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Abstract

Metal-insulator transition (MIT) in NbO; has not been studied extensively since its
discovery. The phase transition in NbO; can be triggered by different external excitations,
and the transition temperature (1081 K) is much higher than those of other materials with
MIT property, which promises extended temperature range in circuit applications. Despite
of the potential applications, there was no significant advances in the research on MIT of
NbO,, both on understanding of underlying mechanisms and insights to the modulation of
MIT, largely attributed to the difficulty in synthesizing phase pure NbO,.

My dissertation has been focused on investigating the MIT on thin film NbO, synthe-
sized by a reactive bias target ion beam deposition (RBTIBD) technique. Epitaxial phase
pure NbO, films were grown on sapphire (0001) substrates, and effect of deposition con-
ditions (Ar/O, mixture flow rate and substrate heating) on film quality was investigated. It
was found that film quality was sensitive to the Nb/O stoichiometry that could be effec-
tively tuned by the Ar/O, mixture flow rate, while being much less sensitive to substrate
heating within the investigated range. Comprehensive structural and transport character-
ization was conducted on film deposited under optimized conditions. A thin layer (1-2
nm) of Nby,Os was discovered at the surface due to spontaneous oxidation in the ambient
environment. In addition, I investigated the cation substitution as a path to modify mi-
crostructures and transport properties of NbO; films. In particular, effect of V substitution
was studied by depositing substitutionally alloyed V,Nb;_,O; films considering similar-

ities between VO, and NbO,. Structural analysis suggested that the V substitution broke

iX
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the Nb-Nb dimers in tetragonal NbO; lattice. With the increase of V concentration, film
lattice transited from distorted rutile structure to regular rutile structure.

The effect of applied electric field on the MIT of NbO, was studied on
metal/NbO,/TiN/Si structures. In-situ Nb capping was employed to prevent the forma-
tion of NbyOs. Unipolar threshold switching characteristics was observed, with repeata-
bility of several hundreds of cycles and thermal stability up to 150 °C. By comparing MIT
characteristics of structures with and without Nb,Os, it was found that the presence of
Nb;Os resulted in a significantly larger threshold electric field (~ 250 kV/cm) for tran-
sition and more visible hysteresis. With in-situ Nb capping, the threshold electric field
was 50-80 kV/cm. Band diagrams for both structures were proposed to explain the drastic
differences. This new insight on the interfacial oxide can lead to very low power phase

transition switches for electronic applications.
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Chapter 1

Introduction

1.1 Motivation

Metal-insulator transition (MIT) exhibited by many transition metal oxides has been a
long-standing interesting research topic in condensed matter materials science, with exper-
imental and theoretical efforts to understand this phenomenon being ongoing for decades.
Depending on the kind of material, underlying physical mechanisms that give rise to the
MIT can be electron-electron interaction (Mott transition), electron-phonon interaction
(Peierls transition) and disorder-induce localization (Anderson localization). [1] In recent
years, thanks to the advances in oxide thin film growth techniques, there has been a grow-
ing emphasis on exploring device applications of this intriguing phenomenon. Materials
with MIT property exhibit non-linear responses in physical, especially electrical properties
to external stimuli (which can be thermal, electrical, optical, magnetic, strain, etc.) [2],
thus have many potential applications such as ultrafast electrical switches [3], memristive
devices [4], optical modulators [5], and thermal sensors [6].

To realize wide application of the MIT property, a big challenge yet to overcome is
the low transition temperature of MIT (77). Figure 1.1 shows some selected oxides
which exhibit temperature-driven MIT, and only a few of them show Tjs;7 near or above

room temperature. [2] Vanadium dioxide (VO,) has attracted considerable research interest
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during the past decades, due to its MIT that occurs near room temperature (~ 340 K),
with abrupt and significant (several orders of magnitude across the transition) change in
electrical conductivity and other physical properties. [7] However, the application of VO,,
especially as switching devices in circuits, is still limited by the low Tj7. With such
low Tysr7, undesirable switching is easily triggered by Joule heating, resulting in errors in

circuit operation.
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Figure 1.1: Transition temperature (7j7;7) of some selected oxides (bulk). [2]

Meanwhile, niobium dioxide (NbOy), being a neighboring oxide, has received much
less attention. The MIT in niobium oxides was discovered in as early as 1960s, which
occurs at certain temperature [8, 9], electric bias [10], or optical excitation [11]. The tran-
sition properties of NbO; has much in common with that of VO,, while the much higher
Tyt (~ 1081 K) makes it less susceptible to Joule heating and therefore more appealing

in circuit applications. However, after the MIT was first discovered in 1960s and studied
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in bulk materials, there was a period when there were few studies on this material, largely
due to challenges in synthesizing high quality NbO;. In very recent years, thanks to the
improvement in thin film synthesis techniques, a resurgence in the research on this mate-
rial is taking place, with particular interest on the MIT under electric field. [12-15] This
property promises potential applications such as selector devices in resistive random ac-
cess memories (ReRAM), with the high Tjs;7 of NbO; makes it more compelling in circuit

application.

1.2 Objectives

Physical properties of NbO; films are sensitive to film quality in terms of phase purity,
defects distribution, etc. Therefore the capability to control the quality of synthesized films
is imperative to both understanding of underlying mechanisms and improvement of device
performance. In this work, a unique reactive target bias ion beam deposition (RBTIBD)
technique is employed to develop reproducible high quality NbO; thin films. Deposition
condition variables, including Ar/O; flow rate, substrate heating, and vanadium substitu-
tion are studied to understand the effect on film properties.

NbO, has great potential in application mainly due to its MIT under electric field.
Upon the success in synthesizing phase pure NbO; films, this property is investigated by
fabricating vertical devices based on the deposited NbO; films and applying electric field
through the devices. Electrical conduction and MIT mechanisms are explored, which will

benefit further improvement of device performance.
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1.3 Overview of dissertation

The work presented in this dissertation is the experimental study on MIT of NbO, thin
films synthesized by RBTIBD technique. Dissertation is organized around three topics:
epitaxial NbO; films, substitutionally alloyed V,Nb;_,O; films and MIT under electric
field.

Chapter 2 provides background information on structural and transport properties of
NbO,, and an introduction to MIT of this materials including phenomena and mechanisms.

Chapter 3 describes experimental techniques employed in this study, including the
RBTIBD technique and the deposition procedures, as well as structural and transport char-
acterization techniques.

Chapter 4 discusses experimental results on epitaxial NbO, films grown by RBTIBD
technique. Effect of Ar/O, flow and substrate temperature on film properties is discussed.
Structural and transport properties of the film deposited under optimized growth conditions
are characterized.

Chapter 5 presents synthesis of substitutionally alloyed V,Nb;_,0O, films. Approaches
of composition control using RBTIBD technique are explored. Effect of vanadium substi-
tution on structural and transport properties is discussed.

Chapter 6 demonstrates MIT characteristics under electric field in metal/NbO2/TiN/Si
structures. MIT in two type of structures are characterized, and respective band diagrams
are proposed. Mechnism of MIT under electric field is briefly discussed.

Chapter 7 summarizes the key discoveries and observations, and discusses strategies

for future development.
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Background

2.1 Structural properties

2.1.1 Crystal structure

NbO; adopts a rutile structure (P4,/mnm) above 1081 K and a tetragonal structure
(I41/a) at lower temperature. The lattice parameters of high temperature rutile NbO, are
ag = 4.846 A and cg = 3.032 A. The low temperature tetragonal lattice can be viewed as a
distorted rutile lattice containing 32 formulas per unit cell, with ay = 13.702 A and 7 =
5.985 A. [16] The relations between the tetragonal unit cell and the rutile unit cell of NbO,
can be represented by ar = 2V 2ag, cr = 2cg, as is shown in Figure 2.1. [17,18].

The structure of rutile NbO; can be understood as chains of edge-sharing (along c-axis)
NbOg octahedra connected at corners, with regular Nb-Nb spacing along c-axis. Similarly,
the structure of tetragonal NbO; can be interpreted as chains of distorted NbOg octahe-
dra linked together. In tegragonal NbO,, the displacement of Nb ions from the octahedra
centers leads to a pairing of Nb ions along c-axis with the Nb-Nb distances being alter-
nately 2.71 A and 3.30 A, as well as a zigzag displacement along the rutile [110] or [110]
directions with variation of Nb-O distances between 1.91 A and 2.25 A. [16, 19,20]
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a)
(P4,/mnm)

Figure 2.1: (a) Unit cell of the high temperature phase of NbO, with rutile crystal struc-
ture; (b) Unit cell of the low temperature phase of NbO; containing 32 formula unites of
NbO,. [17]

2.1.2 Synthesis of NbO, thin films

Despite the attractive attributes of NbO;, experimental studies on this material, espe-
cially on thin films, has remained limited due to the challenges in synthesis. The Nb-O
system is a complicated system, in which niobium can exist in four charge states: O in
Nb, 2" in NbO, 4" in NbO;, and 5" in Nb,Os. In the phase diagram by Elliot which
is shown by Figure 2.2 [21], it is shown that these oxide phases only exist within narrow
single-phase fields with negligible deviation from exact stoichiometry. Besides these stable
oxides of niobium, there are also metastable oxides NbO, within 0 < x < 1 and 2.4 < x
< 2.5. [22] Moreover, the complexity of the Nb-O system is also exhibited by the exis-
tence of polymorphs of some oxide states, especially Nb,Os, some of which have similar
crystal structures. In the review work on niobium oxides and niobates systems, Nico [22]
provided a list of reported niobium oxides with different polymorphs, with the respective

crystal structural information, as shown in Table 2.1. Since NbO, is not the most stable
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oxidation state of niobium and only exist in small range of stoichiometry, it is therefore

technically difficult to prepare phase pure NbO; thin films.
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Figure 2.2: Niobium-oxygen phase diagram. [21]
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Phase

Crystal system

Lattice parameters

NbO
NbO;

Nb12029

Nb2; 054

T-Nb,Os

B-Nb,0s

H-Nb,Os5

N-NbyOs5

Z-Nb,Os

R-Nb,Os

M-Nb,Os
P-NbyOs5

TT-Nb,Os

Cubic
Tetragonal

Rutile

Monoclinic

Monoclinic

Orthorhombic

Monoclinic

Orthorhombic

Monoclinic

Monoclinic

Monoclinic

Monoclinic

Monoclinic

Tetragonal

Tetragonal

Pseudohexagonal

Monoclinic

a=4210A

a=13.696 A

c=5981 A
a=4841A/a=455A
c=2992A /c=286A
a=12.03A

b=1437A

c=1036 AB=121.17°
a=15.686 A
b=3.831A
c=20.71A,B=121.17°
a=3.832A

b=2.740 A

c=28.890 A

a=15.749 A

b=3.824 A

c=17.8521 A, p=102.03°
a=6.175A

b=29.175 A

c=3.390 A

a=1273A

b=488 A
c=556A,p=105.1°
a=21.153 Ala=21.163 A
b=3.8233A/b=3.824 A
c=19.356 Alc = 19.355 A
B=119.80°

a=2851A

b=3.830A

c=1748 AB=1208"°
a=5219A

b=4.699 A

c=5928 AB=108.56°
a=1279 A

b=3.826A
c=3983A,B=90.75°
a=20.44 A

b=3.832A

a=3.876A

b=2543A

a=3.607 Ala =3.600 A
c=19.356 Alc =19.355 A
a=723A

b=157A
c=7.18A,p=119.08°

Space group
T

S
4

Dy,

Can

10
Dy

Table 2.1: Niobium oxides crystalline phases. [22]



Chapter 2. Background 9

After the early studies on bulk NbO, during 1960s and 1970s, experimental studies on
NbO; has been slow for 20-30 years. In recent years, advances in oxide thin film syn-
thesis techniques provide new opportunities to study and utilize NbO, thin films. The
growth of crystalline NbO, thin films has been explored by techniques including reac-
tive sputtering [18,23,24], molecular beam epitaxy (MBE) [25], chemical vapor transport
method [26], thermally oxidization of Nb [27], etc. In particular, epitaxial thin films have
been synthesized on Al,O3 (0001), MgO (111), MgAl,O4 (111) by reactive sputtering [18]
and on (La,Sr)>(Al,Ta),0¢ (LSAT) (111) and SrTiO3 (STO) (111) by MBE [25]. However,
highly pure NbO; thin films with good crystallinity remains challenging to synthesize,

since it requires precise control of the amount of oxygen in a narrow window.

2.2 Transport properties

2.2.1 Band structure

Niobium atom has a 4d*5s! electron configuration. Upon the formation of NbO,, four
electrons form bonds with O atoms, giving rise to a 4d' system. The near-Fermi level
energy band structure of NbO; is the result of hybridization of Nb 4d and O 2p orbitals
stabilized by symmetry of crystalline field, which can be described based on the molecular
orbital picture of VO, proposed by Goodenough. [20,24,28-31]

The hybridization between Nb 4d and O 2p orbitals leads to o- and 7-type overlap,
with e, and 7, octahedral symmetry respectively due to the octahedral symmetry of NbOg
octahedra. The bonding states are primarily of O 2p character and the antibonding states
are dominated by Nb 4d orbitals, and stronger p-d overlap of the ¢ bonding gives rise to
larger splitting between ¢ and 6*. In addition, since the NbOg octahedra also share edges

along c-axis, the orthorhombic component of the crystalline field further degenerates the
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antibonding 7 bands into d|| band and eg band, in which the dj band also involves in 6-type
d-d overlap along c-axis.

As is illustrated by Figure 2.3 (a), in NbO, phase with regular rutile lattice, dj| band
overlaps with eg band, with Fermi level lying in the middle. Therefore the two bands are
partially filled, giving rise to the metallic state. In tetraganol NbO, phase, the dj band is
split into the bonding band d| which lies below Er and the antibonding band dﬁ which lies
above Er. The eg band that locates between the d I band and dﬁ band is lifted above the Er

and depopulated, giving rise to a small band gap (Figure 2.3 (b)).

Rutile NbO, Tetragonal NbO,

* *

0) (0)

R e - S JEUE S E,

E,~0.5-1.2 eV

d

(a) (b)

Figure 2.3: Band structure diagrams of NbO, near Fermi Level in (a) rutile and (b) tetrag-
onal phases. [20,24,28-31]

Regarding the size of band gap, there is a wide range of values reported in experi-

mental studies. The experimentally determined E, ranges from ~ 0.5 eV to ~ 1.2 eV,
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with the variance being related to the difference in sample quality and measurement tech-
niques. [9,32-35] Recently, in an attempt to put an end to the inconsistency of NbO; band
gap, theoretical calculation using the local density approximation (LDA) method with a
Hubbard U correction gave an indirect band gap of 1.15 eV, and experimental studies on

epitaxial NbO; thin films reported an indirect band gap of ~ 1 eV. [25,36]

2.2.2 Extrinsic conduction mechanisms

The electronic structure of a NbO, sample, which determines its electrical transport
properties, is defined by the band structure of crystalline NbO; as well as prevalent de-
fect states especially in deposited films. Therefore, besides the intrinsic band conduction,
some extrinsic electrical transport mechanisms also need to be considered in appropriate

temperature ranges. [37]

2.2.2.1 Small polaron hopping

Due to the electron-phonon interaction, charge carrier can minimize its free energy by
spatially localizing and becoming trapped by the potential well created by displacing the
ions around it. The formation of a small polaron is favorable when the lowering of energy
due to trapping of the carrier is large compared to the energy penalty caused by displacing
the ions around it, which is easily satisfied in materials with narrow condition band and
strong electron-phonon interaction. [38—40]

The motion of localized polarons can be realized through hopping, which is assisted
by thermally activated phonons. Therefore the hopping rate has an Arrhenius temperature

dependence with an activation energy.

W

pspr(T) ZMO,SPH(T)exP(—kB—T) 2.1
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in which po spr(T) o< 1/ T3/2 and W & %Wp for non-adiabatic limit wherein hopping is
much slower that lattice vibration; ug spg (T) o< 1/T and W= (%Wp —t) for adiabatic limit
wherein carriers hop to response lattice vibration immediately. Wp is the carrier energy
change upon polaron formation and ¢ is a measure of the amount of orbital overlap to
characterize the strength of interaction between hopping sites. [37,38,41]

Besides the energy barrier for hopping, another activation term associated with the
carrier generation also contribute to the Arrhenius temperature dependence of conductiv-

ity. [38,41,42]

2.2.2.2 Hopping via (localized) defect states

Due to the prevalence of imperfections in deposited films, charge carriers hopping be-
tween localized defect states can make significant contribution to the electrical transport at
relatively low temperatures or when the density of defects is high. The problem was first
treated by the random resistance network suggested by Miller and Abrahams. [43]

e In non-crystalline semiconductors, while the basic electronic structure can be main-
tained by the short-range order of lattice, the lack of long-range order results in localized
states. According to the framework of strong localization developed by Anderson and
Mott, the localized states exist beyond the non-localized states as broad tails extending into
the band gap, separated by energy levels called “mobility edge” (E¢ or Ey, as is shown in
Figure 2.4). [44,45]

It has been shown that for polycrystalline samples, the defects at grain boundaries
can also lead to static energetic disorder, resulting in localized band-tail states. Electrical
transport can be conducted by carriers excited into band-tail states and hop between the

localized states. The conductivity can be expressed as

W
o(T) zco-exp(—kB—T), W = (Ex—Er)+w or (Er—Ep)+w (2.2)
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where E4 — Er (or (Er — Ep)) is the carrier excitation energy and w is the activation en-
ergy of hopping which decreases with the decrease of temperature, taking into account the

variable range nature of hopping. [42]

Figure 2.4: Schematic band structure showing localized states (shaded) and mobility
edges. [42]

e When the density of states (DOS) of defect states has a maximum at £y and the DOS
near Fermi level Er is small, carriers hop the closet distance possible to the nearest neigh-
bor sites. This case is termed as the nearest neighbor hopping (NNH), and the conductivity

is expressed as

WnnH )

W, =|Ey—FE 2.3
kT ~nH =| Eo — EF | (2.3)

onne (T) = SoNNH - exp(—

e At reduced temperature, conduction can be dominated by states in the vicinity of Er,
the DOS of which is much smaller. The average hopping distance will be much larger than
the distance between nearest neighbors and dependent on temperature (hence termed as

“variable range hopping (VRH)”). For the model propose by Mott, the DOS near Fermi
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level N(EF) is treated as a finite constant. The conductivity is given by
Ty,
omon(T) = Go,Mort exp(_Toﬁ)l/(d-H) (2.4)

in which d is the spatial dimensionality. [42]

e For Mott’s VRH model, the DOS near Fermi level (N(EF)) is treated as a constant
on the assumption that the Coulomb interaction between hopping sites is neglected. With
this interaction being taken into account, carriers on states near Er will be redistributed to
reduce the total energy. This leads to a “Coulomb gap” at Er, with N(Er)=0. Assuming
the DOS near Er can be described by N(E) = ¢ | E—EF |" (c is a constant), instead of

Eq. 2.6 the following expression holds [39,46,47]
T;
o(T) = op- exp(—7°><"+1>/ (n+4) (2.5)

The case where n=2 is often observed, which is known as Efros-Shklovskii VRH. The
conduction can be described as [48]

E)I/Z

6es(T) = 0os - exp(— T (2.6)

2.2.2.3 Zabrodskii - Zinov’eva method

As introduced above, different conduction processes can be expected in appropriate
temperature ranges. The dependence of conductivity on temperature, or more specifically,
the exponential dependence of In(c) on (1/T), is a useful indication of the conduction mech-
anism. Considering the situation observed frequently that the ¢ vs. 7T data can be fitted
by different conduction models fairly well, a procedure developed by Zabrodskii and Zi-

nov’eva [49] is often employed to analyze the ¢ vs. T data. A general expression is used
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to describe the conduction process

w
o(T)= GoT_mexp(—ﬁ) (2.7)

and a parameter M(T) is defined as

aln[o(T))  pW
MT) =) ~ 10

—m (2.8)

Assuming that m is much smaller than the first term of M(T), then M(T) = pW/T?. There-
fore In[M(T)] = In(pW) — pin(T), and the value of p can be determined from the slope of
In[M(T)] vs. In(T) plot.

