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ABSTRACT 

Vanadium dioxide (VO2) has attracted considerable interest during the past six 

decades because of a first order phase transition that occurs at 340 K, together with the 

possibility of modifying the transition temperature. This transition is accompanied by 

abrupt changes in the electrical conductivity, optical transmittance, and reflectance in the 

infrared region, which can be of benefit in many applications of sensing and switching. 

Utilizing the reactive bias target ion beam deposition (RBTIBD) growth technique, the 

growth and characterization of pure-VO2 and doped-VO2 thin films on various substrates 

was investigated. 

The electronic and structural characterizations of vanadium dioxide thin films 

deposited under various growth conditions, i.e. substrate temperature and O2 flow rate, 

were investigated. As the O2 flow rate increased, the [010] lattice parameter for 

monoclinic VO2 was reduced and coincidently distinctive changes in the metal-

semiconductor transition (MST) and transport behaviors were observed despite the 

identical valence state of vanadium confirmed by X-ray absorption and photoemission 

spectroscopy. The effect of the oxygen partial pressure on the monoclinic structure and 

electronic structure of thin films, and consequently the MST is discussed. 

The effect of macro-strain arising from substrate clamping on MST and transport 

anisotropy was investigated in epitaxial VO2 films grown on various orientations of TiO2 

single crystal substrates. One remarkable result is that highly strained epitaxial thin films 

were rutile in the insulating state as well as in the metallic state. These highly strained 

films undergo an electronic phase transition without the concomitant Peierls transition. It 

also shows that a very large tensile strain along the c-axis of rutile VO2 resulted in a 
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phase transition temperature of ~ 433 K, much higher than those in previous reports. The 

conductivity mapping of thin films also reveal the origin of transport anisotropy arising 

from the strain from substrate clamping. Extremely large conductivity anisotropy was 

discovered on VO2/TiO2 (100) thin film. 

RBTIBD was used to explore the chemical doping (Al3+ and Mn4+) of VO2 thin 

films deposited on c-plane sapphire. Two approaches of doping technique were 

employed. The lower bias pulse frequency results in better crystallinity, enhancing the 

resistive change and the sharpness of the MST, while the high frequency doping degrades 

film crystallinity and suppresses the MST. Both type of dopants were found to improve 

the MST, whereas the MST of films doped with Al3+ is more improved than those doped 

with Mn4+. Doping with Mn4+ does not raise the transition temperature while doping with 

Al3+ slightly increases the transition temperature, as the Al concentration increases. 

Evidence of hole doping from Al3+ was also found in Hall effect for the first time. 
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CHAPTER 1. Introduction 

1.1 Motivation 

Many transition metal oxides exhibit a metal-insulator transition (MIT) or a 

metal-semiconductor transition (MST), which are useful for ultrafast and ultra low power 

nanoelectronic sensors, electric and optical switches, and memory devices. However a 

critical issue yet to be overcome for wide applications is the transition temperature (TMST) 

of those materials for use near room temperature, and there are only very few materials 

that have a transition temperature near or above 300 K, i.e. VO2 (340K), NbO2 (1080 K) 

[1], Ti2O3 (410 K), and V2O3 (150 K) [2]. Vanadium oxides have attracted considerable 

interest during the past six decades because of the phase transition that several of these 

oxides exhibit. In particular, the fact that vanadium dioxide (VO2) exhibits a first order 

phase transition at 340 K [3], together with the possibility of modifying TMST, makes this 

material attract the most interest among those transition metal oxides. The transition is 

accompanied by abrupt changes in the electrical conductivity, optical transmittance, and 

reflectance in the infrared region, which can be of benefit in many applications of sensing 

and switching. The advantages of the MST in VO2 are very broad: the large changes in 

reflectance in different regions of spectra can be used in smart windows and shutters, and 

the sensitivity to small perturbations such as stress, heat, and light, can be used in 

temperature sensors and bolometers. Furthermore, the fast response and bi-stability near 

room temperature can be use in switches and phase change memory. VO2 is also a 

potential candidate for “beyond CMOS” logic switches, due to its exceptional power 

handling with much lower power dissipation.  
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Recently a lot of attention has been focused on the properties of VO2, especially 

on the mechanism of its MST which is still not fully understood. In the past, researchers 

have debated whether the transition is driven by the lattice [4,5] (Peierls model) or by 

electron correlation effects [6,7] (Mott-Hubbard model). Most recently, it has been 

generally agreed that the mechanism of the MST in bulk VO2 is considered to be a 

collaborative Mott-Peierls transition, however recent evidence described in this thesis 

demonstrates that there is an electronic transition in VO2 under large strains.  

Thanks to the improvements in the quality of VO2 thin films, there has been a 

growing emphasis on exploring logic and memory device applications of this intriguing 

phenomenon. Recent efforts on a Mott field effect transistor (MottFET)
 
have 

demonstrated that VO2 can be employed as the channel in a MottFET, and the applied 

external gate voltage switches the channel resistance between the insulating OFF state 

and the metallic ON state [8-10]. There are still several challenges for these so-called 

“Mott devices” [11], among which is a concern over the repeatability/reproducibility of 

the Mott transition because the properties of these materials are sensitive to oxygen 

vacancy concentration, strain, and other factors. Understanding the role of defects and 

developing a suitable growth technique to maintain reproducibility is thus required to 

realize the potential applications of Mott oxides.  

 

1.2 Objectives 

It has been shown that pure VO2 films exhibited very different transport behavior, 

depending on the strain/stress, the defects, and the oxygen stoichiometry, hence it is 

crucial to study the effects of the deposition conditions on the quality of the film and its 
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MST in order elucidate the effect of film strain, the defects on the MST. As mentioned 

previously, the tunability of the MST of VO2 is very useful in many applications, it is 

critical to modulate the transition temperature of VO2 via various means.  

In this dissertation, the effect of strain on the MST is systematically explored via 

the substrate clamping effect and chemical doping of VO2 thin films. I studied the crystal 

structure, electronic band structure, carrier density and mobility, strain effect, anisotropy, 

and chemical doping of VO2 thin films, all of which present insight into the electronic 

and structural nature of the MST in VO2 thin films, particularly those which are 

epitaxially strained. 

       The objectives of this thesis include: 

(1) Developing reproducible high quality VO2 thin films deposited on various 

substrates via a novel Reactive Bias Target Ion Beam Deposition (RBTIBD) 

technique;	
  

(2) Investigating the effect of chemical doping and the doping techniques; 

(3) Understanding the correlations between film strain, defects, and transport 

behavior in epitaxial VO2 thin films. 

 

1.3 Dissertation Outline 

This dissertation is organized around three different key topics: growth 

conditions, strain, and dopants.  

Chapter 2 provides a brief introduction to metal-semiconductor transition (MST), 

and the background information and the state-of-art of vanadium dioxide (VO2) and 

properties of its thin films.  
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Chapter 3 describes the deposition technique and characterization methods used in 

this work.  

Chapter 4 describes the effect of growth conditions, O2 flow rate, and substrate 

temperature on the reproducibility of the MST of VO2 thin films. The valence state is 

discussed. Furthermore, the effect of the oxygen partial pressure on the monoclinic 

structure and electronic structure of VO2 – and consequently the MST – is observed. 

Chapter 5 describes the effect of strain from substrate clamping via electrical 

transport anisotropy and film thickness. Majority carrier density and mobility are 

discussed, in addition to structural and transport characterization of this material. 

Chapter 6 discusses the doping techniques and the resulting MST after doping 

with other transition metal elements such as Mn4+ and Al3+. The characterization of its 

structural and transport properties as functions of the dopant type and concentration is 

also described.  

Chapter 7 summarizes major results and discoveries, and also suggests future 

strategies for further study. 
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CHAPTER 2. Background 

In this chapter, a brief introduction to vanadium dioxide (VO2) is provided and its 

state-of-the-art of its properties due to its metal-semiconductor transition (MST) are 

mentioned. The background information for VO2 describes its crystal structure and 

electronic band structure; the underlying mechanism driving the MST (Mott model vs. 

Peierls model) are also discussed. The chapter also provides an overview of the optical 

and electrical properties of VO2 near the MST and the tunability of the MST. The effect 

of strain on the MST and on the phase diagram of VO2 is also discussed with some 

examples for different types of VO2 materials (thin films, single crystals, nano-beams, 

etc.). Lastly, the challenges to the growth of VO2 thin films on different single crystals 

substrates are revealed. 

 

2.1 Vanadium dioxide (VO2) 

Vanadium dioxide (VO2) undergoes a first order metal-semiconductor transition 

(MST) just above room temperature at 340 K. [3] Below the transition temperature 

(TMST), bulk VO2 is a monoclinic semiconductor with a narrow band gap of 0.6-0.7 eV. 

[12] Above the TMST, it is a metal with rutile or tetragonal structure.  

 

2.1.1 Crystal structure 

The metallic phase of VO2 has a body centered tetragonal or rutile lattice with 

space group P42/mnm. The lattice parameters of rutile VO2 are ar = br = 4.5546 Å and cr 
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= 2.8528 Å. The V
4+ ions are approximately located at the center of the O

2- octhahedra, 

and the octahedra at the center and corner are rotated by 90° around the cr axis.  

 

 

Figure 2.1 schematically shows the metallic tetragonal (rutile) structure and the 
semiconducting monoclinic structure of VO2. [13] 

 

The semiconducting phase has a monoclinic structure resulting from a distortion 

of the rutile structure with space group P21/c. Due to the distortion, V-V cations are 

created along the a-axis of monoclinic VO2, where am = 2cr. Instead of regular 2.85 Å V-

V separation (ct) in the rutile structure, the new structure V-V separations alternate 

between 2.62 and 3.16 Å. The lattice parameters of the VO2 monoclinic unit cell are am = 

5.7529 Å, bm = 4.5378 Å, cm = 5.3825 Å, and β = 122.6 ̊ (the angle between am axis and 

cm axis), respectively. [14] 
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2.1.2 Electronic band structure 

The 3d3s2 vanadium atoms have 4 electrons in the valence band, leaving one 

electron in the conduction band. In the metallic phase, as shown in figure 2.2 (left), the 

bands close to the Fermi level are the V3d bands, composed of a 𝑑|| band oriented along 

the cr axis, and by 3𝑑!-hybridized bands, mixed with p orbitals of the O2- atoms. In the 

semiconducting phase, in figure 2.2 (right), the 3𝑑||band is split by the structural 

distortion (Peierls) and electronic correlations (Mott), while the 3𝑑! band is lifted above 

the Fermi level by the distortion of the V-O bonds. [15] 

 

 

Figure 2.2 Schematic modification of the d-band structure of VO2 on transition from 
metallic (left) to the semiconducting phase (right). [15] 

 
 

The Goodenough model [16] can be used to describe the electronic structure of 

the two phases of VO2. The deformation of the octahedral oxygen crystal field, resulting 

from the distortion of the V ions, causes the destabilization of the hybridized 𝑑! band, 

raising the 𝑑! band above the Fermi level. [17]
 
In addition, this crystallographic 

distortion accompanies a doubling of the cr axis to form the am axis, which results not 

only in the stabilization of 𝑑|| bands but also in splitting the half-filled 𝑑||into two 

separate bands. Finally, electron localization on the V-V pairs enhances Coulomb 
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repulsion to approximately 2.0 eV [18], suggesting the important role of electronic 

correlations in the 𝑑|| band splitting. 

 

2.2 Introduction to the Metal-Semiconductor Transition (MST) in VO2 

Metal-semiconductor transitions (MST) are characterized by a change in the band 

structure, which is often accompanied by drastic changes in the electrical resistivity. The 

band structures of metals and semiconductors are shown in figure 2.3. In crystalline 

materials, the electron conductance in the band structure is described as follows: in a 

metal, one or more bands are only partially full, while in the non-metal material all bands 

are either full or empty. In metals, the Fermi level EF lies inside one of the partially full 

bands. In semiconductors, the Fermi level is inside a band gap, which is small enough 

such that thermal or other excitations can bridge the gap, i.e. a small amount of doping 

can increase conductivity dramatically. The semiconductors can also be thermally 

populated with electrons or holes, thanks to relatively small band gaps. 

 

 

Figure 2.3 Band structure of metals and semiconductors showing doped and undoped 
types. 
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In the last decade, vanadium dioxide has become an exciting research area for 

both theoretical and experimental condensed matter physics and materials science due to 

its interesting metal-semiconductor transition which has proximity to room temperature. 

However, it was unclear whether the mechanism that drives the transition is driven by the 

lattice [4,5] (Peierls model) or by electron correlation effects [6,7] (Mott model); more 

recently, it has been generally agreed that the mechanism of the MST in bulk VO2 is 

considered to be a collaborative Mott-Peierls transition [19], however it is still 

challenging identify the origin of this mechanism that drives the transition. 

 

2.2.1 Driving mechanisms of the MST in VO2  

(a) Peierls model 

An earlier attempt to explain the metal-semiconductor transition was approached 

by using a non-interacting electron model in order to understand the origin of band gaps 

in semiconductors. In the 1930s, Rudolf Peierls stated that a 1-D equally spaced chain of 

ions with one electron per ion is unstable [20,21]; hence the ion cores rearrange to make 

the distorted lattice more energetically favorable than the perfect crystal. The distortion 

will be energetically favorable when the energy saved from band gap opening is greater 

than the elastic energy used to rearrange the ions, which only occurs when the electrons 

are arranged close to the ground state; hence Peierls transitions should be seen at low 

temperature where the thermal excitation is minimized. 
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Figure 2.4 Distortion of the periodic lattice in 1-D crystal 

 

The Peierls transition, sometimes called dimerization or Peierls distortion, is a 

distortion of the periodic lattice in a 1-D crystal where every other ion moves closer to 

one neighbor and further away from the other one as shown in figure 2.4. Using a simple 

model of the potential for an electron in a 1-D chain can explain how the distortion opens 

up a band gap, saving some energy. 

To understand how a metal might turn in to semiconductor, the simplest model of 

1-D conductor (perfectly arranged crystal) must be introduced: 

𝐻 = 𝐻! + 𝑉 =
𝑝!

2𝑚 + 𝑉(𝑥)                                                                                                (2.1) 

where H0 is for non-interacting electrons on a line, and V is a periodic potential where 

𝑉 𝑥 + 𝑎 = 𝑉(𝑥). [21] By applying Perturbation Theory, the periodic potential results in 

band gaps opening up at 𝑘 = !
!
, which means the lowest band for the model is from 

𝑘 = − !
!
 to !

!
. For monovalent atoms, electrons only half-fill the band, and this 1-D 

crystal would be metal.  

As the crystal is distorted, the new period is 2a instead of a, as shown in figure 

2.4, introducing new band gaps at 𝑘 = !
!!

. For monovalent atoms, the electrons fill all 
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the states to 𝑘 = !
!!

, and none beyond, making it semiconductor. This also means that 

all the electrons are in states whose energy is lowered.  

However, the Peierls distortion model has failed to describe many behavior of 

VO2. Hence Mott introduced a new model that considers electron correlation. [14,22] 

 

(b) Mott model 

A Mott transition originates from electron localization and the interplay of the 

Coulomb repulsion of interacting electrons. Consider a lattice model with a single 

electronic orbital on each site: without electron-electron interaction, a single band 

becomes full when two electrons occupy each site. However, two electrons sitting on the 

same site would feel a large Coulomb repulsion which would split the band in two: 

bonding (lower energy) and antibonding (higher energy). [22] The Hamiltonian shown in 

section (a) now requires an electron-electron Coulomb interaction term in addition to the 

lattice periodic potential V(x). To understand the significance of strong correlation effects 

in band gaps opening, many theories and approaches have been made; one of the well 

known approaches is the Local-density approximation and its refinement. [23] 

Mott argued that the transition would be abrupt; he considered a crystalline array 

of hydrogen-like atoms with lattice constant a that could be varied. He concluded that the 

transition would happen when free electron density n and the Bohr radius 𝑎! satisfy  

𝑛!/!𝑎! ≃ 0.2       (2.2)  

This formula was successfully applied to heavily doped semiconductors. [22] 

 The mechanism of the MST in VO2 is described by Mott model, where the 

electron correlations are considered, as shown in figure 2.5, and described below: 
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(1) Due to electron correlation, the 𝑑|| band split in two: bonding (lower) and 

antibonding (upper). 

(2) As the 𝑑! band shift up (the deformation of octahedral oxygen), the screening 

effect of 𝑑|| electrons from 𝑑! electrons is reduced. 

(3) The reduced screening (electrons are harder to removed) will narrow the 

lower 𝑑|| (bonding) band, increasing the gap between 𝑑|| bands. 

(4) Once the 𝑑! band is completely lifted up above Fermi level (by deforming of 

octahedral oxygen), the lower 𝑑|| is left below the Fermi level with narrow 

band, the insulating gap in VO2 is determined to be (0.7 eV). Finally the 

electron localization on the V-V pairs enhances Coulomb repulsion, and lift 

the upper 𝑑|| (antibonding) band to approximately 2.0 eV above the lower 𝑑|| 

(bonding). 

 

Since the deformation of octahedral oxygen is a result of V-V distortion, the MST 

in VO2 single crystal is considered to be Mott-Peierls collaborative. 

 

 

Figure 2.5 Band gap opening mechanism for Mott model. 
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(c) Identifying the origin of the mechanism of the MST 

As mentioned in earlier sections, it is a big challenge to identify the true origin of 

the mechanism of the MST (Mott or Peierls), since as soon as one happens the other will 

follow spontaneously. Ultrafast response experiments with careful structure monitoring 

need to be performed in an attempt to distinguish the two. Both photoinduced and 

electrically induced experiments have become a big area of interest in the past decade. 

Recent experiments by Cavalleri et al [15] based on ultrafast spectroscopy and Raman 

spectroscopy provide evidence that atomic arrangement of the high-T tetragonal unit cell 

is needed for the formation of the metallic phase of VO2 even if the correlated d band is 

highly hole doped. On the other hand, Kim et al. found evidence that the transition occurs 

in the monoclinic state and that the structural phase transition (SPT) to the rutile state 

occurs after; one of his experiments is based on Raman scattering during an electric field 

driven MST [24], and another is based on femtosecond pump probe and temperature 

dependent XRD measurements [25]. More recently the separation of MST and SPT was 

also confirmed by micrometer x-ray diffraction during an electric field driven MST, 

yielding the same results that VO2 films show metallic conductivity while the tetragonal 

structure is absent. [26] 
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2.2.2 Properties of VO2 near the MST and its modification 

(a) MST in VO2 

 
	
  
Figure 2.6 Examples of MST triggered by different sources: (a) electric field [27], (b) 
heat [28], (c) photoexcitataion (courtesy: R. A. Lukaszew). 

 

Vanadium oxides have attracted considerable interest during the past five decades 

because of the phase transition that several of the oxides exhibit. [12,29] In particular, 

vanadium dioxide (VO2) exhibits a metal semiconductor transition (MST) at 340 K. [3] 

This transition is accompanied by the abrupt change in the electrical conductivity, optical 

transmittance, and reflectance in the infrared region, as shown in figure 2.6-2.8. The 

conductivity change during the transition can be as large as 4-5 orders of magnitude in 

bulk VO2. These properties of VO2 can be used in advanced ultra fast and low power 

electronic devices such as sensors, switches, and memory devices. [30-32] The MST can 
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also be triggered by different sources, i.e. heat, current/carrier injection, and 

photoexcitation as shown in figure 2.6. The transition induced by photoexcitation shows a 

very short switching time ~ 200 fs [33]. The time-resolved photo response in figure 2.6 

also confirms the super fast switching behavior. Figure 2.7 shows the electrically induced 

transition of VO2 devices, revealing robust and ultra-fast switching with a switching time 

τ ~ 2 ns [34]. The critical values to trigger the MST are summarized in table 2.1. In this 

dissertation, the work presented will focus on the thermally induced phase transition. 

 

 

Figure 2.7 Time-resolved electric field induced transition of VO2 device, (a) showing 
bias voltage and observed device current, (b) a zoom-in of time-resolved device current 
density, (c) repeated transition up to 2000th cycle. [34] 

 

Table 2.1 Critical values for the transition to occur [3,24,27,33] 

Triggered by Critical value 
Current injection > 104 A/cm2 
Photoexcitation >  250 µJ/cm2 
Heat > 340 K 
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(b) Effect of various types of strain on VO2 phase diagram and MST 

 

Figure 2.8 (a) Resistance as a function of temperature of VO2 compared to 2.2% Ga 
doped VO2 [35], (b) optical switching and hysteresis loop of VO2 thin films doped with 
low-valent cations Al3+ , and (c) with high-valent cations W6+ [36]. 

