
for the deduction of the underlying switching processes. The two terminals of the Sourcemeters
are called HI and LO, and the voltage V' corresponds to the electric potential difference ¢u; — @10

between them. Since the chemical potential i of the electrons in the metallic terminals is equal, the
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voltage also specifies the electrochemical potential difference between LO and HI:

V=om-910 = eV=po-#m (3.8)

For a positive voltage V > 0, HI is the plus pole, LO is the minus pole and the positive conventional
current I flows from HI to LO. Since the conventional current is the flux of positive charge, for
V > 0 (and I > 0) the electrons flow from LO to HI. For a negative voltage V < 0, the opposite
is the case. In all I-V experiments, the TE was connected to HI and the BE was connected to LO.
Additionally, LO was connected to ground. The voltage V thus was applied to the TE, relative to
the grounded BE. When the contact and wire resistances are negligible, there is electrochemical
equilibrium between the electrons at the terminals and the corresponding electrodes (fipr = fite
and firo = figg). Therefore, under ideal conditions, the applied voltage enforces an electrochemical

potential difference of
figg — fitg = eV (3.9)

between BE and TE. This electrochemical potential difference and the electric field it generates are

the basis for the electron and ion movement within the resistive switching devices.

At the beginning of each I-V measurement session, the contact quality was checked by applying
low voltages (e.g., 0V — 0.1V). The contacts were adjusted until these tests resulted in a smooth
I-V curve. After that, the actual resistive switching experiments were carried out. By applying
voltage sweeps or pulses V(t), typically in the form displayed in fig. 3.2, changes of the device

resistance were triggered that were monitored by measuring the resulting current I(¢). The voltage
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Figure 3.2: Examples for the applied voltages V() in the I-V experiments. (a) Triangular voltage sweep
with Vipax = £1.75V and vy, = 0.2 V/s. (b) Voltage pulses with Viyite = £1.75V, Vieaq = +0.1V and At =1s.

sweeps depicted in fig. 3.2a were carried out with different voltage amplitudes Vi.x and different
sweep rates v, = 0V /0t. The measurements on a certain device usually were started with step-wise
increasing Viax at low vy, until RS behavior was observed. Then, the influence of vy, -variations

and of further changes of Vp,,x were investigated. The voltage pulses displayed in fig. 3.2b were used
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to explore the effect of specific write voltages Viite, applied for a certain pulse length At, on the
current measured at a low read voltage V,.,q afterwards. While the write pulses alternated between
positive and negative voltage, the read voltage always was positive to eliminate eventual resistance
changes through pure polarity reversal (diode effect). In most cases, symmetric sweeps or write
pulses were used, where the voltage amplitude was equal for both polarities (e.g., Vinax = £2.0V).
Sometimes, the voltage amplitude was asymmetric (e.g., Vinax = +1.8 V|[-2.0V), to compensate
for different switching at positive and negative polarity. Besides these standard sweep- and pulse-
type measurements, also more specialized voltage schemes V (t) were employed (e.g., sweeps with
only positive or only negative voltage), which will be displayed alongside the respective results. The
measurements were carried out with a compliance current of 10 mA, which was increased to 100 mA
when the limit of 10 mA was exceeded without a breakdown of the device. From the measured

current I, the current density j = I/ A was calculated with the nominal TE area A of the device.

3.4 Conductivity Measurements (van-der-Pauw)

The bulk conductivity o of a-GaOy thin films was measured with the van-der-Pauw technique. This
4-point probe method, which has been described for the first time in [188], requires four electrodes
placed on the perimeter of a thin film sample. For concise notation, these contacts shall be labeled
as A, B, C and D in counter-clockwise direction. The basic principle of the van-der-Pauw method
is to apply a current between two neighboring contacts while measuring the voltage between the

other two. This is done in two different configurations:

1. The current I5p is injected at A and leaves the sample at B,°® while the electric potential differ-

ence Vcp = ¢p — ¢ is measured.

2. The current Ic is injected at B and leaves the sample at C, while the electric potential difference

VbA = A — ¢p is measured.

Since the voltages Vcp and Vpy are measured without a current flow through the respective elec-
trodes, there is no influence of contact resistances or Schottky barriers on the resulting values.®’ This
is the major advantage of all 4-point probe methods. The van-der-Pauw technique, specifically, has
also another benefit: In principle, the sample shape and the relative positions of the electrodes are
arbitrary and do not need to be determined. It is just required that the electrodes are located on the
circumference of the thin film and that they are sufficiently small in comparison to the sample area.

The sample must be a thin film, i.e., much thinner than wide, with approximately homogeneous,

>

%“The notation “Ixg” refers to a conventional current from A to B, which means that electrons flow from B to A.

Voltmeters actually measure the electrochemical potential difference. The result is expressed as a voltage, because
the sensing wires have equal chemical potential. In the ideal case of no current flow in the voltage measurement
circuit, the electrochemical potential is constant across each contact region (no voltage drop), even when Schottky
barriers or other contact resistances lead to local variations of 4 and ¢. This is why current-less voltage sensing is not
affected by these interface effects. However, typical modern voltmeters always require a tiny current flow. The zero
current condition can only be achieved approximately. In the measurements presented here, the current through the
voltmeter is negligible, because the employed instrument has a large input resistance of over 200 TQ.
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known thickness d. The measured voltages from the two configurations together then implicitly
contain all further information about the sample geometry. As has been derived in [188], they must

obey the relation

exp(-nmdRy0) + exp(-ndRy0) =1 (3.10)
\% \%

with Ry = Rapcp = LRy = Rpcpa = REbY (3.11)
Iag Iyc

which links them to the conductivity o of the material. R; and R, are also called van-der-Pauw

resistances. Eq. 3.10 can be solved for o [188], which yields

_ nd Ri+R, B
o= ( O f) (3.12)

with the geometry correction factor f that can be obtained numerically from the relation

In(2)
_ exp ( —~
R )

(3.13)
Ri+R, 2

Note that f = 1 when R; = R,. When the thin film and the arrangement of the electrodes are close
to symmetric (C4 axis through the center of the sample), then R; ~ R, and the factor f can be

approximated by [188]

f=1-

2 2 3 4
In(2) (RI—RZ) _(ln(z) _In(2) )(Rl—Rz) (3.14)
2 R+ R, 4 12 Ri+R;,

For a suitable, symmetric sample design, egs. 3.12 and 3.14 yield the conductivity ¢ from the applied

currents, the measured voltages and the film thickness d.

Accordingly, the a-GaO, samples for the van-der-Pauw measurements were constructed symmet-
rically, as shown in fig. 3.3. Four contact pads, consisting of either a-ITO, c¢-ITO or Pt (cf. sec. 3.1),
were deposited in the corners of insulating Al,O; substrates by PLD with circular or triangular
shadow masks (fig. 3.3a-c). It was verified that these electrode layers are highly conductive. After-
wards, a-GaO, was deposited on top, using a square shadow mask (fig. 3.3a,b), such that the gallium
oxide had appropriate overlap with the four electrodes. The layer depositions were carried out in
this order to prevent intermediate exposure of the metal|a-GaOy interfaces to air. The triangular
electrode shape was introduced to improve the reproducibility of the contact overlap. Al,O; in-
stead of SiO, substrates had to be used, because the latter resulted in film delamination during the
van-der-Pauw measurements. Fig. 3.3d,e shows exemplary samples from the van-der-Pauw experi-
ments. A wide range of different a-GaOj thin films was measured, all prepared in chamber #2. The
influence of the PLD fluence and of the deposition atmosphere, varied between pure Ar and H,/Ar,
was investigated. The sample-to-sample reproducibility of the conductivity was examined on the

basis of several similarly prepared samples. The different electrode materials were tested in combi-
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nation with formally equal a-GaO, layers. Even a sample without deposited electrodes, which was

simply contacted in four corners by Pt paste, was measured for comparison.

The van-der-Pauw measurements were carried out in a custom built tube furnace, which is de-
scribed comprehensively in [97]. It features a sample holder with four Pt contact pins and a ther-
mocouple next to the sample. Gold wire was used to connect the sample’s electrode pads to the re-
spective contact pin. The Au wire was attached to the deposited electrodes with Ag paste (LS200N,
Hans Wolbring) or Pt paste (LPA88-11S, Heraeus) and coiled around the Pt pins. The Ag paste was
dried at room temperature and the Pt paste was dried on a hot plate at approximately 150 °C for
few minutes. It was checked that this leads to contacts with negligible paste resistance. Pt paste was
used in most cases because it is inert and less fragile, even though it involves a short heating of the

sample.

(a) (c) (d)m

A . D

(b)

Figure 3.3: Sample setup for the van-der-Pauw measurements. (a) Drilled mask pair for circular contacts.
The central hole was covered by Al foil to obtain only four dots. (b) Laser-cut mask pair for triangular
contacts. (c) Circular Pt electrodes on Al,O; substrate. (d) Complete sample with a-GaO, thin film and
circular Pt electrodes. (e) Complete sample with a-GaOx thin film and triangular Pt electrodes. The labels
A, B, C and D refer to the contact nomenclature that was introduced in the text.

Electric current was applied between the respective contact pins with a Keithley Sourcemeter 2400,
while the voltage between the other two was measured with a Keithley Electrometer 6514. A re-
lais allowed to switch between the two aforementioned configurations. Simultaneously, the tem-
perature T was measured with the calibrated thermocouple in direct vicinity of the sample. The
measurements were executed automatically with a LabVIEW program that controlled the Keith-
ley instruments, the relais and the furnace. For each configuration, the applied current was varied
from —Iax to +Imax With 7 evenly distributed current values. The maximum forced current I,y
was adjusted in the range of 0.005-2.0 A, such that the associated voltages Vap and Vg just not
exceeded 5 V. Each individual point on the resulting van-der-Pauw I-V curves for Ixp vs. Vcp and
for Igc vs. Vpa was averaged over 5 successive measurements. Both I-V relations were checked
for linearity and fitted with a linear function, yielding R; and R, as the inverse of the slopes. The
respective standard deviations sg; and sg, were obtained from the fit errors through Gaussian error
propagation. The conventional I-V relations for the current-driven contacts (i.e., Ixp vs. Vap and
Igc vs. Vc) were always checked for linearity as well, in order to rule out contact problems. The
conductivity o was calculated from R;, R; and the film thickness d with the egs. 3.12 and 3.14. Its

standard deviation s, was obtained from sg;, sg2 and s; by Gaussian error propagation. Typically,

34

75



Chapter 3 | Experiments

76

sq was dominated by the standard deviation s, of the film thickness, due to the slight, PLD-inherent

curvature of the a-GaO,, films (cf. sec. 3.2).

The conductivity o + s, was measured for 3-fold repeated temperature ramps of the form 300 K —
Tmax — 300K, with a heating rate of 5 K/min and passive cooling. The highest used Tyax was 575K,
but typically a maximum temperature in the range of 425-475 K was selected. In order to prevent
oxidation, the van-der-Pauw measurements were conducted under inert atmosphere, established by
a continuous Ar flow of 50 ml/min in the tube furnace. The samples were completely sealed off from
light within the furnace to avoid photoexcitation effects. The resulting, T-dependent conductivity
data was analyzed with regard to mobility edge conduction (MEC, sec. 2.2.2) and variable-range

opping (MEC, sec. 2.2.3 comparing the respective In(o) vs. T~ and In(o ) vs. T~ ots.
hopping ( ) by comparing the respective | T andl T/ pl

Additionally to the measurements at elevated temperatures, the conductivity was also measured
at temperatures below RT. These further measurements were carried out in cooperation with B.
Thoner at the Institute of Physics (IA, RWTH Aachen University), using a commercial Physical
Properties Measurement System (PPMS DynaCool, Quantum Design) with liquid He cooling. Due
to the limited availability of the instrument, only two samples were measured in this way, with
qualitatively equal results. The measurements were done in He atmosphere (3x purged, approx.
0.5-25 mbar) and without exposure to light. In contrast to the procedure described above, the
PPMS applies constant currents Iag and Igc and records the resulting van-der-Pauw voltages Vcp
and Vpa continuously in short intervals of about 1s. R; and R, thus were obtained from the re-
spective V/I ratio (eq. 3.11), instead of the aforementioned I-V fits. As a side effect of this, s,
was calculated just from the thickness error s;. The applied currents were adjusted in the range of

0.8-1.0 pA to keep the associated voltages Vap and V¢ below 1V.

A major difference between the PPMS measurements and the other van-der-Pauw experiments is
the contacting method. Instead of the Ag or Pt pastes, wire-bonding was used to solder Au wire
to the Pt electrode pads of the samples. Therefore, the amorphous thin films did not experience
any heating before the PPMS measurements. This allowed to investigate their as-prepared state
by measuring a cooling ramp at first. The temperature was varied according to 300K — 150K —
400K — 150K — 300K, with cooling and heating rates of 2 K/min. At each turning point of these
ramps, the temperature was held stable for about 1h. These periods with constant T served two
purposes. In the first 20 min of each, it was monitored whether o changes over time at the respective
temperature. Afterwards, as described in the following, an additional magnetic field was applied
perpendicular to the sample (direction: bottom to top of the thin film), in order to investigate the

magnetoresistive effect and the Hall effect for a-GaO.

The magnetoresistance AR/R is defined as the relative change of a sample’s resistance when a mag-
netic field is applied. This effect can also be expressed by a magnetoconductivity Ao /gy, which de-
scribes the change Ao of the conductivity due to a magnetic field, relative to the conductivity o
without magnetic field. This quantity was obtained by measuring the van-der-Pauw conductivity

as described before, while varying the magnetic field strength H according to 0 — 5.6x10° A/m —
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-5.6x10° A/m — 0. Simultaneously, a third I-V configuration was measured to determine the
Hall effect: The current Igp = 0.5 pA was applied between the diagonal electrodes B and C, while
measuring the Hall voltage Vi = Vi between the other two. In the classical case of crystalline
semiconductors and for mobility edge conduction (MEC) in amorphous semiconductors, such
a perpendicular voltage results from the deflection of the flowing electrons in the magnetic field
(Lorentz force). From this effect, the charge carrier density and the majority charge carrier type can
be determined. However, as mentioned in sec. 2.3.2, this is not the case for variable-range hopping
(VRH). The individual tunneling events are not influenced by a magnetic field and only quantum
interference between different hopping paths may lead to a Hall effect that is typically extremely
small.[31, 153]

The Hall coefficient Ry = Vacd/(IgpB) was not calculated, because the magnetic permeability that
relates H to the magnetic flux density B is not known for a-GaO,. Instead, just the Hall voltage
Vi is reported, after the following asymmetry correction: Since the contacts form no perfect cross,
the raw Vy always contains minor contributions from the voltage Vap between the current-driven
electrodes. When Igp and ¢ are constant, then this additive contribution is also constant with
regard to H. In this case, the raw Vi at H = 0 would have to be subtracted from all measured Hall
voltages, because there should be no Hall voltage without magnetic field. However, when o varies
due to the magnetoresistive effect, then the relation of Vy; vs. H is altered in a non-constant way by
the changing contributions. This can be corrected for by realizing that the magnetoresistive effect
does not depend on the sign of H, while the Hall effect is antisymmetric with regard to H = 0. For
a-GaOy, removing the deviations turned out to be especially simple, because, as will be shown in
sec. 5.3.4, the magnetoconductivity Ac /gy of a-GaO, depends linearly on |H|. Therefore, the raw
Vu vs. H data was fitted with a linear absolute value function, which then was subtracted from the

data to obtain the corrected Hall voltages.
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Simulations

4.1 Density Functional Theory (DFT)

The experimental work on a-GaO, was complemented by theoretical calculations, using three ma-
jor methods that build upon each other. The first is density functional theory (DFT), which yielded
the density of states (DOS) of a-GaO, model structures. The DOS is the basis for the ensuing ki-
netic Monte-Carlo (KMC) calculations described in sec. 4.2, which provided the bulk conductivity
of a-GaOy in dependence of parameters like the temperature or the electrons’ chemical potential.
The conductivity results finally were used to model Pt|a-GaO,|ITO devices with the finite element
method (FEM), as will be explained in sec. 4.3.

The DFT method basically approximates the ground state electron density n(7) of a quantum me-

chanical many-body system with N electrons by iteratively solving N Kohn-Sham equations
o, - - .
—%V + V&f(?’) gbi(r) =E,-gbl-(r) (4.1)

which are coupled by the effective potential V¢ (m is the electron mass). The Kohn-Sham wave

functions ¢; with state energy E; together form the electron density
\ 2
n(7) = 216 (7)] (4.2)

which in turn determines the effective potential V.g in eq. 4.1 that a single electron i experiences:

2 2/

. . e n(r
Verr(7) = Vet (F) + — ﬁ( #),
dmeg J [P -7

d3?l + ch[n(?)] (4.3)

Here, Vex; contains the Coulomb interaction with the atomic cores, while the second term describes
the Coulomb repulsion by the other electrons. The exchange-correlation term Vxc is a functional
of the electron density and approximates the quantum mechanical interaction of the electron wave
functions in the many-electron system. The ground state electron density, which results from the

self-consistent, iterative refinement of the ¢;, allows to calculate quantum mechanical observables
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like the ground state energy of the system. This enables for example the optimization of the atomic
structure by minimizing the system’s energy.%® In solid state DFT, the Kohn-Sham wave functions
are typically constructed from periodic Bloch functions with a wave vector k (cf. sec. 2.2.1), which
leads to the notation ¢, with the band number # and the k-point number k as indices. There
is no mathematical guarantee that the Kohn-Sham wave functions ¢,,; resemble the actual single-
electron wave functions y,,; of the system, but the empirical approximation ¢,,x » y,,x is commonly
used nonetheless. The density of states g(E) of the system can then be obtained as the interpolated

distribution function of the Kohn-Sham state energies E,; on the energy axis.

4.1.1 Amorphous Model Structures

The first step towards the calculation of the DOS for a-GaO, was the generation of suitable amor-
phous model structures. Fortunately, it was possible to utilize the earlier work of Fabian Draber, a
colleague in the same workgroup. He created a-GaO, DFT cells with the ab-initio molecular dy-
namics (AIMD) procedure that is described in the following, and he also already calculated the
DOS for the final structures. His unpublished® DFT parameters and results were reused in this
work with his explicit, generous permission. The amorphous structures were adopted as obtained
from him, but the DFT-DOS calculations were repeated and expanded to allow for the additional
analysis that will be described in sec. 4.1.2 and 4.1.3.

The AIMD method uses DFT-derived forces to calculate the trajectories of the atoms at the speci-
fied temperature. In each timestep of an AIMD simulation, the atoms are moved according to these
trajectories and then the forces are recalculated by DFT. This allows to emulate a melt-quench
process to amorphize DFT cells. The a-GaO, structures used in this work were generated by F.
Draber starting from crystalline 2x2x2 supercells of B-Ga,Os, which were forced into a tetrago-
nal cell shape. The composition of the cells was adjusted by randomly removing oxygen atoms or
adding gallium atoms, which resulted in Gag4Og4 (x = 1.5), Gag4O,5 (x = 1.2), GagyOg, (x = 1.0)
and Ga,,Osg (x = 0.8). In multiple sequential AIMD runs with timesteps of 3 fs (NV'T ensemble),”
these four initial structures were virtually melted at 5000 K for a total time of approx. 15 ps, fol-
lowed by cooling them down to 300 K at rates of 0.5-2 K/fs. Lastly, the structures were artificially
tempered at a constant temperature of 300 K for about 15 ps. In-between these steps and intermedi-
ately of the tempering step, the cell volume was optimized by DFT until a maximum residual force
smaller than 0.05 eV /A was reached, while keeping the fractional coordinates of the atoms and the
cell shape fixed.”

% For a more thorough introduction to DFT in general and DFT in the solid state in particular, the reader is referred to
the respective textbooks (e.g., [189,190]).

The combination of Fabian Draber’s DFT calculations and the results described throughout this work led to the joint
publication [40].

70Major VASP settings: IBRION = 0, MDALGO = 0, ISIF = 2, PREC = low, SMASS = -1, NBLOCK = 2.

"Major VASP settings: IBRION = 2, ISIF = 7, PREC = normal.
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A comparable AIMD approach to generate structural models for a-GaO, has also been applied in
[89], for the DFT-DOS calculations that were already discussed in sec. 2.3.1. However, the calcu-
lations in [89] only cover O/Ga ratios above 1.2 and therefore they are insufficient for comparison

with the experimental results reported here.

The AIMD simulations and the volume relaxations were carried out with the VASP software [191-
194], using PAW GW basis sets [195, 196] and the GGA-PBE exchange-correlation functional.[197]
The cut-off energy for the basis functions was set to 300 eV for AIMD and to 500 eV for the volume
relaxations. The wave vectors from a 4x4x2 Monkhorst-Pack k-point grid were used for the Kohn-
Sham wave functions. The energy convergence criterion for the self-consistency of the Kohn-Sham
states in the DFT algorithm was 1072 €V for the AIMD runs and 10~* €V for the volume optimiza-

tions.

The density of the created a-GaOj cells is 5.24 g/cm® for x = 1.5, 5.05 g/cm® for x = 1.2, 4.91g/cm’
for x = 1.0 and 5.66 g/cm> for x = 0.8. These values are within the wide range of 4.5-6.0 g/cm?®
that has been reported in experiments (cf. sec. 2.3). The decrease of the density from x = 1.5 to
1.0 is plausible from the effective loss of oxygen that is not fully compensated by the simultaneous
shrinking of the DFT cells. The same trend has been found experimentally in [107]. The density’s
increase from x = 1.0 to 0.8 is the result from more efficient packing, with an about 6% smaller DET
cell for Ga;,0sg4 than for Gag,Og,, probably because the composition becomes closer to the other

stoichiometric variety of gallium oxide, Ga,O.

4.1.2 Density of States (DOS)

The density of states (DOS) of a-GaOy was investigated by DFT with the amorphous model struc-
tures for GagyOgg (x = 1.5), GagyOsg (x = 1.2), GagyOgy (x = 1.0) and Ga,,054 (x = 0.8). The
VASP software [191-194] was employed also for the calculations of the DOS,”* using the same PAW
GW pseudopotentials [195, 196] and the GGA-PBE exchange-correlation functional [197] like in
the preparation of the amorphous cells.”> The cut-off energy and the energy convergence condi-
tion were set to 500 eV and 10™* eV, respectively, and Gaussian smearing with a width of 0.05 eV
was used. For each of the structures, the DOS was calculated both with 8x8x4 and with 16x16x8
Monkhorst-Pack k-points in order to evaluate the convergence with regard to the k-point den-

sity.”* The difference between the DOS for the two k-point sets is minimal (fig. B.14), indicating

>Major VASP settings: IBRION = —1, ISIF = 2, PREC = normal, LORBIT = 11.

73Calculation of the DOS by hybrid DFT with the HSE06 functional was also tried extensively. This variant of DFT typ-
ically has a higher accuracy of the electronic structure, especially for the band gap, but at the expense of a drastically
increased computational demand. Unfortunately, the respective calculations either did not converge or failed with
cryptic errors.

*The original data from E. Draber only comprised GGA-DOS calculations with 16x16x8 k-points for x = 1.0 and with
8x8x4 k-points for the other compositions, without further analysis. Everything beyond that was done anew here in
this work.

4.1
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that 16x16x8 k-points are sufficient. All further analysis and later discussion refers to the DFT-
DOS obtained for 16 x16x8 k-points.

The position of the Fermi level Ef is of course crucial for the interpretation of the obtained DOS
g(E). Since the Fermi-Dirac distribution depends on the temperature (eq. 2.16), so does the Fermi
level. Therefore, the Er for T = 0K that was obtained from VASP was adjusted to room tempera-

ture. This was achieved with a Python script by numerically solving the constant electron density

condition
EF(OK) oo E_E -1
f ¢(E) dE = / (E) [exp( F)+1] dE (4.4)
—o0 —o0 kBT

for Ep with T set to 300 K. This approach assumes that the DOS g(E) is approximately independent
of the temperature. The shift from Er(0K) to Er(300K) is negligible for a-GaO, g (+0.6 meV)
and a-GaO, ; (-3 meV), but more relevant for a-GaO, , (+47 meV) and a-GaO, 5 (+179 meV). In a

similar way, the Fermi level was also calculated for other temperatures (e.g., for 150-2000 K).

For the comparison of the DOS for the different O/Ga ratios, a common energy reference is ben-
eficial. Since the DOS all exhibit a steep edge at the top of the valence band, the valence band
maximum (VBM) was chosen for this. Its position Eypym was determined by linearly extrapolating
the steep VB edge to the baseline.

Besides the DOS calculations, DFT was also used to assess the relative permittivity e, of a-GaOy (cf.
eq. 2.13). Several different VASP parameter sets were tried. The standard procedure using density
function perturbation theory, either with self-consistent or with finite differences optimization,”
only worked for a-Gag4Og4 (x = 1.5). The resulting macroscopic static dielectric tensor was equal for
4x4x2 and 8x8x4 k-points. The calculation of the response to finite electric fields’® gave reasonable
€ for a-Gag Oy (x = 1.5) and a-Gag,O (x = 1.2), but failed for the two more oxygen-deficient
cells with the notification that the material must be insulating and that this does not seem to be the
case. Including ionic motion in any of the methods did not work because the underlying phonon

calculations did not converge for the amorphous structures.””

4.1.3 Localization of States (LOS)

For the interpretation of the calculated DOS with regard to electron transport, it is important to

discern whether the electronic states are extended or localized. Therefore, in a first step, the partial

75Major VASP settings: LEPSILON = .TRUE., LRPA = .FALSE., IBRION = -1, optionally with LPEAD = .TRUE. for the
finite differences approach.

7*Major VASP settings: LCALCEPS = .TRUE., EFIELD_PEAD = 0.001 0.001 0.001 (in eV/A), LRPA = .FALSE.,
IBRION = -1.

””Major VASP settings: IBRION = 8 for phonon calculation with perturbation theory and IBRION = 5, NFREE = 2,
POTIM = 0.015 (in A) for phonons from finite differences.
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charge density of exemplary Kohn-Sham states was visualized with the VESTA software.”® As will
be discussed in sec. 5.4.2 in detail, they exhibit either rather homogeneously distributed charge
density or a concentration in certain regions of the cell. Based on this observation, a metric for the

localization of states (LOS) was introduced that will be explained in the following.

Fig. 4.1 shows the charge density p(7) = —e|¢(7)|* for an electronic state near the Fermi level in
a-GagyOgy (x = 1.0). In this example, the charge density appears localized. This is visible especially
in the direction of the long c-axis of the tetragonal DFT cell. When separating the DFT cell into

Figure 4.1: DFT cell of a-Gag,Og,4 (x = 1.0) with the charge density p(7) = —e|$,x (7)[* of a Kohn-Sham state
@k with E, . — Er(300K) ~ 0.05 eV. The gallium and oxygen atoms are shown in green and red, respectively,
and the charge density is visualized for an isovalue of p = —0.17 C/cm?. The blue planes indicate the cell slices
used in the LOS analysis.

N regular slices along the c-direction, as indicated in fig. 4.1, then some contain a high and some
a low percentage of the total charge density. In an extended state, in contrast, the charge density is
rather evenly distributed across the DFT cell. The standard deviation of the charge density among
the N slices is thus a measure for the localization of the regarded state. This is the essence of the
LOS analysis. The approach is quite comparable to the inverse participation ratio (IPR) mentioned
in sec. 2.3.1, but it is easier to implement. Instead of explicitly integrating the charge density, the
site-projected wave function characters [(Y;? |¢,)|* provided by VASP were used.”” They are the
projections of each Kohn-Sham wave function ¢, on the different spherical harmonics Y;; with
angular momentum quantum / and magnetic quantum m, for each atom a in the DFT cell. Taking
their sum over / and m yields a mapping of the wave function on the atoms, which can be expressed

as the relative projection
e = 2NVl Gai) P [ 30 (Yl fme)? (4.5)
Lm a,l,m

The sum of the P, for the atoms a € Gy, where G; is the group of atoms in a certain slice s of the

DFT cell, is then a measure for the relative amount of charge density within this slice. The respective

7$The required PARCHG files, which contain the charge density data, were generated from the WAVECAR files of
the DOS calculations through additional VASP runs with LPARD = .TRUE., ISTART =1, LSEPB = .TRUE. and
LSEPK = .TRUE,, with state selection by the EINT and KPUSE parameters.

7*VASP DOS calculations with LORBIT = 11 yield these projections in the PROCAR file.

4.
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standard deviation

2

! IZV: > psa ! (4.6)

OLnk =\| = e .
N s=1 \ aeG; " N

between the slices s thus quantifies the spatial inhomogeneity of the wave function ¢,,;. Localized

states have high o1, while a low oy, indicates that a state is extended. The grouping of the projec-

tions into slices is more appropriate than taking the standard deviation across all individual atoms,

because, as fig. 4.1 shows, the charge density is not necessarily centered at a certain atom.

The calculation of the localization standard deviation oy, for the thousands of electronic states was
done with a Python script. The resulting LOS plots of oy, vs. E,x were compared with the DOS
to identify the regions of localized and extended states. The lower envelope of o, (E) was used for
this assessment, because the mobility gap is defined by the absence of extended states. The LOS
analysis was carried out for N = 4, 6, 8 and 10 slices and the outcome was essentially equal except
for a scaling on the oy -axis. The conclusions with regard to the localization of the states were not

affected by the number of slices. The results shown later in sec. 5.4.2 are those for N = 10 slices.

4.2 Kinetic Monte Carlo (KMCQ)

The DFT calculations are valuable for the interpretation of the experiments, but a critical point re-
mains far from obvious: Since Mott’s law for VRH has been derived for g(E) = const. (cf. sec. 2.2.3),
what temperature-dependence of the VRH conductivity is expected for the more realistic DFT-DOS
of a-GaO,? For example, the analytic derivations for a parabolic or exponential DOS around Ep,
which were mentioned in sec. 2.2.3, yielded an exponential dependence on T2 or T~', respec-
tively, for the hopping conductivity. This demonstrates that the shape of the DOS near the Fermi
level can have a significant influence. Since the interpretation of the conductivity measurements in
this work relies heavily on the assessment of the T-dependence, it is important to derive the VRH
conductivity o (T) from the obtained ab-initio DOS.

The kinetic Monte Carlo (KMC) method is well suited for the simulation of variable-range hopping,
since it simulates the development of a system over time on the basis of transition probabilities.
These probabilities are readily available for the VRH process through the Miller-Abrahams rate
equation (eq. 2.46), which was introduced in sec. 2.2.3. Therefore, KMC is the primary method for
the numerical investigation of 3-dimensional hopping transport. There are numerous 3D KMC-
VRH simulations in the literature, as reviewed for example in [198], but of course none for a-GaO,.
These previous studies all used parametrized DOS models g(E) with a mathematically defined E-
dependence (e.g., constant, exponential, parabolic or Gaussian in [74, 198-203]). They essentially

confirmed the respective analytical VRH derivations. Until now, however, to the best of the author’s
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knowledge, there have been no 3D KMC-VRH simulations with an ab-initio DOS of an amorphous

material.

In order to simulate the VRH conductivity of a-GaOy, based on the obtained ab-initio DOS, the
new KMC software “VHoppAS” - short for “Variable-range Hopping in Amorphous Solids” — was

developed. It is written in C++ and freely available under open-source license, either from the

VHoppAS project on GitHub or in archived, citable form via [204]. These sources contain not only
the program’s code but also the manual and further documentation. VHoppAS can take any user-
supplied DOS as input, not only idealized DOS models but also the DOS from ab-initio methods.
This also means that it is not designed specifically for a-GaOy,, but can be used for simulating 3D-
VRH in any material whose DOS is known. Moreover, VHoppAS employes the correct effective
charge carrier density (cf. sec. 2.1.1) for the calculation of the mobility and the Fickian diffusion
coeflicient of the electrons, in contrast to the previous KMC studies that simply treated all electrons
as charge carriers. It also respects that electrons are fermions with a spin, which typically has not
been taken into account. Other advantages of VHoppAS are for example its speed, ease of use
and the extensive statistics it provides (e.g., detailed histograms). These and further features, the
underlying principles and the implementation of the KMC-VRH algorithm will be described in the

following sections.

4.2.1 Concept of the KMC Simulations

As mentioned above, the KMC-VRH simulations are based on the Miller-Abrahams rate equation
(eq. 2.46), which yields the transition rate v;; from an occupied localized state i to an unoccupied
localized state j. The first step of each KMC run therefore is to create a simulation cell that contains a
certain number of localized states with positions 7; and energies ¢;, with some of them occupied by
electrons. How this was done, with the DFT-DOS as input, will be explained in sec. 4.2.2 and 4.2.3.
Within this cell, the many possible hopping transitions do not occur with the exact frequencies v;;,
of course, since the result of the Miller-Abrahams equation is just the average rate that is expected
for each i — j path. Accordingly, its inverse, the time-to-hop expectancy value 7;; = vi‘jl, is only
the average time until the respective hop occurs. The actual time between successive i — j hops

scatters around this average.

The KMC simulations use random numbers to reflect this variability and to decide how the system
evolves over time. For each possible hopping path i — j, a uniform random number P € [0,1) is

used to calculate the randomized time-to-hop
T?j =—11’1(P)T,'j (4.7)

which it takes until the respective hop would occur next. Impossible transitions, i.e., when i is unoc-

*_

cupied or j is occupied, have 7; ;

co. The required random numbers are obtained from a MT 19937
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Mersenne-Twister pseudo-random number generator,®® which is initialized with a different, unique
seed for each individual simulation. Eq. 4.7 for 7}; originates from the common assumption that
the number of KMC transitions obeys the Poisson distribution of rare events, which means that
the waiting time in-between follows the exponential distribution.®! Each 7;; describes how long it
takes until the electron currently residing at state i would hop to state j. Therefore, the overall first
hopping transition that takes place in the cell is the one with the lowest time-to-hop 77;. Moving
forward on the time axis, the hops occur in the order of their T,-*j, but after each transition all af-
fected paths - e.g., those newly available to the electron that just hopped — must be updated with
new 7;; from eq. 4.7. This is roughly the principle of the KMC algorithm, which was adopted from
[203].82 A more elaborate description follows in sec. 4.2.4. According to the law of large numbers,
the resulting electron movement resembles the Miller-Abrahams rates and thus becomes physically

meaningful after a sufficiently high number of hops.

The displacement of each electron is traced throughout the whole simulation. This is an important
difference to the situation in experiments, where the electrons are indistinguishable and where just
the overall flow of electrons is measured, without information about how much an individual elec-
tron contributed to the flux. The theory of tracer statistics, which is explained in condensed form
in sec. A.4, describes how the conductivity o, the mobility u and the Fickian diffusion coeflicient D
can be calculated from the displacements. This requires that the KMC cell is macroscopically ho-
mogeneous and time-invariant with periodic boundary conditions. The tracer theory was adapted
to electrons, using the effective charge carrier model introduced in sec. 2.1.1, to account for the fact
that not all electrons contribute equally to the macroscopic observables. Rather trivially, the total
displacement of all electrons in the direction of an applied electric field can be used to calculate the
conductivity. For the per-particle properties u and D, however, the effective charge carrier density
e must be used to obtain well-defined values. This seems to be a new aspect for KMC simulations
of variable-range hopping in general, since it was not found in any respective literature. The final
equations that were used for the calculation of the simulation results will be described in sec. 4.2.5.
Further details, like the detection of oscillations or the optimization of the KMC algorithm, will be

explained in sec. 4.2.6.

4.2.2 Physical and Technical Parameters

The KMC simulations are controlled by a number of input values, which can be divided into two

categories: “Physical” parameters represent actual physical properties of the material and thus have

89Random number generator: std:mt19937_64, combined with std::uniform_real_distribution for probabilities and state
positions, std::piecewise_linear_distribution for state energies and std::uniform_int_distribution for state or electron
selection (C++ standard library).

81Eq. 4.7 results from the conversion of a uniform random number into an exponentially distributed random number.

$20nly the basic principle of the time-based algorithm was adopted from [203], where the VRH-diffusion of 1-100
electrons has been simulated for an exponential DOS (with a fixed total state density of 1 nm ™ and without electric
field). Everything else concerning the KMC-VRH simulations was newly developed in this work.
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an influence on the finally obtained quantities like the conductivity. “Technical” parameters, in
contrast, are KMC-specific settings that must not affect the simulation results. However, they must
be adjusted and validated to ensure that the simulations are correct. All parameters are spatially
and temporally constant, of course.

The following list gives an overview of the physical input parameters:

« Density of localized states: g(¢)

Attempt frequency: vy (default: 3.073x10" Hz)

o Localization radius: « (default: 0.1512 nm)
 Material temperature: T (default: 300 K)
Electric field strength: F (default: 0.0635 MV /cm)

o Relative chemical potential: y (default: 0 eV)

The default values were used in the simulations unless otherwise stated. Most of these parameters
are part of the Miller-Abrahams rate equation (eq. 2.46). The frequency v of the hop attempts, the
localization radius « of the electronic states and the phonon temperature T enter the calculation
of the time-to-hop expectancy values 7;; directly. The electric field strength F defines the constant
electric field F, which — with the three spatial axes of the KMC cell denoted by x, y and z - is

oriented in —x-direction according to

-F
F=-vo=| o0 (4.8)
0

Including this definition in the Miller-Abrahams equation yields for the electric field contribution
er; jﬁ = —ex;jF, which facilitates hops in +x-direction for F = |F| > 0. Synonymously, the electro-

chemical potential of the electrons, i.e., the Fermi level, varies across the KMC cell with
Ep(x) = fi(x) = y— exF (4.9)

Note that VHoppAS also allows F = 0, i.e., simulations with pure diffusion, which was used for

validation purposes.

The only two physical parameters that are not directly linked to the Miller-Abrahams equation are
the DOS g(¢) and the chemical potential y of the electrons. Instead, they control the spatial and
energetic distribution of the states in the KMC cell and the number of electrons placed therein, as
will be explained in the next section. The DFT-DOS of a-GaO, g, a-GaO, , or a-GaO , (cf. sec. 4.1)
were supplied as parameter g(¢) to the KMC simulations. Their energy axis ¢ refers to the energy
of the electronic states without the potential energy from the electric field F, like introduced in

sec. 2.1.1 and 2.2.3. It is defined relative to the Fermi level of the charge-neutral material, i.e., the
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Fermi level for the natural amount of valence electrons, which is located at € = 0. For this energy
reference, VHoppAS automatically adjusts the charge-neutral Fermi level obtained from DFT to the
simulation temperature T, essentially with the same approach as described sec. 4.1.2 (eq. 4.4 solved
with a fail-safe bisection search algorithm). Using this F-independent energy axis for the localized

states is beneficial, since the total state energy
E(x) =¢—exF (4.10)

varies in x-direction and depends on whether a hop occurs through a periodic boundary of the
KMC cell. In contrast to E(x), € uniquely defines a state’s energy in relation to the DOS - irregard-
less of the state’s position. Congruently, from eqs. 4.9 and 4.10 follows that the energy difference of

an electronic state to the Fermi level is spatially constant and given by
E(x)—Ep(x)=¢-p (4.11)

This means that the chemical potential y describes the position of the Fermi level on the e-axis.
Since ¢ is defined relative to the charge-neutral Fermi level at ¢ = 0, so is the physical parameter
1.3 For u = 0, the actual Fermi level in the simulation corresponds to the charge-neutral Fermi
level and the KMC cell is populated with the natural amount of electrons. When g # 0 is supplied as
input, then the Fermi level is shifted to € = y and a charged material with either positive or negative
charge density is simulated. This feature was used to investigate how the VRH conductivity changes

in a space-charge zone like a Schottky barrier.

The following list gives an overview of the major technical parameters:
o DOS energy range: [&min> €max | (default: [-0.5,+0.5] eV)
o Number of localized states: N (default: 1.2x10°)
o Spatial cut-off for paths: ry (typically 1.7-2.2 nm)
o Energetic cut-off for paths: e (typically 0.3-0.8 eV)
« Number of hops during pre-equilibration: Nj, pre (default: 2x107)
 Number of hops during equilibration: N, oq (default: 3x10%)
« Number of hops during main simulation: Ny, g, (default: 3x10%)

Further parameters, like switches to enable or disable certain features of VHoppAS, are described
in the documentation (cf. sec. 4.2). The energy range [ €min» €max | defines which region of the DOS
is regarded in the simulation. It must be sufficiently wide around the Fermi level at & = y to include
all states that contribute to VRH transport. The electronic states in this energy range are assumed

to be localized. The parameter Ny specifies the total number of localized states that are to be placed

8 Strictly speaking, the parameter y therefore does not correspond to an absolute chemical potential as defined in eq. 2.2
but to a relative chemical potential y — po, which is nonetheless written as “i” because it only occurs in the context
of “e — "
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in the KMC cell. Too low Ny yields poor statistics, both with regard to the sampling of the DOS
and the number of electrons, while too high Ny increases the computational demand and requires
longer simulations to obtain meaningful displacements. The path cut-offs .y and &., determine
which hopping paths are considered in the simulation.?* Since the Miller-Abrahams rate decreases
exponentially with increasing distance |7;;| and energy difference ¢;}, it is not necessary to include

.8 For

all possible paths. Instead, only those with |7;j| < rey and |e;j| < ecyt are taken into accoun
each parameter set employed in the simulations, both cut-offs were adjusted to not exclude any
relevant paths. The parameters Ny, pre, Nheq and Ny, i are the total hop counts of the respective

simulation stages, which will be explained in sec. 4.2.4.

The exact meaning of the technical parameters will also become clearer in the next sections. In many
situations, other values than the defaults were used. For example, the energy range [-0.5, +0.5] eV
was shifted accordingly when the chemical potential 4 was varied. In the simulations for a-GaO, ,,
where Ep is in a small band gap, a wider energy range of [-0.8, +0.8] eV had to be used, together
with eqy = 1€V, Ny = 1.6x10°, Npeq = 0 and Npgim = 6x10° to 60x10° (depending on the tem-
perature). In simulations with high electric field strength F, the DOS energy range and the cut-ofts
had to be enlarged successively to account for the increasing ex;;F term in the rate equation. These

adjustments are the result of the parameter validation that will be discussed in sec. 5.5.1.

4.2.3 Setup of the KMC Cell

Prior to the actual hopping algorithm, the KMC cell must be prepared. This involves the following

steps:

« Generate the localized states

Find all hopping paths within the cut-offs

Calculate the time-to-hop expectancy values
« Populate the localized states with electrons
o Initialize the electrons with randomized hop times

The KMC cell is cubic and has periodic boundary conditions. Its volume V¢ follows directly from

the specified total number of states N and the DOS energy range [ €min> Emax :

-1

Veell = Nst f g(ﬁ) de (4.12)

€min

%% As an alternative to specifying 7c,. manually, VHoppAS also provides the option to set the minimum number of out-
going paths from each state, which is then used internally to find a suitable rc, value.

%The energy cut-off condition also excludes paths with &;; < —cut, even though they are associated with a high Miller-
Abrahams rate. The reason for this is that hops with &;; << 0 can only occur on a regular basis when equivalent hops
with &;; > 0 take place as well.

4.2
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The edge length dj of the KMC cell, henceforth called “cell size”, is thus given by

€max _1/3
deen = Vi = NJ? ! f g(e) ds] (4.13)

€min

This is the first important step to use an arbitrary DOS in the VRH simulations, since it defines the
scale for the distances between the localized states. The resulting cell size typically was in the range
of 20-25nm.

In principle, this KMC cell now must be filled with localized states that have a randomized position
and energy. It would be wrong, though, to simply place Ny different states in the cell, because the
electrons’ spin must be considered. Like the DFT calculations, the KMC-VRH simulations with
VHoppAS are based on the assumption of spin-degeneracy, which means that localized states do
not differ depending on the electron spin. The supplied DOS g(¢) is the sum of the spin-up and
the spin-down DOS, which are equal. Likewise, Ny is the sum of spin-up and spin-down single-
electron states. In consequence, the Ny localized states would have to have pairwise equal position
and energy. However, with the assumption that spin-up and spin-down electrons behave equally,
it is sufficient to simulate only one spin-type and take it as representative for the other. VHoppAS
therefore internally places only half of the states and half of the electrons in the KMC cell and counts
each of them twice for the statistics and the results.®® This handling of the spin is responsible for the
occasional factors 1/2 or 2 that will appear in the remainder of this sec. 4.2. The respective internal
quantities will be symbolized by a circumflex accent (e.g., Ny = Ng /2 for the internal number of
states). By convention, all input and output values of VHoppAS refer to both spin-types together.
The same applies to all KMC-related quantities and graphs in the later results chapter 5.

