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Abstract
Resistive Random Access Memory devices are regarded as the successor to existing Flash

memory technology. One of the promising materials for use in such devices is tantalum oxide,
which is endorsed by industry giants Samsung, Hewlett-Packard, and Panasonic. Despite
its success as a resistive switching material, much remains unknown about its switching be-
haviour. Resistive layers are frequently reported to consist of insulating, oxygen-rich surface
layers and a conducting, oxygen-deficient bulk region, while switching operations rely on
generating large quantities of oxygen vacancies in the surface layers. To date, few theo-
retical studies have examined atomic-level phenomena of oxygen-deficient tantalum oxide,
while none have achieved the rigour necessary to search for oxygen-deficient phases that may
be generated as part of fabrication or switching processes. This dissertation presents three
investigations designed to gain atomic-level insight into TaOx resistive layers.

First, a large-scale study of amorphous tantalum oxide with varying oxygen content
is performed to search for possible intermediate stoichiometries between Ta2O5 and TaO2.
Structures are compared in terms of total energies, simulated XPS spectra, and Bader charge
spectra. By sampling multiple structures of each stoichiometry, the analysis is able to con-
clude that some stoichiometries are clearly lower in energy than others. Low total energy
is related to increased sixfold coordination of Ta atoms, and to the existence of crystalline
Group V metal oxide phases of same stoichiometry. The XPS analysis reproduces the Ta5+

and Ta4+ peaks reported in literature, and finds that the XPS spectrum of stoichiomet-
ric TaO2 contains a strong signal from Ta2O5. The study of amorphous tantalum oxide
concludes with a partial reproduction of an experimental XPS depth profile.

Second, a study of crystalline �-phase tantalum oxide is performed, where oxygen de-
ficiency is modelled by introducing oxygen vacancies. The vast configuration space for
distribution of multiple oxygen vacancies presents a challenge in terms of study size, which
is overcome by accelerating the search with the machine-learning approach known as Clus-
ter Expansion. The study establishes a new metastable phase, Ta4O9, which is stable with
respect to phase separation between Ta2O5 and TaO2. The stability of the Ta4O9 phase
arises from a unique defect structure, in which defects aggregate pair-wise with no decrease
of coordination number anywhere in the system. The defect states are spatially localised,
and bear character of the d orbitals of neighbouring Ta atoms. Finally, a search among
documented crystalline Group V metal oxide phases finds three hitherto unknown stable
or metastable structures. These are Ta11O27, Ta12O29, and TaO – all of them based on
niobium oxide structures.

Third, a parametrisation of tantalum oxide is developed for the Density Functional Tight-
Binding code DFTB+. The tight-binding approach presents a desirable boost to computa-
tional speed, which can scale calculations up to realistic device sizes. The parametrisation is
benchmarked against DFT-obtained results with respect to lattice parameters and oxygen
vacancy formation energies, and shows good performance for modelling amorphous Ta2O5.

The results presented in this dissertation provide important atomic-level knowledge of the
behaviour of both amorphous and crystalline tantalum oxide. Several avenues for further
study are opened, in particular pertaining to the discovery of in total five new stable or
metastable structures. Further, the parametrisation of Ta�O for Density Functional Tight-
Binding allows studying of realistic devices, and helps speed up future studies of amorphous
tantalum oxide.
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Resumé
Resistiv Random Access Memory-enheder anses for at være efterfølgeren til eksisterende

Flash Memory-teknologi. Et af de lovende materialer for brug i sådanne enheder er tantal-
oxid, som anvendes af industrigiganterne Samsung, Hewlett-Packard og Panasonic. På trods
af materialets succes indenfor resistiv skiftning, er der meget som endnu ikke vides om dets
omskiftningsadfærd. Resistive lag rapporteres ofte som bestående af isolerende, oxygenrige
overfladelag, og en ledende, oxygenmanglende bulk. Til dags dato har få teoretiske studier
undersøgt fænomener i tantaloxid på atomær skala, mens ingen har opnået den grundighed,
det kræver at søge efter, finde og karakterisere metastabile faser i tantal-oxygensystemet.
Denne afhandling præsenterer tre undersøgelser, som er tilrettelagt med det formål at opnå
indsigt i TaOx på atomær skala.

Først udføres et studie i amorf tantaloxid med varierende oxygenindhold, med henblik
på at søge efter mulige intermediære støkiometrier mellem Ta2O5 og TaO2. Strukturer
sammenlignes med hensyn til totalenergi, simulerede XPS-spektra og Bader-ladningsspektra.
Ved at sample adskillige strukturer af hver støkiometri er analysen i stand til at konkludere,
at visse støkiometrier tydeligt har lavere energi end andre. Lav totalenergi er relateret
til øget seksfoldig koordination af Ta-atomer, samt til eksistens af krystalline Gruppe V
metaloxidfaser med samme støkiometri. XPS-analysen genskaber de Ta5+- og Ta4+-peaks,
som rapporteres i literaturen, og opdager desuden at XPS-spektret fra støkiometrisk TaO2
indeholder et kraftigt signal fra Ta2O5. Studiet afsluttes med en delvis genskabelse af en
eksperimentel XPS-dybdeprofil.

Dernæst udføres et studie i krystallinsk tantaloxid i �-fasen, hvor oxygenmangel mod-
elleres ved introduktion af oxygenvacancer. Det enorme konfigurationsrum for fordeling af
flertallige oxygenvacancer udgør en udfordring for så vidt angår studiets størrelse, hvilket
imødegås ved hjælp af maskinlæringsmetoden kendt som Cluster Expansion. Studiet fast-
slår en ny metastabil fase, Ta4O9, som er stabil i forhold til faseseparation mellem Ta2O5 og
TaO2. Stabiliteten opstår af fasens unikke defektstruktur, i hvilken defekter samles parvist
uden nedgang i koordinationstal for noget atom i systemet. Defekternes tilstande er lokali-
serede i rum og besidder karakter af f-orbitalerne fra Ta naboatomer. Sluttelig søges der
mellem dokumenterede krystallinske Gruppe V-metaloxidfaser, hvor tre hidtil ukendte sta-
bile eller metastabile strukturer opdages. Disse er Ta11O27, Ta12O29 og TaO – allesammen
baseret på strukturer af nioboxid.

Endelig udvikles en parametrisering af tantaloxid for Tæthedsfunktional-Tight-Binding-
koden DFTB+. Tight-Binding-metoden indebærer en ønskværdig forøgelse af beregnings-
hastigheden, som kan skalere beregninger op til størrelsen af realistiske enheder. Parametri-
seringen evalueres i forhold til gitterparametre og energier for dannelse af oxygenvacancer,
og udviser god duelighed til modellering af amorf Ta2O5.

Resultaterne i denne afhandling giver vigtig indsigt i både amorf og krystallinsk tantal-
oxid på atomær skala. Adskillige muligheder for fremtidige studier åbnes, særligt vedrørende
opdagelserne af samlet set fem nye stabile eller metastabile strukturer. Endvidere tillader
parametriseringen af tantaloxid at enheder på realistiske størrelser kan studeres, og bidrager
til at øge hastigheden af fremtidige studier af amorf tantaloxid.
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Chapter 1

Introduction

David Friedman once wrote: “If the median income rises to $100,000 a year, we shall have no
difficulty spending it.” Likewise, if the average smart phone storage capacity rises to 100 TB,
we shall have no problem filling it up. Non-volatile memory goes wherever computers go,
and computers have spread to virtually everywhere in the developed world.

Flash memory is one of the dominant types of non-volatile memory, with individual flash-
containing chip sales numbering in the hundreds of billions. In design, a flash bit resembles
a Metal Oxide Semiconductor (MOS) Field Effect Transistor (FET – MOSFET), with an
extra so-called Floating Gate coupled capacitively to the control gate.1 Due to electrons
tunneling across the floating gate and being stored there, the dual-gate setup effectively
acts as memory even when the device powers off, making the MOSFET suitable for non-
volatile memory applications. However, Flash technology responds poorly to scaling, in
particular because charge retention is not good enough to maintain reliable readouts below
�10 nm device sizes. This issue has caused researchers to search for alternatives in order to
further increase memory density.

Several emerging memory technologies are poised to take over. So-called “Racetrack”
memory relies on manipulating and reading individual magnetic domains in a vertical or
horizontal nanowire.2 Phase-change memory (PCM), originally from the late-60’s, relies on
changing a chalcogenide glass between an amorphous and a crystalline state.3 Graphene
has been proposed for a great many applications, memory being one of them.4 In 2002,
researchers at Sharp Laboratories demonstrated “colossal magnetoresistive thin films”, thus
conceiving the field of Magnetoresistive Random-Access Memory (MRAM).5 Finally, in
Resistive Random Access Memory (ReRAM), the device region is switched between a high-
resistance state (HRS) and a low-resistance state (LRS). Of the above, analysis experts
regard MRAM as the likely successor to existing Dynamic RAM (DRAM) technology, while
ReRAM is expected to take over for Flash.i

ReRAM uses the resistive switching effect originally discovered for binary transition
metal oxides (TMOs) by Hickmott in 1962,6 where a resistive material switches to a con-
ducting state upon application of an electric field of sufficient strength. Although termed a
“memory effect” as early as 1963,7 research interest waned around 1980, until it resurfaced
at the turn of the millenium.8–10 Baek et al. suggests inadequate materials processing tech-
nology as responsible for the decades of lacking interest,11 while Yang et al. cites the rise
of Si integrated circuit technology.12 Regardless of the reason, the first actual ReRAM cell

iT. Coughling, R. F. Hoyt, and J. Handy, IEEE report on digital storage and memory pt. 1, IEEE, 2017
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was presented at the 2004 IEEE International Electron Devices Meeting by a research team
of the Samsung Corporation,11 using TMO as switching layer.

Although early studies in ReRAM research had focused on perovskites,9,10 Baek et al. ar-
gued that TMOs were desirable due to being compatible with complementary MOS (CMOS)
technology and resistant to thermal and chemical changes.11 Even limited to TMOs, resis-
tive switching has been demonstrated in many materials. Hickmott himself reported on SiO,
Al2O3, Ta2O5, ZrO2, and TiO2 in his seminal paper,6 while Baek et al. reported having
tried various TMOs, although they only named NiO explicitly. Also CuOx,13 Nb2O5,14
Fe3O4,15 and CoO16 have been investigated, among others.

The 2008 IEEE International Electron Devices Meeting saw important contributions in
the field of ReRAM research on Ta2O5

17 and HfO2,18 by the Panasonic Corporation and
Industrial Technology Research Institute (ITRI), respectively. In particular, the demonstra-
tion of tantalum oxide ReRAM by Panasonic, and subsequent switch from TiO2 to TaOx
by Hewlett-Packard in 2013,19,20 has contributed to increasing research efforts into this
material.

Apart from being one of the materials originally investigated by Hickmott, Ta2O5 found
its way to the semiconductor industry as a high-� dielectric for use in e.g. MOSFETs.
Its performance for ReRAM technology was well evaluated in comparison to TiO2 in a
2014 review by Ho et al. 21 In spite of the popularity of Ta2O5 as resistive-switching TMO,
however, there is much that is still not known about it in the context of resistive switching.
In particular, devices are frequently reported as non-stoichiometric, consisting of a thin
(<5 nm) layer of Ta2O5-� and a thicker region of TaO2-� , where � and � imply that the
sample is not quite stoichiometric.17,22–29 The term TaOx is commonly used to describe
the resistive layer(s) in this type of cell, once again suggesting that the stoichiometry is
unknown.

The non-stoichiometric nature of TaOx devices implies they are amorphous, although
this is rarely reported directly in literature. Yang et al. report predominantly amorphous
films with nanocrystalline inclusions of Ta2O5.23 Additionally, it is known that TaOx films
fabricated at room temperature are amorphous,29–31 further implying that as-fabricated
resistive switching layers are also amorphous. For this reason, in order to better under-
stand the switching process on the atomic scale, it is necessary to investigate in detail the
amorphous TaOx (a-TaOx) system.

However, a few studies suggest that crystalline TaOx has a role to play as well. Recently,
the presence of Ta2O5 crystallites was observed in a switched device,32 which adds to the
observation by Yang et al. that crystalline Ta2O5 is present in as-fabricated devices.23
Therefore, it is clearly necessary to investigate not only amorphous, but also crystalline,
tantalum oxide.

This thesis presents a rigorous materials study of the tantalum oxide system using the
theoretical framework of Density Functional Theory (DFT). The primary aim is to gain
understanding of the switching process of TaOx ReRAM devices by investigating both the
amorphous and crystalline systems in various stages of oxygen deficiency. The thesis is or-
ganised as follows:

Chapter 2 provides an overview of the switching mechanism in ReRAM technology. Spe-
cial attention is paid to relevant materials parameters. The relevance of Ta2O5 in
relation to these parameters is discussed. Finally, the methodology of DFT is pre-
sented, followed by general computational details used in this study.
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Chapter 3 presents a large-scale DFT study of amorphous tantalum oxide with varying
oxygen content. Oxygen-deficient phases are compared in terms of DFT-calculated to-
tal energies. Simulated X-ray Photoelectron Spectroscopy (XPS) spectra are presented
and compared to experiment, along with simulated oxidation states. The chapter con-
cludes with the reproduction of an experimental XPS depth profile.

Chapter 4 presents a corresponding large-scale DFT study of crystalline tantalum oxide,
accelerated by Cluster Expansion. Oxygen-deficiency is modeled in the form of in-
creasing oxygen vacancy concentrations, leading to the discovery of a new theoretical
metastable phase. This phase is found to have a unique defect structure, which is dis-
cussed in relation to ReRAM devices. Finally, a similar investigation modelling oxygen
deficiency as phases with lower O content observed in Group V metals vanadium and
niobium is performed.

Chapter 5 performs a parametrisation of tantalum oxide for the density functional tight-
binding method, and evaluates the performance of said parametrisation both for crys-
talline and amorphous phases. Some problems related to fitting the repulsive potential
are also discussed.

Chapter 6 summarises the main conclusions of Chapters 3 to 5, and provides an outlook
for further study based on these conclusions as well as the literature review performed
in Chapter 2.

Theoretical study of reduced tantalum pentoxide for memristive applications 3
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Chapter 2

Theory

2.1 Resistive random access memory
The working principles of resistive switching are presented in this section. The aim is

to provide the reader with a basic outline of key concepts, and describe desirable materials
parameters for use in ReRAM devices. Ultimately, the benefits of TaOx for purposes of
resistive switching will be discussed.

2.1.1 Resistive switching to memristive switching
Although the focus of this thesis is on the performance of tantalum oxide, one topic has

become so ingrained in ReRAM history as to be inseparable from it. In 1971, Chua theorised
the existence of a fourth circuit element,33 which he called the “memristor” – a contraction
of the words “memory” and “resistor”. The memristor would at any instantaneous time t0
behave like a resistor, except the “memristance” (analogous to resistance) would depend on
the current integral from time t = �1 to t0. Thus, the instantaneous resistance would
depend on the history of the device, which was therefore said to have memory. In 2008,
Strukov et al. identified their resistive switching devices as performing like a memristor,
“remembering” their history through their resistance state.19 Since then, the terms “resistive
switching” and “memristive switching” have been used interchangeably, just as the term
“memristor” is frequently used to describe resistive switching devices. For a full description
of the memristor, see the seminal paper by Chua.

2.1.2 Unipolar versus bipolar switching
Depending on device geometry, the switching scheme may be either “unipolar” – where

the switching is independent of voltage polarity – or “bipolar” – where one polarity switches
ON (SET operation) and another switches OFF (RESET operation). Unipolar switching,
depicted in Figure 2.1(a), occurs in a device which is symmetric with respect to electrode
work functions; in the simplest case, a device using the same material for top electrode (TE)
and bottom electrode (BE), respectively. In this scheme, a SET operation occurs at some
voltage threshold Vset, while RESET occurs at a lower voltage threshold Vreset < Vset at
high current. A compliance current may be enforced by the control circuit. Examples of
unipolar switching are found in Hickmott’s seminal paper,6 and the world premier device
by Baek et al. 11

The contrast with bipolar switching is seen in Figure 2.1(b). Increasing the positive
voltage results in a SET operation, while a subsequent negative voltage results in a RESET
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Figure 2.1: Model IV curves associated with unipolar (a) and bipolar (b) switching. Adapted
from reference 34. c2009 John Wiley & Sons, Inc. Reprinted with permission.

operation. This requires an asymmetric setup, which in the simplest case is achieved by
using different electrode materials, but which may also be achieved in the device layer. In
such a setup, it makes sense to refer to an Active Electrode (AE) in the region where the
switching process occurs, and a Counter Electrode (CE) in the opposite region. The counter
electrode must form an Ohmic contact with the device layer to avoid switching near the
counter electrode. Examples of bipolar switching devices include the HfOx prototype by Lee
et al.,18 in which the device geometry was TiN/Ti/HfOx/TiN, and the TaOx prototype by
Wei et al.,17 with geometry Pt/Ta2O5-�/TaO2-�/Pt. The treatment of this section is based
on Waser et al.’s 2009 review article.34

2.1.3 Switching mechanism of ReRAM
There exist two fundamentally different ways in which to achieve conduction across an

otherwise non-conducting ionic solid; namely i) to inject cations into the material (called
the “electrochemical metallisation mechanism” – ECM34), or ii) to remove anions from the
material (called the “valence change mechanism” – VCM34). The former is most notably
achieved using Ag+ cations. This method has been applied e.g. in Si/a�Si core-shell
nanowires by Dong et al.,35 which is the device used by Crossbar Inc.i The latter is the
focus of this dissertation, and will be elaborated upon in the following.

On the nanoscale, applying an electric potential across an insulating ionic solid provides
a driving force for drift of charged particles in the ionic solid. In particular, O ions will tend
to migrate towards the cathode, which is equivalent to saying that oxygen vacancies (vO)
will form and migrate towards the anode. In an asymmetric bipolar device, the electric field
gradient will be steeper at the Schottky contact (compared to the Ohmic contact). This
steep gradient results in increased local Joule heating, which accelerates the vO migration in
the heated region (called the “thermochemical mechanism” – TCM34). As the vO migrate
towards the anode, the metal oxide becomes increasingly metallised at the metal-insulator
interface. This, in turn, shifts the Schottky contact further into the device layer, where
the now metalized region meets a more intact region of the device layer. As this process
continues, it results in the growth of conducting nanofilaments across the active layer, each
of which is a highly vO-deficient “version” of the original ionic solid. The device has then
been turned ON. To turn it OFF within the bipolar switching scheme, the voltage polarity
is reversed, which drives O ions back into the Schottky barrier region, restoring it to its
initial insulating state.

Nanofilamentary resistance switching has been observed for NiO,36 TiO2,37 TaOx,38 and
HfO2.39 The phenomenon of local Joule heating has been reported for TiO2,40–42 NiO,43

iSee webpage for Crossbar Inc.: https://www.crossbar-inc.com/
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and Sr-based perovskites.44 The significance of the Schottky barrier will be discussed in the
following outline of key materials parameters.

2.1.4 Key materials parameters
Vacancy formation energy

The previous section established that a large part of resistive switching materials operate
by creation and subsequent migration of vO under an applied electric field. Within DFT, the
formation energy, EF, of charge-neutral defects in a metal oxide (MxOy) may be determined
from the DFT-calculated total energies E as:

EF =

�
E
�
MxOy�1

�
+

1

2
E [O2]

�
� E

�
MxOy

�
(2.1)

The vO formation energy of a material is partly predicted by its formation enthalpy, HF, in
the sense that a higher (more negative) HF will result in greater (more positive) vacancy
formation energies. However, the precise vO formation energy will depend on the energy
level of the induced defect states, which requires dedicated research effort to determine.

Vacancy diffusion barrier
Apart from supplying the driving force needed to overcome the energy barrier in Equa-

tion (2.1), the applied electric potential must also provide an adequate driving force for vO
migration. In order for a vO to diffuse towards the anode, it must overcome a series of
local potentials referred to as diffusion barriers, which arise due to the surrounding lattice.
Vacancy diffusion follows the Arrhenius equation:

D = D0e
�EA=kBT (2.2)

where D0 is a pre-exponential factor, EA is the material-specific diffusion (or “activation”)
barrier, and kB is Boltzmann’s constant. The Arrhenius equation shows how local Joule
heating contributes to the switching process by mediating diffusion through the temper-
ature factor, and how some materials may exhibit greater diffusion than others through
comparatively lower diffusion barriers.

Equation (2.2) implies that higher switching speed is achieved for lower diffusion barriers.
However, too low diffusion barriers will result in decreased retention times. The reason is
partly contained in Fick’s first law, stated here for oxygen vacancies:

JvO
= �DrCvO

= �D0e
�EA=kBTrCvO

(2.3)

JvO
and CvO

are the vO diffusion flux and concentration, respectively. The implication for
ReRAM devices is that the existence of a vO-rich region, such as a nanofilament, provides a
driving force for a net diffusion flux of vO towards O-rich regions, even in the absence of an
external potential. Hence, retention times are reduced for materials with low vO-diffusion
barriers in comparison with materials with higher diffusion barriers. Clima et al. therefore
argue for an optimal range of diffusion barriers, namely between 1:0 eV to 2:0 eV.45 The
diffusion barrier of a vO should be viewed in conjunction with its formation energy; i.e. it
must be the lowest-energy vacancies that exhibit optimal diffusion barriers, since these are
the vacancies most likely to form.