2.2.2.4 Temperature dependence of Seebeck coefficient

Seebeck coefficient S is measured by AV /AT, where AV is the voltage difference be-
tween two points on a sample with a temperature difference AT. A general expression of

S is given by [50]

ks (E _EF)@CZE (2.9)

S =
e kBT ()

For an n-type semiconductor, the expression of S can be reduced into

S(T) = —2(— +A) (2.10)

The activation energy E is determined by (E¢ — EF) for crystalline semiconductor or when
the conduction is conducted by non-localized electrons beyond the mobility edge, by
(Ea — Er)when conduction is carried among localized states in band tails, and by carrier
generation energy for small polaron hopping. [42]

Therefore the Seebeck coefficient measurement provides a method to decouple carrier
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concentration n and mobility 4 from measured conductivity and to determine wether an
activation energy term exists in the carrier mobility. [37,42]

For another case where conduction is carried by VRH among states near Fermi level,
it was proposed that S increases as T'/2 for slowly varying DOS near Ef. [42,51,52] The
opposite trend of temperature dependence can be employed to identify the existence of

VRH among defect states near Er.

2.2.3 Reported electrical transport properties

Below transition temperature (7js7), the distorted rutile phase of NbO; exhibits
semiconducting behavior. The conductivity at room temperature is on the order of ~
107* Q@ l.em™!, and gradually increases with temperature until ~ 10> Q~'.cm™! near
Tt [9,53] Some early studies on bulk NbO, demonstrated that a departure from sto-
ichiometric composition would sharply increase the conductivity [53-55], and a recent
study on NbO; thin films also suggested similar trends [56].

It was proposed that under relatively low temperature (200 K - 450 K), the electrical
transport of NbO; was conducted by thermally activated hopping of small polarons, and the
activation energy obtained from fitting the conductivity data was ~ 0.4 eV. [57, 58] With
the increase of temperature, the intrinsic band conduction became dominating, with the
activation energy decreased from ~ (0.5-0.6) eV to zero as the temperature approached
Tayar- [35,57] A progressive delocalization of electrons (from ~ 600 K to Ty ) was
pointed out by Gervais through infrared reflectivity measurements. [59]

Moreover, studies on bulk single crystal NbO, samples demonstrated anisotropy in
transport properties. Along the direction of c-axis, NbO; samples exhibit higher conduc-
tivity with lower activation energy, larger high-frequency dielectric constant and weaker

electrons localization than along directions perpendicular to c-axis. [57,59] Resistivity vs.
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temperature results by Bélange et al. also suggested that the NbO, single crystal samples
were semiconductor-like along a-axis and only metallic-like along c-axis, and the mea-
surements on polycrystalline NbO; revealed the average properties. [57]

NbO, exhibits a negative Seebeck coefficient, indicating a n-type semiconductor. The
magnitude of Seebeck coefficient is on the order of ~10% uV/K at room temperature and
decreases to ~102 uV/K around 1000 K. [9,57,60]

All properties summarized above were obtained from bulk NbO, samples, and transport
characterization on NbO; thin films is still very limited. Only recent study on epitaxial
NbO; thin films on sapphire substrates by Wong et al. showed an activation energy for

conduction of ~ 0.16 eV between 300 K and 400 K. [24]

2.3 Metal insulator transition (MIT)

2.3.1 MIT properties

The conductivity of NbO, increases gradually with temperature until ~1081 K, where
the MIT of NbO, takes place with a ~ 10 times increase in conductivity. Anomaly in
other physical properties, including magnetic susceptibility and Seebeck coefficient has
also been observed in bulk NbO;. [8,9,57] The MIT around 1081 K is also accompanied
by a transition in crystal structure, from the distorted rutile lattice to the regular rutile
lattice. [61,62]

Besides when being heated to the transition temperature (~ 1081 K), NbO, also ex-
hibits transition in resistivity under electric field, which was first reported in 1960s. [10,63]
The reversible transition of resistivity under electric field demonstrates threshold switching
(TS) characteristics, for which only high resistivity state is stable under low electric bias,

while the low resistivity state collapses when the applied bias is reduced below certain
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value. [64, 65] The I-V curves of NbO; under electric field exhibited unipolar character-
istics. Recent studies on this property of NbO, thin films demonstrated reproducibility
for 1000 cycles, thermal stability up to 160 °C, and switching speed ~ 22 ns. [23] How-
ever, the nature of this transition in resistivity remains controversial, regarding wether it is
thermally driven with the thermal power coming from Joule heating [66] or electronically

triggered by certain threshold carrier concentration [67] or threshold electric field [13].

2.3.2 Mechanism of MIT

The simple one electron theory which describes the band structures and transport prop-
erties of materials is based on the assumption that electrons move freely in a periodic
potential imposed by the ions and other electrons in the crystal. The periodicity of the
potential results in the electron energy band gaps, and the situation of electrons filling the
energy bands determines the solids to be metallic, semiconducting or insulating. However,
for materials in which electrons have strong interaction with lattice, electrons, or local dis-
order that cannot be neglected or treated as perturbation, this model will fail in providing
explanation for the transport phenomena. This situation happens to some transition metal
oxides including NbO,, therefore models with these interactions accounted are needed to

explain the observed transport properties. [68]

2.3.2.1 Peierls transition

A Peierls transition is a MIT induced by electron-phonon (electron-lattice) interaction.
Figure 2.5 (a) shows a chain of N equally spaced atoms with the period of a. Starting from

the simplest model of 1-D lattice:

2
H=H'+v=L4vu @.11)
2m
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in which HO is for the non-interacting electrons in the chain, and V(x) = V(x+a) is the
periodic potential of the chain of ions. By applying the perturbation theory, the periodicity
of the potential results in the discontinuity of energy dispersion curves at the Brillouin
zone boundaries and forms the band gaps. Accounting for the two spin states that each
k state can hold, each band can hold 2N electrons. For solids with only one electron per
atom, the band will be half-filled and therefore the solid will be metallic. When the atoms
in the chain are rearranged slightly, in a way that the spacing between the closest atoms
alternates which is called dimerization, the periodicity of the crystal becomes 2a. As is
shown in Figure 2.5 (b), a new band gap will be formed at kr = ®/2a. For a solid with
one electron per atom, the lowest band will be completely filled at ground state, leaving
the upper band unfilled and giving rise to the insulating state. In this process, the electron
energy reduction with the increase of atomic displacement 9 is proportional to d, while the
crystal elastic energy increase due to the distortion is proportional to 82. As long as & is
below certain value, the distorted structure and insulating state is energetically preferred.

Therefore it was predicted by R. Peierls that one dimensional (1-D) metal would not exist

at 0 K. [69]
al a ‘u'duu-é_
e © o o o o o o o e ¢ o o o o
E.
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Wavevector k Wavevector k

(a) (b)

Figure 2.5: The atomic configuration and band structures of (a) a 1-D normal metal and
(b) a Peierls insulator. [70]
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At elevated temperature, the electron energy reduction decreases due to the Fermi dis-
tribution, therefore above certain temperature the undistorted structure is favored and the
Peierls transition takes place.

Based on the description above, it can be deduced that for a Peierls transition to happen,
the solid needs to be 1-D and has half-filled conduction band. The 1-D conduction structure
can exist in 3-D crystals with certain atom chains along one direction being responsible for

the electrical conduction.

2.3.2.2 Mott transition

The theory of Mott transition was proposed to interpret the transition originated
from the electron-electron interaction. [71-73] In solids that exhibit Mott transition, the
Coulomb interaction between electrons, which is called “electron correlation”, is so strong
that cannot be neglected.

The Mott insulating state was first found in some transitional metal oxides despite that
there were odd number of electrons per lattice site, which was not explicable based on the
simple band theory. It can be understood from a tight-binding model, with N primitive
unit cells and one electron each site. If the Coulomb repulsion U between electrons is
negligible, 2N states can be held by the band accounting for the spin degeneracy, therefore
the band is half-filled and solid is metallic. When there is strong electron correlation, a
second electron that tries to sit in one site will feel strong Coulomb repulsion U from the
electron that already sit in that site. As is shown in Figure 2.6, if the repulsion U is larger
than the bandwidth W, it will split the half-filled band into a lower band (Lower Hubbard
Band, LHB) fully filled by electrons taking an empty lattice site and an empty higher band
(Upper Hubbard Band, UHB) for electrons trying to occupy a site that is already taken by

an electron.



Chapter 2. Background 21

i

UHB

Metal Mott-Hubbard insulator

Figure 2.6: Band diagram illustrating the Mott transition. [74]

According to this model, the MIT due to electron-electron interaction can be discussed
in two situations. When the band is half-filling, the decrease of Coulomb repulsion U
relative to the bandwidth W will reduce the band gap between the LHB and UHB and
eventually result in the MIT. As an example, in real materials the change of bandwidth can
be induced by the change in atomic spacing. In the other situation, the MIT can be induced
by the change in band-filling, realized by doping the UHB/LHB with electrons/holes. Ac-
cording to the experimental observation, there is a critical free carrier density required to
induce the MIT. Based on the consideration that free electrons can screen the Coulomb

potential from ions, Mott proposed the criterion for the MIT to occur:

nBay ~0.2 (2.12)

where n,. is the critical carrier density for MIT to happen at T = 0 K, and ag 1is the effective

Bohr radius of electrons. [73]
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2.3.2.3 Mechanisms of MIT in NbO;

From the point view of band structure, two changes in band structure are required for
the MIT in NbO, to happen: 1) an upshift of the e’gt band above Ey, leaving the d| band
half-filled, and 2) a split of the dH band.

Currently, studies on MIT of NbO, remain limited. However, MIT of NbO; can be
understood based on the intense studies on VO,, a 3d! system that also exhibits MIT
accompanied by similar structural transition. The upshift of the e band is due to the
increased p-d overlap between Nb and O, caused by the reduced Nb-O spacing resulted
from the zigzag-like displacement of Nb atoms. The upshift causes the depopulation of the
eg band, leaving it empty and lying above Ef.

Dispute centers on the mechanism of d|| splitting, whether it is due to the metal dimer-
ization or increased electron correlation. In Goodenough’s model, the metal-metal paring
parallel to c-axis leads to the splitting of ¢ into filled bonding and empty antibonding
bands. However, in his paper Goodenough also questioned the metal dimerization as the
major driving force of the MIT. Instead, he proposed that the MIT was resulted mainly
from the increased p-d overlap due to the antiferroelectric distortion of VOg octahedra (the
anitparallel cation displacement toward the octahedral edge). The d|| splitting could also
results from this distortion, due to the change of symmetry. [28] Another model proposed
by Zylbersztejn and Mott attributed the MIT to electron-electron correlations in dj band. In
metallic phase, the correlation is significantly screened by the ey band overlaping with d);.
Once the eg is upshifted due to the increased p-d overlap resulted from the antiferroelectric
displacement of V atoms, the increased electron correlation will lead to the MIT. [75]

The MIT of NbO; happens at a much higher temperature (~ 1081 K) than VO, (~ 340
K) does. Since the 4d orbitals of NbO; are more dispersed in terms of energy and space

that the 3d ones of VO, electron correlation effect should be less important in NbO, than
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in VO;. On the other hand, the broader 4d band of NbO, gives rise to stronger metal-metal
bonding and therefore should contribute more to the much higher transition temperature
of NbO,, which was supported by the calculation by V. Eyert. [20, 76] Also very recently,
calculation by Andrew O’Hara suggested that the transition was driven by Pererils type

structural transition via dimerization of Nb atoms. [77]
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Experimental

3.1 Film growth

3.1.1 Reactive bias target ion beam deposition (RBTIBD)

Reactive bias target ion beam deposition (RBTIBD) combines the features of ion beam
deposition (IBD) and sputtering, to address the limitation of conventional IBD in the prepa-
ration of clean interfaces in multilayer structures. [78—80] The system used in this study is
the LANS model manufactured by 4Wave, Inc., the schematic of growth chamber of which
is illustrated in Figure 3.1. As is shown in the figure, six metallic targets sit in a square

geometry, in line with an ion source and a vertically positioned, 100 mm sample stage.

24
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Figure 3.1: Schematic diagram of RBTIBD growth chamber.

RBTIBD utilizes a novel low energy ion source that combines a hollow cathode elec-
tron source (HCES) [81] and a Mark II end-Hall ion source [82] as anode, to provide a high
density ion gas with low energy. [83] Electrons are emitted from HCES and flow towards
anode, passing through a magnetic field. The interaction of electrons with magnetic field
near the anode causes ionization of the inert gas. The HCES and anode ion source are each
powered by a 0-100 V and 0-12 A supply, which can produce a flux of low energy (5-50
eV) ionized inert gas. The energy of ionized gas is not enough to cause any sputtering of
targets or construction material inside the chamber. Three gas lines are fed into the cham-
ber: two Ar gas lines, one connected to the HCES and the other connected to the anode; the
third one is to supply reactive gas (Ar/O, 80/20 mixture in this study) through the anode.

All gas used in this study is of ultra high purity (UHP) with 99.999% purity. The gas flow
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rates of the three lines are each controlled by a digital mass flow controller (MFC), and
the allowed flow rate ranges for the HCES Ar, anode Ar and reactive gas are 0-20 SCCM,
0-100 SCCM, 0-20 SCCM, respectively.

There are six metallic targets (diameter = 100 mm) installed in the system. The targets
are made of 99.99% pure metals and are water-cooled during deposition through copper
backing plates. A two-stage Y-shaped target shutter simultaneously shields three targets,
while exposing the other three. This design allows co-sputtering of as many as three targets
at one time. The targets are positioned in the way that they are parallel to the flux of ionized
gas.

The targets are pulsed DC biased, in the way that targets are powered alternately by a
large negative bias with a range of 2 kV/1 A and a small positive bias with a range of 60
V/'5 A at a controlled frequency and pulse period. The pulse is controlled by a frequency
generator with a frequency range of 1-75 kHz and the period is determined by 1/f. There are
three frequency generators, each connecting to two targets, one of which is covered by the
target shutter. Therefore one to three targets can be simultaneously powered at separated
frequencies and pulse periods, allowing control of the composition during co-sputtering.

Sputtering of the target material occurs during the negative bias period. The large po-
tential difference between the negatively charged target surface and the positively charged
ion gas accelerates the ions towards the target surface at a nearly normal incidence angle,
creating a thin plasma sheath (~ 2 mm) and inducing sputtering of the target material.
The impact energy of ions onto target surface depends on the negative bias applied to the
target, ranging from 50 eV to 2 keV. Since the thickness of plasma sheath (~ 2 mm) is
much smaller than the distance between the ion source and target (~ 16 cm), the large
negative bias has little effect on the ion trajectories from ion source to targets. The little
part of ions that miss the targets and strike towards other hardware surfaces will have an

un-accelerated low energy, which is below the threshold value to cause any sputtering of
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construction material. While the Ar gas does not react with the target material, O in the re-
active gas mixture does chemically bond to the target material. Over time (~ few seconds)
this will cause an insulating dielectric layer buildup at the target surface. This will lead to
target poisoning, which will drastically reduce the sputtering yield. The small positive bias
is designed to remove the dielectric buildup at target surface by repulsive potential force.

The sample stage, which is vertically positioned and aligned in line with the ion source,
is kept rotating during deposition for the uniformity of deposited films. The substrate
carrier is made from Tantalum (Ta), which has a high melting point (3290 K), low thermal
expansion coefficient (6.3 um/(m-K) at 25 °C), and non-ferrous nature. The stage is 3 mm
thick and has a 4 inch diameter, and Ta clamps and Ti screws are used to mount substrates
onto the stage.

Heating to the stage is supplied by an infrared heating lamp immediately behind the
stage. The thermal output of the lamp is controlled by a variable voltage input, which is
realized by a digital to analog convertor (DAC). The DAC value ranges from 0 to 35000,
corresponding to the stage surface temperature from ~75 °C to ~650 °C. Using a standard
k-type thermometer, the actual surface temperature of the stage can be directly measured.
The relationship between the measured stage surface temperature and DAC values is cali-

brated prior to the deposition of a sample set, an example of which is shown in Figure 3.2.
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Figure 3.2: An example of DAC calibration for stage heater.

The base pressure of the main processing chamber is kept ~10~8 Torr, obtained using a
cryogenic pump. A load-lock mechanism is employed to load and remove samples without
breaking the high vacuum in the main chamber. A mechanical rough pump is used to pump
down the load lock chamber to 70-90 mTorr, every time before opening the high vacuum

gate valve.

3.1.2 Deposition procedures

After loading substrates though the load lock, the main processing chamber needs to
be pumped down below 9x 10~8 Torr before the deposition can be started. The HECS is
first purged with 10 SCCM Ar gas for 30 minutes. This is followed by a degas procedure
in which the tungsten filament inside the HECS is heated up for 30 minutes, to outgas any
contamination on the surface. At the same time the degas starts, the stage heater is also
ramped up to the desired DAC value (corresponding to the needed growth temperature)

at a rate of 1000 DAC/min (~ 20 °C/min) according to the calibrated relation between
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DAC value and measured stage surface temperature. It takes about 45 minutes for the
temperature at the stage surface to stabilize. After the degas process, the ion source is
turned on. Ar gas supply through the anode ion source is set to be 70 SCCM. The ion
source is stabilized within 5 minutes. The stage is then set to start rotating at a speed of 10
rpm and the stage shutter is opened to allow the Ar ions to clean the substrate wafers for 3
minutes.

After pre-cleaning of substrates, the sputtering is then initiated by turning on the pulse
generator and applying the DC voltage bias to needed targets. The negative bias applied
to targets is -900 V and the positive bias is +20 V. After sputtering is induced, flow rate of
the reactive gas mixture Ar/O; 80/20 is set to the desired value (2-8 SCCM). Before the
real deposition taking place, 15 minutes is allowed for the conditions in the chamber to
stabilize. A residual gas analyzer (RGA) is used to monitor the partial pressure of different
gas species, especially O3 in this study. The deposition cannot start until the partial pressure
of O, observed by RGA is stable. The process pressure in chamber during deposition is ~
1 mTorr.

The deposition starts when the stage shutter, which is ~2 mm above the stage, is opened
and the substrate wafers are exposed to the ions in chamber. After the desired deposition
time, the stage shutter is closed. For the growth of NbO,, the reactive gas flow is then
turned off to prevent further oxidation of the film. After that, the system is shut down in
the following sequence: stage rotation, target bias, pulse frequency generator, HCES and
anode power. The DAC value is set down to zero at a rate of 1000 DAC/min. At the same
time, the Ar gas flow of 20 SCCM for HCES and 50 SCCM for anode are left on for 15
minutes and then only 20 SCCM for HCES with degas on for another 30 minutes. This
is to prevent any material from re-depositing onto the HCES and anode part and cause
contamination, resulting in the difficulty to start the ion source for next deposition. The

stage needs to cool down for another ~ 60 minutes to the ambient temperature before the
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load lock can be retracted and the sample can be removed.

3.2 Structural characterization

3.2.1 X-Ray diffraction (XRD)

X-ray diffraction (XRD) is a powerful technique that is commonly used for crystal
structural characterization, due to the wavelength of X-ray that is close to the atomic dis-
tances in materials and non-destructive nature of the measurements.

