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For this thesis niobium oxides (NbOx) with the goal of obtaining phase

pure epitaxial NbO2 were grown under variable conditions by molecular beam

epitaxy (MBE) on different substrates, mostly (111) oriented strontium ti-

tanate. The films were characterized by X-ray diffraction (XRD) and reflec-

tion high-energy electron diffraction (RHEED) and from that their epitax-

ial relationship to the substrate was determined. With X-ray photoelectron

spectroscopy (XPS) the oxidation states and stoichiometry of the films were

determined. Asymmetric NbO2 Nb 3d core-level spectra are clearly seen for

the first time in XPS. Additionally, the film thickness was measured by X-ray

reflectivity (XRR). Judging from the XPS spectra and diffraction data the

goal to grow epitaxial NbO2 of high phase-purity was achieved.
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All the major photoemission peaks of Nb and O are labeled.
For clarity the higher BE energies above ∼ 580 eV have been
omitted in this plot. . . . . . . . . . . . . . . . . . . . . . . . 59

3.9 Nb 3d spin-obit pairs - left: Nb metal , right: Nb2O5. . . . . . 61

3.10 Left: Type I spectrum of NbOx on (111) STO, right: Type II
spectrum of NbOx on (111) STO. . . . . . . . . . . . . . . . . 65

3.11 Left: Type III spectrum of NbOx on (111) LSAT (annealed),
right: Type IV spectrum of NbOx grown with atomic oxygen
(plasma) on (111) MgO. . . . . . . . . . . . . . . . . . . . . . 66

xii



3.12 Nb 3d spectrum that does not fit into the classification scheme
due to the presence of a lower oxide peak assigned to NbO.
The sample was grown on (111) Nb:STO without cooling it in
oxygen atmosphere after growth. . . . . . . . . . . . . . . . . 68

3.13 Air oxidation after taking sample out of UHV for a few hours for
XRD measurement and reloading. The type I spectrum (olive)
turns into a type II spectrum (red). . . . . . . . . . . . . . . . 70

3.14 Effect of longer air oxidation on the Nb 3d region. Type I
spectrum after growth (olive), Type III spectrum after 4 days
air exposure (red), Type III after 4+17 days air exposure (red).
The higher background to the low binding energy side of the Nb
3d region for the air exposed samples is due to Au sputtered on
the film surface for energy referencing. . . . . . . . . . . . . . 71

3.15 Left: Fitted Nb 3d spectrum of NbO2 powder fixed onto con-
ductive carbon tape. Right: The Nb 3d spectrum of NbO2

powder and Nb2O5 powder overlaid. . . . . . . . . . . . . . . . 72

3.16 Black NbO2 and white Nb2O5 powder. . . . . . . . . . . . . . 72

3.17 Temperature study on (111) STO. The spectrum changes more
towards type II spectra for lower growth temperatures. . . . . 74

3.18 DFT calculated valence band density of states, the dashed line
is the Fermi level in the calculation; for details see Reference [42]. 76

3.19 Screenshot of the program SimulReflec in action. The exper-
imental and fitted curves are drawn in red. The lower panel
includes the fitting parameters including thickness. The NbOx

film here was established to be 151 Å thick. . . . . . . . . . . 78
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Chapter 1

Introduction

Niobium dioxide (NbO2) undergoes a phase transition from a low tem-

perature (LT) crystal structure (space group I41/a), which can be described

as a distorted rutile structure, to a high temperature (HT) rutile structure

of higher symmetry (space group P42/mnm) at about 850◦ Celsius [1]. The

high temperature rutile phase (rutile is the structure of TiO2, which is also

known as the mineral rutile) unit cell, with the atomic positions of O and Nb,

is easier to visualize and is displayed in Figure 1.1. The structure is tetragonal

with side lengths a = b ≈ 4.85 Å and c = 3.03 Å (experimental data for 1300

K from [1]), with two formula units of NbO2 in each unit cell. The LT phase

is shown in Figure 1.4 for comparison. In the LT phase, niobium dioxide is a

distorted version of the HT phase with the characteristic that the distance be-

tween niobium atoms along the c-axis are alternately longer and shorter with

Nb-Nb distances of 2.71 Å and 3.30 Å, respectively [1], see sketch in figure 1.2.

Upon cooling, the atomic positions in the rutile unit cell get slightly distorted.

Mathematically, the atoms need to be packed into a different crystal structure

with a new unit cell in order to properly describe the new phase with correct

symmetry. The new unit cell is also tetragonal, however, the lattice vectors

undergo a rotational transformation between the two structures. The new a

1



Figure 1.1: Rutile crystal structure - blue Nb atoms, red O atoms. The a and
b axis point along x and y, the c axis along z - drawn with Material Studio
using experimental data from Reference [1].

Figure 1.2: Dimers along the c-direction for the LT distorted rutile phase of
NbO2.

and b lattice vectors are rotated about the c-axis with respect to the old a- and

b-axes by 45◦. Also the new axes are longer. The a and b axes are ≈ 2
√

2aR
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and the new c-axis is about ≈ 2cR. The transformations can described as

~aT ≈ 2
(
~aR −~bR

)
~bT ≈ 2

(
~aR +~bR

)
~cT ≈ 2~cR

(1.1)

[2], where subscript R denotes the HT rutile phase and the subscript T the LT

tetragonal phase. Experimental values for the lattice constants from neutron

powder diffraction are aT = 13.7020 Å and cT = 5.9850 Å [1]. The unit cell in

the LT phase hence is 16 times the size of the HT phase and therefore, contains

32 formula units of NbO2. This and the atomic distortions within the cell make

the LT unit cell quite hard to visualize (see Figure 1.4). The reciprocal lattice

Figure 1.3: Pictorial illustration of the transformation of the lattice vectors of
NbO2 in equation 1.1. Nb pairs that dimerize in the LT phase are encircled -
image from [2].

3



Figure 1.4: Low temperature tetragonal unit cell of NbO2 - blue Nb atoms,
red O atoms. The aT and bT axis point along x and y, the cT axis along z.
The cell contains 32 formula units of NbO2 - drawn with Material Studio using
experimental data from Reference [1].

vectors (denoted with an asterisk) make a similar transformation (which will

be used in the following to translate between sets of planes in both crystals)

~a∗T ≈
1

4

(
~a∗R −~b∗R

)
~b∗T ≈

1

4

(
~a∗R +~b∗R

)
~c∗T ≈

1

2
~c∗R.

(1.2)

The structural transition of NbO2 is believed to be a Peierls transition [1].

Judging from electrical measurements, the structural phase transition of the

material is also accompanied by a transition in the electrical conductivity

from semiconducting behavior (LT) to metallic conduction (HT). According

to transport measurements on single crystals, the semiconductor to metal tran-

sition is mainly along the c-axis, whereas along the a-axis there is only a slight

4



increase in the conductivity [3]. This can be understood if the structural tran-

sition is a Peierls transition [?]. The dimerization of the linear chain of Nb-Nb

bonds along the c-direction implies a doubling of the unit cell along that di-

rection. This doubling leads to a halving of the Brillouin zone and doubling of

the bands in the LT phase. Since above the transition temperature the state

is metallic, a partially (half) filled band is expected at those temperatures.

By applying perturbation to the doubled bands that are degenerate at the

Fermi level a band gap opens between those bands [?]. A high temperature

study of the valence band with X-ray photoelectron spectroscopy also shows

the transition from a small band gap material to a material without band gap

(i.e. the Fermi level within the conduction band) [4]. However, this does not

resolve spatial anisotropy of the electronic energy dispersion anticipated from

the spatial anisotropy of the conductivity [3], since XPS is only capable of

showing the summed density of states in the valence band.

Niobium dioxide also has been experimentally investigated as an electrical

switching device by several authors [5] [6]. However, a definite mechanism

for the switching could not be established. The studies found that NbO2

shows non-linear I-V curves with a threshold switching behavior, i.e. sudden

jumps in the conductivity when a threshold voltage is applied (to prevent ox-

idation some experiments have been conducted in dried argon atmosphere).

The material seems to recover from the switching, i.e. goes back into its low

conductivity behavior rather quickly (on the order of 200 ns according to Ref-

erence [6]). The mechanism for the switching is not clear, however a relation

5



to trapping centers has been suggested by the authors. Also a coupling of the

applied electrical field to the crystal, in order to induce a Peierls transition,

may be possible. Possible applications would be suppression of kiloVolt pulses

and therefore as electromagnetic-pulse protective devices or for sharpening of

pulsed currents [6].

The recent work by Ramanathan and Wong [2] shows that NbO2 in its low

temperature distorted rutile structure can be grown on various 111- oriented

cubic perovskite substrates by rf sputtering. The goal of this thesis is to grow

phase pure epitaxial NbO2 by molecular beam epitaxy (MBE) on the (111)

surface of strontium titanate SrTiO3 (STO) (space group Pm3m). STO is an

electrical insulator with a band gap of 3.25 eV [7]. The advantage of STO is

that it can be doped with Nb impurities to give it metallic properties. This is

important if the substrate is used as a back contact for electrical measurements

of the electrical switching behavior of NbO2.

STO is a perovskite with a cubic unit cell of lattice constant aSTO = 3.905Å for

the bulk material, and its (111) surface cell has 3-fold symmetry of the equi-

lateral triangle of Ti atoms, see Figure 1.5. The epitaxial lattice alignment

proposed and experimentally verified by Reference [2] for tetragonal NbO2 on

(111) perovskites is an in-plane alignment of the [001]T NbO2 direction with

the three possible 〈110〉 perovskite bulk directions and the out-of-plane align-

ment of the (110)T plane with the (111) perovskite plane. The lattice matching

of tetragonal NbO2 to (111) STO is pictured easier in terms of a fraction of the

tetragonal surface unit cell, spanned by ~bR and ~cR of the rutile HT phase of

6



Figure 1.5: The bulk unit cell of STO and surface cell of (111) STO. The
crystallographic directions along the axes are in the basis of the cubic bulk
unit vectors with length aSTO = 3.905Å - image from [8].

NbO2 (but corrected for the LT lattice constants to describe lattice matching

of the LT phase). The relation of the rutile-like surface cell as a fractional cell

of the tetragonal (110)T plane is illustrated in Figure 1.6. The lattice matching

to the STO (111) surface cell of this subcell is also illustrated in the Figure.

Note that the above illustrations only take care of the matching of the surface

cells of the lattice of substrate and film, but not of the exact atomic registry

of the substrate atomic positions to film atomic positions. The exact atomic

matching gets complicated by the fact that (111) STO occurs in two different

surface terminations (either Sr or Ti). There is a mismatch between both lat-

tices which makes distortions of the NbO2 possible. Since all three domains

are relevant in a diffraction experiment, for a perfect 6-fold symmetry to be

observed, the NbO2 surface cell would need to contract along both sides or

adjust in some other way (e.g. tilt) in order to fit the 3-fold symmetry of the

7



Figure 1.6: Left: 3D view onto the (110)T plane of NbO2. Right: Proposed
lattice matching of the ’rutile-like’ fractional cell of the (110)T surface cell with
side lengths cT/2 ∼ cR and

√
2aT/4 ∼ aR, which need to match half the base

line aSTO/
√

2 and the altitude aSTO
√

3/2 of the equilateral triangle in the
STO (111) plane.

substrate. Considering the relative mismatch of the substrate lattice constant

aS with respect to the film lattice constant aF

M(aS, aF ) =
aS − aF
aF

· 100% (1.3)

from Figure 1.6 the rutile-like surface subcell has a mismatch of

M(
aSTO√

2
,
cT
2

) = −7.85% (1.4)

8



along the rutile c-axis, and of

M(aSTO

√
3

2
,
aT

2
√

2
) = −1.3% (1.5)

along the rutile b-axis. That means a large mismatch for the [001]T direction

which might lead to a contraction of the film along the c-axis. The growth

temperature is slightly below or arround the temperature of the phase tran-

sition and XPS and diffraction measurements suggest that the MBE grown

NbO2 films crystallize in the LT phase on STO.

