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ABSTRACT

In this work, the impact of crystal defects on the resistive switching
materials SrTiO3 andNbO2 is investigated. Thework is divided into
two parts.

In the first part, NbO2 (001) thin films are studied. NbO2 is a
material that exhibits an insulator-metal transition, which can be
induced thermally at 1080K, or by external electric fields at room-
temperature. So far, resistivities measured for NbO2 thin films in
the insulating phase are by a factor of 200 lower than the 10kΩcm
resistivity measured in NbO2 single crystals. To make this mate-
rial applicable for resistive switching, the resistivity in the insulating
phase has to be increased to effectively block the current in the high
resistive state.

Throughout the investigations presented in this work, the resistiv-
ity of NbO2 thin films is increased to 945Ωcm. For this, the NbO2
is annealed at 880 °C after epitaxial growth, increasing the grain di-
ameter by a factor of 10 to 60nm. It is shown that conductive per-
colation paths along the grain boundaries are responsible for the
decrease in resistivity. Temperature-dependent conductivity mea-
surements identified defect states responsible for the reduction in
resistivity from the theoretical value. At temperatures above 650K,
the intrinsic conductivity of the thin film is demonstrated and a band
gap of 0.88 eV is determined. Absorption spectroscopy and spectro-
scopic ellipsometry are also used to determine an optical band gap
of 0.76 eV at room temperature.

In the second part of this work, the influence of the Ti anti-
site defect on resistive switching in SrTiO3 thin films grown by
metal-organic vapor phase epitaxy is studied. Both stoichiomet-
ric and strontium deficient thin films are studied. It is shown via
temperature-dependent permittivity measurements that crystal de-
fects harden the soft phonon mode and polar nano regions are
formed in highly strontium deficient films, which was attributed to
the formation of Ti antisite defects. In addition, highly strontium
deficient SrTiO3 films are shown to exhibit stable resistive switching
with an on-off ratio of 2 × 107 at 10K, whereas stoichiometric thin-
films do not show stable switching. A diode-like transport mech-
anism based on Schottky emission in the high-resistance state and
dominated bydefect-assisted tunneling current in the low-resistance
state is identified. From this, a new model for resistive switching
based on the Ti antisite defect and the induced ferroelectricity is
developed. The polarization charge at the interface between the
substrate and thin film creates or suppresses a space charge region,
which blocks or allows current transport, respectively.
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ZUSAMMENFASSUNG

In dieser Arbeit wird der Einfluss vonKristalldefekten auf das resistive Schal-
ten der Materialien SrTiO3 und NbO2 untersucht. Die Arbeit gliedert sich in
zwei Teile.
Im ersten Teil werden NbO2 (001)-Dünnschichten untersucht. NbO2 ist ein
Material, das einen Isolator-Metall-Übergang aufweist, der thermisch bei
1080K oder durch externe elektrische Felder bei Raumtemperatur induziert
werden kann. Bisher sind die für NbO2-Dünnschichten in der isolierenden
Phase gemessenen spezifische Widerstände um einen Faktor von 200 niedri-
ger als der in NbO2-Einkristallen gemessene 10kΩcm-Widerstand. Um die-
ses Material für das resistive Schalten einsetzbar zu machen, muss der spezi-
fische Widerstand in der isolierenden Phase erhöht werden, um den Strom
im hochohmigen Zustand effektiv zu blockieren.
In diesr Arbeit wird der spezifische Widerstand von NbO2-Dünnschichten
auf 945Ωcm erhöht. Dazu wird das NbO2 nach dem epitaktischen Wachs-
tum bei 880 °C ausgeheizt, wodurch der Korndurchmesser um einen Faktor
von 10 auf 60nm erhöht wird. Es wird gezeigt, dass leitfähige Perkolations-
pfade entlang der Korngrenzen für die Abnahme des spezifischen Wider-
standes verantwortlich sind. Durch temperaturabhängige Leitfähigkeitsmes-
sungen wurden Defektzustände identifiziert, die für die Verringerung des
spezifischen Widerstandes gegenüber dem theoretischen Wert verantwort-
lich sind. Bei Temperaturen oberhalb von 650K wird die intrinsische Leit-
fähigkeit der Dünnschicht nachgewiesen und eine Bandlücke von 0.88 eV
bestimmt. Mittels Absorptionsspektroskopie und spektroskopischer Ellipso-
metriewird zudemeine optische Bandlücke von 0.76 eVbei Raumtemperatur
ermittelt.
Im zweiten Teil wird der Einfluss des Ti-Antisite Defekts auf das resistive
Schalten in SrTiO3 Dünnschichten untersucht, welche mit metallorganischer
Dampfphasenepitaxie gezüchtet wurden. Dabei werden sowohl stoichiome-
trische als auch Strontium defizitäre Schichten untersucht. Es wird über tem-
peraturabhängige Permittivitätsmessungen gezeigt, dass durch Kristallde-
fekte dieweiche Phononenmode gestört wird und bei stark strontiumverarm-
ten Schichten polareNanoregionen gebildetwerden,was auf die Bildung des
TiSr Defekts zurückgeführt wurde. Darüber hinaus wird gezeigt, dass stark
strontiumdefiziente SrTiO3-Schichten ein stabiles resistives Schalten mit ei-
nem Ein-Aus-Verhältnis von 2 × 107 bei 10K aufweisen, während stöchiome-
trische Dünnschichten kein stabiles Schalten zeigen. Es wird ein diodenarti-
ger Transportmechanismus, der im hochohmigen Zustand auf Schottkyemis-
sion beruht und ihm niederohmigen Zustand durch defektassistierten Tun-
nelstrom dominiert wird, identifiziert. Daraus wurde ein neues Modell für
das resistive Schalten, basierend auf demTiSr Defekt und der induzierten Fer-
roelektrizität, entwickelt. Durch die Polarisationsladung anderGrenzschicht
zwischen Substrat und Dünnschicht wird eine Raumladungszone erzeugt
oder unterdrückt, die den Stromtransport entsprechend sperrt oder erlaubt.
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1 INTRODUCTION

Storing a bit in a computer takes an incredibly small amount of
energy. Using a conventional, magnetic hard-disk drive (HDD),
it takes only 1.5nJ[46,94] to store the information. Modern solid-
state drives (SSD), which are storing the information as a charge,
need less than 1nJ.[48,94] However, the unbroken growth of com-
puting infrastructure makes these tiny amounts of energy highly
relevant for our environment.

The total energy consumed by data centers in the USA was
70TWh in 2014, which was 4% of the total consumption of elec-
tricity. 11% of this is used for storage technology.[162] That cor-
responds to 33ZB (zeta byte) of data in 2018 and is expected to
grow to 175ZB in 2025.[146] In view of climate change and the de-
sire formore efficient technologies, it is demanded to develop new
storage technologies. This would additionally lead to significant
cost reduction in one very central aspect of modern economies.
Such technologymust showadvances onmany aspects. Of course
the energy required for writing and reading information should
be less than existing technologies. But also the read/write cycles
and the data retention time are important parameter that need to
be tackled by the new technologies.. The switching speed is im-
portant to cope with the ever faster computing and larger data
volumes and to provide functionality for non-volatile random ac-
cess memories (RAM). And finally, the compatibility with exist-
ing (CMOS) technology would be an accelerating factor for es-
tablishing new storage technology in data centers and personal
computer.

Different approaches are in development to achieves these
goals: data storage based on ferroelectric polarization (FeRAM[108]),
a phase-change in crystalline phase (PCRAM[144]), or by switch-
ing the magnetization of a magnetic thin film (MRAM[173]). An-
other method is a storage based on valence change, for which
dopants are moved in an insulating layer, making it either in-
sulating or conductive (ReRAM). All of these methods have in
common, that reading the status of the storage cell is not anymore
based on magnetization or charge, but on measuring a current
flow through the cell (and thus the resistivity).

Reading and writing data in modern HDDs is in the range
of milliseconds, for SSDs in the range of microseconds. ReRAMs
provides reading andwriting latencies in the nanosecond range.[183]
In ReRAM devices, reading and writing is done by using a low
readout voltage or a higher writing voltage and storage cells can
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2 INTRODuCTION

be driven in a two terminal setup (e.g. SSD storage uses three
terminal cells). This allows the usage of crossbar arrays. In such
setup, each node of the crossbar is a memristive cell, which con-
nects the word and the bit line. This reduces the complexity of
the device and provides excellent scalability down to the 10nm
range for the cell size.[149] The energy used for a reading operation
can be in the pico joule region.[122]

Therefore, a tremendous effort has been made to develop and
investigate suitable materials for ReRAM devices. ReRAM de-
vices show resistive switching, which is the change of resistivity
state controlled by electric fields. After demonstration of resis-
tive switching in amorphous semiconductors[40], polymers[89] and
ZnSe–Ge hetero-structures,[70] SrTiO3 was established as a pro-
totype material for resistive switching.[11] The underlying mech-
anism was described with the formation of filaments, which are
formed by a voltage pulse due to electrical breakdown. The size of
the filament can be controlled by electric fields and the ionmotion
is supported by Joule heating up to several hundred degree Cel-
sius. But also alternative models for resistive switching in SrTiO3
were developed, e.g. an electronic mechnaism, which is based on
the charging and decharging of traps. Still, some inconsistencies
exist in fully describing the switching mechanism.

The “voltage-time dilemma” is one of the open questions to be
solved. It formulates the requirements for a resistive switching
device. On the one hand, to provide storage functionality, the re-
tention time should be very large. On the other hand, to be com-
petitive, the switching voltages should be very low. These require-
ments are contrary to each other. In the example of an electronic
mechanism with trapping and detrapping of charge carriers, the
lifetime of the state depends on the barrier height. If it is low,
the trap can easily be switched, but also the spontaneous detrap-
ping would easily occur and thus, the storage ability would not
be given.

Using themodel of conductive filaments, the switching is based
on ionic movement in the thin film. The localization of the ion
is usually high under ambient conditions at room-temperature,
thus the retention time is very high. On the other hand, the ions
will not be very mobile in electric fields, thus the requirement of
low switching voltages is not given. One approach was found
towards overcoming this dilemma. Joule heating will increase
the filament temperature up to several hundred degree Celsius,
which increases the ionic movement in the electric field. But even
this idea might fail in properly describing the resistive switching
in SrTiO3, ironically due to the high performance of the switch-
ing mechanism. The reason for this effect is the incredibly high
switching speed. The switching speed was found to be in the
nanosecond range.[208]. On this time scale, electronic processes
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will be more likely and the speed of the thermal heating is slower
than the switching. Therefore, it is desirable to elaborate alterna-
tive models or expand the existing ones.

To address this goal, high quality crystals are needed, which are
investigated for their properties, in particular defects, to be able
to bring further aspects in the associationwith resistive switching.
This project, which is part of the Leibniz GraFOx Science Cam-
pus[60], aims for the growth of SrTiO3 thin films by metal-organic
vapor phase epitaxy, which is a process close to thermodynamic
equilibrium and thus can provide good crystalline quality, as well
as enabling the possibility to control the growth precisely by ad-
justing parameters like pressure, temperature or precursor flows.
By doing this, defects can be intentionally introduced into the thin
film, e.g. by deviating from the stoichiometry of SrTiO3. The crys-
tals are then characterized by a variety of analytical methods, e.g.
x-ray diffraction and transmission electronmicroscopy. Thiswork
has the focus on the electrical characterization of the thin films. In
combination with the defect analytics and the controlled growth
of SrTiO3 thin films, performed by collaborators, the presentwork
establishes a defect based, ferroelectric resistive switching model
by analyzing dielectric properties and resistive switching.

To benefit from the high switching performances of a ReRAM
and to be able to scale the device size down to a few nanome-
ters, crossbar arrays have to be used as a device layout. Crossbar
devices differ e.g. from a CMOS devices in such way, that no ac-
tive switching element, like a transistor, is needed to access and
switch a cell. A cell in a crossbar devices is the node, interconnect-
ing the bit and the word line. However, such simple device layout
would lead to current sneak paths over neighboring nodes, since
no switch or transistor is blocking the current through other cells.
Already an array of 10 by 10 nodes would lead to a dissipated en-
ergy of 99%, leading to a low energy efficiency.

To reduce the sneak paths without using a transistor element,
a second type of resistive switching material can be used, the
threshold resistive switching device. The threshold switch is a
device which is insulating below a certain switching voltage and
conductive above. The conductive state is meta stable, which
leads to switching back to the insulating state after reducing the
voltage below the threshold. NbO2 is a material providing this
switching behavior due to its metal insulator phase transition.
This phase transition can be induced by high temperatures on the
one hand , on the other hand it was already shown, that also an
electric field can trigger the transition from the insulating state to
the conductive state.

So far, reports in literature have shown, that NbO2 shows a low
resistivity even in it’s insulating phase, which is by a factor of
200[50,79,123,191] lower than the resistivity value of 10kΩcm shown
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for NbO2 bulk crystals.[75] Therefore, as a second part of the
present work, material development were performed to reduce
the residual conductivity of NbO2 in its insulating phase by im-
proving the epitaxial growth with pulsed laser deposition. The
thin films were then characterized electrically and the band gap
of the material was determined optically and electrically from
this thin films.

The structure of the present work is to first introduce relevant
models for the electrical and dielectric properties of the resis-
tive switching materials. Afterwards, the principles of the main
characterization methods are given. In the first results part, the
investigation of NbO2 thin films epitaxially grown on MgF2 are
discussed. The focus of this part is to show the influence of an
annealing step on the resistivity of the thin films and to develop
a model for the residual conduction through the films. Addi-
tionally, the band gap is determined electrically and optically,
as there is still large variation of band gap values in literature
reports.[2,98,125,150,197]

In the second part, thin films of SrTiO3 grown bymetal-organic
vapor phase epitaxy are investigated. After giving an introduc-
tion of the growth and characterization performed by collabora-
tors, the dielectric properties and the influence of defects on these
properties is discussed. Afterwards, the resistive switching in
these films is discussed and a defect based model is developed,
unifying the dielectric and electrical measurement results.



2 THEORETICAL BACKGROUND

2.1 ELECTRICAL TRANSpORT MODELS

The introduction in the theory of transport models is mainly
based on the textbooks Kittel[84] and Sze[170]. Parts which are
based on other literature are marked accordingly.

Different mechanisms of charge carrier transport through an
semiconductor exist and the dominant mechanism depends on
the doping level, the thickness of the layer or defects, which form
defect states within the band gap. The most simple is the ohmic
law

⃗𝐽 = 𝜎�⃗� = 𝑛𝑞𝜇�⃗�,

𝐽 Current density

𝐸 Electric field

𝜎 Conductivity

𝑛 Carrier concentration

𝜇 Carrier mobility

𝑞 Elementary charge

(2.1)

which is a scalar in isotropic media. The conductivity 𝜎 is depen-
dent on the charge carriers and their mobility. In intrinsic semi-
conductors, the origin of conductivity is the generation and re-
combination of charge carriers, which in the average gives a intrin-
sic conductivity. The intrinsic conductivity can be derived from
the law of mass action

𝑛2
𝑖 = 𝑛0 ⋅ 𝑝0. 𝑛0 Electrons concentration

𝑝0 Holes concentration

𝑁𝐶 Density of states in conduction
band

𝑁𝑉 Density of states in valence
band

𝐸𝑥 Energy of the conduction
band (C), valence band (V) or
Fermi level (F)

𝜇𝑥 Electron (e) or hole (p)
mobility

(2.2)

The charge carrier concentration follows the thermal activation
and thus the Boltzmann law

𝑛0 = 𝑁𝐶 ⋅ exp(−𝐸𝐶 − 𝐸𝐹
𝑘𝐵𝑇 ) (2.3)

𝑝0 = 𝑁𝑉 ⋅ exp(−𝐸𝐹 − 𝐸𝑉
𝑘𝐵𝑇 ) . (2.4)

The resistivity 𝜌 can then be calculated by

𝜌 = 1
𝜎 = 1

𝑛𝑖𝑞(𝜇𝑒 + 𝜇𝑝) (2.5)

In doped semiconductors, the resistivity can be derived from the
charge neutrality equation

𝑛0 + 𝑁𝐴 = 𝑝0 + 𝑁𝐷.
𝜌 Resistivity

𝑛𝑖 Intrinsic charge carrier
concentration

𝑁𝑥 Acceptor (A) or donator (D)
concentration

(2.6)

In case of a n-type semiconductor, the donator concentration is
exceeding the acceptor concentration (𝑁𝐷 ≫ 𝑁𝐴) and the hole
concentration is approximately zero (𝑝0 ≈ 𝑛2

𝑖 /𝑁𝐷 ≈ 0), thus the
charge neutrality equation becomes

𝑛0 = 𝑁𝐷 − 𝑁𝐴. (2.7)

5



6 THEORETICAL BACkGROuND

In this case, the resistivity is

𝜌 = 1
𝑛0𝑞𝜇𝑒

. (2.8)

So far, ideal contacts on the semiconductor sample were as-
sumed, i.e. ohmic behavior, recombination at the contacts, and
no carrier injection. Especially the interfaces have to be consid-
ered, since band bending can occur in that regions. But also tun-
neling currents and charge carrier emission from traps have to be
considered.

Pt SrTiO3:Nb

qVbi

EF

Evac

qχ

CB

VB

qϕM

qϕB

Figure 2.1: Band model of a Schot-
tky diode for a n-type semiconduc-
tor (e.g. SrTiO3). Adapted from ref-
erence [170].

In the case of a metal-semiconductor interface (figure 2.1), the
difference inwork function of themetal electrode 𝜙𝑀 and the elec-
tron affinity 𝜒 in the semiconductor leads to a band bending of
the conduction and valence band at the interface. By applying
an external field 𝑉 to the interface, the barrier height 𝜙𝐵 will be
𝜙𝐵 = 𝜙𝑀 − 𝜒 + 𝑉. The current transport through this barrier can
be described using the thermionic emission model

𝐽 = 𝐴∗∗𝑇2 exp( 𝑞
𝑘𝐵𝑇 (𝑉

𝜂 − 𝜙𝐵)) .
𝐴∗∗ Effective Richardson constant

𝑘𝐵 Boltzmann constant

𝑇 Temperature

𝜙𝐵 Metal-Semicondcutor barrier

𝜂 Ideality factor

𝜖0 Vacuum permittivity

𝜖𝑟 Relative permittivity

(2.9)

From the equation, it is obvious, that the device has a rectifying
and a forward direction, thus this device is called Schottky diode.
In case of 𝑉/𝜂 > 𝜙𝐵, the current increases exponentially. In the
ideal case, 𝜂 is 1, however, in a real device larger values can be
obtained. This results in a reduced current in forward direction.
Reasons for such non-ideal Schottky device can be e.g. insulating
interface layers.

2.1.0.1 Schottky emission

If the interface layer is thick, the thermionic emission model is
not a proper description of the device anymore, andmodels to de-
scribe a metal-insulator-semiconductor structure have to be used.
The most simple one is the Schottky emission model.

If an electron is emitted from ametal surface, it has to overcome
a potential due to an induced positive charge in the metal, which
attracts the electron. The force is called image force with

𝐹(𝑥) = −𝑞2

16𝜋𝜖0𝜖𝑟𝑥2 . (2.10)

An externally applied electric field can lower the potential energy
needed to overcome the image force, the so called image force
lowering. The potential energy, after integrating the image force
and the external field over the x-coordinate, is then

𝜙 = 𝑞2

16𝜋𝜖0𝜖𝑟𝑥 + 𝑞𝐸𝑥. (2.11)
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The potential is lowered in itsmaximum (𝑑𝜙/𝑑𝑥 = 0) by the value
Δ𝜙, which is

Δ𝜙 = √ 𝑞𝐸
4𝜋𝜖0𝜖𝑟

(2.12)

In the case of a metal-semiconductor interface, the external field
𝐸 is the field strength at the interface. The permittivity of the di-
electric can deviate from the static permittivity, if the transmis-
sion time for the charge carrier is faster than the relaxation time
of the polarization in the dielectric. To calculate the current by
Schottky emission through the insulating layer, the potential can
be then used in the Richardson law[21,43], resulting in the Schottky
emission formular

𝐽 = 𝐴∗∗𝑇2 exp⎛⎜
⎝

𝑞
𝑘𝐵𝑇

⎛⎜
⎝

√ 𝑞𝐸
4𝜋𝜖0𝜖𝑟

− 𝜙𝐵
⎞⎟
⎠

⎞⎟
⎠

. (2.13)

2.1.0.2 Poole-Frenkel emission

Metal SrTiO3 SrTiO3:Nb

EF

CB

d

e-

EF

e-

EF

e-

EF

e-

CB

CB

CB

Scho�ky Emission

Fowler-Nordheim Tunneling

Poole-Frenkel Emission

Trap-Assisted Tunneling

Figure 2.2: Schematic drawings
of different transport mechanism
which can occur in insulating thin
films.

Whereas the Schottky emission depends on the metal-insulator
interface, the Poole-Frenkel model also considers the bulk of the
material[206]. Defects in the insulator can form trap levels in the
band gap. A charge carrier trapped into the defect will have to
overcome the potential 𝜙𝑇 , which is the depth of the trap mea-
sured from the conduction band. Again, an external field will in-
fluence the shape of the potential, but in this case it will increase
the potential on the one side, and lower it on the other. Thus,
charge carrier can be emitted over a cascade of defects from the
metal to the semiconductor (or vice versa). This effect onlyworks
if the fermi level is below the trap level, since otherwise the trap
would already be occupied by an charge carrier.

The current law for the Poole-Frenkel emission is

𝐽 = 𝑛𝑞𝜇𝐸 exp⎛⎜
⎝

𝑞
𝑘𝐵𝑇

⎛⎜
⎝

√ 𝑞𝐸
𝜋𝜖0𝜖𝑟

− 𝜙𝑇
⎞⎟
⎠

⎞⎟
⎠

, (2.14)

which is close to the current law of the Schottky emission, which
makes it hard to distinguish between these two transport mecha-
nisms. However, two factors help identifying the correct current
mechanism.[206] First of all, an analysis of the pre-exponential
coefficient can give a hint on effect. Poole-Frenkel emission is
dependent on the charge carrier concentration and their mobility
in the insulator, Schottky emission is dependent on the effective
charge carrier mass in the dielectric. Secondly, as mentioned
before, Poole-Frenkel is a conduction effect based on bulk de-
fects, whereas Schottky emission is an interface effect. Thus, in
an asymmetric sample structure, as it is given in metal-insulator-
semiconductor devices, Poole-Frenkel will give amore symmetric
current-voltage curve whereas Schottky emission will be asym-
metric.



8 THEORETICAL BACkGROuND

2.1.0.3 Tunneling

Until now, emission processeswere discussed, which describe the
thermal activation from the metal or the defect states into the con-
duction band. Another category of transport processes through
the dielectric are tunneling processes. The transmission probabil-
ity of charge carriers through the barrier can be calculated by the
Wentzel–Kramers–Brillouin (WKB) approximation, which is

𝑇 = exp(−2
ℏ ∫

𝑥1

𝑥0
√2𝑚(𝜙(𝑥) − 𝐸) d𝑥)

𝑇 Transmission probability

𝑚 Effective charge carrier mass

𝐸 External field

𝜙 Potential

𝑥 Potential coordinate

ℏ Planck constant

(2.15)

The Fowler-Nordheim tunneling describes the process of charge
carrier transmission through an triangular shaped barrier.[52] The
barrier is triangular due to the applied electric field to the dielec-
tric, which is reducing the effective barrier width for the charge
carriers (figure 2.2). Since tunneling only occurs for thin barriers,
Fowler-Nordheim is a transport effect only occurring for high elec-
tric fields, which gives a strong potential gradient in the dielectric
and thus reducing the barrier width. The current density follows
the equation

𝐽 = 𝑞2

8𝜋ℎ𝜙𝐵
𝐸2 exp⎛⎜

⎝
−8𝜋√2𝑞𝑚∗

3ℎ𝐸 𝜙3/2
𝐵

⎞⎟
⎠

. (2.16)

The tunneling current is therefore dependent on the effective
electron mass and the barrier height at the interface. An impor-
tant difference to emission processes is, that the current-voltage
measurement will be independent of temperature.

Tunneling through the dielectric can also be promoted by trap
states in the thin film. In this case, the tunneling width is the
average distance between the trap site and becomes[131]

𝐽 = 𝐴 exp⎛⎜
⎝

−8𝜋√2𝑞𝑚∗

3ℎ𝐸 𝜙3/2
𝑇

⎞⎟
⎠

. (2.17)

The trapping is dependent on the barrier height of the trap
sites. Due to the reduced barrier width in trap-assisted tunneling,
the effect can also occur at medium electric field strength. Since
Poole-Frenkel conduction and trap-assisted tunneling are based
on the charge transport between trap sites, also a combination of
these mechanism was observed. The current-voltage relation is
then[109]

𝐽 ∝ 𝐸 exp⎛⎜
⎝

𝑞
𝑘𝐵𝑇

⎛⎜
⎝

√ 𝑞𝐸
𝜋𝜖0𝜖𝑟

− 𝜙𝐵𝑃𝐹
⎞⎟
⎠

⎞⎟
⎠

× exp⎛⎜⎜
⎝

−
4√2𝑞𝑚𝜙3/2

𝑇𝑇𝐴𝑇

3ℏ𝐸
⎞⎟⎟
⎠

(2.18)
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2.1.0.4 Thermally assisted tunneling

Tunneling processes can also be thermally assisted. In this case,
the charge carrier can pass the barrier at a higher potential. In
case of e.g. a triangularly shaped barrier, this would reduce the
effective barrier width.

The solution depends on the device structure and the conduc-
tion mechanism. Cuellar et al.[33] has calculated the thermally as-
sisted tunneling over the Schottky barrier of a La0.7Ca0.3MnO3/
SrTiO3:Nb diode. The resulting current is

𝐽 ∝ 𝑇2(𝑞(𝜙𝐵 − 𝑉) + 𝜉)1/2

𝑘𝐵𝑇 cosh(𝐸00/𝑘𝐵𝑇) × exp( 𝜉
𝑘𝐵𝑇 − 𝑞𝜙𝐵 + 𝜉

𝐸0
)

𝜉 Difference between 𝐸𝐶 and 𝐸𝐹

𝐸00 Material constant
(2.19)

with
𝐸0 = 𝐸00 coth( 𝐸00

𝑘𝐵𝑇 ) (2.20)

Other transport mechanism with thermally assisted tunneling
can be found by solving the WKB approximation.