Factors governing the Schottky barrier
The Schottky barrier formed at the interface between the metal electrode and the resistive

layer is important for device function. The specifics of the Schottky barrier depend both
on the electrode material and the resistive material; hence a full treatment is beyond the
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scope of this dissertation. However, key concepts are discussed here in order to present the
important parameters for the resistive layer.

The Schottky barrier represents the height of the potential experienced by electrons
traveling from the electrode into the resistive layer. The idealised Schottky barrier, �B0,
is simply the difference between the electrode work function, �m, and the resistive layer
electron affinity, �:

�B0 = (�m � �) (2.4)

There are several effects that may alter the barrier height from the ideal case to the effective
Schottky barrier, �Bn. One such effect, the Schottky effect, arises from the fact that electrons
in the resistive layer induce image charges in the metal, creating an electric field, E. This
lowers the barrier by:

�� =

r
eE

4��
; (2.5)

in which � describes the dielectric constant of the resistive layer. Hence, a higher dielectric
constant will indirectly result in a higher Schottky barrier, by reducing the Schottky effect.
The effect of the Schottky barrier on metal-to-semiconductor current density J is given by
Richardson’s law of thermionic emission:

J(V; T ) =

�
A�T 2 exp

��e�Bn

kBT

���
exp

�
eV

kBT

�
� 1

�
(2.6)

where A� is Richardson’s constant. A low Schottky barrier can thus result in relatively high
zero-voltage thermionic emission, which reduces the ION=IOFF ratio. Chand et al. provided
an overview of work functions and electron affinities in their proposed Ti/Al2O3/HfOx/TiN
device, in which Al2O3 acts as a tunnelling barrier layer to reduce leakage currents.46 The
electron affinities of Al2O3 and HfOx are 1:35 and 2:65, respectively. The importance of
the Schottky barrier was highlighted by Hur et al., who created a theoretical model which
accurately captured bipolar switching behaviour.22

2.2 Tantalum oxide as resistive layer
The previous dissection of ReRAM highlighted the role of oxygen vacancies in the

ON/OFF switching of the resistive layer. This section will discuss tantalum oxide as mate-
rial for ReRAM devices, and explain its popularity as resistive material. Although several
different stoichiometries of tantalum oxide have been reported,47–49 the main body of work
has focused on tantalum pentoxide, Ta2O5. Crystalline Ta2O5 has been extensively studied
since the 1930’s, with many structural models being proposed. In spite of this, it does not
seem like a scientific consensus as to the precise atomic structure has been reached.

Generally, tantalum oxide films fabricated under most conditions are amorphous. This
has been observed using thermal oxidation (300–700 �C),50 Chemical Vapour Deposition
(CVD; temperature not reported),51 Radio Frequency (RF) sputtering (substrate temper-
ature of 576 �C),52 ion beam sputtering (temperature not reported),30 and Pulsed Laser
Deposition (PLD; room temperature).31 Crystalline films have been obtained using CVD
(900 �C),53 and RF sputtering (substrate temperature of 946 �C).52 An amorphous-to-crystalline
transition has been observed by annealing at 1100 �C for 8 h,54 600 �C for 14 h,55 900 �C for
30 min,55 and partly by annealing at 700 �C for 10 h (“partly” here means that the Raman
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spectrum contains signatures from, but is not equal to, crystalline reference spectra).30 Both
amorphous and crystalline tantalum oxide are investigated in this dissertation, and will be
described separately in the following.

2.2.1 Amorphous tantalum oxide
The amorphous Ta2O5 system exhibits good performance on most of the parameters

described above. Tantalum oxide entered the electronics industry as a proposed high-�
dielectric; Indeed, Murawala et al. obtained values of � = 25�38 for MOS devices consisting
of Au/Ta2O5/n

+Si,51 where n+ denotes significant n-doping. The authors note (without
explicit citation) that previous studies yielded � = 15 � 25 which by Murawala et al. is
attributed to the presence of SiO2 in the cited studies’ devices, which may result in the
measured � being the average of SiO2 and Ta2O5. This claim could not be verified for this
dissertation, however, the table value of � for SiO2 is 3:9 (see e.g. Neamen,56 Appendix B),
by which standard Ta2O5 definitely qualifies as a high-� dielectric.

Several studies have reported on the band gap of amorphous Ta2O5, yielding values
of 4:1 eV (thermal oxidation of Ta and e-beam evaporation of Ta2O5),50 4:4 eV (anodized
Ta),57 and 5:28 eV (amorphous CVD).51 In 2000, Fleming et al. noted that the cited studies
used different definitions of the band gap.58 To correct this, they fitted their measured
absorption spectra to the power-law absorption edge:59

� = const � (E � EG)
n

E2
(2.7)

where � is the measured absorption coefficient, E (here) denotes the energy of the absorbed
photon, and EG is the band gap. The authors find the best fit for n = 2:2 and EG =
4:0 eV, and use the same method to correct the aforementioned band gaps to 4:1 eV (thermal
oxidation/e-beam evaporation; no change), 3:8 eV (anodized Ta), and 4:3 eV (amorphous
CVD), for an average of EG = (4:05� 0:18) eV. A critical review of the various methods of
determining the band gap is beyond the scope of this report. The work of Fleming et al.
seems to have resulted in a scientific consensus of �4:0 eV for the band gap of a-Ta2O5. This
value is supported by DFT calculations, for instance in the works of Lee et al. (Supplemental
Material),60 and Guo and Robertson.61

The work of Clima et al. included an unprecedented, to the knowledge of this author,
DFT study of all vO-formation energies and first-neighbour diffusion barriers for their mod-
els of a-TaOx and a-HfOx.45 The results are reprinted in Figure 2.2. Although the authors
did not report on computational details, it is here assumed that they were similar for both
materials, and that the comparison is valid. The study showed that Ta2O5 contained com-
paratively lower diffusion barriers, as seen from the Cumulative Distribution Function (CDF)
in Figure 2.2(a). Further, a larger amount of vO was found within the optimal area of EF

(<1:0 eV) and EA (1:0 eV to 2:0 eV) than HfO2; see Figure 2.2(b-c). Finally, the study
pointed to a larger amount of barrier-less vO jumps (5 %) as contributing to a pre-selection
of stable defects. The study pointed to the comparatively better retention in Ta2O5 as
originating from the differences in EF and EA. Such a study requires a phenomenal compu-
tational effort, however, and this author knows of no such data on other metal oxide phases
to which one could compare the cited results. However, HfOx is considered a top-of-the-line
material for ReRAM devices, as evidenced by its endorsement by ITRI (see Chapter 1).
Hence, a direct comparison that shows TaOx performing even better is strong support for
using TaOx.
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Figure 2.2: (a): CDF of vO diffusion barriers for amorphous HfO2 and Ta2O5. (b-c): vO
formation energy versus diffusion barrier for HfO2 (b) and Ta2O5 (c). Shaded areas show
disadvantageous (red) and advantageous (green) regions. Figure reprinted from reference
45. c2015 IEEE.

Amorphous tantalum oxide presents formidable advantages for ReRAM technology. An
immediate benefit of using an amorphous resistive layer is that material isotropy is guaran-
teed, which simplifies manufacturing processes. In addition, TaOx devices are reported to
consist of a thin layer of Ta2O5-� formed over a bulk region of TaO2-� .17,25,29,38 In fact, a
similar effect was observed as early as 1993 by Murawala et al.,51 who remarked that the
surface of their TaOx film was O-rich due to surface oxidation. (The sample of Murawala
et al. had significantly higher O content, however.) This allows the oxygen-deficient TaO2-�
region to function as an oxygen “sink”, where migrating O ions may be captured and stored
until mobilized by a reset operation (see e.g. reference 21 for more information about this
argument). In contrast, Kwon et al. found that migrating O ions from a uniform rutile-TiO2
layer form a pocket of O2 at the cathode.37 For large enough device cross sections, the gas
buildup was enough to blow part of the electrode off.

The high delectric constant, relatively wide band gap, and comparatively high amount of
low-energy vO with mid-sized diffusion barriers contribute to making amorphous TaOx one
of the dominant materials for valence-change ReRAM devices. Its marketability is further
compounded by its status as a CMOS-compatible binary metal oxide, the amorphous nature
of as-fabricated films, and asymmetric Ta/O ratio. Tantalum has one possible drawback,
however, in scarcity. According to the U.S. Geolocial Survey,ii Ta makes up �2 atoms per 106

Si atoms in the upper crust of the earth, comparable to rare-earth elements like Dysprosium
and Erbium. Hf fares little better at �5 atoms per 106 Si. In fact, any internet search for
“Tantalum” will yield results of Ta jewellery due in part to its scarcity. Nevertheless, no
concerns as to whether Ta is abundant enough to replace Si-based Flash memory have been
raised to the knowledge of this author.

As alluded to in the opening paragraph of this section, as well as in Chapter 1, crystalline
Ta2O5 coexists along amorphous TaOx in resistive layers.23,32 Hence, a treatment of this

iiCarried out by Gordon B. Haxel, James B. Hedrick, and Greta J. Orris; available at URL:
https://pubs.usgs.gov/fs/2002/fs087-02/
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material is presented in the following, beginning with a review of the literature on its crystal
structure.

2.2.2 Crystalline tantalum pentoxide
The most common form of (low-temperature) tantalum pentoxide is orthorhombic and

labelled �. Apart from an early study in 1932,62 the majority of x-ray diffraction data on
�-Ta2O5 was gathered in the post-war period of the 1950’s and 1960’s. The earliest study of
this period was performed by Lagergren and Magnéli,63 with the first x-ray study attributed
to Schönberg.64 Note that in the work of Schönberg, the orthorhombic form of Ta2O5 is
referred to as �. The earliest reference to �-Ta2O5, to the knowledge of this author, was
made by Holser in 1956.65 Kofstad and Spyridelis et al. later adopted the term,66,67 with
the latter citing Kofstad as the origin.

Despite considerable research efforts,49,54,62–65,67–74 the atomic structure of �-Ta2O5
was elusive throughout the entire 20th century. It was established by Calvert and Draper
in 1962 73 and Lehovec in 1964 54 that �-Ta2O5 consists of planes of Ta2O3 joined by
Ta�O chains in the out-of-plane direction. Unit cell parameters were determined as a =
(6:20� 0:02)Å, b = n � 3:66Å (n signifies that some studies found an integer multiple of the
cited lattice parameter), and c = (3:89� 0:01)Å.49,54,73–76 These parameters are averaged
across multiple references. Several structural models were proposed,54,65,67,73,74 but it was
not until 2002 that the matter was settled, at least for some years.75

Development of the � model
Aleshina and Loginova considered four structural models theorized by Spyridelis et al.

(based on UO3 – Model 1),67 Calvert and Draper (based on U2O5 – Model 2),73 Holser
(based on U3O8 – Model 3),65 and a modified version of the proposed structure of Lehovec
(Model 4).54 Of these, Aleshina and Loginova remark that Models 1–3 were originally pro-
posed based on similarities between X-ray diffraction patterns, whereas only Lehovec at-
tempted to determine the atomic coordinates (which were criticized and suitably modified
in Aleshina and Loginova’s study). Connections between Ta2O5 and uranium oxides can be
traced to Elson et al.,77 and Holser.65

Of the proposed models, Aleshina and Loginova found low reliability factors (signifying
a close match) for models 1 and 4. However, the theoretical pattern for model 1 failed to
reproduce some weak reflections from the experimental diffraction, and hence the authors
proposed model 4 as the true atomic structure of �-Ta2O5, with cell parameters a = 6:217Å,
b = 3:677Å, and c = 7:794Å.

Criticism of the � model and development of the � model
In 2010, Andreoni and Pignedoli examined the � and the similar, but hexagonal � (not

covered here) phases.78 Using DFT calculations, the authors found imaginary phonon modes
signifying intrinsic instability for both structures. Recognizing a need for further study, Lee
et al. evaluated existing structural models using DFT and proposed their own, novel � model
– depicted in Figure 2.3.60 While the � and � models were found to be unstable with total
DFT energies 1:27 eV=fu (“fu” – formula unit) and 0:91 eV=fu, respectively, as compared to
an amorphous Ta2O5 model, the 11 fu model of Stephenson and Roth 74 and the � models
were found to be stable with �0:75 eV=fu and �0:81 eV=fu, respectively. In addition, the
authors used hybrid functional calculations to determine EG for the scrutinized phases, and
found �2 eV for � and �, while they obtained �4 eV for the amorphous and � models. The
obtained lattice parameters for the � phase were a = 6:52Å, b = 3:69Å, and c = 3:89Å
while the � phase yielded a = 6:25Å, b = 3:70Å, and c = 3:83Å. This strongly suggests
that the � phase is the correct structural model for crystalline Ta2O5, or at least the correct
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Figure 2.3: Primitive cell of the � phase of Ta2O5 developed by Lee et al. 60 Note the
characteristic Ta2O3 structure in the XY plane connected by Ta–O chains along the Z axis.
Magenta, green, and cyan atoms show twofold out-of-plane, twofold in-plane, and threefold
in-plane vacancies, respectively.

model to incorporate in DFT calculations in order to accurately model real samples. To the
knowledge of this author, no Rietveld refinement study has been attempted on the � phase.

Properties of orthorhombic Ta2O5
In addition to the review on materials properties of a-Ta2O5, a corresponding review

is performed here for crystalline (orthorhombic) Ta2O5. Pavlovic determined dielectric
constants of �24:0 at 300 K and �25:5 at 400 K for ceramic �-Ta2O5.79 Knausenberger
and Tauber determined the dielectric constant of pyrolytic �-Ta2O5 films as �42:0–44:0
at �280 K.53 Knausenberger and Tauber further commented that lack of experiments on
the dielectric constant of �-Ta2O5 meant there was little basis for comparison, except to
the work of Pavlovic. Despite the disagreement in values, orthorhombic Ta2O5 may be
considered a high-� dielectric along with amorphous Ta2O5.

The band gap of orthorhombic Ta2O5 has been determined as 4:2 eV by Knausenberger
and Tauber.53 As with the amorphous band gaps, this was corrected by Fleming et al., who
obtained a value of 4:0 eV.58 As such, there is good agreement between the values of EG for
crystalline and amorphous Ta2O5. Lee et al. calculated a value of �3:8 eV for their � model
(see DOS spectra in the supplemental information for reference 60). The value represents
this author’s interpretation.

The structure of �-Ta2O5 depicted in Figure 2.3 has three symmetrically inequivalent
O atoms, and hence, three different vO sites. These are twofold coordinated in-plane (2f
ip), threefold coordinated in-plane (3f ip), and twofold coordinated out-of-plane (2f oop).
The vO formation energies and diffusion barriers of �-Ta2O5 were studied by Jiang and
Stewart.80 The formation energies obtained for neutral vO were 5:33 eV to 5:74 eV for the 2f
ip vacancy (depending on atomic rearrangement), 4:99 eV for the 3f ip vacancy, and 5:51 eV
for the 2f oop vacancy. Diffusion barriers for these defects were strongly anisotropic, ranging
from �0:55 eV to 0:70 eV for in-plane diffusion to �1:70 eV to 2:20 eV for diffusion from an
in-plane site to an out-of-plane site. Finally, the theoretical density of orthorhombic Ta2O5
is 8:73� 103 kg=m3,81 while Reisman et al. reported a value of 8:18� 103 kg=m3 for the �
phase.82

2.3 Electronic structure calculations and DFT
This section presents the framework of DFT, and highlights the key parameters which

must be considered when performing studies using DFT. The focus will be on aspects relevant
to this dissertation; hence the treatment is far from complete.
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2.3.1 The Schrödinger equation
At the heart of electronic structure calculations, and of quantum mechanics as a whole,

lies the Schrödinger equation. The Schrödinger equation is a wave equation, and as such
describes propagation in space and time. But although time-dependent DFT does exist, this
dissertation will exclusively use time-independent DFT, and hence the time-independent
form of the Schrödinger equation. In this picture, the Schrödinger equation describes the
energy levels Ei of a system with eigenfunctions  i and Hamiltonian operator Ĥ:

Ĥ i(r) =

���h2

2m
r2 + V (r)

�
 i(r) = Ei i(r) ; (2.8)

in which �h is the reduced Planck constant, m is the electron mass, and V is a potential
associated with the system. From now on, the treatment will adopt atomic units, so that
�h = e = m = 1. The time-independent Schrödinger equation contains information on all
stationary eigenstates  of a system described by the Hamiltonian Ĥ. In solid-state physics,
the system usually consists of N electrons with position vectors r 2 fri; i = 1; : : : ; Ng, and
K atoms with positions vectors R 2 fRI ; I = 1; : : : ;Kg, atomic mass MI and charge ZI :

Ĥ = �
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(2.9)

The labels attached to the braces denote kinetic energy (T̂e;n) of electrons (e) and nuclei
(n), respectively, and electrostatic interactions (V̂ee;nn;ne) between pairs of electrons (ee),
nuclei (nn), and electrons and nuclei (ne).

2.3.2 Adiabatic and Born-Oppenheimer approximations
The mass of a proton is roughly 1833 times greater than that of an electron and, by

extension, the electrons move thousands of times faster than the nuclei. This allows for a
significant simplification: The electrons respond instantaneously to any perturbation in the
nuclear subsystem, and are thus considered as being in a stationary state. The many-body
wave function 	 of a system can then be divided into an electronic part, �, and a nuclear
part, �:

	(R; r; t) =
X

j

�j(R; t)�j(R; r) (2.10)

This is the “adiabatic approximation”, referring to the fact that the electrons remain in
their instantaneous eigenstate. In simplifying the many-body wave function, the possibility
of nuclear dynamics inducing electronic transitions has been ignored.
Within the adiabatic approximation, the time-independent Schrödinger equation is first
solved for the electronic wave functions. Afterwards, the time-dependent Schrödinger equa-
tion is solved for the nuclear wave functions, in which the electronic eigenenergies enter as
a parameter:
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The ~�n parameters contain both the as-calculated electronic eigenenergies �n and a correction
term arising from the dependence of the electronic wave functions on the nuclear coordinates:

~�n(R) = �n(R) +

PX

I=1

1

2
h�qjr2

I j�qi (2.12)

Within the “Born-Oppenheimer approximation”, the second term is neglected, effectively
decoupling the electronic and nuclear solutions to the Schrödinger equations completely.
Both the Born-Oppenheimer and the adiabatic approximations rely on a small ratio of
m=M as validity criterium, although the adiabatic approximation requires the additional
condition that nuclear and electronic eigenenergies not be too close. Both these criteria are
assumed to be satisfied; Indeed, for the Born-Oppenheimer approximation, Kohanoff gives
the error as smaller than 0:5 %.83

2.3.3 Density Functional Theory
The modern powerhouse of computational physics, DFT, offers a desirable tradeoff be-

tween speed and accuracy. The method builds on the pioneering work of Hohenberg and
Kohn,84 who considered the electronic density � associated with N electrons under the influ-
ence of an external potential, Vext(r). Their work then derived the two so-called Hohenberg-
Kohn theorems, stated here in their original phrasing with the notation of this treatment:

HK 1: The external potential Vext(r) is (to within a constant) a unique functional of �(r);
since, in turn, Vext(r) fixes H, [...] the full many-particle ground state is a unique
functional of �(r).

HK 2: The energy functional E [�(r)] assumes its minimum value for the correct � (r), if
the admissible functions are restricted by the condition:

N [�] �
Z
� (r) dr = N

A corollary of HK 1 is that, since Vext is determined by �, so is the ground state many-body
wave function 	. The following year, Kohn and Sham proposed that the density produced
by interacting electrons be approximated by a non-interacting electron gas,85 providing a
crucial simplification. In this picture, many-body interactions are gathered in the so-called
“exchange and correlation” (XC) term. Kohn and Sham’s proposed potential VKS and energy
functional EKS then take the form:

VKS [�] =
1

2

Z
� (r0)

jr� r0jdr0 + Vext (r) + VXC [�] (2.13)

EKS [�] = TR [�] +
1

2

Z Z
� (r) � (r0)

jr� r0j drdr0 +

Z
� (r)Vext (r) dr + EXC [�] ; (2.14)

where XC interactions are collected in the functionals VXC and EXC, and TR is the kinetic
energy. The first and second terms in VKS are the Hartree potential, VH, and the external
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Figure 2.4: Flowchart describing the self-consistent cycle in DFT calculations.

potential arising from the surrounding nuclei, respectively. The one-electron Schrödinger
equation then becomes:

ĤKS�i (r) =

�
�1

2
r2 + VKS (r)

�
�i (r) = �i�i (r) ; (2.15)

where �i denotes a one-electron wave function, and �i is a Lagrangian multiplier whose
physical meaning is debatable. Finally, the density � may be straightforwardly calculated:

� (r) =
X

i

j�i (r)j2 (2.16)

Equations (2.13), (2.15) and (2.16) are commonly called the Kohn-Sham equations. These
must be solved self-consistently, since the density is used to compute the solutions �i to the
Schrödinger equation, which in turn are used to compute the density. Figure 2.4 provides a
flowchart of the self-consistent cycle in DFT.
So far, no approximations have been made in Eqs. (2.13) and (2.15) due to the inclusion of
the many-body XC effects as the functional VXC. This functional will be discussed in the
following.