As can be seen from Figure 1.7 there are three different alignments or rota-

tional domains that NbO2 can form on (111) STO. For the different azimuthal

angles (i.e. in-plane angles) different lattice spacings are seen for crystalline

specimens in diffraction experiments. For NbO2 on STO the same spacing

should repeat every ∼60 degrees, due to 3-fold symmetry of the substrate

combined with 2-fold symmetry of the film. In Figure 1.7 the high-symmetry

planes (004)T and (440)T are indicated by long and short bars representing

the lattice planes cutting the plane of the drawing at 90◦ and the azimuthal

angle of observation φ in RHEED geometry (in RHEED scattering the spac-

ing measured is parallel to the incidence azimuth- see next chapter). Apart

from the obvious set of planes in Figure 1.7, there are other families planes

that, when taken together from all three domains, also show 6-fold symmetry.

Some of those should be more likely to be observed in RHEED experiments,

due to having higher intensity by originating from two domains at a time for

a single azimuth, and having lower Bragg indices for the LT phase (for details

see Chapter 3).
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Figure 1.7: Three different alignments of the NbO2 rutile-like subcell of the
(110)T surface plane with respect to the rotationally fixed STO (111) sur-
face. The three different alignments combined with the 2-fold symmetry of
the subcell lead to a 6-fold symmetry that should be observable by diffraction
methods. The angle φ is measured counterclockwise from the [-110]STO axis.

Niobium oxides have been grown before with MBE by Petrucci et al. on

LiNbO3 [9], however not in a phase pure manner, by Chambers et al. [10], who

grew TixNb1−xO2 on titanium dioxide (rutile) substrates and by our group,

see Posadas et al. [11]. Also, many authors have reported growth of niobium

oxides by sputtering techniques [12–17], but here also, based on XPS character-

ization, phase pure NbO2 has not been achieved, with most authors reporting

polycrystalline or amorphous material.

For this thesis, a couple of samples have also been grown on other cubic (111)

10



oriented substrates - on another perovskite (LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT)

and on magnesium oxide MgO.

A few samples were also grown on niobium-doped STO (Nb:STO) with (100)

orientation as conductive substrates. The growth conditions that led to phase

pure epitaxial growth on doped or undoped (111) STO, were unsuccessful on

the (100) STO. For the growth on (111) STO, different growth conditions,

namely temperature, niobium flux and oxygen pressure, have been used to

grow phase pure epitaxial NbO2. RHEED, XPS, XRR and XRD (out-of-plane)

have been used to characterize the grown films. The epitaxial relationship of

NbO2 is the same as suggested by reference [2] for (111) cubic substrates with

three possible domains or epitaxial rotational variants

(110)T [001]T NbO2 || (111)〈110〉 STO (1.6)

as determined out-of-plane XRD and RHEED measurements.

Furthermore the oxidation state and stoichiometry were determined by XPS.

For the XPS spectra of Nb 3d core levels, asymmetric line shapes of the spin-

orbit pair were observed clearly for the first time for phase pure NbO2.

The following two chapters will first explain the theoretical background

of the used experimental growth and characterization techniques and then

explain the growth process by MBE and characterization results for NbO2

specifically.
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Chapter 2

Experimental Growth and Characterization

Techniques

The following chapter will describe the experimental techniques of molec-

ular beam epitaxial growth and the subsequent characterization methods em-

ployed to analyze the grown niobium oxide thin films. The analysis techniques

employed are reflection high energy electron diffraction (RHEED), X-ray pho-

toelectron spectroscopy (XPS), X-ray diffraction (XRD) and X-ray reflectivity

(XRR).

2.1 Molecular beam epitaxy (MBE)

Molecular beam epitaxy (MBE) is a technique to grow thin films of epi-

taxial solids on suitable substrates. The general principle is to evaporate the

constituents of the solid by heating them and hence generate beams of evap-

orated molecules directed on the substrate in an ultra-high vacuum (UHV)

environment. Like Alfred Cho, who is honored by being called the father of

molecular beam epitaxy, put it “Think about it as spray painting, but in this

case, atoms are the paint. You’re spray painting atoms onto a substrate. If

you like, you can layer one kind of atom and then another - like changing
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colors - creating materials that don’t even exist in nature.” [18].

The substrate has to match the crystal structure of the film in some way for

epitaxy to occur. In that sense the substrate acts as a seed the film crystal can

grow on as an epitaxial layer (where the word epitaxial derives from the Greek

prefix epi meaning upon or over and taxis meaning arrangement or order.).

The atoms in an epitaxial layer have a particular registry (or location) relative

to the underlying substrate crystal [19].

The MBE system used in this work is an oxygen MBE. This means that in

addition to several metal sources, it also includes a valve to let molecular

or plasma-generated atomic oxygen gas into the UHV growth chamber. The

objective is to grow metal oxide thin films. In order to not oxidize parts of

the MBE system at the elevated temperatures during growth, the substrate

holding equipment needs to made of oxidation resistant materials, such as

molybdenum. Instruments that run high current (like e-gun, and RHEED)

need to be differentially pumped to reduce local oxidation.

For this thesis, a customized DCA Instruments M600 oxide MBE system lo-

cated in the Materials Physics Lab at UT Austin was used. The chamber is

pumped by a cryogenic pump to a base pressure of 10−10 − 10−9 Torr. It is

equipped with an ion gauge (IG), residual gas analyzer (RGA), differentially-

pumped Staib Electronics reflection high-energy electron diffraction (RHEED)

gun, K-Space kSA 400 phosphor screen camera system, a quartz crystal mi-

crobalance to determine metal fluxes, sample manipulator with radiative heater,

and effusion cells (called Knudsen cells) that evaporate the material via ra-

13



Figure 2.1: MBE setup in the Material Physics Lab at UT Austin

diation from resistive heating coils entwining a crucible. Above the crucibles

are closeable “lids” known as shutters to control the metal flux by blocking

the source at any time. The shutters are made of molybdenum metal, ac-

tuated pneumatically and controllable by switches on a control rack or on a

computer via software. A main shutter is installed below the substrate as well

to shield and protect the substrate from evaporating material before and after

the growth procedure. Since the growth is done in UHV, the evaporating flux

of metal atoms will not be disturbed by gas molecules (i.e. no collisions) and
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Figure 2.2: The complete UHV system setup in the Material Physics Lab at
UT Austin (the STM system is currently not connected). The system is shared
with the group of Prof. John Ekerdt from Chemical engineering that employs
an atomic layer deposition (ALD) system.

reach the substrate in a ballistic manner. Some metals with very high melting

points cannot be properly evaporated by Knudsen cells. Therefore, relevant

for this thesis is the electron beam gun (e-gun) to evaporate metals with very

high melting points. There are four interchangeable metal sources in the e-gun

system including niobium. The Nb is evaporated/sublimated by the electron

gun using an accelerating voltage of 7.75 keV with emission currents up to 300

mA. A molecular oxygen source with the capability of creating atomic oxygen

by means of an oxygen plasma is also incorporated into the system. Oxygen

in its molecular form is introduced into the growth chamber as a gas via a

manual leak valve.

The walls of the growth chamber are liquid cooled by a cryopanel (Ethanol
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at -15◦ C is used as a cooling liquid). The cooling of the walls is in order,

to ensure adhesion of gas molecules from unused beam flux to the chamber

walls to keep them from decreasing the quality of the UHV [20]. The cryo-

genic pump in the system has a similar function, but operates at much lower

temperatures by cooling a titanium metal plate to liquid Helium temperature

to which molecules from the gas phase will attach. Three ion pumps pump a

transfer line that is connected to the main MBE chamber in order to load and

transfer samples. Samples are first inserted from outside the system into an

air gate or loadlock of small volume which is subsequently pumped down to

5 · 10−7 Torr before transferring the sample into the transfer line via a cart on

rails. The cart is magnetically coupled to the outside of the chamber system

with gear wheels inside and can be moved by rotating wheels on the outside.

The transfer line is also connected to an in-situ X-ray Photoelectron analysis

chamber for film characterization after the growth is completed.

For this thesis niobium metal with a very high melting point (2469 ◦C) was

evaporated by the electron beam gun. The electron gun consists of a filament

that runs a high current and an anode with high accelerating voltage (7.75

kV) that accelerates electrons from the filament towards the target material.

The emitted electron beam is not stationary on the target, but can be rastered

via deflection by electromagnetic fields in a spiral or triangular shape. The

emitted electrons hit the niobium metal target, which is stored in a heat re-

sistant and chemically inert crucible made of high purity graphite. Typical

emission currents of the electrons hitting the metal target employed for this
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thesis are ∼ 250 − 300 mA. The electrons hitting the metal target deposit

their kinetic energy as heat which leads to evaporation or sublimation of the

material. The flux of evaporating niobium can also be blocked by a pneumatic

molybdenum shutter above the crucible. The distance from the sample to the

e-gun crucible is about 60 cm and the e-gun opening is at a small angle to-

wards the surface normal of the substrate. The sample size used in this thesis

was 5× 5 mm. Since the angular distribution of the evaporating metal is not

perfectly uniform at such a distance from the source, the sample is rotated via

the motorized manipulator. The substrate can be rotated at different angular

speeds, where higher speeds are usually preferable for more uniform coverage

of the substrate area [20].

The speed of growth of the film will mainly depend on the niobium metal

flux rate and the sticking coefficients of oxygen and niobium on the substrate.

The emission current of the e-gun does not give precise control over the nio-

bium flux and the flux rate will vary each time for a certain emission current.

Therefore it is necessary to calibrate the flux before each growth process in-

dividually. Flux rates are determined by the quartz crystal oscillator. The

quartz crystal oscillator is exposed to the metal flux before growth in front of

the main shutter and in the vicinity of the substrate to calibrate the local flux

rates at the substrate.

Atoms from the metal flux attach to the oscillating quartz crystal (piezoeletric

induced oscillation) and by doing so increase its mass m. The increased mass

will shift the resonance frequency f of the oscillator (f ∝ 1√
m

). By knowing
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the sticking coefficient of the metal on the quartz and surface area of the os-

cillator one can determine the metal flux rate by knowing the density of the

metallic phase that forms on the crystal oscillator. Since the sticking coeffi-

cient and the phase of the metal on the oscillator are unknown the flux can

only be determined to within a correction factor. A sticking coefficient of 1

and uniform coverage is assumed and the normal room temperature density ρ

of the metal is used for the calibration process. The crystal oscillator is con-

trolled electronically and the relevant parameters like the density are entered

into a menu. The display output gives the flux in Angstrom/minute.