2.1.0.5 Other transport mechanism

The previously discussed models depend on the barrier heights
of the interface or traps in the dielectric. In the case of high electric
fields, also space charge limited current can occur. Following the
Mott-Gurney law (an extension of Child’s law for dielectric me-
dia), the current is only dependent on the permittivity and charge
carrier mobility of the dielectric:

𝐽 = 9
8𝜖𝜇𝑉2

𝐿3 . (2.21)

Several conditions for the occurrence of the space charge limited
current are given, e.g. the dielectric has to have a low charge car-
rier concentration and not limited by traps. For dielectrics, in
which traps play a role, the law can be extended to the Mark-
Helfrich law[103], which is

𝐽 ∝ 𝑉𝑙+1

𝑑2𝑙+1 . (2.22)

𝑙 is a factor for the thermal activation of the traps.
Other mechanism can be hopping conduction mechanism,

which play a role in amorphous semiconductors, or direct tun-
neling, which is important for very thin layers. Both mechanism
were also reported for resistive switching, however, due to the
thickness and crytallinity of the thin films, they don’t play a role
in the present work.
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2.2 DIELECTRICITy, pOLARIzTATION AND FERROELEC-
TRICITy

In this part, an overview about dielectricity and polarization in
crystals will be given. This chapter is mainly based on the text-
book of Kittel[84], unless otherwise stated. The description of re-
laxor ferroelectrics is mainly based on a review article by Bokov
et al.[13].

2.2.1 Dielectricity

An electric field is interacting with the free and bound charges in
this field, which leads to an electric displacement field �⃗�. This is
defined by

�⃗� = 𝜖0�⃗� + �⃗�,

�⃗� Electric displacement

�⃗� Electric field

�⃗� Polarization

𝜒 Susceptibility

𝜖0 Vacuum permittivity

𝜖𝑟 Relative permittivity

(2.23)

which is the sum of the flux density of the vacuum (𝜖0�⃗�) and the
polarization �⃗� in the field. The polarization is defined over the
susceptibility 𝜒, which is a measure of how easily the charges can
be displaced, by

�⃗� = 𝜖0𝜒�⃗� = 𝜖0(𝜖𝑟 − 1)�⃗�. (2.24)

Thus, equation 2.23 can be simplified to

�⃗� = 𝜖0𝜖𝑟�⃗�. (2.25)

The susceptibility is generally a complex number, in which the

dipolar

ionic

electronic

χ(ω)

ω

Figure 2.3: Susceptibility 𝜒 over the
frequency 𝜔. Graphic adapted from
Kittel (ref. [84] p.485).

real part describes the phase shift and the imaginary part the ab-
sorption of the electromagnetic wave. The susceptibility is the
sum of several interaction mechanism of the electric field with
the charges, e.g. the vibration of a crystal or molecule, or with
free electrons. Each contributing mechanism is a function of the
frequency of the electric field, resulting fromadifferent relaxation
time of the polarization. The contributions e.g. in a crystal can be
divided in three categories, electronic, ionic and dipolar contribu-
tions. Electronic processes are fast, so the electric field can interact
over a broad frequency range. Ionic contribution are slower, due
to the higher mass compared to electrons. Thus, the electric field
will only interact at lower frequencies, since the relaxation time is
much higher. Concluding from this, in themost cases, the suscep-
tibility has a larger value at low frequencies than at high frequen-
cies. Therefore, the low frequency susceptibility (or permittivity)
is often referred to be the static, the high frequency susceptibility
as the optical one (since its in the range of visible or UV light).
A schematic of the susceptibility over frequency is shown in fig-
ure 2.3.
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2.2.2 Ferroelectricity

ϕ

x

ϕ

x

P > 0 P = 0 P < 0

Switching:

a)

b)

c)

Figure 2.4: (a) Different polariza-
tions in the perovskite structure. (b)
A double potential well (𝜙) main-
tains the off-center position (𝑥) of
the central atom. (c) The central
atom can be switched by an external
force, e.g. an electric field.

A special focus in the present work is put on the dipolar contri-
bution of the susceptibility, like permanent dipoles. If the crystal
has a permanent dipole moment, a polarization can be imprinted
(or switched) by e.g. an external electric field, and the material
is, in analogy to ferromagnetism, called ferroelectric. Materials
with a permanent dipole moment are also piezoelectric (polar-
ized under applying stress) and pyroelectric (spontaneously po-
larized) (figure 2.5). Permanent dipole moments occur in cer-
tain non-centrosymmetric symmetry point groups. A material
class, which frequently shows ferroelectricity, are the ABO3 ox-
ides, which often have a perovskite crystal structure. Perovskites
have a tetragonal crystal structurewith a AO2 and a BO sublattice,
e.g BaTiO3 in its distorted tetragonal phase below 120 °C.[105,188]
On the other hand, cubic perovskite like ideal SrTiO3 at room-
temperature can’t show ferroelectricity.

The permanent dipole moment is induced by an offset of the
central B atom (figure 2.4) in the center of the unit cell. In the po-
larized crystal, the Ti is in either of the local minima of the double
potential well, and the electric dipole moment is maintained even
in absence of an external field. By applying an external electrical
field or stress, the symmetry of the double potentialwell is broken
an the crystal switched into the opposite polarization.

32 point groups

11 centrosymmetric

21 non-centro
symmetric

20 piezoelectric

10 pyroelectric

subgroup:
ferroelectric

Figure 2.5: The symmetry of
the crystal can influence the
dielectric properties. Only non-
centrosymmetric crystals can
show an intrinsic ferroelectricity.
Adapted from Haertling[64].

Analogously to ferromagnetics, these materials have a Curie
temperature 𝑇𝐶, which can be connected to a structural phase
transition of first-order. Above that temperature, the materials
are in a paraelectric phase. To calculate the polarization in the fer-
roelectric, the Landau-Ginzburg theory is used. The free energy
of a dielectric at a constant temperature is

d𝐹 = �⃗� d�⃗� (2.26)

Using equation 2.24, the free-energy is

𝐹 = ∫
𝐸

0
𝜖0 (𝜖𝑟 − 1) �⃗� d�⃗� . (2.27)

In the Landau-Ginzburg theory, a power series expansion is used
to include non-linear contributions to the polarization by

𝐹(�⃗�, �⃗�) = −�⃗��⃗� + 1
2𝜒(𝑇)�⃗�2 + 1

4𝜂(𝑇)�⃗�4 + ⋯ (2.28)

The higher order odd terms a neglected in the case of crystalswith
inversion centers. To calculate the permittivity for a given field,
the approach from Yamamoto et al.[205] is used. For simplicity, the
calculation is performed one-dimensional, as the electric field is
in the present work usually applied along the c-axis. From mini-
mizing the free-energy

𝐸 = 𝜕𝐹
𝜕𝑃 = 0 = 𝜒(𝑇)𝑃 + 𝜉(𝑇)𝑃3, (2.29)
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the polarization can be expressed by

𝑃 = ( 1
2𝜉 )

1/3
((√𝑎 + 𝐸2 − 𝐸)

1/3
− (√𝑎 + 𝐸2 + 𝐸)

1/3
) (2.30)

with
𝑎 = 4

𝜉 (𝜒
3 )

3
. (2.31)

Thepermittivity can be obtained fromdifferentiating equation 2.23:

𝜖(𝑇, 𝐸) = d
d𝐸(𝜖0𝐸 + 𝑃) = 𝜖0 ⎛⎜

⎝
1 + ℎ(𝐸)

√𝑎 + 𝐸2
⎞⎟
⎠

, (2.32)

with

ℎ(𝐸) = 1
3𝜖0(2𝜉)1/3 ((√𝑎 + 𝐸2 − 𝐸)

1/3
− (√𝑎 + 𝐸2 + 𝐸)

1/3
) .

(2.33)
Yamamoto et al.[205] is using the approximation

𝜖𝑟(𝑇, 𝐸) ∝ 1
√𝑎 + 𝐸2

, (2.34)

since they only observed a field dependence of the permittivity
above 4 × 105 Vm−1. In the presentwork, the permittivity shows a
field dependence already at lower fields, thus the approximation
is not valid for the present work and was not used.

2.2.3 Relaxor and Polar Nano Regions

Similar to domains in ferromagnetics, also ferroelectrics can have
regions, in which der polarization is oriented in the same direc-
tion, but different to adjacent regions. The total polarization is
then the sum of all positively and negatively oriented dipoles or
regions. The domains boundaries may change and can be influ-
enced by e.g. external electrical fields. For classical ferroelectrics,
the domain size can be in the range of micro meters.

T

ε

fM

ERNR PE

TM(fM)

Tf

TB

Figure 2.6: Dependency of permit-
tivity 𝜖 to the temperature 𝑇 in a
relaxor ferroelectric. The maximum
at 𝑇𝑀 is dependent on the mea-
surement frequency 𝑓 . In the low
temperature range, the PNRs are
frozen, and the regions is called non-
ergodic relaxor (NR). In the inter-
mediate temperature region above
𝑇𝑓 , the PNRs are mobile and er-
godic, thus the phase is called er-
godic relaxor (ER). Above the Burns
temperature 𝑇𝐵, the dielectric phase
is paraelectric (PE). Adapted from
Dittmer[41].

The relaxor ferroelectric is a special class of ferroelectrics. Re-
laxor ferroelectric domains are much smaller, in the nano range
and thus called polar nano regions (PNR). The PNRs can form be-
low a certain temperature, the Burns temperature 𝑇𝐵. The Burns
temperature is higher than the Curie temperature, e.g. it was
found for Pb(ZryTi1–y)O3, that the Curie temperature is in the
range of 80 °C to 155 °C and the Burns temperature is in the range
of 350 °C to 410 °C.[19]. Above the Burns temperature, relaxor fer-
roelectric have, similar to ferroelectrics, a paraelectric state. While
classical ferroelectrics loose their ferroelectric properties due to a
structural phase transition (e.g. tetragonal to cubic), in relaxor
ferroelectrics, no structural phase transition occurs at the dielec-
tric phase transitions. The polar nano regions are mobile above
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another characteristic temperature 𝑇𝑓 . Below this temperature,
the PNRs are frozen. The temperature range 𝑇𝑓 < 𝑇 < 𝑇𝐵 is
called ergodic phase, in which the PNRs behave ergodic, which
refers to the dynamics of the PNR and their stochastic behavior
(figure 2.6). The maximum permittivity at 𝑇𝑀 is dependent on
the measurement frequency 𝑓𝑀 and follows a Volger-Fulcher rela-
tion

𝑓 ∝ exp(− 𝐸𝑎
𝑇𝑀 − 𝑇 ) , (2.35)

due to dipolar dispersion. In the non-ergodic phase, by applying
an external field, the dielectric properties can get ferroelectric, but
above 𝑇𝑓 , the material will return to its ergodic phase.

The stability of the ergodic phase depends on the correlation be-
tween the polar nano regions. Depending on temperature or den-
sity of polar nano regions, the regions can be weakly correlated
and after e.g. an external excitation by an electric field, the regions
will return into their initial state. In the case that the correlation
is higher, due to the density of dipoles or the low temperatures,
the relaxation time will drastically increase and the dipoles will
keep their state. Since the PNRs can have different correlation
strengths, the system will have a broad spectrum of relaxation
times.

2.3 RESISTIvE SwITCHING

Resistive switching is an effect measured in electric devices,
which show a changing resistivity by applying certain voltages.
A resistive switching device can have two or more stable resistiv-
ity levels, which can be either persistent or meta-stable. These
states are called high resistive state (HRS) and low resistive state
(LRS), for the insulating and the conductive state, respectively.
To switch between those states, a switching voltage is applied.
The sign of the switching voltage usually defines the switching
direction, e.g., a negative switching pulse changes the devices
from the LRS to HRS and a positive pulse from HRS to LRS. A
small readout voltage is then used to measure the current state
without changing it.

Resistive switching can be classified in different categories, e.g.
electrochemical switching, valence change switching or phase
change switching.[193] In the following, a selection of models used
to describe resistive switching will be introduced, with the focus
on the materials and resistive switching meachnism discussed in
the present work.
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Filament switching

Filament switching is a model of resistive switching, in which
shallow defects, in the most cases in the form of VO, form a con-
ductive filament (figure 2.7). This filament is formed by a dielec-
tric breakdown, induced by a high voltage pulse. By applying
an electric field, these filaments can be then broken due to defect
drift in the electric field and reformed by reversing the electric
field. Current-voltage characteristics frequently show a discrete
jump of several order of magnitude between the LRS and HRS.
The switching voltage is hereby not a defined voltage, which is
same for each switching between HRS and LRS, but can differ by
several hundred millivolts, as well as the current level for each
state, which can change by orders of magnitude.[71]

Metal (e.g. Pt)
Conductive Filament

SrTiO3

SrTiO3:Nb

Metal (e.g. Pt)

SrTiO3

SrTiO3:Nb

Ruptured Filament 

Metal (e.g. Pt)

SrTiO3

SrTiO3:Nb

Initial state:

After Forming / LRS:

HRS:

Figure 2.7: Filament model for resis-
tive switching with its three states.
A forming pulse is applied to an in-
sulating thin film. Afterwards the
layer is in the LRS. With reverse bi-
asing the device, the filament can be
ruptured again and the device is in
the HRS.

The origin of this model are measurements by Rossel et al.,[148]

who performed electron beam-induced current (EBIC) mea-
surements, to identify current hotspots below an electrode of
a Pt –SrZrO3 –SrRuO3 –SrTiO3 structure. The appearance of sev-
eral conductive hotspots for the LRS and the disappearance of
those by switching to theHRSwere shown. Following the present
work, supporting measurements were done e.g. by conductive
AFM[172]. These measurements showed a highly conductive spot
on the surface. An approach to directly visualize the filaments
was done by Du et al.[42], who used STEM with electron energy
loss spectroscopy (EELS) to detect filamentary defects in a thin
film. He measured V-shaped structures with a high concentra-
tion of VSr, Ti

3+ and VO. The defects did not cause any lattice
damage, e.g. by dislocations or other extended defects.

Fast switching speeds in the range of 40ns to 100ns were re-
ported.[193,196] To explain such fast switching times, the drift mo-
bility of the VO must be high and it is assumed, that joule heating
plays a important role in the switching process.[92]. Simulations
have shown, that due to the small size of the filament and the high
current densities, the filament can reach temperature of 800K by
joule heating, which supports themodel to explain the fast switch-
ing.

Valence change

Another approach to explain resistive switching is the valence
change model. The origin of the valence change model is the ob-
servation, that in SrTiO3, Ti

4+ is reduced to Ti3+. This is origi-
nally observed in filaments by STEM, however, reports of homo-
geneous switchingwithout filament formation led to adjustments
of the switching model.

One property of these switching mechanism is the absence of
a hard forming step. Instead, a soft-forming is performed, which
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is an initial sweep to the LRS switching voltage, but not above.
During this step, VO are introduced into the layer. Afterwards,
the current-voltage sweeps show an increased current and a hys-
teresis. Themechanism for switching is based on the electric field
drift of VO to the metal-insulator interface for the LRS, and a ho-
mogeneous redistribution of the vacancies by reversing the elec-
tric field (figure 2.8).

Due to the higher concentration of VO near the interface, the
space charge region is reduced, allowing a higher tunneling cur-
rent through the Schottky barrier. In the case of theHRS, themore
homogeneously distributedVO lead to awide space charge region
and thus a smaller tunneling current through the barrier.
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SrTiO3:Nb
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SrTiO3

Metal SrTiO3 SrTiO3:Nb

EF

Evac

CB

VB

HRS
LRS

Band model:

VO accumulation

Figure 2.8: Valence change model,
based on accumulation (LRS) and
redistribution (HRS) of VO by an
electric field. The band model
shows, that the accumulation near
the metal interface leads to a re-
duced space charge region and thus
higher transmission probability of
charge carriers.

Ferroelectric tunnel junctions

HRS:

Metal SrTiO3

EF

LRS

EF

+δd

d

P

P

ϕB

Metal

ϕB

Figure 2.9: Schematic band dia-
gram of ferroelectric tunnel junction.
Adapted from Garcia et al.[58]

Ferroelectric tunnel junctions are based on the change of resistiv-
ity due to a change of ferroelectric polarization.[57] The change
in tunnel electro resistance can be manifested in different ways.
One possibility, e.g. by a change of barrier height or by a change
of barrier width by depletion or accumulation at the interface (fig-
ure 2.9). Another possibility is a change in the density of states,
which results in a change in tunneling probability. Typically, fer-
roelectric tunnel junctions were developed on intrinsic ferroelec-
tric materials like PbTiO3 or BaTiO3, which show stable polariza-
tion due to their non-centrosymmetric crystal structure below the
Curie temperature.

There exists a critical thickness, belowwhich no stable polariza-
tion can be achieved. The reasons are e.g. depolarization fields
from the electrode.[140] Additionally, the polarization vanishes
above the Curie temperature.

Metal-insulator transitions

Metal-insulator transitions (MIT) are transitions in the electronic
structure of a material, accompanying a structural phase transi-
tion. The metal-insulator transition can be triggered by several
mechanism, e.g. temperature or pressure, making them applica-
ble for various switches and sensors. A way how the (MIT) can
occur is the Mott transition.[112] The Mott criteria

𝑛1/3𝑎 ≃ 0.2

𝑛 Charge carrier density

𝑎 Bohr radius

(2.36)

defines, if a crystal is insulating (< 0.2) or metallic (> 0.2). The
reason for this is the strong localization of charge carriers, which
leads to the formation of a band gap in the case of too large dis-
tances of the atomic sites.

Another mechanism is the Peierls transition, which corre-
sponds to the electron-electron correlation and is related to a
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structural phase transition. The structural phase transition leads
to charge density waves, in which the orbitals of two atoms are
dimerized. This again can lead to the formation of a band gap.
Both effects can occur at the same time and was shown e.g. in
VO2. Peierls transitions are of special interest for resistive switch-
ing applications, as the dimerization e.g. in NbO2 depends on
the bond length. An external electric field can lead to an displace-
ment of the atoms and the change of bond length can break the
dimerization.[187] This state is meta stable, as without an external
field, the atoms move back to their original position.



3 EXPERIMENTAL METHODS

This section describes the main measurement methods used in
the present work and focuses on the explanation of the tools and
setups used, as well as of the physical information, which can be
obtained from these methods.

3.1 RESISTIvITy AND HALL-EFFECT

3.1.1 Room-temperature measurements

Room-temperature resistivity andHall effect measurements were
performed to investigate the electrical properties of thin films. Us-
ing Hall effect and resistivity measurements, the charge carrier
concentration and the mobility can be derived.

V

Thin-film on
insulating 
substrate

Figure 3.1: Resistivity measure-
ment of thin films in 4-probe
setup. A constant current is
supplied over the blue con-
tacts and the potential drop
is measured over the red con-
tacts. In this case, the mea-
surement is performed in Van-
der-Pauw geometry.

For this, the measurement was performed in a Van-der Pauw
setup. A Van-der Pauwmeasurement can exclude the wiring and
contact resistance from the device resistivity, which are giving a
series resistance contribution in a 2-point probemeasurement. To
achieve this, the supply of current and the measurement of volt-
age are performed over separate wiring (see figure 3.1). A con-
stant current is supplied via two wires, and the voltage drop of
the sample is measured between the other wires.

Generally, the calculation of the device resistivity is dependent
of the sample shape and the probe geometry. However, in a
Van-der-Pauw setup, the resistivity can be derived for arbitrary
shaped samples and probe geometries. For this, several condi-
tions have to be fulfilled[157]:

1. the contacts are at the circumference of the sample

2. the contacts are are sufficiently small

3. the sample is homogeneous, e.g. uniformly thick, no holes
or insulating islands within the sample area

The resistance 𝑅𝑖𝑗,𝑘𝑙 is determined by applying a constant cur-
rent 𝐼𝑖𝑗 between contacts 𝑖 and 𝑗 and measuring the voltage 𝑉𝑘𝑙
between 𝑘 and 𝑙:

𝑅𝑖𝑗,𝑘𝑙 = 𝑉𝑘𝑙
𝐼𝑖𝑗

(3.1)

The resistivity of the sample is then[181]

𝜌 = 𝜋𝑑
ln(2)

𝑅12,34 + 𝑅23,41
2 𝐹

𝜌 Resistivity

𝑉 Voltage

𝑅 Resistance

𝐼 Current

𝑑 Layer thickness

𝐹 Correction factor

(3.2)
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The correction factor𝐹 is a function of the ratio𝑅𝑟 = 𝑅12,34/𝑅23,41
[157]

with
𝑅12,34 − 𝑅23,41
𝑅12,34 + 𝑅23,41

= 𝐹
ln(2)arcosh(exp(ln(2)/𝐹)

2 ) . (3.3)

However, in case of a symmetrical sample, 𝑅𝑟 = 1 and 𝐹 = 1, so
that that equation 3.2 can be simplified to

𝜌 = 𝜋𝑑
ln(2)𝑅12,34. (3.4)

Additional corrections can be calculated, e.g. for contacts
which are not located at the circumference of the sample or if
they are not sufficiently small compared to the sample surface. In
the present work, contacts were exclusively located at the corners
of the sample and the size was kept small, so that these correction
was neglected.

The contact preparation is an important factor in the measure-
ment of the resistivity. Two types of contacts were used in the
presentwork tomeasure the resistivity (andHall effect) in SrTiO3
and NbO2 samples. For room-temperature measurements, an eu-
tectic of In/Ga, which is liquid at room-temperature, were applied
to the sample surfaces. The application were done by covering a
needle with the eutectic and scratching with it on the dedicated
contact areas. This has the advantage, that insulating surface lay-
ers can be broken and the eutectic directly contacts the thin film
(without exposing it to air again) and relatively small contacts can
be applied.

The second method was the deposition of titanium/gold con-
tacts for temperature dependent measurements (chapter 3.1.2).
In this case, e-beam evaporation was used to deposit 50nm of ti-
tanium and 50nmof gold through a shadowmask. The gold layer
prevents oxidation of the titanium layer. This contacts can also be
used for low and high temperature measurements.

All contacts were tested before measuring the resistivity or
Hall effect for their ohmic behavior by measuring current-voltage
curves in 2-point probe setup.

Hall effect measurements give information of the samplemajor-
ity charge carrier concentration and mobility, as well as the type
of majority charge carriers. A hall setup Lake Shore HMS 7504
with an magnetic field strength of 0.3T was used. By applying
the magnetic field perpendicular to the sample surface, the Hall
mobility can calculated by measuring the change in resistance of
𝑅𝐵𝐶,𝐴𝐶 with and without magnetic field by

𝜇𝐻 = 𝑑
𝐵

𝑅𝐵𝐷,𝐴𝐶(0) − 𝑅𝐵𝐷,𝐴𝐶(𝐵)
𝜌 ,

𝜇𝐻 Hall mobility

𝐵 Magnetic field strength

𝑞 Elementary charge

𝑛 Charge carrier concentration

(3.5)

The charge carrier concentration can be then calculated by

𝑛 = 1
𝜌𝜇𝐻𝑞 . (3.6)



3.1 RESISTIvITy AND HALL-EFFECT 19

+B -B

to pump
gas supply

heated sample
holder

Positive 
Magnetic Field

Negative
Magnetic FieldField-Free Zone

gas chamber

Figure 3.2: Schematic setup of the Fraunhofer HT 1100K hall system
for high temperature hall effect measurements in controlled atmo-
sphere. The sample holder, placed within a gas chamber, is moved
between three positions, the zero-field position and two positions be-
tween permanent magnet pairs with opposite polarity with a field
strength of ±0.5T.

In this notation, the sign of 𝑛 also gives the type ofmajority charge
carrier, electron or holes.

3.1.2 Temperature dependent measurements

Temperature dependent resistivitymeasurementswere performed
to measure the ionization energy of defects in NbO2 (see chap-
ter 4.3.2). The measurement was performed in two separate
systems, the first for low temperature, the second for high tem-
perature measurements. To perform the measurements, titanium
gold contacts were used.

For low temperature measurements, the sample was measured
with the Hall effect measurement tool described in chapter 3.1.1.
The sample was cooled down using a closed-cycle helium refrig-
erator to temperatures of around 20K. For this, the sample was
kept under vacuum to prevent thermal conduction. An electrical
heater mounted below the sample was used to heat the sample in
a temperature range of 20K to 400K.

The high temperature measurements were performed in a
Fraunhofer HT 1100K Hall effect system (figure 3.2). The setup
consist of three zones: two magnetic zones, providing a magnetic
field strength of 500mT. The magnetic zones consist of perma-
nentmagnet pairs. The field direction is opposite between the two
magnetic zones. Between the magnetic zones, the third, field-free
magnetic zone is located. The measurement is then performed by
moving the sample between the three zones to measure the resis-
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tivity without and with magnetic fields, to obtain the parameters
mentioned in chapter 3.1.1.

In this setup, the sample can be heated from room-temperature
up to 1100K in different atmospheres. For this, the sample is lo-
cated in a gas chamber. Annealing gases argon, oxygen, nitrogen
and forming gas consisting of 96% argon and 4% hydrogen can
be used, to investigate the oxidation and reduction behavior of
samples at elevated temperatures.

The atmosphere can be controlled in twoways. Prior to growth,
the chamber is filled with the annealing gas and then sealed. This
leads to an increase of pressure with heating the sample. The sec-
ond way is to not seal the chamber, but pumping it during the
whole process, and simultaneously supply the annealing gas to
the chamber. For this, an gas inlet is directly placed next to the
sample. This measurement mode provides stable annealing con-
ditions, however, due to the continuous flow of cold gas into the
chamber, the maximum temperature is reduced.

3.2 METAL-INSuLATOR-SEMICONDuCTOR AND SCHOT-
Tky DEvICES

For investigating the resistive switching and the dielectric proper-
ties, twokind of sample structures,metal-insulator-semiconductor
devices and metal-semiconductor Schottky diode were used. In
the following, the preparation of top electrodes, which can influ-
ence the device properties, will be explained as well as the mea-
surements modes for electric and dielectric will be introduced.

3.2.1 Electrical contact preparation

For electrical top contact preparation, e-beam evaporation was
used. The contactswere deposited through shadowmasks, which
are available in different geometries. The most commonly used
masks are

• Circular contacts with diameters of 150µm, 200µm and
300µm, used for capacitance-voltage and current-voltage
measurements in SrTiO3. The small contact size is needed
due to the high capacitance of these devices, resulting from
the high relative permittivity of SrTiO3

• Clamping holders for concentrically aligned front and back
side contacts, used in plate capacitor structures (see chapter
5.2.1)

• Shadow masks for corner contacts used in temperature-
dependent resistivity measurements (see chapter 4.3.2).
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Together with the shadow mask, the samples were introduced
into the vacuum chamber, whichwas pumped down to a pressure
of 3 × 10−6 mbar over night to reduced the residual water vapor
pressure. The metals were stored in carbon crucibles and heated
by a electron beam with a current of around 60mA to 200mA,
depending on the metal. During heating and degassing phase of
themetal, a sample shutter prevents deposition of themetal. With
opening the shutter, the deposition starts and the deposition rate
was measured by a oscillating quartz. The shutter is closed au-
tomatically with reaching the dedicated sample thickness, mea-
sured by the oscillating quartz.