 

Another factor that makes VO2 more interesting, as mentioned previously, is the 

tunability of both its transition temperature and the magnitude of its resistivity ratio. It is 

crucial to understand the physics and mechanism of the transition to improve the ability 

to modulate the properties of this material, making it suitable for a wide range of 

applications. In the past, there have been many attempts to understand the collaborative 

transition model via applied strain and chemical doping that also reveal a modified 

transition of VO2. It is found that the transition temperature decreases when the film is 
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doped with high-valent cations such as Ti4+, Re4+, Ir4+, Os4+, Ru4+, Nb5+, Ta5+, Mo6+, and 

W6+, and increases when doped with low-valent cations, i.e. Al3+, Cr3+, Fe3+, Ga3+, and 

Ge4+ [18,36]. However, as the transition temperature is shifted away from the bulk value 

(340 K), the transition gets suppressed, i.e. the ON/OFF ratio is reduced as shown in 

figure 2.8. To fully utilize the benefit of the tunability of this material, preserving the 

ON/OFF ratio or even enhancing the ratio is required.  

 
Figure 2.9 (Left) phase diagram of VO2 for different concentration of dopants; doping 
(V1x Mx O2) leading to reduction (M = Nb5+) or oxidation (M = Cr3+) of V4+ is specified 
on the horizontal axis. Courtesy: M. Liu. (Right) deduced stress-temperature phase 
diagram of free-standing VO2 nanobeams under uniaxial strain [37]. 

 

It has been generally agreed that the mechanism of the MST in bulk VO2 is 

considered to be a collaborative Mott-Peierls transition, however the effect of strain on 

the phase transition is much more complicated. Various types of strains such as: 

(1) macro-strains (mechanical strains, epitaxial strains etc.) and  

(2) micro-strains (chemical substitutions, point defects in the lattice)  

have been exploited to modify the phase transition. Recently, reports revealed that single 

crystal VO2 nanobeams under uniaxial strain exhibited a complex blend of insulating 
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phases including the M1, M2 and triclinic (T) phases near the MST as shown in figure 2.9 

(right). [37,38] Similarly, the micro-strain in the lattice induced by the chemical doping 

with Al also resulted in the meta-stable M2 phase in free-standing VO2 films near room 

temperature. [39] Figure 2.9 (left) shows a complex phase diagram of VO2 for different 

concentrations of doping elements, where M1 is the most distorted from the rutile 

structure. 

 

Figure 2.10 Transition temperature vs. lattice parameter c of VO2 films deposited on 
TiO2 (001) and TiO2 (110) substrates. [40] 

 

In contrast, epitaxial strain in thin film VO2 arising from the crystal clamping with 

the substrate revealed quite a different picture of the phase transition. Despite the large 

lattice mismatch (~3.7 %) along the c-axis between the rutile TiO2 and the VO2 film, the 

experimental results by Muraoka et al. [40] showed a strong correlation between the 

transition temperature (TMST) and the uniaxial strain along the c-axis of VO2 (as shown in 

figure 2.10), and the correlation was opposite to that predicted by the Peierls (structural) 

mechanism. [41] Laverock et al. [42] have observed a Mott-like transition with a large 
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tensile strain along the cR axis in VO2 using soft x-ray spectroscopy, demonstrating the 

absence of the large structural distortion near the phase transition which was previously 

observed in bulk and moderately strained VO2. Epitaxial films under bi-axial strain also 

demonstrated a very pronounced anisotropy in optical and transport properties [43,44] as 

a result of the formation of unidirectional stripe states in which the semiconducting and 

metallic states coexisted. [45] 

 

2.3 Growth of VO2 thin film 

2.3.1 Challenges of pure phase VO2 thin film synthesis 

The various benefits of VO2 make this material very interesting; however the 

challenge in the past has been that the synthesis of this material is quite an obstacle. Due 

to the lack of advanced synthesis techniques, there was a big gap in the study of VO2 

since this material was first explored by Morin in the late 1950s [2]. There was a 20-30 

year slow period where there were very few studies on this material, however, the topic 

became popular again in 1990s. The growth and the physical properties of vanadium 

dioxide thin films have been explored by various deposition techniques such as electron 

beam evaporation [46-48], re-active sputtering [48-53], sol-gel processes [54,55], 

chemical vapor deposition (CVD) [55], atomic layer deposition (ALD) [56], pulsed laser 

ablation [57,58], etc. Nonetheless, high purity VO2 thin films were still hard to 

synthesize, since it is hard to prevent the formation of other vanadium oxides that would 

generally produce a mixed phase.  

The valence state of vanadium ranges from V2+ to V5+, hence single valence 

oxides (VO, V2O3, VO2, V2O5) and mixed valence oxides (V6O13, V3O7, V5O9, etc.) can 
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be easily formed by inducing oxygen defects. For example, a mixture of V3+ and V4+ 

forms a number of Magneli phases [59] which have the general formula VnO2n-1, where a 

mixture of V4+ and V5+ forms a number of Wadsley phases (V2nO5n-2) [60]. A number of 

these undergo the MST transition. These transitions are listed in table 2.2.  

 

Table 2.2 Different vanadium oxides with the valence state of vanadium and the TMST 
[59]. 

Material Valence state 
of vanadium 

TMST 

VO 2+ Metallic 
V2O3 3+ 168 K 
V3O5 3+ and 4+ 430 K 
V4O7 3+ and 4+ 250 K 
V5O9 3+ and 4+ 135 K 
V6O11 3+ and 4+ 170 K 
V7O13 3+ and 4+ Metallic 
V8O15 3+ and 4+ 70 K 
VO2 4+ 340 K 
V6O13 4+ and 5+ 145 K 
V3O7 4+ and 5+ --- 
V2O5 5+ --- 

 

Growth conditions such as O2 flow rate, substrate temperature, and process 

pressure can highly influence the phase and structure of the film. In the work presented 

here, reactive bias target ion beam deposition (RBTIBD) which will be described in 

chapter 3, was used to synthesize thin films on various substrates, where the effect of the 

deposition conditions on film quality will be discussed in chapter 4.  

 

2.3.2 Epitaxy of VO2 thin films on single crystal substrates 

The substrates used in the study for this dissertation are single crystal substrates, 

which include c-plane Al2O3, (100) TiO2, (001) TiO2, and (011) TiO2. The following 
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information will give a brief review of the substrate crystal structures and an overview of 

the thin film crystal orientations deposited on these substrates. 

 

(a) Aluminum oxide (Al2O3)  

Sapphire or single crystal Al2O3 has a rhombohedral/hexagonal crystal structure 

that belongs to the space group of R3c. The lattice parameters of the Al2O3 hexagonal 

unit cell are a = 4.758 Å and c = 12.992 Å. Due to the complex honeycomb-like crystal 

structure, there are many possible crystal orientation planes as shown in figure 2.11(a). In 

the study presented, c-plane sapphire (0006) substrates were used. 

Due to different crystal structures of VO2 and the hexagonal c-plane Al2O3 (later 

designated as as c-Al2O3), the VO2 thin films deposited on c-Al2O3 have a monoclinic 

structure with three preferred in-plane orientations (rotated 120° from each other). The 

top-view crystal relationship of VO2 and c-Al2O3 is shown in the bottom right of figure 

2.11(a). The in-plane lattice spacing of bulk VO2 is larger than that of Al2O3, hence an in-

plane compressive strain is introduced for the films deposited on the c-Al2O3 substrate. 

For the out-of-plane direction (perpendicular to the surface of substrate), XRD 

shows strong (020) M-VO2 peak coupling to the (0006) Al2O3 peak (figure 2.11(a) top 

left), indicating oriented film growth along the [010] direction. The in-plane 𝜙 scans 

from 0° to 360° were performed on (110) M-VO2 (monoclinic VO2) and (2204) Al2O3, by 

fixing the tilt angle (𝜓) and 2𝜃 to the selected crystal planes. Each of the three preferred 

in-plane orientations of VO2 gives 2 peaks in the in-plane 𝜙 scan due to symmetrically 

equivalent twin variants, yielding 6 peaks total; while Al2O3 gives three peaks due to the 

hexagonal symmetry (figure 2.11(a) bottom left). These crystal variants are single 
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domain (010) M-VO2 rotated 120° from each other, with pronounced twinning, which 

agree with a previous report [3]. The VO2 thin films deposited on c-Al2O3 are single-

crystal like in the out-of-plane direction, while in the in-plane direction (parallel to 

substrate surface), they are polycrystalline with three preferred orientations. This type of 

film growth is highly textured. 

 

Figure 2.11 Crystal structure of single crystal substrates; and the examples of out-of-
plane and in-plane XRD scans of VO2 thin films deposited on various substrates: (a) 
Al2O3, (b) TiO2 

 
 

(b) Titanium dioxide (TiO2) 

The single crystal TiO2 substrate used in the work presented here is rutile phase 

with the tetragonal space group P42/mnm similar to that of R-VO2 (rutile VO2), where all 

the lattice parameters are listed in table 2.3. Due to the similar crystal structure as shown 

in figure 2.11(b), the VO2 thin films deposited on TiO2 substrates are clamped to the 

rutile structure: this effect is called “substrate-clamping effect”. Because of the similar 

structure, the VO2 thin films are epitaxially grown on the TiO2 as has been confirmed by 
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in-plane azimuthal (ϕ) scans. Figure 2.11(b) top right shows the ϕ scan showing VO2 and 

TiO2 peaks for the (101) plane, which confirms the epitaxial growth of VO2 thin films 

with a rutile crystal structure. Figure 2.11(b) top left is an example of the out-of-plane 2θ 

scans of VO2 thin films deposited on (100) TiO2. It shows the (200) peak of R-VO2 

coupling to the (200) peak of the TiO2 substrate.  

 

Table 2.3 Lattice parameters, in-plane spacing, and critical thickness of VO2, TiO2 (Å) 

 
 

The lattice parameters of bulk VO2 are smaller than those of the TiO2 substrate, 

hence this introduces an in-plane tensile strain due to this lattice mismatch as summarized 

in table 2.3. The lattice mismatch is calculated by the formula below: 

𝑙𝑎𝑡𝑖𝑖𝑐𝑒  𝑚𝑖𝑠𝑚𝑎𝑡𝑐ℎ =    !!!!!
!!

     (2.3) 

where ds is the lattice spacing of the substrate, and df is the lattice spacing (along the 

same direction) of the film. Based on the lattice mismatch, I have calculated the critical 

thickness (Hc) for VO2 grown on various orientations of rutile TiO2; using the energy 

minimization considerations [61,62], the critical thickness is reduced to a simple 

approximation expression:   

 𝐻! ≅   
!
!!

     (2.4) 

where a is the in-plane lattice parameter, and f is the in-plane lattice mismatch for each 

orientation of the TiO2 substrates. Below the critical thickness, the epitaxial film is fully 
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strained, thanks to the mismatch. Once the thickness exceeds the critical thickness, the 

misfit dislocations form spontaneously to relax the epitaxial strain.  Hence the strain of 

the film shows a strong dependence on the film thickness.   
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CHAPTER 3. Experiments 

This chapter introduces the main techniques used for the synthesis and 

characterization of VO2 thin films. A novel deposition method called reactive bias target 

ion beam deposition (RBTIBD) is employed, and its characteristics are described. High-

resolution x-ray diffraction (HRXRD) was used to study the crystal structure of VO2: to 

determine the phase composition, and lattice parameters of thin films, and also to 

determine the epitaxial relationship between the film and the substrate. The thickness of 

the film was determined by x-ray reflectivity (XRR), and the roughness and the surface 

morphology were studied via Atomic Force Microscopy (AFM). The crystal structure of 

VO2 thin films was also studied via temperature-dependent XRD and Raman 

spectroscopy. The valence state of VO2 thin films was determined by soft X-ray 

spectroscopy through a collaboration with Kevin Smith’s group at Boston University. 

The transport behaviors are studied on two types of devices which are fabricated via 

photolithography. 

 

3.1 Growth technique and deposition conditions 

3.1.1 Reactive bias target ion beam deposition (RBTIBD) 

 Reactive bias target ion beam deposition (RBTIBD), a hybrid of ion beam 

deposition (IBD) and sputtering, was developed to address the limitations of IBD in the 

fabrication of sharp interfaces in multilayer structures for both metallic and oxide 

materials. [27,63,64] The schematic of the RBTIBD system is illustrated in figure 3.1. 

The RBTIBD system uses a low energy ion source that consists of a hollow cathode 

electron source (HCES) and an end-Hall ion source as an anode. The HCES emits 
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electrons which then flow toward the anode (end-Hall ion source) and interact with the 

magnetic field near the anode causing ionization of the inert gas. The ionized gas is then 

accelerated using a separate voltage source. [65,66] Both the HCES and the ion source 

are each powered by a supply with a voltage range 0-100V and 0-12A that can produce a 

flux of low energy ionized inert gas (~5-50eV), but these ions do not have enough energy 

to sputter the target or any of the other construction materials inside the chamber such as 

chamber walls and target shielding. There are three gas lines connected into the chamber: 

two Ar gas lines, one through the cathode and another through the anode, and the third 

line provides a reactive gas (Ar/O2 80/20 mixture) through the anode. All the gas 

mixtures used in the processing are ultra high purity (UHP) with 99.999% purity. The 

flow rates of all three lines are controlled by digital mass flow controllers (MFC). The 

flow ranges for the cathode Ar line and anode reactive gas line are 0-20 sccm, while the 

range for the anode Ar line is 0-100 sccm. 

 

 
Figure 3.1 Schematic of the RBTIBD system 
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There are six 4-inch diameter metallic targets installed in the system. A Y-shaped 

target shutter covers three of the targets leaving the other three exposed at one time. The 

targets are positioned in a way such that they are parallel to the ion beam flux. All the 

targets are 99.99% pure metals, and are water-cooled during a deposition through a 

copper backing plate. The power supply for the negative bias has a range of 2kV and 1A, 

while the positive bias has a range of 60V and 5A. The frequency generator has a range 

of 1-75 kHz, while the positive pulse period is limited by 1/f.  

 The target bias is applied by a pulsed dc voltage source which alternates between 

a large negative bias and a small positive bias at a controlled frequency and pulse period. 

There are three pulse sources and three frequency generators, each connected to two 

targets such that one to three targets can be pulsed by dc bias at the same time at a 

separate frequency and pulse period, which is very beneficial when co-sputtering 

materials from separate targets.  

Sputtering occurs only during the negative bias pulse period (1/f-positive pulse 

period), but not during the positive pulse period or zero bias. The large potential 

difference between the positively charged ions and the negatively charged target surface 

causes the ions to accelerate toward the target surface, creating a thin plasma sheath (~2 

mm) and induces sputtering of the target material. Ar ions are inert and do not react with 

the target material, however, using O2 which is reactive will cause an insulating dielectric 

to build-up on the target surface. This would lead to target poisoning, and reduce the 

sputtering yield drastically. By applying a small positive bias (~20 V), any dielectric 

material buildup on the target surface is effectively removed (discharged) by repulsive 

potential forces.  During co-sputtering (doping), modulation of the positive pulse period 
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at a low fixed frequency appears to yield better film qualities, in comparison with varying 

the pulse frequency for a fixed pulse period.  

 The substrate stage is vertically positioned and aligned with the ion source, 

rotating about that axis during the deposition for uniformity. The wafer carrier is made 

from tantalum (Ta), which has a high melting temperature, low thermal expansion 

coefficient, and non-ferrous properties. The Ta wafer carrier is 3 mm thick and has a 4-

inch diameter. Ta pressure clamps and 0-80 Ti screws were used to mount single crystal 

substrates. Silver (Ag) paint was once used to mount the substrates but was found to be 

inefficient for film growth due to a non-uniform thermal gradient caused by non-uniform 

Ag particles in the solution. The resulting film surface was very rough and the film was 

not as highly crystalline as when the substrate is clipped. An infrared heating lamp is 

used to heat the wafer carrier. The thermal output of the heater is directly controlled by a 

variable voltage input, which is controlled by a digital to analog converter (DAC); the 

DAC value (ranging from 0-35000) is acquired at the software interface. Using a standard 

k-type thermocouple, the direct measurement of the surface temperature of the wafer 

carrier is calibrated every several months to DAC values used to control the input 

voltage; the temperature control range is 75 – 650 °C. The example of DAC calibration 

result is shown in figure 3.2. 
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Figure 3.2 An example of DAC calibration for stage heater, using a standard k-type 
thermocouple. 

 

 The base pressure of the main chamber is ~2×10-8 Torr, obtained using a 

cryogenic pump. With a load lock mechanism, samples can be extracted and mounted 

without breaking the high vacuum in the main processing chamber. A mechanical rough 

pump is used to pump down the load lock chamber to 70-90 mTorr before opening the 

gate valve which connects the load lock to the main chamber. 

 

3.1.2 Deposition process and key parameters 

The procedure for cleaning the single crystal substrates includes an ultrasonic 

acetone bath followed by rinsing in isopropanol alcohol, drying with UHP N2, and baking 

at 100 °C for 2 minutes. It is found that the substrate treatment is unnecessary if the 

substrate is directly out of the manufacturer’s packaging and hasn’t been cut or diced, 

since any tiny amount of chemical residue will result in contamination and very rough 

film surfaces. The substrates are then mounted on the wafer carrier using Ta clips and 
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screws, then the wafer carrier is mounted on the stage in the load lock which is pumped 

down to 70-90 mTorr using a mechanical rough pump, and the gate valve then opens to 

the main chamber. The stage is then loaded into the main chamber which is pumped 

down until a base pressure of ~5 - 8 × 10-8 Torr is reached.   

Once the desired base pressure is reached, the HCES is purged with 10 sccm Ar 

while the anode is purged with 50 sccm of Ar for 30 minutes. This is followed by a 30 

minute degas procedure whereby the tungsten filament inside the HCES is heated up, 

outgassing contamination on its surface. At the same time that the degas process starts, 

the stage heater is ramped up to a calibrated DAC value corresponding to the desired 

substrate temperature (typically 450-550 °C) at a rate of 5000 DAC/minute to prevent 

abrupt jump in the voltage input. It takes about 45 minute for the wafer carrier to reach a 

stable surface temperature. After the degas process is complete, the ion source is turned 

on. Ar gas flowing through the anode is increased to 70 sccm. A voltage limit of 50 V 

and a current set point of 7.0 A are set for the cathode and after the cathode ignites the 

plasma, the anode voltage limit and current are set to 60 V and 6.5 A. The ion source is 

then stabilized within 5 minutes when the voltage on cathode and anode are about 4 V 

and 35 V respectively; this produces a beam current of 40 eV which is not enough to 

induce sputtering. The substrate is then pre-cleaned using the Ar ions by opening the 

stage shutter for 3 minutes with the stage rotating at 10 rpm. 

To initiate the sputtering, the desired target’s pulse frequency is set at 71.43 kHz 

with a 3 µs positive pulse period, while pulsed dc bias is applied with 900 V negative 

bias and 20 V positive bias. A plasma sheath forms at the target surface and sputtering is 

induced. The targets are first sputter-cleaned for 3 minutes; then the reactive gas, an 
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Ar/O2 80/20 mixture, is introduced with the flow rate set to a desired value (typically 5.0-

6.0 sccm). Using too much or too little oxygen can introduce other phases of vanadium 

oxides [27]. All other deposition parameters (i.e. pulse frequency and positive pulse 

period, negative and positive target bias voltage, cathode and anode gas flow rates and 

current) are set to desired values and allowed to stabilize for at least 15 minutes if O2 is 

used, and 5 minutes otherwise. A residual gas analyzer (RGA) is used to monitor the 

partial pressures of gas species, particularly oxygen. The deposition will not start unless 

the partial pressure of oxygen observed via RGA is stable. The processing pressure is 

nearly the same for all depositions, ~ 1.0-1.2 mTorr during each deposition.  

The deposition starts when the stage shutter is opened. After the desired 

deposition time, the stage shutter is closed. The system is shut down in the following 

order; stage heater, stage rotation, reactive gas flow, target bias, and pulsar. The anode 

and cathode power and gas flow are left on for 15 minutes and then turned off, letting the 

cathode and anode purge for another 15 minutes with 10 sccm Ar through the cathode 

and 50 sccm Ar through the anode before completely turning them off. The purpose of 

leaving the ion source on longer after the deposition is to prevent any material from re-

depositing on the cathode and anode, which can make it difficult to restart the ion source 

for the next deposition. The stage is allowed to cool in vacuum down to the ambient 

temperature, which takes approximately 75 minutes after the ion source is finished 

purging. When base pressure is reached (~8.0×10-8 Torr) and the stage is cool, the load 

lock chamber is retracted from the main chamber and vented to atmosphere in order to 

remove the samples. 
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3.2 X-ray diffraction (XRD)  

 

Figure 3.3 Schematic of basic XRD geometry on material with lattice spacing d. 

	
  
X-ray diffraction (XRD) is a powerful analytical technique used to characterize 

the crystal structure and phase of thin film materials because the wavelengths of x-rays 

(Cu Kα is ~ 1.54 Å) are comparable to the atomic spacing in crystals. In a semi-classical 

mechanical model, XRD is a form of elastic scattering in which the incident x-ray 

photons have the same energy (wavelength) as that of the diffracted x-ray photons. A 

regular array of parallel equidistant atomic planes will reflect a small portion of an 

incident x-ray beam, which will produce a regular array of spherical waves. These will 

cancel each other out through destructive interference in most of the directions, except for 

the direction that satisfies Bragg’s law [67]. In this direction, the waves add 

constructively, resulting in a reflection spot in the diffraction pattern. The law that 

describe the constructive interference is  

2d sin θ = nλ     (3.1) 

where n is an integer number describing the order of the reflection, λ is the wavelength of 

the X-rays (1.54 Å), d is the atomic spacing between the lattice planes, and θ is the Bragg 
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angle at which a maximum diffraction intensity occurs. Figure 3.3 shows a schematic of 

the basic XRD geometry. 