The relation between atomic flux [J ] = 1/(m2s) and “layer flux” [ξ] = Å/min

is given by

J = ξρ
NA

M
, (2.1)

where ρ is the density of the metal, M its molar mass and NA is the Avo-

gadro number. Having determined the metal growth rate ξNb and a sticking

coefficient close to unity and assuming the oxygen is overly abundant a rough

estimate of the film growth rate can be given by translating from the pure

metal growth rate to the metal oxide growth rate via

ξNbαOβ =
ξNb
α

ρNb
ρNbαOβ

MNbαOβ

MNb

≡ γ ξNb. (2.2)

For niobium dioxide the factor γ is approximately γNbO2 ≈ 1.95 and for the

TT-phase of the pentoxide γTT-Nb2O5 ≈ 2.46 [21].

Hence a rough estimate of the film thickness d after a growth time t can be

made by d = ξNbαOβ · t (assuming sticking coefficients on both the quartz
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crystal and substrate are of similar magnitude).

For a gas, like molecular oxygen, at a given partial pressure p the molecular flux

(molecules per unit time and unit surface) can be determined by the formula

JN = p

√
1

2πkBTm
, (2.3)

where kB is the Boltzmann constant, T the temperature of the gas in Kelvin

and m the mass of a gas molecule, which can be derived by using the ideal

gas law and Maxwell’s velocity distribution. A more practical version of the

formula for MBE growth is [20]

JN = 3.5 · 108 p√
MT

nm−2s−2, (2.4)

where the pressure p is measured in Torr and M is the molar mass of a gas

molecule in gram.

In addition to the ion gauge, the residual gas analyzer (RGA), basically a mass

spectrometer, is used to determine oxygen partial pressures. Furthermore, the

RGA analyzes the partial pressure of other gas species that are considered as

impurities in the UHV and stem from niobium metal target or are introduced

via the oxygen valve into the system. Usually, the system is contaminated

by small amounts of residual gases (< 10−8 Torr) during ramping up of the

e-gun current, stemming probably from the niobium source material and the

niobium containing high-purity graphite crucible. Opening the oxygen valve

also introduces some residual gases into the growth chamber.

The metallic substrate holder backplate is radiatively heated via thermal ra-

diation created by a silicon carbide block in the manipulator. The substrate
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holder backplate in turn is in thermal contact with the substrate. Heating of

the substrate enables the attaching atoms to migrate thermally on the surface

and hence diffuse into the correct spots in order to form an epitaxial crystal.

Because of the indirect heating process the temperature of the substrate is not

true to the thermocouple reading at the silicon carbide block, but at typical

growth temperatures is about 100 to 150◦C below that value (calibrated by

contactless pyrometer measurements).

Since the metallic backplate of the sample holder does not absorb all of the

radiation the temperature of the substrate will also depend on how well it

can absorb the transmitted radiation. The ability to absorb radiation does

depend on the detailed band structure of the substrate material, however a

smaller band gap means higher absorption and therefore higher temperature

of the substrate for the same thermocouple reading.
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2.2 Diffraction from periodic structures

2.2.1 General description

Consider a finite periodic array of points ~Rn in space described by

~Rn =
3∑
i=1

ni~ai, (2.5)

where ~Rn is called a lattice vector, ni are integers and ~ai are are the basis

vectors that span the space (if the array cannot be described in that simple

fashion it is called a lattice with a basis which will be neglected here for

simplicity).

A plane wave (spherical wave far away from source) of the form

A(~r, t) = A0e
i(~k~r−ωt) (2.6)

is irradiated on the periodic array and each of the points of the array is thought

of as a scattering center for the wave. The scattering is assumed to happen

only at discrete spots in the periodic array of scatterers. Furthermore, multiple

scattering is neglected and elastic scattering is assumed (first Born approxi-

mation and kinematic scattering), i.e. a scattered wave is not rescattered by

another scattering center.

Using the Huygens principle each scattering center ~Rn will give rise to a spher-

ical wave with

A′(~r, t) =
(
A0e

i~kRn
) eik

′|~Rn−~r|

|~Rn − ~r|
eiωt. (2.7)

The scattered waves are observed far away from the actual scattering event and

the origin is assumed to be located within the periodic array (i.e. |~r| � |~Rn|
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Figure 2.3: Incoming plane wave with wave vector ~k excites spherical wave at
~Rn. The scattered wave is observed at point P at ~r from the origin and along
the vector ~r′ from the source. Graphic from [22].

and ~r is almost parallel to ~r′), therefore the denominator in equation 2.7 can

be replaced by |~r| and in the exponential a less crude approximation of

k′|~Rn − ~r| = k′r

√
(
Rn

r
)2 + 1− 2

Rn

r
cos(~r, ~Rn)

≈ k′(r −Rn cos(~r, ~Rn))

≈ k′r − ~k′ ~Rn

(2.8)

can be used, where ~k′ is along the direction of ~r′ in Figure 2.3 and has length

k′ = k. Hence for a single scattering center

A′(~r, t) ≈ A0
eikr

r
ei(

~k−~k′)~Rneiωt. (2.9)
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Since in the first Born approximation all scattering centers will produce one

spherical wave (expansion in 1/r to first order) their contributions have to be

summed to obtain the full amplitude. The periodic array is considered to be

built of Nj units along either direction ±~aj over the beam spot size of the

plane wave on the specimen,

A = A0
eikr

r
eiωt

3∏
j=1


Nj−1∑

nj=−Nj

ei(
~k−~k′)·nj~aj


= A0

eikr

r
eiωt

3∏
j=1

e−iNj(
~k−~k′)~aj

2Nj−1∑
nj=0

ei(
~k−~k′)·nj~aj


= A0

eikr

r
eiωt

3∏
j=1

e−iNj(
~k−~k′)~aj ei2Nj(

~k−~k′)~aj − 1

ei(~k−~k′)~aj − 1

= A0
eikr

r
eiωt

3∏
j=1

1

e
i
2
(~k−~k′)~aj

sin
(
Nj(~k − ~k′)~aj

)
sin
(

1
2
(~k − ~k′)~aj

) .

(2.10)

The observable intensity is proportional to the square of the amplitude

I(r) ∝ 1

r2

3∏
j=1

∣∣∣∣∣∣
sin
(
Nj(~k − ~k′)~aj

)
sin
(

1
2
(~k − ~k′)~aj

)
∣∣∣∣∣∣
2

, (2.11)

the function in the bracket has maxima at (~k−~k′)~aj = 2π·n with values (2Nj)
2,

where n is an integer. The maxima get more narrow and sharper the larger

the array Nj becomes (in the limit of a periodic Bravais crystal N →∞ they

become delta functions). That means the intensity maxima of the scattered

waves from the periodic array occur as sharp peaks along certain directions

of the outgoing waves ~k′ for which the dot product of a maximum set of the
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Figure 2.4: The function in the product of 2.11

lattice vectors with the difference of the incident and outgoing wave vector is

equal to an integer multiple of 2π(
~k − ~k′

)
~Ri = 2π · n. (2.12)

This is the general diffraction condition, also called Laue condition (that is

valid for periodic arrays in either 1,2 or 3 dimensions). In the case of 3-

dimensional lattices with the definition of a reciprocal lattice vector ~Ghkl =

h~b1 + k~b2 + l~b3, this is equivalent to

~k − ~k′ = ~Ghkl, (2.13)

since those vectors allow all the ~Rn (by the definition of a reciprocal lattice

~Ghkl
~Rn = 2π · n) to be part of the maximum set for which 2.12 is fulfilled. In

the case of 2 dimensional arrays (which are considered in the next section),

this is not necessarily equivalent to the more general equation 2.12 since the

reciprocal lattice will only form a net of points in 2 dimensions in the plane

of the Bravais lattice, whereas the incoming and scattered wave could have

vector components that do not lie in this plane.
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2.2.2 Electron diffraction

2.2.2.1 Reflection high energy electron diffraction (RHEED)

Diffraction in periodic structures can also be done with electron waves

instead of electromagnetic waves. A way to probe the surface-periodicity of

a crystal is Reflection High-Energy Electron diffraction (RHEED). The sim-

plified setup of a RHEED measurement is depicted in Figure 2.5. Electrons

Figure 2.5: Basic RHEED setup, graphic taken from [23].

are accelerated through a high voltage from a heated filament (electron gun)

and impinge at a small grazing angle θ on the surface specimen (downward

facing in Figure 2.5). The small grazing angle ensures little penetration into

the specimen, hence only the surface-periodicity is probed.

The surface of a perfectly flat crystalline sample can be thought of as a crys-
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talline net with basis vectors ~a1 and ~a2 (generally different from the bulk lattice

vectors). The reciprocal net is given by

~b1 = 2π
~a2 × ~n

~a1(~a2 × ~n)
,

~b2 = 2π
~n× ~a1

~a1(~a2 × ~n)
,

(2.14)

where ~n is the surface normal vector of the crystalline sample.

As described in the previous section the Laue condition (Equation 2.12) will

determine where the scattered electron waves interfere constructively. In the

case of a 2-dimensional reciprocal net the situation can be pictured as in Figure

2.6. In Figure 2.6 all ~k − ~k′ that lie on a line extending perpendicular to the

Figure 2.6: Cross section through the reciprocal net showing the origination
of the reciprocal lattice rod. All three displayed (~k−~k′) vectors fulfill the Laue
condition (Equation 2.12) - they have equal projection, with the length of a
reciprocal lattice vector, on the direct lattice vector ~r ; graphic taken from [23].

reciprocal net plane and starting from a reciprocal net point equally satisfy the

Laue condition (Equation 2.12), since their projection falls on that reciprocal

lattice point. The so described line is usually referred to as a reciprocal lattice
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rod. Sometimes it is said that the reciprocal lattice for a surface consists of

rods, however this picture is inaccurate since the reciprocal lattice is a net in

the plane and the extension of the net into three-dimensional rods is just a

tool to illustrate the three-dimensional character of the scattering.

For elastic scattering the Ewald construction can be employed. That means

only those (~k−~k′) that lie on the Ewald sphere are considered. If they at the

same time intersect with a reciprocal lattice rod that pierces the Ewald sphere

at that point, they will give rise to a diffraction maximum (see Figure 2.7). It

can be seen from Figure 2.7 that for the RHEED geometry and due the finite

dimensions of the detector screen, only a wedge in the upper left quarter of

the Ewald sphere is relevant to be considered for the outgoing electron waves

hitting the detector.