The principle of XRD can be briefly described as follows. [84] The incident X-ray
is mainly scattered by electrons surrounding atoms in the sample, the intensity of which
carries the same periodicity as the atomic structure. The intensity of diffracted X-ray has a

strong angular dependence, which is described by the Bragg’s law

Ak = kip — kows = G 3.1)

in which k?n and k;u, are wave vectors of the incident and diffracted X-ray beam, and GZkl
is the reciprocal lattice vector of the sample (Figure 3.3 (a)). In the direction that satisfies
the Bragg’s law, the intensity of the diffracted X-ray reaches a maximum and a peak will
form in the XRD pattern.

By doing some transformation, the Bragg’s law can also be illustrated in the real space,
which is formulated as

2dpi Sin® = nA (3.2)

in which dyy; is the planer distance of the sample along certain direction, 0 is the incident
angle of X-ray with respect to sample surface, n is certain integer and A is the wavelength

of X-ray employed in the measurement. As is shown in Figure 3.3 (b), it can be understood
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as that the incident X-ray is reflected by atoms in parallel planes and the reflected X-ray
beam interferes with each other. Along directions in which the path difference of X-ray
beam reflected by different planes is an integer number times of X-ray wavelength, the

X-ray beam will interfere constructively and a peak will be created in the XRD pattern.

(a) (b)

Figure 3.3: Geometry of the Bragg’s law in (a) reciprocal space and (b) real space.

XRD scans in this study were performed using a SmartLab XRD system from Rigaku
Inc., with a Cu Ko radiation (A = 1.54 A). Parallel beam option was employed, and a 2-
bounce Ge(220) x2 monochromator was used to provide X-ray beam with high monochro-
maticity. The attachment on which the sample stage is mounted has 3 axis to adjust the
angles and positions of the sample. The geometry of the goniometer and sample stage is
shown in Figure 3.4, with the angles involved in the scans of this study being labeled. As
shown in Figure 3.4, the 20 angle is defined as the angle between the incident X-ray beam
and the direction of the detector (the detected diffracted X-ray beam), ® is the angle be-
tween the incident X-ray beam and the sample surface, y is the tilted angle of the sample

stage and ¢ is the stage’s in-plane orientation.
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Figure 3.4: Schematic of axis in the X-ray diffractometer.

In this work, XRD scans employed in the structural characterization included 20-m

scan, ® scan with 26 being fixed (i.e. the Rocking curve scan) and ¢ scan.

3.2.1.1 20-mscan

In the 26-m scan scan, both the X-ray source and detector are scanning with the rela-
tionship @ = (20)/2+¢. @ is a tiny angle used to correct the tilt of single crystalline substrate
with respect to the sample surface. By doing a wide scan (20 = 20° - 90° in this study),
lattice planes in the film and the substrate that are parallel to the surface of the sample can
be detected. In this study, 20-m scans were used to determined the phase composition of

the sample and distinguish between polycrystalline and highly textured films.

3.2.1.2 o scan (Rocking curve)

o scan is performed by scanning ® in a (26)/2+ A® range with 26 being fixed at certain
value which satisfies the Bragg’s law. In ideal case, the ® scan for a prefect crystal will

produce a single line at ®=(20)/2. In reality, the peak will have some width due to the
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instrument broadening and defects in the crystalline sample. For high resolution XRD
scan, the full width half maximum (FWHM) of the peak is influenced by the crystallites

sizes as well as the tilt of the crystallites with respect to each other.

3.2.1.3 ¢ scan

The ¢ scan is employed to determine the orientation relationship between the grown
film and the substrate. Once the phase composition and lattice plane parallel to the film
surface are identified, ¢ scan is performed by scanning ¢ in a 360° range while fixing 20, ®
and y at certain values. The value of  is determined by making certain tilted lattice plane
parallel to the horizontal plane, and the 26 and ® values are determined by the Bragg’s law
of this particular lattice plane. By doing such scans for both the film and the substrate, the

orientation relationship between them can be determined.

3.2.2 X-Ray reflectivity (XRR)

X-ray reflectivity (XRR) technique was used to determine the thicknesses of grown
films. A 26/® scan was conducted within a small range of 20 = 0 - 5°, with the same optic
configuration as in XRD scans.

The incoming X-ray beam intensity is completely reflected below a certain incident
angle 0., the value of which is typically below 1°. [85] Above 6., part of the incoming
intensity is reflected and part of it can transmit through the material. If the sample con-
sists of more than one layer, the same thing will happen at the interfaces between different
layers. The beam reflected by the surface and each interface will interfere with each other,
and form oscillation of intensity with the variance of phase difference due to the 20 scan.

Therefore, thickness of the measured film should be inversely proportional to the oscilla-
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tion period and can be estimated as

t =\/A(26) (3.3)

in which A(26) is the phase difference between the two consecutive peaks of XRR pat-
tern. [86]

Besides the film thickness, simulation of XRR patterns can also provide information
on film density and roughness of involved surface and interfaces. While the magnitude of
oscillation is related to the difference between densities of different layers, the oscillation
magnitude decays due to the roughness of film surface and interfaces. [87]

In this study, the measured XRR patterns were simulated by Rigaku GXRR software.
Figure 3.5 shows an XRR pattern of a NbO; film deposited on sapphire substrate with a
Nb capping layer. As is indicated by the simulation results, the thickness of NbO; and Nb

layer were ~111 nm and ~2.6 nm, respectively.

REFLEC] S

Figure 3.5: A measured XRR profile of a Nb/NbO,/c-Al,O3 sample (blue) and correspond-
ing simulated curve (red).
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3.2.3 Atomic force microscopy (AFM)

The film surface morphology was characterized by atomic force microscopy (AFM)
(Cypher, Asylum Research Inc.). A schematic of the working principle of AFM is shown

in Figure 3.6.

Light Source p

Position Sensitive Detector

B J Z Feedback

Figure 3.6: Schematic of AFM instrument. [88]

AFM provides a three-dimensional profile of the sample surface, by probing the force
between a sharp tip and sample surface at a very short distance (0.2-10 nm). A cantilever
with a sharp tip (~ 10 nm in radius) raster-scans the sample surface, and experiences the
Van der Waals interaction between the tip and surface. A laser is bounced off the back of
the cantilever onto a position sensitive photodiode detector, therefore the deflection of the
cantilever can be characterized by changes in detected laser reflection.

All scans in this study were conducted using the tapping mode, during which the can-
tilever is oscillated near its resonant frequency. The scan rate was 1 Hz for 1x 1 um? image
and 1.5 Hz for 20x20 um? image. Due to the interaction between the tip and sample
surface, the variation of tip-surface separation will result in the change in the oscillation
amplitude of the cantilever. As the tip scans over the sample surface, the oscillation am-

plitude is maintained constant by adjusting the height of the tip, via a feedback-controlled
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piezoelectric actuator. A map of the surface roughness is then produced from the cantilever

deflection detected by the photodiode detector.

3.2.4 Raman spectroscopy

Raman spectra in this study were measured by an inVia Raman microscope (Reinshaw
system Ltd.).

Raman spectroscopy is a technique based on the inelastic scattering of light by the
studied sample. In a typical Raman experiment, a laser with monochromatic radiation
is used to irradiate the sample. The studied sample absorbs photons from the radiation
source, and emits photons whose frequency is shifted up or down compared to the original
frequency. It is the shift in frequency (/wavelength) of radiation that provides the chemical
and structural information of studied samples.

The Raman scattering processes are illustrated in Figure 3.7. The incident photon is
absorbed by the sample and induces a transition from ground state to a “virtual state”, and
a new photon is emitted when a transition from this “virtual state” takes place. In Rayleigh
scattering, the scattered photon results from the transition from the “virtual state” to the
ground state, with no change in energy therefore the photon is elastically scattered. For
Raman scattering, the excited states of sample vibration are also involved in the transition
and the photons are inelastically scattered. There are two types of Raman scattering: Stokes
and anti-Stokes, determined by the initial and final vibrational states in the process as is

illustrated in Figure 3.7.
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Figure 3.7: Schematic illustration of Rayleigh scattering as well as Stokes and anti-stokes
Raman scattering. The laser excitation frequency (VL) is represented by the upward arrows
and is much higher in energy than the molecular vibrations. The frequency of the scattered
photons (downward arrows) is unchanged in Rayleigh scattering but is of either lower or
higher frequency in Raman scattering. The dashed lines indicate the “virtual state”. [89]

The Raman effect is based on the change of polarizability o of the sample in electric
field E. The electromagnetic filed of the incident radiation induces an electric dipole mo-
ment P in the sample, determined by the relation P= oE. The oscillation of the induced
dipole moment also produces electromagnetic radiation, including the dominant Rayleigh
radiation and the very small amount of Raman scattered radiation. The intensity of the

Raman scattered radiation /I is given by:

Ig < v4IoN(§—g) (3.4)

where [ is the incident laser intensity, N is the number of scattering molecules in a given
state, v is the frequency of the exciting laser, o is the polarizability of the molecules, and O

is the vibrational amplitude. Therefore only vibrations that cause a change in polarizability
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are Raman active.

3.3 Transport characterization

3.3.1 Temperature dependence of resistivity

Temperature dependence of film resistivity was measured on a current-in-plane device
illustrated in Figure 3.8. Assuming that the measured resistance is due to the part of film

between a pair of contacts, the resistivity can be calculated as

p=— 3.5)

in which R is the measured resistance between contacts, [ is the length of contact edge, 7 is

the thickness of measured thin film, and w is the width of gap between a pair of contacts.

w

A
__Iz;u/ Au

NbO, t
Substrate

Figure 3.8: Schematic of a current-in-plane device for resistivity measurement.

The contacts were fabricated from 20 nm Ti and 100 nm Au layers, with size of 250
um x 250 um separated by 10 um. A photolithography procedure to fabricated Ohmic
contacts was employed, and the steps are listed below:

1. Spin clean the sample with methanol and isopropanol, then bake at 100 °C for 1

minute.
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2. Spin on photoresist AZ nLof 2020 at spin rate of 4000 rpm for 30 s.

3. Bake the sample at 100 °C for 1 minute.

4. Expose the photoresist to UV at constant power of 275 W for 36 s.

5. Bake the sample at 110 °C for 1 minute.

6. Develop the photoresist in AZ 300 MIF developer for 1 minute.

7. Soak the sample in DI water for a few seconds, then dry the sample with UHP Nj.
Check the patterns under optical microscope.

8. Use electron beam evaporator to deposit 200 A Ti at a rate of 2 A/s followed by 1000
A at arate of 3 A/s.

9. Soak the sample in an acetone ultrasonic bath with lower power to lift of the remain-
ing photoresist, leaving only the metal contacts.

Film resistance as a function of temperature was characterized by a Versalab system
(Quantum Design Inc.) from 150 K (or 200 K) to 400 K, with a ramp rate of 2 K/min (or

5 K/min). The excitation current was 1 yA.

3.3.2 MIT under electric field

MIT of NbO, under electric field were characterized by applying electric field through
the films. A vertical device was fabricated for the characterization, the schematic of which
is shown in Figure 3.9 (a). In this vertical device, the bottom electrode is a ~ 50 nm TiN
layer coated on the Si(100) substrate, the connection to which was made by cold-pressing
indium into the scratches made at the sample corners. After the deposition of a NbO; layer,
another layer of Nb was then deposited before the sample was exposed to air. This capping
layer served as the top electrode, and contacts were defined following standard lithography

process. The step-by-step procedures are listed below.
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(a) (b)

Figure 3.9: (a) Schematic of Nb/NbO,/TiN vertical device structure; (b) the optical image
of 30 um x 50 um (Nb) top contacts.

1. Spin clean the sample with methanol and isopropanol, then bake at 100 °C for 1
minute.

2. Spin on photoresist AZ4210 at spin rate of 4000 rpm for 30 s.

3. Bake the sample at 100 °C for 1 minute.

4. Expose the photoresist to UV at constant power of 275 W for 36 s.

5. Develop the photoresist in a 3:1 solution of DI water:AZ400K developer for 1
minute.

6. Soak the sample in DI water for a few seconds, then dry the sample with UHP Nj.
Check the patterns under optical microscope.

7. Put the sample in the dry etching tool, and use the reactive ion etching (RIE) to
remove the uncovered metal layer. The etching condition was: Pressure 100 mTorr, RIE
power 120 W, SFg 40 SCCM. The etching rate was ~ 10 nm/min.

8. Soak the sample in acetone ultrasonic bath with low power to remove the photoresist.

9. Soak the sample in DI water and dry it with UHP N».

Voltage and current sweeps were performed using a Keithley 2635 source meter with

tungsten tips (diameter = 5 um). To reduced the effects of Joule heating, pulsed mode was
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employed, with pulse-on time of 1 ms and pulse-off time of 10 ms.

3.3.3 Temperature dependence of Seebeck coefficient

Temperature dependence of the Seebeck coefficients S of some deposited films was
characterized by the Thermal Transport Option (TTO) of a Physical Property Measurement
System (PPMS) (Quantum Design Inc.).

The thermoelectric Seebeck effect is characterized by an electrical voltage drop accom-
panying a temperature drop across the sample after a heat pulse is applied at one end of
the sample. As is illustrated by Figure 3.10, the sample is mounted to the thermal transport
sample puck in a four-probe geometry. The copper leads are adhered to the sample by
epoxy bond, and the heater and thermocouple shoes are screwed down onto the leads. Dur-
ing the measurement, a heat pulse is applied to one end of the sample by running a current
through the heater. The temperature drop (AT= Ty, - Teoiq) and Seebeck voltage (AV=
T, - T_) between the two thermocouple shoes are measured and the Seebeck coefficient

18 determined as S = AV/AT.



Chapter 3. Experimental 42

HEATER SHOE

COPPER LEAD

T hot HEAT

T cold

(@ coxoroor
(a) (b)

Figure 3.10: (a) Schematic thermal and electrical connection on a sample for thermal trans-
port measurement [90]; (b) A representative photo of sample bonded to thermal transport
sample puck.

In this study, measurement of Seebeck coefficient was conducted using the ’stability”
mode. Data is first taken in the heater “off” state, then in the heater “on” state after the
user-specified power is applied. For both states, measurement will not begin until the tem-
perature stability at both hot and cold thermometers reach the specified stability criterion

dT/T <0.1% or dT < 0.1 K).
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Epitaxial NbO, thin films

4.1 Introduction

Despite the attractive attributes of NbO,, experimental studies on NbO; especially on
thin films has remained limited, due to the difficulty in preparing NbO, films with highly
pure phase. The uniqueness of RBTIBD technique has been introduced in Chapter 3,
which has been employed to synthesize high quality epitaxial VO, films on various kinds
of substrates. [91-93]

In this chapter, synthesis of epitaxial NbO; thin films on (0001) sapphire substrates us-
ing RBTIBD is introduced. Effect of growth conditions Ar/O, flow rate (i.e. the Nb/O ratio
in chamber) and substrate temperature on film property are discussed. It is demonstrated
that the film deposited under optimized conditions contains highly pure NbO, phase with
good crystallinity and smooth surface. Film conductivity is characterized as a function of

temperature and the conduction mechanism is discussed.

4.2 Effect of Ar/O, 80/20 mixture flow rate

Due to the complexity of the Nb-O system, it is crucial to obtain the right stoichiome-

try to avoid formation of secondary phases during deposition. For NbO; with right phase,

43
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slight departures from stoichiometric composition can induce various type of intrinsic de-
fects, resulting in modifications of structural and transport properties. Tuning the flow rate
of Ar/O, 80/20 mixture is the most straightforward way to adjust the Nb/O ratio in cham-
ber, and was employed as the primary method to optimize the stoichiometry of deposited

films.

4.2.1 Phase composition

A set of niobium oxide thin film samples were deposited under conditions listed in
Table 4.1. The Ar/O, 80/20 mixture flow rate was explored in a wide range between 2
SCCM and 8 SCCM, with all other deposition condition parameters remaining the same.
Combining the Ar flow fed through the ion source, the corresponding O, partial pressure

values were calculated and included in the table.

Deposition conditions S1 S2 S3 S4 S5 S6 S7
Ar/O, Mix Flow Rate (SCCM) 2 3 4 5 6 7 8
O, Partial Pressure (%) 0.49 0.72 0.95 1.18 1.40 1.61 1.82
Process Pressure (mTorr) 0.9 0.9 0.9 0.9 1.0 1.0 0.9
Substrate Temperature (°C) 550 550 550 550 550 550 550
Positive Target Bias (V) 20 20 20 20 20 20 20
Negative Target Bias (V) 900 900 900 900 900 900 900
DC Pulse Frequency (kHz) 7143 7143 7143 7143 7143 7143 7143
Positive Duty Cycle (us) 3 3 3 3 3 3 3
Cathode Ar Flow Rate (SCCM) 10 10 10 10 10 10 10
Cathode Current (A) 7 7 7 7 7 7 7
Anode Ar Flow Rate (SCCM) 70 70 70 70 70 70 70
Anode Current (A) 6.5 6.5 6.5 6.5 6.5 6.5 6.5

Table 4.1: Deposition condition parameters of niobium oxides thin films, with Ar/O, 80/20
mixture flow rate varying between 2 SCCM and 8 SCCM and other conditions remaining
constant.

Phase composition in the deposited films were characterized by XRD combined with
Raman spectroscopy. XRD 26-m scans from 20° to 90° and Raman spectra between 100

cm~! and 1000 cm~! are shown in Figure 4.1.
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Figure 4.1: (a) XRD 26-m scans and (b) Raman spectra of niobium oxide thin films de-
posited with Ar/O, 80/20 mixture flow rates from 2 SCCM to 8 SCCM.

As is shown in Figure 4.1 (b), for films deposited with Ar/O, mixture flow rate being
from 4 SCCM to 7 SCCM, the essential Raman features match well with the reported
Raman spectra of tetragonal NbO; films. [24, 26,27] The X-ray diffraction peaks at 20
~ 37° and 20 ~ 79° in the corresponding XRD 26-m profiles are therefore identified as
(440) and (880) of tetragonal NbO,, respectively. No X-ray diffraction peaks or Raman
bands of secondary phases are observed. The presence of only one out-of-plane diffraction
orientation indicates that the films are highly-textured. For the sample deposited with
higher Ar/O; 80/20 mixture flow rate (8 SCCM), no distinct features are observed in either
XRD scan or Raman spectrum, suggesting an over-oxidized amorphous NbO,.; . film.

For films deposited with Ar/O; mixture flow rate being 2 SCCM and 3 SCCM, the
absence of NbO, features in Raman spectra suggests that some less oxidized phases are
formed. The X-ray diffraction peaks at 26 ~ 36.5° and 20 ~ 78° are ascribed to NbO
(111) and NbO (222), respectively. [94] X-ray ¢ scans were performed on (002) NbO
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diffraction peaks at 20 = 44.5° and x = 52.5° and (0112) sapphire diffraction peaks at 20
=25.5° and y = 12.8°, which are shown in Figure 4.2. As is suggested by the figure, the
orientation relationship between the NbO film and sapphire substrate can be expressed as
(110)(111)NDbO||(1010)(0001)Al,03. The optimized condition of ¢ scan on (002) NbO
(20 = 44.5° and % = 52.5°) is slightly off from the condition determined by the standard
lattice parameter of NbO (20 = 42.9° and y = 54.7°). [94] Natural NbO takes a defective
rock salt structure, with 25% ordered vacancies in niobium and oxygen sub-lattices. [95]
Since growth conditions especially the Nb/O ratio were not optimized for NbO growth, the
discrepancy of diffraction peak positions from ideal values could be related to the variation

in the existence of vacancies in deposited films.
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Figure 4.2: In-plane ¢ scan of (002) diffraction peak (26 = 44.5° and y = 52.5°) of NbO
(blue) and (0112) diffraction peak (28 = 25.5° and = 12.8°) of sapphire substrate (red).
4.2.2 Microstructures

Another set of NbO, thin film samples were deposited with the Ar/O, mixture flow

rate varying in a smaller range between 5 SCCM and 6.5 SCCM with smaller steps, while
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all other condition parameters remaining the same. The growth conditions are listed in

Table 4.2. Films were deposited for 30 min, with thicknesses of (105-115) nm.