 

3.2.1 Out-of-plane 2θ/ω 

 

Figure 3.4 Schematic of 2𝜃/𝜔 scan in Rigaku SmartLab XRD tool. 

 

 In an XRD tool, for an out-of-plane scan, the sample sits parallel to the ground, 

while the source and detector move up and down (in the vertical plane) with respect to 

the horizontal sample stage. For a 2𝜃/𝜔 scan, the source moves with respect to the 

sample at an angle 𝜔 and the detector moves simultaneously by an angle 2𝜃, as shown in 

figure 3.4.  The 2𝜃/𝜔 scan is used to determine the phase composition in thin film 

samples and the lattice spacing can be extracted from the 2𝜃 value via Bragg’s law. The 

2𝜃/𝜔 scan can also distinguish between polycrystalline and textured growth. In this 

dissertation, the samples are either epitaxial or highly textured. In the case of highly 

textured growth, only selected sets of diffraction peaks corresponding to a family of 

lattice planes is observed.  
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3.2.2 In-plane 2θ/ω, ϕ  

 

Figure 3.5 Schematic of in-plane 2𝜃/𝜔, 𝜙 scans. 

 

 The in-plane scans are performed on a tilted sample as shown in figure 3.5. The 

tilt angle (𝜓) is set to a fixed position with respect to the substrate normal for a desired 

lattice plane. Then the 2𝜃/𝜔 is fixed to a value that satisfies the diffraction condition of 

the desired plane. The angle 𝜙 is scanned from 0° to 360° (the sample is rotated about the 

normal). The 𝜙 scan is used to determine the relative orientation of the film with respect 

to the substrate. For an epitaxial film, an additional in-plane 2𝜃/𝜔 scan can be performed 

by fixing 𝜙 at an angle that yields maximum intensity (at a certain lattice plane) and 

2𝜃/𝜔 is scanned in the proximity of film and substrate peaks. Another lattice spacing dhkl 

of the (hkl) plane can then be extracted from the 2𝜃/𝜔  value. The lattice parameters can 

be calculated from a set of lattice spacing using the relationship: 

𝑑!!" =
1

ℎ!
𝑎! +

𝑘!
𝑏! +

𝑙!
𝑐!

                                                                                                  (3.2) 

where a, b, and c  are lattice parameters along [100], [010], and [001] of R-VO2 

respectively. 
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3.2.3 Temperature dependent XRD 

 The Rigaku SmartLab XRD tool is equipped with a domed hot stage (Anton Paar 

DHS 1100). The sample heating stage has a small spherical X-ray transparent dome that 

accommodates different atmospheres, i.e. air, inert gas, and vacuum (10-1 mbar). The 

heating stage is lightweight and equipped with air-cooling, and can be heated from room 

temperature to 1100 °C using a Rigaku software package. For some of the VO2 samples, 

the out-of-plane 2𝜃/𝜔 was performed at various temperatures in air (up to 380 K) to 

study the structural change. Figure 3.6 shows an example of the temperature dependent 

XRD pattern of a typical VO2 thin film (deposited on c- Al2O3), with clear evidence of 

structural change around 340 K. The temperature range was set from 25 °C to 105 °C 

with a step of 10 °C for the scan at temperatures far from the MST and a step of 3-5 °C 

for the scan at temperatures close to the MST. At each temperature set point, the system 

was held for 2 minutes to wait for temperature stabilization and then the 2𝜃/𝜔  scan was 

performed. 

 

Figure 3.6 An example of temperature XRD results showing clear evidence of structural 
phase transition (SPT) at 340 K for a typical VO2 thin film deposited on c-Al2O3.  
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3.3 X-ray reflectivity (XRR) 

Film thickness is characterized via x-ray reflectivity (XRR). X-ray scattering at 

very small diffraction angles allows characterization of the electron density profile of a 

thin film. Through modeling/fitting of the reflectivity pattern, it is possible to obtain 

information about film thickness, interface roughness, and film density. The basic 

equation used to determine film thickness is [68]: 

𝑅 =
𝑟! + 𝑟!𝑒!!!"#

1+ 𝑟!𝑟!𝑒!!!"#

!

                                                                                                        (3.3) 

where r1,2 are Fresnel reflectivity coefficients of the film surface and the substrate-film 

interface respectively, β is the vertical component of the transmitted portion of the 

incident beam and t is the film thickness. An intensity maxima occurs whenever 

𝑒!!!"# = 1. 

A typical XRR profile is shown in figure 3.7. The period of the oscillation of the 

interference fringes is related to the film thickness and the amplitude is related to the 

surface or interface roughness. 
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Figure 3.7 Typical XRR spectra of a VO2 sample (blue) and the fitting simulation (red). 
The film thickness is related to the period of the oscillations. 

 

3.4 Atomic force microscopy (AFM) 

3.4.1 Surface morphology 

Atomic force microscopy (AFM) was used to characterize the surface roughness 

of all VO2 thin films. An Asylum Research Cypher AFM was used in tapping mode (ac 

air mode) for surface morphology. A schematic of the basic AFM mechanism is shown in 

figure 3.8. AFM consists of a cantilever with a sharp tip attached to its end. When the tip 

is brought close to the sample surface, forces between the tip and sample cause the 

cantilever to bend, and the deflection is detected by an array of photodiodes via a laser 

spot reflected from the top surface of the cantilever. In tapping mode, a piezoelectric 

forces the cantilever to oscillate near its resonance frequency. As the tip comes close the 

sample surface, the amplitude of this oscillation decreases due to forces between the 

sample and tip. The height of the cantilever, the distance between the cantilever and the 

surface of the sample, is controlled by a piezoelectric actuator. As the sample is scanned 
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using piezoelectric scanners, the height of the cantilever is adjusted such that the 

oscillation amplitude is fixed. An image of the surface is produced from the deflections 

detected by the photodiode, occurring due to the height adjustments of the cantilever as 

the sample is scanned. 

 

Figure 3.8 Schematic of basic AFM mechanism. [69] 

 

3.4.2 Conductivity mapping  

 Conductive AFM (cAFM) imaging was performed using a module in the Asylum 

Research Cypher AFM tool. The module consists of a conductive cantilever holder and a 

conductive cantilever and tip. It provides low-current measurements at constant applied 

voltage for electrical characterization. The cantilever holder used in the system is the 

Dual Gain Orca cantilever holder, which has gains of 1×106 and 1×109 volts/amp (~1 pA 

to 10 µA). Before each cAFM, the holder was tested with two test resistors: 1 and 500 

MΩ, to check both gains of the system. Schematics of the testing circuit and cAFM are 

shown in figure 3.9. After the testing was finished, the test resistor was then replaced 

with the cantilever/tip and sample. The sample was mounted to a sample holder with 

silver paint, where the silver paint covered one corner of the sample. The sample holder 
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is conductive and magnetic; a tiny magnet pillar was placed on the holder to connect a 

wire from the sample back to the AFM system, making a complete electrical circuit. The 

conductivity mapping of the sample surface was then collected from a scan in contact 

mode while applying a small bias voltage and reading the current. The surface 

morphology of the same area was also collected at the same time. The conductivity 

mapping can also be plotted as an overlay on the surface morphology in 3D mode for a 

better overview of the relationship between the morphology and the conductivity of the 

thin film samples.  

 

 

Figure 3.9 Schematics of testing circuit and conductive AFM mechanism. 

 

3.5 Determination of the valence state of vanadium  

To determine the valence state of vanadium, soft X-ray absorption (XAS) and 

photoemission (XPS) were performed at Beamline X1B of the National Synchrotron 

Light Source, Brookhaven National Laboratory by Dr. Jude Laverock at from Boston 

University. XAS measurements were performed at a resolution of 0.3 eV in both total 

electron yield (TEY) and total fluorescent yield (TFY) modes, which have probing depths 

of 10 nm and 100 nm respectively. XPS measurements were performed with a Scienta-
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100 hemispherical analyzer, with energy resolution of 0.4 eV for the V 2p / O 1s core 

level (hυ = 900 eV) and 0.7 eV for the valence band measurements (hυ = 700 eV). 

Resonant photoemission spectroscopy (RPES) measurements, in which the incident 

photon energy is tuned to a feature of the absorption spectrum, were performed across the 

V L3,2-edge (hυ = 510 – 525 eV) in order to resonantly enhance the photoelectron 

transition rate of the V 3d electrons. 

 

3.6 Transport characterization 

3.6.1 Micro-fabrication process 

The transport characterizations were performed on thin film devices which were 

fabricated via a photo-lithography process. There are two types of device structures: 

simple-square contact (for R vs. T measurements), and Hall bar devices (for both R vs. T 

and Hall effect measurements). 

 

(a) Simple current in plane devices 

 

 

Figure 3.10 Schematic of a typical resistor device. Typical contacts were fabricated from 
20 nm of Ti and 100 nm of Au by e-beam evaporation. The typical size of the contacts 
was 250×250 μm2 separated by a gap of 10 μm. 
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 The simple-square contact devices were fabricated using a photolithography 

procedure in a clean room to make top Ohmic contacts on blanket films. The step-by-step 

procedure is listed below: 

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

minute 

2. Spin on photoresist (PR) AZ nLof 2020 at 4000 rpm for 30 seconds 

3. Soft bake (pre-exposure bake) the sample at 110°C for 1 minute 

4. Use the photolithography mask and contact aligner, expose the PR to UV at 

constant power of 275 W for 6 seconds 

5. Post-exposure bake at 110°C for 1 minute 

6. Develop the PR in AZ 300 MIF developer for 1 minute, then soak in DI for 

few seconds 

7. Dry with UHP N2, and check the pattern in optical microscope 

8. Use electron beam evaporation to deposit 200 Å of Ti at a rate of 2 Å/s follow 

by 1000 Å of Au at a rate of 3 Å/s 

9. Soak the sample in an acetone ultrasonic bath with low power to lift off the 

remaining PR leaving only the Ohmic contacts 
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(b) Hall bar devices 

 
Figure 3.11 Schematic of a typical hall bar device. The VO2 thin film was etched via 
RIE+ICP. Typical contacts were fabricated from 20 nm of Ti and 200 nm of Au by e-
beam evaporation. Typical hall bar width is 5 µm, where the separation between two 
voltage leads is 50 µm. 

  

 Hall bar devices were fabricated using a photolithography procedure that consists 

of two main parts: Hall bar patterning and film etching, and contact patterning and 

evaporation following same procedure as listed in the previous section for simple-square 

contact devices. The first step is etching using a reactive ion etching (RIE) and 

inductively coupled plasma (ICP) technique. The step by step procedure for Hall bar 

patterning and etching is listed below: 

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

minute 

2. Spin on photoresist (PR) AZ 4210 at 4000 rpm for 30 seconds 

3. Soft bake (pre-exposure bake) the sample at 100°C for 1 minute 

4. Use the photolithography mask and aligner and expose the PR to UV at 

constant power of 275 W for 36 seconds 

5. Develop the PR in a 4:1 solution of DI water: AZ 400K developer for 1 

minute, then soak in DI for few seconds 
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6. Dry with UHP N2, and check the pattern in optical microscope 

7. Put the sample in the dry etching tool which combines RIE+ICP: set the 

pressure 30 mTorr, ICP power 50 W, RIE power 20 W, O2 4 sccm, SF6 4 

sccm, Ar 40 sccm. (Etch rate for VO2 ~ 80 nm/min). 

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

use a small cleaning swab if needed 

After the etching was completed, the sample was prepared for contact patterning 

and evaporation with the same procedure as listed in section (a) simple-square contact 

devices, but with thicker Au/Ti that is thick enough to cover the etched thin film. 

 

3.6.2 Temperature dependent resistivity 

The temperature dependence of the dc resistivity was measured using a Versalab 

system (Quantum Design) from 250 to 400 K with a ramp rate of 2 K/min. The excitation 

current used ranged between 1 µA and 1 mA (well below critical current density for the 

current-driven transition) depending on the resistance of the material. Measurements 

were made in AC mode. In this mode, the system generates a DC excitation and reads the 

potential drop across the sample. Next, a DC excitation in the opposite direction is 

generated and the potential drop is read again. The read-out is an average of the absolute 

value of the positive and negative voltage measured; hence the errors from DC offset 

heating voltages are eliminated. The dc resistivity or conductivity was then calculated 

according to the device geometry and thickness of the film. 

 The metal-semiconductor transition temperature (TMST) of each sample was 

extracted from the derivative of the logarithm of the resistivity, where 
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𝑇!"# =
𝑇!" + 𝑇!"#$

2                                                                                                                 (3.4) 

When 𝑇!" = 𝑇  where !(!"#!!")
!"

 is at a minimum, and 𝑇!"#$ = 𝑇  where !(!"#!!"#$)
!"

 is at a 

minimum. ρup is the resistivity from the up-sweep (the heat up curve), and ρdown is the 

resistivity from the down-sweep (the cool down curve).   

 

3.6.3 Hall measurement 

 

Figure 3.12 Schematic of basic Hall effect measurement. 

 

The Hall effect was measured using a physical property measurement system 

(Quantum Design PPMS 6000), and Versalab system from 200 to 400 K with a 10 K 

step. A schematic of the Hall effect measurement is shown in figure 3.12. At each 

temperature, the magnetic field was then swept from -7 to 7 T for the PPMS and -3 to 3 T 

for the Versalab with a rate of 0.01 T/sec and a step of 0.1-0.2 T. At each magnetic field, 

an excitation current (ranging 1 µA - 1 mA depending on the resistance of the material) 

was applied, and the Hall voltage (VH) was read. Therefore the Hall resistance was given 

by: .  Due to the misalignment of the Hall contacts, the magneto-resistance (

) was included in RH. The magneto-resistance is typically an even function of the 

R
H

* =VH
* / I
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external magnetic field for non-ferromagnetic materials, and the Hall resistance is an odd 

function. I separated the Hall resistance  the magneto-resistance  by  

     (3.5)
 

 
 
 

where  and  are the measured Hall resistance (VH / I) at a positive 

magnetic field and a negative magnetic field, respectively. After extracting the Hall 

resistance,  vs. H was plotted at each temperature and the sign of the slope can be 

used to determine the type of the majority carrier: one sign for electrons and the opposite 

sign for holes (depending on the experimental configuration, i.e. direction of magnetic 

field, direction of excitation current, etc.) 

Drude’s model was used, assuming a one band model as a first-order 

approximation, using the Hall coefficient equation: RH = -1/(n e) to calculate the carrier 

density yields the equation:  

        (3.6) 

 where I is the excitation current, B – magnetic flux density directed perpendicular to the 

sample plane, VH – Hall voltage (after the magneto-resistance removed), e = 1.6 × 10-19 

coulomb, and d = film thickness. In other words, from the plot of  vs. H, the carrier 

density n can be extracted from the slope: -1/(n e d). While the mobility:  

µ = σ/(n e)     (3.7) 

was determined from the known value of conductivity σ (measured in 3.6.2) and carrier 

density n. The majority carrier density and mobility at each temperature were extracted 
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using the methods described above. Plotting these values as a function of temperature 

together with the type of majority carrier noted will provide a better understanding of the 

transport properties of the material especially around the MST. 
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CHAPTER 4.  Micro-strain induced by the oxygen related defects 

4.1 Introduction 

Recent efforts on a Mott field effect transistor (MottFET)
 
have demonstrated that 

VO2 can be employed as the channel in a MottFET, and the applied external gate voltage 

switches the channel resistance between the insulating OFF state and the metallic ON 

state [8-10]. There are still several challenges for these so-called “Mott devices” [11], 

among which is a concern regarding the repeatability/reproducibility of the Mott 

transition because the properties of these materials are sensitive to oxygen vacancy 

concentration, strain, and other factors. Understanding the role of defects and developing 

a suitable growth technique to maintain reproducibility is thus required to realize the 

potential applications of Mott oxides.  

 

Figure 4.1 XRD show VO2 film peaks coupling to sapphire substrate peak, for the films 
deposited in 6sccm Ar/O2 at substrate temperature range 350-600 °C. 
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For an obvious reason, the substrate temperature for as-deposited films affects the 

film’s crystallinity and its oxygen absorption ability, consequently affecting its transport 

properties. In figure 4.1, XRD scans reveal better crystallinity for the film deposited at a 

higher substrate temperature, and figure 4.2 shows a sharper transition, better resistivity 

ratio (OFF/ON ratio), and slight upshift of the transition temperature (TMST) for the films 

deposited at higher temperatures. For the full range of substrate temperatures explored, 

especially with upper and lower limits of the optimum oxygen flow rate, additional 

phases of vanadium oxide were found and formed mixtures of V6O13, VO2 and V2O3. 

[27] 

 

 

Figure 4.2 Resistance as a function of temperature for VO2/c-Al2O3 deposited at different 
substrate temperature from 350-600 °C. 
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The growth and the physical properties of vanadium dioxide thin films have been 

explored by various deposition techniques such as electron beam evaporation [46-48], re-

active sputtering [48-53], sol-gel process [54,55], chemical vapor deposition [55], atomic 

layer deposition [56], and pulsed laser ablation [57,58]. Though it was relatively 

straightforward to achieve a single phase VO2, the MST behaviors, i.e. the transition 

temperature and the magnitude of resistivity ratio, lacked consistency in the literature. To 

discern the effect of oxygen content and the valence state of vanadium, I synthesized 

phase pure VO2 films under different oxygen flow rates. Soft X-ray absorption (XAS) 

and photoemission (XPS) spectroscopy were used to characterize the thin films and 

investigate the valence state of the vanadium ion in these films. This work was carried 

out by Dr. Jude Laverock at Boston University. Despite the fact that the films are single 

phase, each sample has very distinctive transport properties. A systematic 

characterization of the electrical properties of these films was carried out using Hall 

devices, and I will discuss the correlation between the oxygen content, the electronic 

structure, and the MST 

 

4.2 Morphological and structural characterizations  

Reactive bias target ion beam deposition (RBTIBD) was used to grow VO2 thin 

films on c-Al2O3 substrates with Ar/O2 80/20 mixture flow rate set to 4.5-6.0 sccm. The 

total processing pressure was nearly the same for all depositions, ~ 1.2 mTorr during each 

deposition. The growth time was 37.5 min. Table 4.1 lists the deposition conditions for 

each sample in the set. 
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Table 4.1 Deposition conditions: Ar/O2 80/20 was varied from 4.5 to 6.0 sccm while all 
other growth parameters remained constant. 

 
GROWTH PARAMETERS S-1 S-2 S-3 S-4 
Negative Bias Voltage (kV) 0.90 0.90 0.90 0.90 
Negative Bias Current (mA) 106 105 106 105 
Positive Bias Voltage (V) 20.0 20.0 20.0 20.0 
Positive Bias Current (A) 0.49 0.49 0.48 0.48 
Cathode Ar Flow (sccm) 10 10 10 10 
Cathode Voltage (V) 6.4 6.3 6.3 6.4 
Cathode Current (A) 7.06 7.06 7.06 7.06 
Anode Ar Flow (sccm) 70 70 70 70 
Anode Voltage (V) 36.7 35.9 34.0 34.3 
Anode Current (A) 6.55 6.55 6.55 6.55 
V Target Frequency (kHz) 71.43 71.43 71.43 71.43 
V Target Positive Pulse Period (µs) 3 3 3 3 
Ar/O2 80/20 Flow (sccm) 4.5 5.0 5.5 6.0 
Substrate Temperature (°C) 450 450 450 450 
Process Pressure (mTorr) 1.2 1.3 1.2 1.2 

 

The film thickness was determined by XRR and the thickness of each film is 

shown in table 4.2. AFM has revealed that the lower oxygen flow rate samples have 

smaller grains and a smoother surface compared to the higher oxygen flow rate samples: 

the 4.5 sccm sample has a root-mean-square (RMS) roughness of 0.5 nm, while the 6.0 

sccm sample has a RMS roughness of 1.8 nm as shown in figure 4.3. The increase of the 

grain size can be explained in terms of mean free path. In the presence of background Ar 

and O2 gas, the molecular and atomic species in the chamber undergo frequent collisions. 

An increase in O2 partial pressure leads to decrease in mean free path, hence the number 

of collisions increases. Due to the large number of collisions, the clusters formed have a 

greater chance of merging with each other, creating bigger clusters before depositing on 

the substrate. There were no cracks or pinholes observed on a large 20 x 20 µm2 area (not 
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shown here), as a result, the effect of these defects on the transport properties can be 

ruled out. 

 

 
Figure 4.3 AFM images of (a) 4.5 sccm Ar/O2 sample, (b) 6.0 sccm Ar/O2 sample.  