2.3.4 Exchange and Correlation
Providing a reasonable approximation of VXC is the key issue for DFT. “Exchange”

interactions arise due to the requirement that the overall wave function be antisymmetric
upon exchange of two electrons. “Correlation” refers to the change in probability of finding
an electron at position r due to the presence of another electron at position r0. In other
words, Coulomb repulsion gives rise to a correlation between each individual electron and
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every other electron in the system. The exchange part is known exactly within Hartree-Fock
(HF) theory:

EHF
X = �1

2

X

i;j

Z Z
��i (r)��j (r

0)�i(r
0)�j(r)

jr� r0j drdr0 (2.17)

Note that the above expression allows for an exchange self-interaction in the case where
i = j. This is purposefully kept, in order that it may cancel out with the same term in the
Coulomb repulsion integral.

While it is possible to calculate the exchange integral exactly, it is not always desirable.
First, it implies splitting EXC into EX and EC, when usually the sum EXC = EX + EC

is the meaningful quantity. Second, the integral is too computationally expensive to be
feasible in larger studies. Rather than looking for exact solutions, which will necessarily
scale unfavourably with the number of one-electron wave functions, DFT searches for a
reasonable approximation of the XC functional.

In their seminal paper, Kohn and Sham proposed that an inhomogeneous electronic
system be considered locally homogeneous.85 The exchange-correlation energy can then be
determined from the homogeneous electron gas, for which the theoretical groundwork is
much more accurate. This is referred to as the “Local Density Approximation” (LDA):

ELDA
XC [�] =

Z
� (r) �XC [�(r)] dr ; (2.18)

in which �XC denotes an energy density with the expression:

�XC [�] =
1

2

Z
�XC (r; r0)

jr� r0j (2.19)

Although the performance is quite good for systems with strong bonding (i.e. covalent, ionic,
and metallic bonding), the most commonly used XC-functional in solid state physics is the
“Generalized Gradient Approximation” (GGA) proposed by Perdew, Burke, and Ernzerhof
(PBE).86 Since LDA necessarily produces electron densities that are more homogeneous
than exact densities, a natural way to improve upon it is to include the density gradient in
the approximation:

EGGA
XC [�] =

Z
�XC [� (r) ;r� (r)] � (r) dr (2.20)

A known limitation of both LDA and GGA are their tendencies to greatly underestimate
band gaps of semiconductors and insulators. This stems partly from the fact that, when
moving away from exact exchange, the self-interaction no longer cancels out completely. This
drives occupied states up in energy, reducing the energy gap to unoccupied states. Another
important aspect is the lack of the so-called “derivative discontinuity”, �, which will not
be covered here. (The GLLB-sc method exists to calculate and correct for the derivative
discontinuity; see Kuisma et al.)87

The self-interaction error may be corrected by “hybrid” functionals, so called because
they include a fraction of exact exchange in addition to the approximated XC functional:

Ehyb
XC = �EHF

X + (1� �)EDFT
X + EDFT

C (2.21)
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in which � is the fraction of HF exchange. In an attempt to reduce the computational
effort required to calculate the HF exchange integral, Heyd, Scuseria, and Ernzerhof (HSE)
proposed a method widely used today.88 The HSE method splits the Coulomb operator 1=r
into short-range and long-range components, and applies the Gaussian error function, erf,
to screen the long-range term:

1

r
=

short�rangez }| {
erfc (!r)

r
+

long�rangez }| {
erf (!r)

r
(2.22)

In which ! is an adjustable parameter and erfc = 1 � erf. For ! = 0, the long-range term
becomes zero. The introduction of the parameters � and ! may in principle be fitted on a
case-by-case basis. However, a common choice is � = 0:25 and ! = 0:20, which is referred
to as HSE06. Although HSE promises increased efficiency, the CPU time consumption still
increases drastically as compared to “pure” DFT; e.g. PBE.

2.3.5 Representation of electronic wave functions
Two of the most important methods of describing the one-electron wave functions are

in a basis of atomic orbitals (AO), and in a basis of plane waves (PW). This dissertation
exclusively uses the PW basis for DFT calculations, whose background will be stated here,
followed by a brief discussion at the end. The periodic structure of crystalline solids ensures
that the potential v(r) experienced by electrons in the solid is periodic:

v(r) = v(r + ai) (2.23)

where ai represents a lattice vector of the crystal. Bloch’s theorem then states that the wave
function of any electron � with wave vector k in the system is given by a similarly periodic
function u and a phase factor:89

�k(r) = eik�ruk(r) (2.24)

Translating by a lattice vector ai yields:

�k(r + ai) = eik�aieik�ruk(r) ; (2.25)

which utilises the fact that uk(r + ai) = uk(r). The phase factor eik�ai drops out when
calculating the probability density jh�k(r)j�k(r)ij2. The function uk(r) in real-space can be
written as a Fourier transform of the function ~uk(g) for the reciprocal-space coordinate g:

uk(r) =

Z
eig�r~uk(g)dg (2.26)

Now, since uk(r) is periodic, the reciprocal-space coordinate g must obey eig�ai = 1 )
g � ai = 2n� in order to satisfy the periodicity of the lattice. This requirement corresponds
to g being an integer multiple of the reciprocal lattice vectors G, which discretises the
Fourier transform to a Fourier series with coefficients Ck:

�(k)(r) =
eik�rp




1X

G=0

Ck(G)eiG�r ; (2.27)

in which 
 is the volume of the cell. Finally, this results in the PW basis functions �G(r)
and eigenstates j given by:
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�G(r) =
1p



eiG�r ; �
(k)
j (r) = eik�r

1X

G=0

Cjk(G)�G(r) (2.28)

Note that the eigenstate �j describes the entire system (i.e. all Brillouin zones in reciprocal
space) through the sum over G, while it describes the first brillouin zone through the wave
vector k.

Cutoff energy
The Fourier series of the PW basis set is in principle infinite, and must be truncated

for practical purposes. Fortunately, the coefficients Ck(G) decrease with increasing G, so
the truncation can be performed without considerable loss of functionality. The standard
measure of truncation is the cutoff energy of the PW’s:

1

2
jk + Gj < Ecut (2.29)

Using this measure, the Fourier series is calculated for all jk + Gj which satisfy the above
equation. Typical energy cutoffs range in the hundreds of electron volts.

Discussion of the PW basis
As the derivation of the PW basis set might suggest, it provides a powerful description of

three-dimensional and periodic systems, such as crystalline solids. This makes it ideal for this
project, which is limited to such materials except for a single O2 molecule needed as reference
for calculating vO formation energies. For calculations of lower-dimensional systems, which
by definition includes some amount of vacuum in the supercell, a considerable amount of
computational effort goes into calculating PW’s in the vacuum. For these systems, local
basis sets consisting of AO’s are usually more efficient. However, to allow for comparison,
the O2 molecule will be calculated using a PW basis as in all other calculations.

The pseudopotential method
The PW method seems like the most natural way to treat electrons in periodic solids.

However, the wave functions exhibit steep gradients close to the nuclei, which requires
large numbers of PWs to describe. The solution to this problem, as with other problems
within DFT, lies in approximation. In 1935, Hellmann proposed treating atom kernels
according to Thomas-Fermi theory, and valence electrons according to Schrödinger.90 This
is the first instance of the “pseudopotential” methodology, in which the actual potential is
replaced with a different potential close to the nuclei for ease of computation. In 1937, Slater
published what is known colloquially as the “muffin-tin approximation”).91 Slater’s idea was
to approximate the potential exerted by the nuclei as spherically symmetric close to the
atoms (the augmentation region), and constant in the interstitial regions between atoms,
enforcing continuity on the boundary between the two regions. Electronic wave functions
could then be treated using spherical harmonics close to the atoms, and using PWs in the
interstitial regions.

Finally, Blöchl popularised the Projector Augmented-Wave (PAW) method,92 which is
a generalization of the pseudopotential and muffin-tin approximation methods. In the PAW
method, the physical valence wave functions are mapped onto pseudo wave functions by the
linear transformation

L̂R = 1 +
X




L̂
 (2.30)
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where L̂R operates only within some (atom-centered) augmentation region 
R. Generat-
ing good pseudopotentials is a non-trivial task, and they are generally supplied with any
commercial package that uses them.

2.3.6 k point sampling
Analytically speaking, the Kohn-Sham equations “exist” everywhere in the scrutinised

system. For computational purposes, though, a number of k points are chosen in reciprocal
space to evaluate the equations. Since a short lattice vector in real space results in a
comparatively long lattice vector in reciprocal space, more k points should be used to sample
along short real-space lattice vectors. The conventional way of distributing k points in the
Brillouin zone is in a (n�m� k) grid, as described by Monkhorst and Pack.93

Special attention must be paid to the k sampling when calculating electronic band struc-
tures. In this case, the electronic ground state density is first determined using a standard
Monkhorst-Pack grid of k points, followed by a “path” of k points in the irreducible Brillouin
zone, which visits the high-symmetry points. This dissertation uses the paths outlined in
the work of Setyawan and Curtarolo.94

2.4 Density functional tight-binding
The approximations of DFT allows the user to calculate properties for systems up to the

order of �1000 atoms, depending on the specific code used. However, real physical systems
often have much larger sizes. For instance, in order to simulate a 10 nm thick resistive layer
of �-Ta2O5, one would need to simulate between �3� 104 to �6� 104 atoms, depending on
the charge carrier transport direction relative to the cell. One method of pushing electronic
structure calculations into the 104 range is the Density Functional Tight-Binding (DFTB)
method.95–97

2.4.1 DFT to DFTB
A full derivation of DFTB is beyond the scope of this dissertation; rather, key concepts

are explained here. For a more thorough, yet immediate introduction, see e.g. Koskinen
and Mäkinen,98 upon which this summary is based. Starting from the Kohn-Sham energy
functional Eq. (2.14), a system with density �(r) is considered, which is written as a super-
position of a reference density �0 in the vicinity of �, and a fluctuation term ��, which is
small compared to �0. Then, expanding the Kohn-Sham energy functional EKS [�] to second
order in the fluctuation term �� yields:

EKS [��] �
X

a

fa h aj �
1

2
r2 + Vext + VH [�0] + VXC [�0] j ai

+
1

2

Z Z �
�2EXC [�0]

����0
+

1

jr� r0j����
0
�
drdr0

� 1

2

Z
VH [�0] (r) �0 (r) dr + EXC [�0] + EII �

Z
VXC [�0] (r) �0 (r) dr (2.31)

in which  a is a single-particle state related to � with occupation fa 2 [0; 2], and EII denotes
repulsion between ions. Equation (2.31) is structured such that the first term contains
the band structure energy, EBS, which is the zeroth order term of the charge transfer ��.
Meanwhile, the second line contains charge-fluctuation terms in the form of Coulomb and
XC interactions, Ecoul, and the third line constitutes the repulsive energy:

Theoretical study of reduced tantalum pentoxide for memristive applications 19



Erep = �1

2

Z
VH [�0] (r) �0 (r) dr + EXC [�0] + EII �

Z
VXC [�0] (r) �0 (r) dr (2.32)

named after the ion-ion repulsive term EII. The repulsive energy contains all effects from the
core electrons. The charge density fluctuation �� has an associated charge fluctuation, �q,
which may be related to each particular atom by dividing the entire space, 
, into subspaces

I . Each subspace then carries a local charge density fluctuation, ��I , and corresponding
charge fluctuation, �qI , the latter of which may be calculated as:

�qI �
Z


I

�� (r) dr (2.33)

This division is used to convert the energy contribution ECoul from a double integral to a
sum over atom pairs I; J and integrations over 
I;J . In the case I = J , the coulombic
energy contribution (second line of Equation (2.31)) reduces to:

ECoul;IJ ���!
I=J

1

2
�q2

I

Z


I

Z


I

�
�2EXC [�0]

����0
+

1

jr� r0j

�
drdr0 (2.34)

Meanwhile, when I 6= J , the XC-contribution vanishes for local XC-functionals if

�2EXC

�� (r) �� (r0)
/ � (r� r0) (2.35)

In which �(r � r0) denotes the Dirac delta function. Then, the interaction is exclusively
electrostatic:

ECoul;IJ ���!
I 6=J

1

2
�qI�qJ

Z


I

Z


J

��I��J
jr� r0jdrdr0 (2.36)

In order to more concisely describe the electrostatic interactions, the following notation is
introduced:

IJ �
Z




Z




��I��J
jr� r0jdrdr0 (2.37)

For an analytic calculation of IJ using a Gaussian distribution for ��, see Koskinen and
Mäkinen.98 With the subspace division, the repulsive energy becomes a sum over two-body
repulsive functions, dependent only on atomic numbers:

Erep

X

I<J

V IJrep (jRJ �RI j) ; (2.38)

which will be elaborated upon shortly. Until now, no reference has been made to tight-
binding; The derivation has focused solely on recasting the Kohn-Sham energy functional,
introducing the concepts of charge and charge-density fluctuations, and dividing the com-
putation space into subspaces. Now, the tight-binding formalism is introduced in order to
describe the valence electrons.
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2.4.2 Tight-binding
The tight-binding method refers to the electrons of the system being tightly bound to

the atoms of the system. In DFTB, the valence electrons are expanded in a minimal local
basis:

 a (r) =
X

i

ca;i�i (r) (2.39)

in which �i are basis functions analogous to in Section 2.3. “Minimal” refers to only having
one radial function per angular momentum state (one, three, five, and seven for s, p, d, and
f -states). The first term in Equation (2.31), EBS, then becomes:

EBS =
X

a

fa
X

i;j

c�a;ica;jHij [�0] (2.40)

where the matrix elements of the Hamiltonian are

Hij [�0] = h�ijH [�0] j�ji (2.41)

Returning to the basis functions �i, the electron population q on atom I may be determined
as:

qI =
X

a

fa

Z


I

j a (r)j2 dr =
X

a

fa
X

i;j

c�a;ica;j

Z


I

��i (r)�j (r) dr ; (2.42)

Three different cases for indices i and j exist: i) if neither i or j refer to orbitals on atom
I, the integral is roughly zero. ii) if both i and j refer to orbitals in atom I, the integral is
roughly �ij (i.e., the Dirac � function). iii) if i and j refer to orbitals on different atoms I
and J , the integral becomes:

Z


I

��i (r)�j (r) � 1

2

Z




��i (r)�j (r) dr =
1

2
Sij ; (2.43)

where Sij is the overlap integral of basis functions �i and �j . Note the change from in-
tegrating over the local region 
I to integrating over cell volume 
. The interpretation
of Equation (2.43) is that approximately half of the overlap exists within 
I (the other
approximate half exists within 
J). The total charge qI on atom I is then given by

qI =
X

a

fa
X

i2I

X

j

1

2

�
c�a;ica;j + c:c:

�
Sij (2.44)

where c:c: stands for “complex conjugate” (of the preceding term). With this, the charge
fluctuation term �q may be given meaning as �qI = qI � q0

I , which recovers the population
analysis of Mulliken.99 Finally, the DFTB expression for the total energy is:

E =
X

a

fa
X

i;j

c�a;ica;jHij [�0] +
1

2

X

I;J

IJ�qI�qJ +
X

I<J

V IJrep (jRJ �RI j) ; (2.45)

in which the first term is the band structure energy, the second is the charge-fluctuation term,
and the third is the repulsive term to be fitted as part of the parametrisation procedure.
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2.4.3 The pseudo-atom
The majority of the tight-binding formalism has now been presented, and the derivation

is approaching the practicalities of parametrisation. The basis functions �i were introduced
in Equation (2.39) without much discussion, but it was hinted that they are described by
spherical harmonics:

�i(r) = Ri(r) ~Yi(�; ’) (2.46)

with radial function R and spherical function ~Y . Since these are supposed to model bound
electrons, it will not do to use the orbitals of a free atom. Instead, the “pseudo-atom” is
introduced (analogous to pseudopotential), which is subjected to an additional confinement
potential:

Vconf(r) =

1X

i=0

v2ir
2i (2.47)

for which the symmetry requirement at r = 0 eliminates odd terms. To a first approximation,
then, the confinement potential may be chosen as:

Vconf(r) =

�
r

r0

�2

(2.48)

where r0 is the cutoff radius parameter which must be fitted for each (valence) orbital.
Koskinen and Mäkinen suggests working from the covalent radius, r0 = 2 � rcov, as a rule of
thumb. For solids, the parameters are adjusted by comparing the band structure to a DFT
reference.

2.4.4 Fitting the repulsive potential
The other, and more difficult, aspect of parametrising an element for DFTB lies in fitting

the repulsive potential, Vrep. One method is to perform bulk modulus calculations using
DFT and DFTB (with no repulsive potential), and fit a repulsive potential to the difference
between these two. This requires that the material in question contain only uniform bond
lengths, which is not the case for �-Ta2O5. In general, there is no method that guarantees
success, and this is the main sticking point of working with DFTB. More details on the fitting
of the repulsive potential for the purposes of this dissertation are given in Chapter 5.

2.5 Computational Methods
With the above presentation of DFT, the general computational methods used in this

dissertation will be presented now. In the few specific cases where a calculation deviates
from the outline in this section, the deviation will be stated explicitly when that particular
calculation is discussed.

All DFT calculations have been performed using the Vienna Ab initio Standard Package
(VASP).100–103 The core electrons are described by PAW pseudopotentials,92 with valence
electron configurations of 5p65d36s2 for Ta and 2s22p4 for O. XC-effects are described by
the PBE-GGA functional,86 with some individual calculations employing HSE06, and still
others employing the SCAN functional developed by Sun et al.iii (noted in text where

iiiMethod presented at APS March Meeting 2016 by J. Sun. Article available as pre-print at https:
//arxiv.org/ftp/arxiv/papers/1511/1511.01089.pdf
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applicable). Atomic relaxations are considered converged when the difference in atomic
forces between two iterations fall below 2:5� 10�2 eVÅ�1, while the convergence threshold
for electronic iterations is 10�5 eV.

The k point sampling standard employed is (nka ; nkb
; nkc) = (2� 2� 2) for a Ta48O120

supercell generated as a (2 � 2 � 3)-repetition of the �-Ta2O5 cell depicted in Figure 2.3.
The supercell has lattice parameters a = 12:50Å, b = 14:80Å, and c = 11:49Å. For systems
presented in Chapter 4 deviating from this size, either a k point density of 3:5 =Å�1 is used,
or k points are entered manually to ensure that the product of lattice vector and number of
k points is �25. A cutoff energy of 520 eV is used for all calculations, which was determined
from VASP’s guidelines for high precision, Ecut = 1:3 � Emax, where Emax = 400 eV for the
O pseudopotential (Emax = 223:667 eV for the Ta pseudopotential).

Amorphous structures are generated with Ab Initio Molecular Dynamics (AIMD), using
the Nosé-Hoover algorithm to describe the heat reservoir.104,105 The template structure is
the Ta48O120 supercell described above. Stoichiometries are varied by randomly generating
0, 8, 12, 16, 20, and 24 vO in the template structure, which resulted in stoichiometries Ta2O5,
Ta3O7, Ta4O9, Ta6O13, Ta12O25, and TaO2, respectively. Each stoichiometrically different
supercell is then expanded by a factor of 1:06 along each lattice vector, to reach the density of
amorphous Ta2O5 and give ample room for atoms to move around. For each stoichiometry,
an initial equilibration at 5000 K for 10 ps is performed to melt the structure. Continuing
the equilibration, fourteen structure snapshots are extracted per stoichiometry in intervals of
2 ps for a total equilibration time of 36 ps. Following the initial equilibration, each individual
snapshot is quenched to 300 K at a rate of 200 K ps�1. Snapshots are then equilibrated at
300 K for 2 ps, concluding the AIMD structure generation procedure. Equilibrations use a
MD time step of 1 fs, while quenches use 2 fs. The AIMD calculations use a high speed/low
accuracy setup with cutoff energy 300 eV, sampling only the � point. The (expanded)
cell vectors are kept fixed for the entire AIMD procedure. Having obtained completely
randomized structures, a relaxation of atomic positions and lattice vector is performed using
the standard DFT accuracy outlined above. Finally, a single �-point calculation for each
snapshot is performed using HSE06 to generate accurate descriptions of key quantities.
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Chapter 3

Amorphous tantalum oxide

3.1 Introduction
As described in Section 2.2, the resistive layer in TaOx-based ReRAM devices likely

consist predominantly of amorphous regions. Further, the stoichiometry of as-fabricated thin
films seems to change continuously from slightly oxygen-deficient Ta2O5 near the surface, to
similarly oxygen-deficient TaO2 in the bulk of the thin film. Although this characteristic has
been known since 2008 for ReRAM devices and 1993 for a-TaOx in general, few theoretical
studies have investigated amorphous TaOx on the atomic scale. Lee et al. sampled an
amorphous Ta2O5-structure to serve as basis for comparison to their � model.60 Bondi et al.
performed rigorous sampling of both stoichiometric and sub-stoichiometric Ta2O5, however,
their focus was on conductivity of O-deficient phases,106 interfacial effects on vO formation
energy,107 and relations between single-vacancy conductivity and atomic structure.108 Xiao
and Watanabe simulated amorphous TaOx with varying oxygen content,109 but the study
was limited to a single sample per stoichiometry.