In a real experiment the Ewald sphere is a shell of finite thickness because of the

non-uniformity in the energy distribution in the electron beam. Additionally,

the reciprocal lattice rods have finite thickness, due to finite spot size of the

beam. Therefore the sphere and the rods intersect somewhere along their

lengths [23] and give rise to a streaky or elongated ellipsoidal pattern instead of

sharp diffraction spots on the screen. Those streaks will lie around circles called

Laue rings (see Figure 2.8), which map the ellipsoidal intersections of (~k−~k′)

with the upper left part of the Ewald sphere shell and the reciprocal lattice

rods onto the detector screen. The zero order Laue ring with intersections

close to the origin of the reciprocal net will always be the most streaky one

since here the reciprocal lattice rods almost lie tangential to the Ewald sphere
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Figure 2.7: Overlay of real and k-space - both spaces do not agree on scale, but
by construction in orientation - hence the origins of both spaces must overlap,
such that directions in k-space correspond to wave propagation directions in
real space. The origin of the real space should therefore be chosen to lie in
the center of the beam spot on the surface (compare summation in equation
2.10), to roughly obtain the correct angles of the diffracted beams. Depicted

is a cross sectional view through the Ewald sphere, the (~k − ~k′) vector that
intersects both with the Ewald sphere and a reciprocal lattice rod at the same
point gives rise to the diffraction maximum on the RHEED screen along the
direction of ~k′; graphic taken from [23].

shell. That there is a ring for the zero order reflections is due to the described

non-idealities in the experiment and a large Ewald sphere radius compared to

the reciprocal lattice point spacing and that the incident beam makes an angle

with the surface which pivots the Ewald sphere a little (otherwise one would

only expect the (0,0) rod to intersect with the sphere).
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Figure 2.8: Left: Formation of a Laue ring. The rows of rods perpendicular to
the incident beam are called Laue zones of rods. The zeroth zone is the one
that includes the origin (0,0) of k-space. The diffraction maxima are indexed
by their surface mesh Miller indices, with the convention that the (0,0) index is
where the Ewald sphere cuts the k-space origin; the first index is for indexing
rows of rods along the beam direction, the second for rows perpendicular to
the beam direction. Graphic taken from [23]. Right: Laue rings of Nb:STO
(111) surface.

Measuring the spacings of the RHEED streaks of the zero order Laue zone on

the detector screen allows one to measure the in-plane component of (~k − ~k′)

and therefore the spacing of the reciprocal lattice points/rods perpendicular

to the beam (if ~k is very large the in-plane component of (~k − ~k′) will be

approximately perpendicular to the beam direction). From the measured on-

screen spacing one can deduce the spacing of the reciprocal lattice rods and

hence the plane spacing of the planes that are aligned parallel to the beam, if

the electron wavelength used and the sample-to-detector distance is known (by

use of formulas 2.16 and 2.17 and a small angle approximation). In the case of

this thesis the exact distance of sample to detector is not precisely known due
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to variable sample holder height, however from measuring the streak spacings

of the substrates used with known lattice constants and plane spacings the

system can be calibrated for a fixed sample holder height and the RHEED

screen spacings of the grown film can be assigned to distances in the lattice.

For this thesis a Staib electron gun with V = 21 KeV acceleration voltage

(which amounts to an electron De-Broglie wavelength of

λ = 12.3/
√

(V (1 + 1.95 · 10−6V ))Å ≈ 0.083Å (2.15)

[23] and a Ewald sphere radius of ∼ 75Å−1) and a K-space kSA 400 phosphor

screen camera system was used (see figure 2.9). Both are integrated into the

MBE system described in the previous section which allows in-situ RHEED

to monitor crystallinity of the sample in real time during growth.
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Figure 2.9: K-space kSA 400 phosphor screen with CCD camera, incorporated
into rectangular box for shielding from background light.

2.2.3 X-ray diffraction (XRD)

2.2.3.1 θ-2θ Scans

As stated above the Laue condition requires for constructive interfer-

ence that

~k − ~k′ = ~Ghkl. (2.16)

In the simple geometry depicted in Figure (2.10) the initial plane wave (spher-

ical wave far away from source) with wave vector ~k is irradiated on a smooth

surface with an angle θ and the outgoing scattered waves ~k′ are analyzed under

the same angle. For this geometry ~k − ~k′ is parallel to the surface normal of

the specimen. Hence to fulfill Equation 2.16, ~Ghkl also needs to be parallel to
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Figure 2.10: Bragg scattering.

the surface normal. ~Ghkl by definition is always perpendicular to the lattice

plane with Miller indices hkl [22]. Also it is known that the spacing between

such planes is given by

dhkl =
2π · n
|~Ghkl|

, (2.17)

where n is an integer [22].

Therefore if equation (2.16) is squared, assuming the above geometry, the

equation

2k2 (1− cos(2θ)) = G2
hkl (2.18)

is obtained. Using equation (2.17), k = 2π
λ

and a trigonometric identity the

square root of 2.18 gives the so called Bragg condition

2 · dhkl sin θ = λ · n. (2.19)

This condition can also be derived in a more heuristic way, by taking the geo-

metric path difference of X-rays reflected from adjacent planes in Figure 2.10
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and require it to be a multiple of the wavelength λ for constructive interference

leading to a diffraction maximum under an angle θ for which the condition is

true.

Equation (2.19) gives the out-of-plane lattice constant dhkl of the specimen

in terms of the irradiated wavelength λ and incident angle θ under which the

intensity maximum occurs. As is apparent from Equation (2.19), the wave-

length λ needs to be of the order of the lattice spacing dhkl of the structure to

be probed (since sin θ ≤ 1).

Measurements taken in the simple geometry of Figure 2.10 are known as θ-

2θ scans and have been conducted with a Philips X’Pert Diffractometer with

Cu-Kα X-ray wavelength of λ = 1.54187Å to obtain the out-of-plane lattice

spacing of the MBE grown epitaxial niobium oxide films in this thesis. The

Cu-Kα transition actually consists of two transitions, one from the 2p3/2 with

λ1 = 1.5405980Å and the other from the 2p1/2 level with λ2 = 1.5444260Å

to the 1s level of Cu (dipole selection rule ∆` = ±1). The intensity ratio of

the two wavelengths is I(λ2)
I(λ1)

= 1/2 and the above given wavelength λ is the

weighted average of both.

2.2.3.2 X-ray reflectivity (XRR)

In a similar fashion as for the determination of the out-of-plane lattice

constant the Bragg formula

d =
n · λ

2 sin θ
(2.20)
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can be employed to determine the thickness of a film if d is interpreted as the

film thickness. This interpretation immediately becomes clear if one considers

the heuristic derivation of the formula. The X-rays are reflected from both

the film surface and the film-substrate interface, with both reflected waves

interfering with each other. Since the film thickness is much larger than the

out-of-plane lattice spacing the constructive interference maxima of the inten-

sity plotted against the angle θ lie more densely than the ones observed in XRD

measurements. Therefore the film can only be so thick that the interference

maxima have a larger spacing than the resolution of the instrument (in this

thesis a Philips X’Pert Diffractometer with angular resolution of 1/16◦ ≈ 0.06◦

and X-ray wavelength of λ = 1.541 was used, which allows a maximum film

thickness of the order 1000 Å).

X-Ray reflectivity (XRR) measurements are carried out at small incident an-

gles ω to ensure high reflected intensity (the intensity goes down exponentially

for larger incident angles which is the reason why reflected beams usually don’t

interfere with XRD measurements taken at higher angles) in a θ-2θ geometry

(where ω = 2θ
2

= θ). For small angles θ the film thickness is given by equation

(2.20) to be

d ≈ λ

2∆θ
, (2.21)

where ∆θ is the angle difference between adjacent intensity maxima/minima.

Since X-ray reflectivity scans start at very small angles there is a critical angle

θc below which all X-rays are reflected. This angle is the critical angle of total

external reflection (Brewster angle) and depends via Snell’s law on the X-ray
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refractive index of the film material with respect to air.

For the analysis of the recorded XRR curves the simulation tool SimulReflec

was used, which allows alongside extracting information about the film thick-

ness to additionally keep track of further effects on the shape of the curves

caused by sample roughness and sample and substrate composition (density

of scatterers). For use with SimulReflec the data has been normalized to dou-

ble the maximum intensity recorded in the data set (i.e. the new normalized

maximum value is 0.5 - This seems to be necessary due to restrictions in the

program). The program allows one to simulate and plot the X-ray reflectivity

of a certain layered structure using the experimental parameters of the sample

and the X-ray optics. The simulated reflectivity curve is compared with the

experimentally taken curve and the program’s input parameters for the sam-

ple are tweaked within a set of reasonable values that agree with the model

assumptions until good agreement of both curves is achieved.

The sample can be modeled as a layered structure of substrate, film and vac-

uum/air interfaces. The software takes into account the number of scatterers

per volume and their real and imaginary X-ray form factor responsible for

scattering and reflectivity. These two values in turn determine the refractive

index of the sample in the X-ray regime. The foremost parameter that is mod-

eled is of course the film thickness because this gives rise to the characteristic

oscillations (also termed Kiessig fringes). Furthermore the surface roughness

of both substrate and film is modeled since it determines the envelope curve of

the decaying intensity for increasing reflection angles. Due to geometric rea-
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son of the X-ray optics the intensity decays as 1/ sin4 θ for a perfectly smooth

film, while for a rough surface the decay is faster. The difference in film and

substrate electron density determines the amplitude of the oscillations.

When tweaking input parameters and slightly adjusting them via the pro-

gram’s fitting capabilities agreement at higher reflection angles is weighted

more, since the experimental X-ray optics allow for more precise thickness de-

termination at those θ values. In order to do that a logarithmic version of the

least square fitting was chosen.
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2.3 X-ray photoelectron spectroscopy (XPS)

X-Ray photoelectron spectroscopy employs monochromated X-rays from

an atomic transition in order to eject photoelectrons from the specimen ma-

terial. The photoelectron energy is measured and is characteristic of both

the material and the X-ray energy. The energy balance of the photoemission

process is

Ei(N) + hν = Ef (N − 1) + E ′kin, (2.22)

where Ei(N) is the initial energy of an N electron system, hν is the energy

of the monochromatic X-rays, Ef (N − 1) is the final energy of the system

after the photoelectron has been ejected (having deposited part of its kinetic

energy in the material) and internal ’rearrangement processes’ have occurred

due to the presence of a core hole, and Ekin′ is the kinetic energy of the ejected

photoelectron that is free in vacuum and not yet detected.

The technique can probe all occupied bound states of electrons in a solid that

are of the same or lower energy than the X-rays used. If one considers that

local atomic core levels (that are usually not included in bandstructure calcu-

lations) are probed, then they can be simplistically considered as free atoms

with unperturbed Hartree-Fock ground state orbitals in a first approximation,

with overlaid spin-orbit coupling (jj- or Russel-Saunders LS-coupling [24]).

Naively one could imagine that the difference in initial energy and final en-

ergy ∆E ≡ Ei(N) − Ef (N − 1) equals simply the Hartree-Fock ground state

binding energy Ebind of the electron plus the work function of the sample φs

(both measured from the Fermi level Ef of the sample), i.e. ∆E = Ebind + φ.
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Figure 2.11: XPS setup.

However, this assumes that the remaining local Hartree Fock orbitals of the

atom from which the electron was ejected (often called the passive orbitals)

are the same in the final state as they were in the initial state (also called the

frozen-orbital approximation or sudden approximation) [25] [24].