Deposition conditions S1 S2 S3 S4 S5 S6 S7 S8 S9
Ar/O, Mix Flow Rate (SCCM) 5 5.3 5.5 5.7 5.9 6 6.1 6.3 6.5
O, Partial Presssure (%) 1.18 1.24 1.29 1.33 1.37 1.40 1.42 1.46 1.50
Process Pressure (mTorr) 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.15
Substrate Temperature (°C) 500 500 500 500 500 500 500 500 500
Positive Target Bias (V) 20 20 20 20 20 20 20 20 20
Negative Target Bias (V) 900 900 900 900 900 900 900 900 900
DC Pulse Frequency (kHz) 7143 7143 7143 7143 7143 7143 7143 7143 7143
Positive Duty Cycle (us) 3 3 3 3 3 3 3 3 3
Cathode Ar Flow Rate (SCCM) 10 10 10 10 10 10 10 10 10
Cathode Current (A) 7 7 7 7 7 7 7 7 7
Anode Ar Flow Rate (SCCM) 70 70 70 70 70 70 70 70 70
Anode Current (A) 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5

Table 4.2: Deposition condition parameters of NbO; films, with Ar/O, 80/20 mixture flow
rate varying between 5 SCCM and 6.5 SCCM and other conditions remaining constant.

All deposited samples consist of tetragonal NbO, phase, as suggested by the Raman
spectra (Figure 4.3 (b)). Films are highly textured with the only out-of-plane orientation
being (110) of tetragonal NbO», no other diffraction peaks from films are observed in wide
range XRD 20- scans from 20° to 90° (not shown here).

To characterize the variation of microstructures more precisely, XRD 20- scans were
performed in a narrower range near diffraction peak of tetragonal NbO, (440) (from 35°
to 43°) with finer steps and slower scanning rate (shown by Figure 4.3 (a)). As the Ar/O,
mixture flow rate increases, the diffraction peak of tetragonal NbO; (440) shifts to larger 20
values, corresponding to smaller lattice parameters of tetragonal NbO; along a-axis (ar).
As areference, the black dashed line labels the position of (440) diffraction corresponding

to the bulk tetragonal NbO; (a = 13.70 A). [16]
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Figure 4.3: (a) XRD 26- scans and (b) Raman spectra of NbO, thin films deposited under
Ar/O, 80/20 mixture flow rates from 5 SCCM to 6.5 SCCM.

Values of ar determined from the diffraction peak positions of (440) tetragonal NbO,
as a function of Ar/O; mixture flow rate are shown in Figure 4.4 (a). The decrease of
lattice parameter with the increase of oxygen content can be attributed to the decrease of
Coulomb repulsion due to enhanced screening by oxygen ions.

For Raman spectra, it is found that for samples with lattice parameters being closest to
the bulk value (deposited with 5.3 SCCM and 5.5 SCCM Ar/O, flow), the Raman bands
around ~ 385 cm~! exhibit the lowest frequency. The lowest frequency value (383 ¢m ™!
for films deposited with 5.3 SCCM and 5.5 SCCM Ar/O, flow) is labeled by black dashed
line in Figure 4.3 (b). To characterize the correlation between lattice parameter and fre-

quency of this Raman band, a parameter Aar is defined as

ar . fitm — AT bulk |
ar bulk

AaT = | (41)
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The value of Aar and frequency of Raman band near 385 ¢! as functions of Ar/O; 80/20
flow rate are plotted in Figure 4.4 (b). It is demonstrated that the shift of this Raman band

is monotonically related to the value of Aar.
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Figure 4.4: (a) Lattice parameter ar of tetragonal NbO»; (b) Aar and Raman shift as a
function of Ar/O, 80/20 mixture flow rate.

Studies on Raman spectra of NbO, thin films remain limited. Referring to previous
studies on Raman spectra of vanadium oxide and other oxides containing MOg octahedra
of transitional metals, Raman bands in this intermediate frequency range can be related to
different bending modes of Nb-O vibration within the NbOg octahedra. [96-98]

Blue shift of the Raman band near ~ 385 c¢m™! with the increase of Ar/O, flow rate
can be attributed to the decreased Nb-O distance corresponding to the lattice compression
with the increase of oxygen content in films. The opposite trend with lower Ar/O; flow
rate (5 SCCM) can be related to changes in interatomic force constants due to stronger
Coulomb interaction or strain caused by point defects. [99] However this trend needs to be
further confirmed by more samples (deposited with different Ar/O, flow rates smaller than

optimal value), since there is only one relevant data point in this set of samples.
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4.2.3 Transport properties

Temperature-dependent electrical transport was characterized for selected samples in
Table 4.1 (sample S2, S4, S6 and S7, corresponding to samples deposited with Ar/O, flow
rates being 3 SCCM, 5 SCCM, 7 SCCM and 8 SCCM respectively), and film conductiv-
ity as a function of temperature between 150 K and 400 K is shown in Figure 4.5 (a).
Data of S7 near 150 K is not available due to the large sample resistance that exceeded
the limit of VersalLab system. Among the four samples, S2 consists of NbO phase and S7
consists of over-oxidized NbO» ., phase, as is suggested by XRD and Raman results. Dif-
ference in phase composition results in variance in electrical transport properties. While
film conductivity decreases monotonically with the increase of oxygen content, sample S2
demonstrates much higher conductivity and much weaker temperature dependence than
other samples.

Arrhenius fitting was performed on conductivity data of the four samples. It turned
out that the o vs. I/T characteristics could be represented by the linear Arrhenius relation
well under higher temperature (from 400 K down to ~ 250 K), as is shown by the solid
lines in Figure 4.5 (a). The activation energy of conduction obtained from fitting is plotted
as a function of Ar/O; flow rate in Figure 4.5 (b). The deviation from the linear fitting
at lower temperature corresponds to a reduction of activation energy with the decrease of

temperature, which indicates variable range hopping (VRH) via defect states.
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Figure 4.5: (a) Temperature dependence of film conductivity of selected NbO, samples in
Table 4.1 (S2, S4, S6 and S7). Solid black lines represent corresponding Arrhenius fitting.
(b) Fitted activation energy of conduction as a function of Ar/O; mixture flow rate during
deposition.

Same characterization was performed on selected samples in Table 4.2 (sample S1, S3,
S6 and S9, corresponding to samples deposited with Ar/O, flow rate being 5 SCCM, 5.5
SCCM, 6 SCCM and 6.5 SCCM respectively). The three samples except for S1 demonstrat
slight increase in film resistivity and temperature dependence (as is shown by the activation
energy of conduction in Figure 4.6 (b)) with the increase of Ar/O; flow rate during depo-
sition. In contrast, sample S1 exhibits much higher conductivity and smaller activation

energy.
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Figure 4.6: (a) Temperature dependence of film conductivity of selected NbO, samples
in Table 4.2 (S1, S3, S6 and S9). Solid lines represent corresponding Arrhenius fitting.
(b) Fitted activation energy of conduction as a function of Ar/O; mixture flow rate during
deposition.

The exception of S1 on electrical transport is consistent with the structural character-
ization which demonstrates that only S1 has larger lattice parameter ar than bulk NbO,.
Moreover, as is indicated by the lattice parameter ar of S1 in Figure 4.4 (a), the depen-
dence of lattice parameter ar on Ar/O, flow rate is larger below (5.3-5.5) SCCM. However,
this trend needs to be further confirmed by more samples deposited with different Ar/O,
flow rates around 5 SCCM, since it is only suggested by two data points (a7 of S1 and S2)
in this case.

It is therefore deduced that the Ar/O; flow rate required for stoichiometry is (5.3-5.5)
SCCM under the studied growth conditions. Oxygen content is deficient in S1 while ex-
cessive in other samples. The predominant type of point defects and therefore dependence
of physical properties on oxygen content are different, which is discussed briefly below

referring to some early studies on bulk NbO; and on VO, thin films. [60, 100-102]
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In deposited NbO, films, increased amount of point defects can be introduced by non-
stoichiometry due to variation or dynamic fluctuation of deposition conditions. In princi-
ple, a predominance of either oxygen vacancies or niobium interstitials may account for
oxygen-deficiency in NbO,_ films, while a predominance of either niobium vacancies or
oxygen interstitials may account for oxygen-excess in NbO» ., films. [60, 100]

For oxygen deficient NbO;,_, films, formation of either niobium interstitials or
oxygen vacancies will result in doping of electrons.  Defect reactions of nio-
bium interstitials (with charge z plus) and oxygen vacancies can be expressed by
2005+ Nby, > 02(g) + Nb¥* +z¢' and 20} <> 102(g) +V3* +2¢ respectively using
Kroger-Vink notations. [60] The resultant electrons can be localized near niobium ions, re-
sulting in Nb@9+ jons nearby and introducing multiple donor levels within the band gap.
The increased conductivity and smaller activation energy of conduction can be attributed
to the increased electron concentration and the presence of new donor levels. [101, 102]

For oxygen excessive NbO,_ . films, niobium vacancies are more likely to form than
oxygen interstitials due to the large size of O>~ ions. [101, 103] Niobium vacancies exist
as acceptors with localized holes (O, + Nb“‘,/ +4h* +20), inducing accepter levels in
band gap. [100] However, it is noticed that for this set of samples the film conductivity
decreases slightly with the increase of oxygen content above optimal value. Considering
the much lower mobility of holes compared to electrons [104], it is expected that the film
conductivity is less sensitive to increase in acceptor doping than to increase in donor dop-
ing. Moreover, the reduced Nb-O distance can also increase p-d overlap and further lift up
the eg, which could increase the size of the band gap and therefore the activation energy.

Summarizing briefly, properties of niobium oxide films are sensitive to the stoichiom-
etry which can be effectively tuned by Ar/O, 80/20 mixture flow rate during deposition.
It was determined that the Ar/O, mixture flow rate for the formation of tetragonal NbO,

phase was between 4 SCCM and 7 SCCM, corresponding to oxygen partial pressure be-
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tween 0.95% and 1.61%. The use of Ar/O, 80/20 mixture allowed for finer optimization
of film stoichiometry. It was found that 0.2 SCCM difference in Ar/O, mixture flow rate,
which corresponded to ~ 0.15% difference in oxygen partial pressure, was able to result
in visible variance in structural properties. Different dependence characteristics of struc-
tural and transport properties on oxygen content below and above optimal amount was
observed, suggesting different predominant types of point defects in oxygen deficient and
oxygen excessive growth. However, more samples (more data points below and above opti-
mal oxygen stoichiometry) and characterization are needed to make any further conclusion

on point defects in the deposited NbO; films.

4.3 Effect of substrate temperature

Substrates are heated by the heating lamp behind the Tantalum stage during deposi-
tion. A set of NbO; samples were grown on (0001) sapphire substrates under different

temperatures with all other growth condition parameters remaining constant, as listed in

Table 4.3.
Deposition conditions S1 S2 S3 S4 S5
Substrate Temperature (°C) 350 400 450 500 550
Process Pressure (mTorr) 1.1 1.1 1.1 1.1 1.1
Ar/O, Mix Flow Rate (SCCM) 5.5 5.5 5.5 5.5 5.5
Positive Target Bias (V) 20 20 20 20 20
Negative Target Bias (V) 900 900 900 900 900
DC Pulse Frequency (kHz) 7143 7143 7143 7143 7143
Positive Duty Cycle (us) 3 3 3 3 3
Cathode Ar Flow Rate (SCCM) 10 10 10 10 10
Cathode Current (A) 7 7 7 7 7
Anode Ar Flow Rate (SCCM) 70 70 70 70 70
Anode Current (A) 6.8 6.8 6.8 6.8 6.8

Table 4.3: Deposition condition parameters of NbO; films, with substrate temperature
varying between 350 °C and 550 °C and other conditions remaining constant.

Raman spectra from 100 cm™! to 1000 cm™! and XRD 26-o scans from 35 ° to 43 ° of
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this set of samples are shown by Figure 4.7 (a) and (b), respectively. As is shown by the two
figures, NbO; films demonstrat little variation in phase composition and microstructures
within the investigated temperature range.

It is found that the measured XRD 20- profiles of NbO; films can be fitted by two
peaks overlapping with each other. The fitting on profile of S1 (films deposited at 350 °C)
is shown by Figure 4.7 (c) as an example. The tetragonal NbO, (440) peak can be fitted
by a broad peak with lower intensity and a much sharp peak with higher intensity. Some
samples in the set listed in Table 4.2 also demonstrated this type of XRD features (as is
shown in Figure 4.3 (a)). Similar deconvolution characteristics has also been observed for
epitaxial VO, films on sapphire (0001) substrates, and the broad and sharp peaks have been
attributed to the strained and defective interface layer and relaxed top layer with less defects
respectively. [100] Lattice parameters ar of tetragonal NbO, calculated based on the fitted
peak positions, as well as extracted values of full width at half maximum (FWHM) of the
broad and narrow peaks are plotted as function of heating temperature in Figure 4.7 (d) and

(e) respectively (red for broad peak and green for narrow peak).
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Figure 4.7: (a) Raman spectra and (b) XRD 20- scans of NbO; thin films deposited at
different temperatures; (c) Deconvolution of NbO, (440) peak of sample S1, which can
be fitted with two peaks; Deposition temperature dependence of (d) lattice parameter a of
tetragonal NbO» and (e) NbO; (440) 20 peak FWHM determined from two peak fitting on
XRD 20- profiles (red for broad peak and green for narrow peak).

Temperature dependence of film conductivity is shown in Figure 4.8 (a) and the activa-
tion energy of conduction obtained from Arrhenius fitting (not shown in Figure 4.8 (a)) is

plotted in Figure 4.8 (b) as a function of substrate heating temperature. Electrical transport
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properties demonstrate little variance with the substrate heating temperature, which is in
consistency with the characterization of microstructures. The observed consistency of film
quality suggests that under this combination of deposition condition parameters, structural

as well as transport properties of films are not dominated by substrate heating.

0.26

0.25

0.24: o
@ 023

0.22

0.21 ¢

L. : : ‘ : : 0.2
25 3 35 4 45 5 300 400 500 600

17T (1/K) x107 Substrate T (°C)
(a) (b)

Figure 4.8: (a) Temperature dependence of film conductivity of NbO, thin films on (0001)
deposited sapphire substrate at different temperatures; (b) Fitted activation energy as a
function of substrate temperature during deposition.

4.4 Optimized NbO, films

With the effect of Ar/O, flow rate and substrate heating on film quality being inves-
tigated, more comprehensive structural and transport characterization was conducted on
film deposited with these condition parameters being close to the optimal values (listed in
Table 4.4). Film deposited under these conditions demonstrated a growth rate of ~3.67

nm/min.
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Deposition conditions Parameter values
Substrate temperature (°C) 500

Process pressure (mTorr) 0.9

Ar/O, mix flow rate (SCCM) 5.5

Target potential bias (V) -900 and +20
DC pulse frequency (kHz) 71.43
Positive duty cycle (us) 3

Cathode Ar flow rate (SCCM) 10

Cathode current (A) 7

Anode Ar flow rate (SCCM) 70

Anode current (A) 6

Table 4.4: Deposition condition parameters for NbO, on (0001) sapphire substrate.

4.4.1 Structural properties

Figure 4.9 (a) shows the X-ray 20-m scan of the deposited NbO; thin film. The diffrac-
tion peaks from the film are observed at 26 = 37.18° and 26 = 79.21°. The peaks at 20
=41.63° and 20 = 90.65° correspond to (0006) plane and (00012) plane of sapphire sub-
strate, respectively. The thin film peaks correspond to (440) and (880) in tetragonal NbO»,
indicating the film is not only single phase but also highly textured. The lattice parame-
ter ar is calculated to be ~ 13.67 A based on the 20 value of diffraction peaks ((440) of
tetragonal NbO5). The lattice parameter is very close to that of single crystal NbO; (13.70
A) [16], implying that the film strain is fully relaxed. As is shown in the inset of Figure 4.9
(a), there are clear Kiessig fringes observed in the scan, which are indicative of the high
quality epitaxy of the NbO, film with abrupt interfaces, uniform thickness, and low defect
density.

To further characterize the crystallinity of the NbO, film, the rocking curves, i.e.,
o scans were measured for the (440) diffraction peak of tetragonal NbO, and (0006)
diffraction peak of sapphire substrate (Figure 4.9 (b)). Kiessig fringes can also be ob-
served in the rocking curve. The peaks have been fitted to extract the FWHM value.

The FWHM is 0.042° for (440) NbO, and 0.0093° for (0006) sapphire. The FWHM
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for NbO, peak is smaller compared with previous reported values on NbO, thin films.
FWHM of ~ 0.07° has been reported for (200) NbO;, (15 nm) grown on (111) single
crystal (La,Sr),(Al,Ta),Og substrate using molecular beam epitaxy [25], and FWHM of ~
0.18° has been reported for (440) NbO, grown on (0001) sapphire substrate using DC mag-
netron reactive sputtering [18]. The smaller FWHM here indicates that the defect density
is significantly reduced.

X-ray ¢ scans (Figure 4.9 (c)) were conducted on (400) NbO, diffraction peaks at 20
= 26° and = 45° and (0112) sapphire diffraction peaks at 20 = 25.5° and y = 12.8°.
The presence of six diffraction peaks from the (400) NbO, suggests that there are three
equivalent orientations in the basal plane. While the NbO; film has only one out-of-plane
orientation, three in-plane variants rotate 120° from each other in the basal plane. More-
over, as is shown in Figure 4.9 (c), the off-axis NbO, (400) peaks and sapphire (0112)
peaks are offset by 30°. The c-plane of sapphire has three-fold symmetry and the structure
of NbO, deposited on top is tetragonal. Therefore, the crystal of NbO, can have three
preferred in-plane orientations in accordance to film and substrate structures. Combining
the out-of-plane and in-plane XRD scans, the epitaxial relationship between the film and
substrate can be summarized as (001)(110)NbO,||(1010)(0001)Al,03. The schematic of
this orientational relation is illustrated in Figure 4.9 (d). In Figure 4.9 (d), the pseudo-rutile
unit cell of tetragonal NbO; is used. Lattice parameter a of pseudo-rutile NbO, (~ 4.84 A)

is close to a of sapphire (~ 4.76 A).
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Figure 4.9: (a) 26-m scan of NbO; thin film deposited on (0001) sapphire substrate, the
inset shows 20-m scan of (440) diffraction peak of tetragonal NbO;; (b) ® scan of (440)
diffraction peak of tetragonal NbO, and (0006) diffraction peak of sapphire substrate; (c)
In-plane ¢ scan of (400) diffraction peak (26 = 26° and y = 45°) of tetragonal NbO; (blue)
and (0112) diffraction peak (26 = 25.5° and ¥ = 12.8°) of sapphire substrate (red); (d)
Schematic representation of the epitaxial orientational relation between tetragonal NbO;
and sapphire substrate.

A 1x1 um?> AFM image of the NbO, film is shown in Figure 4.10. The film appears
to be very smooth, with a root mean square (RMS) of ~ 0.12 nm. There are no cracks or
pinholes observed in a 20x20 um? area (not shown here). The smooth morphology of the
film surface is due the fact that the substrate was directly exposed to the ion beam during the
deposition. The ion beam could provide additional kinetic energies for the adatoms on the
surface, which resulted in very smooth surface in crystallized oxide thin films. According

to the applied voltage of ion source, this additional kinetic energy was ~ 50 eV, which was
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not enough to cause sputtering of NbO; film but could modify the surface morphology.
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Figure 4.10: AFM image of NbO; thin film on (0001) sapphire substrate. The RMS surface
roughness is ~ 0.12 nm.