So far, no study has investigated the stability in terms of total energy of any sub-
stoichiometric a-TaOx phase to the knowledge of this author. Such a study is an important
piece of the picture, when stoichiometry change constitutes the working principle of a device.
Stoichiometries can be determined experimentally, for instance by use of XPS analysis. Ob-
tained XPS spectra may be deconvoluted using Gaussian/Lorentzian functions, after which
the individual Gaussian/Lorentzians are assigned either to different Ta oxidation states or
to their corresponding stoichiometries, i.e., Ta2O5 (Ta5+), TaO2 (Ta4+), etc. This method
is hardly exact, owing partly to the size of realistic samples and partly to the stochastic
nature of amorphous materials. DFT studies may model such an XPS spectrum through
calculation of the core level energies of electrons belonging to the constituent atoms, pro-
viding basis for comparison to experiment. An important benefit of using DFT simulations
is that knowledge of the atomic structure is complete.

This chapter presents AIMD-calculations on six amorphous phases of a-Ta2O5-x with
x 2 f0:00; 0:33; 0:50; 0:67; 0:80; 1:00g, corresponding to stoichiometries of Ta2O5, Ta3O7,
Ta4O9, Ta6O13, Ta12O25, and TaO2. The structures are investigated with respect to their
total energies, XPS spectra, and oxidation states based on a Bader charge analysis. Due to
the stochastic nature of amorphous structures, it is necessary to sample several structures
of the same stoichiometry in order to extract reliable information. For this reason, each
considered stoichiometry samples fourteen individual snapshots extracted at 2 ps intervals
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and independently quenched. Each snapshot is subsequently relaxed, and the total energy
is calculated for the relaxed structure and converted to a relative energy in terms of phase
separation into the end points, Ta2O5 and TaO2. The relative energy analysis reveals that
a hitherto unknown phase with stoichiometry Ta6O13 may be metastable. Simulated XPS
spectra for Ta2O5 and TaO2 agree well with experiment in terms of Ta 4f peak locations.
However, the TaO2 spectrum contains both the Ta5+ and the Ta4+ peaks, and further,
the Ta4+ peak consists of a wide range of disproportionated atoms with very different ox-
idation states. This information suggests that the conventional understanding of a-TaOx
XPS spectra – and possibly amorphous ionic solids in general – is lacking. The relation
between oxidation state spectrum and XPS spectrum is examined using a Gaussian peak
fitting model, which is found to provide a remarkably good fit between peak values.

3.2 Convex Hull of the a-Ta2O5–TaO2 system
The convex hull of the a-Ta2O5–TaO2 system is visualised in Figure 3.1(a). Most no-

tably, the hull shows preference for phase separation into Ta2O5 and TaO2. However, the
stoichiometry Ta6O13 lies considerably closer (108 meV=fu) to the hull than the three other
intermediate stoichiometries, which all lie far above the hull (>600 meV=fu). For this reason,
the stoichiometries Ta2O5, Ta6O13, and TaO2 will henceforth be referred to as “low-energy”
stoichiometries, while Ta3O7, Ta4O9, and Ta12O25 will be referred to as “high-energy” sto-
ichiometries. The calculated mean density of a-Ta2O5 is 6:87� 103 kg m�3, which matches
the experimental density of 6:88� 103 kg m�3 (for more information, see Appendix C).

To investigate what sets the low-energy stoichiometries apart from the high-energy stoi-
chiometries, the CDF of every stoichiometry is examined in Figure 3.1(b). Since the preferred
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Figure 3.1: (a): Convex hull for the Ta2O5–TaO2 system. (b): CDF for each considered
stoichiometry, limited to the sixth-nearest neighbours. Dashed lines correspond to stoi-
chiometries with empty circles in (a). (c): Percentwise distribution of Ta coordination
numbers. Colour coding is consistent throughout. (b+c) share y axis scale.
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coordination number of Ta in crystalline phases is six, the CDF analysis is limited to the
sixth-nearest neighbours; i.e. the five closest O atoms are not included. In each case, the
CDF spectrum exhibits an ascent beginning at �2:0Å and a subsequent plateau slightly
before 2:5Å. The low-energy stoichiometries, however, exhibit steeper ascents and more flat
plateaus than the high-energy stoichiometries, indicating that more Ta atoms may be con-
sidered sixfold coordinated. Since coordination numbers are poorly defined in amorphous
systems, the location of the plateau – i.e. 2:5Å – is designated as the “cutoff radius” for
Ta coordination. Hence, an O atom will count towards the coordination number of a Ta
atom if it lies within a radius of 2:5Å of said Ta atom. The height of the initial ascent in
Figure 3.1(b) thus approximates the degree of sixfold coordination.

Based on this definition, a compositional analysis is made for coordination numbers of
Ta atoms in each stoichiometry. Figure 3.1(c) presents this analysis for numbers of nearest
neighbours (nn) 6, 5, 4, and < 4. The relatively higher degrees of sixfold coordination in
the low-energy stoichiometries is found to go hand in hand with lower degrees of fourfold
and less-than-fourfold coordination.

3.2.1 Comparison to crystalline Group V metal oxides
Revesz et al. remarked that their observed optical spectra of a-Ta2O5 closely resembled

spectra of crystalline Ta2O5, and that this indicates a strong similarity in their short-range
order structures.50 The following analysis builds on this statement by explaining the rel-
atively high degree of sixfold coordination and energetic stability of Ta2O5, Ta6O13, and
TaO2 by means of a parallel to crystalline structures.

Of the stoichiometries considered in Figure 3.1, only Ta2O5 and TaO2 have a correspond-
ing crystalline phase. In all the simple low-temperature phases of Ta2O5 (�, �, and �), the
Ta ions are sixfold coordinated. Likewise, TaO2 has crystallised both in the rutile structure
and in the larger tetragonal structure of Khitrova et al.,110 with full sixfold Ta coordina-
tion in both cases. However, since neither Ta3O7, Ta4O9, Ta6O13, nor Ta12O25 have been
observed, this study instead considers vanadium, which shares periodic table Group V with
tantalum. Vanadium has been observed to crystallise in stoichiometries V3O7,111 V4O9,112
and V6O13.113 Of these three phases, only V6O13 exhibits full sixfold coordination of all
V atoms. In contrast, only one third of V atoms in V3O7 are sixfold coordinated, while
one half are sixfold coordinated in V4O9. No stoichiometry corresponding to Ta12O25 has
been found for either Group V element. This analysis highlights the importance of sixfold
coordination for Ta atoms in a-TaOx, and compounds the observation made by Revesz et al.
that the short-range order in amorphous and crystalline Ta2O5 is similar.

An important question arises following the above comparison. How sensitive is the
relative energy to the exactness of the stoichiometry? The Ta12O25 system (purple open
circles in Figure 3.1(a)) holds just four O atoms more than TaO2 for a system with 168
atoms (including vO), yet the difference in sixfold coordination, and hence Erel, is profound.
The question is not answered here, since doing so would likely require at least three more
series of amorphous TaOx be calculated, in order to obtain single-vO resolution between the
studied stoichiometries.

3.3 Simulated XPS spectra
XPS is an important characterisation technique for compositional analysis. By mea-

suring the photoelectric signal a sample, a researcher may compare the obtained Binding
Energies (BEs) to table values to determine the constituent atoms, their oxidation states,
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and the relative composition of the sample. This is especially important for characterising
amorphous materials, where conventional x-ray spectroscopy offers more limited information
than for crystalline samples. Conventionally, an amorphous XPS spectrum is deconvoluted
into Gaussian/Lorentzian components representing different oxidation states. These oxida-
tion states are either named directly or according to their corresponding stoichiometries; i.e.
Ta5+, Ta4+, Ta3+, Ta2+, Ta1+, and Ta0 may be referred to as Ta2O5, TaO2, Ta2O3, TaO,
Ta2O, and Ta, respectively.

In this section, simulated XPS spectra are presented for the Ta 4 f orbitals in a-Ta2O5
and a-TaO2 and compared to experiments. Note that spin-orbit interactions split the ex-
perimental XPS peaks into two; Ta7/2 and Ta5/2. This is not captured in the simulated
XPS analysis due to the absence of spin-orbit interactions. XPS spectra are obtained in the
initial state approximation, in which the Kohn-Sham eigenvalues for the core electrons are
recalculated following a self-consistent evaluation of the valence charge density.

3.3.1 Calibration of simulated XPS spectra
Before comparisons can be made, the as-calculated core level energies must be properly

“calibrated”. First and foremost, a constant shift of all core level energies must be imposed
in order to compare XPS energies directly. This displacement is determined as the differ-
ence between the Ta4f7/2 XPS peak location observed for crystalline Ta2O5 by Ho et al.,114
(26:2 eV) and the Ta 4 f core level energy calculated for crystalline Ta2O5 in the � phase
(19:1 eV). The resultant BE shift is 7:1 eV, which is applied to all calculated core level en-
ergies. Such a shift is necessary in order to achieve a direct comparison between simulation
and experiment.115

Another important difference between experimental XPS spectra and DFT calculations
is the finite temperature of experiments. While XPS measurements typically take place
at room temperature, DFT calculations take place at absolute zero. To overcome this
difference, an MD-equilibration was performed for 2 ps using the precision of regular DFT
calculations. The resultant energy spectrum was used for a Gaussian fit, whose width was
subsequently used to broaden the calculated XPS spectra.

3.3.2 Comparison between simulated and experimental XPS spec-
tra

With the above calibrations, the as-calculated XPS spectra for a-Ta2O5 and a-TaO2 may
be compared to experimentally observed peak locations. Specifically, the works of Benito
and Palacio (BP15),116 Simpson et al. (S17),117 and Li et al. (L19)31 are used as the basis
for the comparison. Figure 3.2(a) shows the simulated XPS spectra for a-Ta2O5, along with
a peak fit consisting of a single Gaussian. The Gaussian offers a near-perfect fit, signifying
that the simulated XPS spectrum has the same character as an experimental spectrum. The
peak is located at 27:2 eV, which is 0:1 eV to 0:3 eV higher than the values of 26:9 eV,116
27:0 eV,117 and 27:1 eV31 observed in experiments. For TaO2, the Gaussian decomposition
into two individual peaks provides a good fit to the as-calculated curve. By comparison
to the peak values observed in the cited works, it is seen that the Gaussian components
correspond well to the Ta5+ and Ta4+ peaks, respectively. The Ta5+ component has its
peak at 27:3 eV, which is 0:2 eV to 0:4 eV above the experimentally obtained peaks, while
the Ta4+ peak location is at 25:9 eV, which lies within a distance of �0:2 eV to 0:4 eV from
the corresponding experimental peaks. The distance between the two simulated peaks is
1:4 eV, while the experimental distances are 0:8 eV (BP15), 1:3 eV (S17), and 1:6 eV (L19).
The wide variance in the 5+ and 4+ peak distances complicates any direct comparison, but
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Figure 3.2: (a): Simulated XPS spectrum (black full line) and Gaussian fit (red dashed
line) of a-Ta2O5. (b): Same analysis for a-TaO2. Also shown are Gaussian components
corresponding to Ta+5 and Ta4+. Vertical dashed lines show peak locations of references
116, 117, and 31 (see legend).

the simulated Ta5+–Ta4+ distance lies in the middle of the interval provided by experiment.
To conclude the above comparison, the simulated XPS results indeed correspond to the XPS
peaks obtained experimentally for Ta5+ and Ta4+.

The simulated XPS spectrum of Figure 3.2(b) contains two particularly important re-
sults. First, the TaO2 spectrum displays a significant contribution to its XPS spectrum
coming from Ta5+. This result challenges the conventional 1:1 mapping between the nomi-
nal oxidation state and corresponding stoichiometry (e.g. TaO2$Ta4+). According to the
simulated XPS spectra, a conventional compositional analysis using XPS can yield signifi-
cant Ta2O5 content even for an amorphous sample with exact stoichiometry TaO2.

The second important result pertains to the component representing the Ta4+ peak. In
experimental spectra, XPS peaks have similar widths (see e.g. reference 31). However, the
simulated Ta4+ peak is significantly wider than experimental peaks. This suggests that
the peak may be fundamentally different from what is currently believed about it. This
difference is the topic of the following section.

3.4 Bader charge analysis
Since different XPS peaks are associated with different oxidation states, an analysis based

on Bader charge is performed.118 In particular, the all-electron charge density is computed
and subsequently analysed using scripts made freely available by the group of Henkelman.i
The calculated Bader charges provide a qualititative description of the oxidation states of
the atoms in a sample, although the numerical values differ from nominal oxidation states.
The values reported here are given relative to the number of valence electrons; i.e. a Bader
charge of +1 assigned to a Ta ion means it has “given up” one of its valence electrons.

Figure 3.3(a-c) plots BE versus Bader charge for the low energy stoichiometries shown
in Figure 3.1; i.e. Ta2O5, Ta6O13, and TaO2. Atoms are colour and shape coded to reflect
number of nn’s according to the 2:5Å rule described in Section 3.2. The black dashed
lines are Kernel Density Estimates (KDE) of the spectra. Also shown in Figure 3.3(a)
are Bader charges and BEs for crystalline tantalum oxide phases with nominal oxidation
states ranging from +5 (Ta2O5) to 0 (Ta). For Ta2O5, the XPS peak is seen to originate
from a narrow range of Bader charges centered around +3. The colour coding shows that

iSee http://theory.cm.utexas.edu/henkelman/ for more information and downloads.
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Figure 3.3: (a-c): Core level energy plotted vs. Bader charge for the low-energy stoichiome-
tries. Colours represent Ta atoms with different numbers of nearest neighbours, as indicated
in the legend. Dashed lines show KDEs for the distributions. (d) Total energy versus aver-
age bond length for �-Ta2O5 for strains between �3% and +3%. Dashed line shows average
energy for sixfold coordinated Ta atoms in a-Ta2O5.

the undercoordination demonstrated in Figure 3.1 results in a small, but visible tail of
the Bader charge spectrum towards lower values. Similarly, there is a small tendency of
undercoordinated Ta atoms to possess lower BEs.

For Ta6O13 and TaO2 in Figure 3.3(b-c), this picture changes noticeably. There are,
however, visible remnants of the Ta2O5 signal (highlighted by the dashed ellipses) present
in both spectra. These are mirrored as “blunted” peaks in their respective Bader charge
spectra, firmly establishing the connection between stoichiometry-dependant short-range
order, Bader charge, and BE.

Apart from this, both the Bader charge and the XPS spectra are smeared towards lower
charge and lower BE, respectively. This tail of the Bader/XPS spectra is seen to originate
almost exclusively from undercoordinated atoms. Evidently, while a large portion of atoms
are able to retain the preferred +5 oxidation state characteristic of Ta2O5, this bears the
cost of disproportionation for all other Ta atoms. The comparison to crystalline BE/Bader
charge shows that the peak calculated for TaO2 actually includes atoms with Bader charges
(and hence, oxidation states) well below the Bader charge of Ta atoms in TaO. For this
reason, caution is advised for researchers using XPS to perform compositional analyses of
amorphous tantalum oxide, and possibly of amorphous metal oxides in general.

3.4.1 Differences between crystalline and amorphous Ta2O5
The discussion of XPS spectra is now reinforced with a comment on BEs in crystalline

versus amorphous Ta2O5. The reader is reminded that the calibration of the simulated XPS
spectra was performed by benchmarking the calculated BE of �-Ta2O5 against the Ta

5+ peak
value of 26:2 eV obtained by Ho et al. 114 Meanwhile, the results for the corresponding value
for amorphous tantalum oxide are 26:9 eV,116 27:0 eV,117 and 27:1 eV.31 The calculated
data points for crystalline tantalum oxide phases shown in Figure 3.3 also possess lower
BEs than their amorphous counterparts. In Figure 3.3(d), this discrepancy is examined by
calculating total energies for �-Ta2O5 subjected to a relative strain � 2 [�3%;+3%]. The
BE for Ta 4f in the � phase is seen to increase quasi-linearly with average Ta–O bond length
in the considered region. This behaviour is expected as Coulomb repulsion between the
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Ta 4f electrons and the O ligands decreases (increases) for increasing (decreasing) Ta�O
distance, driving the 4f BE up (down). The average Ta–O bond length to the sixth-nearest
O neighbour corresponds well to the bond length in �-Ta2O5 strained to +1% relative strain,
which has a higher BE. The larger BE for amorphous tantalum oxide may thus be partially
explained by the greater bond lengths.

3.5 Bader charge/XPS peak fitting
The scatter plots of core level energies vs. Bader charge in Figure 3.3(a-c) show a loose

linear correlation between the two. However, the prevalence of the Ta2O5 spectrum in the
spectra of Ta6O13 and TaO2 complicates this picture. Clearly, the narrow Bader charge
spectrum of Ta2O5 lends itself poorly to any simple linear regression. Instead, the XPS and
Bader charge spectra are decomposed into Gaussians, and the relation between peak levels
is investigated. The spectra of Ta6O13 and TaO2 achieve the best fit in terms of residual
sum of squares when three Gaussians are used, while a single Gaussian is used for Ta2O5
due to the distinctly bell-like shape of both spectra.

Figure 3.4(a-f) presents the Gaussian fits to the as-calculated XPS (a-c) and Bader charge
(d-f) spectra. Each curve is accurately represented by the Gaussian decompositions as seen
by the good correspondence between the as-calculated (black) curves and the fitted (red)
curves. Figure 3.4(g) plots the peak locations of the XPS spectra versus those of the Bader
charge spectra, achieving a good regression with correlation coefficient r2 = 0:99. This
analysis emphasises the stochastical nature inherent in amorphous tantalum oxide, and is
likely exemplary of other amorphous and binary metal oxides.
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Figure 3.4: (a-c): Fitting of Gaussians to the XPS spectra of Ta2O5, Ta6O13, and TaO2,
respectively. (d-f): Same analysis using Bader charge spectra. (g): Linear correlation
between Bader charge/XPS peak locations. Legend in (d) applies to (a-f).
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3.6 Simulated XPS depth profile
The work of Li et al. 119 presents XPS depth profiles for an as-fabricated TiN/TaOx/W

sample as well as equivalent samples annealed at 350 �C and 500 �C. Their work has one
novelty of particular importance to this thesis: Ratios of O to Ta for each sample are also
provided. This allows for direct stoichiometry-controlled comparison between the simulated
XPS spectra of low-energy stoichiometries and experimental XPS spectra of the same stoi-
chiometries. Such a comparison is now made to conclude this chapter. To add to the depth
profile, a series of calculations has been done to simulate amorphous Ta12O29, which lies
between Ta2O5 and Ta3O7 (open orange circles) on the stoichiometry axis in Figure 3.1.
The stoichiometry Ta12O29 was chosen based on calculations of crystalline phases, which
will be presented in the next chapter. a-Ta12O29 qualifies as a low-energy stoichiometry.

Figure 3.5(a) reprints the XPS depth profile obtained by Li et al. for the TaOx layer in a
TiN/TaOx/W heterostructure after annealing at 500 �C. This particular profile was chosen
over the two others because its stoichiometry changes more slowly, and contains points very
similar to the simulated low-energy stoichiometries (see arrows in Figure 3.5(b)), with the
exception of Ta12O29 which has slightly higher O content than the curve it is mapped onto.
As seen from the depth profile, the sample initially shows only the Ta5+ peaks, corresponding
to stoichiometric Ta2O5. The subsequent XPS lines gradually grow a tail towards lower BEs,
signifying decreasing O content. This is compounded by the brown curve in Figure 3.5(b),
which shows the O/Ta ratios for the sample in (a).

Finally, Figure 3.5(c) attempts to map the simulated XPS spectra of this dissertation
onto the XPS spectra in frame (a). Black arrows point from simulated XPS spectra to
their experimentally observed counterparts. The four stoichiometries will now be discussed
individually.

i) The correspondence for Ta2O5 is good, as was found in Section 3.3, considering that
the DFT calculations do not account for spin-orbit interactions. ii) For Ta12O29, a slight tail
has developed, which is also seen in the experimental XPS line. The simulated tail does not
extend to the 26 eV to 24 eV region, however, as is observed experimentally. Note also that
the oxygen ratio of Ta12O29 is 2:42, which is greater than the corresponding point on the
O/Ta curve in (b). iii) For Ta6O13, the tail has extended into the 26 eV to 24 eV region and
partly captures the tail also seen in experiment. However, the experimental tail continues to
�22:0 eV. This suggests that the experimental sample contains a small amount of Ta atoms
with oxidation state below 4+, which is not captured in the simulation. iv) For TaO2,
the picture is similar to that of Ta6O13. The simulation predicts a stronger Ta4+ signal
than the experiment, but the further development of the tail in the region 26 eV to 24 eV
region as compared to Ta6O13 is consistent with the difference between the corresponding
experimental curves. This may be seen by the comparatively greater distance between curves
number three and four in Figure 3.5(a) (counting from the bottom) for the specified energy
interval. The overpronounced Ta4+ shoulder and subsequent missing tail at BE < 24:0 eV
suggests that the DFT model presents a more idealised form of the amorphous samples than
are obtained experimentally.