If one wants to refine this model, the binding energy will include the readjust-

ment of the remaining local orbitals to minimize energy in the intra-atomically

changed Coloumbic potential (relaxation). One step further would be to con-

sider all the N−1 electrons in the solid and the rearrangement of their density

to minimize energy in the presence of the locally changed Coloumbic poten-

tial [25]. Another effect that changes Hartree-Fock binding energies is a change

in the inter-atomic Coloumb potential due to different chemical environments.

For example a more electronegative binding partner can pull away valence

38



electrons from the atom under consideration, causing the remaining electrons

to become more tightly bound to the nucleus. This leads to the so-called

chemical shift of the binding energy and is especially visible in the spectrum

for ionically bonded materials such as metal oxides. These effects can be sum-

marized as “ground state polarization” and are collectively known as initial

state effects [24].

However, the created electron core hole pair can have subtle effects on the

kinetic energy spectrum of the photoelectrons. There can, for instance, occur

rearrangement or excitation processes due to the created core hole, and the

emitted photoelectron can scatter from other electrons or excite plasmons and

hence lose kinetic energy, leading to a background, asymmetries or satellites in

the photoelectron spectrum. Also, Auger electrons from secondary rearrange-

ment processes can be detected in the spectrum. For details of what kind

of secondary effects (also termed final state effects) can occur, the reader is

pointed to Figure 2.12 and to Reference [24]. For a proper description of initial

and final state effects, quantum many body theory is necessary which often

voids a clear physical interpretation of these states and the processes involved.

In the XPS measurements conducted on niobium oxide films, chemical shifts

due to the different oxidation states of niobium Nb2+, Nb4+ and Nb5+ are

observed for the Nb 3d core level. However, the deconvolution of Nb4+ and

Nb5+ appears to be not straightforward due to an apparent asymmetry in the

line shape and unknown precise values of the chemical shifts.

The only reference that used both phase pure NbO2 and Nb2O5 for compara-
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Figure 2.12: Effects that relate Hartree-Fock binding energies (BE) of free
atoms to observed perturbed “binding energies” in XPS. Taken from [24].

tive X-ray photoelectron spectroscopy and discusses the spectra by including

possible final state effects which is known to the author is Reference [26]. The

authors of the aforementioned reference compare the Nb 3d core-level and

valence band spectra of both materials and observe peak satellites in the nio-

bium 3d core level spectra of the dioxide. The authors of the work discuss

these satellites as an effect of a specific final state effect in NbO2 interpreted

using the Kotani-Wertheim model [26]. Their explanation for the observed

peak structure is that there exist two distinct and relevant final states of the

XPS induced core hole. The two final states are created by the Coloumb po-

tential that the core hole exerts on valence band electrons. Since the material
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is a small band gap material, the Coloumb potential of the core hole is strong

enough to locally excite a valence electron from the 4d1 valence band which

in turn leaves another hole (or trap) in the valence band, leading to a 4d0

valence configuration. The valence band hole can now either be filled with an

extra electron (well-screened final state in 4d1 configuration) or stay empty

(poorly-screened final state with 4d0 configuration). This leads to the effect

that there are two spin-orbit peak pairs observed, one for each final state.

Since the 4d0 configuration is the same as in the valence band configuration of

niobium pentoxide, there appears a pentoxide spin-orbit peak pair as a satel-

lite in the dioxide 3d core level spectrum. Subtracting the pentoxide peak with

a weighting factor from the full Nb3d peak structure the authors of the study

obtain an asymmetric line shape for the 4d1 configuration. This goes in hand

with the asymmetric XPS spectra reported for the sister compound VO2 [27]

which shows a similar transition from a distorted rutile structure to a rutile

structure accompanied by a large jump in conductivity.

The Nb 3d spectra recorded for this thesis do not show as much 4d0 compo-

nent as the spectra in Reference [26], however, they are clearly asymmetric

and cannot be fitted with symmetric line profiles.

The basic line shape for fitting XPS spectra are symmetric Lorentzian curves

[28]. The width of the peak is related to the lifetime of the photoelectron-

induced core hole. In crystalline materials, atomic vibrations lead to Gaussian

broadening and the finite resolution of the analyzer also leads to experimental

broadening. Therefore, for symmetric lineshapes a convolution or a product
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of Gaussians with Lorentzians (Voigt function) is used for fitting [28]. For

asymmetric line profiles a tail modifier can be used.

For this thesis, a VG Scienta MX 650 with monochromated Al Kα (hν =1486.7

eV) X-ray source was used with a VG Scienta R3000 hemi-spherical electron

energy analyzer. The analyzer filters electrons of a specific kinetic energy (win-

dow) and counts their intensity by first slowing them down to a specific kinetic

energy (pass energy) and deflecting electrons that are not in the appropriate

energy window with electrostatic fields.

In order to avoid collision of the ejected photoelectrons with gas particles and

therefore loss of kinetic energy XPS measurements are normally carried out in

an UHV environment.

The electron escape depth depends on the mean free path of the electrons

which is energy dependent. Typical mean free paths are of the order of 10-100

Å, therefore XPS is a very surface sensitive probe for thin film analysis. The

penetration depth of X-rays is much larger and on the order of a few microns,

hence there is no photoelectron intensity loss due to reduced X-Ray intensity.

According to the data sheet of VG Scienta, the size of the X-ray spot focused

on the sample by the monochromator is approximately 1× 5 mm2 for typical

experimental setups [29]. Since our samples are oriented with the diagonal

along the spot size and only about 4 × 4 mm2 of the 5 × 5 mm2 substrate is

covered by the film (due to the substrate holder shadow) the substrates have

to be carefully centered under the beam to ensure that we are not measuring

the substrate holder material.
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The sample is electrically grounded to the analyzer, so for a conductive sample

the substrate and analyzer Fermi levels should align. According to Equation

2.22, ∆E plus E ′kin is equal to the photon energy hν. Because E ′kin is the

kinetic energy of the free electron that has escaped from the solid into the

vacuum ∆E can be interpreted as the binding energy of the electron with re-

spect to the vacuum level Ev of the sample. The vacuum level of the sample in

turn is measured from the common reference point, the Fermi level EF . Given

that, one can write

∆E = φs + EB, (2.23)

where φs is the work function of the sample, which is the energy difference

between the Fermi level and vacuum level, and EB is the electron binding

energy with respect to the Fermi level (compare with left side of Figure 2.13).

From the Fermi level of the sample the electron has to overcome the work

function of the sample in order to be a free electron of certain kinetic energy

E ′kin. However when the free electron enters into the electron analyzer it will

gain or lose some energy due to the work function of the analyzer φa. The

kinetic energy difference of the free electron and the electron measured in the

analyzer E ′kin − Ekin depends on the difference of the work functions φa − φs

of sample and analyzer (see Figure 2.13). Since both analyzer and sample

have the Fermi level as the same energy reference point, to obtain the binding

energy EB of the analyzed photoelectron with respect to the Fermi level, one

has to subtract the work function of the analyzer φa and the detected kinetic
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energy of the analyzed electron Ekin from the photon energy hν

EB = hν − φa − Ekin. (2.24)

This becomes clear if one pictures the energy diagram of the process in Figure

2.13. This process including the necessary constants is implemented in the

SES software package that comes with the VG Scienta electron analyzer and

therefore the taken spectra will display the photoelectron intensity over binding

energy EB with respect to spectrometer and sample common Fermi level.

If a sample (film and/or substrate) is non-conductive, it will build up a charge

Figure 2.13: Energy diagram for the photoemission process. Sample left,
analyzer right - both are grounded to the same potential such that their Fermi
levels align. Adapted from [30].

due to the loss of electrons. The built-up positive charge will change binding
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energies and move the observed binding energies progressively to higher values.

Therefore an electron gun (floodgun) is incorporated into the XPS system

which can neutralize charged insulating samples.
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Chapter 3

Growth and Characterization

3.1 Substrate Preparation and Growth Process

Single-side polished, Nb-doped (0.5 wt%) and undoped SrTiO3 (Nb:STO

and STO) perovskite single crystals from MTI Corporation (dimensions 5 ×

5×0.5 mm3), oriented to within +/-0.5 of (111), were used as substrates. Fur-

thermore, a several MgO, LSAT and Nb:STO (100) substrates of the same

dimensions, orientation and supplier were also used. The substrates were

degreased with a 5 min sonication in each of acetone, isopropyl alcohol and

deionized water. The water was dried off with a nitrogen gun and subsequently

the substrates were held under an ozone atmosphere created by UV radiation

for 15 min.

After ex-situ cleaning, the substrates are then placed on molybdenum sam-

ple holders, which guarantees little outgassing at higher temperature under

UHV conditions. The prepared substrates are loaded onto a moveable cart

and placed in the loadlock, which is connected to the transfer line of the UHV

system. The loadlock is pumped down to 5 · 10−7 Torr and then the gate

valve to the transfer line (base pressure 10−9 Torr) is opened. From there,

the sample is transfered into the MBE growth chamber. The growth chamber

is a customized DCA Instruments M600 oxide MBE system. The chamber is
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pumped by a cryogenic pump to a base pressure of 10−9 Torr. It is equipped

with an ion gauge (IG), residual gas analyzer (RGA), differentially pumped

Staib Electronics reflection high-energy electron diffraction (RHEED) gun, K-

Space kSA 400 phosphor screen and camera, and a quartz crystal microbalance

to determine metal fluxes.

The Nb is evaporated/sublimed by an electron gun with an accelerating voltage

of 7.75 keV and emission currents up to 300 mA. The flux rates employed are

1-14 Å/min of niobium metal. Before growth substrate cleanliness and surface

smoothness are checked with RHEED. The substrate is protected from the Nb

flux during the flux calibration by a main shutter. As soon as the Nb flux

is stabilized, molecular oxygen is let into the system via opening of a manual

leak valve. The oxygen pressure is monitored by an ion gauge (IG) located at

the top of the growth chamber and a residual gas analyzer (RGA) located at

the bottom on the side. The IG reads the total pressure and oxygen flux in the

growth chamber, whereas the RGA is a mass spectrometer that outputs the

partial pressures of various gas species and their total pressure as well. The

two readings differ usually by about an order of magnitude. Total IG readings

of about 10−7-10−5 Torr were employed for the growth. Unfortunately, both

the IG and the RGA are influenced by the stray fields of the e-gun, hence

pressure readings are only useful when comparing between growth runs should

and not be taken as absolute readings. It appears that either the Nb source

metal or evaporated Nb are oxidized before reaching the substrate since the

O2 partial pressure and total pressure IG readings usually go up and almost
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double after turning off the e-gun at the end of a growth run. The typical ra-

tios of fluxes of O2 molecules to Nb atoms impinging on the substrate surface

per unit time used for the growth (assuming O2 as an ideal gas at 300 K and

using formula 2.3) were in the range of 30-360.

After both Nb and O2 fluxes are set, the sample holder backplate is radia-

tively heated via the manipulator heater to the growth temperature 750-950

◦ C (thermocouple reading on manipulator) using a 30-40 ◦C/min ramp rate.

The substrate is heated by being in physical contact to the substrate holder

backplate, which in turn is heated by a radiative heat source. The tempera-

ture reading on the thermocouple does not directly correspond to the substrate

temperature. From calibration measurements using pyrometry, the substrate

temperature in the relevant temperature is roughly 100 ◦C below the thermo-

couple reading.