 

XRD scans showed that the VO2 films deposited on the c-plane Al2O3 single-

crystal substrates were single phase and highly textured. The out-of-plane 2θ scans 

[figure 4.4(a)] show that the (020) peak in the VO2 diffraction pattern is coupled to the 

(0006) peak of the Al2O3 substrate, and the VO2 peak was the only peak detected in a 

wide-range 2θ scans (not shown here). This indicates that there are no secondary phases 

in all the films despite the fact that they were deposited under various O2 atmospheres. 

The (020) texture for VO2 is typical when the template is c-plane sapphire [70]. There 

were clear Kiessig fringes in the out-of-plane θ-2θ scan observed in all samples, 

indicating high crystallinity with smooth interfaces, uniform thickness, and low defect 

density. The in-plane azimuthal scans of the (011) peaks of M-VO2 and the (2204) peaks 

of Al2O3, as shown in figure 4.4(b), confirmed that the films are highly textured with 

three preferred orientations of monoclinic VO2 clamping on the hexagonal shape of the 



	
  

	
  

52	
  

Al2O3 crystal. Each of the M-VO2 orientations gives the corresponding two peaks, that in 

total give six peaks for (011) M-VO2. 

 

 

Figure 4.4 (a) Room temperature out-of-plane XRD data of Al2O3 (0006) and VO2 (020). 
(b) The in-plane azimuthal scans of the (011) peaks of M-VO2 and the (2204) peaks of 
Al2O3. 

 

Figure 4.4(a) shows that as the Ar/O2 flow rate increases, the diffraction peak for 

the (020) reflection shifts to larger 2θ, resulting in a smaller lattice parameter. In 

comparison, the film deposited using a 6.0 sccm Ar/O2 flow rate has a smaller b-spacing 

([010] lattice parameter) compared to the film deposited at the 4.5 sccm flow rate. 

 

 
Figure 4.5 The effect of O2 flow rate on lattice parameter ‘b’ (b-spacing). 
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The effect of oxygen flow rate on the lattice parameter ‘b’ is shown in figure 4.5. 

I estimated the lattice parameters for the (010) reflection for different films deposited 

under various Ar/O2 mixture flow rates. Using the values of 2θ from the diffraction 

pattern, I calculated the relative b-spacing of monoclinic VO2 to be 

𝑏!"#$%&'" =
𝑏!"#$ − 𝑏!"#$

𝑏!"#$
                                                                                              (4.1) 

where bpeak is the estimated b-spacing of M-VO2 calculated from the (020) peak, and bbulk 

is the lattice parameter along [010] of bulk monoclinic VO2 which is 4.517 Å [71].  

 

4.3 Valence state of vanadium 

To determine the valence state of vanadium, soft X-ray absorption (XAS), 

photoemission (XPS) and Resonant photoemission spectroscopy (RPES) measurements 

were performed at Beamline X1B of the National Synchrotron Light Source, Brookhaven 

National Laboratory by Dr. Jude Laverock from Boston University. 

 

Figure 4.6 (a) V L3,2-edge and O K-edge XAS, TFY is more bulk sensitive, and TEY is 
more surface sensitive. (b) V 2p XPS (courtesy of J. Laverock et al.). 
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To identify the valence state of the vanadium ion, soft X-ray absorption spectra 

were obtained [72]. For clarity, only spectra from the 4.5 sccm and 6.0 sccm samples are 

shown. Figure 4.6(a) shows the V L3,2-edge and the O K-edge absorption spectrum. There 

is no indication of the mixed valence states of V in both TEY (more surface sensitive) 

and TFY (more bulk sensitive) modes, despite the difference in the oxygen flow rate and 

the lattice parameter. Different V charge states have quite different multiple structures in 

the V L3,2-edge absorption spectrum, the most obvious difference being in their peak 

location. This change was not observed. The valence state of vanadium is also 

determined by V 2p XPS as shown in figure 4.6(b). The two structures are V 2p1/2 and 

2p3/2 core levels. These are very sensitive to the V charge state, with the peak feature 

shifting by around 2 eV from V3+ to V5+ (as indicated). According to Silversmit et al. 

[73], the peak energies in figure 4.6(b) are consistent with the V4+ oxidation state, i.e. to 

VO2. There is no shift in the V 2p core levels between the two extreme end-members of 

the set, indicating the valence state of vanadium cations does not change. XPS is surface 

sensitive; thus these results indicate that at least the surface is V4+ across the series.  The 

absence of any shift in the V L3,2-edge TFY [figure 4.6(a)], a bulk sensitive mode, 

suggest that the valence state of vanadium is also  V4+ across the bulk of the films.  

It is worth noting that there are two subtle features (circled) in the absorption 

spectrum that show some differences between the two end-members. Firstly, the pre-edge 

of the V L3-edge, at around 514 eV, extra weight was observed in the 4.5 sccm sample. 

These states correspond to unoccupied states available at lower energy, indicating that the 

band gap has closed above the Fermi level for the 4.5 sccm sample. However, as shown 
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in the O K-edge absorption [figure 4.6(a)], there is only a very weak change in the onset 

energy between the two samples. Therefore, the extra states available at lower energy are 

associated with pure V 3d states, i.e. with the V-V (along the c-axis) bonds. Secondly, 

there is an evolution in the crystal-field splitting of the t2g and eg states, shown in the O 

K-edge spectrum [figure 4.6(a)]. This is most likely due to the evolution in the structural 

distortion of the VO6 octahedra associated with the change in the b-axis lattice parameter. 

The 6.0 sccm sample has a smaller b-axis lattice parameter than the 4.5 sccm sample. 

This means that the V 3d states feel the effects of the crystal field more strongly and the 

crystal field splitting increases. In other words, the 6.0 sccm sample should have a larger 

separation between t2g and eg states in accordance with the XAS results. 

 

 

Figure 4.7 V L3-edge resonant photoemission. Dashed lines are HT (metallic), solid lines 
are RT (insulating).  

 

Resonant photoemission spectra (resonant with the V L3 edge) are shown in figure 

4.7. The RPES enhances the photoemission transition rate of those states that the incident 
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photons are resonant with, in this case the V 3d states. The RPES results show the V 3d 

band more clearly across the transition. On both resonances (L3 and L2), the insulating 

gap is found to be much smaller for the 4.5 sccm sample, with the 6.0 sccm sample 

having a larger gap. The other two samples lie approximately in between, although the 

5.0 sccm sample has a larger gap than the 5.5 sccm sample. It shows that the V 3d states 

were found to extend much closer to the Fermi level in the insulating phase, which was 

deposited with 4.5 sccm, compared with 6.0 sccm sample. The electronic structure 

observed near the Fermi level was expected to be in agreement with the transport 

behaviors shown in figure 4.8(a), where the insulating phase of the 4.5 sccm sample is 

much more conductive than that of the 6.0 sccm sample. The soft X-ray spectroscopy 

results show that the insulating gap closes symmetrically (i.e. both occupied and 

unoccupied states close) for the 4.5 sccm sample. The states involved in closing the gap 

are most likely V-V bonding electrons, since the O partial density of states shows only 

weak evolution with flow rate. 

 

4.4 Transport properties  

4.4.1 Metal semiconductor transition 

To characterize the transport behavior of the films, Hall bar devices were 

fabricated for 4-point measurements. The Ohmic contact was 100 nm Au / 10 nm Ti, 

deposited by electron beam evaporation. The temperature dependence of the dc resistivity 

was measured from 300 to 400 K with a heating/cooling rate of 2 K/min. The dc 

resistivity was then calculated according to the device geometry and the thickness of the 

film. The Hall effect was measured from 300 to 400 K with a 10 K increment, sweeping 



	
  

	
  

57	
  

the magnetic field from -7 to 7 T at each temperature. The Hall effect measurement was 

then extended from 200 to 400 K for the 4.5 sccm and 6.0 sccm samples. 

The resistivity as a function of temperature is shown in figure 4.8(a). There are 

very distinguishable differences in the transport properties for the various samples, 

despite the fact that all of the samples are phase pure VO2 with the same valence state for 

the vanadium cations. The insulating phase of the lower Ar/O2 flow rate samples is more 

conductive than that of the higher Ar/O2 flow rate samples, while the resistivity of all 

samples in the metallic phase are at about the same value; hence the lower Ar/O2 flow 

rate samples exhibit a much smaller change in resistivity across the MST. The 6.0 sccm 

sample has the highest change in resistivity of about three orders of magnitude, while the 

change in resistivity of the 4.5 sccm sample drops down to just below one order of 

magnitude. 

 

 

Figure 4.8 (a) dc resistivity as a function of temperature. (b) Transition temperature as a 
function of relative b-spacing.  
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The resistivity measurements of all samples also show a hysteresis loop around 

TMST of each sample, which gets smaller as the Ar/O2 flow rate increases. Extracting the 

results from resistivity measurements and XRD results clearly show that as the (010) 

spacing (i.e. relative b-spacing) increases, the TMST of the sample also decreases toward 

room temperature as shown in figure 4.8(b). The shift in the TMST and the drastic change 

in the transport properties are most likely due to the change in (010) spacing and the 

distortion introduced by different Ar/O2 flow rates. The epitaxial strain in VO2 grown on 

c-plane Al2O3 substrates was found to be fully relaxed at the thickness of 25 nm due to 

the large lattice mismatch between VO2 and Al2O3 [74], hence it is plausible to conclude 

that the epitaxial strain is similar in 4.5 to 6 sccm samples despite the various thicknesses. 

According to the unit cell volume conservation, as the b-spacing increases, or as the (010 

spacing becomes larger, the c-axis is expected to shorten proportionally and TMST 

decreases accordingly, which is in agreement with a previous report by Y. Muraoka [40]. 

While the unit cell volume conservation may not hold true, especially for the thin films, 

the relationship of TMST and oxygen partial pressure is in good agreement with a previous 

report [53]. The effect of oxygen partial pressure on the out-of-plane lattice parameter is 

also similar with Kaushal and Kuar’s result when they deposited (WO3)1-x(VO2)x 

nanocomposite thin films by pulsed laser deposition [75].   
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Table 4.2 Electrical transport properties of the 4 samples with different O2 flow rate 

 4.5 sccm 5.0 sccm 5.5 sccm 6.0 sccm 
Thickness (nm) 66 50 45 35 
TMST (K) 311.9 327.8 343.8 341.8 
R300K/R400K ~2.0 ~41.9 ~318.5 ~440.5 
n300K  (×1020 cm-3) ~753 ~1.49 ~2.67 ~0.24 
n400K (×1020 cm-3) ~1250 ~6130 ~4140 ~104 
µ300K (cm2/Vs) 0.05 0.80 0.20 0.70 
µ400K (cm2/Vs) 0.06 0.05 0.04 0.80 

 

The magnitude of strain that is necessary to cause the change in the spacing was 

not pre-determined by the film thickness, but most likely by the oxygen partial pressure. 

The effect of film thickness on transport behavior was reported previously [74]. The 

transition temperature was shifted from lower temperatures to 340 K with an increase in 

thickness that was attributed to the strain relaxation as a function of film thickness. The 

opposite trend is observed in this experiment as summarized in table 4.2, which means 

that the TMST reported here is more likely the affect of the oxygen partial pressure than 

the film thickness. 
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4.4.2 Carrier type and mobility 

 

Figure 4.9 Carrier density and mobility as functions of temperature extracted from Hall 
effect measurements. 

 

The Hall effect was measured on all samples from 300 to 400 K with a 10 K 

increment, sweeping magnetic field from -7 to 7 T at each temperature. The extracted 

carrier density and carrier mobility are shown in figure 4.9 and also summarized in table 

4.2. There exists an abrupt change in the carrier density around the transition temperature, 

while the mobility seems to be constant before and after the transition. In the vicinity of 

the transition temperature, for the 5.0 and 6.0 sccm samples, there occurs a maximum of 

the mobility which is approximately 10-100 times larger than the mobility before and 

after the transition. Recently, Ruzmetov et al. [28] reported the same mobility trend for 

VO2 thin films grown on c-plane Al2O3 substrates. Instead of the maximum, Ruzmetov et 

al. found that around the MST, there was a minimum mobility which was ten times 

smaller than the mobility both below and above TMST. Unlike the higher flow rate 

samples, the 4.5 sccm sample has a very high carrier density. The carrier density of this 
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sample does not have a large change around the transition temperature, while the mobility 

remains extremely low. The mobility of the 5.5 sccm sample looks more like the 4.5 

sccm sample as there is no maximum around TMST (~310 K for the 4.5 sccm). The 

majority carriers of all samples are electrons, except for the 4.5 sccm sample in which the 

majority carrier surprisingly switches to holes below room temperature as shown in 

figure 4.10, where the Hall measurements were extended to a larger temperature range of 

200 - 400 K on the 4.5 sccm sample and the 6.0 sccm sample. 

 

 

Figure 4.10 Carrier density and mobility as functions of temperature extracted from 
extended Hall effect measurements on two extreme samples. 

 

4.5 Discussion 

As the O2 flow rate increased, the [010] lattice parameter for monoclinic VO2 was 

reduced and coincidently distinctive changes in the metal-semiconductor transition 

(MST) and transport behaviors were observed despite the identical valence state of 

vanadium in these samples. It is likely that the oxygen-deficient growth condition 
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probably led to the introduction of interstitial vanadium ions (do not contribute to the 

electronic structure) [18], which in turn led to increases in the carrier density and 

reduction in the resistivity of the material in the semiconductor state (RT). However since 

those interstitial V ions introduce extra electrons, as the flow rate decreases, the carrier 

density should also increase monotonically; the Hall effect results did not agree with this 

hypothesis. It is possible that the oxygen-deficient growth introduced interstitial V atoms 

instead, and if those V atoms are placed in between V-V pairs (as simulated in figure 

4.11), the electrons trapped between the V-V pairs could be delocalized, resulting in a 

higher carrier density. 

The interstitial defects result in an increase in the  [010]-lattice parameter. The cr-

axis (am-axis) of the oxygen-deficient grown samples thus became smaller, resulting in a 

smaller TMST as previously reported on epitaxial VO2 deposited on TiO2 [40]. On the 

other hand, oxygen-rich growth leads to V vacancies, reducing the [010]-lattice 

parameter. It is consistent with the transport behaviors if the interstitial V doping level is 

dilute (below the limits of detection) or the interstitial V only distorts the lattice, and does 

not donate electrons like V4+ cations on the lattice sites. Both the defects and the change 

in b-spacing directly contribute to the conductivity, especially in the insulating phase, but 

the effects seen in the electronic structure, i.e. closing of the gap, are more related to the 

strain. The results are consistent with interstitial V, however other techniques would be 

needed to properly study other types of defects such as oxygen vacancies.  

Carrier mobility measured at room temperature did not significantly change 

throughout the series in agreement with the measurements conducted by Kwan et al. [76], 

so the resistivity is inversely proportional to the carrier density. In the semiconductor 
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state, the crystal distortion reduces the stabilization, thus these extra carriers (electrons at 

RT) tend to lower the dπ level [18], and may screen the electron correlation energy of d|| 

electrons [14] resulting in broadening lower d|| band, closing both the insulating band gap 

and the separation of d|| bands. In addition, the population of these thermally excited 

electrons increases with temperature as shown by the carrier density extracted from the 

Hall effect measurements. The effect is enhanced around TMST and narrows the band gap 

of VO2, resulting in a less sharp transition as shown in the resistivity measurement in 

figure 4.8(a).  

 

 

Figure 4.11 (Left) interstitial V atom with delocalized electron from rearranged V-V 
pair. (Right) electronic structure showing the effect of extra electrons in lowering dπ 
band, increasing screening effect. 

	
  

4.6 Summary 

In summary, VO2 thin films were deposited on c-Al2O3 with different oxygen 

partial pressures. Despite the fact that the samples are single phase VO2 and the valence 

state of V does not change much through the series, with predominantly V4+ in each 

sample, the transport properties of these samples are different due to the different Ar/O2 

flow rates during the deposition. The Hall effect measurements reveal very significant 

differences in carrier densities between samples deposited with higher and lower oxygen 

flow rates. The resistance as a function of temperature measurements also shows a shift 
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of TMST, and that the insulating phase of lower Ar/O2 flow rate samples is much more 

conductive. This behavior is likely due to the strain that was caused by the different types 

of defects associated with the oxygen growth environments. The soft X-ray spectroscopy 

results show subtle evidence for the crystal distortions reflected by the different crystal-

field splitting between the 4.5 and 6.0 sccm samples. These findings suggest that the 

repeatability and reproducibility of the Mott transition in VO2 can be obtained when one 

discerns the effect of the growth condition on the film strain and the electronic structures.  
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CHAPTER 5. Macro-strain induced by substrate clamping effect 

5.1 Introduction 

 This chapter focuses on transport phenomena in epitaxial VO2 thin films 

deposited on TiO2 single-crystal substrates. I investigated the role of the substrate 

clamping effect on the strain and its relation to the anisotropy of conductivity, and I also 

studied the effect of the magnitude of strain on transport behavior, i.e. MST. I also 

observed an unusually large conductivity anisotropy in epitaxial VO2 films which was not 

previously reported. 

 The first part of this chapter investigates the effect of large strain on the properties 

of VO2 films. One remarkable result is that highly strained epitaxial VO2 thin films were 

rutile in the insulating state as well as in the metallic state. These highly strained VO2 

films appeared to undergo an electronic phase transition without the concomitant Peierls 

transition. The second part of the chapter explores the anisotropy of conductivity in VO2 

films deposited on (100) TiO2. 

 

5.2 Mott-like transition via thickness dependent strain 

5.2.1 Growth conditions and surface morphology 

VO2 thin films with thicknesses of 5-17 nm in were grown on (100), (001), (011) 

TiO2 and c-Al2O3 substrates, the growth conditions are listed in table 5.1. The thickness 

of the films was measured by XRR and summarized in table 5.2. The AFM images are 

shown in figure 5.1(a). The root-mean-square roughnesses of the films are also 

summarized in table 5.2. AFM showed a smooth and uniform surface without any cracks 
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or pinholes. There are some signs of island growth mode for VO2 in the very thin samples 

deposited for 10 minutes or less. This is due to the large lattice mismatch between the 

film and the substrate. The grain size also increases with the film thickness. 

 
Table 5.1 Growth parameters of VO2 thin films on various substrates 

A: c-Al2O3, B: (100) TiO2, C: (001) TiO2, D: (011) TiO2 
 

GROWTH PARAMETERS B1 A1, 
B2 

A2, 
B3 

A3, 
B4 

C1, 
D1 

C2, 
D2 

C3, 
D3 

Negative Bias Voltage (kV) 0.90 0.90 0.90 0.90 0.90 0.90 0.90 
Negative Bias Current (mA) 102 102 102 102 102 102 102 
Positive Bias Voltage (V) 20.0 20.0 20.0 20.0 20.0 20.0 20.0 
Positive Bias Current (A) 0.50 0.50 0.50 0.50 0.50 0.50 0.50 
Cathode Ar Flow (sccm) 10 10 10 10 10 10 10 
Cathode Voltage (V) 6.7 6.7 6.7 6.7 6.6 6.7 6.7 
Cathode Current (A) 7.06 7.06 7.06 7.06 7.06 7.06 7.06 
Anode Ar Flow (sccm) 70 70 70 70 70 70 70 
Anode Voltage (V) 35.5 35.6 35.6 35.6 35.0 35.0 35.2 
Anode Current (A) 6.55 6.55 6.55 6.55 6.55 6.55 6.55 
V Target Frequency (kHz) 71.43 71.43 71.43 71.43 71.43 71.43 71.43 
V Target Positive Pulse Period (µs) 3 3 3 3 3 3 3 
Ar/O2 80/20 Flow (sccm) 6.0 6.0 6.0 6.0 6.0 6.0 6.0 
Substrate Temperature (°C) 500 500 500 500 400 400 400 
Process Pressure (mTorr) 1.1 1.1 1.1 1.1 1.2 1.2 1.2 
Deposition time (min) 5 10 15 20 5 10 15 

 

 



	
  

	
  

67	
  

 

Figure 5.1 (a) 1×1 µm2 AFM images of all samples (normalized scale for better detail), 
showing larger grains as the thickness increases. (b) 2θ XRD scans of VO2/c-Al2O3 and 
VO2/(100) TiO2, showing theVO2 peak (marked with down triangles) coupling to the 
substrate peak: the (020) peak of monoclinic VO2 coupling to (0006) Al2O3, and the 
(200) peak of rutile VO2 coupling to (200) TiO2. The VO2 peak shifts as the film 
thickness increases. There are Kiessig fringes around the VO2 peak shown for VO2/c-
Al2O3, indicating a high quality film with smooth interfaces. (c) cR strain vs. film 
thickness (t) for VO2/(100) TiO2 samples, showing a linear relationship with the fastest 
relaxation rate for (100) TiO2 samples. 