To conclude this analysis, the simulated XPS spectra accurately captures features found
in experimental XPS spectra, in particular the peak at �27:0 eV and subsequent tail develop-
ment between 26:0 eV and 24:0 eV. However, features at lower energies are not reproduced
by DFT for these stoichiometries. Modelling of XPS spectra below the stoichiometry of
TaO2 might provide more insight as to the reasons for the lack of signal below 24:0 eV.
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Figure 3.5: (a): Experimental XPS depth profile for TaOx sample annealed at 500 �C.
Vertical black arrow shows direction of profiling. (b): Stoichiometry as O/Ta ratio. Brown
curve corresponds to the spectrum in (a). Black arrows highlight points on the brown curve.
(c): Simulated XPS spectra for Ta2O5, Ta12O29, Ta6O13, and TaO2. Arrows point to the
four lowest XPS lines as indicated by the arrows. (a-b) reproduced from reference 119, with
the permission of AIP Publishing. All arrows except XPS profile direction in (a) have been
added for the purposes of this dissertation.
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Chapter 4

Crystalline tantalum oxide

4.1 Introduction
The previous section expanded on the atomic-level knowledge of amorphous TaOx in

order to investigate stoichiometry change in ReRAM devices. However, as described in
Section 2.2, even predominantly amorphous TaOx layers may contain crystallites, either
in the as-formed films23 or as a result of switching operations.32 In addition to this, and
along a different line of study, reduced Ta2O5-x (or TaOx) has been studied for use in
electrocatalysis.120,121 Finally, and in a recent study, Korshunov et al. oxidised Ta to create
TaOx nanoparticles with O/Ta ratios between 1:7–2:2, depending on oxidation time and
temperature. For these reasons, crystalline and reduced tantalum oxide is investigated in
this chapter.

One important distinction should be made prior to this study; namely between oxygen-
deficient and oxygen vacancy-defective. The AIMD-generation of amorphous TaOx resulted
in structures that were oxygen-deficient by design, but which had no identifiable defects.
For crystalline structures, however, oxygen deficiency must either take the form of oxygen
vacancies or as phase change from one crystalline phase (e.g. orthorhombic Ta2O5) to a
reduced crystalline phase (e.g. tetragonal TaO2). Since the most stable tantalum oxygen
phase is �-Ta2O5 according to Lee et al.,60 it makes sense to focus on reduction of �-Ta2O5
through creation of oxygen vacancies in large concentrations.

Such a study presents a challenge, however, in terms of its size. Ir order to be able to
sample different vO-distributions, a relatively large system size is needed. Meeting this need,
in turn, drastically increases the number of possible vO distributions – distributing 12 vO
among 120 O atoms can be done in �1016 different ways! To address and overcome this
challenge, the Atomic Simulation Environment (ASE) library,123 together with the Cluster
Expansion for ASE (CLEASE)124 code, are employed to accelerate the search for low-energy
configurations of Ta2O5 reduced by vO.

For the precise treatment of vO, correction terms in the form of a Hubbard-like U term
(see e.g. Dudarev et al.)125 have been suggested, and applied successfully to describe defects
in e.g. rutile TiO2.126 This possibility has been evaluated (see Appendix A), and it was found
that regular PBE provides a qualitatively more accurate description of vO formation energies
with respect to HSE. Briefly, the 3f ip vO site is predicted to be most stable by far using
both PBE and HSE, while adding a +U parameter changes this picture dramatically. To
further document the validity of regular PBE for the description of vO in bulk Ta2O5, the
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reader is referred to Appendix B, where real-space charge densities calculated using PBE
and HSE are compared. Hence, the PBE+U method has not been adopted in this study.

With the aid of CLEASE, the search for low-energy structures is performed using only
186 DFT calculations. The structure search finds a new reduced tantalum oxide phase
with stoichiometry Ta4O9 (Ta2O5-0.5) which is stable with respect to phase separation of
Ta2O5 and TaO2. The vO defects aggregate in pairs within the Ta2O3 planes, which further
aggregate in chains in the out-of-plane direction, i.e. defect pairs occupy the same lattice
positions in each successive plane. The Ta4O9 structure is described with a monoclinic
primitive cell consisting of 26 atoms and a single defect pair. The defect pair results in
two midgap bands lying 1:12 eV below the conduction band with flat dispersion. The wave
functions associated with these bands are spatially localised on or around the defect center,
and show a strong character of the d orbitals of neighbouring under-coordinated Ta ions.
These orbitals form a bonding arrangement which raises the neighbouring Ta ions to full
coordination, stabilising the pair defect at high vO concentrations as compared to maximal
vO separation. Finally, a convex hull is presented for a structure search among crystalline
phases reported in literature for predominantly Group V metal oxides. Remarkably, this
search suggests that the shear structures Ta11O27 and Ta12O29 are stable, and that TaO is
metastable with very low relative energy.

4.2 Convex hull of vO-defective �-Ta2O5
The primary results of the CLEASE-enhanced structure search are presented in this

section. Figure 4.1(a) shows the convex hull of Ta2O5-x, x 2 [0; 1], with respect to phase
separation into �-Ta2O5 and tetragonal TaO2 in the model of Khitrova et al., labelled
“K1967”.110 This model for TaO2 was chosen due to its lower total energy as compared to
rutile TaO2, which is also shown. The hull shows a preference for a solid solution of vO
over a phase separation into Ta2O5 and TaO2. In particular, the stoichiometry Ta4O9 cor-
responding to x = 0:5 is stable, with other low-energy structures lying either close to Ta2O5
or to Ta4O9. Also included is the relative energy of rutile TaO2 and phase separated Ta2O5
and Ta, the latter of which is the most stable configuration of that particular stoichiometry.

Figure 4.1(b) shows the prediction strength of the Cluster Expansion model. The cal-
culated total energies lie close to the ECE = EDFT line, signifying good agreement between
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Figure 4.1: (a): Convex hull for the vO-defective Ta2O5–TaO2 system. (b): Fit quality of
the CLEASE model. Black circles represent DFT-evaluated structures, while the red line
represents the “perfect” model ECE = EDFT.
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the prediction of the model and the actual observations from DFT. The 10-fold CV score
of 16:5 meV=atom is higher than it could be. This is partly due to the lattice distortions
induced by the vacancies, which amounts to noise in the model which assumes an ideal lat-
tice. Moreover, the CV score reflects important decisions made in regards to sampling. In
training the model, it was emphasised that the configuration space should be sampled with
little or no bias. For instance, it would be possible to include every symmetrically inequiv-
alent distribution of 1, 2, 3, and 4 vO in a smaller Ta8O20 supercell. This could technically
increase the accuracy of the model due to heavy sampling of the subset of configuration
space realisable with the constraints imposed by the small supercell. However, doing so
would give the model a disproportionately large degree of knowledge of such configurations
as are found for small cells, possibly leading to a bias towards these configurations.

Although Ta4O9 is unstable with respect to Ta2O5+Ta, it is here argued that it is still
possible to synthesise Ta4O9. At least five separate studies have reached stoichiometric TaO2
phases,48,49,64,110,127 despite this stoichiometry lying 358 meV=fu (rutile) and 216 meV=fu
(K1967) above phase separation into Ta2O5+Ta. The Ta4O9 phase described here is a form
of vO-deficient Ta2O5, and may conceivably be reached by reduction of this phase.

4.2.1 Structural features of Ta4O9
Following the finding of the preceding section, the structural features of the metastable

Ta4O9 phase are examined here. Figure 4.2(a-b) shows the distribution of vO in the supercell
for the XY and ZY planes. Two remarkable features are immediately visible, i) vacancies
aggregate pair-wise on neighbouring 3f ip sites, and ii) vacancies further aggregate in chains
in the out-of-plane direction, forming on the same sites in successive planes. Rather than
maximising vO–vO distance, vacancies pair together at minimal inter-vacancy distance, and
instead maximise the pair–pair distance. Thus, the vO–vO distance before relaxation is
2:50Å within the pairs, with pair–pair distances of 7:21Å between symmetry-inequivalent vO

Figure 4.2: (a-b) vO arrangement in Ta4O9 prior to relaxation; (a): XY plane view, and
(b): ZY plane view. (c-e) polyhedral representation of local environment of vO; (c): before
relaxation, with vO, (d): before relaxation, vO removed, and (e): after relaxation. Blue,
red, and green balls represent Ta, O, and vO, respectively.
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and 9:69Å between symmetry-equivalent vO. The latter distance is the maximum possible
in-plane vO–vO distance of the supercell; i.e., it corresponds to half of the XY plane diagonal:

dmax
vO�vO

= 1=2
h�

12:50Å
�2

+
�
14:80Å

�2i1=2
= 9:69Å: (4.1)

In the out-of-plane direction, the inter-planar distance increases from 3:83Å to 3:87Å, a
difference of �1 %. This is a relatively minor expansion given the high concentration of vO,
likely due to the fact that the Ta–O chains in the Z direction are intact.

Figure 4.2(c-e) examines the effect of pair-aggregation on the coordination numbers of
neighbouring atoms. Figure 4.2(c) depicts fully sixfold coordinated Ta ions prior to removal
of the O pair. The removal of the two neighbouring threefold coordinated O atoms leaves two
Ta atoms fivefold coordinated, and another two Ta atoms only fourfold coordinated, as shown
by the polyhedra in Figure 4.2(d). Finally, after structural rearrangement of the relaxation
process, nearby twofold coordinated O atoms have shifted closer to the under-coordinated Ta
atoms, see Figure 4.2(e). As a result, all under-coordinated atoms including the four shifted
O atoms raise their coordination numbers by +1. Thus, the pair-defect leaves only two
under-coordinated Ta atoms with coordination number 5. The shift of twofold coordinated
O atoms due to a vacancy on a threefold coordinated O site is consistent with observations
of Jiang and Stewart 80 and Lee et al. 60

4.3 Primitive cell of the Ta4O9 phase
The regular arrangement of vO-pairs allows the 156-atom supercell (Ta48O120-12) to be

reduced to a primitive cell of just 26 atoms (Ta8O20-2). The resultant structure is depicted
in Figure 4.3, with Wyckoff positions in Table 4.1. The cell is monoclinic, with spacegroup
number 10 (P2/m). The following analysis of this section refers to this cell.

4.3.1 Electronic properties of Ta4O9
Having established a primitive cell for Ta4O9, the electronic properties of the structure

are now investigated. As described in Section 2.3, PBE is known to underestimate energy

Figure 4.3: Primitive cell of the Ta4O9 phase.
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Table 4.1: Wyckoff positions for the primitive Ta4O9 cell. Lattice parameters are: jaj =
9:29Å, jbj = 3:87Å, jcj = 9:47Å, with angle � = 99:3�.

Element u v w Wyckoff
O 0.7493 0.0 0.3052 2m
O 0.9470 0.0 0.1133 2m
O 0.9716 0.5 0.3483 2n
O 0.5200 0.0 0.6410 2m
O 0.6825 0.5 0.5048 2n
O 0.1785 0.5 0.0920 2n
O 0.4362 0.5 0.8360 2n
O 0.3665 0.0 0.0300 2m
O 0.8173 0.0 0.7024 2m
Ta 0.9708 0.0 0.3427 2m
Ta 0.6922 0.0 0.5094 2m
Ta 0.1661 0.0 0.0784 2m
Ta 0.4469 0.0 0.8207 2m

gaps. To obtain a more quantitatively accurate description of the electronic properties, a
single-point calculation using HSE has been performed. For this calculation, the k grid
was reduced from (3 � 6 � 3) to (2 � 5 � 2) due to the computational cost of the HSE
method. Figure 4.4 presents the HSE-calculated band structure and Projected Density of
States (PDOS) spectrum of Ta4O9 with energies relative to the Valence Band Maximum
(VBM) of Ta2O5. The bandstructure shows that the two vO in the cell each contribute a
defect band in the center of the gap. The PDOS shows that the defect state has primarily
Ta d character, secondarily O p, and tertiarily Ta s character, as shown by the inset in
Figure 4.4(b). The defect state is filled, with a gap of 1:12 eV up to the conduction band.
The conduction and valence band edges are seen to match those of Ta2O5 well, with the
small discrepancy in valence band edges possibly arising from the reduced k grid employed
for Ta4O9.

To better understand the mid-gap states and their remarkable stability, the real-space
wave function of the pair defect is calculated at the � point and visualised. As was shown
in Figure 4.4, the defect states make up the highest-occupied valence band (HVB) and the
second-highest-occupied valence band (SHVB). The wave functions associated with these
bands are illustrated in Figure 4.5(a-b), while Figure 4.5(c) shows the local coordinate system
of a fivefold coordinated Ta atom. The SHVB has primary character of a bonding orbital
formed between the two Ta dz2�r2 orbitals, and secondary character of the surrounding O
pz orbitals. A tertiary character of Ta s is seen from the hybridisation of the equatorial
part of the dz2�r2 orbitals. The HVB has primary character of a bonding orbital between
the Ta dyz orbitals, with secondary character in the form of slight hybridisation with the py
orbitals of 2f oop O atoms. Evidently, the Ta atoms are effectively restored to full sixfold
coordination by the bonding arrangement of their respective d orbitals, thus helping to
stabilise the pair-defect.

The results of Figure 4.5 may be understood in the following electrostatic interpretation.
The removal of the two O2– ions must be compensated by four electrons, which are localised
in the void between the neighbouring Ta atoms. This lowers the nominal oxidation state
of the two Ta atoms from +5 to +3, and some of their d orbitals are filled as a result. If
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Figure 4.4: Band structure (a) and DOS spectrum (b) of the Ta4O9 phase. Legend in (b)
refers to � and Ground State (GS), i.e. Ta4O9. Inset in (b) shows a zoomed-in view of the
defect state in the middle of the gap.

Figure 4.5: Real-space wave functions of the SHVB (a) and HVB (b) at the � point. Iso-
surface colours refer to opposite signs. (c) depicts the local axis of a fivefold coordinated Ta
atom.

the Ta atoms are close enough to one another, these d orbitals may overlap, giving rise to
a bonding and antibonding orbital. The actual post-relaxation distance between the Ta3+

ions is only 2:94Å, which is closer to the Ta–Ta distance in elemental BCC Ta (2:84Å) than
the original Ta–Ta distance (3:29Å) in intrinsic �-Ta2O5.

4.4 Energetics of defect aggregation
The objective of this section is to investigate the energetic favour of the pair defects

and their aggregations into chains. To this end, a variety of vO-distributions using different
vO–vO distances have been calculated. The analysis is limited to the threefold vacancy due
to its prevalence in the structures along the hull.

Figure 4.6(c) plots the formation energy per vO calculated for different vO–vO distances
as determined prior to relaxation. Both concentrations of 5 % and 10 % vO are shown, the
last of which corresponds to the Ta4O9 stoichiometry. Figure 4.6(a-b) show the atomic
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Figure 4.6: (a-b): Atomic structure of non-paired (a) and paired (b) vO distributions at
10 % vO concentration. (c) Formation energy per vO as function of vO–vO distance for two
in-plane vO (C [vO] = 5 %) and for four in-plane vO (C [vO] = 10 %). (d) Same analysis
as (c) for out-of-plane vO-pair aggregation performed for [vO] = 5 %. Shortest distances
correspond to pairs (c) and chains (d), respectively.

structure associated with minimum and maximum vO–vO distances, respectively, at 10 %
vO concentration. For [vO] = 5 %, separation of vO is clearly favoured. However, short-
distance aggregation shows remarkably low energy compared to mid-distance distribution.
This provides a quantitative analysis of the effect of the defect wave function, which is here
shown to compete with the Coulombic energy gain associated with vO separation. When
[vO] is doubled from 5 % to 10 %, pair aggregation is favoured for three reasons: i) the mean
EF per vO decreases for two pairs as compared to a single pair, ii) the maximal (separated)
vO–vO distance decreases from 9:69Å to 6:25Å due to the greater number of vO, penalising
separation, and iii) by pairing together, vacancies can maintain a minimum distance of 7:21Å
between individual pairs – nearly 1Å greater than for separation into individual vO.

In Figure 4.6(d), a similar analysis is performed for out-of-plane aggregation at [vO] = 5 %
to evaluate the effect of chain formation. Here, the shortest distance is favoured, immediately
explaining in terms of energy the chain-like aggregation. The reason may be found in the
plane-and-chain atomic structure of orthorhombic Ta2O5. Distributing multiple vO on the
same lattice sites within successive Ta2O3 planes preserves planar equivalence, lowering the
total energy in comparison to non-chained configurations.

4.5 Convex hull of crystalline phases
The preceding analysis of this chapter has focused on vO-defective �-Ta2O5. However,

as was described in the introduction to the chapter, oxygen-deficiency might also take the
form of phase change to structures with lower O content, such as rutile TaO2. This section
presents a structure search among existing metal oxide phases adapted for Ta. The analysis
of Sections 3.2 and 3.2.1 suggested that one may consider metal oxide phases of the other
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Figure 4.7: Convex hull for various theorised TaOx phases, calculated with PBE (a) and
SCAN (b). Dashed line shows the hull of Ta2O5–Ta, dash-dotted line of Ta2O5–TaO2, and
dotted line of a theoretical continuation of the Ta2O5–TaO2-hull. Legend shows stoichiom-
etry and ICSD Coll. codes of depicted structures.

Group V metal oxides, i.e. VxOy and NbxOy, in the description of tantalum oxide phases.
For this reason, the main focus of this structure search is on existing phases of vanadium
oxide and niobium oxide.

The results are summarised in Figure 4.7 as calculated with PBE (a) and the SCAN
functional (b). The two methods yield visibly different results, but agree on a number of
surprising predictions. Remarkably, the two methods agree that the most stable structure
is Ta11O27 (template: Nb22O54)128 followed by Ta12O29 (template: Nb12O29).129 The rel-
ative energy of these phases are �127 meV=fu and �101 meV=fu for the PBE functional,
and �81 meV=fu and �48 meV=fu for the SCAN functional. In addition, the stoichiome-
try of TaO (template: NbO)130 is metastable with relative energy 19 meV=fu (PBE) and
6 meV=fu (SCAN), which is significantly lower than the relative energy of e.g. rutile TaO2
(358 meV=fu). The legend in Figure 4.7 provides ICSD Coll. Codes for each structure except
Ta2O3.

Another feature of Figure 4.7 is that niobium oxides provide much better transferability
to tantalum oxide than do vanadium oxides. I.e., the predicted stable or metastable phases
(excluding Ta2O5 and Ta) use niobium oxide templates, while vanadium oxide templates
are found to be unstable upon substitution of Ta. Even in the cases of V6O13 and V5O9,
which both exhibit full sixfold coordination, the corresponding tantalum oxides are unstable.
The hypothetical continuation of the Ta2O5–TaO2 line provides no lifeline as to the possible
existence of the crystalline Ta6O13 and Ta5O9 phases.

Both Nb11O27 and Nb12O29 have a shear structure consisting of corner-sharing “grids”
of NbO6 octahedra.128 Further, all Nb atoms are sixfold coordinated in these structures.
Cava et al. report on a series of NbxOy shear structures, similar to the Magnéli series for
rutile TiO2.131 Additionally, the same study describes a reliable method of manufacturing
pure NbxOy samples from Nb2O5. It is uncertain whether the same method may be used
to manufacture Ta11O27 or Ta12O29, due to the dissimilarities between the Nb2O5 and
Ta2O5 structures. As for manufacturing TaO, the method employed by Muraoka et al. 127
to manufacture TaO2 from a NbO2 target seems at first glance to also be applicable to TaO,
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since the NbO structure was used as a template for the calculation in Figure 4.7.
The corner-sharing orthorhombic structure of the Ta11O27 and Ta12O29 structures re-

sult in these phases being conducting. The conductivity is consistent between PBE, SCAN,
and HSE (single-point calculation following PBE relaxation; reduced k grid). This com-
pounds the analogy between these shear structures and the Magnéli phases of the TiOx
system, which are also conducting. Further, Fang et al. used first-principles calculations
to demonstrate weak ferromagnetism in Nb12O29.132 This result was not reproduced us-
ing standard-accuracy PBE calculations for neither Nb12O29 nor Ta12O29. However, the
aforementioned HSE calculation did find weakly (�0:01�B) magnetised Ta atoms without
explicitly searching for a magnetic ground state.

As a closing comment to this chapter, the apparent stability and conductivity of Ta12O29
and Ta11O27 suggests, on a theoretical level, that phase-change resistive switching may be
possible. On the same theoretical level, switching between e.g. Ta2O5 and Ta12O29 would
offer some benefits over e.g. TiO2 based devices. In order to switch from insulating TiO2 to
conducting Ti4O7, one-eighth of O atoms must be removed. In comparison, switching from
e.g. insulating Ta12O30 (i.e. Ta2O5) to conducting Ta12O29 would require the removal of
one in thirty O atoms; a comparatively small amount. However, several significant obstacles
lie between theory and practice, the greatest of which is reliably obtaining the conducting
shear structure by switching from Ta2O5, which does not have the same atomic structure
as Nb2O5
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Chapter 5

DFTB-parametrisation of Ta2O5

5.1 Introduction
This chapter presents ongoing work on a DFTB-parametrisation of Ta2O5. The reader is

advised that the parametrisation procedure is not complete. However, it represents a great
research effort, and these preliminary results still show great promise for the possibility of
using DFTB to simulate tantalum oxide. The purpose of the parametrisation is to be able to
simulate vO-defective Ta2O5 on a larger scale. DFTB has been used successfully for similar
purposes before,133,134 and has even been used to model dynamical migration of vO in TiO2
under an applied electric field.135 The implementation of DFTB+i provides several useful
tools for analyzing ReRAM devices,136 including support for applied electric fields as well as
transport calculations in the Non-Equilibrium Green’s Function (NEGF) approach. Before
discussing the parametrisation, some choices of input variables will be outlined.