For the different purposes of measurement, different metal
layer structures were used: Titanium / gold contacts with a thick-
ness of 50nm were used for ohmic contacts on SrTiO3 and NbO2.
Platinum was used for Schottky contacts and to contact metal-
SrTiO3-SrTiO3:Nb structures. An electrode thickness of around
50nm to 100nm was used. During the experiments, a low sta-
bility of the platinum contacts were recognized. To improve me-
chanical stability, the contacts used for MOVPE grown samples
consists of 20nm platinum, protected by a 30nm nickel layer.

Ohmic backside contacts were prepared in twoways. For room-
temperature and low-temperature measurements, a thin layer of
liquid In/Ga eutectic was applied to the backside. Silver glue was
used to glue the sample on the sample holder for low temperature
measurements.

3.2.2 Current-voltage measurements

SrTiO3 thin films were investigated for their transport and resis-
tive switching properties by 2-point probe measurements. The
electrical contact preparation was described in the previous chap-
ter. A Keithley 237 source measure unit was used to mea-
sure current-voltage curves. The measurements were performed
in the dark to prevent photo conduction. To measure tempera-
ture dependence, a Janis CCS-400H closed-cycle refrigerator was
used for cooling and heating the sample in a temperature range
of 4K to 800K.

For special measurement modes, e.g. recording hysteresis
curves or performing pulsed measurements, the electrometer
was controlled by a self-made control software, based on Python.

3.2.3 Capacitance voltage measurements

Capacitance voltage measurements were used to characterized
the dielectric properties of insulating SrTiO3 thin films and sub-
strates, as well as characterizing Schottky diodes. In case of in-
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Figure 3.3: Schematic setup of the Perkin-Elmer Lambda 1050 for op-
tical absorption spectroscopy.

sulating thin films, the permittivity can estimated over the plate
capacitor equation

𝜖𝑟 = 𝐶𝑑
𝜖0𝐴.

𝜖𝑟 Relative permittivity

𝜖 ∶ Vacuum permittivity

𝐶 Capacitance

𝑑 Layer or sample thickness

𝐴 Contact area

𝑁𝐷 Donor concentration

𝑉Bi Built-in voltage

𝑉 Applied voltage

𝑘𝐵 Boltzmann constant

𝑇 Temperature

𝑞 Elementary charge

(3.7)

Measuring capacitance voltage curves of Schottky diodes can give
information about the acceptor and donator concentration as well
as the permittivity value. The capacitance results then from

𝐶 =
√
√√
⎷

𝑞𝜖0𝜖𝑟𝑁𝐷

2 (𝑉bi − 𝑉 − 𝑘𝐵𝑇
𝑞 )

𝐴. (3.8)

The measurements were performed by either using a PhysTech
FT 1030 system. The measurement frequency is 1MHz and the
excitation voltage was 100mV. Temperature dependent measure-
ments were done using a Janis CCS-400H closed-cycle refrigera-
tor with an operating temperature range of 4K to 800K.

3.3 OpTICAL ABSORpTION SpECTROSCOpy

Optical absorption spectroscopywasperformedbyusing a Perkin-
Elmer Lambda1050 double beam, double monochromator spec-
trophotometer. The setup is shown in figure 3.3 The device is
equipped with two light sources, a deuterium and a tungsten
lamp, as well as with three detector units, covering a broad wave-
length range of 175nm to 3300nm. The light is monochromized
by two monochromators. The width of the beam slit influences
the light intensity and resolution of the probing beam. The com-
mon beam mask is set to control the height of the beam, so that
only the sample is illuminated. A reference beam is used for
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intensity corrections, whereas the sample beam illuminates the
sample. Both beams can be controlled in intensity by using at-
tenuators. A Oxford Instruments liquid helium cryostat can be
used to cool the sample down to 4K.

Prior to a measurement, 0% and 100% intensity background
reference spectra are recorded. For this, the spectra are recorded
without the sample in the beam, but e.g. with the cryostat or
empty sample holder, which can cause extra absorptions or stray
light at e.g. windows.

The sample is characterized by measuring the transmission
spectrum. Using this method, the absorption edge can be mea-
sured, which gives information about the size and the type, in-
direct or direct, of the band gap. From the transmittance 𝑇, the
absorption coefficient 𝛼 can be determined by

𝛼(𝜆) = − ln (𝑇(𝜆))
𝑑 (3.9)

with the sample thickness 𝑑. The band gap and the type of band
gap can be determined by using Tauc plots. In case of a direct
band gap, the absorption edge is linear for (𝛼𝐸Photon)2 over the
photon energy. In case of a indirect semiconductor, the absorp-
tion edge is linear for (𝛼𝐸Photon)1/2 over the photon energy. For
reduce light scattering, all samples were polished with chemical-
mechanical polishing by the crystal preparation group of the
IKZ.
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NbO2 has recently gained interest, as it, similar to materials like
VO2

[167], undergoes a metal-insulator transition. It’s huge advan-
tage is the high temperature of around 1080K[2,75,161] of its Mott-
Peierls like phase transition[49,124,187],whichmakes it a competitive
material to other materials with a near or sub room-temperature
phase transition.[135,167] Even though materials with an insulator-
metal transition can be interesting for temperature related opera-
tions (like thermal switching[81]), the strength of NbO2 is in the
field-driven phase transition of the material[55,82,163]. Using NbO2
for electrical devices, the high temperature of the phase transi-
tion can efficiently prevent unwanted thermal switching due to
joule heating of the device, as it would be a problem for room-
temperature transition temperatures. The possibility to switch
between the two phases by an external electric field opens the pos-
sibility to use NbO2 in resistive switching materials.
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Figure 4.1: (a) ReRAM crossbar ar-
ray without selector device. The
dots represent cells 𝑠𝑖𝑗. To probe
the state of cell 𝑠11, a voltage 𝑈𝑃
is applied on WL1 and the current
is probed on BL1. The state of cell
𝑠11 is 0 (red), but since the current
can pass through the parasitic path
𝑠14 − 𝑠34 − 𝑠31, a state of 1 (green)
is measured. (b) In this device de-
sign, each cell has a NbO2 selector
layer integrated. If the probe volt-
age 𝑈𝑃 ∼ 𝑈𝑇 of the NbO2 layer, the
parasitic path is effectively blocked,
since the voltage is dropping by
𝑈𝑃/3 (𝑛 = 3) and 𝑈𝑃/3 < 𝑈𝑇 ,
thus the NbO2 layer is in its insu-
lating phase. (c) Stacked structure
with selector layer (NbO2) and re-
sistive switching layer (Nb2O5) sug-
gested by Nandi et al.[118]

Unlike other resistive switchingmaterials like SrTiO3 orNb2O5,
it does not persist its state after turning off the bias and thus is so
called ”threshold switching” material[55,82,163]. Only by applying
a voltage above a certain voltage 𝑈𝑇 , the device gets conductive,
after removing electric field it will switch back to its semiconduct-
ing/insulating state. NbO2 is therefore not necessarily suitable
as a storage material, but can be used in combination with such
a material. One useful field of application would be the selector
device.[118]

Memristors can only fully develop their advantages if they are
operated in a crossbar array, without the use of additional transis-
tors to select the active cell, in order to exploit the fast switching
times and high energy efficiency. However, crossbar arrays allow
the occurrence of parasitic (”sneak”) paths (figure 4.1(a)). In a
device with a crossbar layout of 100 × 100 cells, only 1% of the
energy used for reading the status of a selected cell, 98% of the
energy is dissipated by sneak paths.[93]

By using a selector device like NbO2, the active transistor ele-
ment can be saved, which reduces complexity of the structure and
might increase readout and writing speed.[83] The selector device,
directly stacked on the memristive storage cell (figure 4.1(b-c)),
would only allow access to the cell, if the voltage is above a certain
threshold.[118] If parasitic current path occur, the selector device
would efficiently block these currents, since always as cascade of
cells are needed for the parasitic current paths. However, at each
selector cell, the voltage drops by 𝑈𝑇/𝑛, with 𝑛 as the number of

25
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cells in the parasitic path, so in each parasitic cell the external field
would not be sufficient to open the selector device (figure 4.1(b)).
Consequently, only the shortest path with a single cell (𝑛 = 1)
would provide enough field strength to open the selector and en-
abling cell access.

So far, NbO2 thin films with low resistivities of 0.4Ωcm to
54Ωcm[50,79,123,191] at room-temperature were reported in litera-
ture, compared to the bulk value of 10kΩcm.[75] This hinders the
material of being used as a selector, as it significantly lowers the
on-off ratio and does not effectively block the current in off-state.

This chapter focuses on the epitaxial growth ofNbO2 layers and
their structural, optical and electrical properties. A key result is,
that by annealing the epitaxial layer above the phase transition
temperature, the resistivity of thin films is increased by almost
two orders of magnitude. A model for the residual conduction
mechanism is developed and a precise value for the optical and
electrical band gap was measured. In the first chapter, the basic
properties will be discussed, followed by the description of the
epitaxial growth of NbO2 by pulsed-laser deposition. In the fol-
lowing section, the electrical properties of the layers will be dis-
cussed and in the final part, the determination of the band gap
will be presented.

4.1 BASIC pROpERTIES

Niobium dioxide is one of three stable phases at ambient con-
ditions among niobium monoxide and niobium pentoxide. Nio-
bium dioxide was first investigated for its metal-insulator transi-
tion in 1966. Janninck andWhitmore found, that above 830 °C[2,75]

the resistivity of the layer drops by several orders of magnitude
and retain its value. This is the typical temperature dependence
for metals at high temperatures. This was also observed in the
related material vanadium dioxide, which was intensively inves-
tigated for its metal-insulator transition[22,77,115,139,167].

(b)

(a)

c
b

a

b

ac

Nb

O

Figure 4.2: Crystal structure of
NbO2. (a) Above 1080K, NbO2
is in its metallic (tetragonal) rutile
phase. (b) Below that phase tran-
sition, NbO2 is in a distorted body-
centered tetragonal phase. Since
this phase deviates just slightly
from the rutile structure by a shift
of the Nb-atoms, it is also com-
monly referred as the distorted ru-
tile phase.[138] The shift of the Nb-
atoms leads a the formation of a
band gap and thus the semiconduct-
ing/insulating phase. Created with
[110].

In NbO2, the transition is of Mott-Peierls type (see. chap-
ter 2.3), meaning a corresponding structural and electrical transi-
tion[49,187]. The structural transition is hereby quite small, but
the effect is huge[124,187]. Starting from the high-temperature
phase, NbO2 is in a (tetragonal) rutile structure (space group
P42/mm[25]), with the lattice parameter 𝑎 = 4.8463 Å and 𝑐 =
3.0315 Å.[14] Going below to the transition temperature, the struc-
ture gets distorted[138] and is now in a distored body-centered
tetragonal phase (space group I41/a[25]), having a significantly
larger unit cell with 𝑎 = 13.7020 Å and 𝑐 = 5.9850 Å[14] (see ta-
ble 4.1 and figure 4.2). Even though the unit cell is much bigger
now, only a small break in symmetry occurs by a shift of the
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Nb atoms, with a changing Nb-Nb bond length from 2.82Å to
2.74Å.[187] The result is a dimerization ofNb-Nbd-orbitals, which
leads to the formation of a band gap.[125,187] The band gap is sen-
sitive on the Nb-Nb bond length, which was shown by Wahila et
al.[187]

The sensitivity on the bond length can be beneficial and chal-
lenging at the same time. Beneficial, because it makes switching
easy. First models for the resistive switching behavior were based
on joule heating and conductive filaments.[55,117,165] By applying
an electric field to the device, filaments form and lead to an con-
ductive channel. Due to the nanoscopic character of the filaments,
the current density is high, leading to a high filament tempera-
ture of several hundred degrees and thus switching to the metal-
lic phase. By turning off the electric field, the temperature in the
filament drops and the device is switching to the semiconducting
phase. Beside it is not clear, how the filament is formed and no
direct proof of the filament was shown so far, another problem
occurred for this model. Rana et al.[142] made experiments with
terahertz radiation to locally induce electric fields within the ma-
terial to demonstrate the resistive switching. The local heating
by the radiation was hereby below the metal-insulator transition
temperature. Thus, they demonstrated the switching by induc-
ing an electric field, which causes atomic displacement. Since the
displacement only needs to be in the sub-angstrom region, it can
easily be induced by an electric field.

However, the sensitivity of the band gap on the displacement
of the Nb atoms is also challenging, since it makes it necessary to
grow high quality material. Defects can lead to repulsion forces
or dangling bonds, foreign atoms in the crystal would not form
a dimer with the Nb d-orbital. Especially extended defects like
grain boundaries might lead to conductive paths. This sensitivity
on the structural quality might explain the spread in resistivity
and optical band gap. Whereas for bulk crystals a high intrin-
sic resistivity was shown, thin films can have resistivity values
several magnitudes below.[50,79,116,123,191] The optical band gap val-
ues spread from 0.28 eV to 1.16 eV.[2,98,125,150,197] If we consider the
mechanism for the band gap formations, the spread in data can
be explained by lack of structural quality and thus a collapse of
the band gap (e.g. by reduced dimer bond length) in the low tem-
perature phase. This directly influences the device performance
of resistive switching devices. If the low temperature resistivity is
only in the range of mΩcm, then the on-off ratio is reduced. Fur-
thermore, it is also problematic for the application as a selector
device, since a low (absolute value of the) resistivity would not
prevent parasitic conduction paths in memristive crossbar arrays.

Further information about the NbO2 and related niobates can
be found e.g. in the review article by Nico et al. in reference [121].
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4.2 STRuCTuRAL pROpERTIES OF EpITAxIAL LAyERS

4.2.1 Epitaxy of NbO2(001) on MgF2

Niobium dioxide is not available as a substrate material, which
makes it necessary to use hetero-epitaxy with foreign substrates
for the deposition of epitaxial layers. The choice of substrate was
hereby not trivial. A substratematching the following parameters
are preferable for hetero-epitaxy:

• crystal structure and/or surface reconstruction

• lattice parameter

• thermal expansion coefficient

The epitaxial growth of oxide semiconductors require additional
considerations. A typical problem occurring in the epitaxy of ox-
idematerials is the diffusion of oxygen vacancies[45,158]. In particu-
lar, their formation is promoted during growth by pulsed laser de-
position (PLD) due to the low oxygen partial pressure inherent to
the vacuum atmosphere of this process.[51] But oxygen vacancies
may also be formed during annealing under non-oxidizing atmo-
spheres. Interdiffusion of oxygen between substrate and epitaxial
layers can then easily occur at elevated temperature, e.g. growth,
cooling or heating.[17]

Another requirement is the conductivity of the substrate. Sub-
strates like SrTiO3 or TiO2 can provide n-type conductivity by the
presence of oxygen vacancies.[76] However, oxygen vacancies in
the substrates can also induce n-type conductivity in the epitax-
ial NbO2 layer by inter-diffusion and thus, oxygen vacancy poor
substrates are preferable. In fact, we performed experiments on
several oxide based substrates, e.g. TiO2, LaAlO3 and SrTiO3,
and the interdiffusion was omnipresent. Even unintentionally
oxygen reduced substrates show a strong formation and interdif-
fusion of the vacancies into the epitaxial layer due to the high
growth temperature and high-vacuum atmosphere. In case of re-
quiring a conductive substrate, thus an intentionally doped sub-
strate (ideally with a high VO formation energy or a deep-level
VO) is needed, which is further limiting the number of possible
substrates. Additionally, a wide band gap material with a trans-
parency in the UV, visible and infrared spectrum would provide
the opportunity of optical absorption experiments of the NbO2
thin film.

As a result of the above described constraints, MgF2 was finally
chosen as the substrate crystal. The absence of oxygen in the ma-
terial is a strong advantage for this material. With a band gap of
above 11 eV,[160,177] MgF2 is transparent from the deep ultra-violet
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parameter NbO2 MgF2
[143,184]

𝑇 < 1080K[14,151] 𝑇 > 1080K[14]

𝑎 4.8463Å 13.7020Å 4.628Å
𝑐 3.0315Å 5.9850Å 3.0345Å
𝛼 2.5 × 10−6 K−1 13.4 × 10−6 K−1

Table 4.1: Structural parameter for NbO2 and the substrate material
MgF2. 𝑎 and 𝑐 are the lattice parameter in the tetragonal crystal struc-
ture, 𝛼 is the thermal expansion coefficient at 300K

to the infrared spectrum of light and allows transmission spec-
troscopy for themeasurement of optical properties of NbO2. And
finally, likeNbO2 in its high temperature phase, MgF2 crystallizes
also in a tetragonal crystal with the space group P42/mnm.[184]

There are several disadvantages to use MgF2 as a substrate
material for hetero-epitaxy of NbO2. The lattice mismatch, calcu-
lated by (𝑎NbO2

− 𝑎MgF2)/𝑎NbO2
is according to the structural param-

eter in table 4.1 4.5 % between the substrate and the epitaxial layer,
which will lead to a relaxation of the layer after a few nanometer.
The difference in thermal expansions coefficient (see table 4.1)
will lead to an additional residual strain, after cooling the sample
from the high growth temperature to room-temperautre. Fur-
thermore, MgF2 is insulating and no n-type substrate is commer-
cially available. Experiments also have shown, that the substrate
preparation is difficult and occasionally, a delamination of layers
occurred. Electron radiation is easily damaging the MgF2 crys-
tal, preventing transmission electron microscopy experiments.
Nonetheless, due to the similar crystal structure and the absence
of oxygen, MgF2 was chosen for the substrate material.

The epitaxial growth by pulsed-laser deposition, described
in the following part, was performed and developed by Jos E.
Boschker, as well as the measurement of the structural data by
x-ray diffraction. The residual strain analysis was performed by
myself. The data in this section were published in Ref. [169]. A
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Particles
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Figure 4.4: Schematic drawing of a
high vacuum PLD chamber. A laser
beam is focused through an aper-
ture on a sintered, ceramic target
and ablating molecules or molecule
clusters from it. A process gas can
be added to the growth atmosphere.
The sample, attached to a rotating
sample holder, is backside heated by
a resistive heater.

schematic drawing of the PLD setup is shown in figure 4.4. A
commercially purchased ceramic target of Nb2O5 with a purity
of 99.9985% was placed at a distance of 60mm below the sub-
strate. The substrate is glued with silver glue on a sample holder
and hanging with the epitaxial surface upside down, facing the
Nb2O5 target. The substrate holder is heated by an resistive back-
side heater. The setup is placed inside a high-vacuum chamber at
a background pressure of 1 × 10−6 mbar. Through a window, the
target is irradiated by a KrF laser with a wavelength of 248nm.
An aperture is used to cut off the flanks of the Gaussian laser
beam, to achieve a homogeneous, flat-top like laser profile for
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Figure 4.3: (a) The reciprocal space map around the NbO2 (404) reflection of an as-grown sample reveals
the relaxation of the layers. 𝑞⟂ and 𝑞∥ are the reciprocal lattice parameter out-of-plane and in-plane,
respectively. (b) X-ray diffraction patterns around the MgF2 (002) diffraction peak for as-grown and
annealedNbO2 samples, proving that a c-planeNbO2 filmwas grownon the c-planeMgF2 substrate. The
dashed linemarks the position of the (004) diffraction peak of unstrained NbO2. (published in reference
[169])

homogeneous irradiation of the target. The laser fluency is regu-
larly checked with a flux meter and regulated by a gray filter. For
this experiment, the laser fluency was set to 2 J cm−2 with a pulse
energy of 65mJ/pulse. Further description of pulse laser depo-
sition can be found in literature, e.g. in the textbook of Robert
Eason.[44]

100 nm NbO2

MgF2 (001) substrate

Figure 4.5: Epitaxial thin film
growth with PLD of NbO2 on MgF2
(001) substrates.

For surface preparation, the MgF2 substrate was degassed for
1h at 1 × 10−6 mbar and 500 °C. The substrate temperature was
then decreased to 350 °C, at which the initial growth was started.
The lower temperature for nucleation was chosen to prevent sur-
face degradation. However, to improve the layer quality, the sub-
strate temperature was increased during the deposition. Directly
after starting the nucleation, the temperature was increased by a
heating rate of 5 °Cmin−1 to 10 °Cmin−1. The final growth tem-
perature was, depending on the sample, between 500 °C to 700 °C
(figure 4.6).

700

t

T (°C)

300

500
degas

deposition

without

annealing

with annealing

Figure 4.6: Temperature profile of
NbO2 thin film deposition with
and without post-growth annealing
step.

The influence of a post-growth annealing step on the layer
properties was investigated. For this, as-grown samples, which
were cooled down at background pressure, were compared to
post-growth annealed samples. The latter was heated to the an-
nealing temperature of 880 °C directly after deposition, prior to
cooldown. The annealing temperature was kept for one hour,
before the sample was cooled down to room temperature at back-
ground pressure. The orientation of the NbO2 thin film onMgF2
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As-grown Annealed

𝑆in 0.544% 0.958%
𝑆out −0.536% −0.944%

calculated 𝑞⟂ 0.6648Å 0.6621Å
measured 𝑞⟂ 0.6640Å 0.6629Å

Table 4.2: Calculated thermal strain 𝑆 for NbO2 (001) grown on MgF2
(001) and the corresponding calculated andmeasured reciprocal ver-
tical lattice parameter 𝑞⟂.

(001) is (001), as it was confirmed by 𝜔 − 2Θ x-ray diffraction
scans around the MgF2 (002) reflex (figure 4.3(b)). Reciprocal
space maps around the MgF2 (112) have shown the plastically
relaxation of the thin films (figure 4.3(a)). Nevertheless, the
NbO2 (004) reflex is still shifted from the bulk lattice parameter
of NbO2, and a difference in residual strain is visible between
as-grown and annealed layer. The origin of the can mainly be
attributed to difference of thermal expansion coefficient between
substrate and layer (table 4.1). To calculate the thermal in-plane
strain 𝑆𝑖𝑛, the relation

𝑆𝑖𝑛 = Δ𝑇 ⋅ (𝛼𝑀𝑔𝐹2
− 𝛼𝑁𝑏𝑂2

) , 𝑆𝑖𝑛 In-plane strain

Δ𝑇 Temperature difference

𝛼 Thermal expansion coefficient
can be used. The resulting in-plane strain is 𝑆𝑖𝑛,△𝑇=500𝐾 =

0.544 % for the as-grown, and 𝑆𝑖𝑛,△𝑇=880𝐾 = 0.958 % for the post-
growth annealed NbO2 layer. To be able to compare the thermal
strain with the shift of the x-ray diffraction peak in figure 4.3(a),
the out-of-plane thermal strain has to be calculated using the
Poisson ratio

𝑆𝑜𝑢𝑡 = − 2𝜈
1 − 𝜈 ⋅ 𝑆𝑖𝑛. 𝑆𝑖𝑛 In plane strain

𝑆𝑜𝑢𝑡 Out of plane strain

𝜈 Poisson number
𝜈 is the Poisson number, which is not yet known for NbO2. A
rough estimate of 0.33[3,36] for the Poisson number gives an out of
plane stress of 𝑆𝑜𝑢𝑡,Δ𝑇=500𝐾 = −0.536 % for the as-grown and
𝑆𝑜𝑢𝑡,Δ𝑇=880𝐾 = −0.944 % for the annealed layer. This stress
conrresponds to a NbO2(004) reciprocal lattice parameter of
𝑞⟂,Δ𝑇=500𝐾 = 0.6648/Å for the as-grown and 𝑞⟂,Δ𝑇=500𝐾 =
0.6621/Å for the annealed NbO2 thin film, which are in good
agreement with the measured values of 𝑞⟂,𝑎𝑠−𝑔𝑟𝑜𝑤𝑛 = 0.6640/Å
for the as-grown and 𝑞⟂,𝑎𝑛𝑛𝑒𝑎𝑙𝑒𝑑 = 0.6629/Å.

4.2.2 Grain properties of annealed NbO2 layers

The as-grown and post-growth annealed layers were investigated
for their surface morphologies and grain structure. The measure-
ment by atomic force microscopy and x-ray diffraction were per-
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Figure 4.7: Atomic force micrographs showing the topography of NbO2(001) on MgF2(001). (a) shows
an unannealed epitaxial layer of 100nm thickness. The surface contain grains/islands of small size. In
contrast, (b) shows an increased grain size after annealing for 1h at 880 °C. (published in ref. [169])

formed by Jos E. Boschker, the analysis of the provided data were
performed by myself. The data in this section was published in
reference [169].

Figure 4.7 shows the atomic force micrographs of an as-grown
(a) and an post-growth annealed (b) thin film. The roughness
value for the as-grown layer is 2.03nm and for the post-growth
annealed layer 2.1nm. Grains dominating both surfacemorpholo-
gies. The grains of the post-growth annealed sample have a flat
top (RMS of the grain top surface: 0.75nm), however, the height
of the grains differs by up to 15nm, giving the high roughness of
the layer. The grains are strongly enlarged for the post-growth
annealed epitaxial layer up to 60nm compared to the as-grown
layer grain size in the sub-10nm range. The grain edges of the
post-growth annealed sample show a tentative orientation along
the [100] and [010] direction of the MgF2 substrate crystal. All
post-growth annealed samples show an increased grain size com-
pared to the as-grown samples, however, no direct correlation be-
tween the growth condition and the grain size was found, which
can caused by several reasons:

The growthmight be sensitive on the nucleation of the epitaxial
layer. Especially the nucleation density, which can be influence
by the surface condition of the substrate, the substrate tempera-
ture or the target condition, might be hard to control. The sub-
strate is glued with silver paste to the substrate holder. Small in-
homogeneities in the silver glue can influence the heat transport
between the sample holder and the substrate, giving a different
growth or annealing temperature. Also, the growth can be influ-
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Figure 4.8: (a) Azimuthal φ-scan of theNbO2 (222) reflex as anmeasurement of the in-planemisalignment
of grains. The peak of the post-growth annealed sample is sharper compared to the as-grown layer,
indicating smaller misalignment between the grains. (b) The rocking curves of the as-grown and post-
growth annealed sample do not show a significant difference. (published in reference [169])

enced by residual gases in the vacuum, a fluctuation of the laser
fluency or differences in the target composition or surface. We
could not finally answer the question, which growth parameter
influence the size of the grains. However, for all post-growth an-
nealed samples, a significant increased grain size was measured.