The setup of the KMC cell thus commences with the generation of Ny = Ny /2localized states. Each
state i is assigned a random position 7; with uniformly random coordinates x;, y;, z; € [0, dee; ) and
a DOS-weighted random energy ¢€; € [€min> €max |- In order to reflect the supplied DFT-DOS in the

distribution of the state energies, the ¢; are assigned randomly with the normalized DOS

o) [ I

€min

-1
g(e) d€] (4.14)

as distribution function. This is the key step to achieve KMC-VRH simulations with an ab-initio
DOS.

Afterwards, for each localized state i the paths to all other states j are screened to find those that
satisfy the cut-off conditions. The hopping vector 7;; = 7; — 7; for each path i — j is calculated
as the shortest connection from i to j, either within the KMC cell or through any of its periodic

boundaries. The energy difference between the states is given by ¢;; = ¢; — ¢;. All outgoing paths

% A workaround for simulating materials without spin-degeneracy can be found in the documentation of VHoppAS.
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with |Fij| < reu and |ejj| < ecut are assigned to the state i as valid hopping paths. Note that this
procedure guarantees that each path can be traversed in both directions. It is checked whether each
localized state has at least two outgoing paths in order to prevent isolated states or dead ends. If this

is not the case, then the cut-offs are automatically increased until this auxiliary condition is met.

Since the positions and energies of the localized states do not change during the simulation, it is
possible to calculate the time-to-hop expectancy values 7;; of all paths beforehand. With 7;; and ¢;;
as defined above, they are obtained as the inverse of the Miller-Abrahams rate equation (eq. 2.46)

according to

-1 2|Fij eij—exiiF . .

v exp( + ) exp| &7 for e;j — ex;;iF >0
-1 27

Vo exp( a” ) for e;j — ex;jF <0

-1 _

Tij = vij = (4.15)

As explained in sec. 4.2.1, the 7;; correspond to the average time it takes until an electron on state i

would hop to the unoccupied state j.

After the creation of the localized states and the paths between them, the next step is to populate the
states with electrons. The number of electrons in the KMC cell is controlled by the relative chemical

potential y, with

N= §fFD(8i) = 2 [eXP(SIZ;Tﬂ) + 1]_1 (4.16)

as the internal and N = 2N as the total number of simulated electrons. The N electrons can be dis-
tributed among the localized states by two different methods, either according to the Fermi-Dirac
distribution or as a step function. In the first case, an electron is placed on each state i if a uniform
random number P € [0, 1) is smaller than the respective Fermi-Dirac probability fep(¢;). If the re-
sulting number of electrons in the cell differs from N, then randomly chosen states are re-evaluated
with P < fgp(e;) until N is reached. In the second case, the localized states are simply filled with
N electrons from lowest to highest state energy, which results in a step function as initial electron
distribution. In this work, most simulations were started with Fermi-Dirac-distributed electrons to
save equilibration time. The second distribution method was used to verify whether the electrons
also distribute according to fgp(¢;) on their own over the course of the hopping simulations.

‘.
introduced in sec. 4.2.1. Each electron’s possible hopping paths are known from the state it oc-

The final step of the preparations is the initialization of the randomized hop times 77, which were

cupies. For each of these outgoing paths, either a randomized time-to-hop T;'j is calculated from
*
ij
by another electron. The shortest time-to-hop T;('j for each electron k is denoted as T, . It repre-

eq. 4.7 when the target state is unoccupied, or 7} is set to co when the state j is currently occupied

sents the path that this electron would take next, after the time 7,,;, x has passed, unless a different

electron hops to the respective target state before and blocks this path.

4.2
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4.2.4 KMC Algorithm

After the above preparations, the movement of the electrons is simulated. The most important
quantities that are recorded during the KMC simulation are the displacement vectors (X, Y, Zx)
of the electrons and the simulated time span 7, which describes the progression of time during the
hopping process. They are initialized to zero at the start of the simulation. Various other statistics
are recorded as well (e.g., how often a certain path is used or the number of hops of each electron),
but including them here would distract from the algorithm. An overview can be found in the user

manual of VHoppAS.

The following pseudo-code explains the principle of the employed KMC algorithm:
1. Find the electron that hops next, i.e., the electron with overall lowest time Tpop = Min( Tpin k)

2. Execute the hop that belongs to 7,0p:
o Transfer the electron to the target state

 Add the path vector to the electron’s displacement vector

3. Advance the time by 7y,p:
* Add T to the simulated time span 7

+ Subtract 1y, from all other Tfj (incl. all Ty 1)

4. Update all affected electrons:
« Electron that just hopped: Assign new 7}; for all paths outgoing from its new location
« Electrons with a path to the hop’ initial state (not blocked anymore): Assign new 7;; for the
respective path
« Electrons with a path to the hop’s target state (now blocked): Set Ti*j = oo for the respective
path

o Find the new 7, x of these affected electrons (if necessary)
5. Repeat from 1. until the specified number of hops is reached

The actual KMC algorithm implemented in VHoppAS is more complicated due to several optimiza-

tions, which will be described separately in sec. 4.2.6.

Each simulation is structured into three sequential stages. In each of them, the electrons move
according to the above algorithm, but the stages differ in the post-processing of the resulting quan-
tities:
1. Pre-equilibration: The KMC algorithm is executed until Nh,pre = Nh,pre/2 hops are reached.
Then, all recorded statistics like the electron displacements and the simulated time span are
reset to zero. The purpose of this simulation stage is that the electrons can redistribute into

their steady-state distribution with regard to energy.
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2. Equilibration: The KMC algorithm is executed for N}, ¢q = Np, ¢q/2 more hops, but afterwards

no quantities are reset.®’”

This serves the purpose that the electron displacements X, Y and
Zj can reach continuously developing distributions, which is the basis for linear displacement
vs. time relations in the following main simulation. At the end of this equilibration stage, the
resulting time span 7 and the displacement averages that are defined in the next sec. 4.2.5 are

saved as reference values for the final stage.

3. Main simulation: The KMC algorithm is finally executed for Nh,sim = Nh.sim/2 more hops.
From the electrons’ movement during this stage, relative to their displacement at the end of the

previous stage, the simulation results are calculated as described in the next sec. 4.2.5.

The first two stages are optional and can be omitted by setting Ny, pre = 0 or Ny, oq = 0, respectively.

4.2.5 Calculation of the Results

The basis for the calculation of the KMC results is the tracer theory, which is explained in sec. A.4.
It requires that only those electrons are considered as tracers which actually moved via drift and
diffusion. Therefore, before any results can be calculated, a closer examination of each electron’s
behavior over the course of the simulation is required. Electrons which did not hop at all are obvi-
ously no suitable tracers. Furthermore, it is noticeable that typically a large proportion of each elec-
tron’s hops are oscillations where the electron moves back-and-forth between two localized states.
VHoppAS identifies such oscillations by keeping track of each electron’s previous location. Each
time an electron hops from one state to another and its next hop brings it back to the previous state,
this counts as an oscillation (even when other electrons moved in the meantime). Both of these
hops then are called “oscillatory hops” They cancel each other with regard to the displacement of
the electron. Regular hops which are not part of an oscillation are called “non-oscillatory hops”. In

consequence, the electrons can be distinguished into three major categories:
o “stationary’: The electron has zero hops.
o “oscillating”: The electron was not stationary but has only oscillatory hops.

« “mobile”: The electron was neither stationary nor purely oscillating, which means it has a non-

zero number of non-oscillatory hops.

Only the mobile electrons in the KMC cell, which are counted as Nmob, are considered as tracers
for the subsequent evaluation of the KMC simulation. Since each electron counts twice, the total
number of mobile electrons is Nyop = 2Nmop, Which corresponds to the number of tracers N*
in sec. A.4. Note that both the stationary and the oscillating electrons always have R, = 0, but

occasionally a mobile electron might have zero displacement as well.

%7 A minor consequence of no reset between equilibration and main simulation is that the KMC histograms shown later
refer to equilibration and main simulation together.

4.2
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Next, the corresponding number of effective charge carriers N must be determined. It equals
the total number of effective charge carriers N.g, since only electrons without any contribution to
charge transport are excluded from N*. According to eq. 2.23, N depends on the chemical poten-
tial and the temperature of the electrons, which normally correspond to the relative chemical poten-
tial y and the material temperature T, respectively. The later results in sec. 5.5.4 will demonstrate,
however, that at high electric field strength the electrons adopt a different Fermi-Dirac-distribution
with a higher effective temperature T, > T. Due to the temperature-dependance of the Fermi level,
this also causes a differing effective chemical potential y.g # p of the electrons. These effective val-
ues must be used for the calculation of N.g, because the derivation of #.4 in sec. 2.1.1 is based on the
electrons’ actual distribution. VHoppAS determines T and y.g by fitting the steady-state electron

distribution {e; } with the Fermi-Dirac function®®

1

8 —

fep (& tefrs Tefr) = [eXP (ﬁ) + 1] (4.17)
kBTeff

For simulations with a weak electric field, this fitting procedure is omitted and Teg = T and peg = p
are used. With the above distribution function follows from eq. 2.23 the total number of effective

charge carriers

Zvst
Ner = 2Negr = ZZfFD(fia tei> Tefr ) [1— fep (€15 eft> Tefr) ] (4.18)

and the effective charge carrier density #1.g = Neg/ Veen in the simulation.

After determining Np,op and Neg, the displacement averages are calculated. The collective motion
of the mobile electrons is re-interpreted as the movement of effective charge carriers, as derived in
sec. A.4. The displacement vector (X, Yx, Zx) of each internal mobile electron k is counted twice
to account for the electrons” spin. The mean displacement (X), the mean squared displacement

(X?) and the displacement variance Var(X) in x-direction are thus given by

M- 2 L s 2 e L
X) = Xi = = Xp, (X%)= Xi == X; (4.19)
Net 15 Neff ko1 Net 5 Neff o1
N, N,
and  Var(X) = (X?) - —(X)? = (X?) - < (x)? (4.20)
Nmob Nmob

The respective quantities in y- and z-direction are obtained analogously. The values of these dis-
placement averages and the elapsed time 7 at the end of the equilibration stage (denoted by “eq”)

are taken as reference for the final simulation stage. This leads to the relative values for the main

¥ This fitting procedure again employes the bisection search algorithm with guaranteed convergence for finding the
appropriate Ter. This is the only degree of freedom for this fit, because the relation between Te and pefr is implicitly
known from the DOS: For each trial temperature, the respective chemical potential is determined with the same
method as the aforementioned T-adjustment of the Fermi level.
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simulation (denoted by “sim”

N N
(Xam = (X) = T -(Xeq > (X ham = (X°) = T2 (X0 )eq (42
€ Neq €
Var (X )sim = Var(X) - N:Z Var(X)eq and Tgm =7 - Teq (4.22)

Again, analog equations apply to the y- and z-directions. N and N.g are the effective charge
carriers determined at the end of the equilibration and the main simulation, respectively. At high
electric field strength, they may differ slightly due to fluctuations in the electron distribution and
their ratio just serves as correction factor to adjust the “eq”-averages to the same N,g. In the weak-
field regime, this is not necessary since always Tg = T and peg = y. When the equilibration is
disabled (N} eq = 0), then the above quantities for the main simulation simply correspond to the
total values (e.g., (X )sim = (X))

Finally, the major result values are calculated. According to egs. A.45 and A.49, the conductivity o

and the mobility u are given by

X
o=engu and wu-= (X)sim (4.23)
FTgm
From eqgs. A.31 and A.46 follows for the Fickian diffusion coefficients
Y2)sim + (Z%)4 Var(X)s;
p=p,, - Tt Zm oy p _ VarE)um (4.24)
4Tsim 2frsim

The later analysis in sec. 5.5.1 will reveal that the true parallel Fickian diffusion coefficient D, cannot
be reliably determined in this way. Therefore, the transverse Fickian diffusion coefficient D, alone
represents the isotropic Fickian diftusion coefficient D. However, when no electric field is employed
in the simulation (F = 0), then D is given by

<X2>Sim + <Y2>sim + <Zz>sim

D =Dy, = — (4.25)

Another special case that will be justified later is the calculation of D, at high electric field strength.
Due to random imbalances between the available hopping paths, it must be determined from the
displacements variances Var(Y') and Var(Z) when F exceeds the weak-field region:

Var(Y)sim + Var(Z)sim

D=Dy, = 4.26
vz yr— (4.26)

All the above output values of VHoppAS are not only determined at the end but also in 2.5% in-

tervals of Nh)eq and Nh,sim during the equilibration and the main simulation.®® This also includes

8 During the equilibration, the temporary values of o, u, etc. are of course calculated with the total displacement averages
(e.g., with (X) instead of (X }sim).
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the determination of Ny,o, and Neg,”? as well as several other quantities that are omitted here for
brevity. This intermediary data is vital, for example to assess the linearity of (X) vs. 7 or to check

the convergence of the simulations.

Apart from explicit exceptions, the KMC results that will be reported later in sec. 5.5 are always
the arithmetic average of 5 individual simulations with equal parameters. Only the seed for the
random number generator is varied between these repetitions to ensure that the generated localized
states and the movements of the electrons are different. The error bars of the KMC output values

correspond to the sample standard deviation of these 5 repetitions.

4.2.6 Implementation Details

The KMC software VHoppAS features several optimizations of the algorithm, which shall be out-
lined in this section. For a more technical description, see the VHoppAS documentation and the

heavily annotated source code of the KMC loop (cf. sec. 4.2).

The quality of the KMC results depends mainly on how well the DOS is represented by the localized
states and how thorough the VRH process is sampled by the random walk of the electrons. Accord-
ingly, the number of states and the number of hops should be as high as possible within the limits
of the available computational resources. Since the memory consumption of VHoppAS is already
rather low, with almost no room for improvement, the optimization efforts focused on the speed of

the algorithm.

The most time-consuming parts of the KMC loop described in sec. 4.2.4 are the search for the lowest
time-to-hop and the updating of the path times, because these tasks require to iterate over a huge
number of electrons or paths. Three basic optimizations were implemented to reduce the general

impact of these iterations:

+ In comparison to the classical search of the shortest 7;; in the complete catalog of several million
paths, the usage of an individual 7.,  for each electron is already an improvement. In conse-
quence, the global minimum 7, must be searched just among thousands of electrons. Since
only few Ty, x need to be determined anew after each hop, this greatly reduces the total number

of paths to be examined in each KMC cycle.

« The subtraction of 7y, from all Tfj and all 7, ¢ in the 3. step of the algorithm was omitted
altogether. Instead, each electron keeps record of the last time it hopped, which is then taken

into account when comparing the 7,,,;, x of different electrons.

+ An automatic adjustment of the cut-offs after the equilibration was introduced. The highest |7;;|

and |e;j| of the hops executed during the equilibration are determined and the cut-offs are set

*The eventual fluctuations of N.s have no effect on the other intermediary values because the latter get re-adjusted to
the final N.¢ when the simulation is complete.
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to a certain percentage of these maximum values (typically 110% for rc, and 125% for ecy). The

unused paths that exceed these new cut-offs are removed before the main simulation.

A special feature of VHoppAS is the efficient handling of the oscillations that were introduced in
the previous section. Typically, more than 90% of the hops correspond to such back-and-forth
transitions between the same states. Since they do not yield any electron displacement, one might be
tempted to exclude the respective paths from the simulation.[64, 205] However, this can at most be
justified as a phenomenological approximation, by verifying that the conductivity remains equal. In
general, the oscillatory hops are an inherent part of the conduction process and cannot be neglected.
Removing the respective paths would inhibit the following two events that were frequently observed

during the simulations:
« Oscillating electrons escape to other states from both states they oscillated between.
o While an electron oscillates between two states, other electrons hop across both of these states.

Instead of preventing the oscillations, the KMC algorithm therefore was optimized to reduce their
computational cost. The oscillations are especially detrimental through the iterations over electrons
or paths that they trigger. Suppose, for example, that an electron hops back-and-forth between two
states i and j several times in row (e.g., due to |7;j| ~ 0 and |¢;j| ~ 0). Each time, 7y, is searched
among all electrons, even though the KMC cell essentially did not change. Moreover, if i or j are
the destination of any 7,,;,  of surrounding electrons, then each oscillation is accompanied by an
unnecessary search of the new 7, 1 for these electrons. But how to avoid this waste of compu-
tational resources without altering the VRH process? The key is to not only obtain the shortest
hop times but also the second shortest times when iterating over electrons or paths.” This costs
almost no additional computational time, but allows to omit subsequent searches in many cases.
As described in the following, this idea is applied both on the level of the individual electron and
globally.

Each search for 7, » among the {Tf]} of an electron k, during the preparations or in the actual
KMC loop, also yields the second lowest time-to-hop 75,4 x of the electron. These two values es-
sentially form a short queue. Whenever 7,,;,, . gets blocked because another electron hops to the
respective destination state, then 7,,4 x becomes the new 7,,;, x of the electron k (and 75,4 & is set to
“undefined”), without iterating over the electron’s paths. Conversely, when any path of the electron

gets a new 7;; because the respective destination becomes unoccupied, this new value is a candidate
*
ij
comes the old 7., x). Instead, if the new T;*j is between Ty, x and 75,4 k it becomes the new 75,4 .

for Tiin k OF Tong k: If the new 77, is smaller than 7., ; it becomes the new 7., x (and 75,4 x be-
As aresult, a full search for 7.,  (and 75,4 k) only becomes necessary when this short queue runs
empty (i.e., when 7, » would become “undefined”) or after the electron itself made a hop. Specif-
ically, this approach solves the following situation: Suppose that the destination state j of 7., x is
one of the states that a nearby electron oscillates between. When j gets occupied by the oscillating

electron, then 7,,;, x becomes temporarily replaced by 7,,4 x. When the oscillating electrons leaves

*'Note that keeping all electrons or paths fully sorted would yield no optimization.
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the state j, then the respective new 7; for the electron k is likely smaller than the replacement and
it again becomes 7y, . This restores the original paths that the electron k would take next, without

searching them anew.

On the global level, two new variables - 7y, and 75,4 — are introduced additional to 7,0p. While
Thop refers to the hop that is currently executed, Tmin denotes the hop that occurs next and 754 is
the hop that would take place thereafter. They also work like a short queue: Ty, acts as supplier for
Thop and Ty, is the backup for 7, At the beginning of the simulation, they are all “undefined”.
The 1. step of the KMC loop gets replaced by the following:

1. When 7, is not already known (i.e., when it is “undefined”), then the lowest and second lowest

Tmin,k are searched among all electrons, and Ty and 75,4 are set accordingly.
2. Then, Ty is used as executed hop 7y,0p, T2nq becomes the new 7, and 75,4 is set to “undefined”

Throughout the remainder of the KMC cycle, while processing the current hop 1p, Tmin is the
candidate for the next hop. Whenever the 7., x of any electron gets a new value, it is compared to
Tmin and becomes the new next hop if it is smaller (and 75,4 is set to the old Tomin)-> This applies
both to the currently hopping electron and to the other electrons that are updated. Further special
cases are described in the documentation of VHoppAS (e.g., when 7, gets blocked by the current
hop). In case of a simple oscillation, the following scenario unfolds: In the 4. step of the algorithm,
the currently hopping electron gets its new lowest time-to-hop 7, &, which might correspond to
the reverse path, back to the localized state it just came from. This is quite likely when its current
hop had &;; > 0, because the reverse direction with ¢;; < 0 then would have an even higher hopping
probability. If the new 7y, x is smaller than Ty, then the currently hopping electron also becomes
the hop candidate for the next KMC cycle. In this exemplary case, the electron would return to its

previous location without a new search for Thop (OT Tmin) among the electrons.

4.3 Finite Element Modeling (FEM)

When the density of localized states near the Fermi level is sufficiently high to enable variable-range
hopping in the bulk of a-GaO,, then the classical Schottky barrier models described in sec. 2.2.4 are
not appropriate for metal|a-GaO, interfaces. There are still Schottky barriers due to the different
work functions, of course, but excitation over or tunneling through them is not necessary when
enough localized states are present in the former band gap. Instead, the electrons may traverse these
space charge regions by variable-range hopping. The electron transport in a TE|a-GaO,|BE device
then only depends on the local hopping conductivity and the electrochemical potential gradient of
the electrons throughout the a-GaO, layer. This idea was investigated by finite element modeling

(FEM), which is a numerical method for solving partial differential equations over a spatial domain.

2When there is nothing to compare to (i.e., when Ty, is “undefined”), then there is no candidate for the next hop and
the next KMC cycle definitely begins with a search for Ty and 72n4.
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The FEM simulations were carried out for a Ptla-GaO, (|ITO device with a spatially and timely
constant O/Ga ratio of x = 1.0 in the whole a-GaOy, layer. Oxygen and gallium migration were
not included in the models. On the one hand, the required input data from DFT and KMC for
the electrons is too far apart for a reasonable interpolation on the O/Ga ratio scale. On the other
hand, there is also a severe lack of data for the ion transport (e.g., ionic conductivities and activity
coeflicients for different O/Ga ratios). For the time being, the FEM models therefore only describe
an ideal as-prepared state of the device, without any surface oxidation, resistive switching or re-
organization of the ions in the space charge zones. Joule heating was excluded as well and the

simulations were carried out for a constant material temperature of T = 300 K.

The Pt|a-GaO, (|ITO device was modeled as one-dimensional, with z as the perpendicular axis from
the TE to the BE (TE interface at z = 0, BE interface at z = d, V = d/0dz). This implies a parallel
electric field and lateral homogeneity of all quantities in the x y-plane, which is a justified approx-
imation because the TE diameter of the prepared RS devices in this work is orders of magnitude
larger than the a-GaO, film thickness d.

4.3.1 Zero Voltage Model

At first, the electron equilibrium without applied voltage was simulated. In this case, there is no
electron flux and the chemical potential i of the electrons and the electric potential ¢ are convertible

into each other (cf. eq. 2.7):

o(z)

e2

L2) = -23gi)=0 = viz)-0 = Vgo(z)=év;4(z) (4.27)

In combination with the Poisson equation (eq. 2.13), this yields

p(z) - VZM(Z) _

€0€r €0€r

4

V29(z) = - p(2) (4.28)
In the absence of ion transport, the local charge density p(z) only depends on how far the electron
density n(z) deviates from its value in charge-neutral a-GaO, ;. In other words, p(z) is a unique
function of the local chemical potential 4(z) and the constant temperature T. Like in the KMC
simulations, y shall be a relative chemical potential, with 4 = 0 for charge-neutral a-GaO, . The

charge density for a certain chemical potential is thus given by

p(u) =—e[n(u, T) —n(0,T)] with n(y,T)=fwg(8>[eXP(ek

— M -1

)] de @)
T
Before the actual FEM simulations, this expression was used to calculate p(p) by numerical inte-

gration of the previously obtained DFT-DOS g(¢) of a-GaO, . Thereby, it was assumed that the
DOS is independent of the electron number. With the resulting data set, the local charge density in
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the Poisson equation can be expressed as p(4(z)). The only spatially varying unknown in eq. 4.28

then is the chemical potential u(z):

e

Viu(z) = ——p(u(2)) (4.30)

0€r

This ordinary differential equation was solved by FEM with the chemical potentials prg = p(2=0)
and ppg = p(z=d) as Dirichlet boundary conditions. Due to the equilibration at the interfaces, their
values relative to charge-neutral a-GaO, ;, can be approximated by the work function difference of

the involved materials (cf. eq. 2.55):

UtE = Wgao — Wrg (4.31)
pBE = WGao — Wae (4.32)

Besides p(u), the FEM model for V = 0 thus possesses five physical parameters - the film thick-
ness d, the relative permittivity €, and the work functions of a-GaO, j, Pt and ITO. The thickness
was set to d = 40nm. The permittivity of a-GaO, ;, is unknown and may differ from ¢, ~ 10 for
a-GaO, ;5 (cf. sec. 2.3.3 and 4.1.2). Therefore, the FEM simulations were carried out for €, = 10,
100 and 1000. The work function of a-GaO, , was approximated by Wg,0 = 3.7 €V, based on the
UPS results discussed later in sec. 5.1.4. For the work functions of Pt and ITO, the literature values
Wrg = 5.6 eV and Wgg = 4.4 €V were used (cf. sec. 2.3.3).

The primary result of this FEM simulation is the chemical potential y(z), which characterizes the
equilibrium distribution of the electrons. The calculation of the electric potential ¢(z) then re-
quires just another reference definition: Since the BE was grounded in the I-V experiments, the
electrochemical potential at z = d shall be jigg = 0.” This implies ji(z) = u(z) - ep(z) = 0in
the whole a-GaO, , layer, because i is constant for V = 0 (Vji(z) = 0, cf. eq. 4.27). The electric
potential is then simply given by

¢(z) = é#(Z) (4.33)
From the electric potential, the electric field F(z) = —V¢(z) is accessible through numerical differ-
entiation. The electric field strength F(z) = |V¢(z)| is generally quite high in the interface regions,
even without an applied voltage. As mentioned already in the explanation of the KMC simulations
(sec. 4.2.5), this may lead to an F-dependency of the electron temperature T.¢ and the hopping con-
ductivity 0. While the conductivity is irrelevant at V = 0, the elevated T.¢ has a minor influence
on the electron density for a certain chemical potential (also called “effective” chemical potential
in this context). Therefore, the FEM simulations for V = 0 were done in two variants: The model
“FEM-1” ignores high-field effects, while “FEM-2” takes them into account. The only difference

between these variants is that the relation between the charge density and the chemical potential

%3This arbitrary choice for jigg is an indirect way to define gpe = ¢(z=d) = (Wasao — War)/e as reference point for the
electric potential.
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becomes F-dependent in FEM-2:7*

p(u,F) =—e[n(u, Teg(F)) - n(0, T)] (4.34)

This 2-dimensional data set was calculated from the DFT-DOS in combination with the Teg(F)

values obtained in the KMC simulations.

4.3.2 Current-Voltage Model

Afterwards, the FEM models for V = 0 were extended to obtain the steady-state current density j
for an applied voltage V # 0. Instead of Vi(z) = 0, the condition V [0(2)Vi(z)] = 0 applies in
this case according to the current continuity equation (cf. eq. 2.14):

0

) v = v - | “Dvica)| -9 |

[4

a(2)

e

V(4(2) -—ep(2)) =0 (435)

The hopping conductivity as a function of y was obtained from the KMC simulations, such that
0(z) can be replaced by o(u(z)). As a result, the above equation contains two spatially unknown
quantities — the chemical potential y(z) and the electric potential ¢(z). The second differential

equation that links these quantities is the Poisson equation
(4.36)

where p(z) depends on y(z) like in the zero voltage case. The resulting equation system with

1
€0€r

v| D40 | - v o)) -0 amd Poe) < pue) G
was solved by FEM with Dirichlet boundary conditions for 4 and ¢. The chemical potentials ptg
and ppg possess the same values as for V' = 0 (eqgs. 4.31 and 4.32). Their respective counterparts
o1E = ¢(2=0) and ¢pg = ¢(z=d) follow from the electrochemical potential. The BE is again de-
fined as reference electrode with jigg = 0. Since the applied voltage corresponds to the electrochem-
ical potential difference between the electrodes according to figg — fitg = eV, the electrochemical

potential at the TE interface is jitg = —eV. The boundary conditions for the electric potential are

therefore given by
1
UTE — e@TE = —eV =  @rp= E(WGaO - Wrg) +V (4.38)
1
pBg —eppe =0 = @pg= E(WGaO — WsE) (4.39)

**In principle, a spatially varying F could also cause a thermoelectric flux due to V Ter (cf. eq. 2.7). However, as discussed
already in sec. 2.1, it is V¢ > SeV Tefr because of Se <« 1V/K [40] and because V Tesr depends on szp. Therefore,
the thermoelectric effect was omitted in the FEM simulations.
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Besides the data set for o( ), the only new physical parameter in this model is the applied voltage V.
The simulations were carried out for different voltages between -1V and +1V in 0.1V steps. The

other physical parameters were set to the same values as for V' = 0 (cf. sec. 4.3.1).

At the end of each simulation, the current density j was calculated from the converged results for
4(z) and ¢(z) (cf. eq. 2.7):

j(2) = -ez) = "D [94(0) - evp (2] (440

It was verified that j(z) is spatially constant, as required by eq. 4.35, except for negligible numerical

deviations. The final value for j was then obtained as spatial average of j(z).

Like for V = 0, also the simulations for V # 0 were carried out in two variants: The “FEM-3” model
ignores high-field effects, whereas “FEM-4" respects the F-dependence of the charge density and
the conductivity. The model equations are similar, but p(¢) and o(u) become p(y, F) and o(u, F)
in FEM-4. For p(y,F), the same data set was used as in the FEM-2 model (cf. eq. 4.34). The
conductivity was described by the 2-dimensional o(p.g, F) data set that was obtained from the
KMC-VRH simulations.”

4.3.3 FEM Settings

The FEM simulations for the four models were carried out with the FEniCS library for the Python
programming language.[206-215] The one-dimensional mesh for the a-GaO , layer from z = 0 to
z = d was divided into 1300 linear Lagrange elements (P1), with an increased node density near the

boundaries. This means that 4(z) and ¢(z) were approximated as piece-wise linear functions.

To enable this discretization of the simulated geometry into finite elements, the non-linear partial
differential equations of the models were transformed into their variational forms (also called “weak
formulation”). The resulting expressions are listed in sec. A.5. The test functions introduced in these
equations belonged to the same function space as the searched functions y(z) and ¢(z) (Galerkin-
FEM).

The variational expressions were solved iteratively with the Newton method, to circumvent the
non-linearity that originates from the y- and F-dependence of p and o. This approach required the
so-called Jacobian, which is essentially the derivative of the variational formulation with regard to
the searched functions. It describes how the solution changes in each iteration step, based on the
known p and o values of the previous step. The derived Jacobians for the four models are given
in sec. A.5. In each Newton iteration, the change of ¢ and ¢ was obtained from the Jacobian with

the default Krylov solver of FEniCS. The specific p and ¢ values needed in this algorithm were

%> Note that the chemical potential y in the models FEM-2 and FEM-4 corresponds to the effective chemical potential peft
introduced in sec. 4.2.5, because pe is the actual chemical potential of the electrons beyond the weak field regime
(cf. eq. 4.17).
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calculated dynamically from the supplied data sets by linear interpolation on the y- and F-axis.
Linear extrapolation was used when F(z) = |V¢(z)| exceeded the maximum electric field strength
of 5.56 MV /cm in the underlying KMC data.

Convergence was reached when the variational expression differed from zero by less than 10~® for
the models FEM-1 and FEM-2 and by less than 10~ for FEM-3 and FEM-4. This was also verified

by inserting the final results for u(z) and ¢(z) into the original differential equations.
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Results and Discussion

5.1 Material Characterization

The amorphous gallium oxide thin films, which were deposited in Ar or H,/Ar atmosphere, all have
a brown color that darkens with increasing film thickness — from light brown and semi-transparent
to dark brown and opaque (fig. 5.1a,b). Decreasing PLD fluence (fig. 5.1a,c,d) or the presence of
H, in the deposition atmosphere (fig. 5.1e,f) also tends to yield darker thin films. In contrast, the
gallium oxide thin films deposited in O, atmosphere are colorless and fully transparent. No change
of the samples’ color was observed even after years of storage in air, which is an argument for the

long-term stability of the material.

(a) Ar, 0.53 Jicm? (b) Ar, 0.49 Jicm? (c) Ar, 0.21 Jicm? (d) Ar, 4.90 Jicm? (e) Hy/Ar, 0.53 Jicm? (f) H,/Ar, 1.03 Jicm?
d=248 nm d=507 nm d=232nm d=1261 nm d=110 nm d=1346 nm
x=0.92 (EELS) x=0.93 (EPMA) x unknown x=141 x=0.8

. K. l . .
L v

Figure 5.1: Exemplary photos of a-GaO, thin films, which differ in the used PLD atmosphere, the PLD flu-
ence, the film thickness d and the O/Ga ratio x.

x=1.01 (EPMA)

B e

These observations for the color of a-GaOy are in line with the expectations from sec. 2.3.1. The dark
color of the a-GaOy thin films originates from the absorption of light in the whole visible spectrum.
Accordingly, the band gap of the a-GaOy films cannot exceed 1.6 eV, which is the lower limit of the
visible spectrum. The optical absorption becomes gradually less, though, towards the low-energy
end of the visible spectrum (e.g., for red and orange light, approx. energy range: 1.6-2.1eV), leading
to the brown color when the films are thin enough.”® This indicates an at least about 2 eV wide

region between valence and conduction band, where the DOS is low but not always zero (i.e., a

UV-Vis absorption spectroscopy was also tested in this work, but the Tauc plots had no well-defined, linear edge for
the optical absorption, in accordance with the presence of a large number of defect states in the former band gap.
The absorption spectra showed that the a-GaOy thin films absorb light in the whole visible spectrum, with a gradual
decrease of the absorbance towards higher wavelengths (lower energies).

105



Chapter 5 | Results and Discussion

106

pseudo-gap). These conclusions fit to the DFT-DOS from literature (sec. 2.3.1), which showed a
clear trend of more and more defect states in the band gap with decreasing O/Ga ratio. Conversely,
this implicates that the darker color for lower fluence or for H,/Ar atmosphere signals a decreasing
O/Ga ratio in these cases. This hypothesis will be evaluated further in sec. 5.1.2, where the EPMA
and EELS results will be discussed.

The growth rates of the a-GaOj thin films also follow plausible trends with regard to the PLD con-
ditions. Higher laser fluence leads to a higher growth rate, which can be readily understood from
the increased ablation from the PLD target. The same has also been reported in [123]. Typical
values for the growth rate in Ar atmosphere are 0.37 A /pulse for 0.49 J/cm? and 0.61 A /pulse for
0.77J/cm? (averaged over several samples). Note that the growth rates have quite large scatter in
the order of +0.1 A /pulse for equal PLD conditions. In H,/Ar atmosphere, the growth rates tend to
be substantially lower — almost halved in comparison to pure Ar with equal pressure. This is most
probably due to hydrogen forming volatile molecules with the ions in the PLD plasma plume (or
with already adsorbed material on the film). Deposition in O, atmosphere, in contrast, leads to sig-
nificantly faster film growth, e.g., 1.18 A /pulse on average for 0.79 J/cm?. This can be explained with
the enhanced incorporation of oxygen during the film growth. The additional O, shifts the equi-
librium between volatile Ga,O and solid Ga,O; towards the latter, thereby reducing the amount of

gallium lost to the gas phase.[216, 217]

The deposited a-GaOy thin films have rather smooth surfaces, with a maximum area roughness S,
below 10 nm on average (S,-range of all IM measurements: 5-13 nm). The thickness of the a-GaO,
thin films, however, is not homogeneous over the whole sample area. It decreases towards the
borders of the film due to the shadow effect from the sample holder, which blocks a part of the
deposition trajectories towards the substrate. The thickness difference between the center and the
border of the a-GaOj thin films is typically in the order of 10%. A measure for this effect is the
thickness standard deviation, which is used for example to obtain reasonable conductivity error

bars in the van-der-Pauw experiments (sec. 5.3).

5.1.1 Amorphicity

From the previous studies on PLD-made gallium oxide thin films (sec. 2.3), there is no doubt that
those deposited at room temperature — as done in this work - are amorphous. Nevertheless, the
amorphicity of exemplary samples was confirmed by electron diftraction. Fig. 5.2 shows the respec-
tive SAED patterns of three different thin films. As expected for amorphous samples, they exhibit
only broad, blurred rings and no discrete rings or spots. Variation of the PLD fluence or the PLD

atmosphere has no visible effect on the patterns.

The STEM-SAED measurements refer to the as-prepared state of the samples. The influence of
post-deposition annealing on the structure of similarly prepared a-GaO, has already been inves-

tigated by others in [33, 97], using the same TEM method. As already discussed in sec. 2.3, they
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(b) (c)

Figure 5.2: Selected area electron diffraction patterns (STEM-SAED) of three exemplary a-GaO, films that
were deposited with different PLD conditions: (a) in Ar with 0.49J/cm?, (b) in Ar with 2.94]/cm? and (c)
in H,/Ar with 0.49 J/cm?. The O/Ga ratios of these samples, as measured by EPMA and EELS, are shown in
fig. 5.4.

observed neither full nor partial crystallization for temperatures up to 320 °C. Since the highest
sample temperature reached within this work is 300 °C, except for RTA treatments were crystal-
lization was intended (sec. 3.2.2 and 3.2.3), it is safe to assume that all investigated a-GaOy thin

films were amorphous at all times.

The SAED patterns shown in fig. 5.2 were measured several years after the respective thin films were
deposited. The TEM results for these quite old samples therefore also illustrate that the a-GaO,
thin films stay amorphous during storage at room temperature. This long-term stability of the
amorphous structure is a sign that the ions within a-GaO, are not very mobile. Otherwise, the
meta-stable structure would convert into the energetically more favorable crystalline structure, ac-

companied by a phase separation as observed at higher temperatures (cf. sec. 2.3).

5.1.2 Non-Stoichiometry

The stoichiometry x of the a-GaOy thin films, and the influence of the PLD conditions thereon,
was investigated by EPMA. Fig. 5.3 shows the results for all measured samples. Overall, there
is an approximate trend of increasing O/Ga ratio x, i.e., lower oxygen-deficiency, for increasing
PLD fluence. This relationship, which was already hypothesized based on the literature data in
sec. 2.3, becomes plausible when taking the scattering processes in the PLD chamber into account:
Higher laser fluence increases the kinetic energy of the ablated material, thereby increasing the
mean free path of the particles on their way to the substrate. This reduction of the scattering with
the gas atmosphere is especially important for lighter species like oxygen, which in general are more
susceptible to scattering away from the substrate. Therefore, more oxygen can reach the substrate
when the PLD fluence is higher.

While the influence of the fluence is clearly visible in fig. 5.3, further trends are hard to identify. Since
only two of the measured samples were deposited in chamber #1, it is difficult to judge whether the

two chambers yield comparable O/Ga ratios for equal PLD parameters. It seems like chamber #1
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Figure 5.3: Fluence-dependence of the bulk stoichiometry of a-GaO thin films, as measured by EPMA. The
samples were deposited in either chamber #1 or #2 and in Ar or H,/Ar atmosphere.

produces slightly more non-stoichiometric films with lower x, but the difference is not significant.
There is also no clear change of the O/Ga ratio when using H,/Ar gas instead of pure Ar in the
PLD chamber, at least according to the limited amount of EPMA measurements. The EELS results,
which will be discussed further on, yield a bit more insight into this, but the EPMA data already tells
that 5% H, in the deposition atmosphere has no drastic effect on the stoichiometry. This is in stark
contrast to the consequences for the growth rate, which, as mentioned in sec. 5.1, is almost halved
by using H,/Ar. An explanation could be that H, not only scavenges oxygen as H,O (g) but also
gallium as volatile gallane (GaH;). In principle, the ratio between H,O (g) and GaH; (g) formation
then would influence the O/Ga ratio. In the present case, the effects from both reactions probably

almost cancel each other, leading to a rather weak influence of H, on the stoichiometry.

Fig. 5.3 shows that the sample-to-sample reproducibility of the stoichiometry x for formally equal
PLD conditions is quite poor. Therefore, care must be taken when estimating the stoichiometry
of samples which were not explicitly measured by EPMA. Additional to the equality of the PLD
conditions, also temporal proximity of the deposition is a requirement for this. However, there is
substantial scatter even for films prepared immediately after each other, e.g., for those with a fluence
of 0.39]/cm? in fig. 5.3. Despite many efforts, it was not possible to find the underlying cause for
the deviations between formally equal PLD depositions. For example, repeated fluence calibration,
precise control of the chamber atmosphere (incl. the background pressure) and evaluation of the
flushing procedure brought no improvement. It is also unlikely that the unavoidable variations of
the room temperature or the target’s surface have such a big influence. The same goes for potential
leakages of the chambers, which might raise the po, beyond what is expected from the Ar gas purity,
though presumably to the same extent for each deposition. Essentially, to clarify this problem, the

conditions inside the chamber would have to be analyzed simultaneously to the deposition process.
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The used PLD workstation, however, has no such equipment. The only way to compensate this
reproducibility issue would be to measure the O/Ga ratio of each investigated sample explicitly.
Unfortunately, this was not possible due to the limited availability of the respective measurement
capabilities. Ultimately, based on the variations seen in fig. 5.3, there remains no other option than

to assign an uncertainty of Ax ~ 0.1 to any estimated O/Ga ratios.

The bulk stoichiometry of selected a-GaOy thin films was analyzed further through STEM-EELS
measurements. Fig. 5.4 shows three of the resulting, depth-resolved composition profiles. The
majority of the EELS profiles exhibits a quite homogeneous O/Ga ratio throughout the bulk, with
Ax < 0.03 within the individual profiles (e.g., fig. 5.4a,c). Some profiles, however, contain larger sto-
ichiometry variations, for example Ax » 0.08 in fig. 5.4b. Measurements in different regions of the
same sample also differed more significantly, typically with Ax ~ 0.06. This suggests that a part of
the EPMA reproducibility issue originates from measurable, yet not dramatic lateral inhomogene-
ity.” This cannot be the full explanation, however, because the later conductivity measurements

(sec. 5.3), which essentially probe each thin film as a whole, yield large sample-to-sample variabil-

ity as well.
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Figure 5.4: Electron energy loss spectroscopy (EELS) depth profiles of three exemplary a-GaO, films that
were deposited with different PLD conditions: (a) in Ar with 0.49J/cm?, (b) in Ar with 2.94]/cm? and (c)
in H,/Ar with 0.49J/cm? (same samples as in fig. 5.2). The profiles show the atomic fractions of Ga and O
(left axis) and the stoichiometry x (right axis) in the bulk, from the surface towards the substrate. According
to EELS, the three thin films have the following O/Ga ratios: (a) 0.82-0.89, (b) 0.98-1.06 and (c) 0.80-0.86
(incl. further profiles not shown here). These values are lower than the stoichiometries x = 0.93 + 0.02 for
(a), x = 1.12 + 0.01 for (b) and x = 1.00 + 0.02 for (c), which were measured by EPMA on the same samples.

The EELS results confirm the trend that higher PLD fluence leads to a higher O/Ga ratio x of the
gallium oxide thin films (fig. 5.4a,b). Furthermore, they indicate a slight reduction of the stoi-
chiometry x by using H,/Ar gas instead of pure Ar (fig. 5.4a,c). This latter observation could be

a coincidence for these two specific samples, but it fits to the general tendency of darker color for

”The EPMA results were averaged over multiple measurement spots on each sample, but they typically cover only an
about 0.1 mm wide region of the 8 x 8 mm? samples.
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such thin films (cf. sec. 5.1). In any case, like EPMA, also the EELS measurements detect at most a

minor effect of H, on the non-stoichiometry of a-GaO,.

A direct comparison between EPMA and EELS is possible as well, since the three shown EELS
profiles were obtained after EPMA measurements on the same samples (see description of fig. 5.4).
The O/Ga ratios from EPMA are all higher than the respective, later EELS results, even though the
samples were stored in air for over a year in between the measurements. There is no increase of the
O/Ga ratio in the bulk over time, despite the high oxygen-deficiency of the samples. This long-term
stability of the bulk against oxidation is an important point for potential applications. It is also most
unlikely that the discrepancy between EELS and EPMA originates from a real loss of oxygen in the
meantime. Instead, it seems like either EPMA overestimates or EELS underestimates the oxygen
content of the thin films, probably due to the different calibration procedures of the two methods
(cf. sec. 3.2.1). This could be a suitable explanation for the samples of fig. 5.4a and b, because for
them the O/Ga ratios from both methods are quite close and differ approximately by the same
factor. For the sample of fig. 5.4c, however, the deviation is rather large. The respective EPMA data
point at 0.49 J/cm? in fig. 5.3 also looks like an outlier in comparison to the other EPMA results.
Apparently, EPMA yields a too high O/Ga ratio for this specific sample. This could be connected to
the fact that — due to the combination of low fluence and H,/Ar gas - this sample has a much lower
film thickness (502 nm) than the others that were sent to the external EPMA measurements at the
same time. The adjustment of the EPMA electron beam parameters, in order to ensure that the
excitation bulb does not include the ITO substrate, probably was done just with one of the thicker
samples. The EPMA-derived stoichiometry for the rather thin sample of fig. 5.4c thus probably
contains an additional oxygen signal from the substrate, which would explain the too high O/Ga
ratio. Taking into account the EPMA workflow and the other sample thicknesses, this is likely the

only EPMA sample where a major misadjustment of this kind occurred.

5.1.3 Surface Oxidation

While the previous section showed that the bulk stoichiometry does not change during storage in
air, the opposite is true for the surface of the a-GaO, thin films. As described in the following, both
surface-sensitive HAXPES spectra and high-resolution EELS profiles of the surface regions yield a

substantially increased O/Ga ratio x,,f after air exposure.