 

Table 5.2 Summary of thickness, RMS roughness, and lattice parameter (b or c) 
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5.2.2 Crystal structure characterizations 

(a) X-ray diffraction 

The out-of-plane (2θ) XRD scans show that the (020) peaks of monoclinic VO2 

are coupled to the (0006) peaks of the Al2O3 substrate as seen in figure 5.1(b), and the 

VO2 films deposited were highly textured. Furthermore, VO2 was the only phase detected 

in wide-range 2θ scans: there were no other oxides grown on the substrate. As the films 

get thicker, the (020) VO2 peaks shift to higher 2θ values, which means that the lattice 

parameter b (for monoclinic phase) gets smaller for thicker films. The lattice parameter b 

is reported in table 5.2. The Al2O3 substrate has hexagonal symmetry, and the structure of 

VO2 deposited on top is monoclinic, which can have three preferred in-plane orientations 

according to the substrate and film crystal structures. The in-plane lattice spacing of bulk 

VO2 is larger than that of Al2O3, hence an in-plane compressive strain is introduced for 

the films deposited on the Al2O3 substrates. 

 

Table 5.3 Lattice parameters, in-plane spacing, and critical thickness of VO2, TiO2 (Å) 

 
 
 

Since VO2 and TiO2 both have a rutile crystal structure, a full epitaxial VO2 films 

were deposited on TiO2 substrates. The lattice parameters of bulk VO2 are smaller that 

that of the TiO2 substrate, hence this introduces an in-plane tensile strain due to this 

lattice mismatch as listed in table 5.3. Figure 5.1(b) also shows the out-of-plane XRD 
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scans of the VO2/(100) TiO2 samples. The (200) peak in the VO2 diffraction pattern is 

coupled to the (200) peak of the TiO2 substrate, and it was the only peak detected in the 

wide-range scans (not shown here). The in-plane ϕ scans of the (101) plane, shown in 

figure 5.2, were performed to confirm the epitaxial growth of the VO2. In-plane 2θ scans 

(figure 5.2) were also performed on the (110) and (101) planes of the substrate. The 

lattice parameters were directly determined from the 2θ peak positions of the (200), 

(110), and (101) peaks of VO2, though only c is shown in table 5.2. The same processes 

were repeated on VO2 films deposited on (001) and (011) TiO2 substrates. All the lattice 

parameters, a, b, and c are plotted as a function of thickness in figure 5.1. As expected, 

epitaxial strains were relaxed with increasing thickness as shown in figure 5.1(c), and 

these films showed different relaxation rates as a function of the orientation of the TiO2 

substrate. The mechanism for strain relaxation is likely due to the introduction of misfit 

dislocations when the thickness of the epitaxial film is larger than a critical thickness, 

summarized in table 5.3.  
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Figure 5.2 In-plane 2θ scans of 15 minute deposited VO2/(100) TiO2 on (a) the (110) 
plane and (c) the (101) plane. (b) Azimuthal scans at the in-plane (110) VO2 peak and 
(110) TiO2 peak. (c) Azimuthal scans at the in-plane (101) VO2 peak and (101) TiO2 
peak, confirming epitaxy growth and rutile structure of VO2. 

	
  
 

 
 
Figure 5.3 (a)-(c) Lattice parameters extracted from XRD as a function of film thickness 
for VO2 deposited on (100), (001), and (011) TiO2 respectively. The dashed and solid 
lines show bulk values. The trends of lattice parameters agree well with Hooke’s law. 
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(b) Strain analysis 

The strain and stress were analyzed using the elasticity tensor based on the rutile 

structure of VO2, in order to understand the effect of substrate clamping on the 

strain/stress as a function of crystallographic orientation. For the epitaxially strained films 

presented here, the stress and the strain are second-rank tensors, and the Young’s moduli 

is a fourth-rank tensor. Due to the crystal symmetry, Hooke’s law can be expressed to 

matrix notation as shown below, with the stiffness (Young’s modulus) of the tetragonal 

space group P42/mnm of VO2 (R), 

𝜎!      
   𝜎!   
      𝜎!

=

𝐸!! 𝐸!" 𝐸!"
𝐸!" 𝐸!! 𝐸!"
𝐸!" 𝐸!" 𝐸!!

  

  
𝐸!!      
   𝐸!!   
      𝐸!!

𝜀!   

  
𝜀!   
   𝜀!

  (5.1) 

where Eij are the directional Young’s moduli of R-VO2, whereas E44 and E66 are for the 

shear stress. The property tensors are transformed for analysis by choosing the coordinate 

system as x1//[100]R, x2//[010]R, and x3//[001]R for all the samples deposited on rutile 

TiO2. For VO2 thin films, it was found that E11 (E100) is ~ 200 GPa,[77] and E12 (E110) ~ 

90 GPa [78]. However, there was a report on various simulated parameters, Eij, for single 

crystal VO2.[79] Fan et al. developed a method based on Landau theory and phase field 

modeling to simulate the elastic constant Eij of single crystal VO2, and they found E11 = 

492 GPa, E22 = 407 GPa, E44 =125 GPa, E55 =50 GPa, E12 =161 GPa, and E13 = 32 GPa. 

[79]. The epitaxial strains were calculated from ∆!!
!!

, i.e. 𝜀! =
!!!!"#$
!!"#$

, where a is the 

measured lattice parameter along a-axis of VO2 (R). 

For further analysis, Eqn. 5.1 can be reduced to:   
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𝜎! = 𝐸!!𝜀! + 𝐸!"𝜀! + 𝐸!"𝜀! 
𝜎! = 𝐸!"𝜀! + 𝐸!!𝜀! + 𝐸!"𝜀!        (5.2) 
𝜎! = 𝐸!"𝜀! + 𝐸!"𝜀! + 𝐸!!𝜀! 

 

From Hooke’s law, the bi-axially strained thin film boundary condition is applied 

according to the substrate orientation. It is stress-free along the out-of-plane direction, i.e. 

perpendicular to the film surface. For VO2/(100) TiO2, the condition 𝜎! = 0 yields 

𝜀! =
!!! !!! !!!" !!!

!!"
. The strains 𝜀!   were determined from the measured lattice 

parameters. They are positive if the lattice parameters are smaller than bulk values and 

negative otherwise. The plot in figure 5.3(a) agrees well with this formula. Both 𝜀! and 

𝜀!  are negative (compressive strains), while 𝜀! is positive (tensile strain). As the in-plane 

tensile strain 𝜀! decreases, the out-of-plane compressive strain 𝜀! becomes more negative; 

hence the in-plane compressive strain 𝜀!becomes less negative, approaching zero (close 

to bulk value).  

For VO2/(001) TiO2, the conditions 𝜎! = 𝜎!, and 𝜎! = 0, give 𝜀! = 𝜀!, and 

  𝜀! = − !!!"
!!!

𝜀!, respectively. The measured lattice parameters also agree with these 

conditions, as shown in figure 5.3(b). As the out-plane lattice parameter cR decreases, the 

in-plane lattice parameter aR increases. However, the measured out-of-plane strain 𝜀! 

fluctuates around zero with a declining tendency when it should be negative 

(compressive), as the in-plane strains 𝜀!and 𝜀! are both positive (tensile). The result could 

also mean that E33 >> E13. 

For VO2/(011) TiO2, the condition 𝜎[!""] = 0 results in 𝜎! = −𝜎!, hence 

𝜀! =
!!!!!!" !!! !(!!"!!!")!!

!!"!!!!
.  In principle, from the substrate clamping effect, 𝜀!is 

positive (tensile). The measured lattice parameters plotted in figure 5.3(c) show that 𝜀! is 
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negative (compressive) and 𝜀! is positive (tensile).  As 𝜀! is relaxed, 𝜀! becomes more 

compressive, and the tensile strain 𝜀! should increase faster than the compressive strain 

𝜀! (assuming E11 > E12). The trend demonstrated by the evolution in the lattice parameters 

as a function of the film thickness agree with these nominal conditions, but the rate of 

change does not agree very well, implying that E12 may be larger than E11.  

In comparison, the stress and strain in the uniaxially strained nanobeams is very 

simple. [37,38] The uniaxial stress has the following stress tensor form: 

 𝜎 =
0 0 0
0 0 0
0 0 𝑃

         (5.3) 

Where P is the mechanical stress applied along c-axis of monoclinic VO2. When P is 

tensile (positive), the strain along c is tensile, and the strains along [100] and [010] are 

compressive. When P is compressive (negative), the strains along [100], [010], and [001] 

change their signs accordingly. 

 

(c) Raman spectroscopy 

Figure 5.4(a) shows the Raman spectra of VO2/TiO2 compared to that of VO2/c-

Al2O3. The Raman spectroscopy was conducted at room temperature and at 150 °C with a 

488 nm laser source. The spectra of VO2/TiO2 shown here (before substrate/background 

subtraction) were dominated by the TiO2 signal at room temperature and at 150 °C; the 

Raman spectra of a plain (100) TiO2 substrate is also shown for reference in figure 5.4(a), 

with the peaks of TiO2 marked similar to a previous report [80]. The room temperature 

spectra of VO2/TiO2 did not reveal any insulating M1 features, having peaks at 195, 224, 

and 615 cm-1. Instead, the results showed small diffusive peaks after background 
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subtraction, similar to what has been reported for metallic VO2 (Rutile phase) [81] and to 

the result observed in the high temperature (Rutile) spectra of VO2/c-Al2O3 shown in 

figure 5.4(a). Even though the lattice parameter c (i.e. c-strain) varies for the different 

film thicknesses, the Raman spectroscopy showed the M1 phase only for all c-Al2O3 

samples at lower temperature, and the ω0 peak seems to shift slightly from 615 cm-1 to 

617 cm-1 as the strain along [001] M1-VO2 increased. The peaks are summarized in table 

5.4. The tendency of the peak shift agrees with a previous report on VO2 micro-beams, 

[38] but the T phase and M2 phase were not observed in any of the samples. 

 

Table 5.4 Raman shifts (cm-1) of VO2 samples 

Substrate Thickness [nm] Raman shifts [cm-1] c or b [Å]* % "c-strain" 

TiO2 100 4.9 142 232 446 611 2.9493 3.38 

 9.9 142 232 446 611 2.9204 2.37 

 13.6 142 232 445 611 2.8961 1.52 

 16.0 142 233 446 611 2.8924 1.39 

TiO2 011 5.2 142 232 446 611 2.8826 1.05 

 9.3 142 233 446 612 2.8699 0.60 

 12.9 142 232 446 612 2.8684 0.55 

TiO2 001 6.5 142 231 447 611 2.8660 0.46 

 9.0 142 233 445 611 2.8475 -0.19 

 13.0 142 233 446 610 2.8529 0.004 

Al2O3 8.7 195 224 615 750 4.5132 0.17 

 12.7 192 224 616 750 4.5028 0.63 

 17.0 193 224 617 749 4.5014 0.69 

* For samples grown on sapphire, the values are for out-of-plane ‘b’ for M1 phase.  For 
others, the values are for ‘c’ lattice constant of R phase.  
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Figure 5.4 (a) Top: Raman spectra of VO2 thin films grown on c-Al2O3 (for reference) 
showing insulating M1 structure (significant peaks marked with solid grey lines) at room 
temperature and showing metallic rutile structure (broad peak at 570 cm-1 marked with a 
dashed line) at 150 °C respectively. Middle: Raman spectra of (100) TiO2 substrate for 
reference. Bottom: Raman spectra of VO2 thin films grown on TiO2, measured at room 
temperature and 150 °C, the solid grey lines mark the peaks of TiO2, after substrate signal 
subtraction, there is only the smear peak of VO2 (R). (b) Resistivity as a function of 
temperature of 15-min deposited (12.7-13.6 nm) VO2 on various substrates, the vertical 
solid line indicate TMIT of bulk, the inset shows device image with Ti/Au top contacts and 
10µm × 250µm VO2 channel. (c) Resistivity as a function of temperature for various 
thicknesses of VO2/(100) TiO2, the inset shows the extended temperature measurement of 
the thinnest film with a transition at 433 K.  
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For the VO2/TiO2 samples, only the insulating-R phase was observed and there 

was no frequency shift at room temperature. The crystal structure of the substrate, i.e. the 

symmetry and the lattice parameters, plays an important role in determining the 

symmetry of the epitaxial films and the strains along different in-plane directions, hence 

only the R-phase VO2 was observed for the TiO2 substrates in the given thickness range. 

As a comparison, the free-standing nanobeams can adopt a crystal structure with a 

different symmetry (M2, T) to accommodate the applied mechanical strain. [37] 

 

5.2.3 Transport properties 

The devices used were simple current devices, fabricated via photolithography 

and electron beam evaporation (processing method is described in chapter 3). The optical 

image of the device is shown in figure 5.4(b) inset. Figure 5.4(b)-(c) summarizes the 

transport behavior of VO2 deposited on TiO2 and sapphire substrates. The transport 

behaviors of  ~13 nm VO2 deposited on various substrates are shown in figure 5.4(b). 

The film deposited on (100) TiO2 has the highest TMST ~358 K, while the film on (0001) 

Al2O3 has a TMST ~332 K, the film on (011) TiO2 has a TMST~321 K and the film on (001) 

TiO2 has the lowest TMST ~ 305 K. A similar shift was explained using the strain from the 

TiO2 substrate in a previous report.[40] In this current experiment, a systematic study of 

the thickness dependence of TMST on various substrates is reported. The objective of this 

study is to further understand how to control the strain using different film thicknesses. 

The resistivity as a function of temperature for various thicknesses of VO2 grown on 

(100) TiO2 are shown in figure 5.4(c). As the films get thinner, or more strained, the TMST 

shifts to higher temperature. The 4.9 nm film has an unusually high TMST (~ 433 K) as 

seen in figure 5.4(c) inset.  
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Figure 5.5 shows resistivity as a function of temperature for samples with 

different thicknesses on all substrates and the possible two-phase temperature range is 

highlighted. The TMST were determined from resistivity as a function of temperature 

measurements on all films. All the TiO2 samples preserved the resistivity ratio during the 

transition very well, approximately 3-4 orders of magnitude change in resistivity, while 

the c-Al2O3 samples experienced great suppression of the resistivity ratio as the films get 

thinner as shown in figure 5.5. This due to the fact that the films grown on c-Al2O3 

substrates are not epitaxial, since the crystal structure of the substrate is hexagonal, and 

the crystal structure of VO2 is monoclinic (as shown in figure 5.5(a) inset). The different 

crystal structures together with the large lattice mismatch results in poorer VO2 

crystallinity as compared to the epitaxial VO2 grown on the TiO2 substrates. 
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Figure 5.5 (a)-(d) Resistivity as a function of temperature for various thickness VO2 
deposited on c-Al2O3, (100), (001), and (011) TiO2 respectively, inset showing the 
monoclinic structure of VO2 (red dashed line) on top of the hexagonal crystal structure of 
c-Al2O3 (black solid line), the highlighted area showing a possible two phase region. 

 
	
  

The films on the (100) TiO2 substrates have the largest strain, resulting in the 

highest TMST, while the films on the (001) TiO2 substrates have the smallest strain, and 

the lowest TMST. Because they are the most strained films, the VO2/(100) TiO2 samples 

experience the largest shift in TMST as the thickness varies. On the other hand, thickness 

has the smallest effect on the c-strain and the TMST for the (011) and (001) samples. This 

is because the c-mismatch is much larger than the a-mismatch, hence the (100) samples 

get the largest (in-plane) strain from the substrate clamping effect, and can relax much 
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faster than the (011) and the (001) samples. The (011) samples and the (001) samples 

show much sharper transitions than the (100) or the c-Al2O3 samples since they are less 

strained and have better crystallinity. It is likely that the surface scattering plays an 

important role as the films get thinner: the resistivity in the metallic phase is higher than 

for the thicker films, as seen in figure 5.5, because the thickness of the film is less than an 

estimated mean free path of 7.3 nm using Fuchs–Sondheimer model [82]. Interestingly, 

the 6.5 nm (001) film also shows a two-step transition, suggesting multiple phases with 

different transition temperatures, while this is not the case for the (011) film deposited 

using the same conditions.	
  The TMST can be modified in a wide range from 300 - 440 K, 

via strain manipulation by both substrate choice and thickness, enhancing the useful 

temperature range of the MST for potential applications.  

 

5.2.4 Phase diagram for bi-axially strained VO2 

A phase diagram is proposed in figure 5.6 for the bi-axially strained VO2. It 

shows the regimes of the metallic phase, the semiconductor phase, and the region of 

coexistence of the rutile phases (two phase). The two-phase area is based on hysteresis 

loop and anisotropy of the transport data collected from previous reports. [43-45,83] In 

this phase diagram, the TMST shows a rather linear relationship with the c-axis strain that 

is in good agreement with a previous report. [40] It is worthy noting that the lattice 

parameter c in Muraoka’s report was calculated assuming the volume of the unit cell was 

conserved. In this study, the lattice parameters were directly determined from XRD 2θ 

scans.  
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Figure 5.6 Phase diagram of rutile VO2 assembled from data on TMIT as a function of 
uniaxial c-strain; hysteresis loop; and transport anisotropy of VO2 deposited on various 
TiO2 substrates. For the clamped VO2 thin films, the rutile phase can accommodate both 
metallic and semiconducting states. 

	
  
	
  

This new phase diagram extracted from the experimental data confirms the 

predictions of cluster Dynamical Mean Field Theory (cDMFT). This theory investigates 

the effect of the epitaxial strain on the electronic structure of rutile VO2 [41]. Indeed, 

these predictions of the strain dependence of the d|| state were confirmed by Laverock et 

al. [72]  Furthermore, these cDMFT calculations [41] demonstrated the effect of strain on 

electronic structure of VO2, as shown in figure 5.7. Considering metallic state, a tensile 

strain along the c-axis [001] results in a longer V-V bond and reduces the splitting of 

bonding-antibonding states (d|| bands). As a result, the d|| band is narrowed. In a single 

crystal, the tensile strain along [001] also leads to a compressive strain in the ab-plane, 

resulting in shorter V-O bond and an upward shift in the position of the dπ band. This 

results in an increase of the insulating band gap which opens between the lower d|| and dπ 

levels. The energy increase of the dπ electrons reduces the screening of electrons in the d|| 

band, thus enhancing the effect of correlations. [84] 
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Figure 5.7 Effect of tensile strain along cr on the electronic structure of metallic VO2: 
antibonding dπ bands are shifted upwards while the d|| band is narrowed. [43] 

  

Not only does it show that the rutile phase can stabilize both metallic and 

insulating states, but it also predicts that the coexistence of both insulating and metallic 

phases for large values of the on-site Coulomb interaction potential (U). Experimentally, 

photoemission spectroscopy on bi-axially strained VO2 on TiO2 substrates showed a 

weak insulating gap as well as the suppression of orbital redistribution across the 

transition that lead to a conclusion of a more Mott-like MIT with the absence of a 

structural distortion, i.e. Peierls transition. [42] In highly strained epitaxial films (with 

thicknesses much larger than what are reported here), an intriguing unidirectional stripe 

state was observed with mixed metallic and insulating phases via scattering-type 

scanning near-field optical microscopy, [45] serving as strong evidence for the 

coexistence of  insulating and metallic rutile phases. 

 

5.3 Anisotropy in electrical conductivity 

In this study, VO2 thin films were deposited on (100) TiO2 single-crystal 

substrates using reactive target biased ion beam deposition for 60 minutes with the 

conditions listed in table 5.5. The film thicknesses were all about 100 nm. The transport 

properties along [010] and [001] of the rutile VO2 were measured. The carrier density and 
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mobility were calculated from the Hall resistance and dc conductivity in the temperature 

range from 300 to 400 K. 

 

Table 5.5 Growth parameters of VO2/(100) TiO2 

 
GROWTH PARAMETERS S-1 
Negative Bias Voltage (kV) 0.90 
Negative Bias Current (mA) 102 
Positive Bias Voltage (V) 20.0 
Positive Bias Current (A) 0.51 
Cathode Ar Flow (sccm) 10 
Cathode Voltage (V) 6.3 
Cathode Current (A) 7.06 
Anode Ar Flow (sccm) 70 
Anode Voltage (V) 36.7 
Anode Current (A) 6.55 
V Target Frequency (kHz) 71.43 
V Target Positive Pulse Period (µs) 3 
Ar/O2 80/20 Flow (sccm) 5.0 
Substrate Temperature (°C) 500 
Process Pressure (mTorr) 1.3 

 

5.3.1 Crystal structure and surface morphology characterizations 

XRD showed that the VO2 films grew epitaxially on the (100) TiO2 single-crystal 

substrates. The out-of-plane 2θ scan on one of the films [figure 5.8(a)] shows that the 

(200) peak in the VO2 diffraction is coupled to the (200) peak of the TiO2 substrate, and 

the VO2 peak was the only peak detected in a wide-range 2θ scan (not shown here). This 

information indicates that there are no secondary phases in the film. The in-plane 

azimuthal scans (ϕ) of the (110) peaks of VO2 and TiO2, as shown in figure 5.8(b), 

confirm the epitaxy of the film with  and . It also 

shows that VO2 is tetragonal at room temperature, which is likely due to the substrate 
€ 

(100)VO2 || (100)TiO2

€ 

(010)VO2 || (010)TiO2
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clamping effect. The [010] and [001] in-plane directions were identified using XRD in-

plane ϕ scans. The directions were later used to orient Hall bar devices.  