In order to further investigate the orientation of the grains, az-
imuthal φ-scans around the NbO2(222) reflex were performed.
The full-width half maximum (FWHM) gives a measure for the
misalignment of the grains to each other. If the orientation of the
grains is not well aligned, the peak in the φ-scan will be broad-
ened. Consequently, a well aligned grain layer will result in a
sharper peak. In figure 4.8(a), azimuthal φ-scans of as-grown
and annealed layers are shown. The sharp and strong peak lo-
cated at 0° can be assigned to the single-crystalline MgF2 sub-
strate. The broad and weak feature in the vicinity of the sub-
strate peak originates from the NbO2 thin film. The as-grown
sample shows a broad intensity profile indicating high mosaic-
ity and small grain size. In contrast, the annealed sample shows
a reduced peak width, indicating a reduced mosaicity and larger
grain sizes. The rocking curves in figure 4.8(b) can give a hint for
crystalline quality by estimating the dislocation density 𝜎 by[69,90]

𝜎 ∝ 𝐹𝑊𝐻𝑀2

𝑏2 .

𝜎 Dislocation density

𝐹𝑊𝐻𝑀 Full with half maximum
of rocking curve

𝑏 Burgers vector
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Figure 4.9: RHEED image of an post-growth annealed sample after cooldown for the <100> (a) and <110>
(b) direction. Spotty RHEED transmission spots are visible as well as elongated surface diffraction spots.
This is in agreement with an terraced 3D surface with transmission through the grains.

Since the 𝐹𝑊𝐻𝑀 of the as-grown and annealed layers are similar,
no influences of the grain size on the dislocation density can be
assumed.

Reflection high energy electron diffraction (RHEED) measure-
ments were carried out to further confirm the orientation of the
post-growth annealed epitaxial layer (figure 4.9). The RHEED
pattern consist of spotty transmission spots. The central spots are
elongated along the [001] direction, which is an agreement with
a terraced 3D surface. This is in good agreement with the flat top
grain surface measured by AFM. The pattern also proves a unidi-
rectional in-plane orientation, as the pattern is consistent with a
single-crystalline tetragonal layer.

4.3 CONDuCTIvITy IN NBO2 EpITAxIAL LAyER

4.3.1 Resistivity of as-grown and annealed layers on MgF2
substrates

100 nm NbO2

MgF2 (001) substrate

liquid In/Ga eutectic droplets

Figure 4.10: PLD-grown layers
NbO2 on MgF2 substrates for Hall
effect and resistivity measurements.

NbO2 was grown on MgF2. The following part was published in
reference [169]. The growth process and the structural analysis
can be found in chapter 4.2.

In table 4.3, the electrical properties for different epitaxial lay-
ers grown on MgF2 are presented. No Hall effect could be mea-
sured. Hall-effect measurements require a homogeneous layer.
Taking into account, that theAFMmicrographs in figure 4.7 show
a grainy surface morphology, it is expected that strong electron
scattering at grain boundaries occur. Additionally, the require-
ment of a homogeneous layer is not given. Thus, further improve-
ments of the epitaxial layers are required to determine the elec-
tronmobility and charge carrier concentration in the NbO2 layers.

It is still possible to use the electrical measurement to optimize
the epitaxial layer. From bulk crystals, a intrinsic resistivity of
10kΩcm was measured for NbO2.[75] In contrast, epitaxial layers
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Sample 𝑇 𝑃 𝐹 𝜌 Notes
(°C) (mbar) (mJ cm−2) (Ω cm)

as-grown 400 0.1 70 1.1
500 0.02 70 0.098

0.1 73 0.122
600 65 53.7

annealed 500 0.1 65 525
600 945
700 779

Table 4.3: Influence of the growth parameter temperature 𝑇, pressure
𝑝 and laser pulse energy 𝑃 on the growth of as-grown and annealed
samples. All growth processes started with the nucleation at 𝑇 =
350 °C with a continuous temperature ramp to the final growth tem-
perature 𝑇 to prevent substrate degradation. All layers were around
100nm thick by using 18 000 pulses.

reported in literature have a substantially reduced resistivity. The
values range from 0.4Ωcm to 54Ωcm[50,79,123,191]. The origin for
this additional conductivity can be caused by

• extrinsic or intrinsic donor-like point defects

• conduction paths along extended defect

• a break of dimerization in NbO2.

In table 4.3, the resistivity values for as-grown and post-growth
annealed layers are compared. Annealed thin films generally
show an increased resistivity of the post-growth annealed sam-
ples over the as-grown samples. This is universal for all post-
growth annealed thin films. The highest resistivity measured
was 945Ωcm it reaches 10% of the bulk resistivity reported in
literature. A significant improvement of the layer resistivity is
reached, which is an important step to use the material as selec-
tor devices, since a high-resistive, normally-off state is required
for sufficient current blocking.[50,79,123,191]

To investigate the influence of the post-growth annealing step,
the grains size was analyzed. The grain size was determinedwith
Gwyddion.[119] The grains were masked by the integrated water-
shed[12] segmentation tool. The grain area were then transformed
into a circular equivalent surface area by 𝐴 = 𝜋𝑑2/4, with 𝐴 the
average grain surface area, giving the equivalent grain diameter
𝑑. The equivalent grain diameter is in the following called mean
grain size.

As described in section 4.2.2, there was no direct correlation be-
tween the growth parameter and the the grain size observed, pos-
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Figure 4.11: The mean grain size over the resistivity of post-growth an-
nealed NbO2 epitaxial layers. The grain size were determined from
theAFM images. Samples having large grains also show an increased
resistivity. (published in reference [169])

sibly due to sensitivity in nucleation or differences in growth tem-
peratures. However, the thin film resistivity is correlating with
themean grain size (figure 4.11). The larger the grains, the higher
the resistivity. Since there is no big difference in e.g. 𝜔 − 2𝜃 peak
width (indicating a similar dislocation density), one explanation
might be the conduction along the grain edges.

4.3.2 Temperature dependent resistivity measurements

1 µm NbO2

MgF2 (001) substrate

Au on Ti contacts
in the corners

Figure 4.12: NbO2 on MgF2 sub-
strates for temperature-dependent
resistivity measurements.

To obtain further information about the electrical properties of the
annealed NbO2 layer, a 1000nm thick sample were measured in a
temperature range of 165K to 870K. The results were published
in reference [169].

In contrast to the previously discussed samples with liquid In-
/Ga contacts, solid, ohmic metal contacts were deposited in order
to have stable contacts over the full temperature range. 50nm ti-
tanium, followed by 50nm gold was deposited by electron beam
evaporation through a shadowmask at the corners of the samples.
The contact size was around 500µm. The sample thickness were
increased to 1000nm to raise the upper limit of resistivity mea-
surement to 1 × 106 Ωcm, since the sample resistance is rapidly
exceeding 1 × 1010 Ω at low temperatures, which is no longer ac-
cessible for a reliable measurement.

At room-temperature, the layer has a resistivity of 550Ωcm,
similar to the resistivity of the 100nm thick sample discussed in
the structural analysis part in chapter 4.2.2, indicating a thickness
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Figure 4.13: Arrhenius plot of the resistivity over the tempera-
ture. Three slopes were identified and linearly interpolated, the
inset shows the magnified high temperature region. Using 𝜌 ∝
exp(𝐸𝑖/𝑘𝐵𝑇), activation energies was calculated from the slopes. The
high temperature slope were extrapolated to the room-temperature
resistivity value. (published in ref. [169])

independent resistivity of the thin films. The sample was mea-
sured in Van-der-Pauw geometry (see chapter 3.1). Below room-
temperature, the sample were measured in a DC LakeShore Hall
System and cooled down in a closed-cycle He-refrigerator.

Above room-temperature, an AC Fraunhofer Hall 1100K setup
was used tomeasure the resistivity of the sample. The samplewas
heated in a sealed gas chamber containing a nitrogen atmosphere
with a base pressure of 700mbar, which increased to 950mbar at
870K. Themeasurementwas performed during heating and cool-
ing of the sample. No hysteresis were found, indicating a stable
sample. However, in a further heating cycle, to reach the metal-
insulator transition temperature at 1060K, a delamination of the
epitaxial layer at high temperature were observed, thus, no data
above 870K is shown in the present work.

In figure 4.13, the temperature dependence of the resistivity is
shown in an Arrhenius plot. At low temperatures, the resistivity
is rapidly increasing to the maximum value of 106 Ωcm. A expo-
nential decrease of the resistivity up to a temperature of around
250K is visible. A second slope is visible over the temperature
range of 300K to around 650K. An additional slope is visible
above that temperature. For better visibility, the high tempera-
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ture area is magnified in the inset. The graph shows thermally
activated behavior over the whole temperature range. Using

𝜌 ∝ exp( 𝐸𝑖
𝑘B𝑇 ) ,

𝜌 Resistivity

𝐸𝑖 Activation energy

𝑘B Boltzmann constant

𝑇 Temperature

(4.1)

the activation energy can be calculated for each slope. The low
temperature slope gives an value of 𝐸1 = 0.25 eV, the mid-range
temperature 𝐸2 = 0.37 eV, and the high-temperature slope 𝐸3 =
0.44 eV.

The activation energies 𝐸1 = 0.25 eV and 𝐸2 = 0.37 eV are in-
terpreted as deep levels originating from defects or impurities in
the semiconducting phase inside the grains. The intercepts of the
Arrhenius lines can be used to perform an order-of-magnitude
estimation of the defect concentration using 𝑛 = (𝑒𝜇𝜌)−1 as-
suming a typically low carrier mobility in oxide materials of
𝜇 = 5 cm2/(V s). The intercepts are at 250K and 650K. The
estimated defect concentrations are 𝑛1 ≈ 1 × 1014 cm−3 and
𝑛2 ≈ 1 × 1018 cm−3 for 𝐸1 and 𝐸2, respectively.

The high-temperature resistivity decline is associated with an
activation energy 𝐸3 = 0.44 eV (inset in figure 4.13). By extrap-
olating the high-temperature resistivity to room temperature, a
resistivity of 𝜌RT,i = 10 kΩ cm is obtained, which is close to the re-
ported intrinsic value by Janninck et al.[75] Thus, it is attributed to
the thermal activation of intrinsic conductivity in the semiconduc-
tor and a band gap energy of twice the 𝐸3 value can be estimated:
𝐸𝐺 = 0.88 eV.

4.3.3 Percolation model for conductivity in NbO2

The annealing step above the phase-transition temperature has
significant influence on the structural and electrical data. Janninck
et al. and Schäfer et al.[74,154] observed a change of stoichiometry
to slightly oxygen-rich, single-phase NbO2.006 after annealing the
sample above the phase-transition temperature. Oxidation with
residual oxygen in the PLD chamber could explain the strong
increase of the room-temperature resistivity by reducing the
number of oxygen vacancies. Another explanation, taking the
increased grain size into account, is a percolation like conductiv-
ity along the grain boundaries. The low-temperature semicon-
ducting phase is formed by the dimerization of Nb-Nb d-orbitals.
A break in symmetry, like it occurs at grain boundaries, could
prevent the formation of the dimers and thus leading to a highly
conductive phase at the grain boundaries. In fact, only a small in-
crease of around 0.07Å in the Nb-Nb bond could already prevent
the formation of a band gap.[187] In this case, two current paths
act in parallel: One along conductive (metallic) grain boundaries,
the other one through the semiconducting grains. This explains
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the large difference of resistivity between the as-grown samples
with small grains and the annealed ones with large grains and
thus less conductive grain boundaries. Additionally, a correla-
tion between grain size and resistivity was observed (figure 4.11).
Hence, this model can explain the conduction mechanism in the
samples.

This indicates, that due to annealing of the thin films and the re-
sulting increase of grain size, the percolation conductivity along
the grain boundaries can be neglected, as it would otherwise
reduce resistivity and the extrapolated room-temperature value
of the thermally activated conductivity would not match the
reported bulk resistivity value. The band gap value is higher
than the derived value corresponding to optical measurements
because the activation energy 𝐸3 may contain a (small) energy
portion due to the usually decreasing mobility with increasing
temperature. To avoid the latter problem, Hall effect measure-
ments for additional determination of the carrier concentration
and, in turn, the mobility would have been necessary. However,
reliable Hall voltage measurements were not possible most prob-
ably because of the grain structure of the films. Nevertheless,
band gap values determined from 𝜌(𝑇) and optical data are in
reasonable agreement.

4.4 OpTICAL BAND GAp DETERMINATION

4.4.1 Spectroscopic Ellipsometry

The content of this section was published in reference [169]. The
measurementwas performed by Saud binAnooz and Peter Petrik.
The calculation of the dielectric function was done by Saud bin
Anooz. Further analysis was performed by myself.

A Woollam M-2000DI rotating compensator ellipsometer with
a spectral range of 0.73 eV to 6.48 eV was used to determine the
complex dielectric function and the optical band gap within the
isotropicNbO2(001) plane. The complex reflectance ratio 𝑅 of the
light polarized parallel to the plane of incidence (𝑟𝑝) and the per-
pendicularly polarizedwave (𝑟𝑠) ismeasured. It can be expressed
by the amplitude 𝜓 and the phase difference ∆ with[7]

𝑅 = 𝑟𝑝/𝑟𝑠 = tan(𝜓)𝑒𝑖∆

𝑅 complex reflectance ratio

𝑟𝑝 parallel polarized reflectance

𝑟𝑠 perpendicularly polarized
reflectance

𝜓 amplitude

∆ phase

(4.2)

A large angle of incidence of 70° was used for SE (see figure 4.15),
providing an electric field primarily aligned in the (001) plane
of the thin film, which is optically isotropic in the tetragonal
crystal structure. The isotropy of the dielectric function was con-
firmed by rotating the sample around the [001] axis. For the
evaluation of the spectroscopic ellipsometry (SE) data, a model
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Figure 4.14: The refractive and the extinction indices of post-growth
annealed NbO2 epitaxial layers. (published in ref. [169])

consisting of a four-component stack composed of air/surface
roughness/NbO2 thin film/MgF2 substrate was used. The opti-
cal properties of the surface roughness layer are analyzed by a
Bruggeman effective medium approximation[18] consisting of a
50% bulk film 50% void mixture. The amplitude 𝜓 and phase
difference ∆ were fitted over the spectral range using optical dis-
persion models based on Gaussian type oscillators. The refrac-70°

Polarizer Analyzer

Detector
Light

Source

100 nm NbO2

MgF2 (001) substrate

Figure 4.15: Schematic drawing
of spectroscopic ellipsometry. Po-
larized light is reflected at the
NbO2/MgF2 stack, which causes a
change in polarization. This is an-
alyzed by the rotating the analyzer
and detecting the light intensity.

tive index 𝑛 and extinction coefficient 𝑘 were calculated for the
dielectric function of tetragonal NbO2(001) (figure 4.14) from
SE data. The features of the spectrum are similar to the ones
reported by O'Hara et al.[125] The extinction coefficient was then
used to analyze the absorption edge of NbO2 using

𝛼 = 4𝜋𝐸Ph𝑘/ℎ𝑐 (4.3)

where 𝛼 is the absorption coefficient, 𝐸Ph the photon energy, 𝑐
the speed of light, and ℎ the Planck constant (see figure 4.16(b)).
Using spherical parabolic band approximation at the conduction
band minimum and the valence band maximum, the absorption
is proportional to

𝛼 ∝ (𝐸Ph − 𝐸G ± 𝐸Phonon)2 (4.4)

for an indirect band gap transition[207]. The band gap transition
is accompanied by a momentum conserving phonon absorption
or emission. By extrapolating the linear part of the plot 𝛼0.5 over
the photon energy, the intercept with the x-axis gives an energy
of 𝐸Ph = 0.77 eV at room-temperature.
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Figure 4.16: Determination of the optical band gap (a) transmission spectroscopy and (b) spectroscopic
ellipsometry. In case of indirect allowed optical transitions, the band gap is absorption coefficient is
proportional to the square root of the photon energy. The interceptwith the x-axis give the photon energy
of the transition. (published in ref. [169])

4.4.2 Absorption spectroscopy

The results from this section were published in reference [169].
Transmission spectra for NbO2(001) deposited on MgF2(001)

substrates were measured in a double beam, double monochro-
mator spectrophotometer (PerkinElmer Lambda 1050). The
transmission spectrum was recorded in an wavelength range
of 830nm to 2500nm respective 1.5 eV to 0.5 eV. For instrument
calibration, 100% and 0% reference spectra were recorded. For
the 100% reference, a bare, backside polishedMgF2 substratewas
put into the light beam. An internal shutter was used to block
the beam for the 0% reference spectrum. All reference and sam-
ple substrates were backside polished to suppress surface light
scattering for high resolution spectra. The epitaxial layer was
1000nm thick to provide a sufficient absorption. The incident
beam was along the [001] axis corresponding to a light polar-
ization with the electric field vector perpendicular to [001], and
thus again, the absorption coefficient was measured within the
isotropic (001) plane. The isotropy was checked by rotating the
polarized incident wave vector and recording the corresponding
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transmission spectra. No significant deviation of the spectra were
measured for different polarization.

𝛼 = −1
𝑑 ln⎛⎜⎜⎜

⎝

√1 − 𝑅2
01(1 − 𝑅12)2 + 4𝑇2𝑅01𝑅12

2𝑇𝑅01𝑅12

− (1 − 𝑅01)(1 − 𝑅12)
2𝑇𝑅01𝑅12

⎞⎟⎟⎟
⎠

𝛼 Absorption coefficient

𝑑 Layer thickness

𝑅𝑖𝑗 Interface reflectivity 𝑖, 𝑗

𝑇 Transmission intensity

𝑛 Refractive index

(4.5)

The reflectivity 𝑅𝑖𝑗 at an interface of the layer stack can be cal-
culated from the refractive indices 𝑛𝑖 with

𝑅𝑖𝑗 =
(𝑛𝑖 − 𝑛𝑗)

2

(𝑛𝑖 + 𝑛𝑗)
2 ,

where 𝑖, 𝑗 = 0, 1, 2 are the indices for air (𝑛0 ≈ 1), the NbO2 layer,
and the MgF2 substrate, respectively. Spectroscopic ellipsometry
was used to determine thewavelength dependent refractive index
for NbO2 (see chapter 4.4.1) and MgF2.

The absorption spectra of NbO2(001) at room temperature are
shown in figure 4.14(a). The absorption coefficient could be mea-
sured up to 5 × 104 cm−1. The same evaluation procedure as used
for SE data was applied to determine

𝐸Ph = 𝐸G ± 𝐸Phonon (4.6)

from the graph shown in figure 4.16(a). An energy of 𝐸Ph =
(0.76 ± 0.01) eV at room temperature was determined, which is
in good agreement with the SE data.

The absorption coefficient was measured at low temperature
down to 4K. For this, a sample and a reference substrate were
placed in a Oxford Instruments OptistatCF helium cryostat and
cooled to 4K. A resistance heater was used to set temperatures be-
tween 4K to 300K. Between eachmeasurement, reference spectra
for 100% and 0% calibration by measuring the reference sample
or by blocking the beam was recorded, to avoid signal contribu-
tions by a temperature dependence of the absorption of the sub-
strate or the cryostatwindows. The spectral dependence of the ab-
sorption coefficient measured for temperatures between 4K and
300K is shown in figure 4.17. In the low temperature region, an
energy 𝐸Ph = (0.89 ± 0.02) eV is obtained which becomes temper-
ature dependent above 80K.

Density functional calculations as well as other experimen-
tal work indicate an indirect band gap of NbO2,[125,195] which
is confirmed by the 𝛼0.5 ∝ 𝐸 relation measured in the present
work. By assuming this, the spectral temperature dependence
of the absorption coefficient can be described by a single oscil-
lator model[126,130]. Using this model, the reduction of the band
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Figure 4.17: Using themethod fromfigure 4.16, temperature dependent
measurements of the optical band gap were performed. The fitted
line (published in ref. [169])

gap with increasing temperatures can be reduced to an average
phonon energy and a electron-phonon coupling parameter[126,130]:

𝐸Ph(𝑇) = 𝐸Ph(0K) − 𝑆⟨ℏ𝜔⟩coth ( ℏ𝜔
2𝑘𝐵𝑇 ) ,

𝑇 Temperature

𝐸Ph Photon energy

𝑆 e--Phonon coupling
parameter

⟨ℏ𝜔⟩ Average phonon energy

𝑘𝐵 Boltzmann constant

(4.7)

This gives an average phonon energy of ⟨ℏ𝜔⟩ = (36 ± 6)meV.
In the energies determined in figure 4.17, the momentum con-
serving phonon has to be considered in calculating the band gap
value. Since at low temperature, phonon emission is more likely
than absorption, the energy has to be subtracted from the pho-
ton energy, so that we can calculate the 0K optical band gap with
𝐸G = 𝐸Ph − 𝐸Phonon = (0.85 ± 0.03) eV. The coupling constant 𝑆, a
measure for the electron-phonon coupling, is 5.6 ± 0.1.

The determination of the optical band gap at room temperature
is more difficult, since both processes, phonon absorption, and
emission can occur. We calculated an optical band gap for both,
the SE and the absorption spectroscopy data to be in the range of
𝐸G = (0.76 ± 0.05) eV. This value lies in the center of the broad
range of reported optical band gap values[2,97,136].

4.5 CONCLuSION

NbO2 is an interesting material for metastable resistive switching
applications like selector devices in memristive crossbar array de-
vices. It’s high temperature Mott-Peierls metal-insulator transi-
tion can provide temperature insensitive switching between the
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two states for room-temperature applications and is thus advanta-
geous over other materials such as VO2. However, so far, epitax-
ial thin films reported in literature show a low resistivity in the
low-temperature, insulating phase, preventing the material from
being used in such a application.

In the present work, NbO2 was grown hetero-epitaxially on
MgF2, since NbO2 substrates are commercially unavailable and
other substrates like TiO2 have led to an increased conductivity of
the thin films due to oxygen vacancy interdiffusion. The grown
thin film shows a grainy structure. A post-growth annealing step
increased the grain size from the sub-10nm range up to 60nm.
The grains have shown a terraced surface and an reduced mis-
alignment between the grain orientation after annealing. The
rocking curves do not show a significant change in

Correlating with the grain size, the resistivity of the insulat-
ing phase could be increased by several orders of magnitude to
1kΩcm at room-temperature, which is only a factor of ten below
the reported bulk resistivity of NbO2. Temperature-dependent
resistivity revealed two defect levels at 0.25 eV and 0.37 eV below
the conduction band minimum. At high temperatures, close to
the metal-insulator transition, the intrinsic resistivity of NbO2
was measured and the band gap energy of 0.88 eV was measured.
Themetal-insulator transition itself could not bemeasured due to
sample delamination at high temperatures. A model to describe
the residual resistivity of the layer by a percolation conductiv-
ity along the grain boundaries was developed, which is in good
agreement with the findings.

Since several values for the optical band gap were reported in
literature, the band gap 0.77 eV was measured by spectroscopic
ellipsometry and absorption spectroscopy. The big spread in re-
ported band gap values in literature can be explained by lower
crystal quality, since a distortion in the crystal leads to a change
in the Nb-Nb dimer length, which is lowering the band gap.

Further experiments on NbO2 are required to bring the mate-
rial closer to commercial interest. Especially, a metallic bottom
electrode or the growth on other resistive switching materials
like SrTiO3 is necessary to demonstrate the switching characteris-
tics of the layer. Other substrates like GaN can be considered, as
they are also oxygen free and more stable, enabling transmission
electron microscopy investigations and higher annealing temper-
atures to further improve the layer quality.
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SrTiO3 is a cubic perovskite with the space group Pm3m.[132]
The semiconductor has an indirect band gap of 3.2 eV at room
temperature.[88] Unlike other perovskites such as BaTiO3, which
exhibit ferroelectricity, SrTiO3 is paraelectric at room tempera-
ture.[63] However, ferroelectricity can be induced via strains.[63]
In addition, it has been shown that the TiSr antisite defect has a
permanent dipole moment and thus can also induce ferroelectric-
ity.[26,85] A soft phonon mode in SrTiO3 causes the permittivity to
have a high value of 300 at room temperature and to increase up
to 1 × 104 at cryogenic temperatures.[120] Superconductivity has
been shown in SrTiO3 at low temperatures.[4] SrTiO3 single crys-
tals are usually grown using the Verneuil growth method,[[155]
but there are also single crystals grown via edge defined film-fed
growth.[61,62,88] Thin films are usually grown using pulsed laser
deposition (PLD)[68] or molecular beam epitaxy (MBE).[27]

Of particular interest is the possibility of creating oxygen va-
cancies by annealing the layer in vacuum or reducing atmo-
spheres,[28] because oxygen vacancies are considered to be a
crucial factor in resistive switching.[137] The reason is that oxy-
gen vacancies have high mobility in SrTiO3.[128] Two models for
resistive switching in SrTiO3 have been widely established. One
is the filament model, where oxygen vacancies are created by a
voltage pulse or accumulated in a filament.[171,192] Electric fields
then allow the vacancies to move in the material, either breaking
the filament, or reconnecting it. This results in a high-impedance
or a low-impedance state.

The second model is based on the oxygen vacancies drifting to
or from the electrode interface by electric fields.[54] In this case,
the electrode is often made of platinum or gold, which forms a
Schottky contact in SrTiO3.[20,129] Due to the high concentration of
vacancies, the Schottky barrier can be lowered, causing the sam-
ple to switch to the low resistive state. In the high resistive state,
the vacancies drift away from the interface and the barrier energy
becomes larger.

However, in this work, a new model based on the TiSr anti-
site defect is developed. For this purpose, SrTiO3 films grown by
metal-organic vapor phase epitaxy are investigated. The concen-
tration of the TiSr defect in the material was controlled by chang-
ing the growth parameters. These films are first investigated for
their SrTiO3 dielectric properties and what influence the TiSr de-
fect has on these properties. In the second step, resistive switching

45
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Figure 5.1: Schematic drawing of liquid delivery metal-organic vapor
phase epitaxy for the deposition of SrTiO3. The precursor solvent
mixture is pumped via a peristaltic pump to the flash evaporator. The
solution is dropped on a hot plate and evaporated. The vapor is then
transferred via heated lines to the shower head reactor, where it is
mixed with additional process gases. A fast spinning susceptor is
used to achieve laminar gas flow in the reactor chamber. The graphic
was created by Aykut Baki.

in SrTiO3 is characterized and, in particular, the electrical trans-
port through the layer is analyzed.

In the third part of this chapter, a model is developed on the
basis of the knowledge gained that can explain resistive switching
based on the TiSr antisite defect.