In the measured HAXPES spectra, all peaks could be identified (see full example spectra in fig. B.1).
Additional to the expected signals from gallium and oxygen (and gold for the Au-coated samples),
only an adventitious carbon impurity peak is observed. The adsorption of carbon species on the
surface is unavoidable for samples stored in air. No other elements are visible in the broad binding

energy range of the spectra. This indicates a good purity of the a-GaOy thin films.

The Ga 2ps; peak of the non-stoichiometric a-GaO, samples has a clearly visible shoulder (fig. 5.5a),
which is absent for the a-GaO, 5 thin film that was deposited in O, (fig. 5.5b). As explained in
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sec. 3.2.2, the shoulder was analyzed by deconvolution of the Ga 2ps/, signal into two sub-peaks,
which - following the peak assignment in [90, 184] — were attributed to the formal oxidation states
Ga** and Ga®. For the a-GaO), 5 sample, a single Ga*>* sub-peak was sufficient to describe the whole
Ga 2p3/; signal, resulting in xg,.¢ = 1.5 for this sample. The Ga 3d peak of the samples also exhibits
a shoulder (fig. B.2), which - after subtraction of the overlapping O 2s peak — was fitted by two sub-
peaks for Ga®* and Ga* as well. The O 1s peak of the gallium oxide thin films, in contrast, seems to
be mostly unaftected by non-stoichiometry (fig. B.3). For all samples, including a-GaO; 5, the O 1s
signal consists of a major peak for O in the solid and a minor sub-peak at higher binding energy,

which according to [90, 92] most probably originates from adsorbed carbon dioxide (CO,).
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Figure 5.5: HAXPES Ga 2ps/; peaks of (a) a-GaO, with xpy ~ 0.9 (PLD with 0.79 J/cm? in Ar) and (b)
a-GaO, 5 as reference (PLD in O,). The sub-peaks were identified by comparison with [90, 184]. The O/Ga
ratio Xy, f in the first few nanometers of the thin films was calculated from the sub-peak area ratio with

eq. 3.3. The corresponding full HAXPES spectrum, the Ga 3d signal and the O Is signal of sample (a) are
shown in figs. B.1a, B.2 and B.3, respectively.

Due to the employed hard X-rays, reliable peak fitting was possible even for the Au-coated a-GaO,
films. Despite lower absolute intensity, the gallium and oxygen peaks measured through the ap-
proximately 8 nm thick Au layer still had a high signal quality. The resulting peak positions of all
HAXPES measurements, which are summarized in tbl. C.1, agree well with previous gallium oxide
studies.[10, 90-92, 104, 115, 134, 184, 185]

The O/Ga ratio x4, at the surface of the thin films was calculated from the area ratio of the fitted
Ga’" and Ga* sub-peaks (eq. 3.3). The final results for all measured samples, both from the Ga 2ps/,
and the Ga 3d signal, are listed in tbl. 5.1. For each of the a-GaOy thin films, the surface stoichiom-
etry Xy f is much higher than the O/Ga ratio x ~ 0.9 in the bulk. This confirms the expected, yet
never before proved surface oxidation of the highly non-stoichiometric material. Due to the large
oxygen deficit and the high amount of compensating electrons, the freshly prepared a-GaO, surface
is highly reactive when exposed to ambient atmosphere after the PLD process. The reaction with

O, (g) leads to the observed increase of the O/Ga ratio (reversal of eq. 2.68). In humid atmosphere,
also the reaction

H,0(g) + O* (s) == 20H (s) (5.1)

m



Chapter 5 | Results and Discussion

12

could take place, which also would increase x,f and may result in the incorporation of at least

small amounts of hydrogen into the material.

In tbl. 5.1, the samples covered by an Au layer have lower xg,. than those without such a protec-
tive layer. It seems, however, quite irrelevant for the degree of surface oxidation whether Au was
deposited directly, after 1h or after 3 days of air exposure. Even keeping the sample in ultra-high
vacuum in-between the two PLD depositions did not prevent surface oxidation. Apparently, the
thin Au layer is not air-tight and most of the oxidation happened after the Au deposition. This is
also demonstrated by the results for the sample that was annealed in air after the Au deposition. It
exhibits a significantly higher x,,¢ than the other a-GaOj thin films, even higher than those without

Au layer, because of thermally accelerated oxidation through the pores of the Au layer.

Table 5.1: O/Ga ratio at the surface of different a-GaOy thin films, according to the HAXPES measurements.
The second column shows the bulk stoichiometry, as estimated from EPMA reference samples, while the
fourth and fifth columns contain the respective surface stoichiometry obtained from Ga 2ps/, and Ga 3d
analysis. The description “none” for air exposure means that the respective sample was continuously kept in
the evacuated PLD chamber until it was covered by the Au layer.

Xsurf

PLD conditions Xpulk Aulayer Ga2ps, Ga3d Air exposure during preparation

0.72]/cm? Ar,#1 0.9 no 1.28 1.19  always because no Au layer
0.79]/cm?, Ar, #2 0.9 no 1.33 1.23  always because no Au layer
0.79]/cm? Ar, #2 0.9 yes 1.25 1.17 3 days in air before Au layer
0.72]/cm?, Ar, #1 0.9 yes 1.18 1.13  less than 1h in air before Au layer
0.79]/cm?, Ar, #2 0.9 yes 1.21 114 none

0.79 ]/cmz, Ar,#2 0.9 yes 1.40 1.24 none, post-annealed in air (573K, 1h)
0.72]/cm?, O, #1 1.5 no 1.50 1.33  always because no Au layer

The xg,f values obtained from the Ga 2pj3/, signal are always higher than those from the respective
Ga 3d analysis. Since the latter peak has a higher information depth, this fits to the expected gradual
decrease of the O/Ga ratio from the surface to the bulk. Since even the Ga 3d signal only yields an
average Xg,,f from the first several nanometers of the sample, the significant difference between the
results from Ga 2p3/, and Ga 3d indicates that the surface oxidation layer does not reach far into

the material.

This was confirmed by high-resolution EELS profiles in the surface region of non-coated a-GaO,
films, which were stored in air for more than a year. Both the EELS maps and their linear plots
in fig. 5.6 clearly show an absolute increase of the oxygen content at the surface of a-GaOy. The
maximum x ~ 1.3 of the EELS profile also fits to the typical values obtained by HAXPES. Even after
such long air exposure, the surface oxidation only extends approximately 10-15 nm into the sample.
This gives an idea of what to expect for diffusive ion transport in a-GaOy, because the gradient in x
is still remarkable even after more than a year. If oxygen ion transport at room temperature would

be fast for such steep oxygen concentration gradients, then the surface oxidation should extend
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further into the material. Resistive switching processes solely based on oxygen ion diffusion in
a-GaOy seem rather unlikely according to these results (cf. sec. 2.4.3). Low ionic conductivity is,

however, good news for the retention of RS states.
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Figure 5.6: EELS surface analysis of a-GaO,, deposited with 0.49 J/cm? in Ar, with xpyi of 0.82-0.95 ac-
cording to EPMA and bulk EELS measurements. (a) Atomic density maps of gallium and oxygen. The
air-exposed surface of the thin film is at the top. (b) Line plots of the map data, with the depth axis pointing
from the top to the bottom of the EELS maps.

Besides the surface, also the a-GaO,|ITO interface was investigated by EELS (fig. B.4). Even though
a minor oxygen transfer from ITO to a-GaOy cannot be ruled out, there are no visible effects that

exceed the roughness of the interface.”®

Overall, the HAXPES and EELS results indicate that the surface oxidation of a-GaO, is a slow,
diffusion-limited process after the initial, probably fast oxidation of the first atomic layer(s). A
comparable passivation effect is well-known for liquid gallium metal, which in air rapidly forms a
1-5 nm thick skin of a-GaO, 5 but stays unaffected on the inside.[184, 218, 219] For this reason, oxi-
dizing Ga metal to gallium oxide powder is rather difficult and requires for example ultrasonication

to break the passivation layer.[220, 221]

The surface oxidation of a-GaOy, is especially relevant for ultra-thin films, where the oxidation oc-
curs in a large percentage of the layer, or for applications where the surface plays a dominating
role. It thus can be relevant for interface-type resistive switching (cf. sec. 2.4.2), when the a-GaO,
layer gets in contact with air before the metal|a-GaO, interface is formed. For example, in [28] it
has been proposed that the first RS transition of a-GaO, interface switching required higher volt-
age because of a surface oxidation layer with high resistance. The work function of a-GaOy, which
will be discussed in the following, is another way how surface oxidation may influence resistive

switching.

*8SIMS measurements on a Pt|a-GaOx|ITO sample with '®O-enriched ITO also showed no measurable '*O migration
from ITO to a-GaOx — neither in the as-prepared state, nor after applying -2V to the Pt-TE for 2 min or after an-
nealing at 150 °C for 30 min.

13
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5.1.4 Work Function

The work functions of the a-GaO,, thin films, and of the different electrode materials used in this
work, were measured by SKPM and UPS. The results are shown in tbl. 5.2. Naturally, both of
these methods are surface-sensitive, which means that the results are heavily affected by the surface
oxidation that was discovered in the previous section. This also explains the first major observation
from these measurements, namely the approximately equal work functions for all non-annealed
a-GaOy samples, irregardless of their differing PLD parameters. Since all the samples were stored
in air, they likely developed a more or less equal surface composition xg,¢ ~ 1.3 (cf. tbl. 5.1, fig. 5.6).
The measured work functions thus refer to this rather uniform, elevated O/Ga ratio instead of the
bulk stoichiometries of the samples. Removal of the oxidation layer by sputtering was no option,
unfortunately, because it would have altered the O/Ga ratio artificially due to the different sputtering

rates of oxygen and gallium.

Table 5.2: Work functions from the SKPM and UPS measurements. For the a-GaOj thin films, which were
deposited in Ar atmosphere, no influence of the laser fluence (0.36-1.21J/cm?) or the used PLD chamber
(#1 or #2) was observed. Therefore, no distinction is made with regard to these parameters and the individ-
ual results were aggregated. The “datasets” column shows the number of samples and the total number of
measurements that are included in each average work function.

Method Material Annealing Datasets Work function (eV)
SKPM a-GaO, 12,52 3.96 +0.10
SKPM a-GaO, 200 °C, 1h, in H,(5%)/Ar 2,12 3.92 +0.04
SKPM a-GaO, 300°C, 1h, in H,(5%)/Ar 2,12 419 +0.05
SKPM a-GaO, 300 °C, 10 min, in O, 2,12 4.12 + 0.04
SKPM a-GaO, 600 °C, 10 min, in O, 1,12 4.44 + 0.04
SKPM Pt 3,14 4.82 +0.06
SKPM Au 1,4 4.84 + 0.05
SKPM ITO 9,22 4.56 + 0.06
UPS a-GaO, 2,2 3.66 £ 0.11
UPS a-GaO, 600 °C, 10 min, in O, 1,1 4.11

The average work function W = (3.96+0.10) eV from the SKPM measurements of all non-annealed
a-GaOy, films is still much lower than the literature value of 4.68 eV for a-GaO, 5.[157] This fits to
the expected trend of decreasing work function for lower O/Ga ratio, as indicated by the shift of the
Fermi level in previous DFT calculations (cf. fig. 2.2). The work function of (3.66 + 0.11) eV, which
was measured by UPS, is even lower, probably for the two following reasons combined. On the one
hand, due to the cut-off method (sec. 3.2.2), UPS in general yields the lowest work function on the
whole surface, while SKPM gives an areal average.[160, 163] On the other hand, the two a-GaO,
samples measured by UPS were stored in vacuum bags (approx. 0.1bar) for almost the full time
between their preparation and the measurement. It was seen in tbl. 5.1 that this does not prevent

surface oxidation, but of all the analyzed samples, they likely have the lowest xgy,f.
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In the annealing experiments, it was found that prolonged exposure to H,(5%)/Ar gas at 200 °C has
no effect, whereas at 300 °C an almost similar increase of the work function is obtained for 1h in
H,/Ar and for 10 min in O,. There seems to be no reduction of xg,f by the hydrogen gas. In contrast,
a change of the amorphous structure might be responsible for the higher work function. In O,, the
work function likely increases faster due to an additional, slight increase of x,¢. Since the sample
annealed in O, at 300 °C stayed brown and opaque, it can be concluded that 10 min is too short to
oxidize the bulk to transparent a-GaO, with x > 1.3. This is another sign of slow chemical diffusion
of oxygen in a-GaO,. Even the a-GaO, thin film that was annealed at 600 °C in O, for 10 min
did not become transparent. The higher annealing temperature though led to an even stronger
increase of the SKPM-derived work function, almost reaching the aforementioned literature values
for a-GaO, 5 and -Ga,O; (sec. 2.3.3). According to previous post-annealing studies (e.g., [121]),
the short heating period likely is not sufficient to fully crystallize the sample. Structural changes
and even partial crystallization, however, are to be expected and probably play a role in the increase
of the work function, in addition to a further increase of x,,s towards 1.5. The UPS measurement
on this very sample yields a much lower work function than SKPM, most likely because of the
accumulation of photoelectrons on the insulating surface. The same shift to higher binding energy
due to charging was also seen in the HAXPES measurements on a-GaO, 5 (sec. 3.2.2), but the short

UPS spectra (Ep;, < 18 €V) feature no peaks that would allow for a correction of the energy axis.

The measured work functions for the Pt and Au electrodes in tbl. 5.2 differ largely from the litera-
ture values of 5.5-5.6 eV and 5.3-5.5 eV, respectively.[158-160] The obtained value for Au, however,
matches the work function of 4.9 eV that is reported in [160] for air-exposed - i.e., dirty — gold thin
films. In the same study, 5.3 eV was measured for Ar* sputter-cleaned Au. Therefore, the devia-
tions observed here for Pt and Au must be attributed to adsorbed contaminants (hydrocarbons,
water, etc.), which alter the metal surface potential. The respective literature values are presumably
more appropriate for the deposited Pt and Au electrodes in this work. The measured work func-
tion for the ITO substrates in tbl. 5.2, on the contrary, agrees very well with the literature values
of 4.3-4.5eV.[159, 161-163] Apparently, the work function of ITO is less sensitive to the inevitable
surface contamination. While this could mean that the gallium oxide work functions are also less

affected than those of the metals, it cannot be ruled out that there is a significant influence.

In summary, the SKPM and UPS measurements yield some first work functions for amorphous,
non-stoichiometric gallium oxide, which might be especially relevant for metal|a-GaOy interfaces
that were exposed to air during their preparation. Reliable work functions that refer to the bulk
composition of the a-GaO, thin films require more elaborate experiments, where surface oxidation
and contamination are avoided by keeping the samples in high vacuum or inert atmosphere all the

time.
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5.2 Resistive Switching

The resistive switching of a-GaO, was investigated by I-V measurements, mainly on Pt|a-GaO,|ITO
devices. The main goals of these experiments were the identification of characteristic behavior and
the collection of clues to the underlying RS mechanism(s). Like in the literature summarized in

sec. 2.4, the a-GaO, devices exhibited a broad variety of resistive switching patterns:
o Counter-8 bipolar RS: LRS - HRS at V > 0 and HRS — LRS at V < 0.
o Figure-8 bipolar RS: HRS - LRSat V > 0 and LRS - HRS at V < 0.

o Abnormal bipolar RS: Similar transitionsat V' > 0 and V < 0 (e.g., LRS - HRS), in combination
with an apparent reversal at/near V = 0 (e.g., HRS — LRS).

The respective measurements each will be described in a dedicated section, followed by a collective
analysis. Strictly speaking, most presented results will be j-V curves with the current density j, but

the more common term “I-V curve” will be used synonymously.

The I-V results discussed in the following are only a selection of the large number of conducted
experiments. In many cases, it proved difficult to obtain RS behavior due to the contacting issues
already mentioned in sec. 3.3. Likewise, once resistive switching was observed, a further investi-
gation with subsequent I-V measurements often was prevented by contact alterations or contact
loss of the probe tips. The contact quality typically had an influence on the curve shape, since the
a-GaO, thin film devices themselves have rather low resistance. Re-contacting of a certain device
usually led to the same basic switching pattern, but not to congruent I-V curves (e.g., fig. B.5a). The
same or even more substantial variations were seen between RS devices on the same sample, i.e.,
between different TEs on the same a-GaOy film. In most cases, they produced the same switching
behavior, albeit with more or less differing curve shape (e.g., fig. B.5b). Sometimes even the RS
pattern differed, as will be seen later. Since the as-prepared state of devices on the same sample
can be assumed as identical, these variations certainly are related to the contact quality. The higher
the contact resistance, the lower the fraction of the voltage that was actually applied to the RS de-
vice. The resulting uncertainty in the voltage history of each device is a significant obstacle for the

comparison and interpretation of the I-V curves.

Besides these contact-related complications, there often were gradual variations between successive
I-V sweeps due to asymmetric switching. When the HRS — LRS and LRS — HRS transitions do
not completely undo each other on the atomic level, the result is a steady increase or decrease of
the overall current density from cycle to cycle (e.g., fig. B.6). In this case, the internal state of the
device is not the same before and after a full cycle, such that the device stays a bit more LRS’ish
or HRS’ish with each further I-V sweep. Often, a form of self-balancing was observed, where the
cycles became more and more congruent during these repeated I-V sweeps (e.g., fig. B.6a). This is
a plausible effect, since the farther the deviation of the device from equilibrium either towards LRS

or HRS, the stronger the transition in the opposite direction should be for a certain applied voltage.
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5.2.1 Counter-8 Bipolar Switching

Counter-8 bipolar resistive switching was observed for a variety of Pt|a-GaO,|ITO devices. Fig. 5.7
shows an overview of the respective I-V curves measured on four different samples. They each ex-
hibit clearly visible counter-8 bipolar RS, with a gradual LRS — HRS transition at positive voltage
and a gradual HRS — LRS transition at negative voltage. The same gradual RS processes were ob-
tained in pulsed I-V measurements (fig. B.7). The I-V sweeps are quite symmetrical, even though
the materials of TE and BE are not the same. The consecutive I-V curves are congruent, which

demonstrates that the RS transitions are reversible and reproducible. While the four samples yield
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Figure 5.7: Counter-8 bipolar resistive switching of Pt|a-GaO|ITO devices on four different samples (con-
tacted by either W or Au probe tips): (a) x ~ 0.9, d ~ 60 nm (PLD with 0.80J/cm? in Ar, chamber #1), with
sp-Pt-TE (TE-@: 400 pm, CT1, Vipay = £2.5V). (b) x = 0.9, d ~ 90 nm (PLD with 0.78 J/cm? in Ar, chamber
#1), with sp-Pt-TE (TE-@: 300 um, CT3, Vpax = £2.0V). (c) x ~ 0.9, d ~ 100nm (PLD with 0.94]/cm?
in Ar, chamber #1), with c-ITO-BE (TE-@: 100 pum, CT2, Viax = £1.25V). (d) x ~ 1.0, d » 120nm (PLD
with 0.79J/cm? in Ar), with lithographic Pt-TE (TE: 20 x 20 um?, CT4, Vi, = £2.6 V). Each graph features
several consecutive I-V sweeps (5-12 cycles). The numbered arrows indicate the direction of the switching
behavior.

the same switching behavior, their I-V curves have differences. Fig. 5.7a and b look quite alike,
which fits to the comparable preparation of these devices (e.g., sputtered Pt-TE). The kink shortly
before reaching + Viax in fig. 5.7a, however, is otherwise only visible in fig. 5.7c, where it is more
pronounced and less gradual. Furthermore, fig. 5.7c also has a kink before —Vp,ax, which is only
reproduced in fig. 5.7d. These kinks likely mark the onset of the respective RS transitions and their
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visibility seems to correlate with the extent of the switching processes. Fig. 5.7¢ also stands out due
to its particularly linear I-V curves and the higher current density. The other three samples have
non-linear I-V relations and orders of magnitude lower current density. The major difference of
the device of fig. 5.7c to the others is its PLD-made c-ITO-BE, probably together with less interface
contamination in comparison to the commercial ITO substrates, but it is unclear how that could
have such an influence. The device of fig. 5.7d differs from the others in that a-GaO, was deposited
in chamber #2, interface oxidation was prevented by lithographic Pt-TE and inert Au probe tips

were used for contacting. These differences apparently had no large impact on its RS curve.

The bipolarity of the counter-8 RS behavior was confirmed by repeated I-V sweeps with only pos-
itive or only negative voltage. Fig. 5.8 shows an example, measured on the same device as fig. 5.7d.
In fig. 5.8a, the first triangular 0V — +2.25V — 0V cycle led to a proper LRS — HRS transition,
while the following repetitions essentially just reproduced the HRS curve, almost without further
switching. Upon reversal of the voltage polarity, in fig. 5.8b, the first 0V — -2.25V — 0V cycle
triggered the expected HRS — LRS transition and the following cycles just yielded the LRS curve.

These measurements demonstrate that continuous back-and-forth switching requires both voltage

polarities.
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Figure 5.8: Bipolarity check for counter-8 RS of a Pt|a-GaO«|ITO device with x ~ 1.0 and d ~ 120 nm (same
as in fig. 5.7d; PLD with 0.79 ]/cm? in Ar, lithographic Pt-TE: 20 x 20 um?, CT4). The top graphs show the
applied voltage V (t), while the bottom graphs display the resulting I-V curve. (a) Triangular I-V sweep with
only positive voltage (Vi = +2.25V, vg, = 0.2V/s). (b) Triangular I-V sweep with only negative voltage
(Vinax = —2.25V, v, = 0.2V/s). In each graph, the numbered arrows refer to the first 0V — Viox > 0V
cycle, which is the only one with a notable switching effect.

The results discussed so far were obtained with tungsten and gold probe tips as contacting method
(CT1-4). Due to the aforementioned difficulties in reaching steady RS with the probe tips, the I-V
curves generally do not represent the as-prepared state of the devices. Instead, they typically have

a voltage history with contact variations, which makes it difficult to interpret how the RS behavior
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starts. What can be said, at least, is that there was no classical electroforming with an abrupt soft-
breakdown, as it would be expected for a filamentary RS mechanism. A clearer account of the
development of counter-8 bipolar RS from the as-prepared state was obtained by contacting the RS
devices with Au wires (CT5). This has the advantage of reliable, immutable contacts right from the
beginning of the measurements. Fig. 5.9 shows the first 16 I- V cycles of such a wired Pt|a-GaO,|ITO

device. The I-V sweeps up to Vinax = £1.25V just produced S-shaped, congruent curves without
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Figure 5.9: Development of counter-8 bipolar RS from the as-prepared state of a Pt|a-GaO|ITO device with
x ~ 0.9 and d ~ 90 nm (same sample as fig. 5.7b; PLD with 0.78 J/cm? in Ar, chamber #1) that was contacted
by Au wires (CT5, TE area: 0.592 mm?, vg,, = 0.2 V/s). (a) I-V cycles with successively increasing Vi, from
£0.1V to £1.25V. (b) The last I-V cycle with Vi,.x = £1.25V and the next cycle with higher Vi, = £1.5V.
(c) Congruent I-V cycles with Viax = £1.5V, together with the next cycle with even higher Vi, = £1.75V.
(d) The first and second I-V cycles with Viox = £1.75V.

resistive switching (fig. 5.9a). The first sweep with Vi = £1.5V (cyc. 10) still did not yield any
switching at positive voltage and followed the previous cycle exactly until reaching —1.25V, but
then a pronounced HRS — LRS transition occurred at around —1.5V (fig. 5.9b). The next sweeps
with Vipax = £1.5V (cyc. 11-14) then also featured a weak LRS — HRS transition at positive voltages,
together with the strong HRS — LRS transition at negative voltage that was already present in cyc. 10
(fig. 5.9¢). Equivalent observations were made after Vp,,x was increased to +1.75V. The first sweep
with Vinax = £1.75V (cyc. 15) only had a weak transition at positive voltage, just like the previous
sweeps with Vi = +1.5V, and again an equal HRS curve until 1.5V (fig. 5.9c). Then, in the

range between —1.5 V and —1.75 V, an even more pronounced HRS — LRS transition occurred than
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observed for Vipax = 1.5V (fig. 5.9¢). The second sweep with Vi = £1.75V (cyc. 16) then also
produced a quite strong transition at positive voltage (fig. 5.9d). This measurement sequence reveals
that the counter-8 bipolar RS starts with an HRS — LRS transition at negative voltage, without a
prior electroforming process. The switching at negative voltage is the prerequisite for the opposite
LRS — HRS transition at positive voltage, which just reverses what happened at negative voltage.
Accordingly, the LRS curve depends on Vyax, while the HRS curve stays almost the same. The final
cycle 16 in fig. 5.9d has approximately a similar shape as fig. 5.7b, where a tip-contacted device on
the same sample was measured. This means that the short annealing at 150 °C, which is required
to attach the Au wires, had no decisive influence on the curve shape or the switching behavior. It is
possible, though, that the annealing process prevented some initial curve variations that otherwise

would have resulted for example from Joule heating.”

Precisely the same development of counter-8 RS from the as-prepared state was also observed for
a second wired device on the same sample, which confirms that this is a reproducible finding. Af-
terwards, as shown in fig. 5.10, both devices exhibited steady counter-8 bipolar resistive switching

at Vinax = £1.75V, with remarkably equal curve shape and rather similar current density.
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Figure 5.10: Reproducible counter-8 bipolar RS of two Pt|a-GaO,|ITO devices on the same sample (x ~ 0.9,
d ~ 90 nm, PLD with 0.78 J/cm? in Ar, chamber #1; CT5, TE areas: 0.465 mm? for (a) and 0.592 mm? for
(b), Viax = £1.75V). The device measured in (b) is the same as in fig. 5.9.

The influence of the sweep rate vg,, on counter-8 bipolar switching was investigated next. Fig. 5.11a
shows that increasing v, has a significant effect on the I-V sweeps. The higher v, the less pro-
nounced are the RS transitions, as expected. At vg, = 10 V/s, the counter-8 bipolar RS is barely
visible anymore, while vs, = 450 V/s yields no resistive switching at all. The same was also ob-
served for the counter-8 switching of other Pt|a-GaO,|ITO samples. Pulsed switching experiments
yielded a comparable time-dependence, as shown in fig. 5.11b. The longer the pulse length, the more
pronounced is the counter-8 switching behavior, i.e., the more differ the read currents after positive

and negative write pulses. The shape of the write pulses also gives further insight into the switch-

**The discussion of thermal relaxation later in sec. 5.3.1 will show that short heating causes slight changes of the amor-
phous structure of a-GaOy, which reduces the bulk conductivity and probably also affects other properties like the
work function or interfacial defect states.
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ing processes, since they characterize the transitions at constant voltage. During the write pulses in
fig. 5.11b, the current changes approximately exponentially with time. This could mean that the ionic
motion in the underlying RS mechanism has an exponential time dependence. It is more probable,
though, that the ion transport changes some property of the sample that has an exponential effect
on the measured current (e.g., ¢ for thermionic field emission, AE for mobility edge conduction
or Ty for variable-range hopping). The exponential shape of the write pulses also underlines the
gradual nature of the RS transitions. Furthermore, their steep initial slope could explain the kinks,

where the resistance changed rather fast in the previously discussed I-V sweeps (e.g., fig. 5.7¢).
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Figure 5.11: Influence of the sweep rate or the pulse length on the counter-8 bipolar RS of Pt|a-GaO|ITO
(same device as in fig. 5.10a; x ~ 0.9, d ~ 90nm, PLD with 0.78]/cm? in Ar, chamber #1; CT5, TE area:
0.465mm?). (a) I-V sweeps with Viay = £1.75V and different sweep rates vy, from 0.05 V/s up to 450 V/s.
(b) I-V pulse sequences with Viyite = £1.75V, Vieaq = +0.1V and different pulse lengths At 0f20s,2s,1s and
0.1s. The negative write pulses are truncated at j = —2.15 A/cm? because the compliance current of 10 mA
was reached. The blue arrows indicate the trends w.r.t. increasing vs,, and decreasing At.

The shape of the read pulses in fig. 5.11b already indicates that HRS and LRS remain sufficiently
stable at low or no voltage. This state retention was investigated further by monitoring the resistance
states after different waiting times. First, a device was switched into an LRS by applying -1.75'V for
100 s (fig. 5.12a). Then, I-V sweeps with vg, = 400V/s were carried out both immediately and
after different waiting times of up to 3 min (fig. 5.12b). As discussed above, these fast sweeps do not
induce resistive switching. Instead, they reflect the I-V characteristics of the momentary device
state without further switching. The respective curves for the LRS in fig. 5.12b are all congruent,
which means that the resistance state did not change during the waiting times where the voltage
was disabled. Afterwards, the same procedure was repeated for an HRS, by applying +1.75V for
100 s (fig. 5.12a), followed by fast I-V sweeps with vg, = 400V/s (fig. 5.12b). Again, the cycles
are congruent and no change of the resistance state is observed. This confirms that the LRS and
HRS are stable states and not the result of a purely electronic, capacitive charging. The elongated
write pulses in fig. 5.12a have the same exponential shape as those in fig. 5.11b. The fast I-V sweeps
without superimposed resistive switching in fig. 5.12b are highly symmetric, with j(V) = —j(-V)
in the voltage range from approximately —1.5 V to +1.5 V (fig. B.8). This is quite unexpected for such

asymmetric devices where different materials were used for the two electrodes.
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Figure 5.12: State retention testing by fast I-V sweeps, which were recorded with up to 3 min delay after
triggering counter-8 RS transitions in Ptla-GaO|ITO (same device as in fig. 5.11; x ~ 0.9, d ~ 90nm, PLD
with 0.78 J/cm? in Ar, chamber #1; CT5, TE area: 0.465 mm?). (a) HRS — LRS transition at a constant applied
voltage of —1.75V for 100 s (left) and LRS — HRS transition at +1.75 V for 100 s (right). (b) I-V sweeps with
Vinax = £1.75V at a high sweep rate of 400 V/s, which visualize the pure electron transport characteristics
of the states reached in (a), without further switching (18 ms for a full I-V cycle). The colored arrows in (a)
point to the LRS and HRS that were investigated in (b). The fast I-V sweeps were measured immediately
after the respective transition in (a) and then repeated after different waiting times of up to 3 min (voltage
disabled in-between).

Another way to test the state retention is to interrupt an I-V sweep and resume it after a certain
waiting time At.g. Fig. 5.13a shows measurements, where the voltage was turned off for 10 min
after the LRS — HRS transition at positive voltage. When the sweep continued after the waiting
time, the current was essentially equal to before the pause, which shows that the HRS did not relax
towards the previous LRS. In fact, the HRS current was even slightly lower after the pause. Mea-
surements with different waiting times yielded a significant trend of more negative Aj for longer
Atog (fig. 5.13b). This is not a further switching effect, since the voltage is zero during the interrup-
tion. Most likely, the HRS current before the pause contains a small contribution from a capacitive

discharge current, which wears off over time even without an applied voltage.

Besides the Pt|a-GaO,|ITO devices, also samples with Au or Pt as bottom electrode were investi-
gated. Fig. 5.14 shows the I-V curves of a Ptla-GaO,|Au and a Pt|a-GaO,|Pt device, which were
both prepared like the one with c-ITO-BE in fig. 5.7c. The Pt|a-GaO,|Au variant in fig. 5.14a ex-
hibits pronounced counter-8 bipolar RS. Its transitions look like those of the Pt|a-GaO,|ITO device
in fig. 5.7c and also the overall current density is quite comparable. The HRS curve is less linear,
though, for the Au-BE, which could be related to Au’s higher work function. Moreover, the Au-BE
seems to enable faster counter-8 switching that is clearly visible at vy, = 25V/s, whereas for ITO
the limit seems to be at around 10 V/s. A further peculiarity of the Pt|a-GaO,|Au device is the dif-
ference between the subsequent I- V' cycles. The measurements were carried out in sets of 3 directly
consecutive cycles. The first cycle of each set differs from the second and the third in the positive
voltage range, where it has an earlier LRS — HRS transition, a significantly lower LRS current and
a small loop near the maximum voltage (fig. 5.14a). This was not observed for the devices with

ITO-BE. In the short time between the sets, something seems to change within the Ptla-GaO,|Au
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Figure 5.13: State retention testing by interrupting I-V sweeps of Pt|a-GaO|ITO at +2.0V for different
times Ato, in which the voltage was disabled (same device as in fig. 5.7a; x ~ 0.9, d ~ 60 nm, PLD with
0.80J/cm? in Ar, chamber #1, sp-Pt-TE-@: 400 pum; CT1, Viay = £2.5V). (a) Applied voltage V() (top) and
measured current density j(¢) (bottom) for a measurement with Af.¢ = 10 min (3 cycles). (b) Difference Aj
of the current density at +2.0 V before and after the interruption, for varied Atofr (Aj = jater — jbefore)-
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Figure 5.14: Counter-8 bipolar resistive switching of devices with a different BE material but otherwise equal
preparation conditions as the Pt|a-GaO,|ITO device in fig. 5.7c (x ~ 0.9, d ~ 100 nm, PLD with 0.94]/cm?
in Ar, chamber #1, Pt-TE-@: 100 um, CT2). (a) I-V sweeps of Pt|a-GaOx|Au with Vy. = £0.75V (6 sets of 3
consecutive cycles, approx. 10-20 s delay between sets). (b) I-V sweeps of Pt|a-GaOy|Pt with Vi,.x = £4.0V,
which have crossing points at approx. +2V and -1.5V.

device. The original curve shape is always recovered after the first cycle, which means that this is
just a temporary effect. It could be due to a capacitive component that is charged at negative volt-
age and that discharges at positive voltage. This would increase the positive current if it is directly
preceded by negative voltage. However, the deviation of the first cycle is also present at rather low
sweep rates (e.g., 2.5 V/s), which makes a purely electronic discharge less likely. Instead, it seems
like a part of the underlying ion movement during the HRS — LRS transition at negative voltage

reverses itself quite fast.

The Pt|a-GaO,|Pt device in fig. 5.14b also yielded counter-8 bipolar RS, albeit with a more complex

shape. It not only has much lower current density, but it also requires high voltages to trigger resis-
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tive switching (no RS for Vipax < £3 V). This could mean that in this case the BE-interface primarily
acts as a high series resistance, probably because of Pt’s high work function. Furthermore, the I-V
sweeps have subtle crossing points at about +2 V and 1.5V, which result from changes of the I-V
curves’ non-linearity. It is thus debatable, whether this is true counter-8 bipolar RS. For example,
monitoring the +4 V switching at a read voltage below 1.5V would yield an HRS — LRS transi-
tion after +4 V and an LRS — HRS transition after —4 V for the read current, which corresponds
to figure-8 bipolar RS. Interestingly, the Ptla-GaO,|Pt device also exhibits the least symmetric I-V
curves from the three tested BE variants. This could be due to the different areas of TE and BE,
though the latter should not be relevant due to the low a-GaO, thickness. Most likely, the device
is actually asymmetric because the Pt-TE interface was exposed to air before the TE deposition.
Judging from the discussion of surface oxidation in sec. 5.1.3, this could have led to substantially
different interfaces. The results for Pt|a-GaO,|Pt thus indicate that surface oxidation could be rel-
evant even for Ptla-GaO,|ITO devices - in contrast to what was concluded from fig. 5.7d. All in
all, the observed differences for the three variants demonstrate that the BE material certainly has
an influence on the RS curves. However, whether the a-GaOy|BE interface is actively involved in
the counter-8 RS processes remains unclear at this point, since the results for Au- and ¢-ITO-BE

are rather similar and since the Pt-BE probably just causes a non-linear series resistance.

5.2.2 Figure-8 Bipolar Switching

Several Pt|a-GaO,|ITO samples exhibited well-defined figure-8 bipolar resistive switching, instead
of the counter-8 behavior described above. Fig. 5.15 shows an overview of four devices located on
two different samples. Each of them clearly features an HRS — LRS transition at positive voltage and
an LRS — HRS transition at negative voltage. The figure-8 behavior thus was reproducible both for
different devices on the same sample (e.g., fig. 5.15a vs. b) and across different samples (fig. 5.15a,b
vs. ¢,d). The general shape of the figure-8 I- V' curves is quite comparable to the previously discussed
counter-8 curves. They are rather symmetric and the transitions are gradual except for some kinks.
The figs. 5.15a-c have a characteristic kink at negative voltage that looks remarkably similar to the
one observed at positive voltage in some of the counter-8 I-V curves (e.g., fig. 5.7c). Except for
some minor difference in curvature, fig. 5.15b even appears like a mirrored version of fig. 5.14a.
One could get the impression that the electrical connections were simply swapped by accident, but
that was ruled out. Instead, the common features of the figure-8 and counter-8 I-V curves are a

hint that the responsible RS mechanisms follow the same principles but have opposite orientation.

Deducing the cause for the reversed switching direction is not simple, though, because there is no
unique property that sets the samples with figure-8 switching apart from those with counter-8 RS.
Neither the bulk O/Ga ratio, nor the device dimensions or the voltage history seem to be decisive. It
is noticeable, however, that almost all of the samples with counter-8 RS were exposed to air before
the TE deposition, while those with figure-8 RS mostly have lithographic TEs without interface

oxidation (incl. those not yet discussed). There are only two exceptions to this. The lithographically
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Figure 5.15: Figure-8 bipolar resistive switching of two Pt|a-GaOx|ITO devices on each of two different sam-
ples (contacted by either W or Au probe tips): (a,b) x < 0.8, d ~ 50 nm (PLD with less than 0.20J/cm? in
Ar, chamber #1), with eb-Pt-TEs (TE-@: 100 um for (a) and 200 pum for (b), CT3, Viyax = £2.25V for (a) and
+1.5V for (b)). (c,d) x in the range of 0.98-1.07 according to EELS, d ~ 60 nm (PLD with 0.79 J/cm? in Ar),
with lithographic Pt-TEs (TE: 20 x 20 um? for (c) and 50 x 50 um? for (d), CT4, Vipay = £2.5V for (c) and
+£2.0V for (d)). Each graph features several consecutive I-V sweeps (3-10 cycles).

patterned sample of fig. 5.7d showed counter-8 bipolar switching, although it was prepared exactly
like the figure-8-switching sample of fig. 5.15¢,d, only with doubled a-GaOj thickness. Yet, for this
specific sample, it could be that the voltage history is more relevant than the preparation, because it
did not exhibit counter-8 RS right from the start but only after a lot of inconclusive I-V cycles (incl.
contact variations and re-contacting). The second exception to the above hypothesis is the sample
of fig. 5.15a,b, which showed figure-8 RS even though the eb-Pt-TEs were prepared with a shadow
mask. The sample was sealed in a vacuum bag directly after the a-GaO, deposition and until it was
placed in the e-beam chamber (approx. 2 months), but the HAXPES results in sec. 5.1.3 showed that
this does not prevent surface oxidation. In summary;, it is not entirely certain but it seems like the

TE interface oxidation is the property that mainly determines the switching direction.

The bipolarity of the figure-8 RS behavior was confirmed in the same way as for the counter-8 RS
(cf. fig. 5.8). Fig. 5.16 shows a respective measurement for the device of fig. 5.15d, while a likewise
example for the device of fig. 5.15a is displayed in fig. B.9. In each case, only the first triangular
cycle at positive voltage produced a significant HRS — LRS transition, while the subsequent cy-

cles essentially just reproduced the LRS curve. Similarly, only the first triangular cycle at negative
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Figure 5.16: Bipolarity check for figure-8 RS of a Pt|a-GaO,|ITO device with x in the range of 0.98-1.07
(EELS) and d ~ 60 nm (same as in fig. 5.15d; PLD with 0.79 J/cm? in Ar, lithographic Pt-TE: 50 x 50 um?,
CT4). The top graphs show the applied voltage V(¢), while the bottom graphs display the resulting I-V
curve. (a) Triangular I-V sweep with only positive voltage (Vinax = +2.0V, v, = 0.2V/s). (b) Triangular
I-V sweep with only negative voltage (Vinax = 2.0V, vg, = 0.2V/s). In each graph, the numbered arrows
refer to the first 0V — Vi, = 0V cycle, which is the only one with a notable switching effect.
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Figure 5.17: Pulsed figure-8 bipolar RS of Pt|a-GaOx|ITO devices on two different samples (contacted by W
or Au probe tips): (a) x S 0.8, d ~ 50 nm (PLD with less than 0.20 J/cm? in Ar, chamber #1), with eb-Pt-TE
(same device as in fig. 5.15a, TE-@: 100 um, CT3, Viyrite = £2.25V, Vyeaq = +0.1V, At = 55). The graph shows
two consecutive pulse sequences (black = 1, red = 22y (b) x in the range of 0.98-1.07 (EELS), d ~ 60 nm
(PLD with 0.79]/cm? in Ar), with lithographic Pt-TE (same device as in fig. 5.15d, TE: 50 x 50 um?, CT4,
Virite = £2.0V, Vieaq = +0.1V, At =55).

voltage yielded an LRS — HRS transition. This confirms that the reversal of the voltage polarity is

mandatory also for continuous figure-8 RS, just like observed for counter-8 switching.

The figure-8 bipolar RS was also investigated by pulsed I-V measurements, as shown in fig. 5.17.
The write pulses yielded gradual, exponentially decaying transitions, in accordance with respective
I-V sweeps (cf. fig. 5.15a,d). The steep slope at the beginning of the negative write pulses in fig. 5.17a,
for example, fits to the characteristic kink observed in fig. 5.15a. The read currents of the HRS and
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the LRS at Vi.,q = +0.1V differ by a factor of 2-3. There is no visible decay of the read currents

towards each other, which demonstrates the stability of the resistance states.

So far, the figure-8 and counter-8 switching behaviors appeared rather similar except for the re-
versed direction. However, a major difference was observed for the switching speed. Fig. 5.18
shows fast I-V sweeps of the same devices as in the already discussed figure-8 overview. Those
in fig. 5.18a,c exhibit figure-8 bipolar switching even at a sweep rate of 450 V/s, which is the high-

est that the instruments allow. This is much faster than all counter-8 results, where the highest
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Figure 5.18: Influence of the sweep rate on the figure-8 bipolar RS of four Pt|a-GaO|ITO devices (same as
in fig. 5.15, in the same order). (a,b) x < 0.8, d ~ 50 nm (PLD with less than 0.20 J/cm? in Ar, chamber #1),
with eb-Pt-TEs (TE-@: 100 pm for (a) and 200 um for (b), CT3, Vipay = +£2.25V for (a) and £1.5V for (b)).
(c,d) x in the range of 0.98-1.07 (EELS), d ~ 60 nm (PLD with 0.79 ]/cm? in Ar), with lithographic Pt-TEs
(TE: 20 x 20 um? for (c) and 50 x 50 um? for (d), CT4, Vpax = 2.5V for (c) and +2.0V for (d)).

sweep rate with visible switching was 10 V/s (e.g., fig. 5.11a). In fig. 5.18c, increasing the sweep rate
by about two orders of magnitude even had a remarkably weak impact on the shape of the figure-
8 I-V curve, in contrast to what was observed in fig. 5.11a for counter-8 RS. The I-V sweeps in
fig. 5.18b,d demonstrate that figure-8 switching is not always that fast. For the device in fig. 5.18b,
the highest vy, with slightly visible RS was 50-100 V /s, while for fig. 5.18d the limit was even lower,
at about 5V/s. In comparison to their faster counterparts in fig. 5.18a,c, which are located on the
same respective samples, these slower devices have a larger TE area and their sweeps were carried

out with lower Viy,x. Moreover, they yielded much lower current densities than the fast devices.
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Since the applied voltage drives the switching processes, it is plausible that the lower Vi,.x led to
the reduced switching speed. This notion is supported by the kinks in fig. 5.18a,c, which indicate
that certain voltages must be exceeded to trigger fast switching. The contact quality may have af-
fected the RS speed as well, since a high series resistance would decrease the voltage drop over the
actual device. It is unlikely, though, that the lower Vj,,x and eventual contact variations are the sole
reasons for the largely different current densities. These are likely related to the increase of the TE
areas by the factors 4 and 6.25. In presence of a significant series resistance due to the probe tips,
a larger TE reduces the device resistance and thus increases the fraction of the applied voltage that
drops over the series resistance. Since the latter does not scale with the TE area, this leads to an

artificial decrease of the current density.