Figure 4.11 shows the Raman spectra of the optimized NbO, film from 100 cm~! to
1000 cm~!. The measured spectrum contains the background from the substrate (blue),
and the spectrum with the contribution from substrate subtracted (red) is also shown in
the figure. The Raman peaks agree well with the previous reports on the Raman spectra
of NbO» films. [24,26,27] No Raman shifts corresponding to Nb,Os [105, 106], which is
the most stable niobium oxide, are observed. The Raman spectrum indicates that the film

consist mainly the NbO; phase.
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Figure 4.11: Raman spectrum (top) of NbO; on (0001) sapphire substrate excited by a 514
nm laser source. The spectrum at the bottom is after subtracting the background of the
substrate.

Core level Nb 3d spectra and valence band density of states were measured using X-ray
Photoemission Spectroscopy (XPS) to characterize the oxidation state of the film surface
and near surface portions of the film by Ryan B. Come at Pacific Northwest National Lab-
oratory. Both of them are shown in Figure 4.12. Figure 4.12 (a) shows Nd 3d spectra
measured both before and after the sputter removal of surface carbon and oxide layers
formed in the ambient conditions. The primary peak between 207 eV and 208 eV corre-
sponds to Nb>*, and the smaller peak between 205 eV and 206 eV corresponds to Nb*+.

The depth dependent signal intensity is given by
1(z) = Ipe /™ (4.2)

where A is the electron inelastic mean free path, z is the depth in the sample, and I is
the emission intensity at zero depth. By employing the angle-dependent measurement, it
can be determined if the over-oxidation to Nb>* state is limited to the film surface. Based

on published values of Nb and sapphire at the relevant binding energies, the value of A is
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assumed to be 20 A. [107] By tilting the sample so that the photoelectron emission came
from a glancing angle of 20°, the total integrated probe depth for 95% of the signal is ~ 16
A. The Nb**t peaks are absent in spectrum measured at this glancing angle, indicating that
the film is over-oxidized at the surface in ambient conditions. The bulk of the film therefore
should have a significantly greater intensity of Nb**, and the surface is exclusively Nb>*
phase.

To characterize the film below the surface, the surface layer was removed using in-situ
ion beam sputtering with 500 eV Ar™ ions and the XPS measurements were repeated. The
peaks were fitted using a constrained model of the 3d°/% and 3d°/? peaks based on a 3:2
branching ratio between the spin-orbit split peaks. The Nb** peak is found to be 48%
of the overall signal, suggesting a significant amount of Nb>* remaining in the sample
after sputter cleaning. Tilting to 20° glancing angle again showed a reduction in the Nb**
peak intensity to nearly zero intensity. These results suggest that even in ultrahigh vacuum
conditions, the surface will readily oxidize to Nb>* by scavenging any available O, or H,O.
If we assume that the surface of the film is exclusively Nb>* for the first 13 A of depth after
sputtering and exclusively Nb** for lower depth, then the integrated relative intensities of
the Nb*+ and Nb>* peaks should be 48% and 52%, respectively. This indicates that an
~ 13 A thick layer of disordered Nb,Os is present on the surface even in extremely low
oxygen pressures. From this, it can be concluded that the bulk of the film is Nb**, but
the surface is highly unstable. Attempts to reduce the surface from Nb>* through in-situ
vacuum annealing did not succeed presumably due to greater reaction kinetics at high
temperatures with the scavenged O, and H,O molecules.

Valence band spectra shown in Figure 4.12 (b) confirm that there is significant intensity
of Nb 4d electrons at lower binding energies above the edge of the O 2p band, in agreement

with other works. [24]
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Figure 4.12: (a) (Top) Core level Nb 3d spectra obtained at incidence angle of 20° vs. 90°
and (Bottom) normal emission after sputter cleaning, the grazing incidence (20°) probes
exclusively the surface layer; (b) valence band XPS spectra of NbO, film on (0001) sap-
phire substrate. Courtesy of Ryan B. Comes from Pacific Northwest National Laboratory.

4.4.2 Transport properties

Temperature dependence of film resistivity between 180 K and 400 K is plotted in
Figure 4.13. Sample resistance below 180 K exceeded the limit of VersaLab system, there-
fore the film resistivity below this temperature was not available. Resistivity of the thin
film decreases from ~ 10° Q-cm to ~ 4 x 10~! Q.cm in this temperature range, which
is comparable to the reported values of thin film samples but much smaller than the re-

ported values of bulk NbO, especially the single crystal samples (~ 10* Q-cm at room
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temperature). (8,57, 60]
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Figure 4.13: Resistivity of NbO» film as a function of temperature from 180 K to 400 K.

Figure 4.14 shows the Arrhenius plot of film conductivity, and the fitting to determine
activation energy of conduction. The conductivity demonstrates Arrhenius dependence on
temperature near 400 K, with the activation energy being ~ 0.23 eV. As the temperature
decreases, deviation from the Arrhenius fitting occurs below ~ 270 K and increases as
temperature decreases more. The decrease of activation energy with temperature suggests

the contribution of VRH conduction via localized defect states.
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Figure 4.14: Arrhenius plot of film conductivity from 180 K to 400 K.
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According to Zabrodskii and Zinov’eva method introduced in Chapter 2, the In/M(T)]
vs. In(T) plot is shown in Figure 4.15. The slope near 400 K is close to 1, which agrees with
the linear fitting in Figure 4.14. As temperature decreases, the slope decreases gradually
and approaches 1/2 near 180 K, indicating that the contribution from VRH is close to the

Efros-Shklovskii type.

5.2 54 56 58
In(T)

Figure 4.15: Plot of In/M(T)] vs. In(T) for NbO; thin film.

Small polarons tend to form when charge carriers move slowly enough to cause distor-
tion of surrounding lattice. This criterion can be satisfied in non-crystalline solids, tran-
sitional metal or organic compounds, where slow carrier motion results from disorders
or narrow energy bands. [41] Early studies on single crystal NbO; have reported ther-
mally activated, adiabatic small polaron hopping (SPH) within temperature range ~ (200
- 450) K, with activation energy values being ~ (0.4 - 0.5) eV and differing along a and ¢
axis. [57,58] Here the measured ¢ vs. T data is fitted to the following equation describing

the adiabatic SPH conduction.

) (4.3)
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As is shown by Figure 4.16, the film conductivity data can be well reproduced by SPH
model (given by Eq. 4.3) in a range larger than 100 K below 400 K, with fitted activation
energy being ~ 0.26 eV. T ~ 270 K is labeled on the plot, and it is noticed that below this
temperature the conductivity data starts to deviate from the the SPH model. It is known
that a transition from SPH to VRH can be expected below approximately one-half of the
Debye temperature (®p/2), therefore ®p of the deposited NbO; films can be estimated as

~ 540 K. This estimated value is close to the reported value (598 K). [108]

8
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Figure 4.16: Temperature dependence of NbO, film conductivity fitted to Eq. 4.3.

However, the conductivity data alone is not sufficient to determine wether SPH con-
duction dominants within this temperature range. Other conduction mechanisms including
band conduction, hopping among localized band tail states by thermally activated carriers
can not be ruled out. Existence of hopping conduction can be supported by measure-
ments on temperature dependence of Seebeck coefficient. It is known that temperature
dependence of Seebeck coefficient S provides method to decouple carrier mobility from
the measured conductivity in terms of activation energy. [37,42] For the case of SPH, the

fitting of S vs. T data to Eq. 2.10 should give an activation energy which is for carrier
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generation and therefore smaller than the activation energy obtained from the conductivity
data. [38] However, such measurement on the NbO; film sample did not give reasonable
result, which could be due to the large sample resistance.

Efros-Shklovskii VRH describes conduction by carriers’ hopping between localized
defect states within the band gap. In Mott’s VRH model, the Coulomb interaction between
hopping sites is neglected and density of defect states near Fermi level is treated as a con-
stant. However for Efros-Shklovskii VRH model, a “Coulomb-gap” due to the interaction
is taken into account which results in a power law dependence of density of defect states

near Fermi level. Temperature dependence of conductivity for all dimensions is given by

Tes\i2 Bre?
G(T) = Go,ESexp[—(?) ], TES = 80&](3 (4.4)

in which B is a constant with a value of ~ 2.8, g is the static dielectric constant, § is the
localization length of the relevant electronic wave function. The most probable hopping
distance and the average hopping energy are given by

E)UZ lkBT(E)l/Z (4.5)

_ 1 -
Rhop,ES - ZE;( T ) Whop,ES = ) T

As is shown in Figure 4.17, the ¢ vs. T data is well reproduced by Efros-Shklovskii
VRH model from 180 K and the deviation occurs near ~ 270 K. The occurrence of devia-
tion agrees with the analysis using Zabrodskii and Zinov’eva method shown by Figure 4.14,
in which the slope starts to increase near ~ 275 K. The involved parameters are calculated

and listed in Table 4.5.
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Figure 4.17: Efros-Shklovskii VRH plot of NbO; film conductivity and corresponding
linear fitting.

6()7ES(£271 i Cmil) T];}Sz(Kl/z) Q(A) Rhop,ES/a Whop,ES/kBT
6.4 x107 332.2 6 83/T!/2 166/T1/2

Table 4.5: Values of relevant conduction parameters for NbO, film obtained by fitting ¢
vs. T data to Efros-Shklovskii VRH model.

For the Efros-Shklovskii VRH model to be applicable in the sample, the following

criteria need to be satisfied. [48]

Rhop,ES/& > 17 d> Rhop,ESH Whop,ES > kBT7 (46)

d is the thickness of the sample. Based the conduction parameters in Table 4.5, it can be
seen that the above criteria are satisfied. Therefore, electrical transport within this temper-
ature range (180 K to ~ 270 K) is mainly mediated by the Efros-Shklovskii VRH.

VRH applies for insulating or amorphous materials where the amount of free carriers

is smaller, and the conduction is mainly conducted by carriers hopping among states rising
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from defects, impurities and other trapping centers. For the case of crystalline semicon-
ductors, VRH can also dominate at low temperature when free carriers with high mobility
are frozen out. [39] Similar conduction characteristics has been reported for BiVO4 sam-
ples, where the dominating conduction process transited from SPH to ES-VRH below ~
250 K. The transition to ES-VRH process was assigned to the freezing out of higher tem-
perature multi-phonon process and the onset of high energy tunneling transfer between
cations. [38,41,109]

Moreover, since the fitting analysis is made with only one conducting process being
taken into account while in reality more than one conduction processes can exist at certain
temperature, the small localization length and the larger fitted exponential dependence p

(0.65 vs. 0.5) could be related to the contribution from other conduction processes.

4.5 Summary

To summarize, synthesis of epitaxial NbO, films on (0001) sapphire substrates has
been studied by RBTIBD technique. Under investigated growth conditions, film property
was found to be sensitive to the Ar/O, mixture flow rate, which had a direct effect on Nb/O
stoichiometry. Meanwhile, substrate temperature played an much less important role in
affecting film quality in the studied range (350 °C to 550 °C).

For the film deposited under optimized conditions, no secondary phase was detected
by XRD scan or Raman spectrum. The film was highly textured with the only out-of-plane
reflection being (110) of tetragonal NbO,, and the epitaxial orientation relationship be-
tween the film and substrate was found to be (001)(110)NbO;||(1010)(0001)Al,03. The
film also exhibited high crystallinity and smooth surface. The oxidation state of Nb**

was further confirmed by XPS, and the presence of a thin Nb,Os layer at film surface was

observed due to the exposure to ambient environment. Temperature dependence of con-
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ductivity was studied between 180 K and 400 K. Analysis on the measured data suggested
that the conduction was dominated by Efros-Shklovskii VRH at lower temperature, while
the characteristics at higher temperature can be described by small polaron hopping but

needs further confirmation.



Chapter 5

Substitutionally alloyed V,Nb;_,O, films

5.1 Introduction

NbO; forms mixed oxides with a variety of transition metal dioxides, and cation sub-
stitution results in modification of structural as well as transport properties. [110-112]
Among the transition metals that can be incorporated into NbO,, vanadium is of particular
interest due to the similarities between NbO, and VO,. Being formed by transition metals
in the same column of periodic table, NbO, and VO, share similarities in many aspects.
Both of them have one d valence electron that is not engaged in metal-oxygen bonding,
and undergo transitions in transport properties as well as crystal structures at certain tem-
peratures. Compared with that of NbO,, the transition of VO, is more abrupt with larger
jump in resistivity (as high as ~ 10° times in single crystal VO, vs. ~ 10! times in NbO,)
and occurs at lower temperature (340 K vs. 1081 K). [62, 113] As for lattice structure,
both of them adapt distorted rutile structures with metal-metal parings along c-axis below
transition temperatures.

It has been shown that RBTIBD technique is able to prepare highly pure NbO, and VO,
thin films. [91, 114] Moreover, the capacity of co-sputtering of this technique allows for
exploration of the alloyed V,Nb;_,O; system. This chapter demonstrates synthesis of (Nb-

rich) V,Nb;_,O; thin films on (0001) sapphire substrates. The approaches of composition

72
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control using RBTIBD technique are explored. The modification effect of V substitution

on microstructures and transport properties of NbO; is discussed.

5.2 Experimental

5.2.1 Concentration control and estimation

As is introduced in Chapter 3, pulsed DC bias mode of RBTIBD is used for depositions
in this study, and sputtering of target material occurs when the target is negatively biased.
When co-sputtering more than one targets (up to three), the frequency and positive/negative
pulse width of the applied bias to each target are controlled individually. Sputtering rate of
target material can be adjusted by tuning the pulse width and/or frequency of applied bias.

Nb and V films were deposited with negative bias current (/y,,) being tuned by negative
pulse width (wye) and other conditions remaining constant (listed in Table 5.1). Pulse
frequency was fixed at f = 71.43 kHz, which is the frequency used for all depositions of
this dissertation work. As is shown by Figure 5.1, growth rates of metal films demonstrated

linear dependence on wye,.

Deposition conditions Parameter values
Substrate temperature (°C) No heating
Process pressure (mTorr) 0.9

Target potential bias (V) -900 and +20
DC pulse frequency (kHz) 71.43

Cathode Ar flow rate (SCCM) 10

Cathode current (A) 7

Anode Ar flow rate (SCCM) 70

Anode current (A) 6.5

Table 5.1: Deposition condition parameters for growth rate calibration of Nb and V films.
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Figure 5.1: Dependence of Nb and V film growth rates on wy,, at pulse frequency f =
71.43 kHz.

For the synthesis of alloyed films in this chapter, Nb and V target were both biased
during deposition, with fixed pulse frequency and different wy,,. Growth rates calibrated
in Figure 5.1 were used as indicators of target sputtering rates, which were used to estimate

the V content in chamber (V %,;,).

GRy
VPrh = ———77 5.1
Och GRy + GRy,, (5.1)

where GR is the growth rate of metal film (in nm/min) at certain target bias conditions
(calibrated in Figure 5.1).

Growth of both NbO; and VO, films on (0001) sapphire substrates has been explored
by RBTIBD. It is found that films with high purity of tetragonal NbO; phase and mono-
clinic VO, phase could be obtained under similar deposition conditions. As is shown by
Figure 5.2, being deposited under growth conditions listed in Table 5.2, both NbO, and
VO, films are highly textured, with the out-of-plane orientations being (440) of tetragonal
NbO; and (020) of monoclinic VO,, respectively. The growth rate of NbO; film (~ 3.3

nm/min) is about 4 times of the growth rate of VO; film (~ 0.8 nm/min).
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Deposition conditions

Parameter values

Substrate temperature (°C)
Process pressure (mTorr)
Ar/O, mix flow rate (SCCM)
Target potential bias (V)

DC pulse frequency (kHz)
Positive duty cycle (us)
Cathode Ar flow rate (SCCM)
Cathode current (A)

Anode Ar flow rate (SCCM)
Anode current (A)

450

0.9

6

-900 and +20
71.43

3

10

7

70

6.5

Table 5.2: Deposition condition parameters for NbO;, and VO, films on sapphire (0001)

1000

substrates.
(0006) —VO,  (00012) ' 1sg —Vo,
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T-NbO,
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T-NbO,
(020)
M-VO,
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Figure 5.2: (a) 26-m scans and (b) Raman spectra of NbO, and VO, films on (0001)
sapphire substrates.

The growth rates of NbO; and VO, films are compared in another way by considering

the rates of incorporating metal into the films

r'NbO, -

GRwbo, - Nnvo, - Vucvo,

(5.2)

o, GRyo, *Nvo, - Vuc.nbo2

where GR is the film growth rate in nm/min, N is the number of formulas in the unit cell
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(32 for NbO, and 4 for VO,), V¢ is the volume of the unit cell (1122 A3 for NbO, and
118 A3 for VO,). The ratio is calculated to be ~ 3.4.

To assist the understanding on synthesis process, two parameters characterizing the V
content are defined. One is the V content in chamber (V %,;,) defined by Eq. 5.1, the other
is the estimated V content in deposited film (V %¢.), defined by taking the ratio calculated

by Eq. 5.2 as a correction factor.

GRy
V%;, = 53
°f¢™ GRy + GRyp, x 3.4 (5-3)

5.2.2 Film growth

To obtain V,Nb;_,O; films with variation in concentration of V, films were deposited
with sputtering rate of Nb and V targets being tuned by pulse width while keeping pulse
frequency fixed at 71.43 kHz. During the deposition, sputtering rate of Nb target was fixed,
while sputtering rate of V target was varied by the pulse width. Deposition conditions are
listed in Table 5.3. (Approach of keeping the total sputtering rate of two targets constant
and varying the sputtering rates of both Nb and V targets was also tested, which resulted

in films containing over-oxidized phases.)
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Deposition conditions S1 S2 S3 S4 S5
Ar/O, Mix Flow Rate (SCCM) 6 6 6 6 6
Process Pressure (mTorr) 0.85 0.85 0.83 0.84 0.83
Substrate Temperature (°C) 450 450 450 450 450
DC Pulse Frequency to Nb Target (kHz) 71.43 7143 7143 7143 7143
Positive Duty Cycle to Nb target (us) 3 3 3 3 3
Negative Duty Cycle to Nb target (us) 11 11 11 11 11
DC Pulse Frequency to V Target (kHz) —— 7143 7143 7143 7143
Positive Duty Cycle to V target (us) — 12 9 6 3
Negative Duty Cycle to V target (us) — 2 5 8 11
Positive Target Bias (V) 20 20 20 20 20
Negative Target Bias (V) 900 900 900 900 900
Cathode Ar Flow Rate (SCCM) 10 10 10 10 10
Cathode Current (A) 7 7 7 7 7
Anode Ar Flow Rate (SCCM) 70 70 70 70 70
Anode Current (A) 6.7 6.7 6.7 6.7 6.7

Table 5.3: Deposition condition parameters of V,Nb;_,O; films with variation in V con-
centration.

All films were deposited for 30 min. Film thickness was measured by XRR, and real V
content (V % s,) was characterized using Rutherford backscattering (RBS) by collaborators
Ryan. B. Comes and Tamara F Isaace-Smith from Auburn University. These two parame-
ters are listed in Table 5.4, together with the V content in chamber V%, and estimated V

content in film V% ., calculated by Eq. 5.1 and Eq. 5.3, respectively.