 

 

Figure 5.8 (a) Room-temperature XRD data of (200) TiO2 and (200) VO2. (b) ϕ scans of 
(110) TiO2 and (110) VO2. (c) Temperature-dependent XRD data showing a 0.65% step 
like increase in (100) spacing, at TMST = 340 K. Relative d spacing = (d-d300K)/d300K. (d) 
AFM image of 5 µm by 5 µm (100) VO2 surface. The rms roughness is 1.5 nm. 

 

From the values of 2θ, the (100) spacing of rutile VO2 was estimated to be 4.5121 

Å, the (010) spacing was 4.5109 Å, and the (001) spacing was 2.9076 Å (obtained by 

assuming volume conservation of the unit cell). The estimated spacings indicate that the 

film underwent a moderate compressive strain of -0.93% along [100] and [010] 
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directions, and a large tensile strain of 1.92% along [001]. Since the (001) spacing was 

obtained by volume conservation, the magnitude of the strain estimated is qualitative, but 

the sign of the strain remains true. The strain was due to the epitaxial strain arising from 

the lattice mismatch between rutile VO2 and TiO2 (a = 4.5936 Å and c = 2.9582 Å). 

Temperature-dependent XRD results on a different film grown under the same 

conditions [figure 5.8(c)] show a small (100) spacing expansion, ~0.65%, occuring at 

TMST = 340 K with increasing temperature. This value can be compared to that of bulk 

VO2 (0.6-0.8%). [71,85] Figure 5.8(d) is an AFM image of a (100) VO2 film surface over 

an area of 5 µm by 5 µm. The film surface was very smooth with the root-mean-square 

(rms) roughness of 1.5 nm. There were no pin holes or cracks observed; thus, the 

influence of these defects on the transport properties can be ruled out. 

 

5.3.2 Transport properties 

(a) Hall bar structures 

 Two Hall bar devices were fabricated and oriented in directions perpendicular to 

each other, with one parallel to [001] and the other being parallel to [010] of the substrate 

as shown in figure 5.9. The Hall bar was patterned by photolithography and the film 

outside the pattern was etched via RIE+ICP. The width is 5 µm and the spacing between 

contacts along the bar is 50 µm. The Ohmic contact was 200 nm Au / 20 nm Ti, deposited 

by electron beam evaporation. More detail about device fabrication process is included in 

chapter 3. 
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Figure 5.9 Schematic for Hall bar devices oriented perpendicular to each other. 

 

(b) Metal-semiconductor transition 

 Figure 5.10(a) shows the dc conductivity of the VO2 film as function of 

temperature measured along [010] and [001]. At room temperature, the conductivity 

along [010] was found to be 1.04 S/cm, and along [001] it was found to be 43.22 S/cm. 

Therefore, the anisotropy ratio σ[001]/σ[010] was 41.5, which is significantly larger than that 

of bulk VO2 which has an anisotropy ratio around 2. The ratio of 41.5 is the largest 

among those previously reported. [86-89] The conductivity anisotropy persists through 

the metal semiconductor transition. It was surprising that two distinct transition 

temperatures (defined by the midpoint of the transition) were found at 336.8 and 339.3 K 

for the [010] and the [001] Hall bars, respectively. The conductivity measurements were 

repeated using different heating/cooling rates from 2-5 K/min, all measurements yielded 

the same transition temperatures. It is suspected that the difference in the transition 

temperature likely dues to the co-existence of both metallic and semiconducting phases 

[45].  
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Figure 5.10 (a) DC conductivity, (b) carrier density, and (c) mobility as functions of 
temperature of a VO2 film grown on a (100) TiO2 substrate measured parallel and 
perpendicular to the [001] of rutile VO2, respectively. The majority carriers were 
electrons everywhere except between 330-350 K where the majority carriers were holes. 

 

(c) Carrier density and mobility 

 To further investigate the influence of the transport anisotropy, I calculated the 

carrier density and mobility as functions of temperature using the Hall effect 

measurement and dc conductivity; the carrier density and mobility are plotted in figure 

5.10(b) and 5.10(c), respectively. There was a large anisotropy in the effective carrier 

density but a very small anisotropy in the mobility. Note that the carrier density was 

extracted using the assumption of a free electron model that does not take into account 
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either the effective mass of the carriers or the possibility of multiple bands of carriers. 

Table 5.6 summarizes the transport properties of two Hall bars, one along [010] and the 

other along  [001]. The results presented in the table show that the Hall bar along [001] 

has a higher conductivity, a higher carrier concentration, and a higher mobility than the 

Hall bar along [010]. Electrons were found to be the majority carriers on both sides of the 

transition, except that the majority carriers switched to holes in the vicinity of the 

transition temperature around 330 to 350 K.  

 

Table 5.6 Comparison of transport properties of [010] and [001] Hall bar. 

 
 // [010] // [001] 
TMST (K) 336.8 339.3 
Conductivity at 300 K (S/cm) 1.04 43.22 

Conductivity at 400 K (S/cm) 5.81 × 103 2.41 × 105 

Carrier density below MST (cm-3) 1.09 × 1019 1.85 × 1020 

Carrier density above MST (cm-3) 3.49 × 1022 5.23 × 1023 

Mobility below MST (cm2/(V·s)) 1.43 3.38 
Mobility above MST (cm2/(V·s)) 1.35 2.65 

 
 

The carrier density anisotropy ratio n[001]/n[010] was ~17 below TMST. Above TMST, 

the anisotropy ratio n[001]/n[010] was ~15. For both the [010] and the [001] directions, the 

carrier density increased by 3 orders during the transition. For the Hall bar parallel to 

[010], the mobility calculated was ~1.43 cm2/(V·s) below TMST and ~1.35 cm2/(V·s) 

above TMST. For the Hall bar parallel to [001], the mobility was slightly larger with an 

approximate value of 3.38 cm2/(V·s) below TMST and ~2.65 cm2/(V·s) above TMST. 

Figure 5.11 shows Hall resistance as a function of the external magnetic field measured 

along [010] and [001] at 320 K, 350 K and 400 K, respectively. After extracting the Hall 

resistance from the measured voltage using the method described in chapter 3, there was 
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small magnetoresistance ΔR/R of 0.2 % at room temperature and 0.05% at 400 K 

extracted for magnetic fields in the range of -7 T to +7 T, larger than the 

magnetoresistance reported by Ruzmetov et al. [28] 

 

 

Figure 5.11 Hall resistance as a function of the external magnetic field measured along 
[010] and [001] at 320 K, 350 K and 400 K, respectively. Negative slope indicates 
electrons as majority carrier, and positive slope indicates holes. 
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Strikingly, there was a spike (maximum) in the mobility in both directions around 

the MST, which is ~10 times larger than the mobility both below and above TMST. 

Recently, Ruzmetov et al. [28] have reported the same trend of mobility in VO2 thin films 

grown on c-plane Al2O3 substrates. Instead of the upward spike, Ruzmetov et al. found 

that around the MST, there was a drop (downward spike) which was ten times smaller 

than the mobility both below and above TMST. In order to confirm that the abrupt spike 

around MST was not an artifact of the measurements, Hall measurements were repeated 

using a Quantum Design Versalab system instead of the Quantum Design PPMS, and the 

maximum in the mobility still appeared.  

 

5.3.3 Discussion 

The carrier concentration in metallic VO2 was estimated to be 3.4 × 1022 cm-3, 

assuming one electron per vanadium ion. In this case, the measured carrier density in the 

metallic phase of the [010] bar corresponds to 1.03 itinerant carriers per vanadium ion, 

while the carrier density in the metallic phase of the [001] bar corresponds to 15.47 

itinerant carriers per vanadium ion. The result of the [001] bar was larger than that in 

previous reports of 3.3 itinerant carriers per vanadium ion for bulk single-crystal VO2 

[12] and 4.7 for VO2 thin films on c-plane Al2O3 substrate.[28] The fact that there 

appears to be more than one itinerant carrier per vanadium ion has been observed in 

single-crystal VO2. [90] The multiple itinerant carriers can also be explained using the 

electronic structures of the metallic phase. According to Goodenough [18], the 

conduction along the c-axis in the metallic phase is in two overlapping vanadium d-

bands. Such overlapping d-bands as opposed to the one-band-spherical-Fermi-surface 
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model could produce a number of itinerant electrons per vanadium larger than one 

electron per V4+ (3d1). [90] Since the conduction along the [010] direction is due to 

oxygen 2p orbital participation in the band formation, it is significantly different than 

conduction in the [001] direction. Below the TMST, conduction electrons are trapped 

between pairs of cations along the c-axis. Therefore a conduction anisotropy is expected. 

The fact that the thin film is highly strained may also enhance the anisotropy. 

The anisotropy in both conductivity and effective carrier density in VO2 were 

surprisingly large. In the light of phase separation, this most likely results from a strong 

anisotropy in the effective masses of carriers, which was observed, for example, in the 

organic superconductor κ-(BEDT-TTF)2Cu(NCS)2. [91] One can also speculate that the 

large conductivity anisotropy can also be attributed to the multiple Fermi surfaces, each 

containing its own carriers and with anisotropic effective masses as exemplified in the 

ab-plane of the high TC superconductor YBa2Cu3O7-δ [92] . In this material, the 

conductivity anisotropy was due to two separate Fermi surfaces: one from the Cu-O 

planes and the other from the Cu-O chains. Though VO2 lacks a complicated crystal 

structure like the cuprates, the dispersion of the O 2p band was observed in Angle 

Resolved Photoemission Spectroscopy [93], indicating various Fermi surfaces along the 

a-direction versus the c-direction in rutile VO2.  
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Figure 5.12 Top row: IR scattering amplitude S3 recorded at distinct power levels of the 
pump laser. Middle row: sample topography (AFM) for the images displayed in the top 
row. Bottom row: S3 images recorded at distinct temperatures. The near-field signal in all 
images is normalized to that from a 50 nm gold film (middle left of each image). [45] 

 

Another study using nanoscale infrared spectroscopy [45] revealed the origin of a 

large anisotropy in the transition region for VO2 thin films deposited on a (110) TiO2 

substrate: epitaxial films under bi-axial strain demonstrated a very pronounced anisotropy 

in optical and transport properties, [43,44] as a result of the formation of unidirectional 

stripe states in which the semiconducting and metallic states coexisted as shown in figure 

5.12. [45] The higher epitaxial strain along the c-axis has been found to promote 

nucleation of local metallic regions below the transition temperature. [45,94] Even 

though the overall strain along the c-axis is tensile, the local strain near the metallic 

nucleation was found to be highly compressive, creating a tensile-compressive-tensile 

strain environment that leads to the nucleation of the stripe state. It is also found that the 

metallic stripes were nucleated at the film/substrate interface where the epitaxial strain is 

the strongest. [94] These metal-semiconductor-metal stripes have rutile-monoclinic-rutile 
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structural variation introducing the conductivity, compared to the [010] direction, parallel 

with the stripe pattern. 

As the metallic stripes begin to form (perpendicular to c-axis), the conductivity 

measured along the direction of the stripes will start to increase sooner due to the high 

resistance of the insulating areas in parallel with the low resistance of the metallic areas. 

The conductivity measured along the c-axis (perpendicular to the stripes), where the high 

and low resistance areas are in series, will start to increase later. This results in a 

difference in the TMST. The TMST reported here are very closed to each other because the 

metallic stripes found on VO2 / (100) TiO2 are not perfectly perpendicular to the c-axis, 

but rather make a ±57° angle to the c-axis as show in figure 5.13 due to relaxation of very 

thick film [94]. This may also be the case for the etched hall bars where the substrate 

clamping is reduced (compared to continuous thin film). The extremely high conductivity 

along [001] is likely due to the “cracks” along [001] forming from the relaxation and 

creating a “short path” where metallic stripes from two regions merge, as shown in figure 

5.13. 

 

Figure 5.13. Pump near-field infrared spectroscopy, showing simultaneously acquired 
near-field S3 with 18.8 mW pump excitation on VO2/TiO2 (100). [94]  
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Figure 5.14 Conductivity mapping of 300 nm VO2/(110) TiO2 via conductive AFM, with 
the different bias voltage from 200-1400 mV, showing conductive stripes perpendicular 
to c-axis. 

 

In addition, conductive AFM measurements on VO2 thin films deposited on (110) 

TiO2 also unveiled the same stripe pattern, but in this case the stripes are local since the 

sample was locally biased at different bias voltage as the current was read back during 

each scan. The result is shown in figure 5.14. The conductive stripes (perpendicular to the 

c-axis) are getting larger as the applied bias voltage get larger.  

 
 

5.4 Summary 

The properties of single-phase strained VO2 thin films were studied on various 

single crystal substrates. Raman spectra showed that epitaxial VO2 films grown on TiO2 

single crystal substrates were the rutile phase in both the insulating state and metallic 
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state despite various orientations, instead of the M1 state observed on c-plane sapphire. 

The strained VO2 undergoes an electronic phase transition without the Peierls transition 

as observed in single crystal and polycrystalline VO2. A new phase diagram of bi-axially 

strained VO2 was proposed in which only the rutile VO2 is presented. Secondly, a large 

increase in TMST up to 433 K was observed for VO2/(100) TiO2. This increase is much 

higher than any previous report. In contrast, the TMST of VO2/(001) TiO2 was reduced to 

305 K and the large change in resistivity of 3-4 orders of magnitude was preserved. The 

ability to tune the TMST using strain engineering that has been demonstrated in this work 

extends the potential temperature range for the use of VO2 in nanoelectric devices.  

Moreover, a very large anisotropy in the dc conductivity of epitaxial VO2 thin 

films deposited on a single-crystal (100) TiO2 substrate was discovered. A conductivity 

mapping of VO2 thin films also revealed the co-existing stripe states, leading to the 

anisotropy for both optical and transport properties. The in-plane conductivity was 

measured along the [010] and [001] directions of VO2, and it was found that the 

conductivity anisotropy ratio σ[001]/σ[010] was 41.5 at 300 K, much larger than that of 

single-crystal VO2. The conductivity along [001] in the metallic phase was unusually 

high ~2.4×105 S/cm, and is comparable to a very good conductor. The very low 

resistivity of the VO2 film, especially along [001], can be a significant benefit for low 

power electronic devices. 
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CHAPTER 6. Doping effects on vanadium dioxide films 

6.1 Introduction 

 This chapter discusses chemical doping with isovalent Mn4+ and aliovalent Al3+ in 

VO2 thin films and the effect of doping on microstructures and properties. Two 

approaches for doping during the synthesis were used; it was found that different doping 

methods – taking advantage of the flexibility of RBTIBD – yield extremely distinctive 

results in both the microstructures and characteristics of the MST, namely the size of the 

resistive jump. One doping method enhances the MST while the other degrades the film 

microstructures and highly suppresses the MST. The doping technique I developed here 

results in a better crystallinity of the doped films compared to other doping methods 

explored [35,36,95,96]. The technique used can also be controlled with dopant 

increments of about of 0.1%.  

The effect of Al-doped VO2 on the MST was explored in comparison with the 

effect of isovalent Mn4+ doping. Both Al3+ and Mn4+ have about the same effective ionic 

radius, 53.5 and 53.0 pm, respectively [97], thus it is expected that the distortions caused 

by their substitutions would be equivalent. The change in transport properties would arise 

mostly from the difference in the valence states of these two dopants. Doping with Al3+ is 

likely to introduce holes into the conduction band of VO2. The evidence for hole doping 

by Al3+ is provided by Hall effect measurements. This evidence has not been reported 

previously. Both types of dopants were found to greatly increase the resistance ratio and 

enhance the MST, which was rarely observed in any other reports. As the TMST is 

modified, it often is accompanied with a suppressed transition. [7,35,36] 
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6.2 Experimental 

 Using the RBTIBD method, sputtering occurs during the negative pulse bias that 

exceeds the sputtering threshold for the target materials. Hence the amount of material 

sputtered from the target is directly associated with the negative pulse width and the pulse 

frequency, i.e. the duration for the negative biasing of the target. I hypothesized that the 

rate of sputtered metal is then linearly proportional to both negative pulse width (w) and 

frequency (f): 𝑚𝑒𝑡𝑎𝑙  𝑎𝑚𝑜𝑢𝑛𝑡 ∝ 𝑤×𝑓, where 𝑤 = !
!
− 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒  𝑝𝑢𝑙𝑠𝑒  𝑤𝑖𝑑𝑡ℎ.  

 Before each set of depositions, two samples were deposited for deposition rate 

calibration and to estimate w and f of the dopant target for various dopant concentrations. 

The first sample was a pure VO2 thin film and the second sample was the oxide of the 

desired dopant. They were deposited under the same conditions with 71.43 kHz and 3 µs 

positive pulse width (~ 11 µs negative pulse width). The nominal percentage of dopant 

(%) was estimated by  

%  𝑛𝑜𝑚.=
𝑟!

𝑟!!! + 𝑟!
  ×   

𝑓  ×  𝑤
71.43  ×  11   ×  100%                                                                            (6.1) 

where 𝑟!!! and 𝑟! are the deposition rate (nm/hour) of VO2 and the oxide of dopant 

respectively. Hence the estimated concentration is not the same as atomic percentage, 

where the density and the molecular mass of the oxide materials need to be taken into 

account. Therefore the nominal percentage estimated by this method may not be 

sufficient enough to compare different dopants but it is sufficient enough to semi-

quantitatively compare results associated with the same type of dopant.  

The oxides of Mn and Al were confirmed with XRD to be MnO2 and Al2O3, 

respectively. To convert the estimated % nom. to % atomic, each deposition rate should 
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be multiplied by a correction factor, #  !"#$%  !"#$
!"#$%&#$

× !"#$%&'   !  !"!!

!"#$%  !"##  (!  !"#!!)
. The correction 

factor for VO2, MnO2, and Al2O3 are 0.055, 0.058, and 0.077 respectively. The 

deposition rates of VO2, MnO2, and Al2O3 were 50, 80, and 144 nm/hour. In other words, 

the deposition rate ratio term in equation 6.1 needs to be corrected. After applying the 

correction factor to the deposition rates, the at. % of Mn is ~ 1.02 × % nom. Mn, and the 

at. % of Al is ~ 1.08 × % nom. Al. Therefore the % nom. is fairly sufficient to represent 

the at. % of Al and Mn. 

However as the metal ions of dopants are introduced along with the V4+ in the 

same oxygen atmosphere, the additional metal ions most likely introduce a donor-like 

oxygen deficiency; this is true for any metal ions introduced by the doping method used 

in these experiments. 

There are 4 sets of samples investigated in this study: 

A. Fixed frequency mode for Mn-doped VO2 (1.56 kHz) 

B. Variable frequency mode for Mn-doped VO2 

C. Mn4+ doped at 1.00 kHz  

D. Al3+ doped at 1.00 kHz 

All the samples were deposited for 60 minutes, resulting in ~50 nm thick films. 