The influence of the TE size was also investigated more systematically. Fig. 5.19 shows the results of
four devices on one sample, each with a different TE size. They all exhibit figure-8 bipolar switching
at vgy = 450 V/s. The curves are almost equal in comparison to vg, = 1V/s (fig. B.10), only with
a slightly reduced separation between HRS and LRS. Two clear trends are visible, in accordance
with the previous fig. 5.18: The smaller the TE, the higher is the absolute current density and the
more S-shaped are the I-V curves. Ideally, the current density and the curve shape should not
depend on the TE area for non-filamentary resistive switching, but here a systematic influence is
observed. The current is not equal either, in contrast to what would be expected for a filamentary RS
mechanism (fig. B.10a). Instead, the current decreases with decreasing TE area, albeit not enough
for the current density to stay equal. The most probable explanation for this is the aforementioned
effect of an area-independent series resistance due to the contacts.'®” For a large TE, the resistance
of the device is low and the I-V curve resembles the linear characteristics of the series resistance.
Reducing the TE size then reveals more and more the S-shaped I-V relation of the Pt|a-GaO,|ITO

devices.

A comparison between figs. 5.18¢c,d and 5.19 is interesting since the two samples essentially just differ
in the PLD fluence (0.79 ]/cm2 vs. 4.90 ]/cmz) and in the a-GaO, thickness (60 nm vs. 130 nm).
Despite these differences, the two device pairs with equal TE sizes have remarkably similar curve
shapes and switching behaviors (figs. 5.18c vs. 5.19d and 5.18d vs. 5.19b). This is another example
for the reproducibility of the figure-8 bipolar switching and it indicates that variations of the O/Ga

ratio and the film thickness in this range are of minor importance for the RS mechanism.

At the beginning of this section, it was suspected that the TE interface oxidation plays a role in
whether counter-8 or figure-8 switching occurs. This hypothesis was tested further by preparing
a Ptla-GaO, 5|a-GaO,|ITO device, where the approximately 15 nm thin a-GaO, 5 layer represents
an artificial surface oxidation. The thickness of the a-GaO, 5 layer is approximately similar to the

surface oxidation length observed in the EELS measurements (sec. 5.1.3). However, whereas the

1% Note that the diameter even of the smallest TE is still about two orders of magnitude larger than the a-GaOx film
thickness. Therefore, the electric field below the TE should be approximately homogeneous in lateral direction and the
area ratio between TE and BE should have no influence on the switching behavior (in contrast to the FEM simulations
in [30]).
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Figure 5.19: Comparison of the figure-8 bipolar RS of four Pt|a-GaO,|ITO devices with different TE sizes on
the same sample (x ~ 1.1, d ~ 130 nm, PLD with 4.90 J/cm? in Ar; lithographic Pt-TEs, CT2, Viyax = £2.5V).

sample in this experiment has x » 1.5 over this whole length, the devices with natural interface ox-
idation have a gradual decay of x towards the bulk value (cf. fig. 5.6). This is most likely the reason
why the I-V curves of the Pt|a-GaO, 5|a-GaO,|ITO device in fig. 5.20a differ from all previously
discussed results. Instead of the symmetric S-shape, they are more diode-like with a convex cur-
vature over the whole voltage range. Furthermore, the RS behavior is not counter-8 but figure-8
bipolar, in contrast to the expectation. Due to the differing curve shape, this experiment is likely
not a valid counterexample for the influence of interface oxidation on the RS direction. Appar-
ently, the Ptla-GaO, 5|a-GaOy interface acts like a classical metal-insulator-semiconductor diode
and dominates the I-V relation. It is unclear, though, how figure-8 transitions could occur in this
region. These did not result from a complex voltage history, at least, but were visible right from the
beginning of the I-V measurements (fig. B.12). The first cycle with Vj,x = £1.0 V already triggered
a strong HRS — LRS transition at positive voltage — in contrast to the counter-8 RS where the first

transition occurred at negative voltage (cf. fig. 5.9).

Increasing the voltage amplitude from +1.5V to +2.0 V for the Pt|a-GaO, 5|a-GaO,|ITO device led
to an abrupt increase of the current density at about —1.7 V (fig. 5.20b). This sudden transition
happened in the first cycle after increasing Vinax. The following sweeps with Vi = £2.0V again
produced figure-8 bipolar RS, but with an almost linear curve shape. The RS behavior both be-
fore and after the change of Vi,.x was definitely bipolar (e.g., fig. B.11) and slightly visible even at
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Figure 5.20: Figure-8 bipolar RS of a Pt|a-GaO, 5|a-GaO|ITO device with d »~ 15 nm for the a-GaO, 5 layer
and d ~ 55 nm for the a-GaOj layer (x ~ 1.0, PLD with 0.79 J/cm? in Ar, lithographic Pt-TE: 100 x 100 um?,
CT4). (a) I-V sweeps with Viyax = £1.5V. (b) I-V sweeps after increasing Vin.x to 2.0V (cycle 1 is the first
at £2.0 V). The colored arrows indicate the sweep direction in the respective curve regions.

Vsw = 450 V/s. The final switching curves in fig. 5.20b are very similar to those in fig. 5.19a, which
indicates that the abrupt transition at —1.7 V virtually transformed the Pt|a-GaO, 5|a-GaO,|ITO
device into a Pt|a-GaO,|ITO device. The most likely explanation for this is the growth of non-
stoichiometric filaments through the a-GaO, ; layer at negative voltage (oxygen migration from
a-GaO, 5 to a-GaOy). Once they reached the Pt-TE, the a-GaO, 5 layer abruptly and irreversibly
became irrelevant. The observed switching behavior is rather similar before and after the abrupt
transition, except for the differing curve shape. There are no signs of filamentary switching. This
could mean that the a-GaO, 5 layer mainly acted as a non-linear series resistance, without a direct

involvement in the figure-8 RS mechanism.

5.2.3 Abnormal Bipolar Switching

Besides counter-8 and figure-8 bipolar switching, also abnormal bipolar RS behavior was observed
in several cases. Fig. 5.21 shows an overview of the respective I-V curves of four devices on dif-
ferent samples. The switching processes occurred either in clockwise direction — with LRS — HRS
transitions at positive and negative voltage (fig. 5.21a—c) — or in counter-clockwise direction — with
HRS — LRS transitions at both polarities (fig. 5.21d). The switching behavior is not unipolar, though,
since I-V sweeps with only positive or only negative voltage just yielded a transition in the first cycle
(e.g., fig. 5.22). Similar to figure-8 and counter-8 RS, the reversal of the voltage polarity is mandatory
for switching back and forth. Here, this observation is even more important, since it proves that
there is no switching process at or near zero voltage. Otherwise, each of the repeated cycles with the
same voltage polarity would exhibit switching. But where are the transitions opposite to the obvi-
ous switching processes near Vi, ? Fig. 5.21 already contains some hints concerning this question.
The devices of fig. 5.21c,d both exhibited counter-8 bipolar switching at lower Viax (cf. fig. 5.7¢,d),

which changed into abnormal bipolar RS after increasing the voltage amplitude. Furthermore, the
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Figure 5.21: Abnormal bipolar resistive switching of Pt|a-GaOx|ITO devices on four different samples (con-
tacted by either W or Au probe tips): (a) x ~ 0.9, d ~ 60 nm (same sample as fig. 5.7a; PLD with 0.80J/cm?
in Ar, chamber #1), with sp-Pt-TE (TE-@: 400 pm, CT1, Vi = £2.5V). (b) x » 0.9, d ~ 90 nm (PLD with
0.86]/cm? in Ar, chamber #1), with sp-Pt-TE (TE-@: 200 um, CT1, Viyax = £3.0V). (c) x ~ 0.9, d ~ 100 nm
(PLD with 0.94]/cm? in Ar, chamber #1), with c-ITO-BE (same device as fig. 5.7c; TE-@: 100 um, CT2,
Vimax = £1.5V). (d) x ~ 1.0, d ~ 120 nm (PLD with 0.79 J/cm? in Ar), with lithographic Pt-TE (same device
as fig. 5.7d; TE: 20 x 20 um?, CT4, Vpax = +3.0 V). Each graph contains several I-V sweeps (4-7 cycles).

abnormal bipolar RS curves frequently have crossing points, e.g., approx. at -1V in fig. 5.21a and at

£1.5V in fig. 5.21b. The respective outer regions of those I-V sweeps look like separate loops.

Such outer loops are a direct result of high Vi, as shown in fig. 5.23. They may form at both
voltage polarities independently. In the first example in fig. 5.23a, a crossing point at negative voltage
was present for Vi,ox = £3 V. Decreasing the negative amplitude to —2.5V prevented the crossing
point and led to the usual counter-8 bipolar switching. The device in fig. 5.23b yielded figure-8
bipolar switching at Vi,ax = 2V, while increasing Vipax to £3V led to a crossing point at positive
voltage. These examples reveal where the reverse transitions in the abnormal bipolar RS occur.
The non-linear increase of the current before and at the crossing points is already an HRS — LRS
transition and not just the usual S-shape of the I-V curves (3™ arrow in fig. 5.23a, 1% arrow in
fig. 5.23b). When V. is set rather low, then only this transition is observed. Higher Vi,ax leads
to an additional LRS — HRS transition for the same voltage polarity, which is visible as outer loop
(4™ to 5™ arrow in fig. 5.23a, 2™ to 3" arrow in fig. 5.23b). Even though these two transitions

have opposite direction, they are not the reverse switching processes of each other. Otherwise, the
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Figure 5.22: Bipolarity check for abnormal RS of a Pt|a-GaO|ITO device with x ~ 1.0 and d ~ 120 nm (same
as in fig. 5.21d; PLD with 0.79 J/cm? in Ar, lithographic Pt-TE: 20 x 20 um?, CT4). The top graphs show the
applied voltage V (t), while the bottom graphs display the resulting I-V curve. (a) Triangular I-V sweep with
only positive voltage (Vinax = +3.0V, vy = 0.2V/s). (b) Triangular I-V sweep with only negative voltage
(Vinax = —3.0V, vy, = 0.2V/s). In each graph, the numbered arrows refer to the first 0V — Vipoy = 0V
cycle, which is the only one with a notable switching effect.
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Figure 5.23: Loop formation in the I-V curves of Pt|a-GaO«|ITO devices at high Vi,ax. The displayed I-V
sweeps were measured directly after each other, in the order indicated by the legends. (a) In this case, a loop
at negative voltages is observed for Vi,.x = £3.0V, while V.5 = +3.0V|-2.5V led to counter-8 bipolar RS
(same device as fig. 5.7a; x ~ 0.9, d ~ 60 nm, PLD with 0.80 J/cm? in Ar, chamber #1; sp-Pt-TE-@: 400 um,
CT1). (b) Here, figure-8 bipolar RS occurred for Viyax = 2.0V, while Vipay = £3.0V resulted in a loop
at positive voltages (3 cycles each; same device as fig. 5.15d; x in the range of 0.98-1.07 according to EELS,
d ~ 60 nm, PLD with 0.79 J/cm?® in Ar; lithographic Pt-TEs: 50 x 50 um?, CT4).

previously discussed bipolarity checks would have yielded continuous switching (e.g., fig. 5.22).
This leads to the following conclusion: Both for positive and for negative voltage two transitions
may take place, one at intermediate voltage and one at high voltage. The transitions at intermediate
voltage are the reverse processes of those at high voltage with opposite polarity. The best example

for this is fig. 5.21b, where all four transitions are clearly visible.!" This indicates that the devices

19Fig. B.13 shows how the device of fig. 5.21b gradually developed from counter-8 to abnormal bipolar switching.
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have at least two different regions where switching may take place - a situation that is commonly

called “complementary resistive switching”.

The I-V curve with stepwise increasing voltage in fig. 5.24 confirmed the two transitions at the same
polarity. In contrast to the usual I-V sweeps, this type of measurement allows to discriminate the
current variations due to switching from those due to pure I-V non-linearity. At V = +2.0V and
+2.1V, the current increased over time due to an HRS — LRS transition. In contrast, the current
decreased due to an LRS — HRS transition at V' > +2.3 V. This fits to the previous conclusions about
two transitions at the same polarity. In-between, at V' = +2.2V, both transitions even occurred
simultaneously and the resulting j(¢) curve looks like a superposition of the transitions at lower
and higher voltage. The voltage range where these transitions took place is comparable to the typical
I-V sweeps. It is thus plausible that each of the transitions may occur in RS curves, depending on

the actual voltage drop over the Pt|a-GaO,|ITO devices and the local electric field within them.
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Figure 5.24: [-V measurement with stepwise increasing voltage from 1.4 V to 2.5V, on a Pt|a-GaO,|ITO de-
vice with x in the range of 0.98-1.07 (EELS) and d ~ 60 nm (same sample as fig. 5.15¢,d; PLD with 0.79 ] /cm?
in Ar; lithographic Pt-TEs: 20 x 20 um?, CT4).

Depending of the relative extent of the transitions, there may be no crossing points in the I-V
sweeps.!%? This can be seen in fig. 5.23a: Both sweeps have slight kinks at approx. +2 V, which cor-
respond to a minor HRS — LRS transition. The subsequent LRS — HRS transition at about +2.8 V
is much stronger, though, and decreases the current to such an extent that it does not cross the LRS
curve. For the counter-8 switching at lower Vi, the minor transition at +2 V is essentially irrel-
evant since the other transition pair dominates the RS behavior. This indicates that the abnormal
bipolar RS is actually the general case of the counter-8 and figure-8 bipolar switching. Atlow Viyax,
either counter-8 or figure-8 switching is observed, depending on which transition pair dominates,
while at high Vj,,x both may become visible. Fig. 5.25 illustrates this hypothesis, which is an im-
portant step in understanding the diverse switching behavior of a-GaOy. The relative intensity of

the four transitions determines which RS behavior is measured. In general, this depends on where

192 The extent of the transitions is also influenced by the sweep rate, for example.
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the highest electric fields occur within the device and how strong the induced local changes in the

material affect the current.
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Figure 5.25: Schematic explanation of the connection between figure-8, counter-8 and abnormal bipolar
switching. The transitions 1 and 3 take place in a certain region of the device and revert each other on the
atomic level, at least approximately (red arrows). Likewise, the transitions 2 and 4 are an interdependent
transition pair (blue arrows), but the related ion migration occurs in a different region than for the other
pair. Depending on Vj,,y, vsyw and the relative resistances of the two responsible regions within the device,
only one pair might be visible (as indicated by the colored dashed lines). In this case, figure-8 or counter-8
bipolar switching is observed. When all four transitions take place with sufficient intensity then abnormal
bipolar RS is measured. It may be clockwise or counter-clockwise, depending on whether the transitions 1
and 3 or 2 and 4 are more visible. When the second transition for a certain polarity is rather weak (e.g., due
to intermediate Vin,.x), then an outer loop may be observed (grey dashed lines). Since the transition pairs
occur in different regions, their order is probably not fixed - especially when one of them has much higher
local resistance (e.g., transition 2 at lower V than transition 1).

5.2.4 Interpretation of the Resistive Switching Behavior

The three previous sections displayed the counter-8, figure-8 and abnormal bipolar resistive switch-
ing of Pt|a-GaO,|ITO devices with O/Ga ratios in the range of 0.8-1.1. It is not without a certain
irony that the “abnormal” curves led to a new idea how these switching types could be related. In this
section, the implications for the underlying RS mechanisms shall be discussed. The mechanisms
will be described on the basis of oxygen ion migration, but they could be formulated analogously

with gallium ion transport (cf. sec. 2.3.4).

Several aspects of the measured I-V curves speak against a filamentary switching mechanism. The
observed transitions were gradual instead of abrupt and produced just rather low HRS/LRS re-
sistance ratios. Furthermore, no electroforming was required to induce resistive switching and the

measured currents were not independent of the TE size. The devices generally were well conductive,
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which is another argument against filament formation. There is no incentive for a soft breakdown
when the electrons already flow easily in the as-prepared state. As discussed in sec. 2.4.1, this might
be different for less oxygen-deficient a-GaO, (e.g., x ~ 1.5). For the devices investigated in this
work, however, the above characteristics rule out a filamentary mechanism with some certainty.

Instead, they would agree with interface- or bulk-type switching.

Interface switching at the Ptla-GaO, interface would be a plausible explanation for the counter-8
bipolar RS. Due to the high work function of Pt, a Schottky barrier should be present in this re-
gion. As discussed in sec. 2.4.2, it is not entirely clear how the barrier’s resistance depends on the
local O/Ga ratio. However, the more probable scenario is that high x leads to an increase of the
barrier height ¢p and the barrier width x4, which would increase the resistance both with regard
to thermionic emission and tunneling. This would fit to the observed trend that TE interface oxi-
dation leads to counter-8 switching. The increased O/Ga ratio beneath the TE would cause a rather
high Schottky barrier resistance in the as-prepared state. The TE interface thus would dominate the
device resistance and the highest voltage drop would occur in this region. Initially, a positive volt-
age would not result in a transition, since oxygen is already accumulated below the TE. At negative
voltage, where the counter-8 switching started, oxygen would migrate away from the interface and
the current through this Schottky barrier would increase (HRS — LRS). Thereafter, applying a posi-
tive voltage would attract oxygen back to the TE, which would restore the originally high resistance
(LRS — HRS).

Another indication that the counter-8 switching takes place in the oxidized region near the Pt-TE is
its inherently slower switching speed in comparison to the figure-8 behavior. Since the oxygen ion
conductivity likely decreases with increasing x (cf. sec. 2.3.4), it would be plausible that the oxygen

migration is slower in the interface oxidation layer than in the rest of the device.

The non-linearity of most measured I-V curves also would agree with a Schottky barrier as the
dominating resistance, because thermionic emission and tunneling have an exponential voltage
dependence (cf. eqgs. 2.61 to 2.66). Moreover, this would explain why increasing Vi« led to abnor-
mal bipolar switching. Once the current through the dominating Schottky barrier becomes very
high, i.e., its resistance sufficiently low, there could be a significant voltage drop also in another

region of the device.

The second switching region could be the a-GaO,|ITO interface. Since it is oriented opposite to the
Pt|a-GaOy interface, an analogous interface switching mechanism in this region would yield figure-
8 bipolar RS. For a positive voltage applied to the TE, the a-GaO,|ITO interface is reverse-biased
and thus might dominate the device resistance despite the low work function of ITO - especially
when there is no TE interface oxidation. This would explain why figure-8 switching occurs when the
a-GaOy surface was not exposed to air. Oxygen migration away from the ITO interface then would
lead to an HRS — LRS transition at V' > 0. It is, however, not plausible that this process is simply
reverted at negative voltage. The a-GaO,|ITO interface would have low resistance both due to the

previous transition at V' > 0 and because it is forward-biased at V' < 0. Under such circumstances
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the reverse-biased Pt|a-GaO, interface should clearly dominate at V' < 0, even without interface
oxidation. Therefore, there would be a much lower voltage drop at the a-GaO|ITO interface and
thus no oxygen transport towards ITO. In consequence, it is difficult to explain the figure-8 bipolar

switching with interface switching near the BE.

An alternative would be figure-8 switching of the Pt|a-GaO, interface, which would require the
Schottky barrier resistance to decrease for increasing O/Ga ratio. While this could be justified with
a lower work function difference (cf. sec. 2.4.2), it would be difficult to reconcile with simultane-
ous counter-8 switching at the same interface. Since interface oxidation seems to favor counter-8
behavior, this would imply the following complex scenario: At rather low x, the TE barrier resis-
tance would have to decrease for increasing x, while at rather high x a further increase would have
to increase the resistance. These trends would have to apply equally to forward and reverse bias.
Whether this is realistic is difficult to judge without additional evidence. A strong argument against
this model is the frequent congruency between counter-8 and figure-8 I-V curves, which is partic-
ularly noticeable in some abnormal bipolar RS curves. In fig. 5.21b, for example, the HRS parts from
+3Vto 0V and from -3 V to 0 V look almost similar. However, if all transitions would occur at the
TE interface, then the O/Ga ratio would have to be especially large after high positive voltage and
especially low after high negative voltage. In this case, the two HRS parts should differ much more

than observed in the measurements.

Besides these inconsistencies with regard to figure-8 switching, there are also some general issues
with the interface switching mechanism. The I-V curves are often highly symmetric (e.g., fig. B.8),
which is unexpected both for a single Schottky barrier and for two back-to-back Schottky barriers
with different metals. The Schottky barrier models in sec. 2.2.4 yield no symmetric I-V curves, even
for pure tunneling. Furthermore, the I-V curves were quite linear in several cases (e.g., figs. 5.7¢
and 5.19a), which is even more incompatible with a Schottky barrier as dominating resistance. The
usual explanation would be a pronounced series resistance that governs the shape of the I-V curve.
It is unclear, though, how interface switching could produce a substantial hysteresis between HRS
and LRS under such circumstances. The voltage drop across the Schottky barrier and thus the
driving force for ion transport would be significantly reduced. If the interface region still would be
responsible for the different resistance states, then at least the HRS should be consistently less linear

than the LRS. But that is not always the case in the measurements (e.g., fig. 5.7¢).

The third classical RS mechanism is the bulk switching model, where the conductivity ¢ within
the a-GaO, layer is modulated by ion transport. The switching transitions essentially correspond
to the generation and dissolution of a region with elevated O/Ga ratio, typically near one of the
ion-blocking interfaces (cf. [30]). This region with high x and therefore low ¢ has more impact
on the device resistance than the simultaneously formed regions with decreased x because of two
reasons: The relation between ¢ and x is non-linear with 820/ ox2 < 0 (cf. fig. 2.3) and the total
bulk resistance is essentially an integral over ¢~'. In counter-8 bulk switching, this region of high x

would emerge near the TE. Positive voltage would attract oxygen ions towards the TE, resulting in
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an increase of the O/Ga ratio in this region and an overall higher device resistance (LRS — HRS).
When x is already increased in this region due to interface oxidation, then this transition would
be absent in the first I-V cycle — as observed in the measurements. At negative voltage, oxygen
would migrate away from the TE, leading to a more homogeneous oxygen distribution and a lower
bulk resistance (HRS — LRS). In accordance with the experiments, TE interface oxidation would
promote this counter-8 bulk switching mechanism because the oxidized region near the TE would

be the dominating resistance right from the start.

Another argument for a bulk-dominated switching mechanism is the frequent symmetry of the
I-V curves. In contrast to the previously discussed Schottky barrier currents, the bulk electron

transport does not depend on the direction.

Figure-8 bulk switching would have to take place in the vicinity of the BE, where V' > 0 would reduce
the O/Ga ratio (HRS — LRS) and where V' < 0 would cause oxygen enrichment (LRS — HRS). In
combination with the above counter-8 mechanism, this would also explain the abnormal bipolar
switching: High positive and negative voltages would lead to oxygen accumulation near the TE and
the BE, respectively (LRS — HRS). Then, at intermediate voltages the major voltage drop would be
in these regions with high x, thus driving oxygen away from the BE at V > 0 and away from the TE
at V < 0 (HRS — LRS). This model would also agree with the symmetry of the abnormal bipolar

curves (e.g., fig. 5.21b), since the two regions should behave quite similar.

The figure-8 bulk switching mechanism has an important prerequisite, though. It requires that the
O/Ga ratio becomes substantially higher near the BE than in the rest of the bulk. Otherwise, this
region could not dominate the device resistance. However, the I-V sweeps typically started with
positive voltages, which should lead to oxygen accumulation near the TE. Therefore, even without
interface oxidation, the bulk near the TE immediately would become the dominating region. It is
unclear whether this could change during subsequent I-V sweeps. If there is no initial TE inter-
face oxidation and if Vi, is quite high, then at negative voltage the O/Ga ratio near the TE might
return to normal and oxygen might actually accumulate near the BE. But why should this lead
to continuous figure-8 switching? With the same V., the next semi-cycle with positive voltage
should simply revert the situation and again should cause oxygen accumulation at the TE. It is un-
likely that the O/Ga ratio near the BE would remain elevated in this case. A possible solution to this
issue would be the transfer of oxygen from the ITO-BE to a-GaO,, which would cause interface
oxidation at the BE either in the as-prepared state or after positive voltage. This hypothesis was
tested by SIMS measurements on devices with 80-enriched ITO, but the #0O profile did not extend
significantly into the a-GaO, layer after preparation and after positive voltage (cf. sec. 5.1.3). EELS
measurements of an a-GaO,|ITO interface also yielded no evidence for such an effect (fig. B.4).
Another alternative explanation for oxygen accumulation near the BE could be the influence of a
directional series resistance that is less conductive at positive voltage than at negative voltage. This
would reduce the voltage drop across the bulk only for positive voltages, thereby favoring the oxy-

gen enrichment near ITO at negative voltage. The only option for this would be a Schottky barrier
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at the ITO interface, which is reverse-biased at positive voltage. However, in this case the Schottky
barrier at the Pt interface should reduce the negative voltage across the bulk even further. Addi-
tionally, the I-V curves should probably look more diode-like if a directional resistance would have

such an effect.

Another major inconsistency concerning a bulk switching mechanism is the non-linearity of the
I-V curves. If the bulk would dominate the device resistance, then especially the sweeps with-
out superimposed switching should have linear I-V characteristics. Fig. 5.9a with low Vj,x and
fig. 5.12b with high vy, clearly demonstrate that this is not the case. A possible explanation for the
non-linearity would be a non-switching Schottky barrier as series resistance. However, this would
imply that the HRS should always be more linear than the LRS - in contrast to the experimental
observations (e.g., fig. 5.7a).

In summary, the qualitative evaluation of the I-V curves indicates that more complex processes
take place than in the classical switching mechanisms. The next step was the quantitative analysis
of the j-V relations. Comparing the measured curves with theoretical j( V') models is a common

tactic for identifying the current-limiting region within RS devices.

For this approach, the fast I-V sweeps of fig. 5.12b are optimal, where j(V') of individual states
was recorded without superimposed resistive switching. These sweeps are also not disturbed by
external series resistances because the device was contacted by Au wires (CT5). The LRS and HRS
curves could not be described with the Schottky barrier models introduced in sec. 2.2.4, which
is not surprising since the underlying assumptions hardly apply to amorphous and highly non-
stoichiometric compounds. Afterwards, further j-V relations mentioned in the gallium oxide lit-
erature were tested. It was discovered that both the LRS and the HRS curve yield linear In(j/V)
vs. V1/2 plots, as shown in fig. 5.26. The same relation has been reported in [98, 100], albeit with
questionable interpretations (cf. sec. 2.4).1> Therefore, the meaning of this observation is not clear
from the literature. It should be kept in mind, though, because an interesting connection to variable-

range hopping will emerge further on in sec. 5.5.4.

Besides these single-state I-V curves, also some of the RS curves with hysteresis were investigated
by curve fitting. Similarly, they did not conform to the classical Schottky barrier models. However,
they also did not agree with the above In(j/V') o< V!/2 relation. The reason for this could be either
a real difference in the I-V characteristics or simply the influence of overlaid switching processes
and contact resistances. In two cases, these fitting attempts revealed other I-V relations. Fig. 5.27a
visualizes that the LRS and the HRS curves of the figure-8 bipolar RS in fig. 5.15b can be described
by j o< V2. This expression is well-known as Mott-Gurney law for space charge-limited current
and it has been reported for a-GaO, devices in [18, 169, 176]. However, as mentioned in sec. 2.4.1, it
is unlikely that space-charge limited current occurs in this well-conductive, amorphous solid. Fur-

thermore, the Mott-Gurney model predicts j/V — 0 for V — 0, which is not the case in fig. 5.27a.

1%The related expression In(j) o< V'/2, which has been reported in [9, 26, 27, 177], is less appropriate for the data in
fig. 5.26.
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Figure 5.26: Analysis of the fast I-V sweeps from fig. 5.12b, which represent the electron transport in an LRS
and an HRS of Pt|a-GaO,|ITO without further counter-8 resistive switching (x ~ 0.9, d ~ 90 nm, PLD with
0.78]/ cm? in Ar, chamber #1; CT5, TE area: 0.465 mm?, V., = £1.75V, same measurements as in fig. B.8).

The other I-V relationship that was discovered by chance is In(j/V') oc V2, as shown in fig. 5.27b.
It describes remarkably well the HRS of the fast figure-8 RS curve in fig. 5.18c. Unfortunately, the
interpretation is unclear in this case as well, because no electron transport model with such an I-V

relation was found in the literature.!%*
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Figure 5.27: Analysis of the figure-8 bipolar I-V sweeps in figs. 5.15b and 5.18c. (a) Pt|a-GaO|ITO with
x $0.8and d ~ 50 nm (same measurement as in fig. 5.15b; PLD with less than 0.20 J/cm? in Ar, chamber #1;
eb-Pt-TEs-@: 200 um, CT3, Vi = £1.5V). (b) Pt|a-GaO,|ITO with x in the range of 0.98-1.07 (EELS) and
d ~ 60 nm (same measurement as in fig. 5.18c; PLD with 0.79 ] /cm? in Ar; lithographic Pt-TEs: 20 x 20 um?,
CT4, Vipay = £2.5V).

Additional to the fitting attempts with single j(V') expressions, it was also tried to model the RS
curves with series circuits of a linear bulk resistance and one or two Schottky barriers. Most of
these combined models could not describe the measured curves at all. In the rare cases that reached
sufficient convergence, the obtained fit parameters were either not plausible or changed in an un-

reasonable way between LRS and HRS.

'%*Note that [80] mentions In(j/F) oc F? as a rough approximation for thermionic field emission through a Schottky
barrier, but the electric field F at the interface depends on the voltage approx. via F o< (@p — V)7? (cf. egs. 2.57
and 2.59), not F o< V.
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All in all, neither the qualitative nor the quantitative analysis of the switching curves led to a clear
picture of the underlying RS mechanism(s). Evidently, the sole interpretation of the I-V curves is
not a reliable approach for identifying the switching regions within the devices. Too much about the
electron transport in the devices is unknown at this point. However, the obtained I-V curves and
the primary conclusions drawn from them are still valuable for the understanding of a-GaOy-based
resistive switching devices. They serve both as guideline and as benchmark for developing a proper
switching model. Essentially, a plausible RS mechanism must be devised from further evidence and

then tested whether it could explain the observations in the I-V experiments.

5.3 Experimental Bulk Conductivity

The quite puzzling observations in the resistive switching experiments called for a more thorough
investigation of the electron transport in the bulk and at the interfaces of a-GaO,. As discussed
in sec. 2.3, the literature is not clear, both with regard to bulk conduction - MEC vs. VRH - and
concerning the proper description of Schottky barriers in the amorphous material. In the follow-
ing, the results of the van-der-Pauw bulk conductivity measurements will be discussed. The also
attempted, experimental analysis of metal|a-GaO, Schottky barriers by impedance spectroscopy
(C-V) unfortunately failed, because the maximum available AC frequency of 1 MHz was too low to
observe Cole-Cole semicircles for the well conductive samples. The investigation of metal|a-GaOj

interfaces is therefore limited to the FEM simulations, which will be presented later in sec. 5.6.

5.3.1 Thermal Relaxation

The as-prepared a-GaO, thin films have a meta-stable structure that is governed by the PLD condi-
tions, which of course includes the deposition temperature of T ~ 300 K. Heating of the samples to
temperatures above RT thus provides additional thermal energy in comparison to the PLD process,
enabling the rearrangement of the atoms into a more stable, yet still amorphous structure. Such a
structural relaxation at elevated temperatures is well-known for amorphous materials.[38, p. 506]
The consequence of this is a thermal relaxation of the material’s properties, which was also observed
in the van-der-Pauw measurements of this work. Fig. 5.28a shows an exemplary conductivity mea-
surement, where the temperature was varied between 300 K and 425 K three times. Towards the end
of the first heating ramp, there is already a pronounced downwards bend of the o(T) curve. The
conductivity decreases irreversibly with each successive T-cycle, but the relaxation effect gradually
ceases as the material slowly adapts to Tyax. The higher the employed temperatures, the stronger is
the decrease of the conductivity (cf. fig. 5.32a). A similar thermal relaxation of the conductivity of

a-GaOjy has also been reported in [33].

The observed relaxation is due to subtle structural changes, not due to crystallization, because the

temperatures employed in all the van-der-Pauw measurements are below the limit where first crys-
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Figure 5.28: Irreversible decay of the bulk conductivity o at elevated temperatures. (a) Conductivity mea-
surement of a-GaO, with x ~ 1.0 (PLD with 0.49]/cm? in H,/Ar), where the temperature was varied in
3 cycles with 300 K — 425 K — 300 K. The arrow indicates the first cycle. (b) Continuous conductivity mea-
surement of a-GaO, with x ~ 0.8 (PLD with 0.39]/cm? in Ar) at a constant temperature of 400 K. Due
to the prior heating from RT to 400 K (approx. 50 min), t = 0 does not refer to the absolute beginning of
thermal relaxation. The conductivity approximately follows an exponential decay, as indicated by the fitted
curve 0 = 0.99Sm™ ' exp[-¢/(13.9min)] + 6.23Sm™".

tallites have been detected in comparable samples by TEM (cf. sec. 2.3). It is also important to
note that the conductivity measurements were carried out in inert atmosphere. Therefore, surface
oxidation, which in principle reduces the effective film thickness by rendering a surface layer less
conductive, is not involved in the irreversible decrease of ¢. In fact, surface oxidation is not relevant
for the measured conductivities altogether, even though the samples were stored in air before the
measurements. The van-der-Pauw samples are about 10-100 times thicker than the 10-15 nm wide
oxidation layer that was detected by EELS after much longer storage in air at RT (cf. fig. 5.6).1% The

systematic shift of the conductivities by the effective thickness reduction is thus negligible.

The kinetics of the thermal relaxation were investigated by keeping a sample at a constant temper-
ature of 400 K while measuring the conductivity. Fig. 5.28b shows that the conductivity decreased
exponentially with time, resulting in an extrapolated total decay by 14% between t = 0 and t — oo.
In assessing this, it must be taken into account that # = 0 marks the time when the sample reached
400 K. The curve thus excludes any thermal relaxation during the prior heating ramp. The actual
difference between as-prepared and fully relaxed state could be larger and of course depends on the
temperature. In any case, the exponential time-dependence indicates that the a-GaO, thin films are
sensible even to short heating, which may impair the quantitative reproducibility of experiments.
This could even be relevant for the resistive switching experiments, even though they were carried
out at room temperature. The current through the RS devices could cause elevated temperatures
within the material by Joule heating. Thermal imaging with an infrared light camera, which was
attempted to address this issue, did not show significant heating during RS operation, but the area

immediately below the probe tip was blocked from the view. If the voltage drop and the current

195 Furthermore, for all van-der-Pauw samples the expected surface oxidation is less than the thickness standard deviation
from profilometry (which enters into the error bars of 7).
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would be confined to a small region of the device, there could be strong local heating. Since the
thermal conductivity of amorphous materials is often several orders of magnitude lower than for
crystals, [31, p. 307] and since B-Ga,0O; already has rather weak heat transport to begin with,[11] it
could be that the thermal energy dissipates rather slowly. The resulting thermal relaxation could
be involved in the often observed decrease of the current with each successive I-V cycle in the RS
experiments (e.g., fig. B.6b), in addition to the asymmetric switching effect already discussed in
sec. 5.2. Stable resistive switching with congruent I-V curves then could be a sign of rather com-
plete thermal relaxation. An argument against this interpretation is the generally high electronic
conductivity of the a-GaOy thin films, which could improve the thermal conductivity and reduce
the heat accumulation in the material. For further clarification, the question of local heating during

resistive switching of a-GaO, should certainly be addressed in future studies.

5.3.2 Variable-Range Hopping

The T-dependence of the bulk conductivity is the central criterion for discerning mobility edge con-
duction (MEC) and variable-range hopping (VRH) in amorphous materials. As explained in detail
in sec. 2.2.2 and 2.2.3, for MEC a linear relation between In(c) and 7! is expected, while for VRH
In(c) depends linearly on T~/* instead. It was demonstrated in fig. 2.3 on p. 40 that the a-GaO,
conductivity data in the literature is too coarse to identify the electron transport mechanism, yet it

has always been assumed that MEC prevails.

Fig. 5.29 shows side by side the VRH plot according to eq. 2.54 and the MEC plot according to
eq. 2.33 for a van-der-Pauw measurement of an exemplary a-GaO, thin film. With the naked eye, it
is difficult to decide which fit curve looks better, but the fit residuals give a clear answer. The VRH
residuals have almost no systematic error while the MEC residuals have significant curvature, both
for the first T-ramp - in the part before the visible onset of thermal relaxation — and for the last
T-ramp where thermal relaxation is rather complete. The conductivity of the sample definitely ex-
hibits the characteristic temperature-dependence of variable-range hopping from 300 K at least up

to 425 K, which disproves the common assumption of dominating MEC around room temperature.

The same was observed for all measured samples (cf. fig. 5.32). For each of the a-GaO, thin films,
the VRH fit was superior to the MEC model - also for those deposited in the presence of H,.
Fig. 5.30 shows a representative conductivity measurement for a-GaO, deposited in H,/Ar atmo-
sphere. Again, the residuals of the VRH fits are flat, while those for the MEC fits exhibit systematic
curvature. Evidently, the deposition in H,/Ar instead of pure Ar does not change the dominating
electron transport mechanism. This could mean that n-type doping by hydrogen incorporation,
which has been proposed for B-Ga,05 [14, 112, 146] and which would favor MEC by shifting the
Fermi level closer to the CB mobility edge, does not take place during PLD in H,/Ar. How the PLD

conditions affect the conductivity values will be discussed in the next section 5.3.3.
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Figure 5.29: Conductivity measurement of a-GaO, with x ~ 1.0 (PLD with 0.77]/cm? in Ar) at elevated
temperatures (3x: 300 K — 475K — 300K). The van-der-Pauw results are shown as VRH plot on the left
and as MEC plot on the right side. Fitted are the first T-ramp (heating; fit up to 425K) and the last T-ramp
(cooling; fit over full range) by linear functions according to egs. 2.54, 2.33. The intermediate T-ramps are
shown in gray. The semi-transparent red lines and data points refer to the T > 425K region that is excluded
from the first fit due to interfering thermal relaxation. The Té/ * and AE values from the fits are displayed in
the respective graphs. The fit residuals, which are essential for assessing the quality of the fits, are plotted in
the two lower graphs.

Since the van-der-Pauw experiments at elevated temperatures are bound to change the amorphous
structure during the measurement, they do not refer exactly to as-prepared a-GaOy. This is even
more so for the samples contacted by Pt paste, which required drying at about 425K for a few min-
utes during their preparation. The two samples discussed so far (figs. 5.29 and 5.30) belong into
this category, since they both have a-ITO electrodes that were contacted by Pt paste. This raises
the question whether pristine a-GaO, exhibits variable-range hopping as well. In fact, it does, as
demonstrated by the PPMS measurements that were carried out to tackle the aforementioned is-
sues. In these experiments, the electrodes were contacted by wire-bonding without heating and
the conductivity was measured below room temperature at first. Since the initial structure is ad-
justed to RT, it does not change at the lower temperatures. Fig. 5.31 shows the respective results,
which prove that as-prepared a-GaO, follows Mott’s VRH law from 300 K down to 150 K. On this
temperature range, the MEC plot not even looks linear anymore, while the VRH plot exhibits a
perfectly straight line. The congruence between the experimentally determined conductivities and

the predictions from VRH theory is remarkably exact.
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Figure 5.30: Conductivity measurement of a-GaO, deposited in H,/Ar gas (x ~ 1.0, PLD with 0.49 J/cm?),
with 3 T-cycles according to 300 K — 425K — 300 K. The van-der-Pauw data is analyzed and plotted in the
same fashion as in fig. 5.29, though with the first heating fitted just up to 385 K.

At T > RT, the comparison between the heating and cooling ramps in fig. 5.31 shows that the
T-dependence according to Mott’s VRH law is only visible after there is no longer a disturbance
through simultaneous thermal relaxation. However, the heating ramp also shows an upwards devi-
ation from the VRH fit at high temperatures, before the relaxation decay becomes visible at about
375 K. This was only observed for the two PPMS samples, not for the others, probably because the
latter already experienced more structural relaxation before the respective data points were mea-
sured. For example, the time between the measurements at 350 K and 400 K is 25 min for the PPMS
samples but about 2 h for the others. The underlying reason for the convex deviation in the PPMS
measurements in unclear, though. Since VRH normally dominates at low temperatures while MEC
typically prevails at high temperatures (cf. sec. 2.2.2 and 2.2.3), this observation probably corre-
sponds to a gradual transition from VRH- to MEC-dominated electron transport. In the MEC
plots of figs. 5.29, 5.30 and 5.31, the VRH conductivity increases with temperature roughly with a
slope equivalent to AE ~ 0.1eV. In view of the DFT-DOS from literature (sec. 2.3.1), it is well pos-
sible that MEC has a steeper slope with AE > 0.1eV. Despite the curvature of the MEC plots, it is
thus plausible that at some elevated temperature the MEC conductivity would become higher than
the VRH conductivity. If the deviation in the PPMS results would originate from this transition,
the question remains why it is no longer visible after thermal relaxation (e.g., 2" vs. 3/ T-ramp in

fig. 5.31). This would imply that structural relaxation has more impact on MEC than on VRH, thus
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Figure 5.31: PPMS conductivity measurement of a-GaO, with x ~ 0.8 (PLD with 0.39 J/cm? in Ar) at low
temperatures (300 K - 150 K - 400 K — 150 K — 300 K). The van-der-Pauw data is displayed like in fig. 5.29,
yet here with fits of the second T-ramp (heating; fit up to 300 K) and of the third T-ramp (cooling; fit down
from 325K). The first and fourth T-ramps are plotted in gray, but they are not visible because they are
virtually identical to the two analyzed ramps. The error bars with Alog,,(¢/(Sm™)) = £0.04 are not shown
for clarity. At each turning point of the thermal cycling, the sample was held at constant temperature for
about 1 h for thermal relaxation and Hall measurements (cf. figs. 5.28b and 5.33).

shifting the transition to higher temperatures. So far, this interpretation of a small deviation in the

VRH plots is utterly speculative, yet it is certainly worth further investigation in the future.

The VRH fits in figs. 5.29, 5.30 and 5.31 also give more fine-grained information how variable-range
hopping is affected by the structural relaxation at elevated temperatures. Comparison of the initial
and final T-ramps shows that thermal relaxation causes an increase of Té/ *. Since also 0y from the
fits tends to increase (not shown), the overall decrease of 0 must be due to the change of Tj. Its
increase, in turn, becomes plausible when considering Mott’s estimate Ty o< 1/g(Er) from eq. 2.54.
The relaxation into a more stable structure probably leads to a “healing” of electronic defects and
thus to a reduction of the density g(Er) of localized states at (or rather around) the Fermi level.

This would explain the observed changes of Tj and ¢ during thermal relaxation.

The observation of VRH up to and around room temperature in as-prepared and annealed a-GaO,
is, of course, highly relevant for a-GaO,-based resistive switching devices, which are typically oper-
ated in this temperature range. The plethora of switching mechanisms postulated for a-GaO, may
be related to the fact that variable-range hopping was not taken into account. Naturally, VRH con-

cerns the proposed bulk switching mechanism, which relies on changes of the bulk conductivity,
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but it would also be relevant for the nature of filaments as hopping percolation paths. The classical
Schottky barrier models employed in interface switching mechanisms would become invalid when
electron hopping through the barrier region takes place, as discussed in sec. 2.2.4. In short, the
consequences for the RS mechanisms are potentially severe. They will be discussed in the FEM
modeling section 5.6, where the first steps towards a new VRH-based switching mechanism will be
presented. Before, however, in the sections to come, much is to be learned for example about the
trends of the VRH conductivity with regard to the stoichiometry x, the chemical potential i of the

electrons or the electric field strength F.

5.3.3 Influence of the Stoichiometry

The main characteristic of a-GaOy thin films is their O/Ga ratio x, which, of course, has a major
influence on the conductivity (cf. sec. 2.3.2). The two central questions are how the VRH transport
depends on the stoichiometry x and whether VRH dominates for all x < 1.5. In order to investigate
these questions, a wide range of different a-GaO, thin films were measured with the van-der-Pauw
method. The PLD laser fluence was varied between the samples, since the EPMA and EELS results
in sec. 5.1.2 demonstrated that the O/Ga ratio increases with higher fluence. The composition of the
deposition atmosphere was varied as well, using either pure Ar or H,/Ar gas. Since the stoichiom-
etry measurements in sec. 5.1.2 yielded - rather unexpectedly - only a weak influence of additional

H,, it was tested whether the same is observed for the conductivity.