Sample S1 S2 S3 S4 S5
Film thickness (nm) 106.5 107.3 1139 141.5 197.2
V., 0% 214% 34.0% 43.0% 49.7%
V% 0% 7.2% 13.3% 182% 22.5%
V%, 0% 5.6% 8% 27% 45%

Table 5.4: Film thickness and V concentration of V,Nb;_,O; films. (V%¢,: Courtesy of
Ryan. B. Comes and Tamara F Isaace-Smith from Auburn University.)
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5.3 Structural properties of V,.Nb;_,O; films

Due to the instability of 4d electrons of Nb compared to the 3d electron sof V, it is
possible that the following reaction occurs when V is incorporated into NbO» film, which
was proposed in some early studies on bulk V,Nbj_,0O> (polycrystalline samples). [115-
117]

Nb* T+ V4 = Np T VT (5.4)

As is shown by Table 5.5, the sizes of Nb>T and V37 ions are closer to that of Nb*+
ions. Therefore formation of Nb>* and V3 will results in smaller local lattice distortion

than V4 and more favorable if only considering the size effect.

Charge Coordination Ionic radius A)

Nb 4 6 0.68
5 6 0.64
vV 4 6 0.58
3 6 0.64

Table 5.5: Ion sizes of Nb and V. [103]

5.3.1 Phase composition

Raman spectra of the V,Nb;_,O, films were measured between 100 cm~! and 1000
cm~!, which are plotted in Figure 5.3. Raman spectrum of pure VO, films is also included
in the figure for reference. With the increase of V content, the observed variation of the
Raman features includes continuous depression of peaks around 158 cm~! and 187 cm ™!,
strengthening of the peak around 765 cm ™!, and shifts of bands near 345 cm~! and 392

cm~! (as shown in Figure 5.3 (b)).
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Figure 5.3: (a) Raman spectra of V,Nb;_,O; films with different V concentration; (b)
Raman shifts (of the bands near 345 cm~! and 392 cm ™) as functions of V concentration
(for samples S1-S4).

Since studies on Raman spectrum of NbO; films are still limited, lattice structure and
Raman spectrum of NbO, are compared with those of VO, to understand the observed
variation in Raman features. Both dioxides adapt distorted rutile structures with MOg
octahedra linked together and metal ions paired along c-axis. The reported Raman spectra
of NbO; and VO, films share many similar features. [27,118]

For VO, there are two groups of Raman bands the assignment of which to the vibration
modes are generally accepted. One is the Raman bands at low frequencies (refer to bands
at 194 cm™! and 225 em™! in Figure 5.2 (b)), which are assigned to the V ion motions
in the dimerized chains. The other is the band at ~ 620 c¢m~!, which is ascribed to the
symmetric stretching mode of the basal oxygen ions within the VOg octahedra. [119, 120]

Taking into account the larger size of Nb ions and longer Nb-Nb distances, it is deduced
that the Raman bands at low frequency (158 cm ™! and 187 cm™!) are related to the Nb-Nb
motions in Nb chains. Along this line of reasoning, the suppression of these two Raman

bands corresponds to the dissociation of Nb-Nb bonds and symmetry breaking due to the V
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substitution, indicating a transition from the distorted rutile lattice to the basic rutile lattice
as V concentration increased.

Studies on Raman scattering of various niobium oxides demonstrates that the Raman
bands at high frequencies can be assigned to the internal modes of the NbOg octahe-
dra. [121, 122] Due to the large binding forces, the internal vibration modes within NbOg
occur at much higher frequencies than the external modes, being close to the free-ion
modes. Among the various Raman modes, the one corresponding to the symmetric Nb-O
stretching is the most diagnostic one in oxide systems, which is found to be sensitive to
the ordering and had low or no intensity in disordered systems. [121] This Nb-O stretch-
ing band has frequencies between 700 cm ™! - 1000 cm ™!, and the variation in frequency
is related to the different length of Nb-O bands in edge-sharing or corner-sharing NbOg.
However, study or analysis on the frequency of this mode in NbO; was not found. As a
reference, B-Nb,>Os5 also consists of chains of NbOg octahedra and the Nb-O distances in
B-Nb,0j5 are close to those in NbO; (1.8 A - 2.2 A for B-Nb,Os [121] vs. 1.91 4 - 2.25
A for NbO; [16, 19]). The Nb-O stretching Raman band of B-Nb,Os exhibits frequency
of 760 cm™!. Therefore the Raman bands between 750 cm™! - 900 cm ™! in the measured
Raman spectra are ascribed to the Nb-O vibration modes within the NbOg octahedra. Since
it has been suggested by the bands at low frequency that the lattice distortion of tetragonal
NbO; decreases with the increase of V content, the changes in Raman features within this
frequency range could be attributed to more identical metal-oxygen bond lengths within
the octahedra and changes in metal-oxygen interaction strength.

As has been discussed in Chapter 4, Raman bands near 345 cm! and 392 cm™! are
likely related to different bending modes of Nb-O vibration within NbOg octahedra. There-
fore shifts of Raman bands could result from changes in metal-oxygen bond lengths or

interatomic force constants caused by V substitution.
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5.3.2 Microstructures

Figure 5.4 (a) shows X-ray 20-® scans on V,Nb;_,O, samples in a wide range from
20° to 100°. For all samples, 26-m scans demonstrate two diffraction peaks from film,
with the 20 positions being close to (440) and (880) diffractions of tetragonal NbO; or
(200) and (400) diffractions of rutile NbO,. Examples of X-ray ¢ scans at 20 = 26°
and x = 45°, which correspond to (440) of tetragonal NbO, or (110) of rutile NbOs,,
are shown in Figure 5.4 (b) and (c) for samples S4 and S5, respectively. Combin-
ing with ¢ scans of (0112) sapphire diffraction peaks, the orientation relation between
film and substrate can be expressed as (001)(110)V,Nby_,O,(T)|[{1010)(0001)Al,03 or
(001)(100)V,Nb;_,O2(R)||{1010)(0001)Al,05.

(0006) (00012) A0, S4, 27%V
ALO,

(01-12)

(880)/(400) .

V.Nb, O,

(400) /(110),

S4, 27%\V

0 100 200 300

¢ (°)

S3, 8%V (b)
(01-12) ALO, S5, 45%V

S2, 5.6%V

(400) /(110),
Vbe 1')(02

20 40 60 80 100
29(°) 0 100 200 300

(a) “©

Figure 5.4: (a) 20-m scans from 20° to 100° of V,Nb;_,O, samples with different V
concentration; In-plane ¢ scans of (b) sample S4 (27%V) and (c) sample S5 (45%V),
including diffraction peaks (blue) obtained at 20 = 26° and y, = 45° which correspond to
(440) of tetragonal NbO, or (110) of rutile NbO,, and diffraction peaks (red) obtained at
20 =25.5° and = 12.8° which correspond to (0112) of sapphire substrate.

For more precise characterization, X-ray 26-® scans were performed from 35° to 43°
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with a finer step (0.01°). As is shown by Figure 5.5 (a), except for S5 with 45%V, scans
on all other samples demonstrate clear Kiessig fringes, indicating high crystallinity and
homogeneity of these four samples.

The shoulder of X-ray 20-m profile of S5 was further investigated by conducting recip-
rocal space mapping (RMS) on the (440)7/(200)g reflection, which is shown by Figure 5.5
(b). Since there is only one peak spreading along Qx axis, it is not likely that there are two
separated diffraction peaks. The shoulder of XRD profile could be an indicator of variation

in lattice parameter due to uneven strain or variation in oxygen content.

(0006)
(44O)T/(200)R ALO,
V.Nb, O
x o 1-x2
S5, 45%V
| S4, 27%V
S3, 8%V
S2, 5.6%V
S1, NbO2
36 38 40 42

26 (°)

(a)

Figure 5.5: (a) 20-m scans from 35° to 43° of V,Nb;_,0, samples with different V con-
centration; (b) RMS on reflection peak at 20 ~ 38° of sample S5 (45%V); (c) Cut line
profile corresponding to the line in (b).

With the increase of V content, diffraction peaks of films shift to larger 20 values,
corresponding to a decrease in lattice constant. Lattice constants are extracted from profiles
in Figure 5.5 (a) and plotted as a function of V concentration in Figure 5.6. (440) diffraction
of tetragonal NbO, lattice corresponds to the (200) diffraction of the basic rutile lattice.

For pure NbO,, the lattice constant of tetragonal phase (ar = 13.702 A) is very close
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to the value calculated by the relations between the tetragonal unit cell and rutile unit
cell (ay = 2\/§aR = 2\/5-4.846 A =13.706 A). Therefore the lattice distortion at phase
transition does not cause much change along a-axis. Lattice parameter a of the rutile
lattice (ag) is calculated and compared for all samples. As is shown by Figure 5.6, ag
of V,Nb;_,0O; films decreases monotonically with the increase of V concentration, which
could be attributed to the smaller sizes of V** ions (or Nb>T and V3 ions).

Moreover, ag of pure VO is also included in Figure 5.6, which is estimated according
to the structural transition relation ag =~ by;. [123] Considering the lattice distortion upon
transition (ag = 4.555 A and by = 4.538 A for bulk VO, [124]), the lattice parameter of
deposited monoclinic VO, film is corrected by factor r = agr(Bulk VO,)/by;(Bulk VO,).
The black straight line represents fitting of ag values of pure NbO, and VO, to Vegard’s

law as a reference.

O 02 04 06 08 1
X

Figure 5.6: Variation of lattice constant ag with V concentration, the solid line of Vegard’s
law is determined by lattice parameters of pure NbO, and VO,.
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5.3.3 Surface morphology

Surface morphology of V,Nb;_,O; films was characterized by AFM. Surface rough-

ness RMS obtained from the 1 um x 1 um images are listed in Table 5.6.

Sample S1 S2 S3 S4 S5
RSM (nm) 034 0.19 030 024 141

Table 5.6: Surface roughness of V,Nb;_,O, films with different V concentration.

For sample with low V content (S2 with 5.6% V and S3 with 8% V), film surface is
smooth and the morphology is similar to that of pure NbO,, as is shown by the comparison
of I um X 1 um images in Figure 5.7. Combining with the observation of Nb-Nb vibration
features in Raman spectra, it is deduced that for these two samples the film lattice still

maintains the same distorted rutile structure as tetragonal NbO».

1.76 nm [ 3.05nm

0.0

Figure 5.7: AFM images of selected V,Nb;_,O, films with different V concentration (S1
to S3).

For S4, while the film surface still shows similar morphology, small islands with ~ 2
nm heights start to show up as is shown by Figure 5.8 (a), indicating formation of a new
phase. Taking into account the homogeneity indicated by the X-ray 20-® scan of S4, the
amount of formed new phase should be small. With further increase of V concentration, for
S5 the surface morphology is distinct from those of the other four samples. Comparing the

surface profiles along the white lines labeled in the images of these two samples, it is found
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that the grain sizes and heights are close. The variation from S4 to S5 can be explained by
formation of a new phase with the increase of V content in the films. Combining with the

measured Raman spectra, the new phase could be V,Nb;_,O, with regular rutile lattice.
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Figure 5.8: AFM images and line scans of V,Nb;_,O; samples (a) S4 and (b) S5.

Summarizing briefly, characterization of structural properties of the V,Nb;_,O, films
suggests that the substitution of V ions break the Nb-Nb bonds along c-axis. With the in-
crease of V content, the lattice distortion decreases and finally the superstructure of tetrag-
onal NbO; collapses into the regular rutile structure.

The comparison of V content values obtained by different methods listed in Table 5.4
also provides some information on the growth mechanism and phase composition of the
films. For S2 and S3 with relatively low V concentration, the film still adapts the dis-
torted rutile structure of tetragonal NbO;. The film growth rates are close to that of pure
NbO; and real V concentration values (V % y,) are close to those estimated from the growth

rates of distorted rutile phases (V% /). The real V content in film is much lower than the
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V concentration in chamber (V %,;,), which indicates the difficulty of V substitution into
tetragonal NbO, lattice due to repulsion from size effect and breaking of tetragonal sym-
metry. For S5 when the concentration of V ions in chamber is about 50%, the real V
content in film is close to the V concentration in chamber, which is much higher than the
value estimated based on growth rates of distorted rutile phases. This can be understood
as an indicator of the formation of a different phase (regular rutile phase), for which Nb
and V ions are incorporated at similar rates. As for S4, the real V content is between the V
content in chamber and estimated V content in film. It is speculated that the distorted rutile
lattice is not yet completely destroyed in the film, and the film still contains short-range
ordering of the tetragonal NbO; lattice. This hypothesis agrees with the observed features

of Raman spectrum and AFM image of S4.

5.4 Transport properties of V,Nb,_,O, films

Film conductivity as a function of temperature has been measured between 150 K and
400 K, which is shown by the Arrhenius plots in Figure 5.9 (a). For S1 and S2, sam-
ple resistance exceeded compliance of VersalLab system near 150 K and film conductivity
data was not available. With the increase of V content, film conductivity increased mono-
tonically. Activation energy determined by Arrhenius fitting is plotted as a function of V

concentration in Figure 5.9 (b).
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Figure 5.9: (a) Arrhenius plots of film conductivity of V,Nb;_,O, samples; (b) Activation
energy as a function of V concentration .

Based on the structural characterization, the tetragonal symmetry resulted from the
Nb-Nb dimers is still maintained in sample S1, S2 and S3. With the increase of V content,
film lattice of the three samples become increasingly (long-range) disordered due to the
dissociation of Nb-Nb pairs. While the splitting feature of ¢ bands can still be maintained
by the short-range ordering of Nb-Nb bonds, the amount of band tail states beyond the
mobility edge might increase due to the disordering. Moreover, possible formation of Nb>*+
and V31 could result in donor (related to V371) and acceptor (related to Nb 1) states within
the band gap. Both effects could result in decrease of activation energy of conduction (with
the increase of V concentration), which is demonstrated by the plots of these three samples.

For the other two samples (S4 and S5) with much higher V concentration, the tetragonal
symmetry is depressed significantly, and lattice adapts regular rutile structure partially or
completely. Thanks to the low resistance of these two samples, temperature dependence of
Seebeck coefficient § was able to be measured. (Data on other samples were not available

due to the large sample resistance, which was beyond the capacity range of the thermal
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transport option of PPMS.) As is shown by Figure 5.10 (a), Seebeck coefficients of these
two samples demonstrated different temperature dependent characteristics. For S4, the
magnitude of S increases with the decrease of temperature above ~ 300 K, and the fitting
to Eq. 2.10 to determine the activation energy is shown in the inset. For S4 at lower
temperature and S5 within the whole investigated temperature range, the magnitude of S
increases with temperature, which agrees with the characteristics of S for variable range
hopping among states near Fermi level.

Figure 5.10 (b) shows the temperature-dependent conductivity of the two samples plot-
ted and fitted according to the Efros-Shklovskii VRH model. The conductivity data of S5
can be reproduced by the linear fitting very well within the whole temperature range while
deviation from linear fitting is observed for S4 above ~ 300 K, which agrees with what
had been suggested by temperature dependence of S. The dominance of variable range
hopping indicates that states in bands are localized. The localization can result from the
randomness caused by cation substitution and increased electron-electron correlation due
to stronger Coulomb interaction of V 3d electrons. On the other hand, Ar/O, 80/20 mixture
flow rate was kept constant for depositions of all samples, oxygen-deficient defects are also
possible to result in conductivity increase, therefore the effect of non-stoichiometry needs

to be investigated systematically.
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Figure 5.10: (a) Temperature dependence of Seebeck coefficient S and (b) Plots of Efros-
Shklovskii VRH and corresponding fitting of sample S4 and S5.

5.5 Summary

To summarize, substitutionally alloyed Nb-rich V,Nb;_,O, films has been deposited
on (0001) sapphire substrates, and modification effect of V substitution on structural and
transport properties has been characterized. Nb and V targets were co-sputtered at same
pulse frequency during the deposition, and the Nb/V ratio was varied by changing the sput-
tering rate of V target through pulse width while keeping the sputtering rate of Nb target
constant. Structural characterization indicated that with the increase of V content, Nb-Nb
bonds dissociated, leading to the gradual disappear of tetragonal symmetry (distortion of
rutile lattice). V substitution also led to increase of film conductivity, which was possibly
due to collapse of d band splitting and formation of localized defect states within band
gap. However, further study is needed to separate the effect of oxygen stoichiometry before
more conclusion can be made.

From the samples investigated in this chapter, it can be concluded that with V concen-
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tration below 8%, the distorted rutile lattice of tetragonal NbO, could still be maintained.
With further increase of V content, the dominating phase in deposited films transited from
tetragonal phase to rutile phase, resulting in change in the incorporation rate of V. There
was a large concentration gap between S3 (8% V) and S4 (27% V), with detailed infor-
mation on the properties variation missing. Therefore further study with finer steps of

concentration variation is needed.



Chapter 6

MIT under electric field

6.1 Introduction

MIT of NbO, under electric field, which occurs as a rapid and reversible switching be-
tween a high resistance state and a low resistance state controlled by applied electric field,
has received increasing attention in recent years. This property has potential application
in selecting devices in resistive random access memories (ReRAM) to minimize the sneak
leakage current, and the high transition temperature of thermally induced MIT (1081 K)
makes NbO, more appealing in circuit application. [12—15] The capacity of synthesizing
high quality NbO; films by RBTIBD has been demonstrated in Chapter 4. In this Chapter,
MIT under electric field in devices based on the synthesized NbO, films, both at room
temperature and elevated temperatures, has been studied. Being aware of the spontaneous
formation of Nb,Os at film surface, devices are designed to minimize the existence of

Nb,Os, and possible effect of Nb,Os are investigated.

6.2 NbO,-based vertical devices

Characterization of MIT under electric field was performed by running voltage or cur-

rent sweeps through the NbO» film vertically. Structures of the investigated vertical devices

91
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and fabrication process are described in Chapter 3. The conducting TiN layer which was
pre-coated on the (100) Si substrate served as the bottom. The Nb layer which was fabri-
cated into the top electrodes was deposited on NbO, film prior to air exposure, to prevent
the spontaneous formation of Nb,Os. To better understand the effect caused by the exis-
tence of NbyOs5, measurements were also conducted by probing the tungsten tip directly on
the uncovered NbO; film. Comparison of these two structures is illustrated in Figure 6.1.
In the investigated devices, the thickness of the pre-coated TiN film, deposited NbO; film

and Nb film were ~ 57 nm, ~ 104 nm, and ~ 100 nm, respectively.

-%o '"‘ NboO, '“‘
TN J TiN j

Si (100) Si (100)

(a) (b)

Figure 6.1: Schematic illustration of (a) Nb/NbO,/TiN vertical device and (b)
tip/NbO,/TiN vertical device.

NbO; thin film in the vertical devices was deposited under conditions listed in Ta-
ble 6.1. NbO; film deposited on TiN/Si(100) under this condition without Nb cap was
characterized by XRD, Raman and XPS to check the quality of the film (Figure 6.2). As
shown in Figure 6.2 (a) and (b), in XRD 26-m scan only diffraction peaks from tetragonal
NbO, are observed besides the peaks from substrate, and the Raman spectrum does not
show any Raman shifts corresponding to other sub-oxides of Nb [24,27], indicating pre-
dominant existence of NbO; phase. Core level Nb 3d spectra were measured (by Ryan B.
Come at Pacific Northwest Laboratory) and analyzed in the same way as for the NbO, film

on sapphire substrate described in Chapter 4. Figure 6.2 (c) shows the spectrum measured
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with the photoelectron emission normal to the film surface. The primary peaks correspond
to Nb>* and Nb**, and no Nb>* peaks are observed. Figure 6.2 (d) shows the comparison
between the spectra obtained with photoelectron emission coming at normal angle (90°)
and with a grazing angle (20°). The Nb** peaks are considerably depressed in the spec-
trum measured with a grazing angle, indicating that the film surface was over oxidized to

Nb’* state and therefore intensity of Nb** state should be significantly higher in the bulk

of the film.
Deposition conditions Parameter values
Substrate temperature 500 °C
Process pressure 1.3 x 1073 Torr
Ar/O, mix flow rate 5.5 SCCM
Target potential bias -900 V and +20 V
DC pulse frequency 71.43 KHz
Positive duty cycle 3 us

Cathode Ar flow rate and current 10 SCCM and 7A
Anode Ar flow rate and current 70 SCCM and 6.5 A

Table 6.1: Deposition conditions of NbO, on TiN/Si(100) substrate.