5.1 THIN FILMS GROwN By METAL-ORGANIC vApOR
pHASE EpITAxy

MOVPE process parameter
• Precursor ratio: 2.0 to 3.6
• Precursor concentration:

15mmolL−1 in toluene
• Vaporizer supply: 0.5mLmin−1

• Vaporizer temperature: 210 °C
• O2/Ar supply: 5000 sccm /

1500 sccm
• Process pressure: 15mbar
• Substrate temperature: 710 °C
• Carrier rotation speed: 600 rpm

Table 5.1: Growth parameter for the
SrTiO3 MOVPE process.

This chapter describes growth and structural characterization
of the strontium titanate thin film samples investigated in the
present work. The thin films were grown homoepitaxially by liq-
uiddelivery spinmetal-organic vapor phase epitaxy (MOVPE).[159]

The presented results are mainly based on the work of Aykut
Baki, who developed the MOVPE process and performed x-ray
diffraction measurements, and of Tobias Schulz, who performed
the scanning transmission electronmicroscopy (STEM) investiga-
tions. The presentation leans on a manuscript that was recently
submitted for publication and is in the peer-review process.[8]

In figure 5.1, the system is schematically shown. The metal-
organic precursors Ti(OiPr)2(tmhd)2[47] and Sr(tmhd)2 – tetra-
glyme[34] for titanium and strontium supply, respectively, are dis-
solved in dry toluene with a concentration of oxygen and water
below 3ppm. This precursor solutions are carried by two inde-
pendent supply systems, consisting of a reservoir, fromwhich the
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Figure 5.2: HRXRD patterns of (a) thin films grown under various substrate temperatures 𝑇𝑆 from 550 °C
to 750 °C on DyScO3 (110), and (b) SrTiO3 films grown with various precursors concentration ratios
in the liquid sources (Sr/Ti)liq grown on SrTiO3:Nb (100) in a 2𝜃 range between 20° to 50°. (c) The
same HRXRD scans from (b) with higher magnification in the vicinity of the SrTiO3:Nb (200) substrate
peak (the film peak position is illustrated by blue arrows) with increasing (Sr/Ti)liq. (d) Vertical lattice
parameter 𝑑⊥ as a function of (Sr/Ti)liq. (e) Reciprocal space maps of the films with (Sr/Ti)liq = 2.6 in
the vicinity of the (204) Bragg peak of bulk SrTiO3. (f) In-situ HRXRD patterns at different temperature
of post-annealed SrTiO3 sample with (Sr/Ti)liq = 3.0 in pure oxygen at ambient pressure up to 950 °C.
(figure including description taken from Baki et al.[8])

solutions are transferred by peristaltic pumps to the flash evapo-
rators. The flash evaporation systems vaporize the solutions by
facing them in form of micro droplets onto a hot plate with a va-
porization temperature of 210 °C. To avoid condensation and en-
sure a constant vapor pressure through the whole supply chain,
the vapor is further transferred by heated lines to the shower head
reactor by application of an argon push gas.

The shower head consist of two gasmixing chambers. In the up-
per one process gases, in this case oxygen and argon, are supplied
with a flow of 5000 sccm and 1500 sccm, respectively. To provide
a homogeneous mixture, the gases are pushed through a porous
plate to the bottommixing chamber, where the precursor/toluene
supply lines are injected. The final gas mixture is then introduced
to the growth chamber by a shower head.
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Figure 5.3: AFM image of (a) pre-deposited SrTiO3:Nb substrate after etching and annealing (roughness is
0.4nm) (b) SrTiO3 thin film on SrTiO3:Nb substrate with (Sr/Ti)liq = 3.2 annealing (roughness 0.6nm).
(Measurement by Aykut Baki)

In the growth chamber, the substrates are placed on a heated,
fast spinning susceptor to provide a laminar flow, which ensures
a homogeneous supply of the precursor process gas mixture and
the formation of a homogeneous supersaturation region close to
the substrates surface. Onwards, the chamber pressure 𝑝 was kept
at 15mbar over the whole process. In order to determine the ap-
propriate substrate growth temperature (𝑇𝑆) for achieving single-
phase SrTiO3 growth, depositions were performed from 550 °C
to 750 °C. Figure 5.2(a) shows HRXRD 2𝜃 − 𝜔 scans of samples
grown under various 𝑇𝑆.

For growth temperatures below 675 °C, additional Bragg re-
flection peaks attributed to the single oxide contributions of
TiO2 and SrO are observed.[29,176] Additionally, SrCO3 is formed
at 650 °C.[189] At a temperature of 750 °C and above additional
Ruddlesden-Popper (RP) phases like Sr2TiO4 and the TiO2 phase
are present. From 675 °C to 725 °C, single-phase SrTiO3 with (100)
surface orientation was observed. This temperature dependence
of phase formation agrees with literature data and is reasoned by
the standard formation enthalpies.[156] In order to obtain single-
phase SrTiO3 without the formation of single oxides, carbonates,
and RP phases, 𝑇𝑆 should be adjusted in the range of 675 °C
to 725 °C, however was kept constant at 710 °C for all following
thin films of SrTiO3. An overview over the applied main process
parameters for single-phase SrTiO3 is given in table 5.1.

With this parameter set on hand, the growth was performed
on SrTiO3:Nb substrates with a (100) orientation and an off-cut
of 0.1% along the [001] direction and a doping level of 0.5wt. %
or 1.5 × 1020 cm−3. Prior to growth, the SrTiO3 substrates were
etched in buffered hydrofluoric acid solution and subsequently
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annealed in pure oxygen at 1100 °C for one hour. Atomic force
microscopy images showed a terraced surface with terraces of
200nm width and a step height of one unit cell (4Å) as shown in
figure 5.3. The surface was TiO2 terminated.

Unlike other methods used for deposition of epitaxial SrTiO3,
e.g. molecular beam epitaxy or pulsed laser deposition, MOVPE
processes are performed close to thermodynamic equilibrium.
The chemical potential can be controlled by numerous parame-
ters like supply rate of precursor, pressure or temperature and
thus, the intrinsic defect formation, like cation vacancies, VO or
the TiSr defect can be controlled by varying the supply ratios of
the precursor and the oxygen.

After establishing a stable growth window, in which phase
pure, single crystalline SrTiO3 was grown homoepitaxially with
a smooth surface on the SrTiO3:Nb substrates (compare fig-
ure 5.3(b)), a special interest was put on the precursor concen-
tration ratio. The ratio for the precursor concentration in the
toluene was varied between 2.2 and 3.6 with keeping the total
concentration at 15mmolL−1.

High resolution x-ray diffraction patterns were taken to ana-
lyze the thin films for foreign phases and off-stoichiometry. Fig-
ure 5.2(b) shows a 2𝜃-scan over a broad scanning range to identify
peak signals from foreign phases. For all precursor ratios, the thin
filmswere phase-pure SrTiO3. Figure 5.2(c) shows the SrTiO3:Nb
(200) reflexes and hence the deviation of the layer peak from the
bulk substrate peak. For low precursor ratios, the peak shift is
strong and getting weaker for higher ratios. For a ratio of 3.6, the
peak is coinciding with the substrate peak. The HRXRD profile
was simulatedwith amultilayermodel (exemplarily shown in fig-
ure 5.2(b, c)). Multiple layers were needed to achieve a sufficient
agreement between measurement and simulation, indicating an
inhomogeneous defect distribution for the off-stoichiometric sam-
ples. Only samples close to stoichiometry could be simulated
with a single layer model and are homogeneous in structure. In
order to exhibit the inhomogeneity in defect distribution STEM
images with varying camera length were taken.

Figure 5.4(a) and (b) shows two exemplary STEMADF images
of an off-stoichiometric sample with (Sr/Ti)liq = 3.2 acquired in
the same region of the sample for two different camera lengths of
130mm and 300mm, respectively. The shorter camera length of
130mm corresponds to HAADF conditions, which makes image
intensity mainly sensitive to atomic mass contrast (Z-contrast).
On contrary, a higher camera length of 300mm corresponds to
low angle annular dark field (LAADF) conditions, and indicate
local lattice distortions. For both imaging conditions, theMOVPE
layer becomes distinguishable bymeans of a contrast changewith
respect to the SrTiO3 substrate, confirming the presence of atomic
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Figure 5.4: STEM LAADF and HAADF images of an off-stoichiometric SrTiO3 layer with (Sr/Ti)liq = 3.2
for camera lengths of (a) 130mm (HAADF) and (b) 300mm (LAADF). Measurements and graphics by
Tobias Schulz

defects within the layer. In detail, off-stoichiometric layers gen-
erally appear darker for HAADF conditions, implying a lower
atomic mass density as compared to the stoichiometric substrate.
Vice versa, the brighter intensity under LAADF conditions sug-
gests that these underlying defects additionally cause strong lat-
tice distortions. Notably, the contrast in the MOVPE layer and
thus the underlying defect distribution is inhomogeneous, partic-
ularly along the growth direction. The reason for this inhomoge-
neous defect distribution within the layer is the strong sensitivity
of SrTiO3 growth towards small changes in growth parameters,
which is discussed in reference [8]. Inhomogeneities explain the
irregularities in oscillations of the HRXRD patterns.

Cation vacancies lead to a local lattice expansion in SrTiO3 due
to repulsive coulomb forces.[87,179] This further leads to the devi-
ation of the layer peak to the substrate peak and allows to use
this shift as an estimation for the off-stoichiometry. Figure 5.2(d)
therefore shows the deviation of the vertical lattice parameter in
comparison to the bulk value for the different precursor concen-
tration ratios. The off-stoichiometry determination by consider-
ing the HRXRD peak shift is only qualitative. The accuracy of
this method is not very high and even thin films which have a lat-
tice parameter like the bulk crystals can show deviations in the
range of percent from stoichiometric Sr/Ti ratio.

As a next step, three samples grown with different precursor
concentration ratios of 2.6, 3.2 and 3.6 were investigated with
transmission electron spectroscopy. In figure 5.5, STEM high
angle annular dark field (HAADF) images of these samples are
shown. The off-stoichiometric thin films in (a) and (b) appear
darker than the substrate, which can be explained with a lower
mass density in the thin film, which agrees with the growth con-
ditions and the HRXRD observations, suggesting a strontium de-
ficiency in the thin films. Recent investigations by Tobias Schulz
and Houari Amari by performing DFT calculations and STEM
electron energy loss spectroscopy indicated, that also TiSr anti-
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Figure 5.5: STEM high-angle annular dark-field images for precursor supply ratios (Sr/Ti)liq of 2.6 (a), 3.2.
and 3.6 (c). (a) is a strongly off-stoichiometric film and (c) a nearly stoichiometric one. The thin film
with a stoichiometric composition is more homogeneous with less diffuse scattering. Measurements and
graphics by Tobias Schulz.

site defects exists in the layer. The TiSr defect recently gained
increased interest and is claimed to be abundant.[26,80,85,101] This
defect will play an important role in interpreting the permittivity
and resistive switching data.

For thin films closer to stoichiometry, these 1D defects were not
observed. The findings are in well agreement with the HRXRD
data, especially with the multilayer simulations of the HRXRD
pattern of off-stoichiometric samples. For the stoichiometric sam-
ple with a precursor ratio of 3.6, the STEM-HAADF image appear
homogeneous and again in good agreement with the single-layer
model used for simulating the HRXRD pattern.

Concluding, it was successfully shown that single-crystalline
and phase pure SrTiO3 thin films can be grown with liquid de-
livery spin MOVPE and that the amount of cation defects can be
controlled by changing the precursors concentration ratio. The
formation of the defects was not homogeneous, probably due to
instable growth conditions and strong sensitivity on the change
of growth parameter. However, for (nearly) stoichiometric sam-
ples, a homogeneous layers were grown, which was confirmed
by HRXRD and STEM-HAADF. Of particular interest for further
investigation is the TiSr antisite defect, which is likely present in
high concentrations in these thin films.

5.2 ExpERIMENTAL CHARACTERIzATION OF THE pER-
MITTIvITy

The dielectric properties of SrTiO3 strongly depend on the cho-
sen material and are influenced by deviations of stoichiometry
or defects. In this chapter, first an literature overview of the ap-
plied models on the dielectric constant of SrTiO3 is given. Subse-
quently, the dielectric properties of bulk crystals and thin films
grown with PLD are discussed. Finally, it is shown that the di-
electric properties in MOVPE grown SrTiO3 thin films strongly
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deviate from the knownproperties of bulk crystals and PLDfilms,
which is due to induced ferroelectricity by the TiSr defect.

At room-temperature, a permittivity of around 300, but values
between 43 to around 1000 are reported.[16,56,100,152,203] The range
of reported values indicates the sensitivity of the permittivity in
SrTiO3 on various parameters like strain, deviations from stoi-
chiometry or point defects. Neville et al. have measured the tem-
perature dependence of the permittivity 𝜖𝑟 in SrTiO3 in 1972.[120]

They found an increase of 𝜖𝑟 from 330 at room-temperature to
30 000 at 4K, as well as an field-dependence of the permittivity
below 65K, which they relates to a tetragonal to orthorhombic
phase transition.[102] The dependence of the temperature was de-
scribed in terms of an electrically active optical phonon[120] and
by the Curie-Weiss-Law (reference [84, pp. 467-474]). Above 35K
to 40K, the permittivity follows the Curie-Weiss-Law[120,153,194]

𝜖𝑟 = 𝐴
𝑇 − 𝑇0

. (5.1)

𝜖𝑟(0) static relative permittivity

𝜖(∞) optical relative permittivity

𝜔𝑇𝑂 Transversal optical phonon
frequency

𝜔𝐿𝑂 Longitudinal optical phonon
frequency

𝐴 Curie constant

𝑇 Temperature

𝑇0 Phase-transition
temperature

The Lyddane-Sachs-Teller relation

𝜖𝑟(0)𝜔2
𝑇𝑂 = 𝜖𝑟(∞)𝜔2

𝐿𝑂, (5.2)

sets the permittivity in relation with the optical phonon fre-
quencies. The dynamic permittivity and the longitudinal optical
phonon are insensitive to the change of temperature,[120,180] which
means, that the transversal optical phonon must be temperature
dependent, and even more, vanishes at 𝑇0 due to

𝜔2
𝑇𝑂 ∝ 𝑇 − 𝑇0. (5.3)

The frequency of the product of the permittivity and the square
transverse optical phonon was found to be

𝜖𝑟(0)𝜔2
𝑇𝑂 = (9.65 ± 0.30) × 1028 s−2 (5.4)

by Neville et al.[120] and the shift and vanishing of the phonon
mode was confirmed by neutron scattering experiments of Cow-
ley.[30] The vanishing of the phonon mode, so called soft phonon
mode, should lead to a ferroelectric phase transition of the crystal.
However, near the phase transition temperature 𝑇0, the permittiv-
ity deviates from the Curie-Weiss law and there is no ferroelectric
phase transition in strain-free SrTiO3. Barrett[9] used a mean-field
approach to describe the deviation from the Curie-Weiss-Law by
using

𝜖𝑟 = 𝐴
𝑇1
2 coth( 𝑇1

2𝑇 ) − 𝑇0
,

𝜖𝑟 static relative permittivity

𝐴 Curie constant

𝑇 Temperature

𝑇0 Curie temperature

𝑇1 Temperature, at which the
deviation from Curie-Weiss law
begins

(5.5)

whichwas confirmed for ferroelectricmaterials like BaTiO3. How-
ever, in the case of SrTiO3, the permittivity of the low-temperature
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regime is underestimated by Barrett’s formula and the expected
ferroelectric phase transition was not observed. Müller et al.[114]

found, that quantum fluctuations can suppress a ferroelectric
phase transition, if the ferroelectric displacement Δ𝑧 of the ion
(in SrTiO3: Ti) is smaller than the amplitude of the quantum
fluctuation Δ𝑧. The value for the Ti displacement in SrTiO3 is
Δ𝑧 = 0.045Å[1,91] and with Δ𝑧 = 0.077 Å[114] this condition is ful-
filled. SrTiO3 is therefore an intrinsic quantum paraelectric.[114]
The quantum mechanical suppression mainly occurs in undis-
torted single-crystalline SrTiO3 and can be easily prevented by
crystal distortions or defects. It was even shown, that even ex-
changing 16O by 18O leads to a low temperature ferroelectricity
with the Curie temperature at 38K.[72] Biaxial strain in heteroepi-
taxially grown thin films results in a tetragonal distortion that is
strong enough to stabilize ferroelectricity. Strain allows tuning
the Curie temperature by[39,63]

Δ𝑇𝐶 = 2𝜅𝜖0𝐶𝑄11 + 𝑄12
𝑠11 + 𝑠12

,

Δ𝑇𝐶 Shift in Curie temperature

𝜅 Biaxial strain

𝜖0 vacuum permittivity

𝐶 Curie constant

𝑄𝑖𝑗 electrostrictive coefficient

𝑠𝑖𝑗 elastic coefficient

(5.6)

By using a DyScO3 substrate, inducing 1% biaxial strain into a
50nm thin film grown by molecular beam epitaxy, the Curie tem-
perature could be increased to 𝑇𝐶 = 293K and ferroelectricitywas
demonstrated.[63,201] Another way to enable ferroelectricity at low
temperatures and thus change the temperature slope of the per-
mittivity is inducing an off-stoichiometry by growing an either
Sr-deficient or Ti-deficient thin films.[174]

A short overview about the work on field-dependence of the
permittivity in SrTiO3 will be given in the following, detailed
description by introducing the Landau-Ginzburg theory is de-
scribed in chapter 2.2.2. The Landau-Ginzburg theory was orig-
inally developed to describe superconductivity[59] and was later
adapted to ferroelectric systems.[38,39,113] The general approach in
describing the field dependence of ferroelectrics by expanding the
free energy 𝐹 by its order parameter 𝑃, the polarization,[23,145,202]
to

𝐹 = 𝐹0 + 𝜒
2 𝑃2 + 𝜉

4 𝑃4 − 𝐸𝑃 (5.7)

and minimizing it, 𝛿𝐹/𝛿𝑃 = 0, which gives a relation between
field and polarization:

𝐸 = 𝜒𝑃 + 𝜉𝑃3. (5.8)

𝜒 directly gives the susceptibility of the crystal, 𝜉 is the non-linear
dielectric response of the thin film. Different approaches were
presented by finding the solution for 𝜖𝑟(𝐸, 𝑇).[107,145,204,205] In the
present work, the approach of Yamamoto et al. is used, a detailed
description is found in chapter 2.2.2. For the field-dependence,
formula 2.32 is used.
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Figure 5.7: (a) Permittivity of different substrates over the temperatures compared to literature values,[120]
measured in a plate capacitor setup. Only the EFG substrates reaches as high values as the reference at low
temperatures. (b) The reciprocal permittivity shows a linear increase with temperature, as it is expected
from equation 5.1. However, the Verneuil grown samples show a deviation to high permittivity values
at room temperature. The Verneuil #1 substrate, which is used in this study, shows a Curie temperature
of 28K and a (interpolated) room-temperature permittivity of 330, which is in agreement with literature
values.[120]

5.2.1 Bulk single crystals

The dielectric constant for SrTiO3 bulk single-crystals were mea-
sured in a plate capacitor setup and compared with literature
reports (e.g. Neville et al.[120]) The dielectric properties of three
single-crystals of different origin were compared:

1. Verneuil grown single-crystal (CrysTec GmbH[32])

2. Verneuil grown single-crystal (Crystal GmbH[31])

3. Edge-defined film-fed grown single-crystals (by Guguschev
et al.[61])

SrTiO3

Ti/Au Layer
Sample Holder

Figure 5.6: Plate capacitor structures
based on SrTiO3 single-crystal sub-
strates. To get concentrically ori-
ented contacts for a homogeneous
electric field inside the substrate, a
special clamping shadow mask was
used. The sample is clamped in
the holder. In a two step process,
both sides of the substrate were de-
posited with 50nm titanium and
50nm gold.

Details about the crystal growth methods can be found in refer-
ence [155] for Verneuil growth and in references [61, 62, 88] for
edge-defined film-fed growth. All crystals were (001)-oriented
and chemically-mechanically polished. The thickness is given in
table 5.2. All crystals were unintentionally doped and electrically
insulating. Ti/Au contacts were used for the plate capacitor struc-
ture, to have flat conduction and valence bands at the interfaces.
This gives the risk of oxygen interdiffusion between the electrode
and SrTiO3. However, no indication of oxygen vacancy formation
by e.g. leakage current was detected. Additionally, gold is used
as a second layer to prevent electrode oxidation, but is provid-
ing a second functionality. Even if a conductive TiO2–𝛿 –SrTiO3–𝛿
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Substrate t (µm) 𝐴 (K) 𝑇𝐶 (K) 𝜖𝑟(𝑇 = 300K) 𝜖𝑟(𝑇 = 20K)

Neville et al.[120] 9.5 × 105 30 330 16 070

Verneuil #1 (CrysTec) 400 10.1 × 105 28 394 7965
Verneuil #2 (Crystal) 500 11.3 × 105 12 432 5277
EFG (IKZ) 750 10.5 × 105 38 416 16 588

Table 5.2: Three different types of substrates were compared, two commercial Verneuil grown substrates
and an in-house grown EFG substrate. All substrates have comparable thickness 𝑡. Both Verneuil sub-
strates show a too low permittivity 𝜖𝑟 compared to values reported by Neville et al.,[120] as well as a
comparably low Curie temperature 𝑇𝐶.[114] In figure 5.7 is also a deviation from the Curie-Weiss law
visible. EFG substrates, grown at IKZ, show Curie-Weiss behaviour up to room-temperature and the
permittivity and Cure temperature values are comparably to literature.

exist, the band bending through the high work function of gold
would form a space charge region, which would prevent the ex-
istence of free charge carriers near the interface. Thus the choice
of electrode material is uncritical for the given sample structure.
Titaniumof 50nmthicknesswas deposited by electron beam evap-
oration, followed by a 50nm gold layer. A sample holder for elec-
trode deposition through a shadow mask was designed and built
(figure 5.6). The holder has a cavity to position the sample. A
plate is put on the top side of the holder and fixed by a screw, so
that the sample is thightly clamped between the holder and top
plate. The holder and top plate have 3mm circular holes, which
are concentrically oriented to each other after mounting the plate
on the holder. Using this holder, it is ensured to deposited two
concentrically oriented electrodes of the same size on the front
and the back of the sample. The permittivity over temperature
curves are shown in figure 5.7 and were compared to literature
values. The permittivity at low temperature is by a factor of 3 to 4
lower for the commercial, Verneuil grown substrates compared to
the literature value. Only the edge-defined film-fed grown sam-
ple reaches similar values. In figure 5.7(b), the reciprocal permit-
tivity is shown over temperature to confirm the Curie-Weiss be-
havior and the deviation from it at low temperature due to quan-
tum fluctuations. All samples show a Curie temperature in the
expected temperature range (table 5.2). However, the Verneuil
grown samples showadeviation from the expected 𝜖−1

𝑟 ∝ 𝑇 slope
at room-temperature.

The difference might come from the crystal growth method.
Verneuil growth uses a hydrogen-oxygen flame to heat the ma-
terial above melting point. The material is dropping from a reser-
voir on a seed crystal, where it’s crystallizes. This can influence
the crystals in two ways. Hydrogen can be incorporated into the
crystal and large temperature gradients - a hot, molten droplet is
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falling on the solid crystal - can occur, which can lead to high dis-
location densities. Edge-defined film-fed growth is, analogously
to Czochralski growth, pulling the crystal from amelt, with lower
temperature gradients and thus lower dislocations. This can lead
to the improved dielectric behavior at low temperatures.

Since all further investigations were performed on Verneuil
substrates obtained from CrysTec GmbH (Verneuil #1), the lin-
ear regression of the Curie-Weiss slope is shown in figure 5.7(b).
The interpolated value of the permittivity at room-temperature
matches well the literature value of around 300 to 330,[120] how-
ever, the measured value is slightly higher at 400.

5.2.2 Permittivity in thick PLD grown SrTiO3 layers

In the next step, the permittivity was measured on a PLD grown
film of 1µm thickness on a 0.5wt. % niobium doped SrTiO3.
The substrate was heated in vacuum with a pressure below
1 × 10−6 mbar to 800 °C prior to deposition to remove the top-
most TiOx layer and get a SrO termination. For the growth in
1 × 10−1 mbar O2 atmosphere, the temperature was reduced to
600 °C. The laser fluency was 2.2 J cm−2. 25 000 pulses were
needed to deposited 1µm SrTiO3 at a pulse frequency of 5Hz.
The distance between SrTiO3 target and substrate was 61.5mm.
TEM investigations were performed on comparable thin films of
50nm thickness, which were grown with the same growth pa-
rameter. No difference in contrast between substrate and layer
was observed in high angular dark field TEM, and no of diffuse
scattering was measured, which can indicate a low point defect
density (see chapter 5.1). Thus it can be assumed that also the
thick layers have a similar quality, however, changes in e.g. the
target which might influence the layer quality can’t be excluded.
Platinum contacts with diameter of 150µm, 200µm and 300µm
and a thickness of 50nm were deposited by electron beam evap-
oration through a shadow mask.

In the first step, the layer permittivity of 𝜖𝑟 = 259 was deter-
mined bymeasuring the capacitance and using the plate capacitor
equation

𝜖𝑟 = 𝑐𝑑
𝜖0

.

𝑐 specific capacitance per area

𝜖𝑟 relative permittivity

𝜖0 vacuum permittivity

𝑑 thickness of dielectric

(5.9)

In figure 5.8(a) is the field dependence up to 1MVcm−1 shown
and the Landau-Ginzburg model was fitted to the data. The
field dependence at room-temperature is following the Landau-
Ginzburg model of non-linear dielectric response of the polar-
ization on the electric field with the non-linearity factor 𝜉 (equa-
tion 2.32).