5.1.1 Computational methods
The parametrisation of Ta has the valence configuration 6s26p05d3, i.e., five valence elec-

trons and one unoccupied “virtual” orbital. Both the density and the orbitals are treated
with a power compression to second order. Relativistics are treated with the Zeroth-Order
Regular Approximation (ZORA).137 The parametrisation of O was taken from the estab-
lished parameter set known as “mio”,96 and is considered static – i.e., no further work on
the O parametrisation has been carried out. This project uses the same procedure for
parametrisation as outlined in reference 134; briefly:

1. Vary confinement radii until a satisfactory match for the DFT-calculated band struc-
ture is reached.

2. Calculate a repulsive potential for the chosen combination of confinement radii.

3. Evaluate key quantities (e.g. lattice parameters and vO formation energies).

4. Continue until satisfying accuracy is reached.

For the actual DFTB calculations, input parameters have been chosen to match those em-
ployed in DFT studies, as much as possible. k point grids match those employed by DFT;

iAvailable from: https://www.dftbplus.org
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meaning �-point for MD equilibrations of 168-atom supercells, (2 � 2 � 3) for relaxations
of the 168-atom cells, and (4� 4� 6) for the � unit cell from which lattice parameters are
extracted. All k grids are shifted to the � point in directions of even sampling. Electronic
smearing was set to 0:1 eV, and the force convergence threshold was set to 0:025 eVÅ�1.
Details on the MD structure generation procedure will be provided in the relevant paragraph.

5.2 Parametrisation
Here, the process of parametrising tantalum oxide is described in detail. Although the

benchmark parameters are well defined and simple to check, the procedure is by no means
trivial. For this reason, various bugs encountered and fixed during the fitting of the repulsive
potential will also be presented. The treatment will begin with obtaining the confinement
radii described in Section 2.4.3.

5.2.1 Generating the Slater-Koster tables
Arriving at an optimal set of cutoff radii for the valence orbitals is a process of fine-

tuning. As described in Section 2.4.3, Koskinen and Mäkinen suggest working from twice
the covalent radius of the element one wishes to parametrise. Another option is to use
existing parameters of a similar element, if available. Neither approach was pursued in this
parametrisation of Ta, except that the density cutoff was set to 9:41 a0, which was suggested
for Au by Fihey et al. 138

With this ansatz, batches of pseudo-atom calculations were performed, iteratively varying
the orbital cutoffs and the density cutoff, respectively. The best match to DFT-calculated
band structure and DOS spectrum was obtained using cutoff radii of 5:00 a0 for the s, d,
and f orbitals, and 3:80 a0 for the p orbitals. The density cutoff radius of 9:41 a0 was kept
in the final parametrisation.

5.2.2 Fitting the repulsive potential
The CONFITTI code was employed to fit the repulsive potential.ii CONFITTI builds on

a machine learning approach, and thus needs training data with which to build a statistical
model. To this end, a number of �-Ta2O5 cells subjected to the “rattle” function of ASE were
calculated using VASP. Briefly, the atomic coordinates are slightly randomised with respect
to the equilibrium, sampling different Ta�O bond lengths resulting in varying total energies
which the CONFITTI code can use to reconstruct a repulsive potential. Additionally, the
oxygen-deficient structures calculated for the CLEASE-assisted study in Chapter 4 as well
as the amorphous structures of Chapter 3 were included. Adding elemental Ta in the BCC
phase was attempted, but consistently resulted in worse fit results. Hence, this data was
not included in the final model.

A fundamental requirement of the repulsive potential is that it be smooth everywhere.
Throughout the course of this project, the version of CONFITTI used was still in the beta
phase, and two problems arose which lead to a violation of the smoothness requirement in
two different ways, shown in Figure 5.1. Frame (a) shows how small kinks in the energy
curve results in huge spikes in the corresponding force curve. This was linked to a bug in the
local copy of the CONFITTI code. Note, however, that such a bug can slip by unnoticed if
the discontinuities exist at shorter ranges than the bond length in the parametrised material.
In the present case, the bug was located during generation of amorphous structures similar

iiCONFITTI is a work in progress; for details, contact J. Kullgren at Ångström Laboratory, Uppsala
University
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Figure 5.1: Successive iterations of repulsive spline fitting. (a): Spline shows kinks at the
knot boundaries (see inset), likely due to a truncation error. (b): Kinks are fixed, but the
short-range region shows a discontinuity. (c): Working repulsive potential.

Figure 5.2: (a): Ta2O5 cell during NVE run at 2000 K. (b): Same cell, one timestep of
0:25 fs after (a). Black arrows show forces acting on ions.

to the procedure described in Chapter 3. During high-temperature MD runs, Ta and O
atoms acquire sufficient energy to move within �1:7Å of one another, at which distance
a particularly high force spike was encountered. This lead to sudden high forces between
the two offending atoms, see Figure 5.2. These forces resulted in unphysical temperature
increases on the order of 105 K in the MD simulations.

A similar issue arose for the short-range region, which is modelled with an exponential
rather than a spline. In Figure 5.1(a-b), the repulsive energy decreases close to zero, where
it should continue to increase. As with the previous issue, this issue was located during
high-temperature MD equilibrations. In contrast, Figure 5.1(c) shows the correct spline/ex-
ponential behaviour. Since there is no reliable and documented way of obtaining repulsive
potentials, users of DFTB are advised to always plot as-generated repulsive potentials to
ensure they behave properly.
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Figure 5.3: (a): Relative deviation from experimental lattice parameters for PBE, HSE,
and DFTB. a and c cell parameters coincide for DFTB. (b): Same benchmarking for vO
formation energies.

5.3 Benchmarking
The performance of the debugged parametrisation is now evaluated by benchmarking

versus PBE and HSE. In Figure 5.3(a), the lattice parameters of the �-Ta2O5 unit cell
depicted in Figure 2.3 are calculated using all three methods and compared to experiment.
The relative deviations from the experimental lattice parameters described in Section 2.2
for the PBE-calculated cell are: �a = �0:35 %, �b = 1:29 %, and �c = 2:41 %. For
HSE, the deviations are �a = �1:20 %, �b = 0:18 %, and �c = 1:39 %. Note that the
HSE calculation uses a reduced k grid of (2 � 2 � 6) and a cutoff energy of 500 eV instead
of 520 eV. Finally, the relative deviations of the DFTB-calculated lattice parameters are
�a = �0:27 %, �b = 1:45 %, and �c = �0:28 %.

The comparison to vO formation energies is shown in Figure 5.3(b). The single-vO
formation energies were calculated in the 168-atom supercell. The HSE relaxation used
only the � point. Two notable differences between DFTB and DFT are observed: i) DFTB
predicts greater formation energies for all three vacancies than both PBE and HSE, and ii)
the formation energies are spaced more closely on the energy axis. However, DFTB achieves
a qualitative agreement in that the 3f ip vacancy is predicted to be most stable, by a margin
of 0:19 eV. Hence, the 3f ip defect will be favoured in the majority of applications, which
will give a qualitative, if not quantitative, description of vO formation.

5.3.1 Amorphous Ta2O5
Studies of amorphous TaOx such as the one presented in Chapter 3, are valuable, but

costly. Relatively large system sizes are necessary to model an amorphous system, while
several structures must be generated in order to sample the configuration space with any
accuracy. The speed increase offered by DFTB is highly desirable for this type of systems,
because structures can be rapidly generated and easily transferred to higher accuracy DFT
methods if need be. In this section, the procedure of Chapter 3 is emulated using DFTB in
order to benchmark the performance of the newly developed parametrisation versus estab-
lished DFT results.

A few important differences are observed: Although the smoothening of the repulsive
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Figure 5.4: (a-b): RDF spectra for a-Ta2O5 calculated using DFT (a), and DFTB (b). (c-d):
CDF of sixth-nearest O neighbours of Ta atoms calculated using DFT (c), and DFTB (d).

potential described in Section 5.2.2 greatly reduced issues with temperature stability during
equilibration, a similar issue persisted when equilibrating at high temperatures. Equilibra-
tions using the Berendsen thermostat139 at 5000 K resulted in temperature instability, while
the Nosé-Hoover thermostat at 4000 K to 5000 K did the same. (The coupling strength of
the Nosé-Hoover thermostat was set to 852 cm s�1, which was the highest calculated phonon
mode for �-Ta2O5.) The Berendsen thermostat allowed for stable equilibration at 4000 K;
hence this setup was used. The equilibrations used the DFTB-relaxed cell vectors, which
were expanded by the same factor as was used for DFT, i.e. 1:06. Since the DFTB-calculated
lattice vectors differ from those obtained using DFT, the density during the DFTB MD pro-
cedure did not correspond to the amorphous density. However, the primary purpose of
the expansion was to provide space for the structure to properly melt, after which a full
cell relaxation would be performed. Hence, it was deemed more important to comply with
the DFT methodology during MD equilibrations, and let the cell relax to its final volume
afterwards.

Figure 5.4(a-b) compare RDF spectra obtained using DFT (a) and DFTB (b). Both
spectra are taken from the minimum-energy structure equilibrated at 300 K for 2000 fs (1 fs
time step) after relaxation. The curves are averaged over all 2000 time steps. As seen
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in the Figure, the DFTB spectrum is noisier, and the primary peaks of O�O and Ta�O
are sharper than is seen in the DFT spectra. The central features are in good agreement,
although the DFTB equilibration yields a shallow peak in the Ta�O spectrum at �3:0Å
not seen in the DFT-calculated spectrum.

The CDF spectra are compiled using data from all fourteen snapshots and shown in
Figure 5.4(c-d). There is good qualitative agreement between the DFT-calculated curve in
(c) and the DFTB-calculated curve in (d). The onset of the ascent and subsequent plateau
are accurately reproduced by DFTB, although the DFTB-calculated plateau has a height
of 39 % at 2:5Å, while the DFT plateau lies at 46 %. This suggests that DFTB captures
the same features of short-range atomic order, although not to the same degree as DFT.
In conclusion, the DFTB parametrisation performs well for rapid generation of amorphous
tantalum pentoxide. In the future, the parametrisation may be improved upon, specifically
for improving the description of vO. Further, the parametrisation allows simulating a device
with a stoichiometry gradient similar to real devices, which will allow e.g. investigations of
conducting nanofilaments and possibly oxygen vacancy drift under an applied electric field.
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Chapter 6

Summary and outlook

The three previous chapters have presented investigations into amorphous TaOx (Chapter 3),
crystalline TaOx (Chapter 4), and a DFTB-parametrisation of tantalum oxide (Chapter 5)
for use in studies such as the first two. This chapter summarises the most important findings
of this work, and discusses the questions which arise following these findings as well as how
future studies may answer said questions.

6.1 Amorphous TaOx
A large-scale investigation of amorphous TaOx, x 2 [2:5; 2:0], was performed. By sam-

pling several structures of the same stoichiometry, it was possible to meaningfully compare
total energies and simulate XPS spectra as well as Bader charge distributions. The study
revealed the following:

� Ta2O5 and TaO2 are the most stable stoichiometries in the considered stoichiometry
range. However, Ta6O13 was remarkably close to the convex hull, compared to Ta3O7,
Ta4O9, and Ta12O25. The lower total energy of Ta2O5, Ta6O13, and TaO2 was related
to increased sixfold coordination of Ta atoms in these structures. This was further
related to the full sixfold coordination exhibited by crystalline tantalum oxide phases
(�-Ta2O5 and rutile TaO2) as well as crystalline V6O13.

� The simulated XPS spectrum of a-Ta2O5 consisted exclusively of the Ta5+ peak, and
agreed well with experiment. The simulated XPS spectrum of a-TaO2 exhibited a
strong signal of the Ta5+ peak as well as the Ta4+ peak, the spacing between which
also agreed with experiment.

� The Bader charge analysis of Ta atoms resulted in a sharp peak at Bader charge +3,
corresponding to oxidation state +5, for Ta2O5. This peak, although blunted, was
also present for Ta6O13 and TaO2. For these two stoichiometries, the peak had a
smeared-out “tail”, with some Ta atoms in TaO2 possessing Bader charges below the
value calculated for rocksalt TaO.

� A decomposition of the Bader charge and XPS spectra into Gaussians revealed a linear
correlation between Bader charge/XPS peak locations.
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6.2 Crystalline TaOx
Analogous to the treatment of amorphous tantalum oxide, a structure search was per-

formed for crystalline TaOx, also with x 2 [2:5; 2:0]. Here, oxygen deficiency was modelled
by introducing oxygen vacancies in �-Ta2O5, and the minimum-energy structures were found
using the machinery of Cluster Expansion. Several conclusions were drawn:

� The configuration of minimum relative energy was found to be Ta4O9. This structure
was reduced to a monoclinic primitive cell consisting of 28 atoms, and cell parameters
as well as Wyckoff positions were presented for the primitive cell.

� A structural analysis of the Ta4O9 phase found a unique defect aggregation. Oxygen
vacancies formed in pairs on neighbouring threefold coordinated sites in the XY plane,
and formed on the same sites in successive planes.

� The two Ta atoms closest to the pair defect site were found to be fully sixfold coordi-
nated, despite initially being left with only four oxygen neighbours after creating the
vacancies. Rearrangement of nearby twofold O atoms raised the Ta coordination num-
ber to five, while the Ta atoms were close enough to form bonding orbitals between
the “dangling” d orbitals, restoring the atoms to full sixfold coordination.

� The pair defect induced states in the middle of the Ta2O5 band gap, leaving the
band structure otherwise intact. The Ta4O9 structure was therefore found to be non-
conducting.

� An energetic analysis found the pair defect to be unstable at 5 % oxygen vacancy
concentration, and stable at 10 %, the latter corresponding to Ta4O9.

� The investigation of crystalline TaOx based on Group V metal oxides shows Ta11O27
and Ta12O29 to be stable, and TaO to be metastable. All three phases used NbOx
structures as templates with Ta substituted for Nb.

6.3 Parametrisation of TaOx for DFTB
The third and final part of this work described the ongoing work on development and

testing of a parametrisation of tantalum oxide for Density Functional Tight-Binding. The
performance of the parametrisation was evaluated with respect to lattice parameters and
vO formation energies after documenting and removing two bugs found during fitting of the
repulsive spline.

� A parametrisation was developed for Ta, with the specific purpose of large-scale sim-
ulation of tantalum oxides.

� The parametrisation performed well for calculation of �-Ta2O5 lattice parameters,
compared to experiment, PBE and HSE. For vO formation energies, it yielded quali-
tative, but not quantitative agreement.

� RDF and CDF spectra of DFTB-generated a-Ta2O5 agreed well with those obtained
using DFT, though the CDF spectrum showed lower sixfold coordination as compared
to the DFT-obtained spectrum.
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6.4 Outlook
The above findings and their role in the body of research are discussed now. Several

possibilities for future work have arisen throughout the preparation of this thesis:

� The theorised stable and metastable phases of amorphous and crystalline TaOx calls
for experimental studies to demonstrate them. Some possible methods are:

– a-Ta6O13 may be reached by stoichiometry-controlled growth of a-TaOx followed
by thermal annealing.

– Crystalline Ta4O9 may be synthesised either through reduction of orthorhombic
Ta2O5, or possibly by oxidation of elemental Ta.

– TaO in the NbO structure may be synthesised by e.g. Pulsed-Laser Deposition
working on a NbO template.

– Ta11O27 and Ta12O29 will likely require the synthesis of Ta2O5 working on a
Nb2O5 template, followed by the procedure used to generate the Nb11O27 and
Nb12O29 structures from Nb2O5.

� The hypothesised a-Ta6O13 phase, as well as the link to crystalline Group V metals,
suggests that more metastable phases may exist in the a-TaOx system. The compu-
tational method employed in this thesis can be extended to lower oxygen contents to
search for these.

� The finding that the degree of sixfold coordination in crystalline phases is reproduced in
amorphous phases of equivalent stoichiometry is worth studying in terms of generality;
both for a-TaOx and for other metal oxides. The method developed here can be readily
extended to other materials to document preference for stoichiometricity.

� The simulated XPS spectra of a-TaOx suggest that the conventional mapping of ox-
idation states to stoichiometries may be imprecise. Interpretation of XPS spectra of
amorphous materials should be done with care.

� The pair defect which characterises the Ta4O9 phase may exist in reduced crystalline
TaOx, such as crystallites in ReRAM device layers and TaOx-electrocatalysts. In both
cases, the effects on device function should be investigated.

� If conducting phases of Ta11O27 and Ta12O29 can be demonstrated experimentally,
their synthesis could pave the way for resistive switching devices with an absolute
minimal requirement of oxygen vacancy formation. If they cannot be synthesised, it
seems important to study the reason for their alleged stability in order to understand
the discrepancy.

� The generation of Slater-Koster tables and repulsive potentials for Ta�Ta and Ta�O
allows for greater efficiency and system sizes in studies of tantalum oxide. In particular,
devices of realistic size may be simulated incorporating the stoichiometry gradient
characteristic of real TaOx devices.
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Appendix A

Evaluation of DFT+U

Figure A.1 shows vO formation energies calculated using PBE+U for U =0 eV to 5 eV
compared to HSE-calculated values (represented by horizontal lines). All calculations use
the 168-atom supercell to minimise interactions between periodically repeated vacancies.
No value of U results in a perfect match. However, PBE+0 correctly predicts the threefold
in-plane (3f ip) defect to be significantly more stable than the twofold in-plane (2f ip) and
twofold out-of-plane (2f oop) defects. No finite value for U reproduces this feature. For
this reason, the study of oxygen vacancy-defective �-Ta2O5 used regular PBE, with the
expectation that the (stable) defect structure will be dominated by the 3f ip defect.
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Figure A.1: vO formation energies calculated with PBE+U for U=0 eV to 5 eV. Horizontal
lines show HSE-calculated energies. Labels refer to twofold in-plane (2f ip), threefold in-
plane (3f ip), and twofold out-of-plane (2f oop) vacancy sites.
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Appendix B

Comparison of single-vO charge
densities

The real-space charge densities associated with the three different vO are shown in Fig-
ure B.1. Frames (a-c) are relaxed using PBE, while (d-f) are relaxed using �-point HSE.
The comparison is qualitative only, as differing isovalues were used. For each vacancy, stan-
dard PBE arrives at the correct description; i.e. localised vs. non-localised. The greatest
discrepancy is found for the 3f oop vacancy, which was observed in Chapter A to be more
stable within PBE than HSE.