Chapter 6. MIT under electric field 94

(004)
—NbO/TiN/Si Si
—TiN/Si
(440)

Intensity (a.u.)
Intensity (a.u.)

20 30 40 5 60 70 8 O 200 400 600 800
20 (°) Raman shift (cm™)
(a) (b)
~ Normal
Q@ » Grazing
*
— — it %'V&
=] = iyt
© © . - %
~ ~ .3 * *
z z £«‘4‘ N
2 2 4 Y
(O] [0} *
< £ \
L—
215 210 205 200 215 210 205 200
Binding energy (eV) Binding energy (eV)
(c) (d)

Figure 6.2: (a) XRD 20-m scans of NbO, films deposited on TiN/Si(100) substrate (top)
and TiN/Si(100) substrate (bottom); (b) Raman spectrum of NbO; film excited by a 514
nm light. (c) Core level Nb 3d spectrum of NbO, film with normal photoelectron inci-
dence; (d) Normalized core level Nb 3d spectra of NbO, film obtained at incident angle
90° (Normal) Vs 20° (Grazing). ((c) and (d): Courtesy of Ryan B. Comes from Pacific
Northwest National Laboratory.)

6.3 MIT characteristics under electric field

6.3.1 Unipolar threshold switching characteristics

At room temperature, pulsed voltage and current sweeps were conducted under both
polarities of electric bias. It is defined that current flows from top electrode (Nb) to the

bottom electrode (TiN) for positive bias and the opposite way for negative bias.
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Figure 6.3 (a) shows typical current-voltage (I-V) characteristics of a Nb/NbO,/TiN
vertical device during voltage sweeps. The dimension of top electrode of the measured

device is 30 yum x 50 ym.
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Figure 6.3: (a) Current-voltage (I-V) characteristics of a 30 um x 50 um Nb/NbO,/TiN
device; Corresponding (b) resistance-voltage (R-V) and (c) dV/dI-voltage (dV/dI-V) char-
acteristics, data beyond Vr7j,.sn014 NOt available because current hit the compliance.

During the upward voltage sweep, current through the device underwent a sudden jump
from ~ 0.055 mA to the preset compliance value (3 mA) at a threshold voltage (V7presnold)
of ~ 0.78 V, corresponding to a drop in resistance from 1.4 x 10* Q to 265 Q. The
decrease of resistance is ~ 50 times across the abrupt switch at Vyjesnord, and ~ 200
times across the entire voltage sweep. Assuming that the voltage was applied across the
entire thickness of NbO; film and neglecting all series resistance, the value of threshold
electric field (Ezpesnoia) Was calculated to be ~ 7.5 x 10* V/em.

When the applied voltage was swept downwards, the low resistance state relapsed to
the initial high resistance state once the voltage was reduced below V7p,esn014- Therefore,

the MIT under electric field has threshold switching characteristics, for which only the
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high resistance state is stable under zero electric bias and the low resistance state is only
stable under electric bias above certain value. Switches between high resistance state and
low resistance state occurred at similar voltages in upward and downward sweeps, giving
rise to a minimal hysteresis. This phenomenon is different from some previous studies in
which consistent hysteresis loops were observed between upward and downward voltage
sweeps. [23, 125, 126] Moreover, symmetric switching behaviors were observed when the
voltage sweeps were repeated under opposite polarity of bias, indicating unipolar nature of

the MIT.

6.3.2 Repeatability

Multiple successive ramps of voltage and current were applied through the
Nb/NbO,/TiN devices to further characterize the repeatability and consistency of MIT.
Examples of 100 consecutive cycles of voltage source and current source sweeps through
a 30 um x 50 um device are shown in Figure 6.4 (a) and (b), respectively.

100 0.7 100

180

Figure 6.4: (a) Current-voltage (I-V) characteristics of of 100 consecutive voltage source
sweeps through a 30 um x 50 um Nb/NbO,/TiN device. The inset shows corresponding
resistance-voltage (R-V) characteristics, resistance beyond V7p,esn014 NOt available because
current hit the compliance; (b)Voltage-current (V-I) characteristics of 100 consecutive cur-
rent source sweeps through a 30 um x 50 um Nb/NbO,/TiN device. The inset shows
corresponding resistance-current (R-I) characteristics.
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It is shown that the MIT characteristics was reliably reproducible through the 100 cy-
cles. Meanwhile, some changes in the MIT characteristics are also noticed. In both voltage
and current source sweeps, device resistance at high resistance state increased over the cy-
cles of sweeps. For example, during the 100 times of current sweeps, device resistance at
the beginning of sweeps increased from 1.7 x 10* Q to 2.7 x 10* Q. For voltage source
sweeps the Vrpresnola increased slightly and the transitions became increasingly abrupt
with the increase of sweep cycles. For current source sweeps, change in resistance was
gradual as a function of applied current, and no abrupt drop was observed. Above current
of ~ 0.6 mA (corresponding voltage is ~ 0.6 V), the measured voltage stopped increasing
and decreased slightly with the increase of applied current, indicating a negative differ-
ential resistance (NDR). The NDR behavior under external electric field in bulk niobium
oxide based devices was first reported in 1960s. [10, 63] With increase of cycles of cur-
rent sweeps, the differential resistance under the high resistance state became increasingly

negative.

6.3.3 Temperature dependence of MIT characteristics

To evaluate the thermal stability of the MIT and investigate the temperature dependence
of MIT characteristics, voltage source sweeps were performed at elevated temperatures.
The measured MIT characteristics is shown in Figure 6.5 (a). At each temperature, upward
and downward sweeps under both polarities of bias were conducted in the same way as at
room temperature. It is shown that effective unipolar threshold switches could be obtained
up to 150 °C. With the increase of temperature, the transition became less sharp and the
device resistance at high resistance state decreased gradually. From the Arrhenius plot of
current values at V = 0.3 V in Figure 6.5 (b), an activation energy E4 ~ 0.24 eV can be

extrapolated according to I o< exp(E/kpT).
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Figure 6.5: (a) Current-voltage (I-V) characteristics of voltage source sweeps through a 30
um x 50 um Nb/NbO,/TiN device. Four cycles of sweeps (0-1 V, 1-0V, 0-(-1) V and (-1)-0
V) are shown for each temperature; (b)Arrhenius plot of the measured current / extracted at
a voltage of V = 0.3 V, and corresponding fitting that gives a ~ 0.24 eV activation energy.

6.4 Effects of Nb,O5 layer

It has been demonstrated that once NbO, film is exposed to air, a thin Nby,Os layer
forms on the surface spontaneously. To better understand the effect on MIT character-
istics caused by this surface Nb,Os5 layer, measurements were conducted by probing the
tungsten tip directly on the uncovered NbO; area at both room temperature and elevated
temperatures. Typical I-V characteristics is shown in Figure 6.6 (a).

While the I-V curves also demonstrate unipolar threshold switching characteristics with
certain thermal stability which is similar to the case of Nb/NbO,/TiN devices, some dif-
ferences are also noticed. First, the transition took place at higher threshold voltages with
more abrupt changes in device resistance. For example, at room temperature, the transi-
tion occurred at ~ 2.5 V which corresponded to a threshold electric field of ~ 2.5 x 10°
V/cm, while in Nb/NbO,/TiN devices the transition happened at ~ (0.5 - 0.8) V which
corresponded to a threshold electric field of ~ (5 - 8) x 10* V/ecm. Secondly, the I-V

characteristics at high resistance state did not show obvious dependence on temperature.
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An Arrhenius plot of the current values at V =1 V is shown in Figure 6.6 (b), which can
not be fitted linearly. It is also worth noting that the hysteresis between upward and down-
ward sweeps was more visible with the increase of temperature. Since the measurements
on the two devices were performed under same conditions, it is thus speculated that these

observed difference was related to the existence of NbyOs layer.
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Figure 6.6: (a) Current-voltage (I-V) characteristics of voltage source sweeps through
tip/NbO,/TiN vertical device. Four cycles of sweeps (0-3 V, 3-0 V, 0-(-3) V and (-3)-0
V) are shown for each temperature; (b) Arrhenius plot of the current / values extracted at
avoltageof V=1V.

6.5 Conduction mechanisms in NbO,-based devices

Despite that the measurements were performed on the same piece of sample, the ob-
served large difference in I-V characteristics of the two devices indicates that the under-
lying mechanisms are likely different, due to the Nb,O5 layer at the interface. To better
understand the conduction processes (under high resistance state) in the two structures and
the effect of interface Nb,Os layer, measured I-V curves were analyzed by fitting them to
different conduction models.

It is known that the conduction in a metal-insulator-metal (MIM) structure can be
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grouped into two categories, that is, electrode-limited conduction and bulk-limited con-
duction. The electrode-limited conduction depends on the electrical properties at the in-
terface between electrode and insulating layer, and the most important parameter is the
barrier height at the interface. The bulk-limited conduction depends on the electrical prop-
erties of the insulating layer itself, such as energy level and density of trap sites. [127,128]

Expressions of common conduction models are summarized in Table 6.2.

Composition Expressions Voltage
mechanisms dependence
Schottky emission J=A"T?exp(— g—’})exp(%) J o< exp(v/V)

. . 1/2
Direct tunneling J = m{(Pp— %)exp[—%(cbg - %)1/2]

. 1/2
(Simmons’ model) —(Pp+ %)exp[—%(@lg + %)1/2]}

. 32 42m*q)\2a®})?

Fowler-Norheim J= Mexp(—(mg%# J < VZexp(s)
tunneling
Poole-Frenkel J= %exp(—%)exp(%ﬂ) J =< Vexp(v/V)
emission
Hopping conduction J = anVexp(%)exp(—,fZ—/‘T) J < exp(V)
Space-charge-limited J = 9%2‘3/2 J o< V?
emission
Ohmic conduction J =P oxp( ;Z%‘) Jo<V

Table 6.2: Conduction mechanisms in MIM structures, including electrode-limited con-
duction (upper part) and the bulk-limited conduction (lower part). J is the current density,
V is the applied voltage, T is temperature, 7 is reduced Plank constant, kp is Boltzmann
constant, d is insulator thickness, €y is the permittivity in vacuum, €, is the optical dielec-
tric constant, m* is effective mass, A* is the effective Richardson constant, ®p is barrier
height, and W} is activation energy. [127, 129, 130]
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6.5.1 Conduction in Nb/NbO,/TiN device

For this part of discussion, I-V curves of upward voltage source sweeps under pos-
itive bias in Figure 6.5 (a) are analyzed. As is shown by Figure 6.5, the conduction in
Nb/NbO,/TiN device under high resistance state is likely to have an activation energy
which is extrapolated to be ~ 0.24 eV. For electrode-limited conduction, the conduc-
tion due to tunneling is nearly temperature independent, while the thermionic (Schottky)
emission exhibits temperature dependence. [127] However, the symmetric behavior of I-V
curves under opposite polarity of bias suggests the conduction is not likely to be dominated
by Schottky emission.

For the bulk-limited conduction, conduction process with an activation energy is gen-
erally considered to be either Poole-Frenkel type or hopping type. The existence of these
conduction mechanisms was identified by examining the respective linear relations (In(1/V)

vs. V/V for Poole-Frenkel emission and In(I) vs. V for hopping conduction) given by

I \/q/dme. € W, R
Poole — Frenkel : ln(v) = %W—ﬁ%—ln(fﬁLM (6.1)
Hopping : in(l) = 3% v — YA 10 ganv) + M (6.2)
PPmg =) = it kg T ‘

in which M is a constant, and all other parameters are the same as defined in Table 6.2.
By plotting the I-V characteristics in the formalism of these two models, it is clear that
the conduction can be well reproduced by the hopping conduction model instead of Poole-
Frenkel emission model (Figure 6.7). The fitting of I-V characteristics at different tem-
peratures to hopping model is demonstrated in Figure 6.8. As is suggested by Eq. 6.2, the
intercepts of the linear fitting between [n(I) and V to y-axis (defined as Y) should demon-

strate an linear dependence on /7T, and the value of activation energy Wy can be extracted
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from the slope of linear fitting. As is shown in Figure 6.8 (b), the relation between Y and

1/T can be fitted linearly and an activation energy of ~ 0.23 eV can be extracted.
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Figure 6.7: (a) Poole-Frenkel conduction plot (In(1/V) vs. VV) and (b) hopping conduction

plot (In(I) vs. V) with corresponding linear fitting of /-V characteristics in Nb/NbO,/TiN
device at room temperature.
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Figure 6.8: (a) Fitting to hopping conduction model of I-V characteristics at different tem-
peratures in Nb/NbO,/TiN device; (b) Dependence of Y value on I/T and linear fitting.

It has been reported that the conduction at high resistance state of NbO,-based devices
was dominated by Poole-Frenkel effect. [12, 13, 131] Compared with those studies, NbO,

layer in this Nb/NbO,/TiN device is much thicker and electric field across NbO, layer is
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much smaller. In the device discussed here, the voltage range under discussion is ~ (0 -
0.5) V. Assuming the voltage is applied across the whole thickness of NbO», correspond-
ing electric filed is ~ (0 - 4.8x10%) V/cm. In studies claimed Poole-Frenkel emission
conduction, the electric field was ~ (1-10) x 10° V/em. [12,13]

Comparing the two conduction mechanisms, Poole-Frenkel emission corresponds to
the thermionic effect while hopping conduction corresponds to the tunneling effect. For
Poole-Frenkel emission, carriers overcome the energy barrier owing to the thermal activa-
tion under electric field, with the effective barrier height being lowered by the applied field,
therefore this conduction is often observed at high temperature and relatively large electric
field. In hopping conduction, the carriers’ energy is not as high as that of the barrier so the
carriers transit by tunneling. [127]

For polycrystalline NbO, films in the investigated devices, charge carriers can be lo-
calized due to disordering rising from grain boundaries, interaction with lattice (small po-
larons), or trap sites due to point defects in lattice, resulting in hopping type conduction.
Under low voltage bias, carriers can transport with assistance of thermally driven phonons.
With the increase of applied bias, the carrier hopping process is further facilitated in the
direction of the electric field. It has been proposed that a field-assisted term exp(F/kgT)
where F is the electric field can be added to the conduction expression. [42, 132—134]

Variation of I-V characteristics with sweep cycles demonstrated in Figure 6.4 is ana-
lyzed by hopping conduction model. For both voltage source and current source sweeps,
I-V curves of three sweep cycles (the 1st, 51st and 100th) are chosen as examples to com-
pare and to be fitted to the hopping conduction model (Figure 6.9). It is found that slopes
of linear fitting to hopping conduction remain almost unchanged, while the magnitude of
intercepts to y-axis increases over cycles of sweeps monotonically. As is given by Eq. 6.2,
the intercept is determined by (—Wy /kgT + In(qaNv) + M). While further study is needed

for more precise conclusion, the variation with sweep cycles could be related to the varia-
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tion in defect states participating in conduction process.
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Figure 6.9: (a) Examples of fitting of I-V curves in Figure 6.4 (a) to hopping conduction
model; (b) Examples of fitting of I-V curves in Figure 6.4 (b) to hopping conduction model.

6.5.2 Conduction in tip/NbO,/TiN device

For this part of discussion, I-V curves of upward sweeps under positive bias in Fig-
ure 6.6 (a) are analyzed. Since the conduction at high resistance state does not exhibit
obvious Arrhenius dependence on temperature, tunneling-type conduction mechanisms are
analyzed with emphasis. Based on the comparison between applied bias and barrier height,
tunneling conduction across the barrier can be divided into direct tunneling (V < ®g/q)
and Fowler-Norheim tunneling (V > ®pg/q) (illustrated by Figure 6.10). [127, 130, 135]
For Fowler-Norheim tunneling conduction, a plot of In(I/V?) vs. (1/V) should be linear

(given in Eq. 6.3 below), which cannot be satisfied by the measured I-V characteristics

(Figure 6.11 (b)).
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Figure 6.10: (a)Schematic energy band diagram of direct tunneling conduction; (b)
Schematic energy diagram of Fowler-Norheim tunneling conduction. [127,130, 135].

For the case of direct tunneling, Simmons’ equation which describes the direct tunnel-
ing current through rectangular energy barrier between electrodes under intermediate bias

(V< ®p/q) is used (listed in Table 6.2). The The equation can be reformulated to

2 1/2
2% 2d(mg)'” 2®p i
o gl (57 = V)erp = =50 (= 2 =)' o
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The equation to which the measured I-V characteristics under high resistance state was
fitted is given below. The energy barrier height ®p and thickness of energy barrier d can

also be extracted from the fitted parameters.

1= pi{(p>—V)exp[-p3(p2—V)"/*] = (p2+V)exp[—p3(p2 +V)"/?]}

2Pp B 2d(mq)"/?

p2:77 P3 A

(6.5)
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Fitting result of I-V characteristics in the upward voltage sweep at room temperature in
tip/NbO>/TiN structure is shown in Figure 6.11 (a). The barrier height ®p is extracted to
be ~ 2.5 eV and thickness of energy barrier d is calculated to be ~ 1 nm. The conduction
of the entire high resistance state can be well reproduced by the Simmons’ equation, and
height and thickness of the barrier are also reasonable assuming the barrier is due to the

Nb;,Os layer formed upon exposure to air.
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Figure 6.11: (a) Fitting of I-V characteristics of tip/NbO,/TiN device to Simmons’ equa-
tion; (b) Fowler-Norheim tunneling plot (In( I/V?) vs. 1/V) of measured I-V characteristics.

Figure 6.12 (a) shows results of fitting I-V curves of upward voltage sweeps under pos-
itive bias in Figure 6.6 (a) to Simmons’ equation. The extracted energy barrier height as a
function of temperature is plotted in Figure 6.12 (b). The decrease of energy barrier height
with temperature can be attributed to the substantial diffusion of oxygen via the interstitial
sites through Nb,Os, which has been observed in the native oxides on the surface of single
crystal Nb (110). [136] While the direct tunneling conduction should not exhibit depen-
dence on temperature according to the equation, the variation of energy barrier height can

provide explanation on the decrease of Vrpesnoiq With temperature.
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Figure 6.12: (a) Fitting of [-V characteristics of the positive upward sweeps in Figure 6.6 to
Simmons’ equation; (b) Temperature dependence of barrier height (®p) in tip/NbO,/TiN
devices.

It is noticed that the natural oxide layer at the surface of Nb top contact which con-
tains NbyOs did not result in high energy barrier that could significantly affect conduction
process in the Nb/NbO,/TiN devices. That could be related to the composition of the ox-
ide layer which consists with Nb,Os, NbO,, and NbO from surface to the bulk Nb. [136]
Further study to compare oxide layers on Nb surface and NbO, surface is needed to better

understand this difference.