Figure 5.8(b) shows the leakage current through the layer.
Only for negative bias, a current is measurable, for positive bias,
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Figure 5.8: (a) Room-temperature field dependence of the permittivity, measured on a PLD grown SrTiO3
thin film of 1µm thickness. The zero-field permittivity is around 260. The Landau-Devonshire model
was fitted to the field-dependent permittivity. (b) Current-voltage measurement to determine leakage
currents. (c) Double logarithmic plot to determine the origin of the increase current for negative bias.
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Figure 5.10: Measurement of the permittivity of the PLD layer in a temperature range of 20K to 534K and a
electric field strength of up to 1MVcm−1 to determine 𝜖𝑟(𝑇, 𝐸) for transport models in resistive switching
devices.

the current is on a low level of 1 × 10−11 A. An approachwas done
to find the origin of the current flowing for negative bias. For this,
the current over electric field is plotted in double logarithmic scale
in figure 5.8(c). Two slopes were identified: 𝑚1 = 1.0 ± 0.2 in the
low field region and a steep slope of 𝑚3 = 11.8 in the high field
region. The slope directly gives the proportionality of current
to field, thus 𝑚1 represents an ohmic conduction. The slope of
𝑚3 can be addressed to space-charge limited conduction, which
can occur at high field strength in a dielectric by charge carrier
injection.[78,134,170] The high proportionality (𝐼 ∝ 𝑉11.8) can occur,
if traps play a role in space-charge limited devices. After reaching
a threshold voltage, all traps are filled with charge carriers and
additional charge carriers are injected into the conduction band,
leading to a strong increase of the current.[78,134] Further discus-
sions about the transport mechanism can be found in chapter 5.3.
Figure 5.10(a) shows the temperature dependence of the layer

Pt SrTiO3 SrTiO3:Nb

VbiEF

Evac Vaff

Va

CB

VB

Figure 5.9: Ideal model of the band
structure of an SrTiO3 on SrTiO3
metal-insulator-semiconductor
structure. The built-in voltage 𝑉𝑏𝑖
comes from a different alignment
of the Fermi level within the insu-
lating and doped SrTiO3 film and
substrate, respectively. Due to that,
a space charge region can form
in the substrate. (adapted from
reference [170])

for the field-free permittivity. Compared to the values from liter-
ature and bulk single-crystals (chapter 5.2.1), the increase of the
permittivity with lowering the temperature is weakened. In bulk
single-crystals, the permittivity is increased by a factor of 100, in
the case of the thin films, it less than a factor of 4. The reasons for
this lowering will be discussed in the following.

Until now, an ideal plate capacitor structure was considered.
Interface charges 𝐶interlayer and the substrate contribution 𝐶substrate
have to be considered aswell, which gives a series capacitance and
thus lead to a lowering of the estimated permittivity. The capac-
itance for calculating the permittivity using equation 5.9 is then
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given by subtraction of the series contribution from themeasured
inverse capacitance value 𝐶meas.:

1
𝐶layer

= 1
𝐶meas.

− 1
𝐶substrate

− 1
𝐶interlayer

. (5.10)

If the capacitance of the substrate and the interlayer are high, they
can be neglected. If they are within the same range of the layer,
the underestimation can get large. For the substrate, this contribu-
tion can effectively avoided by using a high doping level, since the
contributionwould come from the space charge region in the sub-
strate. For such a substrate, the capacitance would be high. The
doping concentration in the used substrate is 0.5wt. %, which re-
sults in 𝑁𝐷 ≈ 1.5 × 1020 cm−3, which was confirmed byHall effect
measurements. Using the formula for the specific capacitance of
a space charge region[170]

𝑐 =
√
√√
⎷

𝑞𝜖0𝜖𝑟𝑁𝐷

2 (𝑉𝑏𝑖 − 𝑉 − 𝑘𝐵𝑇
𝑞 )

,

𝐶 capacitance

𝑐 specific capacitance per area

𝑞 elementary charge

𝜖0 vacuum permittivity

𝜖𝑟 relative permittivity

𝑁𝐷 donor concentration

𝑉𝑏𝑖 built-in voltage

𝑉 external bias

𝑘𝐵𝑇/𝑞 Boltzmann factor

(5.11)

the space charge region capacitance can be estimated. The permit-
tivity value for the substrate was taken from figure 5.6. Electron
affinity is a material parameter for semiconductors in analogy to
the workfunction of metals. It is not referenced to the Fermi level
as in metals but to the conduction band minimum, i.e., for both
the substrate and the layer it is the same value. The built in volt-
age, which is the difference between the electron affinities of both,
the substrate and the thin film is hard to determine and depends
on the position of the Fermi level (figure 5.9). In the ideal case, the
Fermi level of the insulating, unintentionally doped thin film is in
the center of the band gap, for the highly doped substrate it is to
be expected, that the Fermi level is in the conduction band. Thus,
a 𝑉𝑏𝑖 = 1.63V, which is half of the band gap, was used for the cal-
culation. The Boltzmann factor 𝑘𝐵𝑇/𝑞 ≤ 0.026V for temperatures
below or at room-temperature was neglected. The space charge
region capacitance is then

𝑐substrate(300K) = 1.5 × 10−5 F
cm2 . (5.12)

Typically, capacitances were measured in the range of 𝑐min =
7 × 10−9 F cm−2 and 𝑐max = 1 × 10−7 F cm−2, resulting in a maxi-
mum underestimation of less than 1% of the layer capacitance.
In the case of the PLD layer discussed in this chapter, the room
temperature valuewas 𝑐PLD = 2.2 × 10−7 F cm−2, resulting in a per-
mittivity value of 𝜖𝑟 = 259. In figure 5.11, the capacitance of the
measurement, the capacitance of the substrate and the resulting
layer capacitance (equation 5.10) are shown over the temperature.
At any temperature, the influence of the substrate capacitance is
low and 𝐶meas. ≈ 𝐶layer.
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Figure 5.11: Temperature dependence of substrate capacitance and layer
capacitance. The capacitance of the layer is weakly temperature de-
pendent, unlike the substrate capacitance. Interface charges, if low,
can lead to an underestimation of the permittivity.

Another effect can be interface charges between electrode
and thin film, which was discussed by various authors.[107,205]
They consistently found an interface capacitance of 𝑐interface from
8.854 × 10−6 F cm−2 to 8.854 × 10−5 F cm−2 and an independence
to the temperature. The shaded areas in figure 5.11 show layer ca-
pacitance with taking interface charges into consideration. With
the minimal value from literature reports for the interface charge,
the underestimation of the permittivity is still negligible (red
area, barely visible). With assuming a lower interface charge,
the underestimation of the permittivity gets larger. On the other
hand, the interface capacitance, assuming it is temperature inde-
pendent,[107,205] cannot explain the deviation from the tempera-
ture dependence of the substrates. If the interface capacitance
gets more dominant in the series capacitance, it increases the
low temperature permittivity and reduces the deviation from the
substrate permittivity value. At the same time, it would increase
the room-temperature permittivity above the value of around
300 measured for substrates, and thus give an deviation from
the substrate permittivity at room temperature. For example, in
figure 5.11, a low interface capacitance of 8.854 × 10−7 F cm−2 was
assumed, which increases the calculated value of the permittivity
from 680 to 2260 at 20K (Neville et al.:[120] 16 000). At the same
time, the room temperature permittivity is increased from 259 to
340 (Neville et al.:[120] 330).

The weakening of the permittivity in epitaxial layers is exten-
sively studied and the origin is frequently explained by interface,
dielectrically dead interface layers, meaning that the quotient 𝜖𝑟/𝑑
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Figure 5.12: Modeling the temperature and field-dependence with the Landau-Ginzburg model by using
the permittivity data presented in figure 5.10. Barretts formula and the Curie Weiss law are then applied
on the obtained coefficients 𝜒 and 𝜉 .

is small.[10,209] Using a mean-field approach, Zhou et al. pointed
out, that this dead dielectric layer is even intrinsic. Contrary to
this explanation, also very high permittivity values exceeding
1 × 104 were achieved.[53,100] Sirenko et al.[164] measured the 𝑇𝑂1
phonon frequency in a 2µm thick PLD grown layer with a weak
temperature dependence of the permittivity, They found, that
the phonon frequency is less temperature dependent in such a
layer, the soft-phonon mode is hardened. The measurement is a
confirmation of the Lyddane-Sachs-Teller relation (equation 5.2)
and the dominant contribution of the 𝑇𝑂1 mode to the permit-
tivity. Additionally to this, it is a proof, that the permittivity of
the layer itself is less temperature dependent without the need of
an additional interface layer. Moreover, the phonon hardening
has been shown to be dependent on off-stoichiometry[67,73,95,178],
point-defects[100] and impurities[6]. Beside of this, the phonon
hardening can be a accompanied with the formation of polar
nano regions.[175] Polar nano regions can occur in ferroelectric
materials and similar to magnetic domains, stabilize the local
polarization due to interaction of the dipoles. Polar nano re-
gions will play a role in the modeling of the resistive switching
in the SrTiO3 MOVPE thin films and will be further discussed in
chapter 5.4. Concluding the findings so far, the lowering of the
permittivity can’t be explained by the influence of the substrate
or dielectrically dead interface layers. Thus, it is expected to have
a extrinsically induced phonon hardening. e.g. by defects. Addi-
tionally, it can be a hint for polar nano regions in the material.
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Figure 5.10(a) shows not only the zero-field temperature de-
pendence of the permittivity, but also the temperature depen-
dence for high electric fields of up to 1MVcm−1, which was
achieved by applying voltages of up to 100V. The permittivity
increase with lowering the temperature is weaker with higher
electric fields. At the maximum field of 1MVcm−1, the temper-
ature dependence of the permittivity changes from increasing to
decreasing. Figure 5.10(b) shows the same data, but in this case,
the field dependence is shown for a fixed temperature. The data
was fitted with the Landau-Ginzburg theory. At high tempera-
tures, the permittivity follows the model, but at low temperature,
a deviation from the model is visible. This can be explained
by the occurrence of an additional polarization at low tempera-
tures and the occurrence of polar nano regions.[5,175] Akimov et
al.[5] have shown, that again, the permittivity is connected to the
soft phonon mode and that the lowering of the permittivity by
the electric field can be attributed to a hardening of that mode.
Thus, they expanded the Lydanne-Sachs-Teller relation to the
field-dependence of permittivity and soft phonon mode:[5]

𝜖𝑟(𝑇, 𝐸) ∝ 1
𝜔2

TO1
(𝑇, 𝐸)

.
𝜔TO1

Thin film soft phonon
frequency

ΩTO1
Bulk single-crystal soft
phonon frequency

⟨𝑃𝑆⟩ Extrinsic, static polarization

(5.13)

Akimov et al. also concluded, that from the difference between the
soft phonon frequency of the bulk crystal and the thin film the
extrinsic polarization of the crystal can be derived by

𝜔2
TO1

(𝑇, 𝑃𝑆) − Ω2
TO1

(𝑇) ∝ ⟨𝑃2
𝑆(𝑇)⟩. (5.14)

This equation is only valid for a perfect paraelectric substrate.
The permittivity data measured for the used substrate indicate,
that this is probably not the case, due to the low permittivity
at low temperature. However, still, the strong lowering of the
soft-phonon mode is an indication for a extrinsically induced po-
larization. Akimov et al. additionally conclude from the hardening
of the soft phonon mode, that polar nano regions can exist in the
layer. The occurance of polar nano regions can be induced by the
TiSr antisite defect. The influence of this defect on the dielectric
and ferroelectric properties in SrTiO3 will be discussed in the next
chapter for MOVPE thin films.

5.2.3 MOVPE grown SrTiO3 thin films

Metal-organic vapor phase epitaxy (MOVPE) was used to ho-
moepitaxially grow SrTiO3 thin films of 40nm thickness. The
ratio of the strontium and titanium precursor was varied be-
tween 2.2 and 3.6. This refers to the ratio of the precursor in the
liquid phase before evaporation and thus, the incorporated ratio



5.2 ExpERIMENTAL CHARACTERIzATION OF THE pERMITTIvITy 63

3.90 3.95 4.00 4.05
Vertical lattice parameter (Å)

80

100

120

140

160

180

200

220

Pe
rm

itt
iv

ity

2.6

2.2

2.8

2.9
3.0

3.2

3.1

3.6

Bulk lattice parameter

(a)

0 100 200 300
Temperature (K)

100

200

300

400

500

Pe
rm

itt
iv

ity 𝑇max = 84K

𝑇max = 69K

𝑇max = 59K

(b)
Sr/Ti ratio

2.8
2.9
3.2
3.6 (A)
3.6 (B)

Figure 5.13: (a) Dependency of the permittivity for MOVPE grown SrTiO3 on the lattice parameter and
thus the tetragonal distortion. Additionally, it correlates with the Sr/Ti precursor ratio, which is an indi-
cation of stoichiometry control in the thin films. (b) The permittivity over temperature plots for some a
selection of the grown thin films. The temperature dependence is weak. Beside of that, a damping of the
permittivity at low temperature is seen, which is an indication of strong polarization.

of strontium and titanium can differ from this value. As an in-
dicator for the deviation from stoichiometry the vertical lattice
parameter was measured. Any off-stoichiometry lead to a tetrag-
onal distortion, thus, a value close to the bulk lattice parameter
is assumed to be ”stoichiometric”. However, this can only be a
rough estimate and only deviations from stoichiometry in the
range of percent can be detected.

Platinum

SrTiO3

SrTiO3:Nb

Nickel

Figure 5.14: Schematic layout of the
device structure
MOVPE thin film
• Thickness: 40nm
• Sr/Ti precursor ratio: 2.9
• Substrate: SrTiO3:Nb 0.5wt. %
• Top contact: Pt 20nm/Ni 20nm
• Contact size: circular, ⌀200µm
• Bottom contact: In/Ga eutectic

The thin films were investigated for their dielectric properties.
For this, circular platinum contacts with a thickness of 50nm
and a diameters of 150µm, 200µm and 300µm were deposited
through a shadowmask by e-beam evaporation (figure 5.14). The
backside was covered with In/Ga eutectic to form a ohmic con-
tact. The specific capacitance was in the range of 2 × 10−6 F cm−2

to 5 × 10−6 F cm−2, so that again the substrate capacitance contri-
bution can be neglected. In principle, an effect from a interface
layer can lower the measured permittivity, however, as it was
pointed out in chapter 5.2.1, the existence of such a layer is ques-
tionable.

In figure 5.13(a), the dependence of the permittivity on two
parameter is shown: The lattice parameter and the Sr/Ti precur-
sor ratio (annotated numbers). The lattice parameter of SrTiO3
is shown as a vertical dashed line in the plot. It can be seen that
the permittivity of the stoichiometric sample is significantly lower
and has a value of around 100 compared to the permittivity value
of around 300 for SrTiO3 bulk single-crystals. With increasing
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Figure 5.15: Curie-Weiss law fitted to the permittivity over temperature
of MOVPE grown samples grown under different Sr/Ti precursor ra-
tios.

deviation from the stoichiometry, the permittivity is increasing,
with a peak at around 3.95Å vertical lattice parameter or a Sr/Ti
precursor ratio of 2.8. For higher deviations from the stoichiome-
try, the permittivity is decreasing again.

Figure 5.13(b) shows the temperature dependence for samples
with different Sr/Ti precursor ratio value between 2.8 and 3.6. The
values at room-temperature slightly deviate from the measure-
ments in figure 5.13(a). Additionally, the temperature dependent
measurementwere performed on two similar sampleswith a ratio
of 3.6, which again shows a small shift in the curves. The reason
for these discrepancies can be inomogeneities in the thin films or
differences in the contact preparation. However, the temperature
dependent measurement of the sample with a ratio of 3.6 shows
a good reproducibility of the temperature dependency.

Two samples with a Sr/Ti precursor ratio of 3.6, close to sto-
ichiometry, were measured. The temperature increase almost
vanished and is for both samples only increasing by 25%. Both
samples show a similar slope, indicating a good reproducibility
of the process. Samples with decreasing Sr/Ti precursor ratio
have a stronger dependence of the permittivity of the tempera-
ture. In contrast to substrates, pulsed laser deposited samples
or the stoichiometric samples, the permittivity has a peak and is
decreasing below that peak temperature again. The sample with
the strongest off-stoichiometry in this series, with a Sr/Ti precur-
sor ratio of 2.8, also shows this peak. However, the sample again
shows a weaker temperature dependency.



5.2 ExpERIMENTAL CHARACTERIzATION OF THE pERMITTIvITy 65

Figure 5.15 shows the plot of 1/𝜖𝑟(𝑇) of the samples from fig-
ure 5.13(b). For the stoichiometric samples, a well-defined lin-
ear slope is visible, which was used for fitting the Curie-Weiss
law from equation 5.1. A calculated Curie temperature of around
−450K was measured for both samples, indicating a suppressed
ferroelectric phase transition. The Curie-Weiss fit for the samples
with a lower Sr/Ti precursor ratio is more difficult, since no clear
linear slope was measured. The Curie temperature, shown in the
figure, are higher but still negative compared to the stoichiometric
samples.

Two effects play a role in influencing the dielectric properties of
the MOVPE grown thin films. First of all, the temperature depen-
dence is strongly weakened, indicating a phonon hardening, as it
was discussed in the previous chapters. This phonon hardening
can also explain the low permittivity at room-temperature.

Since the lattice parameter of the samples with a Sr/Ti pre-
cursor ratio of 3.6 is very close to the lattice parameter of bulk
single-crystals, it is unlikely that the phonon hardening comes
from a tetragonal distortion, especially, one would expect that
the phonon hardening is getting stronger for higher deviations
from the bulk vertical lattice parameter. Also, the stoichiometry
series shows, that a dielectrically dead interface layer, as it was
discussed in literature, is not the dominant factor in reducing
the permittivity. The electrode preparation is the same for all
samples, but still the dependence on the Sr/Ti precursor ratio is
visible. Point defects, especiallyVSr or the TiSr defect, are possibly
be responsible for the phonon hardening. The presence of such
a defect is expected due to the additional supply of Ti. Varley et
al.[182] have shown a low formation energy of strontium vacancies
under high oxygen and titanium partial pressure. Choi et al.[26]

have shown a low formation energy under Ti rich conditions,
however, they also pointed out that for oxygen and titanium rich
conditions, the formation energy can be higher. At least the for-
mation of VSr is highly likely in these samples, as STEM-EDX
measurements have shown a strong strontium deficiency (chap-
ter 5.1).

The second effect is the decrease of the permittivity below a cer-
tain temperature. The effect gets stronger with higher strontium
deficiency. Beside of the formation of a peak permittivity, also
the peak is shifting to higher temperatures, from 𝑇max. = 59K for
the Sr/Ti precursor ratio of 3.2 to 𝑇max. = 84K for a Sr/Ti precur-
sor ratio of 2.8. The permittivity at temperatures above this peak
temperature is also not clearly following the Curie-Weiss law any-
more. These are a indication of polar nano regions, as they were
already discussed to exist in SrTiO3.[26] This is especially interest-
ing, since the TiSr defect is inducing a dipole and has different sta-
ble positions and thus different polarization configurations are
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possible. It is expected, that for nearly stoichiometric samples,
strontium vacancies (and TiSr) exist, but in such a low concen-
tration, that no interaction between the defects is occurring. For
lower Sr/Ti precursor ratios, a strontium deficiency of up to 20%
was shown. In this case, the defects can interact with each other
and stabilize their polarization, similar like magnetic domains, in
form of polar nano regions.

Lastly, it has to be discussed, why the permittivity is dropping
to lower values at very low Sr/Ti precursor ratios. There are two
possible explanations. The first one is, that TEM investigations
have shown extended defects in these layers, which might reduce
the polarizability. On the other hand, density functional theory
calculations by Klyukin et al.[85] have even expected a decrease of
polarizability for high TiSr concentration. The reason is, that due
to the high defect concentration the displacement of the titanium
atom gets reduced from 0.78Å for a Sr/Ti ratio(1) of 0.93 to 0.45Å
for a cation ratio of 0.78. The cation ratio for which the displace-
ment is reduced fits also to the TEM investigations. The sample
with the highest strontium deficiency without showing extended
defects has a cation ratio of 0.77 (23% Sr deficiency, chapter 5.1),
which is close to the value from Klyukin et al. Thus, it can be con-
cluded that the formation of VSr, in combination of TiSr defects,
are the driving factor for the phonon hardening inMOVPE grown
SrTiO3 thin films and that these defects can form polar nano re-
gions.

5.2.4 Summary

In this chapter, the dielectric properties of SrTiO3 substrates, PLD
films andMOCVD thin films were investigated. The temperature
dependence of the permittivity is a central point in this investiga-
tions, since it can indicate a hardening of the soft phonon mode,
which can be caused by strain or defects, and can give a indication
for polar nano regions.

In the first step, different substrates were compared with liter-
ature values. For some substrates, a lowering of the permittiv-
ity was found, indicating defects in the crystals. These might
be impurities or occur due to the high thermal stress during the
Verneuil growth. High quality, edge-defined film-fed grown crys-
tals in contrast show a high low temperature permittivity and
Curie temperatures, which was also reported in literature. How-
ever, the availability of edge-defined film-fed grown crystals was
limited, so commercial Verneuil crystals were used.

(1) In this case, the ratiomeans the cation ratio in the crystal, not the precursor ratio
which is used for the MOVPE grown thin films.
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A pulsed laser deposited film of 1µm was investigated for the
temperature and field dependency. It was found, that the fer-
roelectric phase transition is suppressed and the permittivity is
strongly lowered, thus the soft phonon mode is hardened. Since
strain would increase the Curie temperature and no extended de-
fects were found, theses hardening is most likely caused by point
defects, which can also induce an additional, extrinsic polariza-
tion in the crystal. The Landau-Ginzburg theory for the field and
temperature dependence of the permittivity was applied on the
permittivity data, allowing it to calculate 𝜖𝑟(𝐸, 𝑇), which can be
used in the transport models for resistive switching.

The impact of stoichiometry on MOVPE grown thin films was
discussed. It was shown, that for stoichiometric samples, a very
low permittivity of around 100 was measured, showing a weak
temperature dependency. These can be attributed to phonon
hardening byVSr and TiSr defects. Higher concentrations of these
defects increase the polarizability and thus the permittivity value.
Temperature dependent measurements additionally indicate the
formation of polar nano regions for highly off-stoichiometric sam-
ples. The decrease of permittivity for Sr/Ti precursor ratios below
2.8 is another strong indication for the presence of TiSr defects, as
it was predicted, that the displacement (and thus polarizability)
of the antisite titanium is reduced in such layers.

5.3 ExpERIMENTAL CHARACTERIzATION OF RESISTIvE
SwITCHING

5.3.1 Hysteresis curves
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SrTiO3

SrTiO3:Nb

Nickel

Figure 5.16: Schematic layout of the
SrTiO3 resistive switching device.
MOVPE thin film
• Thickness: 40nm
• Sr/Ti precursor ratio: 2.9
• Substrate: SrTiO3:Nb 0.5wt. %
• Top contact: Pt 20nm/Ni 20nm
• Contact size: circular, ⌀200µm
• Bottom contact: In/Ga eutectic

In this chapter, the hysteresis curveswill be discussed. Figure 5.16
shows the schematic layout of the investigated resistive switch-
ing devices. They consists of an highly doped SrTiO3:Nb(001)
substrate with a Nb concentration of 0.5%. On this substrate, un-
intentionally doped SrTiO3 thin films of around 40nm thickness
were deposited.

Circular top contacts with 200µm diameter were deposited by
electron beam evaporation. The contact stack consists of a 20nm
thick platinum and a 20nm thick nickel layer. Platinumwas used
to prevent oxidation of the contact, which can lead to the forma-
tion of oxygen vacancies in the thin film. Nickel was used to me-
chanically protect the platinum.

Static current-voltage curves were measured in 2-point probe
setup. The measurements were performed to identify hystere-
sis behavior of the sample. For this, the voltage was ramped in
both directions, first with increasing voltage, afterwards with de-
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Figure 5.18: Hysteresis current-voltage curve an off-stoichiometric
SrTiO3 thin film. Each branch of the curve were fitted with appro-
priate electrical transport models. In negative voltage region for the
LRS, a parallel current of trap-assisted tunneling and Schottky emis-
sion was found.

creasing voltage. The voltage was continuously applied during
the whole sweep. A voltage increment of 10ms combined with
an integration time of 10mV were chosen.
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Figure 5.17: Band structures of MIS
devices. (a) A negative bias leads
to a depletion zone at the insulator
semiconductor interface. (b) A pos-
itive bias leads to an accumulation of
charge carrier at the interface.

The sample stack represents a metal-insulator-semiconductor
(MIS) structure. Figure 5.17 shows the band structure of typical
MIS devices with applied positive and negative bias. Applying
bias leads to an depletion or accumulation at the interface. The
insulating layer between top contact and substrate acts as a barrier
for the current.

Still, a residual current can flow through the insulator due to
injected charge carriers at high electric fields. Charge carrier in-
jection can e.g. occur due to thermal emission above the interface
barrier, or due to tunneling through the insulator. Some basic
current transport mechanism are introduced in chapter 2.1. The
sample was investigated for this current by measuring current-
voltage curves.

In Figure 5.18 shows the current-voltage curve through an off-
stoichiometric sample, grown with a Sr/Ti precursor ratio of 2.7.
The sample shows resistive switching and a strong hysteresis be-
tween the low resistive state (LRS) and the high resistive state
(HRS) was found. The current-voltage curves show a asymmetry
between the positive and negative voltage region and in positive
bias region, the current increases more rapidly compared to the
negative voltage region.
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The HRS of the negative voltage region was fitted by Schottky
emission with the formula (see page 7)

𝐽 = 𝐴∗∗𝑇2 exp⎛⎜
⎝

𝑞
𝑘𝐵𝑇
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⎝

√ 𝑞𝐸
4𝜋𝜖0𝜖𝑟
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⎞⎟
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. (5.15)

In the LRS, additionally a tunneling current occurs, which fol-
lows the current-voltage dependence of trap-assisted tunneling
(see page 8)

𝐽 = 𝑞2

8𝜋ℎ𝜙𝑇
𝐸2 exp⎛⎜

⎝
−8𝜋√2𝑞𝑚∗

3ℎ𝐸 𝜙3/2
𝑇

⎞⎟
⎠

. (5.16)

The fit of the LRSwas done by adding the tunneling current to the
emission current 𝐼Schottky of the HRS, so that 𝐼total = 𝐼𝑆𝑐ℎ𝑜𝑡𝑡𝑘𝑦,𝐻𝑅𝑆 +
𝐼𝑆𝑐ℎ𝑜𝑡𝑡𝑘𝑦,𝐿𝑅𝑆. This indicates parallel current paths of tunneling and
Schottky currents in the LRS.

To determine the barrier height by using themodels mentioned
above, the field strength across the insulating layer has to be
known. In the most simple case, the field strength can be calcu-
lated by dividing the voltage through the thickness of the thin
film. However, this can be inaccurate due to two reasons. First of
all, a depletion zone in the substratewould increase the insulating
barrier thickness. Secondly, especially in the low resistive state,
the voltage drop is not limited to the thin film itself anymore.
Since the resistivity of the thin film in the LRS is so low, also volt-
age drops across the contacts and the substrate becomes relevant.
Still, as a first approximation, the thin film thickness is used to
calculate the electric field strength. Thus, determined values of
the barrier height, especially in the LRS, might not represent the
true barrier heights of the device.

Pt SrTiO3 SrTiO3:Nb

VbiEF

Evac Vaff

Va

CB

VB

Figure 5.19: Band structure of the
SrTiO3 thin film in the LRS.