The growth is started when the growth temperature is reached by opening the

main shutter and turning on the sample rotation (angular speeds of about 5-7

sec for one full rotation). Epitaxy of the growth is monitored by the in-situ

RHEED system with 21 keV electrons at a angle of about 3◦. The sample

holder rotation is momentarily paused in order to obtain clear RHEED im-

ages. The high oxygen pressure during growth usually nevertheless leads to

fuzzy RHEED images. RHEED images from the film emerge after a few min-

utes of growth, first blurry, then more streaky or spotty depending on the

substrate and growth temperature. A spotty, gridded RHEED, instead of a

streaky RHEED pattern or a spotty Laue arc, indicates steps or islands on the
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surface which lead to 3D scattering through the steps or islands.

After the growth is completed by closing the main shutter, the e-gun current

is ramped down at 20mA/30s and the manipulator is cooled to 200 ◦C at

30 ◦C/min ramp rate. For most of the samples, the cooling is done in O2

atmosphere without adjusting the oxygen valve. When the manipulator tem-

perature has reached 200 ◦C, oxygen is turned off and more clear RHEED

images are taken. With the kSA RHEED analysis software, a rough estimate

of the in-plane lattice constants is obtained (where calibration is done on the

substrate).

After the growth the sample is transfered in-situ via the transfer line to the

X-ray photoelectron spectroscopy (XPS) chamber, which is equipped with a

VG Scienta MX 650 Al Kα (1486.7 eV) X-ray radiation source, quartz crystal

monochromator and R3000 electron energy analyzer. The spectral resolution

is limited by the source line width of ∼300 meV. A survey spectrum, as well as

niobium 3d and oxygen 1s core level (CL) spectra and the valence band (VB)

spectrum are taken and analyzed. The CL spectra are taken at a pass energy

of 100 eV, while the VB spectrum is taken at 200 eV pass energy for most

samples. Furthermore, ex-situ symmetric θ − 2θ X-Ray diffraction (XRD)

scans were taken with a Philips X’Pert diffractometer (Cuα) to obtain the

out-of-plane lattice constant. X-Ray reflectivity (XRR) measurements were

also taken on the same machine to compare the measured film thickness with

the estimated film thickness based on the Nb metal flux and assuming phase

pure NbO2 growth.
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In addition to the standard growth process described above, growing with

plasma-generated atomic oxygen was also tried, however, this resulted in non-

crystalline films of the pentoxide phase. Growth on MgO substrates resulted

in poorly crystallized films judging from the RHEED patterns. This is possi-

bly due to the very rough surfaces despite prolonged annealing times of the

substrate in oxygen at 1100◦ C prior to growth [31].

The next sections will describe the results of the various characterization tech-

niques used to analyze the samples grown under various growth conditions.
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3.2 Film Characterization

3.2.1 RHEED

3.2.1.1 Calibration to the substrate

For the (111) STO perovskite substrate, the in-plane lattice spacings

expected to be observed in diffraction experiments are aSTO/
√

2 = 2.76 Å along

the three equivalent 〈110〉STO directions, and aSTO

√
3
2

= 4.78 Å along the

〈112〉STO directions (compare with Figures 1.5 and 1.6). The KSA400 software

allows calibration to the lattice spacings of the substrate before growth in

order to determine lattice spacings of the film during and after growth. The

software was calibrated to the 2.76 Å and 4.78 Å spacings of the STO (111)

surface before the NbO2 film deposition, as shown in Figure 3.1.

3.2.1.2 Film spacings

From the calibration of the RHEED streak spacings to the substrate,

the in-plane lattice spacings of the surface of the MBE-grown NbO2 thin films

were determined. Two different spacings are clearly discernible on the RHEED

screen (Figure 3.2). The two images in Figure 3.2 repeat alternately when ro-

tating the sample holder, and each spacing is seen six times upon completing a

full rotation of the sample holder (about the surface normal of the substrate).

Therefore, they represent pseudo-6-fold symmetric lattice planes of the surface

mesh.

The two film spacings (fig. 3.2) determined are corresponding to lattice spac-

ings of ∼ 2.9Å and ∼ 5.0Å. Theses spacings agree well with the ideal (331)T
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Figure 3.1: RHEED spacings of STO (111). Both patterns repeat every 60◦.
The surface of the commercially bought STO (111) is very flat and shows Laue
ring spots instead of elongated streaks. The ratio of the horizontal separation
of the diffraction spots from both images corresponds to the inverse ratio of
the two lattice spacings.

and (111)T spacings of 2.84Å and 5.09Å, respectively. Due to the domain

structure of NbO2 on STO (111), these spacings should each be seen with a

roughly 6-fold symmetry, as can be seen from Figures 3.3 and 3.4. Their in-

tensity should be enhanced compared to the high-symmetry directions visible

along the same azimuths (compare Figures 1.7, 3.3 and 3.4), as the signal is

originating from two domains at a time.

Simulations with the Matlab program RHEEDsim [32], using differently ter-

minated surface cells of rutile and tetragonal NbO2 (derived from the bulk

52



Figure 3.2: Experimental RHEED pattern observed on a ∼ 360 Å film on
Nb:STO (111) substrate for two different azimuths after the completion of the
growth and switching off of the oxygen valve. The horizontal streak spac-
ings have been related to the lattice spacings by previous calibration to the
substrate.

Figure 3.3: RHEED azimuth along the 〈110〉 directions of the (111) STO
surface. The {331}T spacing can be seen from two of the three domains of
NbO2 on (111) STO for this azimuth and therefore should be enhanced in
intensity, compared to the [004]T spacings.
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Figure 3.4: RHEED azimuth along the 〈112〉 directions of the (111) STO
surface. The low index {111}T spacing can be seen from two of the three
domains of NbO2 on (111) STO for this azimuth and therefore should be
enhanced in intensity, compared to the [440]T spacings.

structure without surface reconstructions), show those spacings along the ex-

pected azimuths (∼ 28.36◦ for (331)T and ∼ 58.3◦ for (111)T , measured coun-

terclockwise from the x -axis of the surface mesh, which points along the posi-

tive tetragonal c-axis) for the LT distorted tetragonal structure. For the rutile

phase, the angles are slightly different ∼ 28.05◦ and ∼ 57.97◦. Considering the

relevant spacings of HT rutile, a spacing close to 5 Å is not possible. Rutile only

shows a (101)R reflection at an angle of 57.97◦ (equivalent to the tetragonal

(222)R reflection at 58.3◦). Therefore, this is an indication for the observation

of the LT phase rather than the HT phase in the RHEED experiments. The
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Figure 3.5: Simulations performed with the Matlab code RHEEDsim [32] with
a surface cell derived from the tetragonal LT bulk structure of NbO2 (in this
case oxygen terminated). The simulations for the two azimuths ∼ 58.3◦ for
(111)T and ∼ 28.36◦ for (331)T measured from the c-axis are displayed in part
a) and b) of the figure.

simulation software takes the surface cell with atomic coordinates, structure

factors for O and Nb and also z -values for the atoms that are slightly below

or above the surface plane. The software approximates the Ewald sphere as a

plane (i.e. assuming the electron wavevector to be infinite) and calculates the

structure factor as

F (~G) = A
∑
i

fi × expi[(hb1x+kb2x)xi+(hb1y+kb2y)yi]+iG⊥zi , (3.1)

where the summation goes over all atomic species in the unit cell, xi, yi, zi

being the x,y,z -coordinates of the atoms, h, k are the Miller indices in the

plane, bij are the x,y,z -components of the reciprocal lattice vectors ~bi of the

surface mesh, ~G⊥ is the continuous vector perpendicular to the lattice plane

(which represents a reciprocal lattice rod), A is a constant and fi are the

individual structure factors of the atoms [32].

Different terminations (oxygen or niobium) lead to slightly different intensities,
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but agree in the smallest streak spacing for the considered directions (see

Figure 3.5).

3.2.1.3 The effect of temperature and choice of substrate

The samples with the most streaky RHEED patterns and best XPS

spectra in terms of the characterization scheme explained below, are those

that were grown at 950 ◦C on (111) Nb:STO. For Nb:STO there is likely en-

hanced surface migration due to better heating as a result of more radiation

absorption of Nb:STO, which is black, compared to undoped STO, which is

transparent. This leads to better crystallinity and hence more streaky and less

spotty RHEED image. A comparison between a spotty RHEED on undoped

STO and a streaky RHEED image for a sample grown on Nb:STO is shown

in Figure 3.6.

The temperature for the growth has been kept at 950 ◦ C (thermocouple

Figure 3.6: Left: more spotty RHEED of NbOx film on (111) STO, Right:
more streaky RHEED of NbOx film on (111) Nb:STO
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reading) for most samples since higher growth temperature seemed to lead to

more streaky RHEED images and better XPS spectra. However, a tempera-

ture series for NbO2 grown on undoped (111) STO with lower MBE growth

temperatures has also been conducted. Except for the growth temperature,

similar growth parameters were used. The oxygen pressure was adjusted to

5 · 10−6 Torr on the ion gauge and the Nb flux was stabilized to 1.1 − 1.35

Å/min, this amounts to an O2/Nb flux ratio of ∼ 210−260. After growth, the

samples were cooled in an oxygen atmosphere, without adjusting the oxygen

valve, until 200 ◦C registered on the thermocouple reading. The lower bound

for crystallization, as observed by RHEED, in our MBE system for NbO2

grown on (111) STO with the above described growth parameters, seems to

lie between 650 ◦C and 750 ◦C on the thermocouple reading. From a pyro-

metric calibration using silicon substrates, the actual substrate temperature is

probably about 100 ◦C lower than the thermocouple reading. This agrees well

with the crystallization temperature of amorphous NbO2 reported by Gallego

and Thomas [13], who report a temperature for crystallization of their amor-

phously sputtered samples between 542 ◦C and 557 ◦C.

For all growth temperatures clear RHEED images emerge only after several

minutes of the growth, which could mean that the niobium oxide first grows

amorphous and crystallizes during the growth process. The RHEED images

of samples grown in the fashion described above for three different growth

temperatures of 950, 850 and 750 ◦C are compared in Figure 3.7. The sam-

ple grown at the lowest temperature actually seems to show the most streaky
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RHEED image. However, in terms of the characterization of the XPS spectra

(see Figure 3.17), described later, the sample at 950 ◦C is the purest in terms

of NbO2 phase. This might be due to the relatively high O2/Nb ratio, since

another sample which was grown at 850 ◦C but at a much lower flux ratio of

∼ 30 shows a similar XPS spectrum as the one grown at 950 ◦C in the top left

in Figure 3.17.

Figure 3.7: Temperature series of RHEED images for growth of NbOx on STO
substrates at otherwise similar growth conditions.
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3.2.2 XPS

3.2.2.1 Standard Spectra and Characterization Scheme

The goal of the X-ray photelectron spectroscopy (XPS) measurement

is to determine the oxidation state of niobium and the stoichiometric compo-

sition of the grown samples. Survey scans with a large binding energy range

have been taken for each sample to look for impurities or other irregularities

in the as-grown niobium oxide (NbOx) films. A typical NbOx survey spectrum

without any impurities is displayed in Figure 3.8.