6.5.3 Proposed band diagrams

Based on the analysis on conduction processes above, schematics of the electronic
structures for these two devices at room temperature are proposed in Figure 6.13. It appears
that the in-situ Nb capping produces a clean contact interface between the electrode Nb
and NbO; film, with minimal effect of Nb,Os. Electrical transport in the Nb/NbO,/TiN
structure is therefore dominated by the bulk of NbO; film, which can be described by an

field-assisted hopping conduction with an activation energy of ~ 0.23 eV. When probing
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the tip directly on the uncovered area of NbO, film, a thin Nb,O5 layer exists between the
tungsten tip and NbO; film. Nb,Os is a well-known insulator with a band gap of ~ 3.3
eV [137,138], and the existence of the interface Nb,Os results in a relatively high energy
barrier which is ~ 2.5 eV at room temperature. The electrical transport through the vertical
structure is therefore limited by the Nb,Os layer and the conduction takes place by direct

tunneling which can be described by Simmons’ equation.
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Figure 6.13: Proposed band diagrams for (a) Nb/NbO,/TiN and (b) tip/NbO,/TiN.

For the application in selecting devices in crosspoint arrays, it is essential that the
material has highly non-linear I-V curves with low OFF leakage current and relatively high
threshold voltage for switching. Therefore a highly resistive OFF state is desirable. [139]
Besides improving the quality of deposited NbO, films to reduce the extrinsic conduction
due to defects, another approach could be to introduce a thin layer of more insulating
material to form a high energy barrier. Effort to integrate Nb,Os or oxygen-rich niobium

oxide with NbO; has been reported, with improved device performance. [140—142] Nb,Os
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exhibits memory switching characteristics, which is the property employed by ReRAM.
Therefore a good understanding on the role played by the Nb,Os is important, especially

on how it is affected by the thickness and composition.

6.6 Discussion on MIT mechanism

As is introduced in Chapter 2, the driving mechanism behind the MIT under electric
field is still controversial. While more characterization (for example, time-resolved mea-
surement on the transition process) is required to determine the mechanism, some discus-
sion can be made based on the obtained results in this chapter.

First, temperature of NbO; film in Nb/NbO,/TiN devices at MIT is estimated by cal-
culating the film resistivity and comparing it to the p vs. T characteristics of NbO, film on
sapphire substrate in Chapter 4 (shown in Figure 4.13).

The I-V characteristics shown in Figure 6.3 is taken as an example. The measured
resistance at the onset of transition is~ 1.4 x 10* Q, and the corresponding resistivity
is calculated under three different assumptions. The first one is to assume the current
is uniformly distributed under the Nb electrode, and therefore the resistivity is estimated
using the volume of NbO, film covered by the electrode (30 um x 50 ym x 104 nm).
Considering the possibility that the switching occurs by formation of a conducting filament,
resistivity is also estimated using cylinder of NbO, with radius 2.5 um (size of tungsten

tip) and 30 nm [12]. The calculated resistivity values are listed in Table 6.3.

Investigated NbO; volume  Film cover by 30 um  Filament with ~ Filament with
x 50 um electrode 2.5 ym radius 30 nm radius
Estimated resistivity 2x 10°Q-cm 264 Q-cm 0.04 Q-cm

Table 6.3: Estimated resistivity of NbO, at the onset of MIT.
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NbO; films in vertical devices of this chapter were deposited under same conditions as
the optimized NbO» film on sapphire in Chapter 4, and the phase composition characteriza-
tion demonstrates very similar results (Raman spectrum and XPS). Therefore its assumed
that resistivity of NbO; film on TiN/Si(100) was close to that of NbO, film on sapphire.
By comparing the calculated resistivity in Table 6.3 to the p vs. T characteristics in Fig-
ure 4.13, it is found that values of film resistivity estimated under the first two assumptions
are much larger than the measured resistivity of NbO,/Al,O3(0001) even at room temper-
ature. Therefore it is likely that the MIT occurred within a tiny filament which conducted
most of the current. Using the dimension in other simulation studies on the switching in
NbO,-based devices [12], the film resistivity is estimated to be ~ 0.04 Q- cm. Assuming
that the fitted Arrhenius dependence near 400 K of NbO,/Al,03(0001) still holds when
temperature is not much higher than 400 K, the temperature corresponding to the film re-
sistivity is estimated to be ~ 510 K, which is still far from the MIT transition temperature
of NbO, (1081 K).

Moreover, it is noticed that MIT of Nb/NbO,/TiN device demonstrated minimal hys-
teresis between upward and downward sweeps of electric field. The transition from high
resistance state to low resistance state and the opposite one took place at Vrj,esnoras close
to each other, therefore the power at the transition points of the two opposite transition pro-
cesses (illustrated as “ON” and “OFF” points in Figure 6.3) mainly depended on the current
values and exhibited large difference (43 uW and 2.43 mW). The large power discrepancy
indicates that the transition could not be purely thermally induced.

Therefore, the nature of MIT under electric field is likely to be electronic. The increased
carrier concentration due to field-induced generation and thermal generation could result

in changes in electronic structure and eventually the transition takes place.
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6.7 Summary

In this chapter, vertical devices based on NbO, films deposited on TiN/Si(100) sub-
strates were fabricated and MIT under electric field in the devices was investigated. The
MIT demonstrated unipolar threshold switching characteristics, with minimal hysteresis.
Reliable MIT were retained over hundreds of sweep cycles and up to 150°C. In-situ Nb
capping was employed to prevent spontaneous formation of NbyOs at NbO; film surface
due to air exposure, the effect of which on MIT characteristics was also investigated by
comparing [-V characteristics in Nb/NbO,/TiN structures and tip/NbO,/TiN structures. It
was found that conduction in the structures with minimal Nb,Os5 (Nb/NbO,/TiN) was dom-
inated by hopping conduction in the bulk of NbO; film, while conduction in the structure
with interface NbyOs (tip/NbO,/TiN) was dominated by the tunneling conduction through
the more insulating Nb,Ojs layer, leading to larger threshold voltages and more visible hys-
teresis. The insight on modification effect of Nb,O5 promises better control on the MIT

characteristics in NbO,-based devices.
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Summary and future work

7.1 Summary of scientific observations

In summary, this dissertation is an experimental study on MIT of NbO; thin films syn-
thesized by RBTIBD technique. Deposition of phase pure NbO; films, effect of deposition
variables (Ar/O, flow rate, substrate heating and vanadium substitution) on film property,
as well as MIT in NbO, films under electric field have been investigated.

Growth of high quality NbO, films has been developed on (0001) sapphire substrates
using RBTIBD technique. Deposited films contained highly pure tetragonal NbO; phase,
which was confirmed by Raman spectrum and XPS results. Films were epitaxial with
(001)(110)NbO,||{1010)(0001)Al,03 orientation relation with substrates. Characteriza-
tion on temperature dependence of electrical transport between 180 K and 400 K sug-
gested that the conduction was dominated by Efros-Shklovskii VRH at lower temperature
and some other processes involving thermally activation of carriers at higher temperature.
An important observation was the spontaneous formation of a thin layer of Nb,Os5 (~ 1-2
nm) at film surface due to oxidation in ambient environment, which needs to be aware of
in film characterization or device fabrication. Within the investigated ranges of growth
condition parameters, film quality (phase composition, microstructures, electrical trans-

ports, etc.) was found to be highly dependent on Ar/O, mixture flow rate, but much less
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sensitive to substate temperature. Characterization on deposited films suggested that point
defects related to oxygen stoichiometry played an important role in affecting film proper-
ties. The progress in NbO; film synthesis promises further advance on understanding the
intriguing properties of this materials especially the MIT phenomenon. With phase purity
of NbO; films being more effectively controlled, the effect of other oxide phases can be
better eliminated and the intrinsic physical properties of NbO; films can be characterized
more accurately. It was also indicated that the existence of defect states in the band gap
as well as the size of band gap could be modified by variance in the presence of defects,
therefore the MIT properties could be modified by tuning growth conditions.

V substitution has also been studied as an approach to modify physical properties of
deposited films. Doping methods using RBTIBD technique were explored, and control
on composition was realized by tuning pulse width applied to individual targets. It was
demonstrated that the V substitution broke the Nb-Nb bonds and led to collapse of distorted
rutile symmetry. With the increase of V concentration, film lattice gradually transited from
tetragonal lattice of semiconducting NbO, to regular rutile lattice. The V substitution
seemed to provide an approach to tuning the relative contribution from electron-lattice in-
teraction (Peierls transition) and electron-electron interaction (Mott transition). As the V
concentration increased, the distortion due to Nb-Nb paring reduced which corresponded
to decrease in the electron-lattice interaction, while stronger electron-electron interaction
was increased due to the stronger Coulomb interaction of V 3d electrons. Therefore more
insights on MIT mechanisms can be obtained by comparing characteristics of MIT pro-
cesses under different excitations in samples with different V concentration.

MIT in NbO, under electric field was obtained on structures based on NbO, films
grown on TiN/Si(001) substrates, which contained highly pure polycrystalline NbO; phase.
The obtained MIT demonstrated unipolar threshold switching characteristics, with repeata-

bility up to hundreds of cycles and thermal stability up to 150°C. Analysis on I-V charac-
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teristics suggested that the conduction processes under high resistance state was dominated
by hopping conduction in NbO; films and the MIT was likely to be driven by changes in
electronic structures instead of being thermally driven by Joule heating. In-situ Nb capping
was employed to prevent the formation of Nb,O5 surface layer due to air exposure, which
was found to result in more abrupt switches, larger threshold electric fields, and more visi-
ble hysteresis. The conduction in structures with Nb,Os layer was found to be dominated
by tunneling conduction through the Nb,Os layer. The effective control on phase purity of
NbO; film and presence of NbyOs layer enabled separation of effect from the two oxide
layers (NbO, and Nb>Os5) on MIT characteristics, which is of great importance on under-
standing mechanisms of MIT under electric field in related devices. The insights on effect
of interfacial Nb,Ojs layer also provided guidance on utilizing the Nb,Os layer to improve

the non-linearity of NbO;-based switching devices.

7.2 Future work

Exploration on NbO; thin film growth and MIT in NbO, under electric field were the
objectives of this work. Discussed below are my recommendations and suggestions for
future research work on this topic.

e Further exploration on V substitution

V substitution of NbO; films and resulting modification effect on structural and trans-
port properties were described in Chapter 5, the exploration on which can be further con-
ducted.

First, oxygen stoichiometry of samples with different V concentration needs to be fur-
ther optimized before more characterization can be performed. For the studied set of sam-
ples in Chapter 5, flow rate of Ar/O; was fixed while the total amount of metal sputtering

increased. Therefore, possible effect of oxygen deficiency could not be eliminated when
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discussing the modification effect of V substitution, especially on transport properties. For
each value of V concentration (corresponding to certain combination of target bias condi-
tions), the Ar/O, flow rate needs to be optimized to provide a set of samples with differ-
ent V concentration and metal-oxygen stoichiometry close to optimal values. With such
samples, modification effect of V substitution can be evaluated more accurately. Struc-
tural properties including lattice types and lattice parameters, transport properties includ-
ing electrical conductivity, carrier density and mobility, Seebeck coefficient and thermal
conductivity as functions of V concentration can be characterized. Characterization on
valence states of V and Nb ions (by X-ray absorption) will be helpful.

Moreover, the question of greater interest is the modification effect on MIT character-
istics (under electric field or optical excitations). For MIT under electric field, the same
vertical structures as in Chapter 6 can be employed, and MIT characteristics at room tem-
perature as well as its variation with temperature can be compared among samples with
different V concentration. Time-resolved measurements can also be included to compare
the transition speeds and evolution processes. Optically, same time-resolved pump-probe
measurements as in Ref. [11] can be performed on V,Nb;_,O; film samples with different
V concentration. Time-resolved transition processes, and important parameters including
response and recover times, threshold fluence of optical excitation should be compared as
functions of V concentration.

As was revealed by the results in Chapter 5, the distortion due to Nb-Nb pairing de-
creased and finally vanished with the increase of V concentration. Meanwhile, it was
also anticipated that the increased randomness introduced by V substitution and stronger
electron-electron interaction due to stronger Coulomb interaction of V 3d electrons would
have effect on transport and MIT properties. Therefore, the exploration on V,Nb;_,O»
film samples can provide some hints on the respective roles played by different transition

mechanisms. For samples with low V concentration so the distorted rutile lattice is still
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maintained, it is likely that the MIT under electric field or optical excitation is able to be
obtained, with variance in transition characteristics. For samples with higher V concentra-
tion and regular rutile lattice, the possible occurrence of MIT would suggest dominance of
mechanisms other than Peierls transition process(such as Mott transition).

e Further exploration on epitaxial NbO; thin films

Study on epitaxial NbO; thin films can be further conducted for better understanding
and more effective utilization of the intriguing properties of this material, especially the
MIT properties.

Growth of epitaxial NbO; films provides one more approach to modify film properties,
which is the strain in film. Film strain can produce variance in lattice structures and there-
fore band structures, and provide approaches to separate effect of Peierls and Mott MIT
mechanisms. It has been reported that in VO films clamped on TiO, substrates, the VO,
films took the regular rutile structure, but still exhibited MIT, with Ty;;7 modified by the
strain. [143] Strain in film can be tuned by film thickness and film lattice parameters (by
tuning growth conditions), and introduction of buffer layers between films and substrates
can also be explored. For each investigated type of substrate, structural properties of de-
posited films, including orientation relations with substrates and lattice parameters, need
to be characterized in combination with transport properties. Measurements on carrier
density and mobility will be helpful.

In particular, growth of epitaxial NbO, films on TiO; substrates, which have similar
crystal structure and lattice parameters, can be explored. The deposited films may expe-
rience biaxial or uniaxial strain, depending on the lattice mismatch values along different
directions and film thickness. For films with single orientation, anisotropy in physical
properties can also be characterized and compared, especially between directions parallel
and perpendicular to Nb-Nb dimers. It can be anticipated that the lattice mismatch can lead

to variance in growth conditions for single phase and epitaxial films, and result in difficulty
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in optimizing growth conditions. For example, some preliminary work has been done on
the growth of NbO; films on (100) TiO, substrates, and the microstructure characterization
is summarized in Figure 7.1. In the case of (100) TiO, substrates, it was indicated that the
substrate heating temperature had a more significant effect on the microstructure of NbO,
films than in the case of sapphire substrates. In this case, variance in orientation relations
between NbO; films and substrates may be induced by changes in substrate heating tem-
peratures, and it is possible to obtain different orientation relations and therefore different

strain modification effect by tuning growth conditions.
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Figure 7.1: (a) XRD 20-m scans and (b) Raman spectra of NbO, film deposited on (100)
TiO; substrates at 500 °C and 550 °C; (c) In-plane ¢ scan of (400) diffraction peaks based
on out-of-plane NbO; diffraction (222) (red), ¢ scan of (400) diffraction peaks based on
out-of-plane NbQO; diffraction (440) (purple) and ¢ scan of (110) diffraction peaks of (100)
TiO» (black) for the sample deposited at 500 °C, the inset illustrates the orientation relation
between (222) NbO, and substrate; (d) In-plane ¢ scan of (400) diffraction peaks based on
out-of-plane NbO, diffraction (440) (blue) and ¢ scan of (110) diffraction peaks of (100)
TiO; (black) for the sample deposited at 550 °C, the inset illustrates the orientation relation
between (440) NbO, and substrate.



Appendix A

Substitutional alloyed (V-rich) V,Nb,_,O, films

Besides the Nb-rich V,Nb;_,O, samples described in Chapter 5, V-rich V,Nb;_,O;
samples were also synthesized and investigated. Some representative results are included
here for comparison. For deposition of this set of samples, sputtering rate of V target
was fixed while sputtering rate of Nb target was varied by tuning pulse width. Deposi-
tion conditions are listed in Table A.1, and all samples were deposited for 60 min. Film
thickness and Nb concentration (measured by Rutherford backscattering (RBS) by collab-
orators Nate Newman and Matthew Edwards from Arizona State University) are listed in

Table A.2.
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Deposition conditions S1 S2 S3 S4 S5
Ar/O;, Mix Flow Rate (SCCM) 6 6 6 6 6
Process Pressure (mTorr) 0.92 0.92 0.83 0.9 0.86
Substrate Temperature (°C) 400 400 400 400 400
DC Pulse Frequency to Nb Target (kHz) — 10.10 10.10 10.10 10.10
Positive Duty Cycle to Nb Target (us) — 58 60 63 71
Negative Duty Cycle to Nb Target (us) — 41 39 36 28
DC Pulse Frequency to V Target (kHz) 7143 7143 7143 7143 7143
Positive Duty Cycle to V Target (us) 3 3 3 3 3
Negative Duty Cycle to V Target (us) 11 11 11 11 11
Positive target bias (V) 20 20 20 20
Negative target bias (V) 900 900 900 900 900
Recorded Negative Target Bias Current (A) 109.5 125 129 135 151
Cathode Ar Flow Rate (SCCM) 10 10 10 10 10
Cathode Current (A) 7 7 7 7 7
Anode Ar Flow Rate (SCCM) 70 70 70 70 70
Anode Current (A) 6.5 6.5 6.5 6.7 6.5

Table A.1: Deposition condition parameters of V-rich V,Nb;_,O, films with variation in
V concentration.

Sample S1 S2 S3 S4 S5
Film thickness 48.8 479 532 58.8 885
Nb% ¢, 0% 24% 4.6% 89% 21%

Table A.2: Film thickness and concentration of V-rich V,Nb;_,O; films. (V%,: Courtesy
of Nate Newman and Matthew Edwards from Arizona State University.)

Raman spectra of the V-rich V,Nb;_, O, films are shown in Figure A.1. Raman bands
near 195 cm~! and 225 em™!, which are related to the vibration modes of V-V paring,
depressed fast with the increase of Nb content. These two bands exhibited little intensity
for S4 (with 8.9% Nb), indicating that point symmetry of the monoclinic VO, lattice was
almost destroyed and the lattice took the regular rutile type. Compared with the Nb-rich
V,Nb;_,O, films, it indicated that the detrimental effect of Nb substitution to VO, lattice

was larger than that of V substitution to NbO; lattice.
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Figure A.1: Raman spectra of V-rich V,Nb;_,0O; films with different Nb concentration.

As is shown by the X-ray 20-m scans in Figure A.2 (a), all films demonstrated peaks
corresponding to (020) and (040) diffraction of monoclinic VO,, which shifted to lower
206 values with the increase of Nb concentration. Lattice parameters b of monoclinic VO,
(by), which correspond to a of the rutile VO, (ag), were extracted from the (020) peak
positions and plotted as a function of Nb concentration in Figure A.2 (b). The increase of

lattice parameter could be attributed to the larger size of Nb ions.
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Figure A.2: (a) X-ray 20-m scans from 20° to 100° of V-rich V,Nb;_,O, films; (b) De-
pedence of lattice constant ag on Nb concentration, the solid line of Vegard’s law is deter-
mined by lattice parameters of pure NbO, and VO,.

Films resistivity as a function of temperature was characterized from 200 K to 400
K (Figure A.3 (a)). MIT with sizable discontinuity in film resistivity could be observed
from curves of S1 (0% Nb), S2 (2.4% Nb) and S3 (4.6% Nb). For S4 with 8.9% Nb, the
transition was significantly depressed but still visible. With the increase of Nb content
in the film, the transition occurred at lower and wider temperature range, with a smaller
resistivity discontinuity. Moreover, the width of hysteresis loop decreased with the in-
crease of Nb concentration. For S5 with much higher Nb content (27%), the film exhibited
semiconducting behaviors across the investigated temperature range, despite its regular ru-
tile lattice. It could be explained by the disorder caused by impurity combining with the

electron-electron correlation, which resulted in complete localization of carriers.
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Figure A.3: (a) Temperature dependence of film resistivity of V-rich V,Nb;_,O, films; (b)
Variation of transition temperature 7j;7 and (c) the contrast between film resistivity at 200
K and 400 K p2go/p4oo with Nb concentration (for Samples S1 to S4).
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