The forward direction in the LRS follows the thermionic emis-
sion law. The barrier height was determined from equation 2.9
on page 6

𝐽 = 𝐴∗∗𝑇2 exp( 𝑞
𝑘𝐵𝑇 (𝑉

𝜂 − 𝜙𝐵)) . (5.17)

A Richardson constant of 156Acm−2 K−2[166] and a temperature
of 300K is used for calculation. A barrier height of the LRS of
0.76 eV was found. This value was also found for Pt/SrTiO3:Nb
Schottky diodes.[99,127] The ideality factor was found to be 𝜂 = 8.
In an ideal Schottky diode, the ideality factor should be equal to
one. In this device however, an insulating thin film is used, which
increases the ideality factor. Concluding from the thermionic
emission in the LRS, the device structure differs from a typical
MIS structure in such a way, that there is no band discontinuity
between substrate and thin films in the LRS. Instead, the devices
has continous bands with a bending at the substrate - thin film
interface due to the difference in fermi energy (figure 5.19).
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The HRS follows, similar like in the negative voltage region,
also in the positive voltage region. The barrier height of 1.1 eV
is higher than in the negative voltage region. Due to the current
mechanism based on charge carrier injection, in the HRS the con-
tinuity of band can’t be assumed and a situation like in figure 5.17
is expected. This means, that the resistive switching mechanism
has to be influenced from the band alignment at the interfaces and
is not a bulk effect, like it is the case for resistive switchingmodels
based on oxygen vacancy migration (see chapter 5.4).

5.3.2 Threshold voltage and gradual switching

In the following, the switching itself is discussed in more detail.
For this, the resistive switching of an off-stoichiometric SrTiO3
thin film, grown with a precursor ratio of Sr/Ti = 2.9 is investi-
gated. The test structure on the left figure was cooled down to
10K in a closed cycle helium refrigerator. The background pres-
sure was at around 1 × 10−6 mbar. The current-voltage curves
are recorded similar to the measurement in chapter 5.3.1. In
the following chapters, the sweep with increasing voltage is
called ”forward direction”, the sweep with decreasing voltage
is called ”backward direction”. The minimum and maximum
voltage (voltage range) is gradually increased until a hystere-
sis in the current-voltage curves is found. The corresponding
current-voltage curves at 10K are shown in figure 5.20.

Measuring the current-voltage curves in a small voltage range
of ±0.1V (±25kV cm−1) a current at the noise level of around
1 × 10−12 A is measured, indicating a highly insulating layer with
𝜌 >> 1 × 1012 Ω cm.

By further increasing the voltage, a current through the thin
film is measured. During the first three sweeps (#1-#3) with a
voltage range of ±0.5V, ±0.75V, and ±1.0V, no hysteresis was
observed in the current-voltage curves. Repeating sweeps in this
voltage range reproduce this observation.

A subsequent increase of the range to −2V to 1.5V leads to the
evolution of a hysteresis curve. The hysteresis can be divided into
two states, a high resistive state (HRS), which has a current level
below the initial current (sweeps #1-#3), and a LRS, which has a
current level above the initial state of the first three sweeps.

Figure 5.21 shows the current ratio between LRS and HRS. In
the negative voltage range, a peak ratio of 2.1 × 107 is measured at
−0.3V. To higher voltages, the on-off ratio is decreasing. In the
positive voltage range, the peak is at 0.75Vwith a ratio of 4.1 × 105.
Above this voltage, the ratio is decreasing again.

To investigate the resistive switching, pulsed measurements
were performed. For this, a readout voltage was set to 𝑈ro =
−0.1V. This voltage is below, but close to the maximum of the
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Figure 5.20: Current-voltage characteristics of SrTiO3 thin film at
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Sweeps #1, #2, and #3 show reproducible (overlapping) IV character-
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tended, so that the sweep has Sweep #4 voltage range is extended to
negative and positive range and part of the sweep is above a threshold
voltage 𝑈4. As a result, the thin film is switching between HRS and
LRS. The HRS curve shows a current below the initial, non-switching
sweeps, the LRS an higher current. Sweep #5 has an even extended
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Figure 5.22: Pulsed IV measurements of SrTiO3 thin film at 10 K. The
𝑈HRS was set to −4 V. The 𝑈LRS was varied between 1.25 V to 2 V. The
readout voltage was set to 𝑈ro = −0.1V. The pulse length was set to
100 ms for all pulses. On the top, the voltage pulse pattern over time
is shown. On the bottom, the corresponding current is shown. It is
seen, that the LRS current increaseswith pulse 𝑈HRS and no switching
is observed below the threshold voltage 𝑈threshold.

LRS/HRS ratio in figure 5.21. A small voltage is also chosen
to prevent switching of the thin film during read-out. Since in
figure 5.20 the sweeps up to ±1V don’t show a hysteresis, no
switching is expected during the readout.

Voltage pulses were used to switch the sample between the two
states. To switch the thin film from LRS to HRS, a voltage pulse
of 𝑈HRS = −4V was applied. For switching from HRS to LRS,
three different voltage pulses 𝑈LRS of 1.25V, 1.50V, and 2.00V
were applied. The pulse lengths were 100ms. After each pulse,
20 current readings with an integration time of 100ms were used
to check the state of the device.

Figure 5.22 shows the pulsed measurement. On the top, the
voltage sequence readout, LRS pulse and HRS pulse is displayed.
On the bottom, the corresponding current readings are plotted.
After starting the measurement in HRS state with a current of
1 × 10−13 A at 𝑈ro, a positive voltage pulse 𝑈LRS sets the sample
to the LRS. During the pulse a peak current is measured. After-
wards the readout is performed at 𝑈ro, showing an increased cur-
rent level for the LRS. For 𝑈LRS = 2V the LRS current is highest
with 2 × 10−6 , 𝑈LRS = 1.5V shows a LRS current of 5 × 10−11 A,
and 𝑈LRS = 1.25V does not show a switching to the LRS, the cur-
rent stays at 1 × 10−13 A.
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Figure 5.23: Measurement of the threshold voltage for resistive switching at different temperatures. The
samplewas pulsedwith the pulse pattern shown in figure 5.22. Each horizontal line represent the average
current measured at LRS after each of the three LRS pulses. The black circle represents the average of the
three average LRS current values. For low temperature, the threshold voltage is at around 𝑈threshold =
1.2V to 1.4V and the LRS current is exponentially increasing with 𝑈LRS. At 300K, still a threshold at
around 0.7V to 0.8V can be measured. In contrast to the low temperature measurements, the current at
lower pulse voltages is limited by the increased HRS current and to the top by saturation.

The threshold voltage, at which a difference between LRS and
HRS can be measured, was investigated at 10K, 60K and 300K
(figure 5.23). For this, a pulse pattern like in figure 5.22 was used
with varying 𝑈LRS. The 𝑈HRS was fixed to −4V. The pulse width
was set to 100ms, the readout voltage was set to −0.1V.

In figure 5.23, the horizontal bars show average current level
for the LRS after each of the three pulses for each pulse voltage.
Additionally, the black circle shows the average of the three mea-
surements. At 10K, the 𝑈LRS was varied between 1.2V to 2V. The
LRS current level is exponentially increasing with increasing the
pulse voltage. The threshold voltage can be determined to be
1.2V to 1.4V, which corresponds to an electric field strength of
300kV cm−1 to 350kV cm−1. The same is observed at 60K.

A reduced threshold voltage of 0.7V was measured at 300K.
Additionally, the current level of theHRS is increased to 1 × 10−7 A,
which reduces the on-off ratio. At the threshold voltage, the cur-
rent level of the increases exponentially over two order of magni-
tude from 1 × 10−9 A to 1 × 10−7 A. Above the threshold region,
the LRS current increases to a maximum of 1 × 10−6 A.

Using the current voltage curves fromfigure 5.20, the transition
between the different transport regimes can be shown. In the case
where electronic transport is dominated by Schottky emission, a
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Figure 5.24: Linearized current - voltage relations for a) Schottky emission andb) trap-assisted tunneling. A
linear slope indicates a good agreementwith the correspondingmodel. The dashed vertical line indicates
the threshold voltage 𝑈𝑇 , for which the switching between the LRS and HRS occurs. For the HRS in the
Schottky emission model, the permittivity is increasing the more the state is pronounced.

linearized relation between current and voltage can be obtained
from equation 2.13 (page 7) via the graphical plotting of

ln( 𝐽
𝑇2 ) ∝

√𝐸
𝑇 . (5.18)

Analogously, the linearized relation in case of trap-assisted tun-
neling (derived from equation 2.17, page 8) is

ln(𝐽) ∝ 1
𝐸, (5.19)

and for thermionic emission (derived from equation 2.9, page 6)
is

ln(𝐽) ∝ 𝑉. (5.20)

By plotting the current-voltage data with the above relationships,
a linear appearance of the plot would give an indication of the cor-
responding transport mechanism. One difficulty in plotting these
curves is that the exact field strength applied to the thin film is
unknown. The field strength was calculated using 𝐸 = 𝑉/𝑑, with
the applied voltage 𝑉 and the film thickness 𝑑. However, the dis-
tance over which the field is applied can be much larger, e.g., if
a space charge region exists in the substrate. In addition, it must
be expected that, especially in the LRS, the voltage drop does not
only occur across the SrTiO3 layer, but also across the entire de-
vice, i.e. a significant voltage drop also occurs in the substrate or
at the contacts. All models introduced in chapter 2.1 were tested
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Figure 5.25: Linearized current - voltage relations for a) Schottky emission and b) thermionic emission. A
linear slope indicates a good agreementwith the correspondingmodel. The dashed vertical line indicates
the threshold voltage 𝑈𝑇 , for which the switching between the LRS and HRS occurs.

for consistency with the measurements, however, only those who
show consistent results are presented in the following.

Figure 5.24 show the linearized relation between current and
voltage for the Schottky emission model and the trap-assisted
tunneling model in the negative voltage range. It can be seen
that in the HRS, Schottky emission and in the LRS, trap-assisted
tunneling dominates the charge carrier transport through the
device. The states can be switched gradually, and the stronger
the state was switched (by using higher electric fields), the more
pronounced are the linear slopes. For the HRS, the permittivity
was determined using equation 2.13 (page 7). Permittivity values
between 54 and 110 were determined, which is in agreement to
previous dielectric measurements (chapter 5.2.3). The more the
HRS is pronounced, the higher is the permittivity.

To interpret the permittivity values determined from the emis-
sion current, static low-temperature capacitance measurements
were performed at 1MHz. The capacitance was measured at
−0.1V (probe voltage) for the HRS and LRS at 10K. The LRS
capacitance was 1139pF, the HRS capacitance 1163pF, which cor-
responds to 𝜖𝑟(0) values of 163 and 167. This confirms that the
permittivity of the thin-film differs for the HRS and LRS.

Figure 5.25 shows the forward direction in the linearized form
for Schottky and thermionic emission. In the forward direction,
the dominant transport mechanisms are Schottky emission and
thermionic emission. Due to the low temperature, the charge car-
riers are initially not sufficiently thermally excited to overcome
the barrier. Only from a field strength of about 200kV cm−1 a
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Figure 5.26: Temperature dependence of the current through the
SrTiO3 thin film. The low-resistive state in the LRS is temperature in-
dependent, indicating a tunneling current. The HRS in the negative
voltage region decreases until cooling to 200 K, and increases again
by further cooling the sample to 10 K. The positive bias region is tem-
perature dependent and thus indicating a emission current.

strong increase in the current of the HRS is measurable. From the
increase, a permittivity of 40 to 58 could be determined, which
is somewhat lower than the value determined for the barrier di-
rection. Thermionic emission dominates the LRS. From the slope
of the curve, the ideality factor nu can be determined. The deter-
mined value is 374. A value of 1 is expected for an ideal Schottky
diode. The reason for the significantly higher value in this resis-
tive switching device is the insulating thin-film barrier.

Figure 5.26 shows the current voltage curves of the HRS and
LRS for a temperature range of 10K to 300K. The positive volt-
age range shows a temperature dependence and the current de-
creases with lower temperatures. At higher voltages around 1V,
no temperature dependence can be observed, which may be due
to a current-limiting series resistance, e.g. at the back contact. In
the negative voltage range, only the HRS is dependent on the tem-
perature. It can be seen that the current increases again at low
temperatures below 200K. This is attributed to the increase of
the switching threshold voltage, which is increased at lower tem-
peratures (see section before). Therefore, the layer is no longer
completely switched between states at low temperatures.

The LRS in the negative voltage range shows no temperature
dependence. This confirms the previous assumptions that this
current load is dominated by a tunneling current.
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Figure 5.27: Resistive switching for three samples with differences in Sr deficiency measured at room-
temperature. The Sr/Ti precursor ratios were (a) 2.7, (b) 2.9 and (c) 3.6. The ratio between low and HRS
is higher for strong Sr deficiency and gets low for almost stoichiometric samples (c). The stoichiometric
sample still shows a hysteresis, indicating some residual defect concentration.

5.3.3 Impact of Strontium deficiency

In figure 5.27, the hysteresis curves for three samples grown
under different Sr/Ti precursor ratios are shown. (a) shows a
off-stoichiometric sample with a high Sr vacancy concentration
(Sr/Ti precursor: 2.7). (c) is a sample with a almost stoichio-
metric composition (Sr/Ti precursor: 3.6). The ratio between
LRS and HRS increases with increasing off-stoichiometry. In the
case of the nearly stoichiometric sample, still an asymmetry of
the LRS and HRS is visible, but close to zero bias, no difference
between the states can be measured. The positive bias region in
the nearly stoichiometric sample also shows thermionic emission
behavior for both, the LRS and HRS. This is in contrast to the off-
stoichiometric samples, for which a Schottky emission current
was measured in the HRS (see chapter 5.3.1).

Figure 5.28 shows pulsed measurements for a Sr deficient sam-
ple (Sr/Ti precursor ratio of 2.7), and of an stoichiometric sam-
ple. The pulse voltages to switch from the HRS to LRS at room-
temperature where 2.3V, and −4V and −6V to switch from the
LRS to the HRS of the off-stoichiometric and stoichiometric sam-
ple, respectively. Even though the pulse voltage for the stoichio-
metric sample is higher, the ratio between low and HRS is only
a factor of two. The off-stoichiometric sample shows a signifi-
cantly higher on-off ratio of 1 × 103. The measurement of the off-
stoichiometric sample shows gaps between several measurement
points. This is due to device limitation, where the change of mea-
surement range is causing delays.
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Figure 5.28: Pulsed measurement of a Sr deficient sample (left) and an almost stoichiometric sample. The
off-stoichiometric sample shows a high ratio between low and HRS of 1 × 103, the stoichiometric sample
only by a factor of 2.

In the following, the stoichiometric sample will be further dis-
cussed. The stoichiometric sample in figure 5.27(c) shows mul-
tiple plateaus with a constant current in the negative bias region
for the backward direction. In forward direction, the current flow
direction is reversing even before changing the electric field direc-
tion. In forward direction, the sample shows thermionic emission
current behavior with a high n-factor of above 10, which indicates
a non-ideal Schottky junction. This is expected, since the thin film
is initially insulating.

The activation of the sample from the initially insulating state to
the hysteresis curve was investigated and is shown in figure 5.29.
With increasing the voltage range, the overall conductivity of the
sample increases, e.g., at 0.5V, the current increases by a factor of
roughly 5 from the first to the last sweep. Similar to the measure-
ments at 10K, the hysteresis evolves with higher voltages due to
the switching threshold voltage.

It was observed, that the process of ”activating” the sample is
reversible, so that the overall conductivity of the sample is de-
creasing again. The measurement is shown in figure 5.30. Over a
period of 140min, the current-voltage curve in a range of −0.5V
to 0.5V is measured. The voltage was chosen to be below the
switching threshold voltage. It can be seen, that the resistivity
falls back to its initial value before switching. This behavior was
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also observed for off-stoichiometric samples, but on much longer
time scales of days to weeks.

This raises the question, howoxygen vacancies diffusion, which
is normally used for explaining resistive switching, can lead to
such a behavior. The fast migration of oxygen vacancies is ex-
plained by Joule heating of filaments. But without applying
voltages to the thin film, no Joule heating can lead to fast oxy-
gen vacancy migration. Still the resistivity increases after a few
minutes. This discrepancy with the established filament model
is discussed further in chapter 5.4.

Instead, an activation of a defect, e.g. by trapping or detrap-
ping of charges, can explain this phenomena. The results indicate,
that the resistive switching is dependent on the off-stoichiometry
of the sample. Especially, the Sr deficiency, and thus, also the
TiSr antisite defect concentration might play a role in the resistive
switching mechanism. How the TiSr defect can lead to the resis-
tive switching will also be discussed in chapter 5.4.

The stoichiometric sample still shows a weak on-off ratio, in-
dicating, that it is not perfectly stoichiometric. Also, the current-
voltage curve shown in figure 5.27(c) still shows a hysteresis. In
the rectifying direction, also plateaus are forming with a constant
current at changing voltages. Such plateaus were also found in
chromium doped SrTiO3 thin films.[133]. Hopping conduction be-
tween traps were found as the origin for this feature. A similar
mechanism might play a role in these thin films, as traps-assisted
tunneling was also already identified as the transport mechanism
for the LRS. Thus, a hopping conductivity over VSr (or TiSr) can
be concluded as the transport mechanism through the thin film.

5.3.4 Summary

The resistive switching of MOVPE grown SrTiO3 thin films was
investigated. It was shown that the bands are continous at the
substrate - thin film interface are continous for the LRS, resulting
in a thermionic like conduction in the LRS for positive voltages. In
the negative voltage range, the current of the LRS is dominated
by trap-assisted tunneling. It was shown, that the switching to
the HRS is gradually and parallel conduction paths for the HRS
and LRS exists in the negative voltage region. The HRS itself is
dominated by Schottky emission.

Due to this, the HRS is strongly dominated by temperature and
the conductivitiy of the HRS is decreasing at lower temperatures.
Due to this, the best on-off ratio of up to 1 × 107 was found at
10K. It was also shown, that there is a threshold voltage for the
switching and above the threshold voltage, the states can gradu-
ally switched over several orders of magnitude between on and
off states.
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Adependence of the on-off ratio to the Sr defiecencywas found
and highly off-stoichiometric samples show stronger resistive
switching than nearly stoichiometric ones. Additionally it was
found, that the switching in the nearly stoichiometric sample is
not stable and shows an ´´activation” of the conductivity. The
activation is reversible and depends on the stoichiometry. For
stoichiometric samples, the time scale is minutes, but this can
increase to weeks for off-stoichiometric samples.

The results raise big questions, if resistive switching in these
samples can be explained by oxygen vacancy diffusion. Thus, in
the next chapter, the existing models will be tested for compat-
ibility and an alternative explanation for the resistive switching
mechanism will be presented.

5.4 RESISTIvE SwITCHING MODEL BASED ON THE TISR
ANTISITE DEFECT

SrTiO3 was grown epitaxially by MOVPE and stoichiometric as
well as non-stoichiometric samples were investigated by cowork-
ers with various methods like STEM-HAADF, STEM-EDX, x-ray
diffraction. The epitaxial growth and the x-ray diffraction analysis
were performed by Aykut Baki and the transmission electron mi-
croscopy measurements by Tobias Schulz (see chapter 5.1). The
following section was submitted for publication and is currently
under peer-review.[8] The electrical characterization as well as the
development of the resistive switching model with the TiSr is part
of the present work.

The controllability of Sr deficiency was shown by high res-
olution x-ray diffraction. STEM-EDX has shown a strontium
deficiency of up to 20%, which did not influence the single-
crytallinity of the thin film, which was shown by STEM-HAADF.
Recent investigationswith STEM-EELS (electron energy loss spec-
troscopy) have additionally confirmed, that the thin films are not
oxygen deficient and have a small excess of Ti (chapter 5.1).

In Sr-deficient samples, a cloudy pattern is visible in STEM-
HAADF, caused by diffuse scattering. Density functional theory
(DFT) calculations were used to simulate the cloudy pattern.
For this, supercells containing different types of defects, VO, VSr
and TiSr were simulated. It was found, that only TiSr defects can
give the cloudy contrast measured in the STEM-HAADF images.
The titanium antisite defect recently gained an increased inter-
est, since it has a permanent dipole moment and different stable
positions within the unit cell, thus, can induce ferroelectricity in
SrTiO3. This is in agreement with the permittivitymeasurements,
which have shown the formation of polar nano regions for highly
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off-stoichiometric samples. Further details from the structural
characterization can be found in chapter 5.1.

The comprehensive investigations clearly point towards TiSr de-
fects as the dominating defect in the MOVPE grown SrTiO3 thin-
films. Due to the high oxygen partial pressure duringMOVPE, in
contrast to pulsed laser deposition and molecular beam epitaxy,
which take place in high vacuum and ultra high vacuum, respec-
tively, the formation ofVO is unlikely and no indication of a signif-
icant concentration of this defect was found in any investigation.
Beside of that, the thin filmswere highly insulating, whichmeans
that either no oxygen vacancies exists in the thin film, or that they
are compensated and thus not contributing to n-type conductivity
in the thin film.

The electrical measurements, however, have shown hysteresis
behavior in off-stoichiometric samples even without a forming
pulse. This indicates, that the thin film itself already brings the
capability of resistive switching and the driving defect for the
switching is already present in the pristine thin film. This makes
it reasonable to take alternative models for resistive switching un-
der consideration.

5.4.1 Established models from literature

Prior to introducing a new resistive switching model, the estab-
lished models for resistive switching are tested for compatibil-
ity with the resistive switching observed in the SrTiO3 thin films
of the present work. The two commonly used models, filament
switching and valence change switching, are discussed in the fol-
lowing.

Filament switching

Filament switching was established as one of the first models
for resistive switching and is based on an dielectric breakdown,
which is triggered by an high voltage pulse.[11,35] This forms
oxygen vacancies.[171] Oxygen vacancies are shallow donors in
SrTiO3,[76] thus this filament is providing a conductive path
through the insulating thin film. Indirect proof of these filaments
were shown by e.g. conductive hot-spots[172], valence change of
titanium shown by STEM-EELS[42] and SrO segregation[65] after
the forming pulse. Supporting simulations were done to calcu-
late the dynamics of the filament switching.[92,104] As a result, the
simulations showed a thermally supported drift of the oxygen
vacancies.[92,104] Due to the small spatial size of the filaments,
temperatures of several thousand kelvin and switching speeds
in the nanosecond range can be achieved.[104] To switch these de-
vices, they are often driven in compliance current, especially for
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switching from LRS to HRS. This means that the current through
the filament is limited (to prevent further growth of the filament).
The switch from HRS to LRS is often observed as a jump of sev-
eral orders of magnitude in current. This type of switching is
frequently found in Ti-deficient samples.

Filament forming is a mechanism, which is independent from
contact size, since the current density is defined by the fila-
ment dimensions. One strong argument against the filament
model would thus be a current proportionally scaling with the
contact size. For electrical characterization, metal electrodes
were deposited through a shadow mask by e-beam evapora-
tion, which consists of three electrode sizes with contact areas
of 1.77 × 10−4 cm2, 3.14 × 10−4 cm2 and 7.07 × 10−4 cm2. The dif-
ference in total current between the smallest and largest contact
would be a factor of 4, if the current scales with the contact area.
However, the deviations between two electrodes of the same size
can be by a factor of 10. Thus, the inhomogeneity in the thin film
or the resistive switching is too high to show the scaling of the
current with the contact area. Using significantly larger contacts
would lead to a compliance in current measurement and is a
limiting factor. Smaller contact require more advanced electrode
preparation. To this date, these challenges have prevented a final
conclusion as to whether the current scales with contact size.

Samples that exhibit resistive switching via conductive fila-
ments typically require a forming pulse. However, this was
not necessary for the SrTiO3 thin-films grown by MOVPE and
forming-free resistive switching was demonstrated.

Some literature reports have demonstrated forming-free re-
sistive switching based on filaments.[66] In this case, anti-phase
boundaries were intentionally introduced to the thin film by us-
ing a high off-cut and high lattice mismatch substrate. Phase
boundaries act as preformed filaments in such a case and the
switching mechanism is based on the release and reintroduction
of oxygen into the phase boundary.[66]

These anti-phase boundaries were not identified so far in the in-
vestigated thin films and aremore likely in titanium deficient thin
films due to the formation of Ruddlesden-Popper phases. The ex-
periments in the present work were performed at 10K in high-
vacuum. Consequently, released oxygen can’t be reintroduced
from the atmosphere into the anti-phase boundaries. There is a
possibility, that the oxygen is diluted in the electrode, however,
the diffusion and dilution of oxygen in platinum is very low. In
addition, the measurements in the present work have shown an
increase in resistivity after the first sweep. However, if oxygen is
released from the sample during this sweep, a decrease of resis-
tivity is expected.
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Another argument against switching based on filaments is the
following. After the initial forming step the conductive filament
spans the whole film thickness. By switching to the HRS this fila-
ment is ruptured only locally near the contact, i.e. the formed non-
conductive gap is much smaller than the film thickness. Hence,
both the height and width of the potential barrier for emission
and tunneling currents in the HRS are much lower than in the
virgin state of the film. Combined with the electric field enhance-
ment at the ruptured filament top, one has to expect in the HRS a
much higher conductivity than in the virgin layer. The thin films
discussed in the present work have a HRS which shows a lower
current, which would be contrary to the filamentary model.

The forming-free resistive switching as well as the decrease of
conductivity during the first sweep are strong indications, that
filament switching does not occur in the investigated thin films.
However, to finally proof this, further investigation regarding the
scaling of the current with the contact area are needed.

Valence change switching

Valence change switching is based on the drift of oxygen vacan-
cies in the thin film without the need of conductive filament.
The switching is achieved either by a change of Schottky barrier
height or by a change in the space charge region width by re-
distributing oxygen vacancies in the thin film.[129,190] Thin films
with this switchingmechanism do not necessarily need a forming
pulse, but a soft-forming sweep.[66] During this sweep, oxygen
is released from the thin film to the air or to the electrode. This
was supported by experiments, which included an additional
thin layer of titanium below the platinum electrode. However,
with increasing titanium thickness of up to 10nm, the LRS/HRS
ratio decreased and the total current increased, probably due
to the lower work function of the titanium. The current-voltage
characteristics of valence change switching differs from the fila-
ment switching model. In this case, no jump from HRS to LRS is
observed, but a continuous transition.