(a) (b) (c)

(d) (e) (f)

Figure B.1: Charge densities (green) for singular vO calculated using PBE (a-c) and �-point
HSE (d-f). (a+d): Twofold coordinated in-plane; (b+e): Threefold coordinated in-plane;
(c+f): Twofold coordinated out-of-plane.
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Appendix C

Density of amorphous TaOx

Figure C.1 shows a series of boxplots of the calculated mass densities of the amorphous
structures created and investigated in Chapter 3. The experimental density of a-Ta2O5
as determined in reference 140 is highlighted in red, and corresponds well to the mean
density found for this stoichiometry. The fit to mean densities shows a linearly increasing
trend. No clear tendency for the location of the minimum-energy image with respect to the
mean is observed. Low-energy stoichiometries (x = f0:0; 0:67; 1:00g) exhibit higher spread
as well as higher mean density with respect to the fit than high-energy stoichiometries
(x = f0:33; 0:50; 0:80g).
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Figure C.1: Calculated mass densities of a-TaOx. Orange lines show mean densities. Blue
line represents a linear fit to the mean values. Blue circles show the densities of the minimum-
energy structure for each stoichiometry.
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ABSTRACT

The transition between Ta2O5 and TaO2 governs resistive switching in tantalum oxide-based resistive random access memory. Despite its
importance, the Ta2O5–TaO2 transition is scarcely described in the literature, in part because the tantalum oxide layer in devices is amorphous,
which makes it dif�cult to characterize. In this paper, we use �rst-principles calculations to construct the convex hull of the amorphous
Ta2O5� x system for 0Bx B1 and show that oxygen de�ciency in tantalum oxide leads to phase-separation into Ta2O5 and TaO2. In addition,
our work challenges the conventional interpretation of X-ray Photoelectron Spectroscopy (XPS) spectra of the Ta 4f orbitals. Speci�cally, we
�nd that TaO2 exhibits both the Ta4+ peak associated with TaO2 and the Ta5+ peak normally associated with Ta2O5. While our simulated
Ta2O5 peak originates from a narrow range of oxidation states, the TaO2 peak comes from disproportionated Ta atoms with Bader charges
ranging from +3 to +1, the lowest of which are well below Ta atoms in crystalline TaO. Finally, we demonstrate that the XPS blueshift of around
1 eV observed experimentally in amorphous Ta2O5 with respect to crystalline Ta2O5 comes from both the presence of under-coordinated Ta
atoms and longer Ta–O bond distances in the amorphous system. Our simulated XPS analysis shows that amorphous XPS spectra may be
more complex than previously thought, and hence, caution should be applied when assigning XPS peaks to oxidation states.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/).https://doi.org/10.1063/5.0011390.,s

I. INTRODUCTION

Resistive switching devices constitute an important research
topic within the general area of random access memory (RAM)
technology.1,2 Since Chua proposed the “memristor”—memory
resistor—in 1971,3 researchers have demonstrated memory resis-
tive properties in metal/metal-oxide/metal devices4,5 using semi-
conducting and insulating transition metal oxides such as TiO2,4

HfO2,6,7 and Ta2O5
8 as the active layer. The switching mechanism

in these layers is initiated by applying a large electric �eld across the
device. This leads to the creation and subsequent migration of oxy-
gen vacancy (vO) defects and eventually to the growth of nanoscale
�laments of oxygen-de�cient and conductive regions through the
device.9–11

Tantalum pentoxide (Ta2O5) is one of the key candidate mate-
rials for the switching layer of memristive switching devices. In
a direct comparison to TiO2, which was the �rst material to be
linked to memristive switching,4 Ta2O5 shows �ve times greater

ionic mobility4,12 and, by extension, may yield greater switching
speed and lower power consumption.13 Additionally, a switching
endurance exceeding 1012 cycles has been demonstrated without
device breakdown.14

Structurally, Ta2O5 thin �lms fabricated at low to room tem-
perature are amorphous,15–17 which makes them dif�cult to study
on a theoretical level. Nevertheless, previousab initio Molecular
Dynamics (AIMD) studies based on Density Functional Theory
(DFT) have provided in-depth investigations of amorphous tanta-
lum oxide. Utilizing the atomic-level information offered by DFT,
researchers have described atomic arrangements surrounding singu-
lar vO's,18 density-of-states spectra of several TaOx stoichiometries,19

electrical conductivity of TaOx,20 and formation energies of vO's in
Ta2O5 close to a Ta–Ta2O5 interface.21 To our knowledge, however,
neither experiment nor simulation has thus far attempted to map the
Ta2O5–TaO2 transition, which governs resistive switching in TaOx

devices.
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One reason for this is that determining the exact composition
of amorphous materials is a non-trivial task, which is highly depen-
dent on fabrication parameters.17 Several studies have applied X-ray
Photoelectron Spectroscopy (XPS) to obtain binding energies (BEs)
especially for the Ta 4f orbitals.17,22–27Usually, the resultant spec-
tra are deconvoluted using Gaussian/Lorentzian functions17,24,26,27

assigned either to different oxidation states of Ta or to different stoi-
chiometries. The two assignments can be used interchangeably since
the stoichiometries Ta2O5, TaO2, Ta2O3, TaO, Ta2O, and Ta corre-
spond to the oxidation states +5, +4, +3, +2, +1, and 0, respectively.
A compositional analysis can be performed based on the relative
areas underneath the �tting functions. However, the XPS spectra
of amorphous materials are more complex compared to crystalline
materials, which exhibit well-de�ned patterns.

In this study, we zoom in on the transition between Ta2O5 and
TaO2, which is the range of compositions where resistive switch-
ing takes place. We use DFT to investigate amorphous Ta2O5� x

(a-Ta2O5� x), sampling 14 different snapshots for each of six differ-
ent compositions with 0B x B 1. We draw the convex hull for the
Ta2O5–TaO2 transition and con�rm that the hull consists of these
two stoichiometries, with Ta6O13 being another possible meta-stable
intermediate phase. Furthermore, we simulate XPS spectra for each
stoichiometry and show that the XPS spectrum of TaO2 shows both
Ta5+ and Ta4+ peaks, the latter of which comes from disproportion-
ated atoms with a wide range of oxidation states. Finally, by �tting
Gaussian components to our oxidation state spectra and our XPS
spectra, we establish a linear correlation between the Gaussian peak
locations. These conclusions aid the understanding of XPS results of
a-Ta2O5 and amorphous materials in general.

II. METHODS

All calculations employed DFT as implemented in the Vienna
Ab initio Simulation Package (VASP).28–31 Ta and O atoms used
Projector Augmented Wave (PAW) pseudopotentials32 with valence
electron con�gurations of 5p65d36s2 and 2s42p4, respectively. Calcu-
lations used the Perdew–Burke–Ernzerhof (PBE) Generalized Gra-
dient Approximation (GGA)33 to describe the exchange-correlation
functional, except where noted otherwise. The convergence thresh-
old of the electronic structure iterations was set to 10� 5 eV.

Amorphous systems of Ta2O5� x, x >{0.00, 0.33, 0.50, 0.67, 0.80,
1.00}, were generated using AIMD. Beginning with the primitive cell
of � -Ta2O5 suggested by Leeet al.,34 we created a 2� 2 � 3 orthogo-
nal supercell containing 48 Ta atoms and 120 O atoms, the same size
as those used by Bondiet al.18,20 and Guo and Robertson.35 Oxy-
gen atoms were subsequently deleted randomly to obtain 8, 12, 16,
20, and 24 vacancies. We expanded each lattice vector by a factor
of 1.06, which was chosen to match the experimental density for a-
Ta2O5 of 6.88� 103 kg/m3.36 The expanded cell vectors were kept
�xed throughout the duration of the MD simulations.

The amorphous structure generation used the following melt-
and-quench procedure: (1) equilibration at 5000 K for 10 ps, (2)
further equilibration and extraction of in total 14 structure snapshots
per stoichiometry in intervals of 2 ps following the initial equilibra-
tion, (3) quenching of each snapshot from 5000 K to 300 K, and
(4) equilibration for 2 ps at 300 K. The MD simulations used a
low-accuracy/high-speed setup with a cutoff energy of 300 eV and

sampling only the� point. The time step was 1 fs for equilibrations
and 2 fs for quenching.

Following the AIMD procedure, we increased the cutoff energy
to 520 eV andk point sampling to (2� 2� 2) and performed full DFT
relaxations of ionic positions and lattice vectors. Despite the relax-
ation of the lattice vectors, the average density of the �nal Ta2O5

geometry was still similar to the experimental density (see Fig. S1
of the supplementary material). Atomic forces were converged to
within 0.025 eV/Å, which resulted in little change to the cell vol-
ume and thus density. We performed a high-precision calculation
of the optimized structures using the hybrid functional of Heyd–
Ernzerhof–Scuseria (HSE06).37–39 Due to their high computational
demands, these calculations sampled only the� point. Following
these calculations, the BEs of the Ta 4f orbitals were computed using
the initial state approximation, which involves recalculating the
Kohn–Sham eigenvalues of the core states after a self-consistent cal-
culation of the valence charge density. The HSE06-calculated wave
functions served as the basis for a Bader charge analysis40 using the
program developed by Henkelmannet al.41

In addition to our amorphous systems, we performed PBE
relaxation followed by HSE06 calculations of the following crys-
talline structures:� -Ta2O5, rutile TaO2, corundum Ta2O3, rocksalt
TaO, and BCC Ta. These calculations used the same setup as the
DFT calculations of the amorphous systems with ak point sampling
density of at least 3.60k points per Å� 1.

III. RESULTS AND DISCUSSION

A. Energetic stability and structural analysis

We �rst examine the phase change between Ta2O5 and TaO2 as
well as differences in the Ta–O bonding. Figure 1 presents the con-
vex hull, cumulative distribution function (CDF) for Ta–O bonds
limited to the sixth nearest neighbor, and a histogram of Ta coordi-
nation numbers for all simulated systems (radial distribution func-
tions can be found in Fig. S2 of the supplementary material). The
total energies making up the hull are extracted from the HSE06 cal-
culations and subsequently normalized to 24 formula units (f.u.).
Our high sampling of 14 structures per stoichiometry allows us to
visualize the energy variance, providing reassurance that our convex
hull is accurate.

The convex hull in Fig. 1(a) shows a preference for phase sep-
aration into Ta2O5 and TaO2. However, while Ta3O7 (x = 0.33),
Ta4O9 (x = 0.50), and Ta12O25 (x = 0.80) lie on average more than
0.6 eV above the hull, Ta6O13 (x = 0.67) is considerably lower at only
0.11 eV above the hull. Our calculations show a clear division into
high-energy and low-energy stoichiometries, and we expect some
degree of similarity between the three low-energy stoichiometries.

To investigate what the three low-energy stoichiometries
(Ta2O5, Ta6O13, and TaO2) have in common, we consider the CDF
for the Ta–O bonds in the atomic structures of Fig. 1(a). Since Ta
is sixfold coordinated in most, if not all, stable and metastable crys-
talline TaOx phases, we limit our investigation to exactly the sixth-
nearest neighbor. The resultant spectra are shown in Fig. 1(b). All
systems are characterized by an ascent beginning at� 2.0 Å and end-
ing at � 2.5 Å. Therefore, we use 2.5 Å as the cutoff radius when an
O atom counts toward the coordination number of a Ta atom. The
height of the initial ascent thus describes the ratio of fully sixfold
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FIG. 1. (a) Convex hull for the a-Ta2O5–TaO2 system. (b) CDF for sixth-nearest O
neighbors of Ta atoms. (c) Histogram of the coordination number of Ta atoms in
each stoichiometry. Color coding is consistent throughout.

coordinated Ta atoms, and the low-energy systems are characterized
by relatively larger quantities of fully coordinated Ta atoms than are
seen for the high-energy systems. Within this picture, it is also clear
that over 50% of Ta atoms are under-coordinated in all stoichiome-
tries, including a-Ta2O5. We further illustrate the trends in coordi-
nation numbers in Fig. 1(c) by plotting coordination numbers 6, 5,
4, and@4 in a cumulative histogram. In particular, Ta6O13 and TaO2

show higher sixfold coordination and lower fourfold coordination
than stoichiometries with slightly greater oxygen content.

It is worth mentioning that two of the three low-energy stoi-
chiometries, TaO2 and Ta2O5, exist in crystalline form.42 The crys-
talline form of the other low-energy stoichiometry, Ta6O13, has not
been reported in the literature. However, tantalum shares periodic
table Group 5 with vanadium, and V6O13 has been found in a
crystalline form where vanadium is also sixfold coordinated.43

In contrast, the high-energy stoichiometries indicated in Fig. 1
either have no corresponding crystalline Group 5 metal-oxide phase
(Ta12O25),46 or have corresponding crystalline phases with lower

cation coordination numbers (Ta3O7 and Ta4O9).47,48This analogy
with crystalline phases underlines the importance of conserving the
Ta sixfold coordination to keep the system stable. This explains why
amorphous Ta2O5, Ta6O13, and TaO2 exhibit a relatively high degree
of Ta sixfold coordination and are thus particularly stable, while
Ta3O7, Ta4O9 and Ta12O25 do not.

B. XPS spectra

In this section, we present simulated XPS spectra for our sys-
tems and compare them to the experimental XPS spectra reported
by Benito and Palacio,26 Simpsonet al.,27 and Liet al.17 To this end,
we calculate the energies of the core electrons of the Ta 4f orbital,
which correspond to measuring their BEs, thus simulating an XPS
spectrum.

We “calibrated” our XPS results in two ways prior to making
any comparisons. We benchmarked our 4f binding energy spec-
tra for the crystalline� phase34 of Ta2O5 (19.1 eV) against the
Ta7/2

5+ peak reported by Ho, Contarini, and Rabalais24 for crys-
talline Ta2O5. The reported XPS peak value is 26.2 eV; hence, we
shifted all our XPS spectra uniformly by 26.2 eV� 19.1 eV = 7.1 eV.
Such a shift is customary, and even necessary, in order to com-
pare DFT-calculated XPS results to experiment.44 Additionally, we
remark that realistic XPS spectra are usually obtained at room
temperature, whereas DFT calculations are performed at 0 K. We
applied Gaussian broadening to our data to overcome this differ-
ence using a broadening width obtained from the energy spectrum
of 2000 AIMD iterations at 300 K using a 520 eV cutoff energy and
(2 � 2 � 2) k point grid. With these two alterations, we proceed to
discuss our XPS spectra and compare them to the aforementioned
experimental results.

Figure 2(a) presents our calculated XPS spectrum for a-Ta2O5

with a single Gaussian function �tted to it. The �t is near perfect,
signifying that the XPS spectrum comes from atoms with uniform
oxidation states. The spectrum of a-TaO2 in Fig. 2(b), by contrast,
shows two peaks and has been deconvoluted using two Gaussian
functions. We �nd that our calculated peaks' positions lie slightly
above those reported by Benito and Palacio, Simpsonet al., and Li
et al. The calculated highest energy peak (i.e., the one usually
assigned to Ta5+ in the literature) and the second-highest energy
peak (i.e., the one usually assigned to Ta4+ in the literature) are
blueshifted 0.22–0.32 eV and 0.22–0.42 eV relative to the experi-
mental values, respectively. The calculated spacing between peaks is
1.4 eV, which corresponds well with the spacing reported by Simp-
sonet al.(1.3 eV) and Liet al.(1.6 eV). The slight blueshift of our
results compared to the experimental values could arise from using
the initial state approximation to calculate the core-level energies.
Overall, we believe that our peak locations and spacing are in good
agreement with experiment.

Apart from matching experiments, we highlight the XPS spec-
trum of TaO2 as a particularly important result. Even in a sample
with a nominal Ta oxidation state of +4, the Ta5+ peak is visibly
present. Additionally, the Ta4+ curve is signi�cantly wider than the
Ta5+ curve, which contradicts the deconvolutions performed in the
previous experimental studies.17,26,27For this reason, we recommend
caution when using deconvoluted XPS spectra to perform composi-
tional analyses on amorphous a-TaOx samples and likely for other
amorphous metal-oxide samples.
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FIG. 2. As-calculated XPS spectra (black curves) and Gaussian �t (red dashed
curves) for (a) a-Ta2O5 and (b) a-TaO2. TaO2 in (b) also includes deconvoluted
Gaussians (orange and blue curves) and the Ta5+ and Ta4+ peak locations from
the works of Benito and Palacio26 (BP15), Simpsonet al.27 (S17), and Liet al.17

(L19), presented as vertical lines.

C. Bader analysis

Our CDF spectra showed how a signi�cant fraction of Ta atoms
in all samples are under-coordinated, i.e., less than 6 oxygen neigh-
bors within 2.5 Å. We now examine the connection between the Ta
coordination numbers, BEs, and Bader charges (which provide an

indication of the oxidation state). Figures 3(a)–3(c) shows the as-
calculated Ta 4f binding energies plotted against their correspond-
ing Bader charges for the three low-energy stoichiometries (Ta2O5,
Ta6O13, and TaO2). Atoms are color- and shape-coded according to
the number of oxygen neighbors within 2.5 Å. Also shown are �ve
points corresponding to crystalline Ta–O phases and elemental Ta
along with kernel density estimates of the Bader charges (horizontal
axis) and BEs (vertical axis). Discussions henceforth are limited to
the low-energy stoichiometries.

For stoichiometric Ta2O5, the observed XPS peak comes from
a narrow range of Bader charges centered at roughly +3, which is
consistent with the results of Xiao and Watanabe.19 Any slight vari-
ation in Bader charge is clearly related to the coordination num-
ber of Ta, visible as discernible regions of different colors. As O
de�ciency increases, the Bader charge spectrum becomes smeared
out in direction toward lower positive charge, i.e., Ta atoms retain
more of their valence electrons. However, a signi�cant part of the
Ta2O5 spectrum—highlighted by the dashed ellipsis—remains even
for TaO2. Evidently, forx A 0, a-Ta2O5� x becomes disproportion-
ated, which is the origin of the dual peak spectrum we observe for
TaO2.

In comparison with crystalline phases, the Ta atoms of the
amorphous structures exhibit much higher BEs even at lower oxi-
dation states. For Ta2O5, the calculated difference between the BE of
the Ta 4f orbitals in the crystalline phase and the center of the Gaus-
sian peak of the amorphous phase is around 1 eV, in excellent agree-
ment with the experimental difference (compare the results of the
amorphous phase by Benito and Palacio,26 Simpsonet al.,27 and Li
et al.17 with those of the crystalline phase by Ho, Contarini, and
Rabalais24). For lower Ta oxidation states, the differences in BEs
between amorphous samples and their crystalline counterparts
become even more pronounced. This phenomenon can be under-
stood by comparing the coordination number of Ta atoms between
the crystalline and amorphous phases. While Ta is always sixfold
coordinated for crystalline phases, every considered amorphous

FIG. 3. Binding energy vs Bader charge for amorphous (a) Ta2O5, (b) Ta6O13, and (c) TaO2. Green/orange/blue/red markers represent Ta atoms that are 6/5/4/@4-fold
coordinated, respectively. (d) shows� -Ta2O5 compressed/expanded up to 3%. The blue circle represents the average binding energy and average bond length for all sixfold
coordinated Ta atoms in a-Ta2O5.
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phase shows a large degree of under-coordination, especially for Ta
atoms with lower oxidation states.

The change in coordination number is not the only cause of
the difference in BEs between amorphous and crystalline phases. In
Fig. 3(d), we show the variation of the BE peak for crystalline Ta2O5

when varying the lattice parameter of the crystal (which is equivalent
to varying the average Ta–O distances). We scan the variation of the
Ta 4f binding energy in the range from� = � 0.03 to� = +0.03, where�
is the relative expansion factor applied to the lattice parameters. We
observe a quasi-linear correlation in the investigated region between
the BE of Ta 4f orbitals and average Ta–O bond length, which is
consistent with the expected reduction of the Coulombic repulsion
between the Ta 4f electron and the oxygen ligands when the Ta–O
distance increases. We observe that the average Ta–O distances for
the sixfold coordinated Ta atoms in Ta2O5 are � 2 pm larger than
those in crystalline� -Ta2O5 (at � = 0). Thus, we do not only attribute
the blueshift in BEs in the amorphous samples to under-coordinated
Ta atoms but also to the increase in the Ta–O distances for sixfold
coordinated Ta atoms in amorphous samples relative to crystalline
ones.

We now examine the relation between the Bader charge
and BE hinted in Fig. 3 in detail. For the crystalline phases
plotted in Figs. 3(a)–3(c), there appears to be a linear relation
between BE and Bader charge. Hence, in Figs. 4(a) and 4(b),
we present a simple linear �t between BE and Bader charge for
amorphous Ta2O5 and TaO2. For a-Ta2O5, the linear �t per-
forms poorly, achieving a correlation coef�cientr of 0.461. The
correlation is greater (r = 0.881) in a-TaO2 due to the smeared
Bader charge spectrum. In Figs. 4(c) and 4(d), we attempt to
improve the linear �t by incorporating a term describing dif-
ferences in the coordination number and the Ta–O distances.
We use the term suggested by Ebadiet al.,45 which is expressed
as

FIG. 4. [(a) and (b)] Linear �t of binding energy to Bader charge for a-Ta2O5 (a)
and a-TaO2 (b). [(c) and (d)] Corrected �t based on the work of Ebadiet al.45 for
the same data as the upper row.

BEA � � 0qA + � 1 Q
ix A

qi

riA
+ � 2, (1)

where subscripts A and i represent the Ta ions and their 6 nearest O
neighbors in our implementation, respectively,q is the Bader charge,
r is the distance between i and A, and� 0,1,2 are �tting parameters
to be determined. This model improves the correlation coef�cient

FIG. 5. [(a)–(c)] As-calculated (black), �tted (red), and deconvoluted (blue/orange/green) XPS spectra. [(d)–(f)] Same treatment for Bader charge spectra. (g) Comparison of
Bader/XPS peak locations. Scales differ betweeny axes.
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for a-Ta2O5 to 0.492 but has no impact on a-TaO2 (r = 0.881). We
conclude that the correlation between BE and Bader charge in both
a-Ta2O5 and a-TaO2 is more complex than can be accounted for
in the above models (in contrast, the model of Ebadiet al.45 per-
forms well for the crystalline phases; see Fig. S4 of the supplementary
material).

Instead, we decompose the Bader charge and XPS spectra of
Fig. 3 (black dashed curves) into Gaussian components in order to
compare the peak locations. We �nd that the best �t is achieved
using a single Gaussian function for a-Ta2O5 and three Gaussian
functions for a-Ta6O13 and a-TaO2. We plot the decomposed BE
peak values vs the Bader charge peak values in Fig. 5(g) and achieve
a clear linear correlation withr = 0.993. We conclude that the
XPS/Bader charge spectra of amorphous tantalum oxide are best
understood as statistical entities, even when complete knowledge of
the atomic arrangements is available.

IV. CONCLUSIONS

We have used AIMD and DFT to sample amorphous and
oxygen-de�cient Ta2O5. We have analyzed our a-Ta2O5� x systems
with respect to relative formation energy, CDF, XPS, Bader charge,
and coordination numbers. By drawing a convex hull over all 84
included structures, we show that oxygen-de�cient a-Ta2O5 will
preferentially separate into a-Ta2O5 and a-TaO2. Additionally, the
hitherto unknown stoichiometry of a-Ta6O13 showed energies sig-
ni�cantly lower than other intermediate stoichiometries, which is
linked to the existence of a vanadium-oxide phase with stoichiom-
etry V6O13. Our CDF spectra showed that stoichiometries with a
relatively low energy contain higher proportions of Ta atoms with
six O neighbors within a radius of 2.5 Å.