For the oxidation state determination, standard spectra of niobium metal

Figure 3.8: Survey scan of an as-grown NbOx with a thickness of 152Å. All
the major photoemission peaks of Nb and O are labeled. For clarity the higher
BE energies above ∼ 580 eV have been omitted in this plot.
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and niobium pentoxide have been taken. The metal was grown as a 20 nm

film by MBE on a conducting substrate (n-type silicon). The pentoxide was a

commercially available powder, which was fixed on conductive carbon tape for

the XPS measurement. The binding energy of the Nb 3d5/2 level (peak max-

imum) was determined for both samples, by referencing to the Fermi level of

Nb metal, and the Fermi energy of a thin sputtered gold layer on the pentoxide

powder.

Nb Oxidation State Nb 3d5/2 Binding Energy (eV)
0 202.4 (measured)

+1 203.5
+2 204.5
+3 205.6
+4 206.6
+5 207.7 (measured)

Table 3.1: Binding energies of Nb 3d5/2 levels assuming linear chemical shifts,
between the measured 0 and +5 oxidation state.

The measured spectra are shown in Figure 3.9. One can see that the spin-orbit

pair of the Nb metal has an asymmetric peak shape towards higher binding

energy, whereas the pentoxide spin-orbit peaks have symmetric shape. The

asymmetric line shape is typical for metals [28]. For the pentoxide powder,

the peak position of the O 1s energy level was measured at a binding energy

of EO1s = 530.74 eV . Assuming linear chemical shifts of the Nb 3d peak and

interpolating between the peaks measured for the pure metal and the pentox-

ide, the tentative peak maxima of the Nb 3d5/2 core levels of the different Nb

60



Figure 3.9: Nb 3d spin-obit pairs - left: Nb metal , right: Nb2O5.

oxidation states were determined and are listed in Table 3.1.

For grown samples that are not referenced to the Au 4f level, the O 1s level

was used as a reference, following the suggestion of Atuchin et. al [33]. For

the reference pentoxide powder, the difference in O 1s and Nb 3d5/2 binding

energy is ∆(O1s − Nb3d5/2) = 323.03 eV, which agrees very well with the

values reported in Reference [33] of 323 eV and 323.2 eV.

For niobium dioxide, Atuchin et al. report ∆ = 325.03 eV. For the niobium ox-

ide samples grown by MBE, the peak component with a difference of ∆ ≈ 325

eV to the O 1s level (measuring from the peak maximum) is observed at bind-

ing energies of 205.85 − 206.0 eV for conductive Nb:STO substrates (in turn

referenced to Au 4f at 84.0 eV for selected samples by sputtering a thin layer of

gold after growth). These values are in between the values for Nb3+ and Nb4+

as read from the interpolated values of table 3.1. The peaks with ∆ ≈ 325 eV

are hence classified as the Nb 3d5/2 of Nb 4d1, i.e. corresponding to the 4+ ox-
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idation state of niobium. Several references, that report the peak positions of

the Nb 3d levels for various oxidation states of Nb, also report binding energies

of around 205.8-206.2 eV for the 3d5/2 Nb4+ component in NbO2 [26, 33–37].

The exact form of the Nb 3d line shape for NbO2 is unclear from the lit-

erature. References that claim to report pure NbO2 are [4, 26, 34, 38]. Of

those [34] and [4] show similar line shapes with shoulders to the low BE side,

but the authors interpret them differently. In the case of [34], the shoulder to

the lower BE is considered as the actual Nb 3d5/2 peak, with the component

to higher BE being due to an overlapping Nb2O5 Nb 3d spectrum, whereas

the authors of [4] consider the lower BE shoulder as an intrinsic feature of the

NbO2 Nb 3d line shape. Also [38] and [26] both show similar line shapes, but

different from the aforementioned references with shoulders to the high BE

side. The shape of the spectra by Reference [38] mostly resemble what is con-

sidered pure NbO2 by the analysis of the XPS spectra from the MBE-grown

films explained below. The spectra with shoulder to the low BE are consid-

ered as highly over-oxidized NbO2 as in Reference [34]. The Nb 3d spin-orbit

spectra of the MBE-grown films thought to be pure NbO2 show steep onset

on the low BE side and smooth decay to the high BE side and are therefore

highly asymmetric.

Asymmetric XPS lines can be fitted by different line profiles [39], the most

common are Doniach-Sunjic line profiles, since they have a theoretical founda-

tion, for metallic specimens [28]. For semiconductors, empirical tail modifiers

can be used for the symmetric Voigt functions (convolution of Gaussian and
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Lorentzian usually employed for fitting) to introduce asymmetry [28]. For

this thesis, a normalized GL function with a tail modifier T has been used

for the apparently asymmetric Nb 4d1 spin-orbit pairs with the fitting soft-

ware CasaXPS [40]. The exact functional forms of the fitting functions used

are described in Reference [39]. A Shirley background was subtracted from

the Nb 3d core level spectra and the peaks have been fitted with symmetric

and (normalized) GL(m=30) functions which are a product of a Gaussian and

Lorentzian function1, and a tail modifier T(k=0.9) for the Nb 4d1 component

and no tail modifier for the 4d0 component. The tail modifier T (k) has the

functional form of an exponential decay towards the higher binding energy

side with decay constant of k, which was empirically chosen to be k = 0.9.

The parameter m in the GL(m) function is a mixing parameter for Gaussian

and Lorentzian [41]. Simply speaking m=30 means 70% Lorentzian and 30%

Gaussian form. For details of the GL(m) and GL(m)T (k) functions see Refer-

ence [39]. A Shirley background is a specific form for an empirical background

function which assumes that the difference in background towards the higher

BE side compared with the lower BE side mainly stems from inelastically scat-

tered photoelectrons [28]. The spin-orbit splitting between Nb 3d5/2 and Nb

3d3/2 as determined for Nb metal is 2.72 eV (Figure 3.9), both peaks in the

pair have identical full width at half maximum (FWHM) and the area ratio of

the 3d3/2 to 3d5/2 peak of 2/3 agrees with theory. These characteristics of the

1Convolutions are computationally expensive, therefore, in practice products or sums of
Gaussians and Lorentzians are used instead of Voigt functions [41].
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Nb 3d spin-orbit pairs are used as fitting constraints to decompose the Nb 3d

region in multiple spin-orbit Nb 3d5/2 and Nb 3d3/2 peak pairs.

For most samples grown on STO, no charge compensating floodgun was nec-

essary, however, for samples grown on LSAT or MgO, the use of the floodgun

was needed to avoid shifting of the core level peaks to higher binding energies.

LSAT and MgO have a larger band gap than STO (∼ 5 eV and 7.8 eV vs.

3.2 eV) and therefore, are much more insulating, which leads to charging of

the sample in XPS. The use of the floodgun sometimes leads to a binding

energy shift of the various core levels with respect to each other (differential

charging), therefore, with use of the floodgun the energy difference between

different levels cannot strictly be used as a means of characterization.

Since from the literature, the pure NbO2 Nb 3d core level peak shape is not

certain (as described above), the following classification scheme has been em-

ployed with the use of the above described tail modifiers for fitting. Phe-

nomenologically, the Nb 3d spectra can be classified by different criteria. The

scheme employed here uses only the samples, which have no Nb 3d components

below a binding energy of ∼ 205 eV. The scheme goes by certain characteristics

of the spectral shape, paired with the difference (denoted ∆) in the maximum

peak position in the Nb 3d region to the maximum of the O 1s peak. Fur-

thermore, the shape of the valence band was also utilized for determination of

the major Nb oxidation state present in each sample. Since the ratio of the

maximum height of the Nb 4d split-off band to the O2p valence band feature

seems to be crucial for classification, this quantity is denoted as VB ratio. The
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classification scheme results in four types of Nb 3d spectra, for which repre-

sentative examples are shown in Figures 3.10 and 3.11. The Nb 3d spectra

Figure 3.10: Left: Type I spectrum of NbOx on (111) STO, right: Type II
spectrum of NbOx on (111) STO.

have been recorded in the region from 199.5 eV to 213.5 eV, while valence

band spectra involving the O 2p and Nb 4d band were recorded from -3 to 17
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Figure 3.11: Left: Type III spectrum of NbOx on (111) LSAT (annealed),
right: Type IV spectrum of NbOx grown with atomic oxygen (plasma) on
(111) MgO.

eV.

Type I (see Figure 3.10 top) is characterized by only one apparent peak pair

with strong asymmetry towards higher BE. Type I spectra can be fitted with

one peak pair with an asymmetric tail modifier T and the spin-orbit pair con-
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straints and a second smaller symmetric pair component at higher BE. The

binding energy difference ∆ of the maximum peak in Nb 3d region to the O

1s peak is about 325 eV. The aforementioned VB ratio is about 0.7 to 0.8 (for

200 eV pass energy).

Type II (see Figure 3.10 bottom) shows another peak pair overlapping with

the Type I peak pair, but at higher binding energy. For the Type II spectra,

the maximum of the Nb 3d region is still at the onset of the Nb 3d peak region

with a ∆ around 325 eV. Type II can be fitted by two pairs of which the one at

lower BE is asymmetric and the one at higher BE symmetric. The symmetric

pair has significantly more weight than in the type I case. The VB ratio is

about 0.5-0.7. Type III (see Figure 3.11 top) also consists of two peak pairs

similar to type II. However, with the Nb 3d region maximum is at the second

peak pair and has a ∆ ≈ 323 eV. The VB ratio is less than 0.5. Type IV (see

Figure 3.11 bottom) shows only one symmetric peak pair with ∆ ≈ 323 eV.

The VB ratio is about zero, i.e. Nb is completely in the Nb 4d0 configuration

which corresponds to Nb2O5.

Other samples have also been grown that do not fit the above classification

scheme, most of which involve a peak component at lower BE around 204 eV,

which can be ascribed to NbO or Nb 4d3 by Table 3.1 and the literature, com-

bined with a VB ratio larger than 1. Samples that show a Nb 4d3 component

(see Figure 3.12) are typically those that have not been cooled in an oxygen

atmosphere after growth or are grown with a O2/Nb flux ratio lower than ∼90.

For O2/Nb flux ratios from 90 to 360 with oxygen cooling, spectra of type I
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Figure 3.12: Nb 3d spectrum that does not fit into the classification scheme
due to the presence of a lower oxide peak assigned to NbO. The sample was
grown on (111) Nb:STO without cooling it in oxygen atmosphere after growth.

or II were achieved.

Type II and III are obtained for air-exposed or slightly annealed samples, or

samples that are grown below 950◦C. Type IV is obtained by growth with

atomic oxygen generated from an oxygen plasma instead of molecular oxygen

or very long annealing times. For annealed samples grown on undoped STO,

that show a type III spectrum use of the floodgun was in many cases necessary

to prevent a shift of the energy levels. This is an indication for the presence

of the insulating pentoxide phase.