The growth parameters are listed in tables below: 
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Table 6.1 Growth conditions with calculated % doping for sample set A 

GROWTH PARAMETERS 
 

A1 A2 A3 A4 A5 

Negative Bias Voltage (kV) 0.90 0.90 0.90 0.90 0.90 
Negative Bias Current (mA) 102 105 107 106 107 
Positive Bias Voltage (V) 20.0 20.0 20.0 20.0 20.0 
Cathode Ar Flow (sccm) 10 10 10 10 10 
Cathode Voltage (V) 7.0 4.3 5.2 5.1 4.8 
Cathode Current (A) 7.06 7.06 7.06 7.06 7.06 
Anode Ar Flow (sccm) 70 70 70 70 70 
Anode Voltage (V) 36.1 38.4 38.0 38.4 38.6 
Anode Current (A) 6.55 6.55 6.55 6.55 6.55 
V Target Frequency (kHz) 71.43 71.43 71.43 71.43 71.43 
V Negative Pulse Period (µs) 11 11 11 11 11 
Mn Target Frequency (kHz) --- 1.56 1.56 1.56 1.56 
Mn Negative Pulse Period (µs) --- 3 10 17 35 
Ar/O2 80/20 Flow (sccm) 6.0 6.0 6.0 6.0 6.0 
Substrate Temperature (°C) 500 500 500 500 500 
Process Pressure (mTorr) 1.1 1.1 1.0 1.1 1.1 
Calculated % doping 0% 1% 3% 5% 10% 

 

 

Table 6.2 Growth conditions with calculated % doping for sample set B 

GROWTH PARAMETERS 
 

B1 
(A1) 

B2 B3 B4 B5 

Negative Bias Voltage (kV) 0.90 0.90 0.90 0.90 0.90 
Negative Bias Current (mA) 102 105 116 119 146 
Positive Bias Voltage (V) 20.0 20.0 20.0 20.0 20.0 
Cathode Ar Flow (sccm) 10 10 10 10 10 
Cathode Voltage (V) 7.0 4.3 3.6 3.5 4.3 
Cathode Current (A) 7.06 7.06 7.06 7.06 7.06 
Anode Ar Flow (sccm) 70 70 70 70 70 
Anode Voltage (V) 36.1 38.4 39.0 39.2 38.6 
Anode Current (A) 6.55 6.55 6.55 6.55 6.55 
V Target Frequency (kHz) 71.43 71.43 71.43 71.43 71.43 
V Negative Pulse Period (µs) 11 11 11 11 11 
Mn Target Frequency (kHz) --- 1.56 8.47 18.18 41.67 
Mn Negative Pulse Period (µs) --- 3 3 3 3 
Ar/O2 80/20 Flow (sccm) 6.0 6.0 6.0 6.0 6.0 
Substrate Temperature (°C) 500 500 500 500 500 
Process Pressure (mTorr) 1.1 1.1 1.1 1.1 1.1 
Calculated % doping 0% 1% 5% 10% 20% 
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Table 6.3 Growth conditions with calculated % doping for sample set C (Mn4+) 

 
GROWTH PARAMETERS 
 

C1 C2 C3 C4 C5 

Negative Bias Volt. (kV) 0.90 0.90 0.90 0.90 0.90 
Negative Bias Curr. (mA) 110 107 107 106 108 
Positive Bias Voltage (V) 20.0 20.0 20.0 20.0 20.0 
Cathode Ar Flow (sccm) 10 10 10 10 10 
Cathode Voltage (V) 3.9 4.0 3.9 4.3 5.7 
Cathode Current (A) 7.06 7.06 7.06 7.06 7.06 
Anode Ar Flow (sccm) 70 70 70 70 70 
Anode Voltage (V) 40.8 40.3 40.5 40.0 39.2 
Anode Current (A) 6.55 6.55 6.55 6.55 6.55 
V Target Freq. (kHz) 71.43 71.43 71.43 71.43 71.43 
V Neg. Pulse Period (µs) 11 11 11 11 11 
Mn Target Freq. (kHz) 1.00 1.00 1.00 1.00 1.00 
Mn Neg. Pulse Period (µs) 26 55 87 123 164 
Ar/O2 80/20 Flow (sccm) 6.0 6.0 6.0 6.0 6.0 
Subs. Temperature (°C) 500 500 500 500 500 
Process Pressure (mTorr) 1.1 1.0 1.0 1.0 1.0 
Calculated % doping 5% 10% 15% 20% 25% 

 

 

Table 6.4 Growth conditions with calculated % doping for sample set D (Al3+) 

 
GROWTH PARAMETERS 
 

D1 D2 D3 D4 

Negative Bias Volt. (kV) 0.90 0.90 0.90 0.90 
Negative Bias Curr. (mA) 108 108 107 106 
Positive Bias Voltage (V) 20.0 20.0 20.0 20.0 
Cathode Ar Flow (sccm) 10 10 10 10 
Cathode Voltage (V) 2.9 7.3 7.5 7.6 
Cathode Current (A) 7.06 7.06 7.06 7.06 
Anode Ar Flow (sccm) 70 70 70 70 
Anode Voltage (V) 41.6 38.2 37.4 37.2 
Anode Current (A) 6.55 6.55 6.55 6.55 
V Target Freq. (kHz) 71.43 71.43 71.43 71.43 
V Neg. Pulse Period (µs) 11 11 11 11 
Al Target Freq. (kHz) 1.00 1.00 1.00 1.00 
Al Neg. Pulse Period (µs) 14 30 48 68 
Ar/O2 80/20 Flow (sccm) 6.0 6.0 6.0 6.0 
Subs. Temperature (°C) 500 500 500 500 
Process Pressure (mTorr) 1.1 1.0 1.0 1.0 
Calculated % doping 5% 10% 15% 20% 
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6.3 Doping of manganese  

 VO2 thin films were doped with Mn4+ in two series: 1.56 kHz fixed frequency 

mode (set A) and variable pulse frequency mode (set B). The percentage of dopants was 

calculated and summarized in tables 6.1-6.2. A pure VO2 thin film was also grown for 

reference. 

 The Mn4+  ion has a smaller effective ionic radius (53 pm) compared to that of V4+ 

(58 pm) [97]. Consequently, when a Mn4+ ion substitutes for the V4+ ion in a V-V pair 

(along cr or am axis), the repulsive force between the Mn4+ and the paired V4+ ion in the 

nearest neighbor is reduced. The nearest neighbor V-V pair (in plane) will be less 

distorted, however the next nearest pair will be more distorted, and the next will be less 

distorted and so on. This creates a highly disordered in-plane lattice. In addition the out-

of-plane lattice spacing at the point of substitution will likely to decrease due to the 

smaller ionic radius of Mn4+, creating distortion, i.e. mosaicity. Moreover the substitution 

of Mn4+ will introduce extra electrons to the films, because Mn4+ has three 3d electrons, 

where V4+ has one 3d electron.  

 

6.3.1 Crystal structure and surface morphology characterizations 

 Figure 6.1(a) shows wide range XRD, revealing a single-phase monoclinic 

structure except for the 20% doped sample deposited with fixed pulse width (using the 

variable frequency mode). For the highest doped sample (20%), there were extra peaks 

found, identified as the peaks of (022) Mn2O3 ~ 27°, (110) MnO2 ~ 29°, and (400) Mn5O8 

~ 37°. This suggests that too many Mn ions were introduced, creating mixed phases. For 
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all other films, the only peak shown is the peak of (020) monoclinic VO2 coupling to the 

(0006) Al2O3 peak of the substrate.  

 

 

Figure 6.1 (a) XRD of sample set A and B showing single phase M-VO2 except the 20%. 
A zoom-in of XRD around (020) M-VO2 and substrate peak for (b) the samples doped 
with low fixed bias frequency (set A), and for (c) the samples doped with various 
frequencies (set B). The increase in frequency introduces dislocation and point defects, 
resulting in broaden film peak. 

 

Figure 6.1(b) and (c) show the film peak coupling to substrate peak for the two 

modes. In the variable frequency mode set B [figure 6.1(c)], as the % Mn increases with 

increasing frequency, the film peak worsens: it decreases in intensity (peak height) and 

appears as a broadened peak with a sign of peak splitting. The worse intensity and the 

broadening peak indicate poorer crystallinity and inhomogeneity of the film in the out-of-

plane direction, the plane perpendicular to substrate surface. The broadened peak, as 

shown in figure 6.1(c), is likely from the merging of two peaks, suggesting multiple 

crystal orientation growth. The results of set A with a low fixed frequency mode seem to 

be unchanged as the pulse width varies, as shown in figure 6.1(b).  

The FWHM (full width half max) was extracted from Gaussian fits of the (020) 

M-VO2 peak of doped films and summarized in table 6.5-6.6, where the FWHM of the 
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undoped film was found to be ~ 0.114 deg. The broadening of the peak in doped VO2 thin 

films is due in part to larger-scale flaws such as mosaicity, microstrain, and crystallite 

size. 

For the sample set A which was doped at low fixed frequency (table 6.5), the 

FWHM stays constant at a low value of ~0.2 deg. However, it is almost twice as large as 

that of the undoped film. On the other hand, for the variable frequency set B (table 6.6), 

the FWHM increases drastically as the doping frequency increases (rising % Mn). For the 

samples in set B, the (020) M-VO2 peak also shifts down as the Mn concentration 

increases (table 6.6), indicating a larger lattice parameter b. This behavior arises from the 

merging of peaks of multiple crystal orientations. In contrast, the film peak position for 

set A (the fixed pulse width mode) stays rather constant.  

As Mn4+ ions substitute V4+ ions, there may be inhomogenous strain induced since 

the Mn4+ ions are introduced at different frequencies than V4+, creating inhomogeneous 

out-of-plane spacings since not all planes get doped. This leads to an increase in the 

FWHM. However, the fast incorporation of dopants by high doping frequency changes 

the out-of-plane spacing more often, together with the random in-plane distortion of V-V 

pairs, likely resulting in the introduction of crystal defects such as dislocations and grain 

boundaries, and secondary phases that all contribute to the broadening of the peak and the 

increase in the FWHM. In other words, the higher doping frequency will likely to create 

more mosaicity. 
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Table 6.5 Summary of XRD M-VO2 peak with FWHM and average grain size for set A: 
fixed frequency mode.  

 
% Mn FWHM 

(deg) 
Peak position 

(deg) 
Grain size 

(nm) 
1 0.198 39.965 101 
3 0.206 40.006 109 
5 0.194 40.016 143 

10 0.199 39.978 97 
 
 
 
Table 6.6 Summary of XRD M-VO2 peak with FWHM and average grain size for set B: 
variable frequency mode. 

 
% Mn FWHM 

(deg) 
Peak position 

(deg) 
Grain size 

(nm) 
1 0.198 39.965 101 
5 0.677 39.730 106 

10 0.691 39.787 149 
20 0.847 39.684 243 

 
 
 

 
Figure 6.2 1×1 µm2 AFM images of sample set A for the fixed frequency depositions, 
showing roughly the same size grains except the 5% sample 
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Figure 6.3 1×1 µm2 AFM images of sample set B for the variable frequency depositions, 
revealing worse surface morphology (higher rms roughness and also larger grains) for the 
high frequency depositions. 

 
 

AFM images reveal that the samples deposited at higher frequency (set B) have 

worse surface morphology with larger grains (figure 6.3), while doping at low fixed 

frequency (set A) did not have obvious effect on the morphology (figure 6.2); the average 

grain sizes of these samples are summarized in table 6.5-6.6. The root mean square (rms) 

roughness also increases drastically as the bias frequency increases, which is likely due to 

the large grain size.  

The structure of the grain boundary depends on the misorientation of the crystal 

grains that it separates. For a system with small misorientation, the boundary will look 

like the boundary of the undoped films. As the misorientation gets larger, the boundary 

structure/shape is more complicated. The larger grain size is also likely due to more Mn 

incorporated into the film lattice that introduces more dislocation from interstitial defects.  
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6.3.2 Metal-semiconductor transition 

 
 
Figure 6.4 Resistivity as a function of temperature of (a) sample set A: fixed frequency 
mode and (b) sample set B: variable frequency mode. The low fixed frequency doped 
Mn4+ results in resistance ratio enhancement up to 3 folds, while for the variable 
frequency set, the increasing in bias frequency results in a suppressed MST. 

 

The resistivities as a function of temperature for all of the samples in set A and B, 

including the reference undoped VO2, are shown in figure 6.4. The Mn4+ doping at low 

fixed frequency improved the MST, enhancing the resistance ratio between the 

semiconducting phase and the metallic phase up to 3 times as compared to the undoped 

film. Figure 6.4(a), for sample set A, unveils the increase of resistivity in both 

semiconducting and metallic states, with a larger increase in the semiconducting state 

resulting in the enhanced MST. The point defects, i.e. inhomogeneous out-of-plane lattice 

and random in-plane distortions of V-V from substitution of Mn4+, will increase the 

resistivity in both phases (below and above TMST). However, as the samples are heated 

up, the crystal will be more ordered due to the removal of V-V distortion. As a result, the 

effect of the defects in the resistivity is reduced, resulting in the enhance MST. 
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On the contrary, for the variable frequency set as shown in figure 6.4(b), the MST 

gets highly suppressed as the doping frequency increases (% Mn increases), with a drastic 

increase in the resistivity of the metallic state. This is likely due to the surface scattering 

from larger grain boundaries and rougher film surface as shown in AFM images (figure 

6.3). The multiple orientations of crystal grown (mosaicity) also play a role in the 

metallic phase since the resulting in-plane lattice is still more disordered compared to 

those of the single out-of-plane crystal orientation even after the sample is heated up. The 

resulting MST of sample set B is similar to the optical properties of Mn doped VO2 [95]. 

The 20% sample (doped at 41.67 kHz) was insulating and R vs T cannot be measured. 

This could be the result of a large amount of defects and the additional phases as detected 

in XRD.  

The decreasing resistivity below TMST in set B as the % Mn increases from 1-10% 

could be related to the extra electrons from the substitution of Mn4+. These extra 

electrons increase the conductivity in both the metallic and semiconducting phases. 

However, the absence of reduction in resistivity of set A found in this experiment 

suggests that the defects dominated the effect of additional electrons; it is also possible 

that the defects introduced reduce the mobility of the carriers in the lattice. Since a 

decreasing resistivity was found in set B, with more point defects than set A, it suggests 

that the actual doping concentration of set B (at higher frequency) may be higher than the 

estimated.  

The decrease in the resistivity was also reported on Mn-doped VO2 thin films 

grown by magnetron sputtering. [95] The two films with lower doping concentration 

showed lower resistivity than the undoped film, however Liu et al. [95] observed a larger 
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resistivity as the Mn concentration increased. This is most likely due to point defects and 

degraded crystallinity associated with the dopants.  

 

 
 

Figure 6.5 (a) Resistance ratio as a function of % Mn for the samples doped with 
different modes. The 10% doped with low fixed frequency mode gives the highest ratio, 
which is about 3 times larger than the undoped sample. (b) Transition temperature as a 
function of % Mn, comparing two modes. 

 
 

Figure 6.5 summarizes the resistance ratio [R(300K)/R(400K)] and the TMST as 

functions of Mn content for two different processes. The resistance ratio in figure 6.5(a) 

shows the increasing trend of the ratio as the Mn content increases for the variable pulse 

width (fixed frequency) mode, and the resistance ratio increases up to 3 times at the 10% 

Mn concentration. On the other hand, for the variable frequency mode, the ratio 

dramatically decreases as the Mn content increases from 1-10%, due to the defect related 

scattering of carriers as mentioned earlier. In both modes, the 1% sample doped at 

1.56kHz already doubles the resistance ratio compared to the undoped film.  

In contrast, TMST appears to be relatively unchanged as seen in figure 6.5(b); 

while in the variable frequency set, TMST appears to shift to lower temperatures as the 

doping bias frequency increases (higher % Mn). This change in the transport behaviors 
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could relate to the change in lattice parameter b as evident in XRD spectra. As the film 

peak position shifts down (summarized in table 6.6), the cr-axis (am) is likely to be 

compressed and that can result in the reduced TMST which is in agreement with the 

aforementioned results in Chapter 5 and a previous report [40].  

 
 

6.3.3 Doping at lower frequency 1.00 kHz 

In this experiment, the transport properties of Mn-doped samples with a lower 

bias frequency of 1.00 kHz were studied to minimize the effect of defects introduced 

from higher frequency doping. The deposition conditions are listed in table 6.3 for 

sample set C, where the content of Mn4+ explored is in a wider range than that of set A. 

The estimated % dopants are 5, 10, 15, 20, and 25%. Samples in the set were also used as 

references for the Al-doped samples in section 6.4, and also to study the frequency 

dependence of the same Mn content samples in section 6.3.4.  

The AFM images over 1×1 µm2 area of the samples reveal similar grain size ~ 

100 nm for all samples (similar to those of set A as shown in figure 6.2). The rms 

roughness of the samples is in the range of 1.6-2.8 nm; the rms roughness does not 

depend on the % doping – it does not monotonically increase but rather fluctuates . XRD 

scans of all samples are shown in figure 6.6(a). The peaks shown were the only peaks 

detected in long range XRD scans from 20 to 80 degrees, indicating single phase VO2. 

The (020) peak of M-VO2 first shifts down (increasing lattice parameter b) as the % Mn 

increases from 5 to 10%. Then, it shifts up and stays rather constant at 15-25% Mn with 

no obvious change in the peak height. 
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Figure 6.6 (a) XRD of sample set C showing (020) M-VO2 peak coupling to the substrate 
peak. (b) Resistance as a function of temperature for the samples doped at 1.00 kHz. 

 

The temperature dependent resistance measurements are shown in Figure 6.6(b), 

while the data from the 20% Mn-doped sample is not included for better clarity. The 20% 

sample result lies in between the 15% and 25% Mn-doped results for both TMST and 

resistance ratio (R300K/R400K). Since the thicknesses of the films were roughly the same at 

about 50 nm, the resistance measured on devices of the same size can be compared 

without converting to resistivity. 

The MST results reveal that doping at 1.00 kHz introduced point defects slowly 

enough to see the evolution of these defects as the % dopant increased from 5 to 10%. 

There is a huge enhancement of the MST in the 10% Mn-doped sample (compare to the 

5%): the transition gets sharper with larger resistance ratio. Then the MST starts to get 

suppressed as the % Mn increases further. The resistance (resistivity) in the 

semiconducting phase starts to decrease as the Mn content increases from 10-25%. This 

effect could be from the electrons which are introduced from the substitution of Mn4+ 
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ions in the lattice. It could also be from the role of oxygen deficiency (interstitial defect), 

or from contributions of both electrons and oxygen defects, since the effect is similar to 

what have been observed in chapter 4 as the oxygen flow rate is reduced.  

 
 

6.3.4 Bias pulse frequency effect on transport properties 

In this part, to minimize the effect of additional Mn introduced, the transport 

properties of Mn-doped samples with the same nominal dopant concentration of 5% are 

compared. The samples are from set A, B, and C, grown with various doping frequencies 

of 1.00 (C1), 1.56 (A4), and 8.47 (B3) kHz respectively. The resistivity as a function of 

temperature was measured on a simple-current device, while the Hall effect 

measurements were conducted on a Hall bar device fabricated on each sample.  

 
Figure 6.7 XRD of the 5% Mn-doped samples, doped at different frequencies, showing 
(020) M-VO2 coupling to the Al2O3 substrate peak. The inset shows FWHM of the (020) 
M-VO2 peak as a function of doping frequency (*0% from undoped sample). 
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XRD scans show the broadening of the (020) M-VO2 peak as the doping 

frequency increases (figure 6.7), indicating a degraded crytallinity as a result of high 

frequency target biasing. The inset shows the FWHM of the (020) M-VO2 peak as a 

function of doping frequency. The FWHM of the undoped film (A1) is also included for 

reference. The FWHM increases as the doping frequency increases. At the highest 

frequency (8.47 kHz), the film peak also starts to split, indicating either the introduction 

of a secondary phase or the multiple crystal orientations. 

The resistivity as a function of temperature, shown in figure 6.8(a), shows a 

significant suppression of the MST in the highest doping frequency sample. As the 

doping frequency increases from 1.56 to 8.47 kHz, the resistivity in the metallic state also 

increases significantly as a result of scattering carriers in the multiple crystal orientations 

as found in XRD. As the doping frequency changes from 1.00 kHz to 1.56 kHz, there was 

no sign of multiple crystal orientation or secondary phase growth, hence a slight increase 

in the introduced point defects enhanced the MST.  

 

 

Figure 6.8 (a) Resistivity as a function of temperature of 5% Mn-doped samples, with 
various doping frequencies. (b) Carrier density and (c) Hall mobility as a function of 
temperature extracted from Hall effect measurements.  
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Hall effect measurements provide information on the majority carrier density and 

Hall mobility of these films as a function of temperature as shown in figure 6.8 (b) and 

(c). The carrier densities of all samples were found to be higher than that of the typical 

undoped VO2, especially in the semiconducting phase. The carrier density is about 1-4 

orders larger (~1019 cm-3 for undoped thin films) [28,44]. The carrier density in the 

semiconducting phase increases as the doping frequency increases. In the metallic phase, 

the carrier density is about the same or slightly smaller than that of the typical undoped 

films (~1023 cm-3) [28,44]. The 1.00 kHz doped sample showed a 2-3 order change in the 

carrier density around the transition, similar to what has been observed in undoped films 

[44] but with slightly smaller change, where the size of the change in the carrier density 

is decreasing as the doping frequency increases.  

For the sample doped with 1.00 kHz, the majority carriers were electrons in the 

semiconducting phase and switched to holes in the metallic phase (350 - 400 K). For the 

1.56 kHz sample, the majority carriers were electrons in both phases. For the 8.47 kHz 

sample, the majority carrier type randomly switched throughout the measured 

temperature range (300 - 400 K). The evidence of changing the majority carrier type was 

found in previous reports [24,44], however the origin of the behavior has not been fully 

understood. The sample with the lowest doping frequency of 1.00 kHz has the highest 

Hall mobility, which is similar to the values found in undoped VO2 films [28,44]; the 

mobility decreases as the doping frequency increases. The reduced Hall mobility is likely 

due to the defect-related scattering of free carriers that occurs in both semiconducting and 

metallic states of doped VO2.  



	
  

	
  

113	
  

There was also a sign of an abrupt change, a jump or drop, of the mobility around 

the TMST similar to previous reports on undoped VO2 films [28,44], which is likely from 

the change in majority carrier type from electron to hole (for the abrubt drop). The 

difference of these doped films compared to the undoped films was that after the MST, 

the mobility seems to be 1-2 orders of magnitude higher than before the MST. This 

explains the role of defects, since the crystal became more ordered as it was heated up 

and the effect of defects was reduced, resulting higher mobility above TMST. 

 

6.4. Doping with aluminum 

In this experiment, the microstructures and transport properties of Al-doped 

samples (set D) are compared to those of Mn-doped samples (set C), where all the 

samples were doped at 1.00 kHz to minimize the effect of defects arising from high 

frequency doping. The deposition conditions are listed in table 6.4 for sample set D. The 

estimated % doping are 5,10,15, and 20% Al.  
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6.4.1 Crystal structure and surface morphology of Al-doped VO2 

 
Figure 6.9 XRD of sample set D: Al-doped at 1.00 kHz showing (020) M-VO2 peak 
coupling to the substrate peak. 