Fig. 5.32 shows an overview over the van-der-Pauw results of the different a-GaOj thin films. For
all measured samples, the VRH law (eq. 2.54) fits well and is superior to the MEC model (eq. 2.33).
Both the thin films deposited in Ar (fig. 5.32a) and those deposited in H,/Ar (fig. 5.32b) exhibit
an approximate trend of increasing VRH conductivity for decreasing PLD fluence. In conjunc-
tion with the aforementioned relation between fluence and stoichiometry, this reproduces the non-
linear trend of higher o for lower O/Ga ratio x that was already indicated by the previous works
discussed in sec. 2.3.2.[32, 96, 97] Furthermore, fig. 5.32 shows that the T-dependence of o becomes
weaker, i.e., the slopes get shallower, for lower fluence and thus for lower x. This is also in accor-
dance with the collected literature results in fig. 2.3. What is new, however, is that these trends are
driven by a change of VRH transport, and not by the decrease of AE = E¢ — Eg for lower x that
has been proposed for MEC in the past. The observed reduction of the slope Té/ * for decreasing
O/Ga ratio becomes understandable when combining the approximate relation T o< 1/g(Ep) from
eq. 2.54 with the trends seen in the DFT-DOS of sec. 2.3.1. The lower x, the higher is the density of
the — presumably localized — defect states close to Er in the former band gap. This is synonymous to
an increase of g(Er) in Mott's VRH model, which leads to lower Ty according to the relation men-
tioned above. The same effect is also responsible for the overall trend of higher o for lower x. Since
oo of the VRH fits in fig. 5.32 decreases for lower x (not shown), the simultaneous increase of ¢

must originate from the reduction of Tj and thus from the growing number of localized states. The



Experimental Bulk Conductivity | 5.3

(a) T/K (b) T/K
575550525500 475 450 425 400 375 350 325 300 475 450 425 400 375 350 325 300
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
1.0 58 K',0.34 Alp. ol a
3 57 K'4,0.24 Alp. 56 K',0.22 A/p. |
62 K"*,0.26 Alp.
oe [ 75 K1 0.71 Ay 72 K",0.47 Alp 1 [47 k" 0.08 Avp. T
I Sl T 65 K',0.29 Alp. = -y ]
78 K'4.0.59 Alp. 66 K"#,0.30 A/p.
0.0 ' i 4154 K'"0.11 Alp. i
76K',0.41 Alp. g 76 K'4,0.45 Alp.
[ 87 K',0.72 Alp.
05 1 g
€
%)
o 87 K'",0.33 Alp.
210} 4+ -
()}
Ke) | 93 K" 0.41 Alp.
0.72 Ap.
15} 4+ -
97 K',0.62 Alp.
20} 4+ -
86 K1/4
I 2 f
L 0.39 J/cm2 0.54 Alp.
05 — 0.49 J/cm
U 0.77 Jiem?
1 1 1 1 1 1 1 1 1 1 1 1 1 L
0.205 0.210 0.215 0.220 0.225 0.230 0.235 0.240 0215 0220 0225 0230 0235 0.240
T—1/4 / K—1/4 T-1/4 / K-1/4

Figure 5.32: Comparison of all conductivity measurements for a-GaO, deposited with different PLD laser
fluence (in J/cm?), either in (a) pure Ar or (b) H,(5%)/Ar atmosphere. The opaque symbols and linear fits
refer to the last cooling ramp and the resulting Té * values (in K'/*) are displayed nearby, together with
each sample’s growth rate (in A/pulse). The other T-ramps are shown as semi-transparent lines. The symbol
shapes identify the used electrode material: a-ITO = circle, c-ITO = upward triangle, Pt = box, none = down-
ward triangle. The symbol type indicates the metallic paste that was used for attaching the Au wires: filled =
Pt, empty = Ag. The opaque line without symbols refers to the continuous PPMS measurement, which had
Pt electrodes contacted by wire bonding.

more concentrated the localized states, the closer together they are and the higher are the hopping
probabilities (cf. eq. 2.46).

A further trend visible in fig. 5.32 is that thin films deposited with lower PLD fluence typically
exhibit stronger thermal relaxation. This might be related to the lower a-GaO, density that has
been reported for lower PLD fluence.[123] The less efficient arrangement of the atoms in the thin

films deposited at lower fluence probably leaves more room for improvement by structural changes.

Comparison between the samples deposited in Ar (fig. 5.32a) and those deposited in H,/Ar atmo-
sphere (fig. 5.32b) with equal PLD fluence yields an approximate trend of higher conductivity and
lower Ty for those prepared in H,/Ar gas. The effects are not huge, though, which is in accordance
with the weak influence of H, on the O/Ga ratio that was discussed in sec. 5.1.2. Since more H,/Ar
samples were measured by van-der-Pauw than by EPMA, the here observed trends might be taken
as more serious evidence for a lowering of the O/Ga ratio by the additional H,. One cannot be cer-
tain, however, that the conductivity is not influenced by hydrogen incorporation, instead. Further

experimental evidence is also inconclusive on this point (cf. [40]) and more research on the role of
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hydrogen in a-GaOy is required. Note that the reduction of the growth rates by using H,/Ar gas,

which was already discussed in sec. 5.1.2, is clearly visible in fig. 5.32 as well.

The van-der-Pauw results in fig. 5.32 have substantial scatter for formally equal PLD conditions,
which is no surprise considering the variations seen in the EPMA measurements (cf. sec. 5.1.2).
Since both methods exhibit such deviations, it is unlikely that they originate from measurement
errors. Differences in thermal relaxation, e.g., due to varying Pt paste drying durations, also cannot
be the cause for the scatter in fig. 5.32, because then the last T-ramps should still be compara-
ble. The same goes for enhanced surface oxidation by Pt paste drying, because then those samples
contacted by Ag paste should have higher conductivity than those with Pt paste. Instead, the as-
deposited material actually seems to vary, even though the same PLD parameters were used. As
already discussed for EPMA in sec. 5.1.2, there a several ways how the internal deposition condi-
tions could fluctuate (e.g., beamline loss, laser output, temperature, chamber pressure and purity,
target surface), but none of them is particularly probable. The van-der-Pauw results give a bit more
insight on this, because the growth rates in fig. 5.32 can be expected to change systematically with
the internal PLD conditions as well. Overall, the growth rates increase with higher PLD fluence, as
expected and observed before.[123] For equal fluence setting, however, higher growth rate is also
correlated with lower conductivity. This is a clear indication that varying growth conditions are
responsible for at least most of the scatter. Furthermore, fluctuations of the actual laser fluence
can be eliminated from the list of possible reasons, because o does not decrease steadily with in-
creasing growth rate across all samples in fig. 5.32. The correlation between the conductivity and
the growth rate is especially visible for the samples deposited in H,/Ar (fig. 5.32b), while those de-
posited in pure Ar exhibit additional and overall stronger scatter (fig. 5.32a). While this could hint
at an improved reproducibility of PLD in H,/Ar atmosphere, e.g., due to the reaction between H,
and impurities in the gas phase, it also might be related to the different contacting of the samples.
Those deposited in H,/Ar all have triangular a-ITO electrodes contacted with Pt paste, while the
samples deposited in pure Ar have different circular electrodes in combination with either Pt or Ag
paste (as indicated by the different symbols in fig. 5.32). Since the van-der-Pauw method prevents
the influence of contact resistances and since the electrodes and pastes were checked to be highly
conductive, it is unlikely that the variation of the electrode materials or the pastes had an influence.
Instead, the circular electrode shape might be responsible for the additional scatter of the samples
deposited in Ar. The circular masks allow more variation of the contact area than the new, laser-cut

triangular masks that were used for the samples prepared in H,/Ar (cf. fig. 3.3).

In total, the measured thin films in fig. 5.32 cover an approximate stoichiometry range of 0.8-1.0
(cf. fig. 5.3) and a conductivity variation over 3 orders of magnitude within the examined fluence
range. In this region, variable-range hopping definitely dominates. Due to the fluence limit of the
laser, it was not possible to extend the investigation to significantly less oxygen-deficient a-GaO,
with 1.2 < x < 1.5. For this upper stoichiometry range, the chosen approach of fluence variation
is probably not well suited. It is also unlikely that the trend of increasing O/Ga ratio for higher

PLD fluence continues up to x ~ 1.5. The systematic variation of other PLD parameters, e.g., of the
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106 s entrusted to future studies. As discussed already in sec. 2.3, there is some

chamber pressure,
evidence that a transition to MEC should occur for x — 1.5. According to the DFT-DOS in sec. 2.3.1,
the localized defect states in the former band gap vanish with increasing oxygen content. VRH is
effectively suppressed when they become too dilute, such that MEC inevitably prevails even though
AE = Ec - Ef likely increases for higher x as well. This is even more probable when MEC is en-
hanced by the unintentional n-type impurity doping that is typical for gallium oxide (cf. sec. 2.3.2).
The conductivity measurements reported in [123] likely correspond to this case. Therein, almost
stoichiometric, transparent a-GaOy,, deposited by PLD at RT in O, atmosphere (0.05 mbar), has
been investigated. Not only are the reported conductivities of up to about 10~ S/m at RT unusually
high, but o also varies in the opposite way - it decreases for lower PLD fluence. This contrary trend
has been attributed to an increasing number of localized states that act as electron traps and hinder

MEC band transport.[123]

Allin all, it is thus quite clear that the dominating electron transport mechanism in a-GaO, depends
on the stoichiometry x — VRH for x of about 0.8-1.0, MEC for x ~ 1.5 and a transition somewhere
in-between. In the region of severe oxygen-deficiency, where VRH dominates, the conductivity is
higher the lower the O/Ga ratio x. The same is expected for MEC in almost stoichiometric a-GaOy
of high purity, but the opposite might be the case for MEC when impurities are present. Naturally,
these trends are important for the resistive switching of a-GaOy,, as will be discussed in sec. 5.6. The
possibility of a transition between VRH and MEC by variation of the local O/Ga ratio in the material

brings more complexity, yet also a completely new option, into the question of the RS mechanism.

5.3.4 Magnetoresistance and Hall Effect

The PPMS measurements with additionally applied magnetic field, which are shown in fig. 5.33,
substantiate even further the finding that VRH dominates in a-GaO, at room temperature. The
magnetoconductivity in fig. 5.33a is extremely small and positive, which means that the conductivity
is slightly higher the stronger the magnetic field. This is also called negative magnetoresistance. The
relation between ¢ and the magnetic field strength H is approximately linear, as indicated by the fit
with Ao/ = 2.93x107°|H|/A m ™! in fig. 5.33a. The conductivity increases for example by a mere
0.03% at a typical magnetic field strength of H = 10° A/m.!”” This subtle change is symptomatic of
the fact that the electron tunneling in the VRH mechanism is not influenced by the Lorentz force
that classically affects moving charges in a magnetic field.[31, 153, 154] Instead, a positive and linear
magnetoconductivity — exactly like observed here for a-GaO, - has been predicted for VRH due to
quantum interference with three-site hopping paths.[222]

1%Recently published results for a-GaOx deposited by RF magnetron sputtering indicate that varying the deposition
pressure might cause changes of the O/Ga ratio on a broader scale.[87]

'%"The magnetic permeability of a-GaOyx is unknown, but the permeability of free space can be used to get a better idea
of the magnitude of the employed magnetic fields. In vacuum, a magnetic field strength of 10° A/m corresponds to
a magnetic flux density of 1.26 T.
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Figure 5.33: Influence of a magnetic field with strength H (0 — 5.6x10° A/m — -5.6x10° A/m — 0) for
a-GaOy with x ~ 0.8 (PLD with 0.39J/cm? in Ar), measured at T = 300 K. (a) Magnetoconductive effect:
The van-der-Pauw conductivity increases approximately linear with H. The fit with a linear absolute value
function yields Ag/oy = 2.93x107'°|H|/Am™". (b) Hall effect: The Hall voltage Vi3, measured for a per-
pendicular current of 0.5 A and a sample thickness of (1.09+0.09) um, is lower than 10 uV and cannot be
distinguished from noise.

Fig. 5.33b shows that a-GaOy exhibits no measurable Hall effect at room temperature. In the ex-
plored range of magnetic field strengths, the Hall voltage is below the noise level, with | Viz| < 10 uV.
This, again, is in accordance with VRH theory and with observations for other materials where VRH
dominates.[31, 153] Since the magnetic field influences VRH transport not by the Lorentz force but
by rare higher-order hopping transitions, the Hall effect is expected to be very small and its sign is

no indicator of any majority charge carrier (cf. sec. 2.3.2).

5.4 Localized Electronic States

The experimental results presented so far clearly suggest that VRH dominates in a-GaO, even for
temperatures around RT. This is a remarkable and quite surprising finding, given that VRH is
typically observed only at temperatures well below room temperature, when the amount of electrons
excited to delocalized states above the CB mobility edge is greatly reduced. The reason for this is
that electrons are usually more mobile in delocalized states because of the extended wave functions
and that the normally rather low density of the localized states in the band gap hinders the hopping
process. The DFT-DOS from previous studies, which were discussed in sec. 2.3.1 and which were
used in the interpretation of the experimental trends so far, already indicate that the situation might
be different for a-GaO,. The HAXPES and DFT results presented in the following confirm this and
demonstrate that the severe non-stoichiometry of a-GaO, indeed creates alarge amount of localized

states near the Fermi level.



Localized Electronic States

5.4.1 Defect States from Oxygen-Deficiency

Experimental clues about the electronic states close to the Fermi level were obtained from the
HAXPES measurements. Fig. 5.34 shows the photoemission from states below Er for all measured
thin films without Au coating.'”® Besides the already discussed Ga 3d and O 2s peaks (cf. sec. 5.1.3),
also the valence band (VB) of the samples is visible. It consists mainly of a Ga 4s peak with a
broad Ga 4p shoulder towards lower Ey;,. For Eyp;, > 5eV, the VB looks quite similar for the
non-stoichiometric a-GaOy, thin films and the stoichiometric a-GaO, 5 reference sample, but for
Epin < 5€V there is a remarkable difference. The a-GaO, spectra exhibit defect states which spread
through the former band gap, up to the Fermi level, while a-GaO, 5 only shows the band tailing ex-
pected in amorphous materials but still has a clear band gap. This is proof that the oxygen-deficiency
of a-GaOy leads to a large number of defects states near the Fermi level. Both measured a-GaO,

samples show the same effect, which rules out a coincidence.
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Figure 5.34: HAXPES spectra of the states near the Fermi level, for two non-stoichiometric a-GaO, thin
films with xg,¢ ~ 1.2 (PLD with 0.79]/ cm? in Ar, xpy ~ 0.9) in comparison to a stoichiometric a-GaO, 5
sample (PLD in O,). The films were deposited either in PLD chamber #1 or #2, as indicated by the legend.
The binding energy is measured relative to the Fermi level. The displayed x,,s values are those determined
from the Ga 3d peak (cf. tbl. 5.1), since they have similar information depth.

The emerging of defect states above the VB edge in HAXPES spectra of a-GaO, has also been re-
ported in [123] and [104]. In [123], the spectrum of a sample prepared by PLD at RT in O, at-
mosphere with a pressure of 0.01 mbar contains such defect states, while a thin film deposited at
0.06 mbar has none. Essentially the same has been observed in [104], with defect states for PLD at
300 °C in O, (0.001 mbar), and none for deposition at 500 °C. However, in both cases the defect

states do not reach the Fermi level, most probably because of low oxygen-deficiency.

1% For the a-GaO, thin films with Au layer, the valence band region is dominated by the Au states.
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Since HAXPES is surface-sensitive, the defect states in fig. 5.34 refer to an O/Ga ratio of xgyf ~ 1.2.
In the bulk of the samples with xp ~ 0.9, even more defect states can be expected to fill the former
band gap. Furthermore, HAXPES does not reveal the complete DOS of a-GaOy. It only shows a
variant weighted with photoionization cross-sections (PICS), which differ between the electronic
states. For HAXPES, the PICS for Ga 4s and Ga 4p are 1-2 orders of magnitude higher than for O 2p,
while for XPS it is essentially the other way round.[106, 183] The O 2p contributions to the valence
band are therefore mostly invisible in HAXPES.'®® Likewise, the signal from the defect states in

fig. 5.34 might underestimate their true density.

HAXPES cannot reveal the unoccupied states above the Fermi level, but at least a rough idea can be
inferred from the position of Er in fig. 5.34 (at Ep;, = 0). Due to the symmetric nature of the Fermi-
Dirac function, in conjunction with the decrease of the defect density towards Ep, a large band gap
above Er is unlikely. Instead, shortly above the Fermi level, the conduction band, or rather defect

states below the CB edge, should commence.

It is remarkable that the HAXPES spectra of the two a-GaO, thin films in fig. 5.34 are almost iden-
tical, even though they were deposited in different PLD chambers. This is in stark contrast to the
scatter between different samples that was observed in most other experimental results. Appar-
ently, surface oxidation compensates eventual differences in the bulk and yields quite similar surface

properties after storage under equal conditions.

Complementary to these photoemission experiments, the electronic structure of a-GaO, was in-
vestigated through the DFT calculations. Fig. 5.35 shows the resulting DOS for the different, amor-
phized DFT cells with O/Ga ratios of 1.5, 1.2, 1.0 and 0.8. It is clearly visible that more and more
defect states emerge in the former band gap for lower x;, just like observed in the HAXPES spectra.
They appear predominantly in the region close to and above the VB edge, but also below the CB
edge. The band gap is successively filled and already for x = 1.2 there is almost no true band gap
anymore. This is also in accordance with the HAXPES results for x,f ~ 1.2 (fig. 5.34). The trend
continues further, with only a minimal band gap for a-GaO, ; and with the whole region between
VB and CB covered by defect states in the DOS of a-GaO,) .

Both the total DOS and the site-projected DOS, which are also shown in fig. 5.35, agree quite well
with those previously published in [89] (cf. fig. 2.2b,d). The trends and the proportions of the DOS
are equal, only the energy scale differs moderately (e.g., Er — Evpm by about 1eV or less). This is
expected, since hybrid DFT has been used in these previous studies. It is known that the GGA
method employed here tends to underestimate the band gap, e.g., for B-Ga,03,[113] which can be
compensated by hybrid DFT. For a-GaO, s, this is certainly the case, since its DOS in fig. 5.35 has
a much smaller band gap than reported in the literature (cf. sec. 2.3). It is more difficult to judge
for the severely oxygen-deficient a-GaOy,, though, because no reliable experimental band gap data

is available. Own UV-Vis experiments did not yield a well-defined absorption edge because of the

1%This also explains why the HAXPES spectra have no steep VB edge, in contrast to the DFT-DOS (e.g., fig. 2.2).
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Figure 5.35: DFT-DOS of a-Gag,Ogg (x = 1.5), a-GagyO,4 (x = 1.2), a-GagyOgy4 (x = 1.0) and a-Ga,, 054

(x = 0.8), including the site-projected DOS. The dashed line corresponds to the determination of the valence
band maximum Eygy by linear extrapolation of the steep valence band edge.

defect states. The hybrid DFT-DOS in fig. 2.2 indicate that it is not the region with g(E) ~ 0 that
is underestimated in this case, but the defect states are simply spread over a slightly wider energy
interval. Furthermore, the HAXPES results can again be used for comparison. In the spectra for
Xsurf ~ 1.2, the difference between the Fermi level and the extrapolated VB edge is approximately
3eV (fig. 5.34). Similarly, the DFT-DOS for x = 1.2 in fig. 5.35 exhibits a difference of 3 eV between
Er and the upper edge of the Ga 4p projection in the valence band. Together with the equal shape
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of the HAXPES VB and the Ga-projected DOS, this indicates that the GGA-DOS are quite realistic

and can be considered as a reasonable approximation of the actual DOS.

The site-projected DOS in fig. 5.35 also reveal that the defect states have rather equal contributions
from gallium (4s, 4p, 3d) and oxygen (2p) orbitals. As expected from the discussion in sec. 2.3, an
interpretation of the defects in a-GaOy, as the classical oxygen vacancies or Ga lone pairs therefore
seems incorrect. Their shape is more complicated, as the following visualization of the electronic

states will demonstrate.

5.4.2 Localized States from Amorphicity

With the existence of defect states near Eg verified beyond doubt, the next question is whether they
are localized or extended states. It was tackled by investigating the spatial distribution of the partial
charge density p(7) = —e|¢(7)|* for individual electronic states from the DFT calculations. Four
examples for different regions of the DOS are displayed in Fig. 5.36. The two visualized electronic
states from within the valence band and the conduction band (fig. 5.36b,e) have a rather homoge-
neous distribution of the charge density, which means that they are extended states, as expected.
The defect state in fig. 5.36¢, in contrast, has high p in the center of the DFT cell and almost none
on the left and the right side. This is a localized state. The charge density appears clustered just with
regard to the long c-axis of the tetragonal cell, but, since amorphous materials are isotropic, the
same would be observed in a- and b-direction if the DFT cell would be larger. The electronic state
at the Fermi level, which is shown in fig. 5.36d, has a localized charge density as well. This already
fits nicely to the conclusion from the conductivity measurements that variable-range hopping via

localized states near Ef takes place.

To ensure that all states around the Fermi level are localized, it is unfeasible to look at them all
individually. Instead, the inhomogeneity of each Kohn-Sham wave function was quantified by the
LOS analysis described in sec. 4.1.3. The resulting localization standard deviation o, which was
computed for each of the 3x10° DFT states in the analyzed energy range, is high for localized states
and low for extended states. As an example, fig. 5.36a shows - in red - the final o, (E) plot for all
individual electronic states of a-Gag,Og4 (x = 1.0). It is clearly visible that the values in the former
band gap are overall higher than those in the valence and conduction band, indicating a mobility
gap with localized states that includes the VB tail, the emerging defect states and the CB tail. For
determining the mobility edges E¢ and Ey that delimit this region, at least approximately, the lower
envelope of oy, (E) must be considered (fig. 5.36a, in blue), because the mobility gap is characterized

by the absence of extended states.

Fig. 5.37 shows the o1 -envelopes for the four different O/Ga ratios that were investigated by the DFT
calculations (analog plot with all states: fig. B.15). In accordance with the Anderson localization
theory in sec. 2.2.1, there are already localized states in the VB and CB tails of the amorphous, stoi-

chiometric a-GaO, 5. It is only logical that the defect states, which appear in the band gap between
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Figure 5.36: Exemplary electronic states and LOS analysis for a-Gag,O¢, (x = 1.0). (a) DFT-DOS with
markers for Ex (at T = 300 K) and for the four electronic states visualized below, overlaid with the localization
standard deviation oy (E) both for all Kohn-Sham states (red) and as the lower envelope (blue). (b-e) Partial
charge density of individual Kohn-Sham states, in yellow for an isovalue of —0.17 C/cm? (Ga atoms in green,
O atoms in red). They represent different DOS regions: (b) Valence band (E — Eg = —4.2¢€V). (c) Defect band
(E — Eg = -1.2¢eV). (d) Fermi level (E — Er = 0.0¢eV). (e) Conduction band (E — Er = 3.3¢eV).

them with increasing oxygen deficit, are localized as well. For each investigated stoichiometry, es-
pecially the electronic states close to the Fermi level have much higher o1 than those within the
valence and conduction bands. These DFT results nicely confirm the existence of localized states at
and around Ef that was suspected from the conductivity measurements. Comparison with fig. 5.34
also shows that the defect states observed in the HAXPES experiments are in the mobility gap and

thus must be localized states.

The mobility edges can be estimated as the energies in fig. 5.37 where o1, deviates from the rather
constant CB and VB plateaus. An exact assignment is probably beyond the accuracy of the LOS
method, but for each of the O/Ga ratios the difference Ec — Er seems to be in the range of 0.5-1.0 eV.
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Figure 5.37: DFT-DOS in combination with the LOS results in form of the lower envelope of o1.(E), for
a-Gag, Oy (x = 1.5), a-GagyO55 (x = 1.2), a-GagyOgy (x = 1.0) and a-Ga;,O0s4 (x = 0.8). The “Eg” lines mark
the Fermi level for T = 300 K.

This is nowhere near AE ~ 0.1eV that would be required to interpret the conductivity experiments
for x < 1.0 in sec. 5.3.2 with the MEC model. Only the value of AE ~ 0.5¢V that has been published
in [32] for a-GaO, with x ~ 1.2 might be realistic for MEC (cf. fig. 2.3a). Band conduction by
electron holes below the VB mobility edge is no relevant option, since Er — Ey is approximately
in the range of 1.5-3.5 eV according to fig. 5.37 and thus even larger than Ec — Eg. Furthermore,

fig. 5.37 yields no clear trend for Ec— Er with regard to the stoichiometry. In contrast to the common
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model of donor doping by oxygen-deficiency, most defect states appear far below Eg, which makes
them irrelevant for E¢c — Eg. Together with the increasing density of states in the CB tail, this seems
to suppress the expected shrinking of Ec — Er for lower x. This might be another aspect of why

VRH dominates in severely oxygen-deficient a-GaO,.

Overall, the trends with regard to VRH transport are as expected from the previous discussion in
sec.2.3.1and 5.3.3: The electronic states around Ef are localized due to the amorphous structure and
their density successively increases the more a-GaO, deviates from stoichiometric composition.
This makes a-GaOy a “Fermi glass”, which is an amorphous material with localized states at the
Fermi level as defined by Anderson.[31, 47] According to the VRH law (eq. 2.54), the above trend
for the density of localized states implies an increase of 0 and a decrease of Tj for lower O/Ga ratio
X, as observed in the conductivity measurements in sec. 5.3.3. However, the VRH theory by Mott
was derived for a constant DOS (w.r.t. E) around Eg, which is not the case for a-GaO,: The Fermi
level is in a small band gap for a-GaO, ,, in the CB tail with dg(E)/dE > 0 for a-GaO, ; and at a local
DOS maximum for a-GaO, g. Therefore, it is questionable whether Mott’s theory is still valid under
these circumstances. The next section approaches this issue by simulating the VRH conductivity
for the obtained ab-initio DOS of a-GaO,.

5.5 Simulated Variable-Range Hopping

At the end of the previous section, an important question was raised: Does a non-constant DOS still

lead to an exponential T~/4

-dependence of the conductivity according to Mott’s VRH law? Oth-
erwise, the conclusions drawn from the conductivity measurements would essentially be invalid.
To answer this question, the VRH process was simulated with the above DFT-DOS as distribution
function for the localized states, using the KMC method. Since the experimentally investigated
samples in this work have O/Ga ratios in the range of 0.8 to 1.1 (cf. sec. 5.1.2), the DOS of a-GaO, ,
was used primarily in these KMC-VRH simulations. Additional to the temperature-dependence of
the VRH conductivity, the simulations also yield further data that otherwise would be difficult to
obtain. This includes for example the relations of ¢ to the chemical potential i of the electrons or

to the electric field strength F, as well as the investigation of electron diffusion.

5.5.1 Validation of the KMC Simulations

Before the discussion of the major KMC results in sec. 5.5.2 to 5.5.6, this section is dedicated to the
validation of the simulations. A lot of aspects must be checked to ensure that the obtained results
are physically meaningful. The representative examples shown in the following refer to a-GaO, ,
with the default KMC parameters (if not stated otherwise), but the same analysis was also carried
out for the other O/Ga ratios and the different parameter combinations employed. Specifically, the

validations were done for all extrema of the used physical parameters, e.g., for the highest and lowest
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temperature T, for the highest electric field strength F or for the chemical potential y shifted to the
small band gap of a-GaO,

Fig. 5.38a illustrates that the distribution of the localized states with regard to the state energy ¢ mir-
rors the DOS g(¢) (cf. fig. 5.37), as required. The distribution of the electrons among the localized
states, which is shown in fig. 5.38a as well, corresponds to the expected Fermi-Dirac distribution.
This is confirmed by the histogram of the occupation ratio in fig. 5.38b, which accurately equals the

Fermi-Dirac function fgp(¢).
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Figure 5.38: Distribution of the electrons at the end of a KMC simulation for a-GaO, j at T = 300K (DOS
energy range: [-0.5,+0.5] €V, bin size: 20 meV, Ny, ¢im = 2x10'%, Vo = 2.64x107"7 cm?). (a) Histograms
of the localized states and the electrons as a function of the state energy e. The electrons are classified as
mobile (88.4%), stationary (6.2%) or oscillating (5.4%), as defined in sec. 4.2.5. Additionally, the theoretical
distribution of the effective charge carriers according to eq. 4.18 is shown (Neg /N = 14.5%). (b) Histograms of
the occupation ratio N/Ny; (= fraction of the states that is occupied) and the mobile ratio Ny, /N (= fraction
of the electrons that is mobile). The occupation ratio matches the Fermi-Dirac function frp(¢), with the
Fermilevel ate = y = 0eV.

Fig. 5.38a also demonstrates the different behavior of the electrons. Towards the lower end of the
specified DOS energy range, there are stationary electrons, which did no hop during the simula-
tion, and oscillating electrons, which did not move except for oscillations. These electrons did not
contribute to charge transport at all. The majority of the electrons in the KMC cell was mobile in the
sense that they made one or more non-oscillating hops. These are the electrons that acted as charge
carriers during the simulation. This does not mean, however, that each mobile electron moved for
the whole time. Fig. B.16 shows that the individual number of hops per electron may differ vastly.
For example, occasionally an electron from deep below the Fermi level hops to a higher state in the
region of persistent charge transport around & = y, while another electron hops to the lower state
and becomes temporarily trapped. In this simplified case, both artificially distinguished electrons
moved, but effectively only one of them took part in conduction at the same time. Consequently,
the number of mobile electrons increases and the stationary or oscillating electrons become less
over the course of the simulation, as shown in fig. B.17. In reality, no clear distinction can be made

between a localized state that acts as trap and a state that is involved in charge transport, since the
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energetic distribution of the localized states is continuous. As a result, each mobile electron gen-
erally has a certain fraction of the total simulated time span where its movement was impeded by
the other electrons.” In other words, in each moment only a part of the mobile electrons con-
tributes to the charge transport. While it is quite impossible to determine which of the artificially
distinguished electrons belongs to this group in any given moment, their amount is readily avail-
able through the effective charge carrier model, which was introduced in sec. 2.1.1. The theoretical
distribution of the effective charge carriers according to eq. 4.18 is displayed in fig. 5.38a as well. It
is a rather symmetric peak around the Fermi level and much narrower than the histogram of the

mobile electrons, as expected.

In order to obtain correct KMC results, the simulated movement of the electrons must be reinter-
preted as a movement of these effective charge carriers, as explained in sec. 4.2.5 and A.4. Con-
sidering all N electrons as charge carriers in the evaluation of the simulations, as it has been done
in the KMC-VRH literature mentioned in sec. 4.2, would lead to the following ambiguities in the
general case of an arbitrary DOS: In fig. 5.38, lowering &mi, would add more and more stationary

). The number of electrons N would increase but for exam-

electrons to the simulation (cf. fig. 5.37
ple the sum of all displacements Xj or the sum of all squared displacements X,% would not change.
As a result, it would be possible to vary the respective averages (X )y and (X?)y at will by changing
€min. This would make the KMC results, namely the mobility and the Fickian diffusion coefficient,
dependent on the chosen DOS energy range, which would be completely unphysical. Using instead
only the mobile electrons Np,op as charge carriers would lead to comparable problems. On the one
hand, Ny,b changes over the course of the simulation (fig. B.17), which makes for example the re-
lation between the Ny,,,-based average displacement (X),op and the time 7 non-linear. On the
other hand, Ny}, converges to N (after extremely long simulation time, cf. fig. B.17), and not to any
lower value, which leads to the same ambiguities as when using N directly. In the aforementioned
KMC literature, these consequences have been avoided either by regarding only the conductivity
— where the number of charge carriers cancels from the final result (eq. A.49) - or by using DOS
models that have no localized states below the Fermi level (N g ~ N). In the general case, however,

N.g must be used for the charge carrier definition in KMC-VRH simulations.

The fact that charge transport predominantly occurs in a narrow region around the Fermi level is
also illustrated by the distribution of the hops that occurred during the KMC simulation. Fig. 5.39
shows the number of outgoing hops as a function of the state energy where each hop started. Both
the complete hop histogram in fig. 5.39a and the one for the non-oscillating hops in fig. 5.39b have
a similar peak shape as the effective charge carrier distribution in fig. 5.38a, with approximately the

same full width at half maximum. Fig. 5.39a also shows that the majority of the hops are oscilla-

U0There is a notable exception to the general case: When all localized states have &; > y, i.e., when the Fermi level is well
below all states, then the electrons are dilute and approximately do not block each others movement. This situation
may occur for example in an amorphous, n-type non-degenerate semiconductor with localized CB tail states. In this
case, each electron acts as a charge carrier during the whole simulation. This is also reflected in Negr # N (due to
1- fip(ei) ~ 1, cf. egs. 4.16 and 4.18).

"'The KMC histogram for a-GaQ, g shown later in fig. 5.51a probably illustrates this issue even better.
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Figure 5.39: Energetic distribution of the hops that took place during a KMC simulation for a-GaO, , at
T = 300K (DOS energy range: [-0.5, +0.5] eV, bin size: 20 meV, same simulation as fig. 5.38). (a) Histogram
of the total hops and the oscillating hops (97.3%) outgoing from a certain state energy &, for equilibration
and main simulation together (N} ¢q = 3x10%, Nj, ¢im = 2x10'°). (b) Corresponding histogram of the non-
oscillating hops (5.44x10%, 2.7%). The respective graphs for the incoming hops, where ¢ is the energy of each
hop’s destination state, are virtually identical.

tions, which are an inherent part of the VRH process even though they yield no displacement (cf.
sec. 4.2.6). The peak of the non-osc. hops in fig. 5.39b is not completely symmetric with regard to
the Fermi level at ¢ = y = 0eV but slightly shifted to higher energy. The reason for this is the in-
creased number of unoccupied states for ¢ > ¢ due to the positive slope of the DOS (dg(e)/de > 0,
cf. fig. 5.38a).

The distributions of the electrons and the hops with regard to the state energy ¢ in figs. 5.38 and
5.39 also indicate that the chosen DOS energy range [&min, €max | is sufficiently wide. The ratios in
fig. 5.38b show that in this example enin = —0.5¢eV is low enough to include all mobile electrons and
€max = +0.5€V is high enough to not exclude any occupied states above the Fermi level. Both the
Neg-histogram in fig. 5.38a and the hop distributions in fig. 5.39 decay to zero long before reaching
the boundaries of the energy range. Another aspect to be regarded in this context is which localized
states were “used” - i.e., involved in any hop - during the simulation. The respective histogram in
fig. 5.40a demonstrates that despite the narrow hop distributions also states far from the Fermi level
are sometimes used in the hopping process. It also shows that the specified DOS energy range is
large enough to not exclude any potentially used states. The question arises, though, if it is really
necessary to include all mobile electrons and all used states in this manner, considering that the
distributions of the effective charge carriers and the non-osc. hops are so much narrower. Since the
ultimate criterion for a valid DOS energy range [ €min> €max | is that is does not affect the conductivity,
it was tested how o changes when different energy ranges are used. In fig. 5.40b it can be seen that the
conductivity stays constant when shrinking the DOS energy range from +0.5 eV down to +0.175 eV,
while even narrower ranges result in a decreased conductivity. The lower limit of +£0.175 eV roughly
corresponds to the visible range of the N.g and hop histograms (figs. 5.38a, 5.39), which makes
sense. The steep drop of o beyond this limit indicates that one must be careful when reducing the

energy range. At +0.1eV, for example, the conductivity is almost halved, even though only 3% of
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Figure 5.40: Influence of the DOS energy range on the KMC simulations for a-GaO,;, at T = 300K. (a)
Histogram of the used states, i.e., of those where at least one hop started or ended during the simulation,
for the default DOS energy range of [-0.5,+0.5] eV (bin size: 20 meV, Ny, gim = 2x10'°, same simulation as
fig. 5.38). (b) VRH conductivity obtained with different symmetric DOS energy ranges from [-0.5, +0.5] eV
down to [-0.025, +0.025] eV.

the effective charge carriers and 6% of the hops are outside of this range in figs. 5.38 and 5.39. In this
work, the DOS energy range generally was adjusted to include approximately all mobile electrons

and used states, which is definitely large enough.

The calculation of the number of effective charge carriers Neg through eq. 4.18 requires that the
electrons’ steady-state distribution equals fgp(¢). Fig. 5.38b already demonstrated that this is the
case when the simulation is started with Fermi-Dirac-distributed electrons. The distribution re-
mains unchanged in this case."’> However, when the initial electron distribution is a step function,
with the localized states filled up to the Fermi level, then the electron distribution adjusts on its
own during the hopping process. This can be seen in fig. 5.41a, where the occupation histogram
gradually becomes equal to frp (&) with increasing number of hops. It must be stressed that this
is not explicitly enforced by the KMC software. The electrons adopt the Fermi-Dirac distribution
automatically because they can only hop to unoccupied states (Pauli principle) and hops upwards
in energy have an exponentially decaying probability (Miller-Abrahams equation). Monitoring the
number of electrons above the Fermi level and the number of unoccupied states below the Fermi

level allows to determine when the steady state is reached (fig. 5.41b).

Besides the DOS energy range, the spatial and energetic cut-offs r¢, and e are the most important
technical parameters to validate. They correspond to the maximum length and energy difference of
the considered hopping paths in the KMC cell and choosing them too low would exclude relevant
paths from the simulation. Fig. 5.42 shows - in accordance with the Miller-Abrahams equation
(eq. 2.46) - that the longer the hop distance r;; and the higher the absolute state energy difference
|eij|, the fewer respective hops occur during the simulation. The same is observed in fig. 5.42 for

the “used” paths, i.e., for those paths that were taken by electrons (in relation to all available paths).

"The only exception to this are simulations with high electric field strength, as will be discussed later in sec. 5.5.4.
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Figure 5.41: Redistribution of the electrons during KMC simulations for a-GaO, yat T = 300 K (DOS energy
range: [-0.5,+0.5] eV, bin size: 20meV, Ny, pre = 0, Ny eq = 0), when initially the electrons are placed
according to a step function (i.e., all states occupied up to approx. € = u = 0eV). (a) Successive development
of the histogram for the occupation ratio N/Ny, in comparison to the Fermi-Dirac function frp(¢). (b)
Convergence of the number of electrons above the Fermi level (e > ) and the number of unoccupied states
below the Fermilevel (¢; < u) for 5 repetitions with different seed. In the steady state, the number of electrons
above p is higher than the number of electron holes below y, since there are more localized states above p
than below (cf. fig. 5.38).
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Figure 5.42: Cut-off validation of a KMC simulation for a-GaO, j at T = 300 K. (a) Histograms of the num-
ber of hops that occurred (black) and the fraction of the paths that were used at least once (blue) during the
equilibration and the main simulation, as a function of the path length r;; = |;;| (bin size: 0.042 nm). The
spatial cut-off is ¢, = 2.08 nm and the longest hop had r;; = 1.89 nm. (b) Histograms of the number of hops
(black) and the fraction of used paths (blue) with a certain state energy difference ¢;; (bin size: 0.026 eV).
The energetic cut-off is .y = 0.65 eV and the hop with the largest energy difference had ¢;; = 0.52eV. Both
cut-offs are the result of the automatic adjustment after the equilibration (previous values: rcye = 2.14nm,
€cut = 0.75€V), which reduced the total number of paths by 1.1x10° (10%).

The symmetry of the ¢;;-distributions in fig. 5.42b originates from the fact that hops with ¢;; < 0
still require the target state to be unoccupied and thus depend on equivalent hops with &;; > 0.
Both the histograms for r;; and those for ¢;; decay long before reaching the cut-offs, which means
that ro and eq, were sufficiently large. They actually could have been reduced further until o is

affected, but the simulations were typically carried out with such generous cut-offs. In this example,
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the cut-offs led to a total of approx. 107 paths considered in the simulation, which amounts to an

average of 83 outgoing paths per localized state.

The basic results of the VRH simulation are the displacements Xy, Y, and Z; of the mobile electrons
after the simulated time span 7. Fig. 5.43 shows that the displacements have bell-shaped distribu-
tions, which are symmetric around the origin for Yy and Z, as expected. The Xj-distribution of
this particularly long simulation has a clear shift in +x-direction due to the applied electric field.
For the usually used, lower Ny, gm = 3x10® this shift is more subtle, but (X) still differs signifi-
cantly from (Y) and (Z). Overall, the drift in x-direction and the diffusion in y- and z-direction

are reflected in the displacements as anticipated. There are, however, first signs of deviations for
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Figure 5.43: Histogram of the electron displacements Xy, Yy and Zj at the end of a KMC simulation for
a-GaO,;yat T = 300 K (same simulation as fig. 5.38). The data originates from the equilibration and the main
simulation together, with especially large Ny, ¢im = 2x10'° to produce a visible shift in x-direction. The solid
lines refer to the mobile electrons only, while the dashed lines include the oscillating electrons. The stationary
electrons are not shown.

the diffusion in x-direction. The Xj-distribution features an additional spike at the origin, which
most probably belongs to electrons with loop-like oscillations that involve more than two states.
These electrons seem to resist the influence of the electric field, even though they do not belong to
the conventional oscillating electrons. For the calculation of the diffusion coeflicient in x-direction
from the variance Var(X), such inert electrons must be excluded from the statistics (cf. sec. A.4),
but it is difficult to discern multi-center oscillations from a random return of an electron to its ori-
gin. The influence of this issue should be rather small, though, since it only concerns about 700 of
the 2.7x10* mobile electrons (2.6%), as inferred from the spike in fig. 5.43. Another requirement
for the calculation of D, from Var(X) is that the X -distribution is symmetric around the average
displacement (cf. sec. A.4). The Xj-histogram in fig. 5.43, however, has a slight asymmetry that

becomes more pronounced the longer the simulation runs. This distortion of the bell-shaped Xj-
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distribution is inevitable at finite electric field and it becomes stronger for higher field strength F.
Consequently, Var(X) only reflects the diffusion in x-direction for short simulations (7 — 0) or
vanishing electric field (F — 0). In contrast, the transverse diffusion coefficient D, obtained from
(Y?) and (Z?) has no such limited validity. Therefore, since amorphous materials are isotropic, Dy,
is a better measure for the diffusion in x-direction than the approximate D,. The isotropic Fickian

diffusion coefficient is hence given by D = D,.

The calculation of the simulation results — as described in sec. 4.2.5 and A.4 - not only requires
proper displacement distributions but also a linear increase of the different displacement aver-
ages (X), Var(X), (Y?) and (Z?) with the time 7. Fig. 5.44a,b shows that this latter condition is
typically not fulfilled right from the start of the simulations, even when the electrons are already

Fermi-Dirac-distributed. Especially the diffusion-related quantities in fig. 5.44b exhibit a system-
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Figure 5.44: Displacement averages vs. simulated time span 7, from the 5 repetitions of a KMC simulation
for a-GaO, g at T = 300K (Npeq = 3x10%, Ni, sim = 2x10'%, same simulation as fig. 5.38). (a) Mean displace-
ment in x-direction during the equilibration. (b) Displacement variance in x-direction and mean squared
displacement in y- and z-direction during the equilibration. (c,d) Respective plots for the main simulation,
relative to the values at the end of the equilibration stage in (a,b). The dashed straight lines are a guide for
the eye and point from each line’s final point to the origin.

atic curvature because the bell shape of the displacement distributions has yet to form. This is the
reason why an equilibration of these distributions is necessary before the actual main simulation
(particularly when the latter is kept short). The displacement averages during the main simulation
are defined relative to the final values of the equilibration (sec. 4.2.5). Fig. 5.44c,d demonstrates

that this leads to linear relations for the main simulation, as required. The only exception to this
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is Var(X)sim VS. Tsim in fig. 5.44d, which stays slightly non-linear irregardless of the length of the
equilibration or the main simulation. The reason for this is the already discussed asymmetry of the
Xj-distribution (fig. 5.43), which makes the derivation of the linear relation between Var(X) and
7 in sec. A.4 invalid. Since the asymmetry increases over time, so does the discrepancy between
Var(X) and ((Y?) + (Z%))/2. They only stay equal in simulations without an electric field (F = 0).

The linearity of the plots in fig. 5.44c,d indicates that the main simulation can also be kept much
shorter than Ny, g = 2x10'°. Indeed, the default Ny, g, = 3x10% already yields linear plots and
proper convergence of 0 and D, as demonstrated in fig. 5.45. The slightly time-varying D, deviates
from Dy, of course, due to the already discussed reasons, but for these rather short simulations with

a weak electric field the difference is quite small.
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Figure 5.45: Convergence of the conductivity o, the parallel Fickian diffusion coefficient D, and the trans-
verse Fickian diffusion coefficient D, during the main simulation stage of 5 KMC repetitions for a-GaO, ,
at T = 300K (Np eq = 3x10%, Np, sim = 3x10%). The final average values are shown as dot.

The final results should not depend on the number of localized states N employed in the simula-
tions, since this parameter just determines the size of the investigated KMC cell. In principle, low
Nt makes the randomly generated localized states less representative of the DOS. This can intro-
duce artificially large variations between the different KMC cells of the repetitions, which increases
the statistical error of the averaged results. High Ny improves the accuracy of the simulations, but
only when the associated slower convergence of all distributions is accounted for by an increase
of the simulation time. Otherwise the results may suffer from incomplete convergence. Fig. 5.46a
demonstrates that the default N = 12x10* is an appropriate choice, because there is not significant

variation of the conductivity in a broad range around it.