Qualitatively, the current-voltage curves shown for valence
change switching are similar to the current-voltage curves in this
study.[168] However, oxygen is released (soft-forming) from thin
films which show valence change resistive switching and thus
reducing the overall resistance of the thin film. As shown in fig-
ure 5.20 (p. 71), the HRS shows a current of at least two orders of
magnitude lower than the initial state at −1V.
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5.4.1.1 Ferroelectric switching

Even though SrTiO3 is not ferroelectric, it was pointed out in chap-
ter 5.2 that ferroelectricity can be induced by e.g. strain and de-
fects. One of the defects inducing a ferroelectricity is the TiSr de-
fect, whichwas found in the thin films in high concentrations. Fur-
ther work is needed to confirm the ferroelectricity in the MOVPE
grown thin films, but so far, temperature dependent permittiv-
ity measurements have shown good indication for a stable polar-
ization in the thin films. The strength of the relaxor ferroelectric
behavior was dependent on the cation ratio in the thin films and
stoichiometric thin films haven’t shown relaxor ferroelectric be-
havior. Permittivity measurements have shown good agreement
with the proposed dependence on defect concentration by Choi
et al.[26]. Thus, a resistive switching based on the TiSr has to be
considered.
Klyukin et al.[86] have calculated, that resistive switching based

on the TiSr antisite defect is possible, induced by a change of tun-
nel electro resistance for the different polarizations. Lu et al.[101]

have found tunneling hotspots in strain-free, ferroelectric SrTiO3
by measuring conductive AFM.(2) The number of conductive
spots increase for the LRS and decrease for the HRS and have a
diameter of 10nm to 20nm. With increasing film thickness, no
conductive spots were detected anymore.

Thus, resistive switching based on ferroelectric switching is lim-
ited to very thin layers, below e.g. 10nm. The tunnel mechanism
is mostly described as direct tunneling or Fowler-Nordheim tun-
neling.[58]. For direct tunneling, the amplitude decays exponen-
tially with the film thickness and thus limiting the layer thickness.
Fowler-Nordheim tunneling describes the tunneling through a
triangular barrier. To reduce the width of this barrier, a strong
bending of the bands and thus very high electric fields have to be
achieved, and thicker layers reduce the field strength in the layer
at same applied voltages.

In the work of Lu et al.[101], the limit for resistive switching
was at roughly 36unit cells (≈ 18 nm) film thickness (see also
ref. [96]), in which the switching was shown up to 24unit cells
layer thickness).

In the present work, stable resistive switching was shown for
40nm film-thickness. The difference to ref [101] is the higher con-
centration of up to 20%Sr deficiency compared to 1%. The higher
density of TiSr could stabilize the ferroelectric domains even for
thick layers. This is also confirmed by the observation, that less
Sr-deficient layers show a weaker resistive switching. However, a

(2) Conductive hotspots were also found in early studies about resistive switching
in SrTiO3, but were attributed to filamentary conduction along dislocations.[172]



86 STRONTIuM TITANATE

direct tunneling mechanism would be still prevented by the film
thickness.

It was shown, that the transport mechanism in the LRS is based
on trap-assisted tunneling. In trap-assisted tunneling, the limita-
tion is the distance between the trap sites. The film thickness is
not the limiting factor anymore. As a consequence, a model com-
bining a trap basedmechanism is suggested through the thin film
and switching occurs by changing the barrier at the interface be-
tween thin film and substrate. The electrical transport model is
described in the next chapter 5.4.2.

At this point, further agreements of the measured data with
the model is discussed. An important features is the gradual in-
crease of the on-off ratio with the switching voltage (figure 5.23
on p. 73). This was also observed in ferroelectric tunnel junctions
(FTJ) based on BaTiO3.[24] Chanthbouala et al.[24] explain the grad-
ual switching by a nucleation and growth of ferroelectric domains
by applying an external field.

It also explains why no stable resistive switching is observed in
the stoichiometric sample, even though the current-voltage curve
shows a strong hysteresis between forward and backward direc-
tion. If ferroelectric domains are needed to stabilize the switching
state, the density in the stoichiometric sample could be too low to
form ferroelectric domains. But still, TiSr antisite defects can exists
in a low concentration. The external field, as long as it is applied,
will also still force the defects into one polarization, which then
leads to the insulating or conductive state, but the state will not
persist after removing the external field.

To conclude, the ferroelectric switching based on the TiSr is the
most likely switching mechanism in the MOVPE grown SrTiO3
thin films. In the following, the electrical transport model will be
described.

5.4.1.2 Defect related electrical transport

Different mechanism, considering ferroelectricity as the switch-
ing mechanism, are possible. One idea would be, that different
stable positions of the TiSr in the unit cell have a different en-
ergy level within the band gap. Indeed, Choi et al.[26] calculated,
that the energy level differs for the [100] and [110] configurations.
Choi et al. calculated a trap depth of 0.96 eV and 1.12 eV for the
isolated TiSr on the [100] and [110] configurations, respectively.
The work of Klyukin et al.[86] has shown that small difference in
the defect configuration lead to a strong difference in tunneling
propability for a few unit cells thick thin film.

The model of Choi et al.[26] needs to be adjusted to explain the
observations of the present work. A pure tunneling mechanism
as it was described in ref. [86]would require very thin layers with
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only a few unit cells width. In the present work, thin films of
40nm thickness are used, which reduces the tunneling probabil-
ity and can’t explain the high currents of the LRS. But due to the
differences of the trap depth in the band gap, a mechanism based
on the change of the fermi level would be a possibility. Raebiger et
al.[141] suggested a mechanism based on charging and decharging
of traps. For the LRS, he suggests that the traps are not ionized
and thus the fermi level is close to the conduction band. For the
HRS, the traps are ionized. In this case, the fermi level is in the
center of the band gap and the thin film is insulating. The model
would be in good agreement with the gradual switching shown
in chapter 5.3.2. Yet, the model is based on the fact that the elec-
trons in the LRS cannot emit from the trap sites due to Schottky
barriers formed at both interfaces. This usually is the case for
metal-semiconductor-metal structures. In the present work, the
interface between thin-film and substrate shows continous bands,
which would allow the traps to emit the charge carriers and get
ionized, thus leading to a fast transition to the HRS.

Mojarad et al.[109] investigated the electrical transport of a Pt –
SrTiO3 – Pt structure and found a combination of trap-assisted
tunneling andPoole-Frenkel conduction. Theworkdoes not show
resistive switching, but showed an asymmetry in current-voltage
characteristics, even though the structure itself is symmetric. The
authors claim a non-uniform distribution ofVO leads to the asym-
metry in current-voltage characteristics. On the interface with
a lower oxygen vacancy concentration, the charge carrier injec-
tion into the thin film is lower and based on trap-assisted tunnel-
ing, whereas the transport through the thin film itself is based
on Poole-Frenkel conduction. The authors also observe a unique
feature seen in the stoichiometric samples of the present work,
the reversal of current before passing through zero bias, but are
not discussing this observation any further. The barrier heights
of the combined transport of trap-assisted tunneling and Poole-
Frenkel emission were 0.13 eV to 0.11 eV and 0.90 eV to 0.55 eV, re-
spectively.

Even though the results by Mojarad et al.[109] show good agree-
ment with the current-voltage curves measured in the present
work, a slightly different approach is chosen for explaining the
transport. The current in the LRS is dominated by tunneling and
contrary to the work of Mojarad et al., no contribution of Poole-
Frenkel emission was measured. Instead, in the present work, it
is expected, that trap-assisted tunneling is the dominating trans-
port mechanism through the thin film and the emission current
is the limiting contribution for the HRS.
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Figure 5.31: Schematic band diagram of the trap-assisted ferroelectric
tunnel junction. |𝑈| < |𝑈T| is the state below the threshold voltage,
|𝑈| < |𝑈T| the state above the threshold voltage. The polarization
leads to either a accumulation or depletion at the interface between
thin film and substrate. The depletion leads to an additional barrier,
which is blocking the charge carriers and thus increasing the resis-
tivity. In the low-resistive state, the current is dominated by trap-
assisted tunneling, which has a small barrier height.

5.4.2 Model of the electrical transport

Up to this point, the following observations have been made
to serve as the basis for the resistive switching model. First, it
was found that the TiSr induces ferroelectricity in the thin films.
Therefore, depending on the polarization direction, polarization
charges form either at the electrode interface or at the substrate
interface. This was measured via a change in the permittivity of
the layer for the HRS and LRS. The current voltage characteristics
show a diode-like behavior. In the HRS, the current is dominated
by Schottky emission. In the LRS, charge transport takes place via
thermionic emission for positive voltages (forward direction) and
via defect-assisted tunneling for negative voltages (reverse direc-
tion). In the case of stoichiometric samples, a discharge current
that reverses the current direction is observed for the negative
voltage direction.

Figure 5.31 shows the suggested transport mechanism. Like in
a metal-insulator-semiconductor structure, a depletion or a accu-
mulation zone near the thin film - substrate interface can form.
Due to the ferroelectricity in the thin film, the depletion/accumu-
lation is stabilized by the polarization, even with changing the
field direction up to the threshold voltage. Above the threshold
voltage, the polarization of single polar nano regions will switch
and lead to an gradually switching between LRS and HRS.
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The state thereby mainly depends on the depletion or accumu-
lation at the thin film - substrate interface. In case of the HRS, a
depletion layer forms. The charge carriers can overcome this de-
pletion layer by e.g. Schottky emission. The emission current is
temperature dependent. This confirms the observation, that the
HRS strongly increases in current with increasing temperatures.
The HRS is switched in the negative voltage range, in which the
charge carriers are injected from the metal electrode into the thin
film and then blocked by the depletion layer. In the HRS with ap-
plied positive bias, the barrier height of the depletion zonewill de-
crease due to band bending. This eventually leads to an increased
emission current by injecting charge carriers from the substrate
to the thin film, if the barrier height is sufficiently lowered before
switching the polarization of the thin film.

In the LRS, no blocking depletion layer is suppressing the cur-
rent and the current is dominated by trap-assisted tunneling. In
good agreement with the measurements, the LRS is expected
to be more symmetric for the positive and negative bias region.
The only difference might come from different barrier heights
between metal electrode - traps and substrate - traps.

The model is also in good agreement with a frequently ob-
served change of Schottky barrier height in Pt-SrTiO3:Nb. This
is generally explained by the occurrence of a interfacial dielec-
tric layer and the diffusion of oxygen vacancies, which leads to a
change in barrier height. Bourim et al.[15] e.g. have found a com-
bination of tunneling and emission current at the interface of a
resistive switching SrTiO3:Nb Schottky diode with an dielectric
interface layer. They measured the charge carrier lifetime, which
was shorter for the LRS. This can be a hint for hole conduction in
the SrTiO3 layer. Since an accumulation layer (of electrons) forms
at the SrTiO3- substrate interface in LRS, the holes can, similar
to a pn-junction, recombine with electrons, whereas for the HRS,
the depletion layer would prevent this.

A support for the model of a trap-assisted ferroelectric tunnel
junction is the LRS-HRS ratio based on the switching voltage
(chapter 5.3.2). Multistate switching in ferroelectric tunnel junc-
tions was shown by Chanthbouala et al.,who have shown a depen-
dence of the device resistance on 𝑉write.[24], which is explained
by the gradual growth of domains. The same was shown for the
thin films of the present work and is hardly explainable by VO
diffusion.

Several features of the current-voltage characteristics of the
stoichiometric sample can also be explained by this model. Even
though no stable switching was shown, a hysteresis was mea-
sured, which indicates that still TiSr defects are present in the thin
film, but in a too low concentration to form polar nano regions.
One of the observations was a reversal of current direction in the
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Figure 5.32: (a) Simulated band structure of the suggest trap-assisted ferroelectric tunnel junction in low
and high resistive state. The Fermi level is at 0 eV. The vertical dashed line represents the interface of
thin film and substrate. (b) The corresponding charge carrier concentration. The hole concentration is
negligible.

HRS in the negative bias region, which means that some electric
field, stronger than the externally applied field, leads to a reversal
of current. In the case of ferroelectricity induced by the TiSr defect
in the thin film, a stable electric field exists in the thin film. Thus,
the reversal of current, induced by the ferroelectric field in the
thin film, can be explained by decharging of the traps from the
thin film to the platinum electrode.

Another characteristic feature of the current-voltage hysteresis
were plateaus in the reverse current of the backward direction
(figure 5.27(c)) This behavior was described as trap controlled
conduction in Cr-doped SrTiO3.[133] Thus it is a confirmation of
the idea, that tunneling or hopping between localized trap sites is
the dominating factor in conduction through the thin film.

Band gap 3.25 eV[88]

Electron Affinity 3.9 eV[147]

Pt Work function 5.6 eV[106]

εr (layer) 80 (this work)
εr (substrate) 300 (this work)
Temperature 300K
Electron Mobility 5 cm2 V−1 s−1[111]

Polarization 16.8µCcm−2[85]

Table 5.3: Material parameter
used for simulating trap-
assisted FTJ.

A first approach was done to simulate the device using a 1D
Poisson solver. The tool 1D-DDCC by Wu et al.[198–200] was used.
The relevant material parameters are shown in table 5.3. A struc-
ture consisting of a Pt contact, a 40nm thick SrTiO3 thin film
and a SrTiO3:Nb substrate with a n-type doping concentration of
1 × 1020 cm−3 was used. The device was simulated at 0V using
two polarizations of the same magnitude, but of reversed direc-
tion, �⃗� and �⃗�. The band structure and electron concentration is
shown in figure 5.32. Confirming the suggested model, a deple-
tion zone is forming for the �⃗� polarization, and a accumulation
layer for the case of the �⃗� polarization.

In the next step, the device is simulated with applying bias.
In figure 5.33, the band structure and the charge carrier concen-
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Figure 5.33: (a) Simulated band structure at −5V of the suggest trap-assisted ferroelectric tunnel junction
in low and high resistive state. The vertical dashed line represents the interface of thin film and substrate.
(b) The corresponding charge carrier concentration. The hole concentration is negligible.

tration for a negative bias of −5V is shown. So far, no tunnel-
ing of charge carrier could be simulation. Still, the figure gives
some hint for the difference between LRS and HRS. In the case
of the LRS, donors exists even close to the interface in the SrTiO3
thin film. With trap-assisted tunneling, charge carriers can pass
through the thin film. An alternative with holes in the thin film
would be a conduction like in pn junction in forward direction
with recombination of holes and electrons at the interface. For
the HRS however, the depletion layer at the interface prevents in-
jection through the interface. Charge carriers would need to emit
over the barrier via Schottky emission, like it was measured for
the real devices.

In figure 5.34, the situation in positive voltage range is shown.
Charge carriers are injected into the thin film for both states, how-
ever, the depletion leads to a strongly reduced charge carrier con-
centration of around two orders of magnitude. This, e.g., fits well
to the measurements in chapter 5.3.3, were the positive voltage
range shows a high current for both states.

5.4.3 Conclusion

Resistive switching in homoepitaxially grown MOVPE SrTiO3
thin films were tested for compatibility with existing models of
resistive switching. Especially the forming-free switching in the
SrTiO3 is a new observation, which is hardly compatible with
filamentary switching. Beside of that, the most dominant defect
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Figure 5.34: (a) Simulated band structure at 5V of the suggest trap-assisted ferroelectric tunnel junction in
low and high resistive state. The vertical dashed line represents the interface of thin film and substrate.
(b) The corresponding charge carrier concentration. The hole concentration is negligible.

in the thin films is the TiSr antisite defect, which is inducing a
ferroelectricity in the thin films.[26] VO are probably negligible
due to the high oxygen background pressure during growth.

Ferroelectric SrTiO3 tunnel junctions were already demon-
strated for ultra thin layers using this defect, but was limited
to a few unit cells.[101] Temperature-dependent permittivity mea-
surements also indicated a ferroelectricity in the MOVPE grown
layers of the present work and a good agreement with the pre-
dicted dependence of the permittivity to the TiSr concentration[85]

was found in the layers discussed in the present work, a model
was developed to explain the resistive switching without the
formation of filaments and without the diffusion of VO.

The developedmodel is based on trap-assisted tunneling through
the thin film. The resistive switching is then performed by chang-
ing the polarization of the TiSr antisite defect. Surface charges at
the interface to the substrate then lead to a accumulation or deple-
tion layer, which leads to the LRS and the HRS, respectively. The
current-voltage measurements are in good agreement with this
model. A further support of a ferroelectric switching effect is the
gradual switching between the state, which was shown for ferro-
electric tunnel junctions and is related to the growth of ferroelec-
tric domains.[24]. Also the dependence of the off-stoichiometry
can be directly correlated to the antisite defect concentration. In
a stoichiometric sample with a low TiSr concentration, no stable
domains can form, thus no stable LRS and HRS can be set. Tem-
perature dependent measurements have shown a strong temper-
ature dependence of the HRS, but not of the LRS, which is further
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supporting themodel, in which a depletion region is blocking the
current, and residual conductivity is based on emission current.
A change of permittivity with switching the device between LRS
and HRS can also be an indication of the formation of depletion
and accumulation zones in the substrate. Finally, a reversal in
current from negative to positive was measured for the stoichio-
metric sample in the negative voltage range, which indicated an
internal electric film in the thin film.

Simulations of the band bending expected in the device struc-
ture are in good agreement with the suggested qualitative model.
Calculation of I-V curves however, would need including tunnel-
ing currents in the simulations.

Several experiments can be performed to confirm this model
and especially more work on determining the ferroelectricity in
the thin films are needed. A thickness series is one of the most
important experiments to proof the model. In thinner layers, the
conductive hotspots should occur and the ferroelectricity should
be measurable. Finally, the scaling of the film-thickness will pro-
vide further insight into the conductionmechanism, which is gen-
erally dependent on the field strength. Also, the resistive switch-
ing might be influenced by the doping concentration of the sub-
strate, as the space charge region is forming within this region.
This would also lead to different permittivity values for the LRS
and HRS in dielectric measurements.

For characterizing the ferroelectricity, several experiments can
be performed. First of all, temperature dependent permittivity
measurements can be performed using different measurement
frequencies. Using the Vogel-Fulcher equation, the freezing tem-
perature of the ferroelectric domains can be determined.[185,186]
Additionally, piezo-force microscopy can be performed to iden-
tify hotspots or stable ferroelectric domains. It is not necessarily
expected to see such hot spots, since the occurrence were limited
to ultra thin layers[96,101].

A direct proof of ferroelectric switching of the TiSr antisite de-
fect might be possible using in-situ experiments. On going effort
is done using in-situ STEM and in-situ x-ray diffraction exper-
iments. First attempts in performing an in-situ current-voltage
curve in an STEM experiment have shown a shift in contrast be-
tween the top and bottom electrode during the sweep. However,
no atomic resolution could be obtained in this experiments due
to sample thickness. Further experiments are planned. Addi-
tionally, first attempts in using resonant x-ray diffraction were
done in October 2020 at the DESY synchrotron beamline P23.
Even though a displacement in the unit cell could be measured
by switching the sample between the LRS, HRS and read-out
voltage, no clear stable ferroelectric switching was measured and
the effect might result from the displacement of Ti in the unit
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cell due to the electric field (which is measurable as the field-
dependent permittivity). A reason could be a too low sensitivity
on the defect displacement due to background from the substrate.
Another problem during the experiment was the strong photo-
conductivity during the illumination of the sample with the syn-
chrotron beam. Further experiments will require either thicker
samples or the growth of SrTiO3 on foreign substrates to reduce
the background noise and increase the sensitivity to measure the
polarization of the TiSr defect. Additionally, low-temperature ex-
periments can stabilize the ferroelectric polarization during the
experiment.



6 SUMMARY AND OUTLOOK

In the present work, the impact of crystal defects on the resistive
switching in the materials SrTiO3 and NbO2 is investigated. The
work is structured in two parts.

The investigations of NbO2 (001) thin films deposited onMgF2
(001) are presented in the first part. Thesewere epitaxially grown
by pulsed laser deposition. NbO2 is a material that exhibits an
insulator-metal transition, which can be induced thermally at
1080K, or by external electric fields at room-temperature, mak-
ing it interesting for threshold switching applications.[2,75,161] So
far, thin films in the insulating phase have shown lower resistivi-
ties[50,79,123,191] compared to the resistivity of NbO2 single crystals,
which is 10kΩcm.[75] Tomake this material applicable for thresh-
old switching devices, the resistivity in the insulating phase has
to be increased to effectively block the current in the high resistive
state.

Throughout the investigations presented in this work, the resis-
tivity of NbO2 thin films was increased to 945Ωcm. For this, the
NbO2 was annealed at 880 °C after epitaxial growth, increasing
the grain diameter by a factor of 10 to 60nm. It was shown that
conductive percolation paths along the grain boundaries are re-
sponsible for the decrease in resistivity. The reason for this is the
disturbance of the Nb d-orbital dimerization at the grain bound-
aries, which results in a collapse of the band gap and thus in the
local formation of the metallic phase.

So far, band gap energies have been reported from 0.28 eV
to 1.16 eV.[2,98,125,150,197] This can be attributed to the local pertur-
bations of the dimerization by crystal defects leading to a collapse
of the band gap. Using temperature-dependent resistivity mea-
surements, it was shown that the intrinsic conductivity of NbO2
exceeds the defect-related conductivity at temperatures higher
than 650K. From the intrinsic conductivity, a bandgap energy of
0.88 eV was determined. In addition, the band gap energy was
determined optically at room temperature using spectroscopic
ellipsometry and absorption spectroscopy. An energy of 0.77 eV
was measured for the optical band gap at room temperature.
Thus, a significant improvement in the electrical properties of
the NbO2 thin films could be obtained, which is prerequisit to
achieve satisfactory high-resistance states in NbO2 based switch-
ing devices.

95
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The next step is to demonstrate the switching behavior of the
NbO2 thin films. For this purpose, it is necessary to deposit ap-
propriate electrodes on thematerial. Challenging here is the fabri-
cation of a backside contact, since MgF2 is an insulating substrate.
It would be possible, for example, to deposit NbO2 on other sub-
strates, e.g. gallium nitride, or on a metallic back electrode such
as platinum.

In the second part of the work, the influence of the TiSr de-
fects on resistive switching in SrTiO3 thin films grown by metal-
organic vapor phase epitaxy is investigated. The thin films were
depositedwith different Sr/Ti ratios, which allowed the degree of
strontium deficiency in the thin film to be controlled. In the stron-
tium deficient layers, the formation of the TiSr defect was shown.

It was shown that the soft phonon mode in SrTiO3 was hard-
ened with the degree of strontium deficiency, resulting in a sig-
nificantly weakened temperature dependence of the permittiv-
ity. For very highly strontium deficient films, it was also shown
that polar nano regions were formed. These polar nano regions
were attributed to the TiSr defect. The TiSr defect has a perma-
nent dipole moment and can therefore induce ferroelectricity in
SrTiO3.[26] Due to the formation of the polar nano region, it was
concluded that the defect must be present in a high concentration.

Due to the high concentration of TiSr defect, the impact on re-
sistive switching was investigated. It could be shown that the
on-off ratio increases with increasing strontium deficiency. Thus,
at 10K, a maximum on-off ratio of 2 × 107 could be measured
for a strongly strontium deficient layer. In contrast, a nearly sto-
ichiometric layer shows only a weak resistive switching ratio of
2. Moreover, the resistive switching states are not stable and de-
cay within a few minutes, whereas switching in strontium defi-
cient layers is stable over several days. A significant advantage
over previous reports of resistive switching in SrTiO3 is that no
forming step was needed to activate the resistive switching in the
MOVPE grown SrTiO3 thin-films of the present work.

These observations were tested for their consistency with the
filament model and the valence change model, which have previ-
ously been used to describe resistive switching.[42,129,171,190] These
models cannot satisfactorily explain switching in the MOVPE
grown layers, so a new model based on the TiSr defect was devel-
oped. This was based on the analysis of the electrical transport in
the HRS and LRS.

Current-voltage measurements have shown a diode-like elec-
trical transport. This is dominated by Schottky emission in the
HRS. In the LRS, the transport mechanisms differ for positive and
negative voltages. For positive voltages, in the forward direction,
a thermionic emission current dominates, whereas for negative
voltages a defect-assisted tunnel current prevails. It was shown
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that in the LRS for negative voltages, the tunnel current flows in
parallel with a lower Schottky emission current.

Poisson simulationswere used to show that the resistive switch-
ing mechanism is based on the fact that the polarization charges
induced by the TiSr defect affect the interfacial charges between
the thin film and the substrate. In the case of HRS, the polariza-
tion charges lead to the formation of a depletion layer that acts as
a barrier. In this case, the charge carriers have to overcome the
barrier by Schottky emission.

In the LRS, the polarization charge causes the charge carriers to
accumulate at the boundary layer, hence no barrier limits the cur-
rent flow. This allows the charge carriers to flow via thermionic
emission via the conduction band from the substrate across the
thin film into the electrode. In reverse direction on the other hand,
the conduction mechanism works via defect states in the thin-
film, which means that the defect-assisted tunnel current limits
the charge carrier transport.

Until now, the forming step has been a major hurdle for indus-
trial applications because filament formation is difficult to control
and therefore reproducible switching voltage and currents are not
achieved. In SrTiO3 films fabricated by MOVPE, this step is elim-
inated and thus a major hurdle for device reproducibility.

However, several experiments could not be performed within
the scope of the present work, which would further support the
model and help understanding the device physics. One impor-
tant measurement is frequency and temperature dependence of
the permittivity to further understand the role of polar nano re-
gions in the thin-films. Piezo force microscopy can be an addi-
tional method to characterize the ferroelectricity in the thin-films.

Additionally, experiments with in-situ techniques are in prepa-
ration. In particular, in-situ transmission electron microscopy ex-
periments as well as x-ray diffraction experiments at the DESY
(Deutsches Elektronen Synchrotron)[37] are currently conducted.
The aim of these experiments is to measure the change of polar-
ization direction of the TiSr antisite defect by switching the device
between low resistive state and high resistive state.

Another important experiment is to investigate the role of the
space charge region, which is formed in the substrate by the po-
larization charges. For this purpose, substrateswith lower doping
levels will be used to increase the size of the space charge region
and thus can improve the current blocking in the high resistive
state.

The resultsmay pave theway to use resistive switching for com-
mercial applications. To benefit from low power consumption
and high switching speed, resistive switching memories must be
operated as a crossbar array. Selector devices, such as NbO2, are
necessary to prevent sneak paths. This work was able to iden-
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tify the cause of increased conductivity of the insulating phase of
NbO2 and eliminate it through an annealing step, allowing it to
be used as a metastable switch.

Previous work on resistive switching in SrTiO3 required a for-
mation step, which is difficult to control and thus problematic to
use in commercial applications. By using MOVPE grown, stron-
tiumdeficient SrTiO3 thin films, a switchingmechanism based on
the TiSr antisite defect was developed which eliminates the need
for the formation step. The elimination of this difficult-to-control
step opens the way for the commercialization of SrTiO3.
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