To summarize, the interpretation used here is that type I and type IV are

individual oxidation phases corresponding to NbO2 and Nb2O5, respectively;

whereas type II and III are mixtures of the two phases to varying degree. The

small higher BE component that needs to be fitted into the type I spectra
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could be either a surface component of Nb2O5 due to surface oxidation via

the cooling in oxygen atmosphere or the result of partially measuring the edge

of the sample holder area. This is possible, since the substrate size is only

5 × 5 mm2 and only about an area of 4 × 4 mm2 is covered with the film,

whereas the X-ray beam spot size on the sample is about 1x5 mm2. When

the X-ray beam spot is focused far away from the substrate region, on the

flux exposed regions of the sample holder, type III spectra are observed. Both

type I and type II samples are very sensitive to air oxidation. After taking

them out of UHV for subsequent X-ray diffraction and measuring XPS spectra

again after air exposure they are transformed into type II or type III spectra,

as shown in Figures 3.13 and 3.14. When the samples are air-annealed on a

hotplate at ∼ 300 ◦C for a few minutes their spectra transform into type III-IV

spectra.

A commercially available NbO2 powder was also analyzed in the same fash-

ion as the pentoxide powder described above (fixed on carbon tape for XPS

analysis). The powder is of black color as compared to the white color of the

pentoxide (Figure 3.16) and comes in a sealed tube. For the preparation of the

powder for XPS it was air exposed. The XPS analysis on the black powder

shows a spectrum of type III (see Figure 3.15). This is in accordance with the

interpretation that the type I spectra correspond to mostly pure NbO2, but

due to the reaction of the powder with air, similar to the as-grown samples,

the spectrum changes to type III. However, for the powder, the effect is much

more drastic, likely because of the higher surface area of the powder leading to
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Figure 3.13: Air oxidation after taking sample out of UHV for a few hours for
XRD measurement and reloading. The type I spectrum (olive) turns into a
type II spectrum (red).

faster surface reaction or an imperfectly sealed tube from the beginning. The

small type I component that is apparent in the spectrum of the NbO2 powder

was fitted in Figure 3.15, with the right pane showing an overlay of the NbO2

with the Nb2O5 standard powder spectra, showing that both spectra are al-

most identical in shape and position, except for the type I component in the

NbO2 powder spectrum. The black color of the dioxide powder in Figure 3.16

did not change even after storing under air exposure for a couple of weeks on

the shelf. This suggest that a passivation layer of pentoxide forms arround the
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Figure 3.14: Effect of longer air oxidation on the Nb 3d region. Type I spec-
trum after growth (olive), Type III spectrum after 4 days air exposure (red),
Type III after 4+17 days air exposure (red). The higher background to the
low binding energy side of the Nb 3d region for the air exposed samples is due
to Au sputtered on the film surface for energy referencing.

dioxide granules that is thick enough not to see much XPS signal from NbO2

underneath, but thin enough to still see its black color through.

As mentioned earlier for several samples grown on Nb:STO, a gold contact

was sputtered on with a shadow mask on part of the film after a first round

of in-situ XPS immediately after growth. After sputtering, the samples were

re-introduced into the UHV system for another round of XPS and the XPS
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Figure 3.15: Left: Fitted Nb 3d spectrum of NbO2 powder fixed onto conduc-
tive carbon tape. Right: The Nb 3d spectrum of NbO2 powder and Nb2O5

powder overlaid.

Figure 3.16: Black NbO2 and white Nb2O5 powder.
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peaks were referenced to the Au 4f level at 84.0 eV. With this referencing the

value of the Nb 3d type I maximum (i.e. the Nb 3d5/2 peak position) was

determined to be 205.8 eV, in the range of the literature 205.8-206.2 eV. For

samples that have been processed in this fashion, also an air oxidation similar

to Figure 3.13 was also observed. However, the absolute peak positions did

not shift between two XPS runs and therefore, did not cause a problem for

the energy referencing.

As mentioned above, in the RHEED section, a temperature study on (111)

STO has been conducted, with XPS signals shown in Figure 3.17. For lower

growth temperatures the Nb 3d signal tends to be more of type II. Therefore,

higher growth temperatures leads to more-phase pure NbO2.

3.2.2.2 Stoichiometric composition

The area under the photoelectron peaks is proportional to the amount

of emitting atoms present in the specimen. Hence in principal, the stoichiomet-

ric composition can be determined by integrating the area under the photo-

electron curves about the peak region for different atomic levels. Each element

has a specific cross section for photoelectron emission, leading to the use of dif-

ferent empirical sensitivity factors, through which the obtained area has to be

divided by. Sensitivity factors also depend on the experimental geometry of the

XPS spectrometer setup and the electron mean free path in the film. By choos-

ing an integration range around the Nb 3d peak region (199.5-214.5 eV) and

the O 1s peak region (523.5-538.5 eV), with a Shirley background subtracted,
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Figure 3.17: Temperature study on (111) STO. The spectrum changes more
towards type II spectra for lower growth temperatures.

stoichiometric quantification has been done using relative sensitivity factors for

the Nb 3d and O 1s levels. The sensitivity factors have been obtained from an

online data base (http://www.uksaf.org/data/sfactors.html). The sensi-

tivity factor used for O 1s is RO1s = 0.66 and for Nb 3d is RNb3d = 2.4. The

stochiometric ratio r of oxygen to niobium is given by

r =
Area(O1s)/RO1s

Area(Nb3d)/RNb3d

. (3.2)
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The so calculated stoichiometry ratios r range from 1.7 to 2.4 for Type I NbOx

photoelectron spectra when no floodgun was used. When the floodgun was

used the ratios were usually higher and are not reliable.

3.2.2.3 Indirect evidence from XPS

XPS can also give some indirect evidence that the MBE grown NbO2

thin films crystallize in the LT tetragonal phase. The valence band shows a

gap which is indicative that NbO2 crystallizes in its LT phase and not in the

conducting HT phase, which was shown by XPS measurements in Reference [4]

to have no band gap. Density functional calculations (DFT) conducted by

group member Andy O’Hara for the valence band density of states of LT

NbO2 [42] (see Figure 3.18), show a similar structure and height ratio of Nb 4d

to O 2p bands as the above type I spectra, associated with phase pure NbO2.

The calculations give further support for the observation of the LT phase.

Also indirect XPS evidence from the sister compound VO2 is supportive of

observing the LT phase. This is so because XPS core level spectra for VO2 have

asymmetric line shapes in the LT phase below the structural phase transition

(as was also observed here for the NbO2 thin films), and a symmetric line

shape above the transition.
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Figure 3.18: DFT calculated valence band density of states, the dashed line is
the Fermi level in the calculation; for details see Reference [42].
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3.2.3 XRR - Thickness determination

The thicknesses of the grown samples were determined by X-ray reflec-

tivity (XRR) measurements. The obtained experimental reflectivity curves

have been fitted through successivly optimized simulations with the software

SimulReflec. Simulation parameters for fitting of the substrate and the film

were the density of scatterers (Formula units per unit volume, for NbO2

= 2.81 · 1028m−3), their respective X-ray form factors (obtained from http:

//physics.nist.gov/PhysRefData/FFast/html/form.html - for Cu-Kα X-

Ray energy of about 8 keV) and the surface roughness and layer thickness. To

achieve good agreement between the simulated and experimental curves, the

density of scatterers needs to be a little higher than the optimal value for NbO2

with values around ≈ 3.0 − 3.4 · 1028m−3. Thicknesses of epitaxially grown

NbO2 are usually around 0.7 times the thickness determined by the quartz

crystal microbalance. A reason for this could be different sticking coefficients

of Nb metal on the microbalance and on the film/substrate. Another possi-

ble reason is that some of the heated Nb metal reacts with the oxygen either

directly on the Nb metal target or in the gas phase, effectively reducing the

Nb flux. Simulations with a thin surface layer of TT-Nb2O5 (a configuration

of Nb2O5 stable at RT [43]) gave no good agreement with the experimental

curves. However, assuming the pentoxide layer thickness is less than 2 nm

the influence on the reflectivity curve is only marginal, since a small thickness

corresponds to a very large oscillation period in the reflectivity curve. An

example of a reflectivity simulation is shown in Figure 3.19.
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Figure 3.19: Screenshot of the program SimulReflec in action. The experimen-
tal and fitted curves are drawn in red. The lower panel includes the fitting
parameters including thickness. The NbOx film here was established to be 151
Å thick.

3.2.4 XRD

X-Ray diffraction θ − 2θ scans were performed to measure the out-of-

plane lattice constant of the NbOx films that showed crystallinity in RHEED.

A typical scan is shown in Figure 3.20. In the figure, the (200)R=(440)T
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NbO2 peak and the (111)STO substrate peaks are labeled. The intensity scale

is logarithmic due to the much larger substrate peak. Other than the labeled

peaks no other film peaks are observed (expect for the second order (880)T

spacing), which suggests single out-of-plane orientation of the film. The out-
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Figure 3.20: XRD θ− 2θ scan of a 70 Å film of NbOx. The film and substrate
peaks are labeled.

of-plane lattice spacings determined by fitting the peak and using Equation

2.19 for various samples all lie between 2.40−2.44 Å which is around the ideal

(440)T or (200)R spacing of both LT and HT NbO2 of 2.42 Å and matches the

proposed alignment of the (111) STO plane to the (440)T plane of NbO2. No

obvious systematic variation of the lattice constant with the growth parameters

was observed.
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For analysis of the XRD curves, Gaussians of the form

g(x) =
a

σ
√

2π
e−

1
2(x−µσ )

2

(3.3)

have been fitted to the peaks with the software gnuplot, which uses an imple-

mentation of the nonlinear least-squares (NLLS) Marquardt-Levenberg algo-

rithm for curve fitting [44]. The fitting parameters are the amplitude a, the

center µ and the variance σ, see Figure 3.21. The center µ was used for the

determination of the lattice constants via the Bragg equation 2.19.
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Figure 3.21: Fit of a Gaussian to the NbO2 film XRD peak. The center
µ = 37.184◦ corresponds to a lattice spacing of 2.42 Å.
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3.2.5 Transmission Electron Microscopy (TEM)

A collaborator, David Smith from Arizona State University, took Trans-

mission Electron Microscopy (TEM) images for selected samples.

In Figure 3.22 such an image shows epitaxial relationship of NbO2 film and

STO substrate. The substrate/film interface is very sharp.

Figure 3.22: TEM image of the STO/NbO2 interface, taken by David Smith
from Arizona State University.
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Chapter 4

Summary

Summarizing, NbO2 was epitaxially grown by molecular beam epitaxy

on STO and Nb:STO (111) substrates in its semiconducting low temperature

distorted rutile phase judging from XPS valence band spectra and RHEED

observations. The epitaxial relationship is NbO2(440) ‖ STO(111) for the out-

of-plane alignment. In-plane three expitaxial domains exist, where the [001]

direction of NbO2 is aligned with the 〈110〉 directions of STO. Higher growth

temperatures seem to lead to smoother surfaces as evident from more streaky

RHEED images probably due to enhanced surface migration.

A wide range of O2/Nb flux ratios leads to characteristic NbO2 XPS valence

band and 3d core level spectra with only a single spin-orbit pair with the

Nb 3d5/2 component peaked around a binding energy of 206 eV. The Nb 3d

spectra for Nb4+ show a strongly asymmetric spin-orbit peak pair to higher

binding energies like in the sister compound VO2. NbO2 is rapidly oxidized in

air to the higher oxide Nb2O5.
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