Furthermore, it must be verified that the default electric field strength F in the simulations is in the
weak-field regime where o does not change with F. Otherwise the results could not be compared to
the conductivity measurements. Fig. 5.46b shows that the conductivity indeed stays approximately
constant around the default F = 0.0635 MV /cm. The thorough investigation of the F-dependence

of o later in sec. 5.5.4 will prove this even further.

165



Chapter5

166

Results and Discussion

T T T T T T T T T T T T
0.50 + —e— Mean of 5 repetitions 4
% Individual repetitions
0.45 + % .
- 040t % + .
£ L
7]
— 035+ = § T+ =
o E i/; /X |
0.30 - X X 4 i
X |
0.25 -1 -
X
020 1 1 1 1 1 1 1 1 1 1 1
6 8 10 12 14 16 0.04 0.06 0.08 0.10 0.12
Ng / 10* F/Mvem™!

Figure 5.46: Independence of the conductivity ¢ from the number of states N and the electric field strength
F in KMC simulations for a-GaO, ; at T = 300K. (a) Variation of N, with the default F = 0.0635 MV /cm.
(b) Variation of F, with the the default N, = 12x10%.

Finally, one aspect of these later simulations with varied F shall already be addressed here, because
an unexpected effect emerges that would have gone unnoticed without the careful validation of the
simulations. At high electric field strength, it was observed that the mean displacements (Y )sim, and
(Z)sim no longer stay close to zero but vary linearly with the time 7, (fig. 5.47a). Even though the
electric field points in —x-direction, there is definitely a shift of the Yj- and Z-distributions away
from the origin. The direction of the shift varies randomly from repetition to repetition, though,
which hints at the underlying cause: In the randomly generated KMC cells, there is always a slight
imbalance between the paths in (+x, +y)-, (+x,-y)-, (+x, +2)- and (+x, —z)-direction. Since the
respective reverse paths with x;; < 0 have a much lower probability at high F, the strong electric
field amplifies these imbalances and causes artificial drift fluxes perpendicular to F. This effect is not
observed for weak electric fields, because then the reverse paths approximately balance those with
positive x-component.’® In consequence of the random shift of the Y- and Z-distributions, it is
not valid to calculate the Fickian diffusion coefficient D,, from the mean squared displacements
(Y?)sim and (Z2)sim at high electric field strength. Instead, the displacement variances Var(Y )sim
and Var(Z)sm must be used in this case, analog to the x-direction (cf. sec. A.4). Fig. 5.47a shows
that the variances have slightly better linearity and a significantly different absolute value than the
mean squared displacements. Accordingly, D, in fig. 5.47b differs depending on whether it is
obtained from (Y?)gm and (Z2)gm, or from Var(Y )y, and Var(Z)gm. Only the latter yields the
correct value at high electric field strength. During even longer simulations with high F it also
becomes visible that D,, does not converge to a constant value when it is calculated from the mean

squared displacements.

" For weak electric fields, the ratio of non-oscillating hops with x;; > 0 in relation to all non-osc. hops is very close to
50% (e.g., 50.045% for fig. 5.43 with F = 0.0635 MV /cm), while at high F this ratio is far above 50% (e.g., 75% to 78%
for fig. 5.47 with F = 5.56 MV /cm).
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Figure 5.47: Investigation of the diffusion perpendicular to a strong electric field with F = 5.56 MV/cm
during 5 KMC repetitions for a-GaO, ; at T = 300 K. All displayed quantities refer to the main simulation
(notation “sim” omitted for brevity). (a) Mean displacements (top), mean squared displacements (middle)
and displacement variances (bottom) in y- and z-direction. The dashed straight lines are a guide for the eye
and connect each plots’ last data point to the origin. (b) Convergence of the transverse Fickian diffusion
coefficient D, calculated either from the mean squared displacements (top) or from the displacement vari-
ances (bottom). The final average of the repetitions is shown as dot.

5.5.2 Quantitative Agreement with Experiments

After the above examination of the simulations’ inner workings, now the aforementioned question
about the T-dependence of the VRH conductivity can be tackled. At first, a broad range of differ-
ent localization radii « were tested, since this quantity is unknown for a-GaOy,, of course. For the
attempt frequency v, which is essentially a scaling factor for the conductivity, the common Debye
frequency of 10 Hz was used initially. The resulting temperature series in fig. 5.48a follow Mott’s
VRH law ¢ = 09 exp[-(To/T)"*] (eq. 2.54) for each a, even though the employed DFT-DOS of
a-GaQ,  varies around the Fermi level. At extremely low T, this would be expected, because the
relevant DOS energy range becomes successively more narrow. For the temperature range investi-
gated here, however, the Neg and hop histograms shown above in figs. 5.38a and 5.39b imply a rather
broad relevant e-range (e.g., +0.175 eV, cf. fig. 5.40), where the DOS is definitely not constant. Ap-
parently, Mott’s VRH law is still applicable for such a moderately varying DOS. This means that the
1/4

conclusions drawn from the exponential T~/*-dependence of the measured ¢ in sec. 5.3.2 indeed

are valid.
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Figure 5.48: KMC simulations for a-GaO, , with varied temperature T and localization radius « (with con-
stant vy = 10 Hz). (a) VRH plots for the different, nearby shown « values (in nm), with linear fits according
to Mott’s VRH law (eq. 2.54). (b) The T; values obtained from the fits in (a) as a function of the localization
radius, with the fit errors as error bars. The relation between Ty and « can be approximated by Ty = ca™
with ¢ = (2.77 £ 0.06) x 10* nm’K. (c) The gy values obtained from the fits in (a) for the different a.

The parameters Ty and oy obtained from the VRH fits in fig. 5.48a also vary with the localization
radius « in the way expected from the classical VRH theory. Fig. 5.48b shows that Tj, decreases
approximately according to Ty o< >, as predicted by Mott in eq. 2.46. The pre-exponential factor
0y in fig. 5.48c¢ increases with « due to the increasing wave function overlap, but, as expected from
the discussion of Mott’s method in sec. 2.2.3, it does not follow Mott’s estimate gy o< al/2, The
trends for Ty vs. a and 0y vs. a together lead to a pronounced decrease of the conductivity for lower
« (fig. 5.48a).

In the next step, these observations for the influence of the localization radius were utilized for a
systematic adjustment of « and vy in order to reproduce the experimental conductivity data quanti-
tatively. As a proof of principle, this was done for an exemplary a-GaO, sample with an O/Ga ratio
of x ~ 1.0, whose conductivity measurements were already shown in fig. 5.30 in sec. 5.3.2. After suc-
cessive adjustment of the two parameters, quantitative agreement was reached for & = 0.1512nm
and vy = 3.073x10" Hz. Fig. 5.49 shows that the simulated conductivities agree remarkably well

with the experimental data, both in terms of the T-dependence and with regard to the absolute
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values. In principle, a similar adjustment is possible for all measured samples, but the iterative
fine-tuning of & and vy is quite time-consuming. Fig. 5.49 also demonstrates — more precisely than
fig. 5.48a - that the KMC simulations closely follow the VRH law without systematic deviations in
the fit residuals, while the MEC law is clearly inappropriate as expected for VRH simulations.
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Figure 5.49: Quantitative agreement between an exemplary conductivity measurement (blue) and the
KMC-VRH simulations for a-GaO, , with adjusted localization radius a = 0.1512 nm and attempt frequency
vo = 3.073x10" Hz (red). The experimental data corresponds to the last T-ramp in fig. 5.30. The two upper
graphs show the VRH plot (left) and the MEC plot (right) of the results, together with the respectlve linear fits
according to egs. 2.54 and 2.33, while the lower graphs contain the fit residuals. Besides the T * displayed in
the top left graph, the VRH fits also yield log,,(do/(Sm™)) = 5.08 + 0.04 and 5.19 + 0.02 for the simulations
and the measurements, respectively.

The localization radius and the attempt frequency obtained through this adjustment process are
the very first estimates of these quantities for a-GaO,. Therefore, they were used as default val-
ues for the KMC simulations shown in this work - also for the statistics in the previous section.
But are these adjusted values even realistic? In order to get an idea of which values of « are rea-
sonable, the localized DFT state at the Fermi level previously shown in fig. 5.36d was fitted with
|§i|* o< exp(=2|F - 7;|/a), which yielded & = 0.106 nm (fig. B.18). This is of course just a random
example, but it indicates that the adjusted localization radius of @ = 0.1512nm is not unrealistic.
The adjusted attempt frequency v = 3.073x10™ Hz is quite high in comparison to the usual Debye
frequencies of crystalline solids, but, like the DOS, the vibrational density of states (vDOS) of amor-
phous materials differs from crystals. As mentioned in sec. 2.2.3, the high-frequency region in the

vDOS of amorphous solids typically contains localized vibrations, which are called locons.[70, 71,
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223] In contrast to the phonons in periodic lattices, the locons are non-propagating and contribute
to heat transport only by locon hopping - just like the hopping of the electrons leads to charge
transport.[70, 224, 225] This limited relevance of the locons is probably the reason why they have
not been studied extensively in the past. It is possible, however, that they play an important role
for the VRH conduction of the electrons. The locons might behave more like vibrating molecules,
which could allow higher frequencies than usual for periodic lattice vibrations. The localized, high-
frequency movement of these atomic clusters then would trigger the frequent hop attempts of the

electrons.

A last point to address with regard to the adjusted « and vy is their dependence on the DOS sup-
plied to the KMC simulations. The used DFT-DOS is just an approximation and the comparison
with the literature (cf. fig. 2.2) demonstrates that the absolute value of g(¢) in the narrow relevant
range around the Fermi level may differ depending on the ab-initio method/settings employed.
Such variations of the DOS would also change the a and v, that reproduce the experiments (e.g.,
approximately o o< g( y)l/ 3, cf. eq. 2.54), which means that one should not overinterpret the ad-
justed « and vy as exact material parameters of a-GaO, ;. The general reproducibility most proba-
bly remains unaffected, though. For example, the KMC simulations with the quite different DOS
of a-GaO, g, which will be shown in the next section, still yield the same trends as observed for
a-GaOy . It thus appears plausible that the experimental conductivities can always be reproduced
by adjusting & and v in the KMC-VRH simulations, provided that there is still a significant, rather
slowly varying DOS at the Fermi level. Therefore, even under the assumption that the DFT-DOS
are inaccurate, the KMC results clearly suggest that the electron conduction in a-GaOy occurs via

variable-range hopping.

The KMC simulations not only yield the conductivity ¢ = en.gu, but also the effective charge
carrier density n.gs and the mobility u. The T-dependence of the two latter quantities is displayed
in fig. 5.50. It visualizes a major difference between mobility edge conduction and variable-range
hopping. While for MEC the T-dependence of ¢ mainly originates from a change of the charge
carrier density with T (cf. sec. 2.2.2), for VRH the variation of the charge carrier mobility governs
the T-dependence of the conductivity. The effective charge carrier density increases approximately
linear with the temperature in fig. 5.50a, just like expected from the relation n.g = kgTg(u) for
constant or linear DOS (sec. A.2). In contrast, the mobility in fig. 5.50b increases exponentially

according to

U = ugexp [_ (%)1/4] (5.2)

as expected from eq. 2.52. In terms of absolute value, the situation is reversed. Fig. 5.50a shows
that the effective charge carrier density of a-GaO, , is many orders of magnitude higher than the
approx. 101 cm™ reported for MEC in a-GaO, with x > 1.0 at RT.[123, 155, 156] Conversely, the
VRH mobility in fig. 5.50a is several orders of magnitude lower than the MEC mobilities of 1.5 to
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Figure 5.50: Temperature-dependence of the effective charge carrier density n.¢ and the mobility u, as ob-
tained through KMC-VRH simulations for a-GaO; , with the adjusted a = 0.1512 nm and v, = 3.073x10" Hz
(same simulations as in fig. 5.49). The linear fit of the mobility by eq. 5.2 yields log,, (#o/(cm*V~'s7!)) =
0.16 + 0.04 and Té/ *JK!/* = 38.2 + 0.4, with the latter differing from the T, obtained for ¢ in fig. 5.49 due to
the T-dependence of #efs.

33.6 cm?/(Vs) that have been published for a-GaO, with x > 1.0 at RT.[123, 155, 156] As expected,
the electrons are more mobile in the extended states above the CB mobility edge, while the charge

carrier density is higher for VRH because the relevant electronic states are closer to the Fermi level.

5.5.3 Influence of the Stoichiometry

Like the DOS of a-GaO, g, also the DFT-DOS of a-GaO, g and a-GaO, , feature localized states at
the Fermi level or at least rather close to it (cf. fig. 5.37). Therefore, the KMC simulations were also
carried out for these other O/Ga ratios, with the respective ab-initio DOS as input. The localization
radius and the attempt frequency adjusted for a-GaO, , in the previous section were used also for

these other compositions, in order to investigate the pure influence of the different DOS.

Fig. 5.51 shows the e-related distributions of the localized states, the electrons and the non-oscillating
hops from the KMC simulations for a-GaO, g and a-GaO, ,. Those for x = 0.8 in fig. 5.51a are quite
comparable to those for x = 1.0 in fig. 5.38a and 5.39b, except that the localized states around
the Fermi level have a peak-shaped distribution for a-GaO, g instead of the monotonous increase
for a-GaO;,. The histograms for x = 1.2 in fig. 5.51b, however, differ completely because the
Fermi level is located in a 0.3-0.4 eV wide band gap. There is just a single electron above the
band gap and only one unoccupied state below it during most of the simulation time for x = 1.2.
The reason for this is obviously the exp [—si i/ (ks T)] term in the Miller-Abrahams equation that
makes hops from below to above the band gap rather rare (typically approx. 0.01% of the non-osc.
hops at T = 300K)."* Congruently, the effective charge carriers are not visible in fig. 5.51b due

to the low neg = 3.50x10' cm™ for a-GaO; , in comparison to 1.44x10*° cm™ for a-GaO; , and

Since these transitions across the band gap still occur, it is not always the same electron that is moving rather freely
via the unoccupied states above the band gap.
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Figure 5.51: Histograms from the KMC-VRH simulations for (a) a-GaO, g and (b) a-GaO,, at T = 300K
(bin size: 20 meV for x = 0.8, 32 meV for x = 1.2; V,e: 1.68x107Y cm? for x = 0.8, 2.61x10™77 cm? for x = 1.2).
Each top graph displays the distributions of the localized states and the different electron categories at the
end of the simulation (like fig. 5.38a for x = 1.0), while the bottom graphs show the non-oscillating hops
outgoing from or incoming to a certain state energy (like fig. 5.39b for x = 1.0). The incoming hops are
concealed because they are almost identical to the outgoing hops. The N.¢-distribution is not visible in (b)
because the band gap leads to a low number of effective charge carriers for a-GaO, ,. Note that most technical
parameters are different for x = 1.2 than for the other two O/Ga ratios (e.g., the energy range and the number
of hops), as specified in sec. 4.2.2.

2.07x10%° cm™ for a-GaOy 4 (at T = 300 K). This already indicates a much lower VRH conductiv-
ity for x = 1.2 than for the other two O/Ga ratios.

The majority of both the oscillating'™® and the non-oscillating hops in a-GaO, , starts and ends
above the band gap (typically about 70% of the osc. hops and more than 90% of the non-osc. hops,
fig. 5.51b), simply because there are more localized states closely above the band gap than below it.
Likewise, most of the electrons’ displacement is acquired through hops above the band gap (over

90%), which is why the hopping transport in a-GaO, , could be called “n-type VRH”.

Another characteristic of the KMC simulations for a-GaO, , is the even higher proportion of oscil-
lating hops (e.g., 97.8% for fig. 5.51b). Due to the low number of available paths in each KMC cycle,
there is a high probability to get stuck in configurations that favor oscillations. Since the oscillating
hops usually are fast with regard to the simulated time span, this does not necessarily imply a low
conductivity, but it severely increases the number of hops required to obtain valid simulation re-
sults. Without the oscillation-related optimizations of the KMC algorithm described in sec. 4.2.6, it
would not have been possible to simulate the variable-range hopping in a-GaO, , with the available

computational resources.

"The oscillating hops are not shown in fig. 5.51 but their distributions have essentially the same shape as the histograms
of the non-osc. hops.
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Like for a-GaO, , the VRH conductivity o of a-GaO, ¢ and a-GaO, , was simulated at different
temperatures. The results, which are displayed in fig. 5.52 together with the already discussed data
for x = 1.0, agree quite nicely with the expectations and the experiments. The conductivity de-
creases and the fitted Tj increases non-linearly with increasing oxygen content, i.e., with higher

X, as observed in the van-der-Pauw measurements (sec. 5.3.3) and in the literature (fig. 2.3). This
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Figure 5.52: Influence of the O/Ga ratio x on the VRH conductivity, as obtained through KMC simulations
with the DFT-DOS for x = 0.8, 1.0 and 1.2. The simulations were all carried out with the same localization
radius & = 0.1512 nm and attempt frequency v, = 3.073x10" Hz, in order to investigate solely the effect of the
differing DOS. The lines are the linear fits according to the VRH law (eq. 2.54) and the nearby shown values
correspond to the resulting Té/ ‘

confirms that variable-range hopping indeed leads to the experimentally observed trends with re-
gard to the stoichiometry. Furthermore, the KMC simulations also elucidate the underlying reasons
for this stoichiometry-dependence. Both the effective charge carrier density n.g and the mobility
u decrease significantly from x = 0.8 to 1.0 and further to 1.2, as can be seen in fig. 5.53. These
changes of n.¢ and u together yield the variation of the conductivity over several orders of magni-
tude. The decrease of n.g directly follows from the decreasing DOS around the Fermi level accord-
ing to eq. 4.18. Simultaneously, lower DOS in the energy range with the most non-oscillating hops
also causes larger average distances of the involved localized states, which decreases the hopping
probabilities (eq. 2.46) and thus leads to a lower mobility of the electrons. This latter effect of the
differing DOS is also responsible for the increase of Tj. According to eq. 2.54, Tj is approximately
antiproportional to the magnitude of the DOS in the relevant energy range. Therefore, both the
mobility and the conductivity become stronger T-dependent for higher x (figs. 5.52 and 5.53; cf.
eq. 2.52).

Concerning the exact form of the T-dependence, the simulated conductivity of a-GaO, g accurately

follows Mott’s classical VRH law (eq. 2.54), just like observed for a-GaO; ;. As mentioned above, this
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Figure 5.53: Influence of the O/Ga ratio x on (a) the effective charge carrier density n.¢ and (b) the mobil-
ity u, as obtained through the KMC simulations for x = 0.8, 1.0 and 1.2. Both quantities are displayed analog
to the VRH law by Mott (eq. 2.54), in order to visualize their contribution to the overall T-dependence of
the conductivity o = en.gu in fig. 5.52 (same simulations).

demonstrates that the VRH law remains valid as long as the DOS exhibits no drastic variations in
the relevant energy range. The limits to the validity of the VRH law are indicated by the KMC results

for a-GaO, ,, which deviate visibly from the T4

-dependence.!® Even though the T-dependence
of neg for a-GaO, , also differs in comparison to the other two O/Ga ratios (fig. 5.53a), the deviation
of o from the VRH law mainly originates from the mobility. This can be seen in fig. 5.53b, where
In(u) is a concave function of T4 - just like In(¢) in fig. 5.52. The reason for this is that the
hopping mainly occurs in the steep CB tail of a-GaO, , (cf. fig. 5.51b), which essentially leads to a
strong interdependence of ¢;; and r;; (high &;; > 0 — low r;;). Therefore, as expected from the VRH
theory (e.g., for exponential or parabolic DOS, cf. sec. 2.2.3), the KMC simulations no longer follow

the classical VRH law by Mott when the DOS varies severely near the Fermi level.

5.5.4 Hopping at High Electric Field Strength

The KMC results discussed so far agree well with the VRH theory and the conductivity measure-
ments. Especially the quantitative agreement reached for a-GaO,  justifies to move on to predictive
simulations. The first phenomenon to be investigated with the established KMC-VRH model for
a-GaQ, ) is the electric field-dependence of the VRH conductivity, which is difficult to assess ex-
perimentally without risking sample damage or influences from the contacts. Nevertheless, the
relationship between o and F could be highly relevant for a-GaO, devices, because strong local
electric fields may occur for example in ultra-thin films (e.g., 1V/10 nm = 1MV /cm) or in Schottky

barrier regions (cf. sec. 2.2.4).

187The other popular VRH models mentioned in sec. 2.2.3 - with an exponential dependence on T~Y/? (parabolic DOS)
or T™" (exponential DOS) - are also not appropriate for a-GaO, ,.
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The electric field strength F influences the KMC-VRH simulations solely through the ex;;F term in
the Miller-Abrahams equation (eq. 4.15). At high F, this term not only makes hops in +x-direction
more likely, it also enables hops with larger state energy differences ¢;; > 0. This leads to a broad-
ening of the steady-state electron distribution in comparison to the weak-field Fermi-Dirac distri-

bution fep (e, 4, T), as can be seen in fig. 5.54. The fit of the broadened occupation histogram in
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Figure 5.54: Broadened electron distribution in a KMC simulation for a-GaO, ; at high electric field strength
F = 556 MV/cm (9.52V applied over a cell size of 17.1nm; T = 300K; DOS energy range: [-1.5, +1.5]
eV). (a) Histograms of the localized states and the electrons as a function of the state energy ¢ at the end
of the simulation (bin size: 60 meV). They did not change during the main simulation (as monitored by
periodic Fermi-Dirac fits), which means they represent the steady state. (b) Histogram of the occupation
ratio (= N/Ng), together with the Fermi-Dirac function frp(e) for T = 300K and a fitted Fermi-Dirac
function (eq. 4.17). The fpp-fit yielded an effective temperature of Teer = 1709 K and an effective chemical
potential of pegr = —0.078 eV.

fig. 5.54b reveals that the electrons still follow a Fermi-Dirac distribution, albeit with a significantly
higher effective temperature T4 > T and a slightly different effective chemical potential pg # p.
The electron distribution at high electric field strength corresponds to frp (€, pefr> Teg) instead of
fep (&, u, T'), which is well-known as “effective temperature model”.[63, 64, 205] The name “effec-
tive temperature model” is somewhat misleading, though, because the electrons really have a higher
temperature than the material, i.e., the phonon bath (cf. sec. 2.2.3).[65, 66, 226] Likewise, y. is the
actual chemical potential of the electrons, not the weak-field value y that was supplied as input to
the simulations. The slight shift of p.q in comparison to u is a mandatory consequence of the in-
creasing electron temperature T, at constant electron density #, analog to the usual T-dependence

of the Fermi level.

Fig. 5.55a shows how the effective temperature varies with the electric field strength. In the litera-

ture, the relation between T, and F has been described phenomenologically as

BY/A
Tui (T, F) = |:Tﬁ+(y%) ] (5.3)

with the coefficients f > 1and y > 0.[63, 64, 205] Fitting the obtained T.g(F) data with eq. 5.3
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failed, however, because this model is restricted to a convex curve shape and a linear asymptote
for high F (Teg o< F). Only the region of low to medium field strength can be approximated by
eq. 5.3 (fig. 5.55a). In order to describe the full range of Teg(F), the model was refined to allow a

power-law asymptote:

(B-w) TP
eocF) ] (5.4)

Tg(T, F) = [Tﬁ + (yk—
B

The additional coefficient w must fulfill the condition w <  — 1. Eq. 5.4 retains the necessary
asymptotic behavior of Teg — T and 0Teg/dF — 0 for F — 0. This refined model describes the
Tes (F) data very well, e.g., for the purpose of inter- or extrapolation. The respective fit in fig. 5.55a
yields Tog oc F(B@)/B = [0-60+0.06 55 asymptote in the high field regime. The effective chemical
potential u.¢ does not vary much in the explored F-range (fig. B.19a), by less than 0.1eV, and it is
identical to the respective T-adjusted Fermi level, of course (fig. B.19b, cf. sec. 4.2.5).
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Figure 5.55: Electric field-dependence of the effective temperature T.¢ and the effective charge carrier den-
sity nege for a-GaO, g at T = 300 K. (a) Tege(F) with fits according to the literature model (eq. 5.3, fitted up to
0.8 MV /cm and extrapolated as dashed line) and according to the refined model (eq. 5.4, fitted over the full
range of F). The latter yielded the coefficients y = (231 + 51) K*/(F=%), B = 2.93 + 0.28 and w = 1.17 + 0.14,
resulting in an exponent of (f — w)/f = 0.60 + 0.06 for the power-law asymptote at high F. (b) Increase of
the effective charge carrier density n¢ at high electric field strength due to the elevated temperature T, of
the electrons.

Since the derivation of the effective charge carrier density is based on the actual energetic distri-
bution of the electrons (sec. 2.1.1), n.g must be calculated using T, and p.q instead of T and y
in eq. 2.23 as soon as F exceeds the weak-field regime. Therefore, the histogram of the effective
charge carriers in fig. 5.54a is broadened like the electron distribution. An increasing electric field
thus not only leads to a higher drift mobility u, but also to a higher effective charge carrier density
Nef, even though the total electron density # remains constant. Despite the quite high Teg, ng still
approximately equals kp Teg g(tesr) (cf. sec. A.2), which explains why the F-dependencies of Teg in
fig. 5.55a and of n.g in fig. 5.55b resemble each other closely.
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The two major effects of a strong electric field — more hops in +x-direction and higher n.g - together
lead to an exponential increase of the VRH conductivity o at high F, as can be seen in fig. 5.56a. The
further analysis in fig. 5.56b shows that o remains approximately constant up to 0.24 MV /cm, which

corresponds to the weak-field regime where the conductivity is independent of F. This is another
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Figure 5.56: Electric field-dependence of the KMC-VRH conductivity of a-GaO, ; at T = 300K, plotted in
two different ways. (a) The conductivity ¢ increases exponentially beyond the weak-field regime. (b) The F-
dependence in the high-field regime (F > 0.63 MV /cm) can be described by a linear relation between In(o)
and F'/2. The weak-field region where dg/dF = 0 is clearly visible as plateau (F < 0.24 MV /cm).

proof that all previously discussed KMC simulations with the default F = 0.0635MV/cm were
carried out under weak-field conditions. In the high-field regime above 0.63 MV /cm, ¢ increases
exponentially according to In(o) o< F'2, Comparison with the analog graphs for the effective
charge carrier density and the mobility in fig. B.20 reveals that this characteristic F'/?-dependence
in the high-F region mainly originates from the mobility u(F), while n.g(F) dominates in the
medium-F region (0.24 MV/cm < F < 0.63 MV /cm). Furthermore, these graphs demonstrate that

both aforementioned effects contribute significantly to the exponential increase of the conductivity.

The exponential F//2-dependence of the conductivity obtained here for a-GaO, , is one of the vari-
ants proposed in the VRH literature. The same relation between ¢ and F has been derived ana-
lytically in [227] and numerically in [228], with g(¢) = const. assumed in both cases. Like the
TV *_dependency, this again underlines the applicability of such simplified models to real-world
materials without a constant DOS. Another analogy to the T-dependence is the multitude of other
models that have been proposed for the F-dependence of VRH, depending on the field strength,
the DOS or other approximations (e.g., [31, 229, 230]). Without the KMC results presented here
it would be difficult to identify which of these model is appropriate for highly oxygen-deficient
a-GaO,.

Yet another model can be evaluated using the o (F) data for a-GaO, . Originally, the effective tem-
perature model has been developed with the aim to re-express the F-dependence of the conductiv-
ity by a temperature-dependence o (Tyg) o< exp[—(To/ Ter)/*] analog to the classical VRH law for
o(T).[54] This is definitely not possible for a-GaO; (, because In(¢) vs. Te;/ % is clearly non-linear
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in the high-field regime (fig. B.21). Instead, the aforementioned trends of T oc F%600-06 and
In(0) oc F/2 suggest that approximately In(¢') o< Tog (for T = const.). The reason why this aspect
of the effective temperature model does not work is rather obvious: Even at high F, the temperature
in the Miller-Abrahams equation is still the phonon temperature T, not the electron temperature

(cf. sec. 2.2.3), which makes a one-to-one replacement of T by T.g rather impossible.

As mentioned at the beginning of this section, it is well possible that strong electric fields occur in
a-GaOy thin films, which includes those in resistive switching devices. In fact, the exponential F-
dependence of ¢ in fig. 5.56a bears a striking resemblance to the I- V' curves observed in the resistive
switching experiments (cf. sec. 5.2). When a thin a-GaO, layer dominates the device resistance,
then the change of the VRH conductivity with the local electric field strength could be responsible
for the shape of the switching curves. This could be the much needed, alternative explanation for
the non-linearity of the I-V curves, since the classical Schottky barrier models are invalid when
variable-range hopping in the depletion zone becomes possible (cf. sec. 2.2.4). The FEM simulations
discussed later in sec. 5.6 will pick up on this idea. For now; it shall be noted that the experimentally
observed relation In(I/V') o< V' in the resistive switching experiments (cf. fig. 5.26) is consistent
with the exponential F 1 2_dependence of o, provided that the major voltage drop occurs over a thin
region of the a-GaO, film with rather homogeneous electric field strength. This indicates that VRH
might play an important role in the resistive switching of a-GaOy, as it has recently been proposed
for TaO, and SrTiO5.[231, 232]

5.5.5 Variation of the Chemical Potential

The next property to be investigated with the established KMC-VRH model for a-GaO, , is the
chemical potential-dependence of the VRH conductivity. The simulations discussed so far were
carried out for charge-neutral a-GaO,, with a relative chemical potential of y = 0 (cf. sec. 4.2.2).
A variation of y shifts the Fermi level relative to ¢ = 0, which either increases (4 > 0) or decreases
(4 < 0) the number of electrons in the KMC cell (cf. eq. 4.16). This allows to simulate the hopping
process in negatively or positively charged a-GaOy,, respectively. Determining the y-dependency
of o experimentally would be more challenging, since it would require measurements on a homo-
geneously charged sample. Nevertheless, it is an important property, because a non-zero charge

density is a common case in electronic devices (e.g., Schottky barrier depletion zone, cf. sec. 2.2.4).

In principle, varying u just changes the region of the DOS where the variable-range hopping occurs.
An interesting case is 4 = —0.5 eV, which shifts the Fermi level to the tiny band gap in the DOS of
a-GaO, ) (cf. fig. 5.35). Fig. 5.57 shows the distributions of the electrons and the non-oscillating
hops for this case. Due to the band gap around Ef, the effective charge carrier density is strongly
reduced to neg = 2.74x10® cm™ (fig. 5.57a; neg = 1.44x10%° cm™ for u = 0), just like for x = 1.2
(fig. 5.51b). In contrast to x = 1.2, however, the density of localized states is higher below the gap
than above (fig. 5.57a), which is why the hopping transport mainly takes place below the Fermi
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Figure 5.57: KMC histograms for positively charged a-GaO, , with 4 = -0.5eV (p = -161C/cm?®, T = 300K,
DOS energy range: [-1.2,+0.0] eV, bin size: 24 meV, V¢ = 2.21x107" cm?). (a) Distributions of the local-
ized states and the different electron categories, analog to fig. 5.38a. The electrons above ¢ = —0.5¢V and
the effective charge carriers are not visible because their number is very low (e = 2.74x10'® cm™). (b)
Distribution of the non-oscillating hops during the simulation, as a function of the energy ¢ of the initial
state (= outgoing) or the final state (= incoming) of the hop. The graph for the incoming hops is not visible
because it is virtually equal to the graph of the outgoing hops.

level (“p-type VRH”; fig. 5.57b). The mobility is reduced by about one order of magnitude from
(1.6 £ 0.2) x 10™*cm?/V's for y = 0 to (2.3 £ 0.5) x 107> cm?/V's for u = —0.5€V. Together with
the lower n.g, this leads to a severe drop of the conductivity from (0.37 + 0.04) S/m for y = 0 to
(1.0+0.2) x 1073 S/m for y = —0.5€V.

Interestingly, a rather similar electric field-dependence of the conductivity is observed for the pos-
itively charged a-GaO, ; with y = —0.5eV (fig. 5.58), despite the significantly different DOS around
the shifted Fermi level. In the high-field regime, the conductivity still depends exponentially on F'/2
(cf. sec. 5.5.4). The slope of the respective fit in fig. 5.58 is higher than for 4 = 0, though (approx.
doubled; cf. fig. 5.56b), which means that the conductivity increases more strongly for 4 = —0.5eV.
This is plausible, since the broadening of the electron and hop distributions at high field strength

has more impact when the Fermi level is at a local minimum of the DOS.

The influence of the chemical potential was studied in a broad range from y = -2.5eV to +0.5¢eV,
which is approximately the range where states are localized according to the previous LOS analysis
(fig. 5.36). Fig. 5.59 shows that the conductivity approximately follows the DOS, as expected from
the VRH theory in sec. 2.2.3. The higher the DOS near the shifted Fermi level, the higher is the
conductivity. The minimum of ¢ does not coincide with the minimum of the DOS, of course,
because not only the DOS exactly at the Fermi level but the whole DOS close to it influences the
conductivity. At weak electric field strength, the conductivity resembles the DOS rather closely
(fig. 5.59), because the relevant energy range around the Fermi level is narrow. Beyond the weak-
field regime, it must be respected that p.g is the actual chemical potential of the electrons, not y
(cf. sec. 5.5.4). With increasing F, o (u.q) becomes successively higher and smoother due to the

broadening of the relevant energy range (fig. 5.59).
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Figure 5.58: Electric field-dependence of the KMC-VRH conductivity of positively charged a-GaO, , with
u =—-0.5eV (T = 300K). The arrows indicate the approximate end of the weak-field regime and the begin-
ning of the high-field regime, respectively.
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Figure 5.59: Chemical potential-dependence of the KMC-VRH conductivity of a-GaO, , for different elec-
tric field strengths (left axis; T = 300 K), in comparison to the DFT-DOS g(e=p.s) of a-GaO, , (right axis).
The data is plotted against p.sr instead of the varied input parameter y, because y.g is the actual chemical
potential of the electrons relative to ¢ = 0 (cf. sec. 5.5.4). The finite DOS around g = —0.5€V results from
the Gaussian smearing by VASP (cf. sec. 4.1.2). The DFT calculation with 16x16x8 k-points did not yield any
Kohn-Sham states in the range from ¢ = —0.63 ¢V to —0.38 eV, which indicates a true band gap.
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The KMC-VRH simulations for a-GaO, ;, with varied chemical potential and varied electric field
strength ultimately yielded a fine-grained map of ¢ in relation to g and F, which is displayed in
fig. 5.60. For all investigated chemical potentials, an approximately linear relation between In(o)
and F'/2 is observed at high F. Since these simulations cover a quite wide range of different DOS
shapes in the vicinity of EF, this relation is probably universal for high-field VRH in a-GaOy (e.g.,
for other O/Ga ratios).
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Figure 5.60: 3D plot of the KMC-VRH conductivity of a-GaO, , at T = 300K, as a function of the electric
field strength F and the effective chemical potential y.¢r of the electrons. Each intersection of the grid corre-
sponds to an individual KMC simulation with 5 repetitions (3990 KMC runs in total). The connecting lines
are just a guide for the eye.

From the data in figs. 5.59 and 5.60, two rivaling effects can be expected for hopping transport in a
Schottky barrier depletion zone. While the electron depletion leads to a decrease of o approximately
for —0.7eV < peg < 0€V, the high electric field strength in the barrier region causes an increase of
o. The later FEM simulations in sec. 5.6 will elucidate — based on the data of fig. 5.60 — how these

two trends influence the overall electron transport.

5.5.6 Electron Diffusion

The VRH conductivity discussed in the previous sections was calculated from the drift flux of the
electrons, utilizing the linear relation between the mean displacement (X) and the simulated time
span 7 for a certain electric field in the KMC cell. According to the basic transport theory in sec. 2.1
(eq. 2.7), the resulting o not only characterizes the drift flux due to V¢ but also any diffusion flux
due to a chemical potential gradient Vu (or V g at high F). But what about the Fickian diffusion
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driven by an electron density gradient Vn (cf. eq. 2.12)? One route to obtain the Fickian diffu-
sion coefficient D is the generalized Nernst-Einstein relation that was introduced together with the
effective charge carrier model in sec. 2.1.1 (eq. 2.29). After the findings of sec. 5.5.4, another general-
ization is necessary, though. To account for a potentially elevated electron temperature T.g beyond
the weak-field regime, the Nernst-Einstein relation should be written as

ukBTeff - i _ Neg D

D = (5.5)

e €2 kpTog
with T replaced by T, because the temperature term originates from the Fermi-Dirac distribution
of the electrons (essentially eq. 2.22). For weak F, the original form is recovered due to T = T.
Eq. 5.5 would allow to calculate D from o, i.e., from (X) vs. 7. However, the KMC simulations also
provide an alternative, more direct route to obtain the Fickian diffusion coeflicient, even though
the KMC cell has no electron density gradient (Vn = 0). As explained thoroughly in sec. A.4,
the n.g-model enables the calculation of D from the mean squared displacements (Y?) and (Z?)
perpendicular to the electric field (eq. 4.24).""7 The values resulting from this second approach will
be discussed in the following. Furthermore, by calculating the Nernst-Einstein ratio eD/ukp Teg —
with u calculated from the x-displacements and D obtained from the y- and z-displacements - the
validity of eq. 5.5 for VRH will be assessed.

Fig. 5.61a shows the temperature-dependence of D for a-GaO, , as obtained simultaneously to the
weak-field conductivity already discussed in sec. 5.5.2. The diffusion coefficient clearly exhibits an

analog T-dependence as o, which can be described by

D = Dy exp [— (%)1/4] (5.6)

This becomes understandable when regarding the Nernst-Einstein ratio, which is also displayed in
fig. 5.61a. The simulations yield eD/ukgT =~ 1, which means that the electrons’ behavior actually
conforms with the prediction by the Nernst-Einstein relation. The same is also observed in the sim-
ulations for a-GaO, g and a-GaO, , (fig. B.23). Together with the previously discussed, approximate
relation of ne.g oc T (fig. 5.50a), eq. 5.5 directly leads to the similar T-dependence for o and D.
Accordingly, the fit of D(T') by eq. 5.6 yields Tol/ * = (49.8 £ 0.3) KY/4, which is close to the value
of Té/ * = (53.0 = 0.4) K/* for the conductivity (cf. fig. 5.49). A slight difference remains, though,

because the proportionality between n.g and T is not exact (cf. fig. 5.50a).

In fact, it would have been a serious surprise if the weak-field simulations would have disagreed with
the Nernst-Einstein relation, since its derivation is not tied to a specific conduction mechanism (cf.

sec. 2.1.1). The original formulation with T for the temperature term is also common in the VRH

"In contrast, the Fickian diffusion coefficient D, cannot be reliably obtained from the x-displacement variance parallel
to the electric field, as discussed already in sec. 5.5.1 (non-linear Var(X) vs. 7). For the default number of hops
(Nhsim = 3x10%), the calculated D is still rather close to its true value, i.e., to D,., but there is already a systematic
offset (fig. B.22). The higher Ny sim and the higher F, the stronger deviates Var(X) vs. 7 from linearity and the more
inaccurate and non-convergent becomes this approach for obtaining D,.
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Figure 5.61: Temperature- and electric field-dependence of the Fickian diffusion coefficient D (top) and the
corresponding Nernst-Einstein ratio (bottom) for VRH in a-GaO, . (a) T-dependence of D, from the same
simulations as the conductivity data in fig. 5.49. The linear fit with eq. 5.6 yields Té/ * = (49.8+0.3) K4 The
minor deviations of eD/ukp T from unity at low temperatures are not a real effect but result from slightly
insufficient equilibration for D. (b) F-dependence of D at T = 300K, from the same simulations as the
conductivity data in fig. 5.56.

literature (e.g., [233-235]). Less obvious is the validity of eq. 5.5 at high electric field strength.
Both the replacement of T by T, and the coupling between u and D at high F are not established
knowledge. In the previous discussion of the high-field effects in sec. 5.5.4, it was observed that
still approximately neg oc Teq at high electric field strength (cf. fig. 5.55). In combination, eq. 5.5
predicts a similar F-dependence for D as observed for o. This is exactly what is obtained in the KMC
simulations, as shown in fig. 5.61b. In the high-field regime, D increases exponentially with F 1/2 and
the Nernst-Einstein ratio remains equal to unity. The Nernst-Einstein relation in the generalized
form stated above is indeed valid beyond the weak-field regime. But why does a strong electric field
along the x-axis lead to an exponential increase of D = D, i.e., of the diffusion in the yz-plane? The
increase of n.g due to the elevated electron temperature cannot be the cause, as D is a per-particle
property. The actual reason is the amorphicity of the system. Almost every hopping path 7;; has a
non-zero x;;-component and is thus affected by the ex;;F term in the Miller-Abrahams equation.
Therefore, the electron movements parallel and perpendicular to F are not independent. Since the
state positions 7; are uniformly random, the enhancement of the hopping rates is symmetric with

regard to y = 0 and z = 0 (apart from finite size effects, cf. fig. 5.47).

The Fickian diffusion coefficients obtained for varied chemical potential y, which are shown in
fig. 5.62, also resemble the y-dependence observed for o (cf. fig. 5.59). Congruently, the Nernst-
Einstein ratio is close to unity (fig. 5.62), though it exhibits systematic deviations that demand a
closer look: The primary aim of the large number of simulations with varied y was the investigation

of the conductivity. Therefore, they all were carried out with the rather low default hop counts.
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Figure 5.62: Chemical potential-dependence of the Fickian diffusion coefficient D (top; left axis) and the
corresponding Nernst-Einstein ratio eD/ukg Tegs (bottom) for VRH in a-GaO, , at different electric field
strengths (T = 300 K; same simulations as in fig. 5.59).

These are completely sufficient for o, since (X) vs. T converges quickly and does not require an
equilibration (cf. sec. 5.5.1). For D, however, the default hop settings were less adequate in two
cases: Shifting the Fermi level to a region with especially high DOS leads to an increased number
of electrons in the KMC cell, which would require a longer equilibration at least for low electric
field strength. Likewise, the diffusion statistics are impaired when the Fermi level is in or near
the band gap (around y = —0.5eV). In this case only few electrons can move simultaneously (cf.
fig. 5.57a) and it takes longer until enough electrons have acquired a reasonable displacement to
produce bell-shaped Yj- and Z-distributions (irregardless of the electric field strength).'® The
resulting inaccuracies for D are irrelevant on a log-scale, but they show up in the Nernst-Einstein
ratio as artificial deviations. It is fair to assume that without them, the Nernst-Einstein ratio would

equal unity for all . This implicates that eq. 5.5 is valid irregardless of the shape of the DOS.

All in all, the diffusion results confirm that the Nernst-Einstein relation (eq. 5.5) is valid for VRH,
even beyond the weak-field regime. This is not only of theoretical interest but also has practical
consequences. Future studies could determine D from simulated or even from measured conduc-
tivities. In the context of KMC-VRH simulations, this would have the benefit of better accuracy,

because - as demonstrated by the discussion above - it is typically more difficult to reach exact

U8 These effects can also be seen when varying the number of states Ny in the simulations: While ¢ is independent of N
due to sufficient hop counts, D shows a minor systematic variation (e.g., for 4 = —0.5¢V in fig. B.24).
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convergence for (Y?) and (Z?) than for (X) (cf. fig. 5.44). Moreover, eq. 5.5 may be relevant for
other modeling approaches. The FEM simulations in this work, which will be discussed in the next
section, use the chemical potential as one of the unknowns to be determined and thus do not need
Fickian diffusion coefficients as input. Future FEM studies, however, might choose to use the elec-
tron density instead, which would require the Nernst-Einstein relation as connection between drift

and diffusion flux.

5.6 Modeling of Pt|a-Ga0, (|ITO Devices

The DFT and KMC calculations not only brought a new understanding of the bulk electron trans-
port in a-GaOy, but also laid the foundation for a theoretical treatment of the metal|a-GaO, in-
terfaces. These cannot be described by the classical Schottky barrier models of sec. 2.2.4, because
the rather high density of localized states in the mobility gap enables electron hopping through the
barrier region. Since no model for VRH through a Schottky barrier was found in the literature,
it was far from obvious how this affects the I-V characteristics. Therefore, the VRH transport in
Pt|a-GaO, (|ITO devices was simulated with the FEM method, using the DFT and KMC results as
input. The DFT-DOS provided the relation between the density # and the chemical potential y of
the electrons, which is essential for describing the electron depletion zone with the Poisson equa-
tion (eq. 4.28). The KMC simulations yielded the VRH conductivity o as a function of the chemical
potential y, which allows to obtain the electron flux through the space charge zone from the con-
tinuity equation (eq. 4.35). KMC also revealed that the electron temperature and the conductivity
depend on the electric field strength F. Accordingly, the FEM calculations were carried out in two
variants: Initially, the F-dependency of n and o was neglected. After it became clear that high elec-
tric field strengths occur in the simulations, they were improved by taking the F-dependency into
account. In the following, mainly the results of the latter will be shown and discussed, while the

corresponding data without high-F effects can be found in the appendix.