By using Bader charges to model oxidation states explicitly, we
found that Ta atoms in amorphous TaO2 were divided into two
different Bader charge spectra: one representing oxidation state +5
contributing to the Ta5+ peak and the other with a wide range of
oxidation states contributing to the Ta4+ peak. Unlike the crystalline
TaO2 with a nominal Ta oxidation state +4, amorphous TaO2 pos-
sesses disproportionated Ta atoms that make such a description less
accurate. Our �nding that the XPS spectrum of amorphous TaO2

contains both Ta4+ and Ta5+ peaks challenges the conventional view
of a-TaOx spectra. Our results suggest that only the Ta2O5 stoi-
chiometry may be reduced to a single oxidation state (+5). This
�nding is important for researchers wishing to use XPS spectra to
estimate the composition of amorphous TaOx samples and conceiv-
ably samples of other amorphous metal oxides as well. Finally, we
determined the origin of the experimentally observed blueshift of
the Ta 4f XPS peaks in amorphous Ta2O5 relative to its crystalline
counterpart. The presence of under-coordinated Ta atoms and the
longer Ta–O distances in amorphous TaOx leads to lower Coulomb
repulsion and hence higher binding energies.

As a �nal remark, we decompose our calculated XPS and Bader
charge spectra in Gaussian components and �nd a linear correla-
tion between peak locations. The correlation strength of this Gaus-
sian model exceeds the strength of a linear model accounting for
Coulomb interactions with the sixth nearest neighbors, suggesting
that the more accurate way to analyze amorphous materials is by
using statistical models. For future analysis of the Ta6O13 system, we

suggest studying the kinetic routes to reach this stoichiometry and
other possible disproportionated states of the TaOx system. To sup-
plement this, it is also necessary to investigate the sensitivity of the
sixfold Ta coordination with respect to addition and removal of oxy-
gen, particularly for the Ta6O13 phase. Finally, while we have studied
tantalum oxide exclusively, our approach can be expanded to any
amorphous metal-oxide and shed light on the XPS spectra of these
disordered structures.

SUPPLEMENTARY MATERIAL

See the supplementary material for more detailed information
on amorphous tantalum oxides such as their densities, radial dis-
tribution function, XPS spectra of solid solution and phase sepa-
rate phases, and a linear relation between binding energy and Bader
charge for crystalline tantalum oxides.
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Tantalum is the only element in periodic table Group 5 that lacks any experimental reports on the existence of reduced
crystalline oxide between the pentoxide (Ta2O5) and dioxide (TaO2). We computationally predict the existence of a
novel tantalum oxide with Ta4O9 stoichiometry, which lies at the midpoint between Ta2O5 and TaO2. The ground-state
Ta4O9 structure was found through simulated annealing based on a cluster expansion model, which is trained using 186
density functional theory calculations. The newfound Ta4O9 material has space group number 10 (P 1 2/m 1), and it can
be viewed as an oxygen-de�cientl -Ta2O5 structure in which oxygen vacancies aggregate pair-wise in nearest-neighbor
sites. Tad –Tad bonds �ll the spatial void of the oxygen vacancies, keeping the system non-magnetic and non-metallic.
The synthesis of the new Ta4O9 crystal is deemed feasible through a controlled reduction ofl -Ta2O5. The reported
Ta4O9 has the potential to open new avenues in catalysis and resistive switching device applications where the reduced
tantalum oxides are broadly employed.

I. Introduction

Great attention has been focused on tantalum oxide since
the turn of the millennium. Various phases of tantalum
oxide have been investigated for use in photocatalysis,1

electrocatalysis,2 as coating in biomedical applications,3 and
as resistive layer in Resistive Random Access Memory
(ReRAM) devices.4 The most stable stoichiometry of the
tantalum-oxide system is Ta2O5. Although Ta2O5 fabricated
at room temperature is amorphous,5–7 samples are known to
crystallize when fabricated at temperatures above� 400� C.8

Likewise, annealing samples at temperatures between 500� C
and 700� C also leads to crystallization.5,9–11Recently, Ta2O5
crystallites were observed in an electroformed nano�lament
of a Resistive Random Access Memory device.12 This �nding
raises a need for further investigation of crystalline tantalum
oxide even in resistive switching applications where devices
are usually reported as non-stoichiometric.4,13,14

The atomic coordinates of low-temperature orthorhombic
Ta2O5, or b-Ta2O5, were established in 2002 through Ri-
etveld re�nement of existing X-ray spectra.15 However, a
density functional theory (DFT) study later revealed imag-
inary phonon frequencies forb-Ta2O5,16 which indicates a
structural instability.17 Lee et al. instead proposed the or-
thorhombicl phase and used DFT calculations to support
their proposition.17 The l phase yields a lower DFT energy
than theb phase, as well as a more accurate prediction of the
experimental band gap of 4:0 eV.18

Though Ta2O5 has received the most attention of all
tantalum-oxide phases, reduced TaOx phases constitute an im-
portant area of study as well. The work of Awaludin, Okajima,
and Ohsaka,2 for instance, characterized reduced Ta2O5–x
for catalysis applications. The switching process in TaOx
ReRAM devices relies on the valence change mechanism,19

in which regions of the device are reduced until a conductive

a)Electronic mail: jchang@dtu.dk
b)Electronic mail: jmgla@dtu.dk

�lament is formed.4,20,21The chemistry of reduced Ta2O5–x,
though, has received far less attention than Ta2O5, with the
exception of crystalline TaO2. Despite being a metastable
phase of the tantalum oxide system, TaO2 has been observed
both in the rutile phase22–25and in a more complex tetragonal
phase.26

On a theoretical level, oxygen vacancies (vO) in l -phase
Ta2O5 are well studied in terms of formation energy and de-
fect orbitals27 as well as migration barriers.28,29However, the
cited works have focused on the effects of singular vO defects
exclusively. In contrast, little is known about the behaviour of
larger concentrations of vO in crystalline Ta2O5, which is an
important topic for ReRAM devices.19

In this letter, we report on a large-scale investigation of oxy-
gen vacancy-defective Ta2O5 in the l phase, for vO concen-
trations from 0 % to 25 %. Using DFT calculations combined
with cluster expansion (CE), we have found a new ground
state of the TaOx system with chemical formula Ta4O9, which
is stable relative to phase separation of Ta2O5 and TaO2.
Exploring the atomic structure reveals that threefold coordi-
nated oxygen vacancies aggregate in pairs at high (� 10 %)
vO-concentrations, with no decrease in coordination numbers
anywhere in the system. Neighbouring Ta ions are suf�ciently
close that their d orbitals overlap, restoring their coordination
number and stabilizing the pair defect. We believe the Ta4O9
phase may be synthesized through reduction of orthorhombic
Ta2O5. Further, the discovery of the pair defect is an important
contribution to ReRAM research, where Ta2O5 crystallites are
known to form and vO are created in large enough quantities
to allow for pair-wise aggregation.

II. Computational Methods

We created in total 186 structures with vO concentrations
ranging from 0 % to 25 %, i.e. stoichiometric Ta2O5 to stoi-
chiometric TaO2 using the Cluster Expansion in Atomic Sim-
ulation Environment (CLEASE) software.30 Working from
the 14-atom unit cell ofl -Ta2O5 (see Leeet al.17) vO distribu-
tions with various cell sizes and shapes were used to train the
CE model, with the largest training structures containing 168
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atoms. For all distributions of vO, we used DFT to relax the
atomic forces. The correlation between the input atomic struc-
tures and the �nal formation energies calculated from DFT
were then determined using the CLEASE code. The trained
CE model was used to suggest the optimal arrangements of
vO for different concentrations, which were calculated using
DFT with the same relaxation scheme.

All DFT calculations were performed using the Vienna
Ab Initio Simulation Package (VASP).31–34 O and Ta atoms
were described by PAW pseudopotentials35 with valence elec-
tron con�guration 5p65d36s2 and 2s22p4, respectively. Un-
less noted otherwise, our calculations employed the Perdew-
Burke-Ernzerhof (PBE) Generalized Gradient Approximation
(GGA) to describe the electronic exchange and correlation.36

Additional high-precision calculations were performed in-
corporating 25 % exact exchange using the Heyd-Scuseria-
Ernzerhof functional with a range-separation parameters of
0:2 (i.e., HSE06).37–39

Our setup used a plane wave basis for the electronic wave
functions with a cutoff energy of 520 eV. To sample the �rst
Brillouin zone, we used Monkhorst-Pack grids40 with a den-
sity of at least 3:5 per Å

� 1
, shifted to theG point. For re-

laxations, the atomic coordinates were considered converged
when interatomic forces were lower than 2:5� 10� 2 eVÅ

� 1
,

while for the electronic density the convergence threshold was
1:0� 10� 5 eV.

The �nal CE model had a formation energy prediction ac-
curacy of 16:5 meV=atom based on 10-fold cross-validation
score. The optimal vO arrangements were predicted using the
CE model in conjunction with the simulated annealing tech-
nique. The structures with the 2� 2� 3 supercell containing
168 atoms (vacancies were counted as atoms in this context)
were used for generating the structures with the optimal vO ar-
rangements. The minimum-energy structure for each vO con-
centration was found by gradually lowering the temperature
from 5000 K to 1 K with 50000 attempted atomic swaps per
temperature.

III. Results and Discussion

A. Convex hull and structural features

The results of our CE-enhanced structure search are sum-
marized in the convex hull of Fig. 1. Each investigated struc-
ture is represented with its energy relative to phase separa-
tion of l -Ta2O5 and TaO2. For TaO2, we use the 96-atom
tetragonal cell of Khitrova, Klechkovskaya, and Pinsker26

(labelled “K1967”). The ICSD lists two similar tetragonal
structures from Khitrova, Klechkovskaya, and Pinsker's work,
with Coll. codes 60267 and 60268. We chose the latter be-
cause our calculations found it to have a slightly lower total
energy per formula unit (f.u.). All of the energies reported in
Fig. 1(a) are based on DFT calculations, while Fig. 1(b) shows
the accuracy of the CE model used to predict the minimum-
energy structure for each stoichiometry. Most remarkably, the
hull shows preference for a solid solution of vO, with a wide
range of structures falling just below zero relative energy. The
lowest point on the hull lies atx= 0:5, and has a stoichiometry
of Ta4O9 (Ta2O5–0.5 in axis coordinates).

Apart from the K1967 model, Fig. 1(a) depicts two ad-

Figure 1. (a) Convex hull (dashed line) of the Ta2O5–TaO2 system.
(b) Fit of the cluster expansion model performed by the CLEASE
code. Black circles represent DFT-evaluated structures generated by
the cluster expansion model.

ditional calculations with stoichiometries corresponding to
x = 1 (i.e. TaO2). The �rst, and overall most stable, is a phase
separation into Ta and Ta2O5 (labelled “Ta+Ta2O5”). We in-
clude this to show that TaO2 itself is metastable with respect to
decomposition into Ta and Ta2O5. Second, we include the ru-
tile TaO2 structure documented by Schönberget al., Niebuhr
and Terao22–24(labelled “Rutile TaO2”).

Figure 2. (a) Primitive cell ofl -Ta2O5. (b-c) Vacancy distribution of
the Ta4O9 phase prior to relaxation: (b) XY plane and (c) ZY plane.
(d-f) Zoomed-in view of a vO pair; (d) shows the vO pair site before
relaxation, (e) shows the empty vO pair site before relaxation, and (f)
shows the defect site after relaxation. Colors represent O (red), Ta
(blue) and vO (green).

The comparison to Ta+Ta2O5 shows that our new-
found Ta4O9 phase is unstable compared with that ref-
erence. However, the two TaO2 phases marked with
triangles in Fig. 1(a) have been synthesized experimen-
tally despite lying� 358meV=fu (rutile) and� 216meV=fu
(Khitrova, Klechkovskaya, and Pinsker) above phase-
separated Ta+Ta2O5 according to our calculations. Since
the Ta4O9 structure reported here is stable with respect to
l -Ta2O5 and Khitrova, Klechkovskaya, and Pinsker's TaO2-
structure, it should be synthesizable. The crystalline Ta4O9
structure described here is a form of vO-defectivel -Ta2O5 by
construction. Hence, the newfound Ta4O9 structure can be
reached by reduction of crystalline Ta2O5.
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Having established a new metastable state in the TaOx sys-
tem, we set to work characterizing its atomic structure. The
crystal structure ofl -Ta2O5 is depicted in Fig. 2(a), and con-
sists of planes of Ta2O3 (XY plane in Fig. 2(a)) joined in the
transverse direction (Z axis in Fig. 2(a)) by Ta-O chains, as
described by Calvert and Draper in 1962,41 and by Lehovec
in 1964.9 The arrangement of oxygen vacancies in the Ta4O9
structure prior to relaxation is shown for the XY and ZY
planes in Fig. 2(b-c). Within the Ta2O3 planes, vacancies
exclusively form in threefold coordinated positions and ag-
gregate in a pair-wise manner with 2:50 Å distance between
them. The in-plane distance between symmetry-equivalent
vO's is 9:69 Å, which is half the diagonal of the XY plane of

the supercell; i.e. 1=2
�
(12:50Å)2 + ( 14:80Å)2

� 1=2
= 9:69Å.

The minimum distance between symmetry inequivalent vO in
different pairs is 7:21 Å. This implies that, while vO aggregate
pair-wise, pairs arrange themselves with maximal pair-to-pair
spacing in the plane. vO's form in the same lattice position in
each Ta2O3 plane, resulting in a chain-like aggregation in the
out-of-plane direction with vO pairs spaced 3:87 Å apart (see
Fig. 2(c)).

Fig. 2(d-f) depicts the local environment surrounding two
neighbouring vO's. The removal of two neighboring O atoms
leaves the two nearest Ta atoms only fourfold coordinated
and the two second-nearest Ta atoms �vefold coordinated
as shown by the polyhedra in frame (e). However, during
the structural rearrangement, nearby twofold coordinated O
atoms shift closer to the O-deprived Ta atoms. As seen in
(f), this raises the coordination number of all involved atoms
by 1; the fourfold coordinated Ta atoms become �vefold co-
ordinated, the �vefold coordinated Ta atoms become sixfold
coordinated, and the shifted twofold coordinated O atoms be-
come threefold coordinated. The rectangular arrangement of
Ta ions surrounding the pair site is intact, albeit slightly com-
pressed. The inter-planar distance has increased by 0:04 Å,
from 3:83 Å to 3:87 Å which is a relatively minor expansion
of � 1%, likely owing to the fact that the Ta–O chains in the
out-of-plane direction are intact.

The newfound Ta4O9 structure can be reduced to a prim-
itive cell with 26 atoms, which is depicted in Fig. 3. This
primitive structure contains two neighboring vO, and belongs
to space group number 10 (P2/m). The lattice vectors and
Wyckoff positions for this structure are listed in Table I.

Figure 3. Primitive cell of the ground-state structure of Ta4O9.

Table I. Wyckoff positions for the primitive Ta4O9 cell. Lattice pa-
rameters are:jaj = 9:29Å, jbj = 3:87Å, jcj = 9:47Å, with angle
b = 99:3� .

Element u v w Wyckoff
O 0.7493 0.0 0.3052 2m
O 0.9470 0.0 0.1133 2m
O 0.9716 0.5 0.3483 2n
O 0.5200 0.0 0.6410 2m
O 0.6825 0.5 0.5048 2n
O 0.1785 0.5 0.0920 2n
O 0.4362 0.5 0.8360 2n
O 0.3665 0.0 0.0300 2m
O 0.8173 0.0 0.7024 2m
Ta 0.9708 0.0 0.3427 2m
Ta 0.6922 0.0 0.5094 2m
Ta 0.1661 0.0 0.0784 2m
Ta 0.4469 0.0 0.8207 2m

B. Electronic properties of Ta4O9

We now proceed to characterize the electronic properties of
the newfound primitive cell, beginning with the band struc-
ture and orbital-Projected Density of States (PDOS). Since
PBE is known to underestimate band gaps, we performed
a single-point calculation with the Heyd-Scuseria-Ernzerhof
(HSE) functional on the PBE-relaxed structure, using ak grid
reduced to (2� 5� 2) from (3� 6� 3). The Ta4O9 band struc-
ture visualized in Fig. 4(a) exhibits two bands localized in the
middle of the gap, resulting from the two removed O atoms.
The PDOS spectrum in Fig. 4(b) shows that the orbital char-
acter of the defect state is primarily Ta d, secondarily O p and
tertiarily Ta s (see the inset). The band edges of Ta4O9 are
otherwise well aligned with those of Ta2O5. The defect state
is �lled according to the location of the Fermi energy for this
state, with an energy gap of 1:12 eV between the defect state
and the conduction band minimum.

A thorough analysis of the nature of these two mid-gap
bands may help to understand the particular stability of the
oxygen divacancy center that gives rise to the Ta4O9 structure.
In the following, we analyze the wave function at theGpoint
of the two mid-gap states, which we will refer to as High-
est Valence Band (HVB) and second-highest Valence Band
(SHVB).

From an electrostatic point of view, it is expected that the
four electrons needed to compensate the two O2– vacancies
will localize in the two TaO5 complexes (the only Ta left
�vefold coordinated after the reconstruction). This localiza-
tion would imply a change in the nominal oxidation state of
these two Ta ions from +5 to +3, thus �lling some of their
d orbitals. Another important consideration is that the two
TaO5 complexes, which adopt a distorted square pyramidal
shape, are very close to each other with just a void region be-
tween the bases of the two pyramids. In this scenario, the
distance between the two pentacoordinated Ta ions is only
2:94 Å, and substantial overlap between their corresponding
d orbitals may occur. A signi�cant overlap of the d orbitals
is corroborated by the wave functions of the SHVB and HVB
shown in Fig. 5.
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Figure 4. (a) Band structure of Ta4O9, and (b) PDOS for bothl -Ta2O5 and Ta4O9. Inset in (b) zooms in on the defect state of Ta4O9.

Figure 5. (a) SHVB and (b) HVB of the pair defect calculated at
theGpoint. Isosurface colors represent positive and negative signs,
respectively. (c) Local axis on a �vefold coordinated Ta ion.

HVB has a character of a bonding orbital between the dyz
orbitals of the two pentacoordinate Ta ions (the local axis of
the distorted square pyramids is shown in Fig. 5(c)). SHVB
has a character of a bonding orbital between the d3z2� r2 or-
bitals of the two pentacoordinated Ta ions. The equatorial
part of the d3z2� r2 orbitals has disappeared due to the slight
hybridization with the Ta s orbitals (see inset of Fig. 4(b)).
The bonding interaction between the Ta d orbitals in SHVB
is so strong that it makes the state resemble an F center, i.e.
a state fully localized in the void left by an anionic vacancy.
This intense interaction between the d orbitals of the two TaO5
complexes restores the missing bonds to complete full sixfold
coordination for every Ta ion in the system, conferring the
Ta4O9 structure unique stability.

IV. Conclusions

We have combined DFT calculations and CE to perform a
structure search for vO-defectivel -Ta2O5. We found a phase
with stoichiometry Ta4O9 at the midpoint between Ta2O5 and
TaO2, which is stable with respect to phase separation of the
latter two structures. The Ta4O9 structure has a highly or-

dered defect distribution with �ve distinct features: i) vacan-
cies form exclusively on threefold coordinated sites, ii) va-
cancies aggregate pair-wise on neighboring sites, iii) vacancy
pairs are arranged with maximal in-plane spacing, iv) vacancy
pairs form on equivalent sites in successive planes, mimicking
the chain-like atomic order in the out-of-plane direction. v)
Nearby twofold coordinated O atoms shift closer to underco-
ordinated Ta atoms, which are thus compensated for their loss
in coordination number due to the defects. The high degree of
order in the defect structure allowed us to reduce the ground
state supercell to a monoclinic primitive cell consisting of 26
atoms (Ta8O18).

We further characterized the ground state structure with re-
spect to PDOS and frontier orbital wave functions. The pair
defect results in a localized and �lled mid-gap defect state
with predominantly Ta d orbital character and lesser contri-
butions from O p and Ta s. Spatially, the wave function as-
sociated with the defect pair is localized between the individ-
ual vO sites, and projected primarily onto the d orbitals of the
nearest Ta neighbors. The two Ta atoms closest to the defect
site are suf�ciently close that these d orbitals overlap, forming
a bonding orbital. This metal bonding restores the Ta atoms
to full sixfold coordination, explaining the extraordinary sta-
bility of the pair defect. Finally, the newfound ground state is
non-magnetic and non-metallic.

The most immediate study concerning the Ta4O9 phase is
to �nd experimental pathways to synthesize it. If successful,
it is worthwhile to investigate the Ta4O9 surface for catalysis
applications, since the nature and concentration of the defect
states may have a profound impact on the catalytic properties
of the surface. Finally, it is worth investigating whether the
pair-defects found for Ta4O9 may linger in ReRAM device
crystallites when switching to the OFF state, and if so, how
they might in�uence crucial parameters like ON/OFF current
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ratio and device longevity.
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