 
 

XRD scans of all samples are shown in figure 6.9. The peaks shown are the only 

peaks detected in long range XRD scans (20-80 deg), indicating single phase VO2. The 

film peak of Al-doped samples first shifts down as the % Al changes from 5 to 10%, and 

monotonically shifts up, due to a decrease in the lattice parameter b, from 10-20 % Al. 

The peak height seems to decrease as the peak shifts down between 5-10% doping, 

indicating worse crystallinity in the out-of-plane direction. The peak is also broadened. 

Above 10% doping, the peak height increases as the peak shifts back up and as the % Al 

increases, the peak is also narrower. As dopant content increases, the Al-doped samples 

experienced more crystallinity degradation than the Mn-doped samples, which may relate 

to the distortion toward triclinic (T) and M2 phases of VO2. However to confirm the M2 

phase in these samples, Raman spectroscopy is needed, since the XRD alone is not 

enough to reveal the phase [98].  



	
  

	
  

115	
  

When an Al3+ ion substitutes for a V4+ ion in the V-V pair, the single d-electron in 

the unpaired V4+ ion (effective ionic radius = 58 pm [97]) could be trapped by a hole in a 

2p orbital of oxygen surrounding the Al3+ ion, resulting in the appearance of a V5+ ion 

(effective ionic radius = 54 pm [97]). The resulting smaller ionic radius of V5+ makes the 

M1 structure of the VO2 lattice becomes less distorted, approaching the triclinic (T) and 

M2 phase and resulting in a higher TMST. The unpaired V4+ donors are compensated by 

the trivalent acceptors, resulting in the unchanged resistivity in the semiconducting phase. 

With the increasing amount of Al3+ introduced, the contribution of holes in the transport 

properties would also increase. Moreover the Al3+ and V5+ will likely to create point 

defects in the out-of-plane direction, i.e. mosaicity (more than the effect of Mn4+), due to 

smaller ionic radii. 

It has been found that acceptor-like doping with metals such as Cr3+ and Al3+ can 

stabilize the M2 and T phases of VO2 at room temperature [7,39,99]. A phase diagram for 

free-standing Al-doped VO2 nanostructures based on experimental results by Strelcov et 

al. [39] is shown in figure 6.10. According to the phase diagram, all of the samples 

presented in this section should have an M2 structure at room temperature. However, the 

strained films may have a different phase diagram than that of the free-standing 

nanostructures due to substrate clamping. 
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Figure 6.10 Temperature-composition phase diagram for free-standing nanostructures, 
with polarized optical images of each phase. [39] 

 
 
 

 
Figure 6.11 AFM images of (a) 20% Al and (b) 20% Mn samples respectively. 

 

The AFM images over 1×1 µm2 area of 20% Al-doped (1.1 nm rms roughness) 

and 20% Mn-doped (2.1 nm rms roughness) are shown in figure 6.10 (a) and (b) 

respectively. The grain sizes of all Al-doped samples were smaller than those of Mn-

doped samples (~100 nm). The grain sizes of Al-doped samples  (~50-70 nm) were also 

smaller than the average grain size of typical undoped VO2 films deposited at the same 

conditions (~100-150 nm). The rms roughness of the Mn-doped samples was in the range 
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of 1.6-2.8 nm, while the Al-doped samples were smoother with rms roughness of 0.5-1.1 

nm which can be explained by the smaller grain sizes. The rms roughness and average 

grain size of Al-doped samples are summarized in table 6.7. 

 

Table 6.7 Summary of rms roughness and average grain size for set D 

% Al RMS (nm) Grain size (nm) 
 

5 1.1 60 
10 0.5 50 
15 0.6 60 
20 1.1 70 

 

The rms roughness for both types of dopants does not depend on the % dopant as 

the grain size of Mn-doped films was roughly the same throughout the range of % Mn. 

However, as the %Al increases from 5 to 10%, the grains get smaller, and as the Al 

concentration increases from 10 to 20%, the grain size is monotonically increased. The 

trend of the grain size is similar to the trend of inhomogeneity detected in XRD. The 

smaller grains indicate less dislocations in the plane parallel to the substrate surface. The 

dislocation and point defects, arising from higher amounts of dopants, are more likely 

introduced in the plane perpendicular to the substrate surface, creating the inhomogeneity 

in the out-of-plane lattice and resulting in a degraded film peak. 
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6.4.2 Transport properties 

(a) Metal-semiconductor transition 

 

Figure 6.12 Resistance as a function of temperature for Al-doped VO2, showing the 
largest improvement of MST reported in this chapter.  

 

The temperature dependent resistance measurements are shown in Figure 6.12. 

Since the thicknesses of the films were roughly the same around 50 nm, the resistance 

measured on the same size devices can be compared without converting to resistivity. 

The resistance ratio (R300K/R400K) and TMST of both Al-doped and Mn-doped samples 

were extracted from the R vs. T curves and plotted as a function of % dopant, as shown in 

figure 6.13. 

Figure 6.12 shows that the resistivity in the semiconducting state first increases 

dramatically as the Al content increases from 5 to 10%. This is likely from a combination 

of the introduced point defects as Al3+ substitutes V4+, and the hole injection from the 

acceptor-like doping (from interstitial Al3+). Because holes have much lower mobility 
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compared to electrons, the resistivity increases. As the Al concentration increases from 

10 to 20%, the resistivity in the semiconducting state decreases monotonically, which 

may be from the oxygen deficiency effect. The metallic state resistivity of all samples is 

about the same except the 10% sample that has a higher resistivity. This sample had the 

smallest grains and the smoothest surface in the set, hence the higher resistivity in the 

metallic state is likely due to the larger amount of defects introduced in the out-of-plane 

direction, as seen in the XRD. 

 

 

Figure 6.13 (a) Resistance ratio as a function of % dopant. The Al-doped increases the 
ratio by 11 times, while the Mn-doped increases the ratio by 4 times. (b) Transition 
temperature as a function of % dopant. The Al-doped slightly increase TMST, while the 
TMST of Mn-doped samples are fairly constant. 

 

The resistance ratio shown in figure 6.13(a) first increases and then decreases 

when the % Mn > 10%. The ratio was increased up to 4 times, comparing the maximum 

at 10% Mn to the lowest doped 5% Mn. For Al-doped samples, the resistance ratio was 

increased up to 11 times, comparing the maximum at 15% Al to the 5% Al, which is 

much higher than the Mn-doped samples. The 5% doped Mn and 5% doped Al samples 



	
  

	
  

120	
  

have very similar R vs T, which can be used as references. Figure 6.13(b) shows the TMST 

for both Mn-doped and Al-doped samples. The TMST of Mn-doped samples are roughly 

constant, fluctuating around 334 K. However, it seems like the TMST slowly drops as the 

%Mn increases from 15-25%, which is again similar to the effect of a reduced oxygen 

environment. [75,100] The results of Al-doping show not only the enhanced MST but 

also show that the TMST is monotonically shifted to higher temperatures as the % Al 

increases. The change of TMST contradicts the oxygen-deficiency defects, but can be 

explained by the effects of the acceptor-like doping (equivalent to oxidization of V4+) 

[35,36,95,101]. The increase of TMST for the 10-20% doped samples may also relate to 

the decrease in the lattice parameter b (detected in the upshift of the (020) peak in XRD); 

as b decreases, cr (am) may also increase, enhancing the effect of correlations for the Mott 

transition. [41] 

The improvement of the MST in Al-doped films is due to a combination of point 

defects introduced by slow incorporation of dopants and hole injection from acceptor-like 

doping, while the enhancement of the MST in Mn-doped films is purely from the point 

defects. In addition XRD results show that Al-doped samples are likely to get more 

inhomogeneity in the out-of-plane direction than the Mn-doped samples. Hence the MST 

of films doped with Al3+ is more enhanced than those doped with Mn4+. 

There is always oxygen deficiency introduced from the RBTIBD technique used 

in this chapter for both types of dopants. The oxygen-deficiency defects suppress the 

transition, reducing the resistivity in the semiconducting phase as well as the TMST. Since 

an acceptor-like doping with trivalent metals (Al3+) introduces holes and can compensate 

for oxygen deficiency, the resulting TMST of Al-doped samples is higher than those of 
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Mn-doped samples. Moreover, it is possible that these Al-doped samples have a M2 

phase, which is a true Mott insulator. This may also explain the shift in TMST.   

 

(b) Carrier type and mobility 

 Hall effect measurements were conducted on a Hall bar device fabricated on the 

5% Mn and the 5% Al doped samples. Using a single band model, the carrier density and 

Hall mobility were calculated and plotted as a function of temperature as shown in figure 

6.14 (b) and (c), respectively. The MST of these two samples are similar, shown in figure 

6.14 (a), however the mobility and carrier density yield different results.  

 

 

Figure 6.14 (a) Resistivity as a function of temperature of 5% Mn-doped and Al-doped 
samples. (b) Carrier density and (c) Hall mobility as a function of temperature extracted 
from Hall effect measurements. 

 

The carrier density of these doped sample is higher than that of the typical 

undoped films, which is around 1019 cm-3 before the MST and about 1023 cm-3 after the 

MST, where the majority carriers are mostly electrons both before and after the MST.  

The mobility of both is lower than that of the undoped films, that is around 0.1-5 cm2/Vs 

at room temperature, as seen in chapter 4-5 and in previous reports. [28,44]. Surprisingly 
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for both samples, the majority carrier type was found to be electrons before the MST, and 

it switched to holes after the MST (350 - 400 K). 

The results of Mn-doped samples agree with the fact that the doping with Mn4+ 

introduces electrons resulting in the increased electron density in the Hall effect, and that 

the defect related scattering of free carriers reduces the Hall mobility. Figure 6.14(c) 

shows that the Hall mobility of the Al-doped sample was roughly 2 orders of magnitude 

smaller than that of the Mn-doped sample in the semiconducting state, and about 1 order 

lower in the metallic state. This confirms the hypothesis of introduced holes in the lattice, 

due to the large difference of electron and hole mobilities, with electron mobility being 

almost 4 orders of magnitude larger. [102] 

 

 

Figure 6.15 Hall resistance as a function of magnetic field at 300 K for (a) 5% Mn-
doped, (b) 5% Al-doped, and (c) 10% Al-doped samples. 

 

Figure 6.14(b) shows that the carrier density of the Al-doped sample was roughly 

2 orders of magnitude higher than that of the Mn-doped sample in the semiconducting 

state, and about 1 order higher in the metallic state. There appears to be an abrupt jump in 

the carrier density around the transition for both samples. However, the resulting carrier 

density in the semiconducting phase of the Al-doped sample contradicts the hypothesis 



	
  

	
  

123	
  

that the trivalent doping (acceptor-like) will introduce holes. The contradiction can be 

explained in the followings. Figure 6.15 shows raw data of Hall measurements of Mn-

doped and Al-doped samples near room temperature, with a linear fit using the single 

band model. The fit for both Mn-doped and Al-doped at 5%, shown in figure 6.15 (a) and 

(b) respectively, has a negative slope, indicating electrons as majority carriers. However, 

the fit for the Al-doped sample is much worse than the Mn-doped sample; the Hall 

voltage largely scatters across 0V as the magnetic field increases in one direction. This 

phenomenon can be explained in the following discussion: 

The single band model is only true when one type of carrier largely dominates the 

other and the other is negligible. In fact, the Hall coefficient for a semiconductor [103] 

can be represented by: 

𝑅! =
𝑉!𝑑
𝐼𝐵 =

𝑝𝜇!! − 𝑛𝜇!!

𝑒(𝑝𝜇! + 𝑛𝜇!)!
                                                                                              (6.2) 

, where I is the excitation current, B – magnetic flux density directed perpendicular to the 

sample plane, VH – Hall voltage (after the magneto-resistance removed), e = 1.6 × 10-19 

coulomb, d = film thickness. If the electron is truly dominant (𝑛𝜇!! ≫ 𝑝𝜇!!) then 

𝑅! = − !
!"

; if holes are dominant (𝑝𝜇!! ≫ 𝑛𝜇!!) then 𝑅! =
!
!"

. Hence when plotting !!
!

 vs. 

B, the linear relationship is expected with the slope being inversely proportional to carrier 

density, where a negative slope indicates electrons are dominant and a positive slope 

indicates hole are dominant.  

Considering a mixed carrier system, as one type is about to dominate the other, 

the slope will become smaller approaching zero. The linear fit will no longer hold, as 

both carrier types interact with magnetic field in the opposite way, the resulting Hall 
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voltage will be more scattered. Therefore, the high carrier density extracted from a single 

band model needs to be interpreted in two distinct ways:  

1. It is a true representation of majority carrier density, if the linear fit of Hall 

resistance or Hall voltage as a function of magnetic field is good; 

2.  It indicates mixed carrier types of holes and electrons, if the linear fit is bad 

(especially when the Hall voltage fluctuates across 0V as the magnetic field is 

applied in one direction). 

Using this analogy, figure 6.15(b) shows the sign of hole doping in 5% Al-doped 

at room temperature compared to 5% Mn-doped [figure 6.15(a)] where the result is better 

fit using a single band model. The confirmation of hole doping is also shown in figure 

6.15(c), where the majority type already changed to hole as the % Al increased to 10%.  

 

6.5 Effect of dopants on the electronic band structure 

As Mn4+ substitutes V4+, the lattice parameter b seems to be constant. However, 

the electrons doping from Mn4+, which do not contribute to the electronic structure, also 

tend to lower the dπ level [18], closing the band gap. The results for the lowest doping 

bias frequency agree with this picture, however as the defects are introduced from higher 

frequency doping, the additional electrons are trapped in the defects (reduced mobility). 

At higher doping frequency, there is likely to be more distortion in the out-of-plane, 

hence more distorted octahedral oxygen destabilize and shift up the dπ band, 

compensating the extra electrons. 

On the other hand, the hole introduced from Al3+ will be localized resulting in 

V5+. The shorter V-O bonds from the V5+ will narrow the dπ and tend to lift the band up 
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[18]. The energy increase of the dπ electrons reduces the screening of electrons in the d|| 

band, thus enhancing the effect of correlations [14], opening the insulating gap, and 

increasing TMST.  

 

6.6 Summary 

Reactive Bias Target Ion Beam deposition was used to explore the chemical 

doping (Al3+ and Mn4+) of VO2 thin films. The doping content can be tuned by the bias 

pulse width and frequency. The lower frequency of bias pulse resulted in better 

crystallinity, likely due to the slow incorporation of dopants in the monoclinic lattice of 

VO2, enhancing the MST. In contrast, the high frequency doping degraded film 

microstructures and highly suppressed the MST. 

Both type of dopants were found to enhance the MST especially when doped at 

low bias frequency. The MST of films doped with Al3+ was more enhanced than those 

doped with Mn4+ due to different valence states. Doping with Mn4+ did not raise the TMST 

while doping with Al3+ slightly increased the TMST as the Al concentration increased. 

Evidence of hole doping from Al3+ was also found in Hall effect for the first time. The 

increase in the resistance ratio found in this study will benefit in many applications such 

as switching devices, optical shutters, etc. However further study of microstructure of 

these doped films using Raman spectroscopy and study of valence states of these ions (V, 

Mn, and Al) using soft x-ray spectroscopy are needed. 
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CHAPTER 7. Concluding remarks 

7.1 Summary of scientific observations 

 In summary, this thesis investigated the micro-strain, macro-strain, and doping 

effect on the MST of VO2 thin films deposited by the RBTIBD technique. The effect of 

growth conditions (substrate temperature and O2 flow rate) for VO2 thin films grown on 

c-plane sapphire substrates was explored. The higher substrate temperature resulted in 

higher TMST, with narrower hysteresis, sharper transition, and improvement of MST with 

a more conductive metallic state due to the improvement of crystallinity. The influence of 

O2 flow rate on the microstructure, electronic structure, and transport was investigated. A 

small change of O2 flow rate dramatically affected the transport behavior of VO2 thin 

films, even though the valence state of V4+ ion was found unchanged. Thin films 

deposited in a reduced O2 environment revealed the following: increased carrier density, 

more conductive insulating phase, and lower TMST due to the micro-strain caused by 

defects formed in the oxygen growth environment. 

The effect of macro-strain from bi-axial substrate clamping was investigated on 

VO2 thin films deposited on TiO2 (100), (001), and (011) substrates. The TMST was 

modified in a wide range (300-430 K), using bi-axial strain variation by thickness 

control. The high resistance ratio between semiconducting and metallic states was found 

preserved as the TMST shifted. Both semiconducting and metallic phases were shown to 

have rutile structure using Raman spectroscopy. The strained VO2 underwent an 

electronic phase transition without the Peierls transition. A new phase diagram of bi-
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axially strained VO2 was proposed based on experimental data collected from current and 

previous studies. 

 A very large conductivity anisotropy was discovered in the VO2/ TiO2 (100) 

films. Conductivity mappings using nanoscale infrared spectroscopy and conductive 

AFM of VO2 thin films revealed the co-existence stripe states that lead to anisotropy for 

both optical and transport properties. The anisotropy was observed below and above the 

MST. It was found that the conductivity anisotropy ratio σ[001]/σ[010] was 41.5 at 300 K, a 

value much larger than that of single-crystal VO2. The conductivity along [001] in the 

metallic phase was unusually high ~2.4×105 S/cm, and is comparable to a very good 

conductor. 

RBTIBD was used to explore the chemical doping (Al3+ and Mn4+) of VO2 thin 

films deposited on c-plane sapphire. The doping content can be tuned by the bias pulse 

width and frequency. The lower bias pulse frequency resulted in better crystallinity, due 

to the slower incorporation of dopants in the monoclinic lattice of VO2, and enhanced the 

MST (higher resistance ratio and sharper transition). The high frequency doping degraded 

film microstructures and highly suppressed the MST. Hall effect measurements also 

revealed that higher frequency doping reduces the carrier mobility in both 

semiconducting and metallic states due to the defect-related scattering of free carriers. 

The doping technique developed here resulted in a better crystallinity of the doped films 

compared to other doping methods explored. 

Both type of dopants were found to enhance the MST especially when doped at 

low bias frequency. The MST of films doped with Al3+ was more enhanced than those 

doped with Mn4+ due to different valence states. Doping with Mn4+ did not raise the 
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TMST, while doping with Al3+ slightly increased the TMST as the Al concentration 

increased. Evidence of hole doping from Al3+ was also found in Hall effect for the first 

time. A signature of oxygen deficiency was also found in transport measurements of 

samples with higher dopant concentration for both types. The increase in resistance ratio 

found in this study will benefit in many applications such as switching devices, shutters, 

etc. 

 

7.2 Suggested future work 

The development of reproducible high quality VO2 thin films for the study of 

correlation among film strain, defects, and transport behavior was the objective of this 

work. Discussed below are my recommendations and suggestions of further explorations: 

Development of VO2 thin films on other substrates 

To fully utilize the benefit of VO2 thin films, the growth on other substrates, such 

as silicon, quartz, etc., need to be optimized. Silicon wafers are widely used both 

commercially and in research due to cost efficiency and the ability to fabricate integrated 

circuits for microelectronic devices. While an IR transparent substrate is needed for 

optics application. Different kinds of substrates introduce dissimilar strain due to lattice 

mismatch, so a buffer layer may need to be added to stabilize and improve the growth of 

a crystalline film. A detailed characterization of microstructure and MST of thin films as 

a function of growth parameters, buffer type and thickness must be done. 

Multilayer interface study 

Theoretical study of quantum confinement in a 5/3 TiO2/VO2 super lattice 

predicted that it is half metallic and can be potentially used in spintronics. RBTIBD has 
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the ability to precisely control the sputtered metal amount, however the study of 

interfaces between two layers is needed. Improving the interface can be achieved by the 

exploration of growth parameters. Additional tools such as TEM are required to explore 

the interface. A detailed characterization of MST as a function of VO2 interface must be 

done. Other multilayer applications, such as an electrically controlled IR shutter, also 

require multilayer structure. Hence the study of interfaces is very important for 

improving VO2 film quality and interface quality for those applications. 

Exploration of other dopants 

The MST varies as the dopants change. It is not only the valence state, but also 

the effective ionic radius of dopants that contributes in the complicated mechanism of 

tailoring crystal structure and the transition of the VO2 thin film. Hence more dopants 

need to be explored. Nb is one of suitable candidates; it has oxidation state of +3 to +5, 

with various ionic radii that is larger than those of V4+. Moreover NbO2 also has the 

phase transition that occurs at much higher temperature (1080 K), which makes it more 

interesting. It is also much heavier than V, making it easier to detect the doping 

concentration using energy dispersive x-ray spectrometry (EDS). The valence state of V 

and Nb should be studied via x-ray absorption and photoemission spectroscopy. A 

detailed characterization of MST and microstructure of the doped film as a function of at. 

% Nb (with small increment in a wide range) must be done. 
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