The further ingredients of the FEM simulations were the work functions of the involved materi-
als and the relative permittivity €, of a-GaO, . The work functions were approximated from the
UPS measurements and the literature (Wg,0 = 3.7eV, Wp; = 5.6 eV, Wiro = 4.4 €V, cf. sec. 5.1.4).
Since the permittivity of a-GaO, , is unknown, at first €, = 10 was used, which is the literature value
for f-Ga,0; and a-GaOj 5 (cf. sec. 2.3.3). Additionally, it was tried to calculate the permittivity with
DFT. These calculations only worked for the amorphous model structures of a-GaO, s and a-GaO, ,,
as described in sec. 4.1.2. Density functional perturbation theory yielded €, = 3.5 for x = 1.5, while
DFT with superimposed electric fields produced €, = 4.0 and 4.8 for x = 1.5 and 1.2, respectively.
These values are too low in comparison to the aforementioned literature value, but the increase of
€r from x = 1.5 to 1.2 agrees with the trend reported in [92]. The permittivity calculations for x = 1.0
did not converge completely, but they yielded at least the head of the microscopic static dielectric

tensor with diagonal elements ranging from €, = 22 to 115 (independent-particle approximation
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without Hartree and local field effects). This indicates that the permittivity may increase substan-
tially for highly oxygen-deficient a-GaOy,, probably due to the localized states near the Fermi level.
A similar effect of localized electrons on the permittivity has also been reported for other materi-
als.[166-168] In consequence of these DFT calculations, the FEM simulations were also carried out

for higher permittivities, i.e., for €, = 100 and 1000.

5.6.1 Electron Equilibrium at Zero Voltage

Atfirst, the distribution of the electrons within the a-GaO, , layer for V' = 0 was simulated. Fig. 5.63a
shows the resulting chemical potential y(z) from the Pt-TE interface at z = 0 to the ITO-BE inter-

face at z = 40 nm. As expected due to the electron depletion, the chemical potential is decreased
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Figure 5.63: Electron equilibrium in Pt|a-GaO, o|ITO with V = 0, for different relative permittivities e, of the
a-GaO, j layer (FEM-2 model with high-F effects; cf. fig. B.25 for the respective FEM-1 results without high-F
effects). (a) Chemical potential y of the electrons, which corresponds to the electric potential according to
1 = eg. (b) Electric potential gradient 9¢/dz (= —F).

near both interfaces in comparison to the reference value 4 = 0 in the bulk. The Schottky bar-
rier width increases significantly from €, = 10 to 1000, in accordance with the Poisson equation
(eq. 4.28). Correspondingly, the electric field strength in the barrier regions decreases with increas-

ing permittivity, as shown in fig. 5.63b.

Even without an applied voltage, the electric field near the interfaces exceeds the weak-field regime
by far (fig. 5.63b). This is why the aforementioned high-F effects were included in these simulations.
However, for V' = 0, there is almost no difference to the simulations where high-F effects were
neglected (fig. B.25). Both the chemical potential y(z) = e¢(z) and its gradient Vu(z) = eVe(z)
are essentially identical for the two model variants. The reason for this is the overall weak effect of
the field strength on the electron density. While high F leads to a strong increase of the electron
temperature Teg (cf. sec. 5.5.4), this barely affects the electron density due to the symmetry of the
Fermi-Dirac function (cf. eq. 4.29, fig. B.19).
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Fig. 5.64 shows the charge density p(z), i.e., the relative electron density, in the a-GaO,  layer. The
electron depletion near both interfaces is clearly visible. Its shape is quite far from the rectangular
tull depletion approximation that is normally used to approximate Schottky barriers. This obviously
results from the more realistic n(u)-function in conjunction with the vast difference between the

DOS of a-GaO, ; and the DOS of typical n-type semiconductors.
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Figure 5.64: Charge density p in Pt|a-GaO, (|ITO with V' = 0, either with (a) €, = 10 or (b) €, = 1000 (FEM-2
model with high-F effects).

Some consequences of the Schottky barriers for VRH transport through the device can already be
conceived from the band bending near the interfaces. In the space charge zones, the state energies
vary according to E(z) = € — ep(z), as displayed in fig. 5.65. This causes the Fermi level Eg to cross
the small band gap of a-GaO, ;, which is located at ¢ ~ —0.5eV. In consequence, there is a small
region with Er(z) +e@(z) ~ —0.5 €V near both interfaces, where the VRH conductivity o (z) is very
low due to the lack of localized states near Er. These regions may dominate the device resistance,
when the rest of the a-GaO, ,, layer is sufficiently conductive. The comparison between fig. 5.65a
for €, = 10 and fig. 5.65b for €, = 1000 demonstrates that the extent and the impact of these regions

increases with increasing permittivity.

These results just describe the situation in an idealized, pristine Pt|a-GaO, (|ITO device with a spa-
tially and timely constant O/Ga ratio. In a real device, the ions could move, especially when strong
electric fields are present. The electric potential gradients in fig. 5.63b indicate that this would hap-
pen even without an applied voltage. After the device preparation, the oxygen ions would move
away from the electrodes and/or the gallium ions would migrate towards them over time. Since the
ion movement most probably requires high gradients of either the electric potential or the chemical
potential of the ions (due to their low ionic conductivity, cf. sec. 2.3.4), it is unlikely that this leads
to a homogeneous increase of the O/Ga ratio in the bulk. Such an equilibrium for the ions should
not be reached on reasonable timescales.''” Instead, the decrease of the O/Ga ratio x directly at the

interfaces should be accompanied by an increase of x near the end of the depletion zones, where the

" Otherwise, any resistive switching states would be volatile — in contrast to the observations in the I-V experiments.
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Figure 5.65: Band bending in Pt|a-GaO, (|ITO with V = 0, either with (a) ¢, = 10 or (b) ¢, = 1000 (FEM-2
model with high-F effects). The DOS g(¢) for each energy E = ¢ — e¢ in the range of ¢ € [-2,+0.5] eV
is shown as greyscale plot. The upper limit of the displayed e-range approximately corresponds to the CB
mobility edge, whereas the lower limit was chosen arbitrarily (since the VB mobility edge is even lower; cf.
LOS analysis in fig. 5.36).

electric field is weak.!?® The full consequences for electron transport are difficult to predict, since
these changes affect the local DOS, the work function, the charge density and the relations of #n and
o to y and F. However, there should still be the regions where the Fermi level crosses the band gap.
The most important effect thus probably would be a broadening of the band gap in these regions
due to the local increase of the O/Ga ratio over time. On the one hand, this would make it even
more likely that these regions dominate the device resistance. On the other hand, this would also
provide an additional explanation for the reproducibility issues of the I-V experiments, because the
initial state of the devices would depend on the time since their preparation (and on eventual heat

treatment, e.g., during lithography or paste drying).

5.6.2 Steady State for Non-Zero Voltages

In the next step, the steady-state electron transport through the Pt|a-GaO, (|ITO device was sim-
ulated for different applied voltages.'”! Fig. 5.66 shows the chemical potential y(z), the electric
potential ¢(z) and the Fermi level Ep(z) = i(z) = p(z) — ep(z) for V.= +1V and for V = -1V.
In fig. 5.66a,b, they were obtained with a permittivity of e, = 10, which leads to narrow Schottky
barriers and a linear variation of Er through the whole a-GaO, ; layer. Almost the complete voltage

drop'?? occurs over the bulk and the Schottky barriers are apparently irrelevant for the device re-

"*"The EELS results in sec. 5.1.3 do not clarify this hypothesis, since the surface was investigated without a TE (fig. 5.6)
and since the a-GaO«|ITO interface is too rough for conclusions (fig. B.4).
V is the voltage at the Pt-TE, relative to the grounded ITO-BE - like in the I-V experiments.
"2?Despite its misleading name, the common term “voltage drop” does not refer to changes of the electric potential inside
a device. Instead, it generally refers to variations of the electrons’ electrochemical potential j, which sum up to the
applied voltage times the electron charge.
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sistance. For ¢, = 1000 in fig. 5.66¢,d, the situation is different. The Schottky barriers are broader, as
expected from the previous results for V = 0, and the Eg(z) curve exhibits two major voltage drops
near the interfaces. For V = +1V, the BE barrier dominates with a voltage drop of AEr ~ 0.63eV,
while the TE barrier has AEr ~ 0.32eV (fig. 5.66¢). For V = -1V, the TE barrier dominates with
AEg ~ 0.61eV, whereas the BE barrier has AEg ~ 0.32¢eV (fig. 5.66d). The bulk is almost negligible
in both cases, with AEg ~ 0.05eV and 0.07 eV, respectively (approx. 12nm < z < 30nm). The
reverse-biased interface dominates for each polarity, as would be expected from the classical Schot-
tky barrier theory, but there is a remarkable difference: The voltage drops do not occur directly at
the interfaces, where Eg(z) is almost constant. Instead, they occur near the end of the depletion

regions, as expected from the previous section.
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Figure 5.66: Chemical potential y, electric potential ¢ and Fermi level Ex (= ) in Ptla-GaO, o|ITO with
an applied voltage of (a,c) V = +1V or (b,d) V = -1V, for different permittivities of either (a,b) e, = 10 or
(c,d) € = 1000 (FEM-4 model with high-F effects; cf. fig. B.30 for the corresponding FEM-3 results without
high-F effects).

The corresponding band bending graphs in fig. 5.67 illustrate the location of the voltage drops even
better. For €, = 10, the Fermi level varies almost exclusively over the bulk and it crosses the Schottky
barriers as a straight line (fig. 5.67a,b). For €, = 1000, however, the voltage drops occur precisely
in the regions where the Fermi level crosses the small band gap of a-GaO, ;, (fig. 5.67¢,d). It is also
visible why the dominating barrier changes with the voltage polarity for €, = 1000. The dominating
interface is the one where the course of Er(z) matches the curvature of the band bending E(z),

because this enlarges the region where the Fermi level is in or near the band gap.
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Figure 5.67: Band bending in Pt|a-GaO, ¢|ITO with an applied voltage of (a,c) V = +1V or (b,d) V = -1V,
for different permittivities of either (a,b) ¢, = 10 or (c,d) ¢, = 1000 (FEM-4 model with high-F effects). The
DOS g(¢) for each energy E = ¢ — e¢ in the range of ¢ € [-2, +0.5] €V is shown as greyscale plot. The upper
limit of the displayed e-range approximately corresponds to the CB mobility edge, whereas the lower limit
was chosen arbitrarily (since the VB mobility edge is even lower; cf. LOS analysis in fig. 5.36).

The difference between the results for €, = 10 and 1000 can be understood by regarding the local
VRH conductivity o(z) in the a-GaO, , layer (fig. 5.68). In contrast to the conclusions from the
zero voltage simulations, the conductivity is not significantly reduced within the Schottky barrier
regions for €, = 10, not even where the Fermi level is in the band gap (fig. 5.68a). The reason for this
is the high electric field strength F(z) in these regions (fig. B.26a,b), which raises the F-dependent
VRH conductivity in the band gap to approximately the same order of magnitude as the value in the
bulk. This demonstrates how metal|a-GaO, Schottky barriers can become irrelevant for the device
resistance, despite a high work function difference. For €, = 1000, the Schottky barriers are broader
and therefore the reached field strengths are much lower (fig. B.26¢,d). The conductivity o(z) for
€ = 1000 in fig. 5.68b thus exhibits the expected minima near both interfaces. They differ from the
bulk value by 2-3 orders of magnitude. These are the regions where the voltage drops were observed
in fig. 5.66¢,d. The low-o region is not deeper but broader at the dominating barrier, in accordance
with the band bending graph (fig. 5.67¢,d).
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Figure 5.68: Hopping conductivity ¢ in Pt|a-GaO, 4|ITO with an applied voltage of V = +1V or -1V, for
different permittivities of either (a) e, = 10 or (b) ¢, = 1000 (FEM-4 model with high-F effects).

In order to investigate the consequences for the I-V response of the Pt|a-GaO, (|ITO device, the
FEM simulations were also carried out for the voltages between +1V and -1V, in 0.1V steps. The
resulting, smooth I-V curves for the different permittivities are shown in fig. 5.69a. The curve for
€r = 10 is almost linear and highly symmetric, as expected for a bulk-dominated device, but it also
possesses a slight S-shape (convex for V' > 0, concave for V' < 0). This curvature originates directly
from the F-dependency of the conductivity in the bulk, which increases gradually with increasing
absolute voltage (fig. B.27). The simulated device with d = 40nm is thin enough such that the
electric field in the bulk exceeds the weak-field regime (fig. B.26a,b).
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Figure 5.69: Current density j for different voltages V applied to Pt|a-GaO, (|ITO (FEM-4 model with high-
F effects; cf. fig. B.32 for the corresponding FEM-3 results without high-F effects). The points represent the
individual FEM simulations, which are connected by straight lines as guide for the eye. In (a), the results for
the different relative permittivities €, = 10, 100 and 1000 are displayed together, while (b) shows a close-up
plot of the data for ¢, = 1000.

The I-V curve for €, = 1000 has much lower current density than the curve for €, = 10 (fig. 5.69a),
due to the reduced conductivity in the dominating near-interface regions (cf. fig. 5.68). Further-
more, the curve for ¢, = 1000 is considerably more S-shaped, as can be seen in fig. 5.69b. The reason

for this is again the F-dependency of the conductivity, but now the relevant effects occur in the low-
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o regions instead of the bulk. Fig. 5.70a shows that mainly the voltage drop near the BE increases
for higher positive voltage, whereas the bulk and the TE barrier vary only moderately. Congruently,
mostly the voltage drop near the TE increases for more negative voltage (fig. 5.70b). These changes
within the respective, dominating Schottky barrier govern the shape of the I-V curve. The higher
the voltage drop over the barrier, the broader is the region where the Fermi level is in the band gap
(cf. fig. 5.67). This causes a broadening of the dominating conductivity minimum with increasing
absolute voltage, as shown in fig. 5.70c,d. However, this does not lead to a higher device resistance,
because the increasing voltage drop is also coupled to a local increase of the electric field strength
(fig. 5.70e). The resulting increase of the conductivity overcompensates the broadening of the min-
imum (fig. 5.70c,d), such that the total device resistance decreases for higher absolute voltage. This
produces the S-shape of the I-V curve. The V-dependent conductivity profiles in fig. 5.70c,d also
explain the high symmetry of the I-V curve for €, = 1000. Normally, one would expect an asymmet-
ric I-V curve for such a pair of back-to-back Schottky barriers with different electrode materials.
Here, however, the decisive low-o regions are congruent for V"> 0 and V < 0, just inverted with

regard to the spatial axis.

The I-V curve for the intermediate permittivity ¢, = 100 in fig. 5.69a is linear with a slight curvature,
but the S-shape is opposite in this case (concave for V > 0, convex for V' < 0). This minor increase
of the device resistance for increasing absolute voltage seems strange at first sight. The main volt-
age drop occurs across the bulk (fig. B.28), with negligible variation of the bulk conductivity for
increasing voltage (fig. B.29). This is the reason for the linearity of the I-V curve. In contrast to the
simulations with €; = 1000, the reverse-biased Schottky barriers at the BE for V > 0 and at the TE
for V < 0 are not relevant for €, = 100, because their F-enhanced conductivity is already too high
(fig. B.29). Instead, there are increasing voltage drops at the other, forward-biased Schottky barri-
ers (fig. B.28), together with a local decrease of the conductivity due to lower electric field strengths
(fig. B.29). This change near the TE for V > 0 and near the BE for V' < 0 is responsible for the

increasing device resistance and the inverted S-shape of the I-V curve.

The different I- V' curves for €, = 10, 100 and 1000 are examples for the wide variety of curve shapes
that may result from the combination of Schottky barriers with VRH transport. The analysis of
the underlying processes revealed that the F-dependence of the hopping conductivity plays a de-
cisive role. This is also demonstrated by the analogous I-V simulations where this F-dependency
was neglected (FEM-3 model). In this case, the device resistance would always be dominated by
the regions where Ep(z) crosses the band gap, even for e, = 10 (fig. B.30). The conductivity in
these regions would no longer be increased by the electric field in the space-charge zone (fig. B.31),
in contrast to fig. 5.68. This would lead to completely different I-V curves for all tested €, values
(fig. B.32), which would have an inverted S-shape with approximately linearly increasing current
at high voltages (concave for V' > 0, convex for V' < 0). The broader the Schottky barriers, i.e.,
the higher ¢, the lower would be the currents. The different shape of these I-V curves originates
from the broadening of the low-o regions with increasing absolute voltage (fig. B.31). This is the

same broadening as already discussed further above for €, = 1000 (cf. fig. 5.70c,d). However, when
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Figure 5.70: Voltage-dependence of the FEM results for Pt|a-GaO, z|ITO with e, = 1000 (FEM-4 model with
high-F effects). (a,b) Fermi level Er (= i) for different positive and negative voltages. (c,d) VRH conduc-
tivity o for different positive and negative voltages (cf. fig. B.31 for the corresponding FEM-3 results without
high-F effects). (e) Electric potential gradient dp/dz (= —F). (f) Chemical potential gradient du/dz of the
electrons.

the F-dependency of the conductivity is neglected, then this broadening is no longer compensated
and the device resistance increases, especially at low voltages. At higher voltages, the device re-
sistance would stay approximately constant, because almost the whole voltage drop would occur
in the growing regions with constant, low conductivity (fig. B.31). This shows that the exponential
dependence between the VRH conductivity and the electric field strength is very important for the
shape of the I-V curves.

Overall, the most interesting FEM result is the I-V curve for €, = 1000 in fig. 5.69b, which has a

5.6
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pronounced S-shape due to the F-dependency of the conductivity. The shape of this simulated curve
resembles the I-V curves measured in the resistive switching experiments (cf. sec. 5.2). In contrast
to classical back-to-back Schottky barriers with unequal electrodes, the curve is highly symmetric,
which is another similarity to the measurements (e.g., fig. 5.12). Furthermore, the current density
values are in a realistic range. The exact I-V relations are not reproduced, however. Contrary to the
earlier expectation from In(o) o< F/? (cf. sec. 5.5.4), the simulated curve cannot be described by
In(j/V) o< V12 (fig. B.33a). This is actually no surprise, since the electric field is not constant in
the dominating low-o¢ region and since the voltage drop does not occur exclusively in this region.
Instead, the simulated curve approximately conforms to In(j) o< VY2 (for |V| > 0.5V, fig. B.33b).
This slightly different relation has often been reported for a-GaO,-based resistive switching devices,
for example in [9, 26, 27, 177] (cf. sec. 2.4). Apparently, the devices in these works can be described
by the idealized Pt|a-GaO, ;|]ITO model. This is yet another hint at the involvement of VRH in the

resistive switching of a-GaO,.

In general, it must be taken into account that a spatially constant composition is unlikely for real
devices. For example, as already discussed in sec. 5.6.1, the O/Ga ratio could be increased in the
low-o regions due to the ion migration caused by the electric field of the Schottky barriers. Based
on the KMC results for x = 1.2, one can expect that this would decrease the conductivity in these
regions even further. The voltage drops would concentrate more to these regions, such that the I-V
curve would probably converge towards the relation In(j/V) oc V2 that was measured in fig. 5.26.
Another consequence would be that the narrow regions near the interfaces would dominate and
produce an S-shaped curve even for lower permittivity values of €, < 1000. Further changes of the
O/Ga ratio in the a-GaOy layer, for example due to surface oxidation or during resistive switching,
would of course affect the shape of the I-V curves as well. This would also explain the different
degrees of curvature observed in the I-V experiments. Depending on the resulting conductivity
and electric field strength in the dominating regions, the I-V curves could become more linear or

more S-shaped.

Finally, it is time to pick up the thread of the resistive switching discussion in sec. 5.2.4. The exper-
imental RS behavior could not be explained with the classical bulk or interface switching models

due to three main reasons:

o The voltage- and stoichiometry-dependence of the electron transport through metal|a-GaO,

Schottky barriers was unclear.

o Bulk-dominated RS would fit to the symmetry and the occasional linearity of the measured
I-V curves, but it would be inconsistent with the frequently observed S-shaped curvature of
individual resistance states. Conversely, interface-type RS would provide an explanation for the

curvature, but it would not lead to symmetric or linear I-V characteristics.

« Figure-8 switching would require that the major voltage drop occurs at or near the ITO-BE for
negative voltage, but this seemed unlikely due to the previous HRS — LRS transition at positive

voltage and due to the reverse-biased Pt|a-GaOy interface.
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The FEM simulations without ionic motion cannot fully reveal the resistive switching mechanism,
of course, but they resolve the first and the second point on this list. According to the FEM results,
the electron transport through a metal|a-GaO, Schottky barrier is controlled by the low-o region
near the interface, where the Fermi level crosses the band gap. The conductivity measurements and
the KMC simulations showed that this region would become more resistive when the local O/Ga
ratio increases. The influence of an applied voltage on the electron transport through this region was
clarified by the FEM calculations (e.g., fig. 5.70). Furthermore, the simulations demonstrated that
the electric field strength in the devices may become high enough to affect the VRH conductivity,
especially near the interfaces but probably also in the bulk. In combination with the exponential F-
dependency of the conductivity, this leads to a more or less linear I- V' curve, depending on the local
electric field strength. Simultaneously, the I-V curve tends to be symmetric because the hopping

conductivity does not depend on the direction of the electric field.

The third point concerning figure-8 RS cannot be resolved with certainty, because it can only be
speculated about the ion transport in the devices. The most likely explanation is still a certain influx
of oxygen ions from the ITO electrode into the highly oxygen-deficient a-GaOj layer, due to the
steep gradient of the chemical potential yo of oxygen at the interface (cf. sec. 5.2.4). Additionally,

two plausible assumptions can be made about the ion transport:

« Oxygen ions are mobile, but only in regions with a strong electric field or a steep chemical po-
tential gradient Vo, due to a generally low ionic conductivity (cf. sec. 2.3.4). Otherwise, the

different resistance states of the devices would not be stable over time.

« For bipolar RS, the internal switching processes must occur in regions where the electric field
reverses its direction depending on the voltage polarity. This essentially rules out switching
directly at the interfaces, where the direction of the electric field is governed by the work function
difference (cf. fig. 5.70e). In order to have sufficiently high V¢ for at least some ion transport,
these regions must be narrow with a high voltage drop (i.e., low conductivity). Furthermore,
the local Vo must be rather low, because otherwise the changes induced by the applied voltage
would be reverted by diffusion when V = 0.

Together with the FEM results, this leads to two scenarios for the initial state of the Pt|a-GaO,|ITO

devices, depending on whether the surface of a-GaO, was exposed to air before the TE deposition:

« With surface oxidation: Both the air exposure and the oxygen influx from ITO increase the
O/Ga ratio at the respective interfaces, but the effect of the surface oxidation is stronger. The
additional oxygen ions from both outer sources partially migrate away from the interfaces to the
low-o regions, due to the electric field of the Schottky barriers. Since both the initial increase of
the O/Ga ratio and the electric field strength are higher at the TE than at the BE (cf. fig. 5.70e),

this leads to a more resistive low-o region near the TE than near the BE.

« Without surface oxidation: In this case, the only additional oxygen is provided by ITO. The
electric field at the TE is still stronger, but without the oxygen from air, the increase of the O/Ga

ratio is more pronounced for the low-o region near the BE than near the TE.
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Since the low-o regions are near the inner end of the Schottky barriers and since the oxygen ion
accumulation partially compensates the electron depletion, the electric field in these regions should
be rather weak for V' = 0. It is thus plausible that the electric field direction in these regions would
switch with the voltage polarity. Furthermore, it explains why the I-V curves could still be sym-
metric when only one low-o region dominates. It can also be expected that these regions are very
narrow, especially when €, < 1000 (cf. fig. 5.68a). The resulting high electric field strength for V' # 0

then causes not only the switching transitions but also the observed S-shape of the I-V curves.

An applied voltage leads to oxygen ion migration to or from the dominating region and the result-
ing changes of the local VRH conductivity are visible as resistive switching. This voltage-induced
exchange of oxygen with the adjacent material could occur either at the outer or the inner side of
the low-o region, because it is not located directly at the interface. This means that, in principle,
the O/Ga ratio could increase or decrease for each voltage polarity, which would enable a large va-
riety of different switching patterns. Since the electric field of the Schottky barrier likely prevents a
reversible oxygen exchange in the direction of the interface, it is most probable that the switching
transitions occur at the inner side of the low-o region, in the direction of the bulk. This leads to the
following idea for the resistive switching mechanism of Pt|a-GaO,|ITO:
« With surface oxidation — counter-8 bipolar RS: The low-o region near the Pt-TE dominates
the device resistance.'*?

- V > 0: Oxygen ions migrate from the bulk to the low-o region near the TE, which leads to
an LRS — HRS transition. This transition is not visible in the first cycle, because the device is
initially in the HRS (O/Ga ratio already very high).

- V < 0: Oxygen ions migrate from the low-o region near the TE to the bulk, which leads to an
HRS — LRS transition.

« Without surface oxidation — figure-8 bipolar RS: The low-o¢ region near the ITO-BE domi-
nates the device resistance.
- V > 0: Oxygen ions migrate from the low-o region near the BE to the bulk, which leads to an
HRS — LRS transition.
- V < 0: Oxygen ions migrate from the bulk to the low-o region near the BE, which leads to an
LRS — HRS transition.

This is essentially a form of bulk switching in very confined regions near the interfaces. At suffi-
ciently high Vi« in the I-V experiment, both low-o regions have substantial voltage drops and all

four transitions are observed as abnormal bipolar RS (cf. fig. 5.25).

'*>The proposed mechanism also agrees with the XPS experiments in [10], where the changes of the O/Ga ratio in the
first few nanometers below the Pt-TE were measured after counter-8 bipolar RS. In these experiments, the O/Ga
ratio increased for V' > 0 and it decreased for V < 0.



Conclusion

The primary aim of this work was the investigation of the resistive switching of Pt|a-GaO|ITO de-
vices, with a focus on the electron transport. Previous studies showed promising results for these
devices, but they also reported a wide variety of switching patterns and interpretations. Several
variants of filament-, interface- and bulk-type switching have been proposed for the individual
observations. However, a deeper understanding of the responsible processes or a unified RS mech-
anism have remained elusive. The results of this work, which are summarized in the following,

contribute a lot of crucial pieces to this puzzle.

The initial characterization of the PLD-made a-GaOy thin films with x in the range of 0.8-1.1 con-

firmed several expected trends, often for the first time:

o Stoichiometry: The higher the PLD fluence, the higher the O/Ga ratio x. No increase of x in the

bulk during long-term storage in air.
o Growth rate: The higher the laser fluence, the higher the growth rate during PLD.
o Color: The lower the O/Ga ratio, the darker and less transparent are the thin films.

o Deposition in H,/Ar instead of Ar: H, mainly reduces the growth rate, while it has only a weak
effect on the O/Ga ratio.

« Surface oxidation: Exposure to air leads to a significant increase of the O/Ga ratio to approx.
Xsurf ~ 1.3. This effect is limited to the surface and the O/Ga ratio decreases gradually to its bulk
value within the first 10-15 nm of the film (after > 1year).

o Work function: The work function of a-GaO, with xg,r ~ 1.3 is approx. 3.7-4.0 €V, i.e., much
lower than for a-GaO, 5 or B-Ga,0;.

The most influential of these findings is probably the surface oxidation, because of its relevance for
any surface-sensitive measurement or application. It typically has not been taken into account in the
a-GaOjy-related literature and most works not even mention whether the severely oxygen-deficient
films have been exposed to air. Besides the consequences for the interpretation of experiments,
the measured surface oxidation also confirms another important point: The ionic conductivity of

oxygen in a-GaO, must be very low, because otherwise the diffusion profile of the incorporated
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oxygen would reach further into the sample. This is beneficial for resistive switching since it implies

a good stability of the resistance states.

The subsequent I-V experiments with the prepared Ptla-GaO,|ITO devices reflected the confusing
status quo in the literature. The devices exhibited counter-8, figure-8 and abnormal bipolar resistive
switching, together with a wide range of curve shapes from linear to S-shaped. Nonetheless, it was

possible to gain several insights:

« The measured I-V curves are often very symmetric and they obey different functional relation-
ships (e.g., j o< V, j o< V2, 1n(j/V) o< VY2 orIn(j/V) o< V2).

« No electroforming is necessary before resistive switching.

o The RS transitions are gradual, with an exponential time-dependence of the resistance changes

and with rather low HRS/LRS resistance ratios.
« Counter-8 bipolar RS starts with an HRS — LRS transition at negative voltage.

« Figure-8 bipolar RS seems to occur when surface oxidation is prevented and it often has a much

higher switching speed than counter-8 bipolar RS.
o Increasing Vi, of the I-V sweeps leads to loops and abnormal bipolar RS.

« Two oppositely oriented switching regions seem to exist in the devices. One of them is respon-
sible for counter-8 and the other for figure-8 bipolar RS. Together, they yield abnormal bipolar

resistive switching.

In hindsight, the diversity of the RS results turned out as a strength, since it revealed new con-
nections between counter-8, figure-8 and abnormal bipolar switching. The interpretation of the
RS behavior in terms of mechanistic processes remained difficult, though, because one could only

speculate about which regions within the devices might dominate the resistance.

The next step thus was a closer investigation of the electron transport in a-GaO,. The conduc-
tivity measurements led to an important discovery: The temperature-dependence of the conduc-
tivity agrees very well with Mott’s law for variable-range hopping (VRH), even at room temper-
ature and above. This was a major surprise, since all previous publications about a-GaO, have
assumed mobility edge conduction (MEC) as the electron transport mechanism. For all measured
samples, the fits according to the VRH law ¢ o< exp [—(To /T 4] were superior to the MEC law
o o< exp[-AE/(kgT)]. Additionally, the conductivity measurements yielded the following results:

o Thermal relaxation of the amorphous structure: Irreversible decay of the conductivity with an
exponential time-dependence during the first heating (“healing” of electronic defects — higher

To — lower o).

o Stoichiometry-dependence: The conductivity decreases non-linearly with increasing O/Ga ra-

tio x, which is attributable to an increase of Tj for higher x.



« Influence of magnetic fields: Very small, linear increase of o with increasing magnetic field

strength (negative magnetoresistance) and no measurable Hall effect, as expected for VRH.

This experimental evidence for electron hopping as the dominating charge transport process in
a-GaOy with x <« 1.5 is certainly the most consequential finding of this work. Most effects that are
relevant in electronic devices are different for VRH in comparison to band conduction - especially
the way the electron transport is influenced by other factors like the material composition, electric
fields or changes of the Fermi level. VRH thus must be taken into account in every electronics
application of highly oxygen-deficient a-GaOy. In the RS devices, two main aspects are affected: The
stoichiometry-dependence of the conductivity, i.e., the influence of ion transport on the electron
flux, and the electron transport through metal|a-GaO, Schottky barriers. The exploration of these

consequences became a main task of this work.

Since VRH normally just dominates at temperatures far below RT, it was suspected that a-GaO,
must have an exceptionally high density of localized electronic states near the Fermi level. This was
confirmed by the HAXPES measurements and the DFT-DOS calculations:

o The HAXPES spectra for xg,¢ ~ 1.2 have a broad defect band from the valence band up to the

Fermi level, whereas a-GaO; 5 only exhibits band tailing.

« The lower the O/Ga ratio, the more defect states emerge between the valence band and the con-
duction band in the DFT-DOS. The DOS for x = 1.2 already features some defect states near the
Fermi level, while x = 1.0 and 0.8 lead to a high density of defect states at and around Ep.

o The defect states have approximately equal contributions from gallium and oxygen orbitals.

o The defect states and the tail states of CB and VB arelocalized states, as concluded from analyzing
the charge density of the individual states. The distances from the Fermi level to the mobility
edges Ec and Ey are approximately 0.5-1.0 eV and 1.5-3.5 eV, respectively.

These results demonstrate that the combination of two effects is responsible for the dominance of
VRH over MEC: The severe non-stoichiometry creates a lot of defect states in the former band gap

and the amorphicity prevents the formation of extended wave functions in the defect band.

The DFT-DOS also were the basis for the subsequent 3D-KMC simulations of the VRH conduc-

tivity. These simulations yielded the same exponential T/

-dependence as the conductivity mea-
surements and it was even possible to reproduce the experimental results quantitatively. This was
the final confirmation that variable-range hopping is a proper model for the electron transport in
a-GaOy. The KMC simulations then were used to elucidate the influence of different physical pa-

rameters:

« Localization radius a: In accordance with the classical VRH theory by Mott, Tj increased with

decreasing & approximately via Ty o< &2, which led to a strong decrease of o for lower .

o O/Garatio x: A non-linear decrease of ¢ and an increase of T, were observed for increasing x,

just like in the conductivity measurements. In contrast to x = 0.8 and 1.0, the simulations for
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x = 1.2 deviated from the T~/-dependence of Mott’s law because the Fermi level is in a small

band gap.

o Electric field strength F: Strong electric fields caused an elevated electron temperature T.g and
an exponential increase of the conductivity, with In(¢) oc FY/? for a-GaO, , at high F. Both
the increase of the charge carrier density ng through T > T and the increase of the mobility

through the higher tunneling probability were responsible for the increasing conductivity.

o Chemical potential y: The simulations with positively and negatively charged a-GaO, , yielded
the expected changes of the conductivity due to the shift of the Fermi level. The conductivity
decreased by several orders of magnitude for y » —0.5eV, where the Fermi level is in a small
band gap (still approx. In(o) oc F/2 at high F).

Besides these insights about a-GaOy, the KMC simulations also led to several contributions to the

VRH theory in general:

o Mott’s VRH law is a valid approximation not only when the DOS is constant in the relevant
energy range around Eg but also when the DOS varies moderately (i.e., as long as the correlation

between distance and energy difference of the hops is rather weak).

o In general, the charge carrier density of VRH is given by the effective charge carrier density neg
(as known from band conduction in metals). The concept of effective charge carriers is essential

for a proper definition of the mobility and the diffusion coefficients for VRH.

o The Nernst-Einstein relation between the mobility and the Fickian diffusion coefficient is also
valid for VRH. Remarkably, it retains its validity even at high F, as long as T is replaced by T.g.
This is a special consequence of VRH, where essentially no hop is completely perpendicular to
the electric field. The Fickian diffusion coefficient - obtained from the mean squared displace-
ments perpendicular to F — exhibits approximately the same T-, F- and u-dependence as the

conductivity.

The KMC simulations of this work are among the most comprehensive and sophisticated in the field
of VRH research. To the best of the author’s knowledge, they are the first VRH simulations with
an ab-initio DOS of an amorphous material. This was made possible by the developed VHoppAS
software, which enables efficient KMC-VRH simulations with an arbitrary DOS as distribution

function for the localized states (free + open-source on GitHub or via [204]).

After the DFT calculations of the electronic structure and the KMC simulations of the electron
movement, the computational multi-scale approach was completed by the FEM modeling of the
electron transport on the device scale. The FEM calculations for Ptla-GaO, o|ITO were likely the
first ever simulations of an electronic device with variable-range hopping through Schottky barriers.
Even though the FEM models did not contain ion movement, they led to significant advances with
regard to resistive switching: The resistance of Pt|a-GaO,|ITO devices is most likely dominated by
narrow low-o regions near each interface, where the Fermi level crosses a small band gap or DOS

minimum. The existence of these low-o regions in real devices is quite certain, because otherwise


https://github.com/phi-hein/VHoppAS

the interfaces would have no influence on the I-V characteristics. This would contradict the exper-
imental observations. The shape of the I-V curves is governed by the exponential F-dependence
of the VRH conductivity in the low-o regions, which explains the symmetry and the curvature of
the I-V measurements. The variation of the local O/Ga ratio in these low-o regions through ion
transport thus seems to be responsible for the resistive switching of a-GaOy. Based on these conclu-
sions, a new unified RS mechanism was proposed for the counter-8, figure-8 and abnormal bipolar
switching behavior. Its main principle is the reversible oxygen ion migration between the low-o
regions and the nearby bulk. Counter-8 bipolar RS results when the low-o region near the Pt-TE
dominates the device resistance, whereas figure-8 bipolar RS is observed when the other low-o re-
gion near the ITO-BE is more resistive. This is controlled for example by the interface oxidation
through air or ITO. If the applied voltage is rather high, then both regions have sufficient electric
field strength for ion migration, which leads to abnormal bipolar RS. With the currently available
evidence, this resistive switching mechanism is just a hypothesis. However, it is likely the first RS
model for a-GaO, that would explain the different switching patterns and curve shapes, and it is an

important guide for the further experimental and theoretical investigation in the future.

In summary, the reported results represent a significant step forward for the understanding of
a-GaOy with x « 1.51in general and for its resistive switching devices in particular. The insights even
could be relevant for RS devices with x » 1.5, because VRH could dominate in the often postulated,
oxygen-deficient filaments. Furthermore, the findings of this work should be transferable to the
whole class of amorphous, highly non-stoichiometric materials like for example a-HfO, or a-TaOj.
It is likely a general principle that VRH dominates even at room temperature once an amorphous
material is prepared with a sufficient amount of compositional defects. The consequences then

should be quite comparable to those observed for a-GaO,.

This work naturally offers plenty of inspiration for further research. Two main points are definitely
the experimental investigation of the proposed RS mechanism and the examination of comparable
materials for VRH transport. Furthermore, it is for example necessary to clarify the role of hydro-
gen in a-GaOy, the influence of Joule heating during resistive switching and whether MEC really
begins to dominate for x — 1.5. To conclude this work, several more specific ideas are listed in the

following:

« Extension of the FEM models to include spatial variations of the O/Ga ratio x (or even dynamic
ion movement): Instead of expensive DFT calculations on a fine-grained O/Ga ratio scale, it is
likely more feasible to abstract the available DFT results into an x-dependent DOS model (incl.
Eg vs. x), which is then fed to KMC in order to generate the o(x, y, F) data required for FEM.
For a full description of resistive switching, the model for the electron transport could be paired

with a calculation of the ion transport over time (from the continuity equation for 0x/0t).

o In-situ HAXPES: The HAXPES results demonstrated that the O/Ga ratio can be determined
through a thin metal layer. This could be used to monitor the O/Ga ratio beneath the TE during

resistive switching.
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o Photoelectron spectroscopy at the a-GaO,|ITO interface: To investigate the proposed changes

of the O/Ga ratio near the ITO electrode, the device setup could be reversed (ITO as TE, Pt as
BE). The photoemission from gallium should also be visible through a thin ITO layer. Note that
this approach would be limited to amorphous ITO. Alternatively, a water-soluble substrate like
NaCl could be used for the Ptla-GaO,|ITO devices, which can be removed after the preparation
of the sample.

Improved contacts for resistive switching: The RS experiments could be optimized by using a
crossbar sample architecture, where the individual devices are formed by intersections of line-
shaped TEs and BEs. In this case, the electrodes can be contacted by conductive paste without
restricting the device size. This would enable the combination of small devices and reliable
contacts with negligible series resistance. Crosstalk between the devices should be no issue due
to the rather low HRS/LRS ratios.

Bubble formation at high voltage: In the I-V experiments, it was observed that very high positive
voltage causes irreversible damage in the form of shallow bubbles. The respective devices had
no surface oxidation and exhibited figure-8 bipolar RS. TEM measurements revealed that the
“bubbles” correspond to voids at the a-GaO,|ITO interface. Their round shape speaks against
a simple film delamination. Instead, it seems like O, gas is created at the interface. This inter-
pretation is supported by some first EELS results: At the border of the a-GaOj layer to the void,
the oxygen signal is significantly enhanced in comparison to the bulk (while the gallium signal
is unchanged). This would fit to an enhanced oxygen transfer from ITO at high V > 0. Further

investigation of this phenomenon could yield valuable information about the RS mechanism.

Oxygen transfer at the a-GaO,|ITO interface: The roughness of ITO can be optimized to pro-
duce a sharp interface. After 8O-exchange of the ITO layer and subsequent a-GaO, deposition,
the oxygen diffusion from ITO to a-GaO could be analyzed by SIMS (for example after differ-
ent waiting times). To avoid ion beam mixing during SIMS, it is probably advised to cut a FIB

lamella from the sample.

Surface oxidation with O: Freshly prepared a-GaOj films could be exposed to %0, or H¥O,
for example by injecting these compounds into the PLD chamber. The resulting diffusion profile
of 80 at the surface could be analyzed with SIMS after different waiting times or after applying

a voltage.

Hydrogen incorporation: The role of hydrogen could be investigated by supplying *H, or *H,0
to the PLD chamber either during or after the deposition of a-GaOy. The presence of deuterium
in the thin films then could be analyzed by SIMS or solid-state NMR.



Calculations

A.1 Random Distances within a Sphere

Let 7 be a random point within a sphere with radius R. A spherical coordinate system with its origin
in the center of the sphere is employed, such that the coordinates for r are the radius r (distance
from the center), inclination 0 (angle to z axis) and azimuth ¢ (angle to the x axis in the x y-plane).
The volumetric average of a function corresponds to its integral over said volume, divided by the

volume. The average of the distance r from the origin of the sphere is thus given by

2n 7w

frdV— ff/r sin(6) drdfde
sph sph

fd(/)fSll‘l(Q)dQ/f‘ dr—
sph

where the definition of the volume element in spherical coordinates, dV = r*sin(8)dr d6 de, and

(r) =

3
4R (A1)

the sphere volume V1, = 4R’ /3 were used. In a similar way, the average distance in one direction
can be obtained. Now, 7 shall be a random point within the semi-sphere with z > 0, i.e., 0 is
restricted to the range [0, 77/2]. The distance of 7 to the x y-plane is z = r cos(6) and the average of
this function is

2 72 R
(z) = Sph/ frcos(e)dV— sph/sz[r cos(0)sin(0)drdode
27 /2 .
Sph/zfd(pfcos 0)sm(9)d6/r dr = T 24 8R (A2)
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A.2 Effective Charge Carrier Density in Constant or Linear DOS

Let a DOS g(¢) that is linear with regard to the state energy ¢ in the vicinity of the Fermi level (= u
on the e-axis) be defined by

£(6) = 5(0) + dg)(e-p) it ag(u) - (42 (a3
e=p

This corresponds to a 1° order Taylor expansion of the DOS around the Fermi level. It includes also
the case of constant DOS (Ag(p) = 0). With the definition of the effective charge carrier density neg
(eq. 2.23) follows

Reff = f[g(#) +Ag(p)(e—w)lfep (e u) [1- fep(e, u)] de (A4)

~g(w) [ fooles) [1- fin(es)] de + Ag(w) [ (= ) fin(e ) [1- fin(e )] de

The second integral always equals zero, because (e — y) is antisymmetric and fep[1 — fep] is sym-

metric around y. The first integral is easily solved, since

dfen(eu) _
oe

1
—kBTfFD(&#) [1- frp (e 1)] (A5)

analog to the derivative with regard to u that was encountered in the derivation of eq. 2.23. With

fep — 0 for € - oo and fgp — 1 for € = —oo then follows
) €,
nesf = —kpTg(u) f w de = —kgTg(u)[0-1] = ks Tg(u) (A.6)

Both for constant and for linear DOS, n.g therefore always equals kg T' times the DOS at the Fermi
level, regardless of the slope of the DOS. This result was also used by Mott in the derivation of the
VRH law (eq. 2.54).[31, 72]

A.3 Weighted Mean, Inner Error and Outer Error
The weighted mean x of n different values x; + s;, each associated with an individual standard
deviation s;, is given by

n X
Zizls_é

1
Yy
1

X = (A7)
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The standard error u; of the weighted mean corresponds to the maximum of the inner error u;,

and the outer error uqy, as defined by

1
n 1
i=1 2

1

1 n Xi—X 2
. Uout = Uin Z( — Y and Uz = max(tin, Uout) (A.8)

n-135 s

Uin =

This calculation respects both the individual uncertainties and the deviations between the values.
The equation for the inner error uj, originates from Gaussian error propagation of the weighted
mean formula (eq. A.7), while the outer error u, is a weighted standard deviation. Note that,
when all s; are similar (= sg), these expressions correspond to the conventional “standard error of

the arithmetic mean’, as required:

n
Us = Uip = Uyt = % with so = - 1_1 ;(xi — )2 (A.9)
The result x + u; of the general eqs. A.7 and A.8 gives a confidence interval that contains the “true”
value of x with a probability of 68% (assuming normal distribution of x). However, this is only
relevant when measuring a quantity x that is supposed to be a constant. When combining the mea-
surements from different samples, for example, which are expected to have each a slightly different
“true” value of x, one is interested in the spread of the value x among them, instead. Under the
assumption that the different “true” values of x are identically distributed for the samples, a suitable

error bar then can be obtained as

Sy =U/n (A.10)

which converts the standard error of the weighted mean back into a sample standard deviation s,.?*

The final result x + s, is a prediction interval for future, similarly determined values x;, which lie
within this interval around x with a certain probability (68% when x follows a normal distribution).
In this work, for example the SKPM work functions from different, comparable a-GaO, samples

were aggregated in this way.

2*The use of the sampling size # in the “n — 1” and “\/n” terms of egs. A.8 and A.10 is an approximation. For more
exact unbiased estimators of the weighted standard deviations, # in these terms must be replaced by the so-called
effective sampling size, which equals the square of the sum over s; %, divided by the sum over s; *. This has an influence
especially when the s; values have large scatter. The more equal the s;, the closer is the effective sampling size to 7.
For the use cases in this work, there is virtually no difference between using 7 or the effective sampling size.
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A.4 Tracer Statistics and Random Walk Theory for Electrons

In the KMC simulations, the movement of each electron k in the simulation cell is tracked individ-

ually. Its displacement vector

X
Re=| v, (A.11)
Zy

describes how far it moved in x-, y- and z-direction since the start of the simulation. However, this
quantity is only meaningful if the electron experiences the same thermodynamic driving forces
during the whole simulation. If the transport conditions would change, spatially or temporally, it
would be impossible to retrieve material parameters just from the electron’s overall displacement.
Therefore, the simulation cell must be macroscopically homogeneous, with spatially and temporally
constant chemical potential g, electron density 7, electric field F and temperature T, combined with
periodic boundary conditions. This quite obvious requirement does not impede the simulation of a
drift flux, since F # 0 is still allowed, but it prevents the observation of Fickian diffusion because of
Vu =0and Vn = 0. However, even though there is no net diffusion flux, there is still diffusive mo-
tion of the electrons in the homogeneous system, which is called tracer diffusion (or self-diffusion).
The following derivations will show that by knowing the effective charge carrier density n.g, which
was introduced in sec. 2.1.1, it is possible to obtain the Fickian diffusion coefficient from the tracer
diffusion observed in KMC.

In principle, the choice of which electrons are monitored as tracers is arbitrary. The common ap-
proach to track all electrons is just the most straightforward option. Generally, depending on which
electrons are considered as tracers, there might be a tracer concentration gradient Vn™ # 0 and an
associated chemical potential gradient Vu™ # 0 of the tracers. With starred quantities referring to

tracers, the tracer flux thus can be written as
. . o* o
Je=-—Vi" = —;Vy* + ?V‘P (A12)

There is a constraint, though, for the tracer choice, because individual electrons are not necessarily
representative for others or for the whole collective. Electrons deep in the valence band, for example,
are mostly immobile because the energy difference to the unoccupied states near and above the
Fermi level is too large. They are essentially blocked from hopping and considering just them as
tracers would lead to the false conclusion that there is almost no tracer diffusion. The tracer choice
determines what fraction of the overall electron motion in the system is observed. In order to
be representative for the material, the tracers n* must be selected such that they together behave
like a certain amount of effective charge carriers n;. By definition, each effective charge carrier -
as a pseudo-particle - is representative for all other effective charge carriers and thus for the whole

material (cf. sec. 2.1.1). The relation between n* and n; is neither obvious nor unique. It is required,
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though, that increasing the number of representative tracers for example by a factor 2 also doubles
the observed tracer flux and the number of corresponding effective charge carriers. In other words,

whatever the rule by which the tracers are selected, the ratio

(A.13)

must be spatially and temporally constant. Note that this implies V1™ = Vn ;. The actual value of
®* depends on the tracer choice. For example, if n* is a uniformly random sample of all CB tail
electrons (i.e., of ) in an n-type, non-degenerate semiconductor, then is ®* = 1. More generally,
when #n* is a uniformly random sample of all electrons in the KMC cell (or when it corresponds to
all electrons) then ®* must equal the thermodynamic factor ® according to eq. 2.19. This would be
an elegant tracer choice, since ® is known - it is simply the ratio between #n and n.g for the KMC
cell (cf. egs. 4.16 and 4.18). The actual tracer choice used in the KMC simulations will be explained

further below.

The effective charge carriers nj; must react to an electric field like in an inhomogeneous system
with similar local g, which means that their mobility cannot depend on y¢*) and must correspond
to u as defined in eq. 2.28. The drift flux has to be similar both in the n*- and the n;-picture, which

requires
o' =en‘uy=enjgu = u=uyd" (A.14)

where uy; denotes the tracer mobility. From eq. A.14 follows that uy; must be spatially constant and
independent of n* and p*, though it depends on the way the tracers are selected. For the exemplary
tracer choices mentioned above, it is uy = uxy when @* = @ (cf. eq. 2.28) and uy; = u when @ = 1.
Like uy, also the tracer diffusivity must not vary in the homogeneous KMC cell. Therefore, the
tracer flux can also be defined by

*

T* * * o
Jo =-DygVn™ + 7V§0 (A.15)

with a spatially constant tracer diffusion coefficient DY, which is also called self-diffusion coef-
ficient. This is just compatible to eq. A.12 if Vy* = 0 for the tracer activity coefficient y*, since

otherwise the prefactor before Vn™* would not be spatially constant:

o _ 0" kgT - uy kg T . % ug ksT .
— SV = V() = - V() = -y
]f . Y Y (A.16)
= JINEBD Gy
e

In combination with egs. A.12 and A.15 results the Nernst-Einstein relation for the tracer diffusion
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coefficient:

kT
Dy = NTBD (A17)

e

Finally, from egs. 2.29, A.14 and A.17 follows that the tracer diffusion coeflicient Dy is related to the
Fickian diffusion coefficient D by the factor ®*:[236]

*

D = D;0* = D}~

(A.18)

*

neff

This relation is well-known from ion transport theory, where the only reasonable tracer choice leads
to ®@* = ®.[237] Egs. A.14 and A.18 allow the calculation of 4 and D - and thus also ¢ - from the

respective tracer quantities uy and Dy, provided that ®* is known.

It must again be emphasized that ®*, uy and Dy are independent from any spatial variations of n*
or u*. Therefore, in contrast to the Fickian diffusion case with Vn # 0 (cf. eq. 2.14), there are no

gradients of these quantities in the continuity equation for tracers in an homogeneous system:

on*
ot

3 .
while a—': = —V]. = V(DVn) - VoV (negut) (A.20)

= —VJ* = DVn* - ulVevn® (A.19)

This is essential for obtaining uy; and Dy, - and ultimately 4, D and o - from the tracer displace-
ments Ry, as explained in the following adaptation of the classical random walk theory (e.g., [38])

to electrons.

In the KMC simulations of variable-range hopping, the tracers perform a random walk among
the localized states. With an electric field in —x-direction (d¢@/dx > 0), they tend to move in +x-
direction, but they also exhibit isotropic diffusion in all directions. The tracer movement perpendic-
ular to the electric field is examined first, using the y-direction as example. The tracer displacement
in this direction shall be described by a normalized probability density function p(Y, 7), which
means that p(Y, 7) dY is the probability that a tracer k has a displacement Y € [Y,Y + dY] after
time 7. Accordingly, n*(y — Y, t)p(Y,7)dY is the amount of tracers that moves from the plane
y — Y to the plane y when the time advances from ¢ to t + 7. The tracer concentration in the plane

y after time 7 is then

n*(y,t+7) = fn*(y-y, Hp(Y,7)dY (A21)

Note that p(Y, 7) does not depend on y or ¢, since the tracers always move under macroscopically
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equal conditions. A Taylor expansion (or Kramers—Moyal expansion) of #* around ¢ and y yields

. M () e [
n*(y,t)+71 5 tEn (y,t)ép(Y,T)dY

_ant(nt) [

. £ Yp(Y,7)dY (A.22)
*n*(y,t) rY?
+a—y2_\o/o\ TP(Y,T)dY'F

where the first terms cancel each other because p(Y, 7) is normalized. For sufficiently short 7,
the higher order terms on the left-hand side may be omitted and, since p(Y, 7) must be narrowly
localized around Y = 0 in this case, the higher order terms on the right-hand side become negligible
too. This leads to

on*(yt) _ (Vnon(pt) (YA (p1)

ot T dy 27 dy? (8.23)
with (Y)N:pr(Y,T)dY and (YZ)N:fYZp(Y,T)dY (A.24)

where, analog to the previous convention, the subscript “N” symbolizes that p refers to tracers and
not effective charge carriers. Since the tracer movement in +y- and — y-direction has equal proba-
bility, p(Y, 7) must be symmetric around Y = 0 and its 1* moment (Y')x must be zero. Comparison

of the remaining

I (1 1) _ (YN Fn (1)

A25
ot 27 2y? (&.25)
with the continuity equation for the tracer flux in y-direction (cf. eq. A.19)
on*(y,t) _ 9Ji(y.t) ’*n*(y,t)
__Ye = D* A.26
ot dy PN 9y2 (4.26)

shows that the tracer diffusion coefficient D}  is connected to the 2" moment (Y?2)y by the so-
called Einstein-Smoluchowski relation

. A0

DYy = A27
»N 2T ( )

The probability density function p(Y, 7) can be approximated by the distribution of the tracer dis-
placements Y, which means that - for a sufficiently high number N* of representative tracers —

(Y?)y is given by the mean squared displacement of the tracers (with N* = n* V):

1 4
(Y)n=—>V (A.28)
N k=1
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Combining eqs. A.13, A.18, A.27 and A.28 finally yields the Fickian diffusion coefficient (with N =

2 Veell):
* * (Y2>N(D* (Y2>
D, =D .®* = = A.29
’ »N 2T 27 ( )
o 1 N
with (Y?) = (Y’ I0* = —> ¥/ =—>Y; (A.30)
N* i3 N i

Dividing the sum of squared tracer displacements not by the number of tracers N* but by the
corresponding number of effective charge carriers N ; in the KMC cell allows to obtain the Fickian

diffusion coefficient from the simulations.

The same obviously results for the equivalent z-direction and since D, and D, are formally equal

an average transverse diffusion coefficient D, can be defined:

72 1 N D,+D Y2) + (22
p.- ) win (- ¥z = p.-2l ) (A.31)
27 N o 2 4t

In x-direction, the analog p(X, 7) would be the probability density function for a certain displace-
ment X through drift and diffusion combined. However, since diffusion has no preferential direc-

tion in an isotropic material, it does not affect the distribution’s 1 moment
(X)x = f Xp(X,7)dX (A32)

With the X -distribution of the tracers after time 7 as estimate for p(X, 7), the average drift velocity
of the tracers is thus given by (cf. eq. 2.27)

.
vt = N i w1, (A.33)
T N e

Correspondingly, the average drift velocity of effective charge carriers is (cf. eq. 2.28)

v (A XINOT (X
(va) = (va)y @ = % = % (A34)
o* N 1 N
with (X) = (X)N@" = — > Xp = — > X (A.35)
N k=1 Neff k=1

The characterization of the diffusion in x-direction is not as simple, though, because the value of

the 2™ moment

(X*)N = / X*p(X,1)dX (A.36)
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depends on both drift and diffusion. Moreover, the analog Taylor expansion around x becomes in-
accurate when p(X, 7) is narrowly localized around X = (X)y instead of X = 0. These issues can be
solved when p(X, 7) is symmetric around (X ). In this case, drift and diffusion may be considered
independent: Each tracer moves by (X)x = (v4)57 in the time 7 due to the electric field and every
deviation of X from (X)y is interpreted as diffusion. However, this approximation is only valid
for electrons that actually exhibit a drift movement. For electrons far below Eg, for example, the
difference between X and (X )y does not originate from diffusion but from their inability to reach
an unoccupied state. Their movement is blocked by the other electrons (Pauli principle). Such im-
mobilized electrons are not eligible as representative tracers. This led to the following tracer choice
in the KMC simulations: N* corresponds to the so-called “mobile” electrons Ny,p, in the KMC cell,
which includes all electrons that are neither stationary (= zero hops) nor purely oscillating (= only
oscillating hops). This constraint does not affect the corresponding number of effective charge car-
riers N, because the excluded electrons all have no contribution to any charge transport. The
appropriate N for this tracer choice therefore is the total number of effective charge carriers Neg

in the KMC cell, which is easily obtained from eq. 2.23 for n.g (or rather eq. 4.18).1%°

With the above approximation, the diffusive motion of the tracers can be described on a moving
spatial axis X = x — (v4)x f. This corresponds to a Galilean transformation from an Eulerian to
a Lagrangian frame of reference, which is inertial in this case because (vq)y; is constant. The dis-
placement X = X — (v4)57 = X — (X)x on the %-axis in a time interval 7 is then purely due to
diffusion. Analog to the approach for the y- and z-axes before, it shall be described by a normal-
ized probability density function p(X, 7), which means that p(X, 7) dX is the probability that a
tracer deviates from the average displacement by X; € [X, X + dX] after time 7. For a moving

observer (= stationary w.r.t. X-axis), the tracer concentration in a plane x after time 7 is thus
o0
(5t +7) = f n* (% - X, )p(X, 1) dX (A37)
—00

With an analog reasoning as for Y and Z, a Taylor expansion around X and ¢ then yields (with
(X)x =0)

on*(%,t)  (XP)n 0*n*(%,1)
ot 21 0%2

with (X2)x = f 2p(X,7)dX (A38)

Upon the transformation back into the static frame of reference, it must be taken into account
that, with regard to the x-axis, X depends on t. The change of n* with time is then given by its
total derivative, which is also called material derivative in this case. The spatial derivatives can be
transformed by /0% = 9/0dx, since they are related just by a shift without deformation (0x/dx = 1).

For a stationary observer (= stationary w.r.t. x-axis), the multivariate chain rule together with the

12>Note that this specific tracer choice is none of the aforementioned examples with ®* = ® = N/N. or ®* = 1. Instead,
itis ®@* = Nmob/Neff.
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above partial derivative yields

dn*(x,t) _ dn*(x —(va)y 1) o(x —(va)yt) on*(%,t) . on*(%,1)

dt dt ot 0x ot

. A.39
= —(va)x on*(%,1) | (X*)n " (%, 1) (4.39)
- VANTTOX 27 ox?
Since X is the deviation from the average x-displacement, (X?)y is the variance of X:
Var(X)x = (X*)x = (X = (X)n)*)n (A.40)

Eq. A.39 describes the change of the tracer concentration at a location X, but since the same equation
applies everywhere in the material - with the same, x- and ¢-independent (v4)y; and Var(X)y - it

can also be written with n* (X, t) replaced by n*(x, t):

dn*(x,t) on*(x,t) L on*(x,t) | (X?)x 0*n* (x, 1)

dt o VAN, 21 ox? (A1)
_ (X)non*(x,1) . Var(X)y 0*n* (x, t)
7 ox 21 ox?
Comparison with the continuity equation for the tracer flux in x-direction (cf. eq. A.19)
* * * 2 %
on*(x,t) _ ol (x, 1) _ _u;IFan (x,t) . D;)Na n*(x,t) (A42)

ot ox ox ox?

and taking the X — k-distribution as estimate for the respective probability density function yields

the tracer mobility and the tracer diffusion coefficient according to

« _ (X)n « _ Var(X)x
- d D= — 2N A43
PNT TR O TN 27 (4.43)
with  (X) L N*X d Var(X)y = — 3 Xi - (X)n)? A.44
N—N*E x and Var( )N—N,,E:(k {(X)N) (A.44)
k=1 k=1

The same well-known result can also be derived from the Langevin equation or the Fokker-Planck
equation.[238] Finally, the mobility u and the Fickian diftusion coefficient D, can be obtained by
combining eqs. A.14, A.18, A.43 and A.44:

e (X)NO* (X)) . 0N 1 X
=uy®" = = —= th (X)=(X)y®" = Xy = X A.45
U=uyN Fr Fr w1 ( > < )N N*kZ::l k N:ﬁszzjl k ( )
v ax  Var(X)N©*  Var(X)

D,=D_ O = = A.46
¥ TN 27 27 ( )

' . o* N* 5 1 N* 5

with  Var(X) = Var(X)ny® =N Y (Xk = (X)n) =N D ( Xk = (X)n)
k=1 eff k=1 (A.47)

N>(-
(x%) - 2 (x)
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N*
where (X2)= —— X2 (= (X*)xD") (A.48)
eff k=1

At first sight, it seems rather strange that eqs. A.46 and A.47 for the parallel Fickian diffusion coeffi-
cient Dy still contain an explicit dependence on N*, which is not the case for u, D, or D,. However,
the term Xj — (X)n describes each tracer’s deviation from its expectation value (X )y and only the
collective variance of all representative tracers can be reinterpreted as diffusion of effective charge
carriers in x-direction. The validity of the artificial separation of drift and diffusion in this approach

can be checked by comparing D, and D,,.

For the aforementioned, specific tracer choice that is used in this work, it is n}; = neg and thus

*

0" = o0 according to eq. A.14. From the combination of eqs. A.14 and A.45 therefore follows that
the VRH conductivity o is given by

* N* N*

ok * <X> _ e Mg _ e
og=0 =eNg— = % k— Z
Fr FtNiio F1Veen 13

€

X, (A.49)

Note that this equation for ¢ has no longer an explicit dependence on N; or Neg. Therefore, as
long as one is only concerned with the conductivity, a proper definition of the charge carrier density
for VRH is not necessary. This is probably the major reason why the effective charge carrier model

or any likewise treatment was not found in previous KMC-VRH studies.

A.5 Variational Formulation of the FEM Models

This section contains the model equations that were supplied to the FEniCS software for the FEM
simulations. The common notation for FEM models is adopted, where u is a spatially varying quan-

tity that should be determined and where the test functions are denoted by v.

The variational formulation of the models was derived by multiplying the respective partial differ-
ential equation(s) of sec. 4.3 with the test function(s) and integrating over the model volume V. For
the one-dimensional simulations carried out in this work, it is dV = dz and V = 0/0z. Green’s first
identity, which here corresponds to integration by parts, was used to reduce the order of the difter-
entials (resulting for example in Vu Vv terms instead of vv2u). The surface integrals in Green’s first
identity are zero because of the Dirichlet boundary conditions (since the test functions must have

v = 0 at boundaries where u is known).

The Jacobians required for the iterative Newton solver were derived as Gateaux derivatives with
u =i+ ydu in the limit of y — 0, where # is the result of the previous iteration and where the trial
function du represents the change of u in the current iteration step. The derivatives of the charge
density and the conductivity with regard to y that occurred in this context were transformed into

derivatives with regard to ¢ and |V ¢| by using the chain rule.
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Model “FEM-1”: V = 0 without high-field effects

The searched function is u = y (= e¢). The respective trial function in the Jacobian has the symbol
du. The test function for the differential equation is denoted by v. The data set p(u) was supplied
as input from DFT. The required derivative dp/du as a function of u was calculated from the input

data through numerical differentiation.

Variational formulation of FEM-1:

= [VvVudV—[v ¢ p(u)dv =0 (A.50)
€0€r

Jacobian of FEM-1:

hm—[[ VvV (i +yu)dV - /v
y=0 0y
fwv&udv f vou—t- %)
€

06 OuU

dv (A.51)

Model “FEM-2”: V' = 0 with high-field effects

The searched function is u = y (= e¢). The respective trial function in the Jacobian has the symbol
du. The test function for the differential equation is denoted by v. The data set p(u, |Vu|/e) was
supplied as input from DFT and KMC. The required derivatives dp/du and dp/d|Vu| as functions

of u and |Vu|/e were calculated from the input data through numerical differentiation.

Variational formulation of FEM-2:
[vvzudV+fvip( [Vu |)dV 0
€0€r e
= [VvVudV—[v ¢ p(u,@) dv =0 (A.52)
€0€r e

Jacobian of FEM-2:

hm—[/ VvV (i + ydu)dV - f Lp(it+y6u,M) dV]
€0€r e

y—0 dy
. ap( |Vu|)
fwvaudv fwsu B STIVA R 7
€0€r Ju
u=u
(A.53)
. ap(a%)
—va(Su dv
€oer 0|Vl
Yu=Vu
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Model “FEM-3”: V # 0 without high-field effects

The searched functions are u; = p and u; = ¢. The respective trial functions in the Jacobian have
the symbols du; and du,. The test functions for the two differential equations are denoted by v; and
v2. The data sets p(u;) and o (u;) were supplied as input from DFT and KMC. The required deriva-
tives dp/du; and do/du as functions of uy were calculated from the input data through numerical

differentiation.

Variational formulation of FEM-3:
f nVv [@Vﬂ{l dv - / nV [o(u)Vup] dV + f Vzvzuz dv

+[V2

fU( I)VquldV fa(ul)VVIVude+vazVu2dV
_fV2

Jacobian of FEM-3:

(A.54)

lim—[/ wVwV(aﬁyléul)dV—fa(ﬁ1+y16u1)Vv1Vit2dV
e

6141) dV] + lim — [/ VVZV(MZ + )/2(9142) dv
120 9y,

- f o (1) ViV (12 + y20u3) dV]

_fl do (u1)

J e ou =i
00 (uy)
aul

Sty Vv Vi dV + f o(in) Vi Vou dV
e

1 d
5H1VV1VL£2 dv - [ P(”l)
eoer du;

Su dV (A.55)

M1:L_41

M1:u1

+fVVzV(?ude—/a(al)VvN(Sude

Model “FEM-4": V + 0 with high-field effects

The searched functions are u; = y and u; = ¢. The respective trial functions in the Jacobian have
the symbols du; and du,. The test functions for the two differential equations are denoted by v; and
v,. The data sets p(u1, |Vuz|) and o(uy,|Vuz|) were supplied as input from DFT and KMC. The
required derivatives dp/du;, dp/d|Vu,|, 00/du; and 00/9|Vu,| as functions of u; and |Vu,| were

calculated from the input data through numerical differentiation.
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Variational formulation of FEM-4:

fvlv [MVW] dV—/VIV[o(u1,|Vu2|)Vu2] dv

4

1
+fV2V2M2dV+fV2 p(u1,|Vu2|)dV:O

€0€r
a(up, |Vu
/ (1, [Vua]) 2|)vv1vu1dV—fo(u1,|Vuz|)VV1Vu2dV

e ) (A.56)
+/VV2Vu2dV—fvz€ep(u1,|Vu2|)dV=O
0€r
Jacobian of FEM-4:
0 Y Suy, |V 3
lim —[f o + y10u |vu2|)VV1V(u1+)’15u1)dV
n—0 oy e
1
—fo(itl+y18u1,|vit2|)Vv1Vllde—/Vze6 p(ll1+)/15H1,|V112|)dV]
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Figure B.1: Exemplary full HAXPES spectra, with peak assignment according to previous studies (e.g., [185]).
(a) a-GaOy with x ~ 0.9, deposited with 0.79J/cm? in Ar (same sample as in figs. 5.5a, B.2 and B.3). (b)
a-GaO, 5, deposited in O,. There is no visible difference between the two spectra except for the valence band
region, which is analyzed more closely in fig. 5.34. The unlabeled, shallow peaks behind the Ga and O peaks

are the associated plasmon loss peaks.
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Figure B.2: Exemplary HAXPES Ga 3d signal for a-GaOy with x ~ 0.9 (PLD with 0.79 J/cm? in Ar; same
sample as in figs. 5.5a, B.la and B.3). The peak positions for the two Ga®>* and Ga* sub-peaks and for the third
Voigt peak of the overlapping O 2s signal are in excellent agreement with previous works.[10, 91, 115, 184] A
surface stoichiometry of xg,,s = 1.23 was calculated from the Ga 3d sub-peak area ratio, which is lower than
the value xg,, = 1.33 that was obtained from the Ga 2p;,, peak of the same sample (fig. 5.5a).
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Figure B.3: Exemplary HAXPES O 1s signal for a-GaO, with x ~ 0.9 (PLD with 0.79]/cm? in Ar; same
sample as in figs. 5.5a, B.1a and B.2). The main peak corresponds to oxygen bound to gallium,[104] while the
overlapping sub-peak was attributed to carbonyl oxygen in adsorbed CO, (observed at 532.1eV or 532.9 eV
by XPS in [90, 92]).
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Figure B.4: EELS analysis of an a-GaO,|ITO interface. The a-GaO, layer was deposited with 0.49 J/cm? in

Ar and has a bulk O/Ga ratio of 0.82-0.95 according to EPMA and EELS (same sample as in fig. 5.6). The
left side of the graph belongs to bulk gallium oxide, while the ITO substrate is on the right side.
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Figure B.5: Influence of the contact quality on the shape of the RS curves of different Pt|a-GaO|ITO devices.
(a) Comparison between I-V curves measured on day 1 (v, = 0.1V/s) with those measured on day 2 (vg, =
0.2V/s) after re-contacting of an RS device (x ~ 0.9, d ~ 90 nm, PLD with 0.78]/cm? in Ar, chamber #1;
sp-Pt-TE-@: 300 um, CT3, Vipax = £2.0 V). (b) I-V curves for two devices next to each other on one sample
(TEs1and 2), together with measurements after re-contacting on the next day (x ~ 0.9, d ~ 60 nm, PLD with
0.80]/cm? in Ar, chamber #1; sp-Pt-TE-@: 400 um, CT2, reversed sweep direction: 0V - -2V - 0V —
+2V > 0V, vg = 0.05V/s).
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Figure B.6: Examples for the gradual variation of the I-V sweeps from measurements of two different
Pt|a-GaO,|ITO devices on the same sample (x: 0.98-1.07 by EELS, d ~ 60nm, PLD with 0.79]/cm? in
Ar; lithographic Pt-TE, CT4, Viyay = 2.0 V). (a) Current increases from cycle to cycle (TE: 50 x 50 um?).
(b) Current decreases from cycle to cycle and there is a loop at positive voltages (TE: 100 x 100 um?).
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Figure B.7: Pulsed counter-8 bipolar RS of Pt[a-GaO,|ITO devices on two different samples (contacted by
W or Au probe tips): (a) x = 0.9, d ~ 90 nm (PLD with 0.78 J/cm? in Ar, chamber #1), with sp-Pt-TE (same
device as in fig. 5.7b, TE-@: 300 um, CT3, Viyrite = £2.0V, Vieaq = +0.1V, At = 10s). The graph shows
three consecutive pulse sequences (black = 1%, red = 2" blue = 3'%). (b) x ~ 1.0, d ~ 120nm (PLD with

0.79J/cm? in Ar), with lithographic Pt-TE (same device as in fig. 5.7d, TE: 20x20 pm?, CT4, Viite = +2.25V,
Viead = +0.1V, At =55).
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Figure B.8: Visualization of the symmetry of the fast I- V sweeps from fig. 5.12b, which represent the electron
transport in an LRS and an HRS of Pt|a-GaO,|ITO without further counter-8 resistive switching (x ~ 0.9,
d ~ 90 nm, PLD with 0.78 J/cm? in Ar, chamber #1; CT5, TE area: 0.465 mm?, Vi, = +1.75V). These cycles
were measured 3 min after the respective state was created by the constant + —1.75V shown in fig. 5.12a.
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Figure B.9: Bipolarity check for figure-8 RS of a Pt|a-GaO,|ITO device with x < 0.8 and d ~ 50 nm (same
as in fig. 5.15a; PLD with less than 0.20 J/cm? in Ar, chamber #1, eb-Pt-TE-@: 100 um, CT3). The top graphs
show the applied voltage V (), while the bottom graphs display the resulting I-V curve. (a) Triangular I-
V sweep with only positive voltage (Vinax = +2.25V, v, = 0.2V/s). (b) Triangular I-V sweep with only
negative voltage (Vinax = —2.25V, vg, = 0.2V/s). In each graph, the numbered arrows refer to the first
0V = Viax = 0V cycle, which is the only one with a notable switching effect.
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Figure B.10: Comparison of the figure-8 bipolar RS of four Pt|a-GaO|ITO devices with different TE sizes
on the same sample (same devices as in fig. 5.19; x ~ 1.1, d ~ 130 nm, PLD with 4.90 J/cm? in Ar; lithographic
Pt-TEs, CT2, Vinax = £2.5V). (a) Resistive switching at high sweep rate (same measurements as in fig. 5.19 but
here the current is shown instead of the current density). (b) Resistive switching of the same devices at low
sweep rate. The device with a TE size of 50 x 50 um? was not measured at low sweep rate for Vi, = 2.5V,
which is why the slow sweeps for Vi,.x = £3.0 V are shown instead.
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Figure B.11: Bipolarity check for figure-8 RS of a Pt|a-GaO, 5|a-GaO,|ITO device with d ~ 15nm for the
a-GaO, s layer and d ~ 55 nm for the a-GaO, layer (same device as in fig. 5.20; x ~ 1.0, PLD with 0.79 J/cm? in
Ar, lithographic Pt-TE: 100 x 100 um?, CT4). The top graphs show the applied voltage V (¢), while the bottom
graphs display the resulting I-V curve. (a) Triangular I-V sweep with only positive voltage (Vipax = +1.5V,
Vsw = 0.2V/s). (b) Triangular I-V sweep with only negative voltage (Vinax = —1.5V, vgy = 0.2V/s). In each
graph, the numbered arrows refer to the first 0V — Vi,ax = 0V cycle, which is the only one with a notable

switching effect.
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Figure B.12: Development of figure-8 bipolar RS from the as-prepared state of a Pt|a-GaO, 5|a-GaO«|ITO
device with d ~ 15nm for the a-GaO, 5 layer and d ~ 55 nm for the a-GaOx layer (same device as in fig. 5.20;
x ~ 1.0, PLD with 0.79J/cm? in Ar, lithographic Pt-TE: 100 x 100 um?, CT4). (a) I-V sweeps 1 to 12 after
contacting of the device, with Vi, = £0.5V and £1.0 V. (b) I-V sweeps 10 to 15 with Vi,.x = £1.0V and
+1.5V, which led to the curve shape displayed in fig. 5.20a.
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Figure B.13: Development of abnormal bipolar RS from the as-prepared state of a Pt|a-GaO|ITO device
with x ~ 0.9 and d ~ 90nm (same device as fig. 5.21b; PLD with 0.86 ]/cm2 in Ar, chamber #1; sp-Pt-TE-
@: 200 um, CT1). (a) Initial counter-8 bipolar RS at Viy.x = +2.5V, with a crossing point at low positive
voltage that gradually moves to higher voltages (cyc. 6-12 have the same shape as 5 and 13). (b) Reversal
of the transition at negative voltages led to abnormal bipolar RS (HRS — LRS in cyc. 13, LRS - HRS in
cyc. 14). (c) Gradual decrease of the overall current density and of the crossing point voltage from cycle
to cycle (cyc. 17-30 have the same shape as 16 and 31). (d) Increase of Viyax from +2.5V (cyc. 31) to £3.0V
(cyc.32-33) led to the symmetric abnormal bipolar RS displayed in fig. 5.21b. Similar plateaus in the abnormal
bipolar I-V curves have been reported in [27] and [26].
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Figure B.14: Convergence check for the k-point density of the DFT-DOS calculations for a-Gag,Ogs (x =
1.5), a'Ga64O78 (.x = 1.2), a'Gas4O64 (.x = 1.0) al‘ld a'Ga72058 (x = 0.8).
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Figure B.15: Complete results of the LOS analysis for a-Gag,Ogg (x = 1.5), a-Gag,O-5 (x = 1.2), a-GagyOpgy
(x =1.0) and a-Ga,, 054 (x = 0.8). For each of the stoichiometries, the DFT-DOS is shown together with the

localization standard deviation oy (E) for all electronic states in the selected energy range (in red), and with
the lower envelope of o (E) in blue.
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Figure B.16: Distribution of the non-oscillating hops per mobile electron during a KMC-VRH simulation
for a-GaO, ; (same simulation as fig. 5.38). The data refers to equilibration and main simulation together
(Nhyeq = 3x10%, Ny, sim = 2x10'°), with a total number of non-oscillating hops of 5.4x108 (2.7%). The average
number of non-osc. hops per mobile electron is 2.3x10* and the highest number of non-osc. hops reached
by an individual electron is 4.0x10°. For comparison, the blue graph shows the mean displacement (R)
of the mobile electrons as a function of the number of non-osc. hops, with (R) as arithmetic average of
the individual displacements Ry = (X} + Y7 + Zi)l/ 2 and the error bars as the respective sample standard
deviation. It reveals that the electrons with the highest displacement are not necessarily those with the most
non-osc. hops. The reason for this is that the employed electric field strength of 0.0635 MV /cm is rather
weak and only 50.045% of all non-osc. hops took place in +x-direction (x;; > 0).
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Figure B.17: Development of the different electron categories during the main simulation stage of 5 KMC
repetitions for a-GaO, o, with an especially large number of Ny, ¢, = 2x10' hops to investigate the long-
term trend (same simulation as fig. 5.38). Each repetition has different localized states due to a varied seed
for the random number generator. In the limit of 7 — oo, each electron in the KMC cell would make an
non-oscillating hop and thus become mobile in the formal sense, while the number of completely stationary
or oscillating electrons would converge to zero. This does not happen on physically reasonable timescales,
though, due to the exp[—¢;;/(kgT)] term in the Miller-Abrahams equation. Reaching this limiting case is
not necessary either, because electrons are indistinguishable and it is irrelevant which of them contribute to
charge transport at a certain time.
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Figure B.18: Investigation of a localized electronic state at the Fermi level, as obtained from the DFT calcu-
lations for a-Gag,Og, (x = 1.0; same state as in fig. 5.36d). (a) Charge density p = —e|¢;|* of the localized
state, displayed as yellow isosurface for p = —0.17 C/cm?® (Ga atoms in green, O atoms in red). (b) Line plot
of the charge density from the origin of the DFT cell in c-direction, i.e., through the largest bubble visible
in (a). The exponential tail is fitted by p o exp(-2|F — 7;|/«), which yields & = 0.106 nm. Note that this
localized state also has 10 other regions with higher p, but this one is the most extended and thus probably
the most influential for VRH. (c) Charge density map of the ac-plane at b = 0 nm, which contains the region
fitted in (b) as red peak. (d) Charge density map of the ac-plane at b = 5.87 nm, which contains the regions
with the overall highest p, for comparison. (e) Charge density map of the ab-plane at ¢ = 3.65nm, which
contains both the region with highest p and the region fitted in (b) in the corners.
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Figure B.19: Variation of the Fermi level in a-GaO, . (a) Electric field-dependence of the effective chemical
potential ps at T = 300K, as obtained from the KMC simulations beyond the weak-field region (cf. eq. 4.17).
(b) Temperature-dependence of the Fermi level relative to T = 300 K, as obtained from the DFT-DOS by the
adjustment procedure described in sec. 4.1.2. The result is similar to the relation between piefr and Tefr in the
KMC simulations.
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Figure B.20: Electric field-dependence of the effective charge carrier density #ner and the mobility u of
a-GaO,at T = 300K, as obtained through the KMC simulations with varied electric field strength F (same
simulations as in fig. 5.56).
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Figure B.21: Assessment of the hypothesis that the electric field-dependence of the VRH conductivity can
be described by the classical VRH law with T replaced by the electrons’ effective temperature T.¢r. The weak-
field KMC simulations for a-GaO,, at different temperatures (“o(T)”; cf. fig. 5.49) are compared to the
simulations at high electric field strength F (“o(F)”; T = 300K; cf. fig. 5.56).
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Figure B.22: Comparison of the Fickian diffusion coefficients parallel (D, ) and perpendicular (D, = D) to
the electric field, as obtained in the VRH simulations for a-GaO, , with varied temperature (same simulations
as in fig. 5.49). The lines are the respective linear fits.
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Figure B.23: Temperature-dependence of the Fickian diffusion coefficient D (top) and the corresponding
Nernst-Einstein ratio eD/uky T (bottom) for VRH in a-GaO, with (a) x = 0.8 and (b) x = 1.2 (same simula-

tions as in fig. 5.52).
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Figure B.24: KMC-VRH simulations with different number of states Ny, for positively charged a-GaO,
with g = —-0.5eV at T = 300 K. (a) The conductivity o is independent of N (apart from statistical scatter), as
required. (b) The simultaneously obtained Fickian diffusion coefficient D exhibits a slight systematic increase
for increasing Ny, which hints at incomplete convergence (too low Ny, sim) or — more likely - insufficient

equilibration (too low Ny, ¢q).
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(a,c) V=+1Vor (bd) V = -1V, for different permittivities of either (a,b) ¢, = 10 or (c,d) ¢, = 1000 (FEM-4
model with high-F effects). In (a,b), it is d¢/dz = —0.27 MV /cm in the whole bulk of the a-GaO, , layer

(approx.

(@ 4o
102
10"

10°4

o/Sm™

107"

3nm < z < 37 nm).
T T T T T T T T
E 1
4 — V=401V E
4 — V=405V E
= —V=+10V E
.
¥
1 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1

0 5 10 15 20 25 30 35 40
z/nm

(b) 108 3 T T T T T T T |_‘
102 | — V=-01V 1
10" | — V=-05V 1
100+ — V=-10V +
‘TE
n
o
|
o' b—

0 5 10 15 20 25 30 35 40
z/nm

Figure B.27: Voltage-dependence of the hopping conductivity ¢ in Pt|a-GaO, (|ITO with ¢, = 10 (FEM-4
model with high-F effects).
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Figure B.28: Voltage-dependence of the Fermi level Er (= i) in Ptla-GaO, o|ITO with ¢, = 100 (FEM-4
model with high-F effects). (a) For V' > 0, the bulk and the TE interface dominate the resistance. (b) For
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Figure B.29: Voltage-dependence of the hopping conductivity ¢ in Pt|a-GaO, ,|ITO with ¢, = 100 (FEM-4
model with high-F effects). (a) For V' > 0, the conductivity increases in the bulk and near the BE, but it
decreases near the TE. (b) For V < 0, it increases in the bulk and near the TE, while it decreases near the BE.
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Figure B.30: Chemical potential y, electric potential ¢ and Fermi level Eg (= ) in Ptla-GaO, (|ITO with an
applied voltage of (a,c) V = +1V or (b,d) V = -1V, for different permittivities of either (a,b) ¢, = 10 or (c,d)
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Figure B.31: Voltage-dependence of the hopping conductivity ¢ in Pt|a-GaO, z|ITO with ¢, = 1000 (FEM-3
model without high-F effects).
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Figure B.33: Logarithmic plots of the simulated j-V curve for Pt|a-GaO, (|ITO with ¢, = 1000 (same data as

in fig. 5.69b; FEM-4 model with high-F effects).



Tables

Table C.1: Binding energies (Epi, in V) of the fitted HAXPES peaks of all measured samples. Shown is the
average peak position + max. deviation.

Ga 2ps)2

Ga3d

Ga3+

Ga*

Ga*

O 2s

1118.50 + 0.15

1117.30 + 0.22

20.66 £0.12

19.34 £ 0.09

531.44 +£0.14

2413 +£0.25

Table C.2: Definition of the different contact types — abbreviated by “CT” - for the I-V measurements.

Type Measuring instrument TE contact method BE contact method
CT1 simple I-V station W tip (cat-whisker) Ag paste + Au wire
CT2 MPSI150 probe station W tip (cat-whisker) W tip (needle)
CT3 MPS150 probe station W tip (needle) W tip (needle)
CT4 MPSI150 probe station etched Au wire W tip (needle)
CT5 MPS150 probe station Pt paste + Au wire Pt paste + Au wire
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Abbreviations

AC Alternating current

ADF Annular dark-field

AFM Atomic force microscopy

a-GaO, Amorphous, non-stoichiometric gallium oxide (with O/Ga ratio x < 1.5)
Al Artificial intelligence

AIMD Ab-initio molecular dynamics

ALD Atomic layer deposition

approx. approximately

BE Bottom electrode

C-AFM Conductive atomic force microscopy

CB Conduction band

cf. compare (conferatur)

const. constant

CT Contact type

cyc. Cycle

DC Direct current

DFT Density functional theory

DOS Density of states

eb-Pt Pt deposited by EBPVD

EBPVD Electron-beam physical vapor deposition
EDX Energy-dispersive X-ray spectroscopy
EELS Electron energy loss spectroscopy

e.g. for example (exempli gratia)

EPMA Electron probe microanalysis

eq. Equation

etc. and other similar things (et cetera)
EXAFS Extended X-ray absorption fine structure
FEM Finite element method

FIB Focused ion beam

fig. Figure

GGA Generalized gradient approximation
GW “G” = Green’s function, “W” = screened Coulomb interaction

HAXPES Hard X-ray photoelectron spectroscopy
HI Terminal of a source-measure unit (plus pole for positive voltage)
HRS High resistive state
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ie. that is (id est)

IM Interference microscopy

incl. including

IPR Inverse participation ratio

ITO Indium tin oxide

KMC Kinetic Monte-Carlo

LO Terminal of a source-measure unit (minus pole for positive voltage)
LOS Localization of states

LRS Low resistive state

MEC Mobility edge conduction

osc. oscillating

p. Page

PAW Projector augmented wave method

PBE Perdew-Burke-Ernzerhof functional
PICS Photoionization cross-section

PLD Pulsed laser deposition

PPMS Physical properties measurement system
RBS Rutherford backscattering spectrometry
RDF Radial distribution function

RF Radio frequency

RRAM Resistive random-access memory

RS Resistive switching

RT Room temperature

RTA Rapid thermal annealing

SAED Selected area electron diffraction

sec. Section

SEM Scanning electron microscopy

SIMS Secondary-ion mass spectrometry
SKPM Scanning Kelvin probe microscopy
sp-Pt Pt deposited by DC magnetron sputtering
STEM Scanning transmission electron microscopy
tbl. Table

TE Top electrode

TEM Transmission electron microscopy

UPS Ultraviolet photoelectron spectroscopy
UV-Vis Ultraviolet and visible light

VB Valence band

VBM Valence band maximum

VRH Variable-range hopping

Vs. versus
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w.r.t. with regard to
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
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Area

Localization radius

Capacitance

Fickian diffusion coefficient

Film thickness

Tracer diffusion coefficient
Elementary charge: 1.602x10™"
Energy

Conduction band mobility edge (in crystals: CB edge)
Valence band mobility edge (in crystals: VB edge)
Fermi level

Energy without electric potential energy (E = € — e¢)
Vacuum permittivity: 8.854x107'?
Relative permittivity

Ideality factor

Electric field (F = -V, F = |F|)
Fermi-Dirac distribution

Activity coefficient

Density of states

Gibbs free energy

Magnetic field strength
Single-electron Hamilton operator
Planck constant: 4.135x107

Reduced Planck constant: 6.582x1071¢
Electrical current

Imaginary unit (i = —1)

Electrical current density

Particle flux

Boltzmann constant: 8.617x10™>
Wave number

Wavelength

Mean free path

Particle mass

Effective electron mass

Chemical potential

Symbols

cm

nm

cm?/s
nm

cm?/s

eV
eV
eV
eV
eV
CVl'im!

V/cm

cm
eV
Am™
eV
eVs
eVs

A/cm?
cm 27!

eVK!
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S R

)

0,

I N

Q O

Teff

Electrochemical potential

Number of electrons

Electron density (n = N/V)

Number of effective charge carriers

Effective charge carrier density (neg = Neg/V)
Number of hops

Number of localized states

Frequency

Sweep rate for a voltage cycle

Angular frequency (w = 27v)

Schottky barrier height

Built-in potential

Electric potential

Kohn-Sham wave function

Thermodynamic factor

Random number, typically uniformly distributed in [0, 1)
Pressure

Oxygen partial pressure

Single-electron wave function

Charge

Charge density

Resistance

Seebeck coefficient

Entropy

Conductivity

Localization standard deviation (LOS analysis)
Maximum area roughness (= lowest valley to highest peak)
Sample standard deviation

Time interval

Mean free time

Temperature

Effective temperature of electrons
Characteristic “temperature” in Mott's VRH law
Time

Mobility

Drift velocity (displacement per time)

Group velocity of a wave packet

Phase velocity of a wave packet

Voltage

Volume

eV
cm

cm

V/s

< < < o

Pa
Pa

C/cm?

V/K
eV/K
S/cm

~ A A2 @
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cm?V
cm/s
cm/s

cm/s

cm

-1 S—l



Potential energy Y
Work function eV

O/Ga ratio in gallium oxide
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