
ABSTRACT 

GUPTA, ALOK. Semiconductor-to-metal Transition Control in Novel VO2/Silicon and 

VO2/Sapphire Epitaxial Thin Film Heterostructures for Device Applications. (Under the 

direction of Prof. Jagdish Narayan). 

 

Novel functionalities of Vanadium dioxide (VO2), such as, several orders of magnitude 

transition in resistivity and IR transmittance, provide an exciting opportunity for the 

development of next generation memory, sensor, and field-effect based devices. A critical 

issue in the development of practical devices based on metal oxides is the integration of high 

quality epitaxial oxide thin films with the existing silicon technology which is based on 

silicon (100) substrates. However, silicon is not suitable for epitaxial growth of oxides owing 

to its tendency to readily form an amorphous oxide layer or silicide at the film-substrate 

interface. The oxide films deposited directly on silicon exhibit poor crystallinity and are not 

suitable for device applications. To overcome this challenge, appropriate substrate templates 

must be developed for the growth of oxide thin films on silicon substrates. 

The primary objective of this dissertation was to develop an integration methodology of VO2 

with Si (100) substrates so they could be used in ñsmartò sensor type of devices along with 

other multifunctional devices on the same silicon chip. This was achieved by using yttria-

stabilized zirconia (YSZ) template layer deposited in situ. It will be shown that if the 

deposition conditions are controlled properly, YSZ can be grown epitaxially on silicon 

substrates even if the native oxide is not etched completely prior to deposition. I have used 

this approach to integrate VO2 thin films with Si (100) substrates using pulsed laser 

deposition (PLD) technique. The deposition methodology of integrating VO2 thin films on 



silicon using various other template layers will also be discussed. The detailed x-ray 

diffraction, transmission electron microscopy (TEM), electrical characterization results for 

the deposited films will be presented. In the framework on domain matching epitaxy, 

epitaxial growth of VO2 (tetragonal crystal structure at growth temperature) on both 

tetragonal and cubic YSZ has been explained. Our detailed phi-scan X-ray diffraction 

measurements corroborate our understanding of the epitaxial growth and in-plane atomic 

arrangements at the interface. It was observed that the transition characteristics (sharpness, 

over which electrical and optical property changes are completed, amplitude, transition 

temperature, and hysteresis) are a strong function of microstructure, strain, and 

stoichiometry. We have shown that by choosing the right template layer, strain in the VO2 

thin films can be fully relaxed and near-bulk VO2 transition temperatures can be achieved. 

We have demonstrated this by using NiO as a buffer layer on Al2O3 (0001) substrate. 

We have also used swift heavy ion irradiation to induce controlled modifications in the 

semiconductor-to-metal transition characteristics of VO2 single-crystal thin films with 

varying ion fluences. At very high energies of ions (200 MeV), the electronic stopping 

(~2009 eV/Å) dominates over nuclear stopping (~16 eV/Å). Under these extreme electronic 

excitation conditions caused by electronic stopping and the passage of swift heavy ions 

through the entire thickness of the film, we expect creation of certain unique type of defects 

and disordered regions. Detailed characterization using X-ray diffraction, Raman 

spectroscopy, infra-red transmission spectroscopy, x-ray photoelectron spectroscopy (XPS), 

and electrical measurements were performed to investigate the characteristics and role of 

these defects on structural, optical, and electrical properties of VO2 thin films. XPS and 



electrical resistivity measurements suggest that the ion-irradiation induces localized defect 

states which appear to correlate well with the creation of disordered regions in the VO2 thin 

films. The high energy heavy ion-irradiation changes the transition characteristics drastically 

from a first-order to a second-order transition (electronic ï Mott type). The low temperature 

conductance data for these ion-irradiated films fits well with the quasi-amorphous model for 

resistivity of VO2 where ion-irradiation is believed to create mid band-gap defect states. 
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1. Introduction  

Vanadium dioxide (VO2) has been one of the most extensively investigated correlated 

electron systems that exhibit a distinct semiconductor-to-metal transition.
1
,
2
 VO2 has 

attracted this immense research and technological interest because of its ability to reversibly 

transform from monoclinic (semiconducting and infrared transparent) to tetragonal (metallic 

and infrared blocking) phase upon heating across 68 
0
C. Of all the transition metal oxides 

that exhibit any semiconductor-to-metal transition, VO2 is distinguished by its thermal 

switching at 68 
0
C (near room temperature). The transition temperature is modifiable by 

doping or stress. VO2 also undergoes an ultrafast (~ 10
2
 femtoseconds) transition when 

excited by a laser and its metallic behavior under application of high electric-field (~10
6
 

V/cm).
3,4,5

 This first-order semiconductor-to-metal transition (SMT) near room temperature 

has been well-studied over the last fifty years but the physics behind this intriguing 

phenomenon is less than well understood. The characteristics associated with SMT in VO2 

are fascinating scientifically and are of immense technological importance for potential 

applications in sensor- and memory-type applications.
6,7,8,9

  

The semiconductor-to-metal transition in VO2 involves a small lattice distortion along c-axis 

direction, which results in pairing of vanadium atoms and a distinct band structure in each 

phase. These distortions result in failure of VO2 bulk single crystals when subjected to 

repeated heating and cooling cycles.
10

 Therefore, thin films and nanoparticles of VO2, which 

are able to withstand these distortions and dissipate heat through the substrate, are critical to 

a variety of technological applications. Recent advances in expertise of thin films growth 
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techniques have allowed us to explore the huge technological potential that the 

multifunctional strongly-correlated materials, such as VO2, have to offer. To date, most of 

the research on VO2 thin films has focused on growth of epitaxial films with controlled 

properties on Al2O3 and TiO2 substrates
11,12,13,14

; however, implementation of VO2-based 

devices is restricted by the limited use of Al2O3 and TiO2 substrates in the microelectronic 

industry. One of the essential prerequisites to the development of optoelectronic devices 

based on thermal switching is the development of methods that enable integration of VO2 

films with Si (001), which is the mainstay substrate material in the microelectronics industry. 

Though the epitaxial growth of VO2 on Si (001) can be anticipated via domain matching 

epitaxy (DME)
15

, in which integral multiples of planes match across the film-substrate 

interface, direct deposition of VO2 on Si (001) remains a technological challenge. One 

challenge associated with direct deposition of VO2 on Si (001) is the formation of silicides or 

native amorphous silicon dioxide layers, which can lead to growth of polycrystalline VO2 

thin films that show a diffused transition and provide limited control over transition 

characteristics.
16,17

  

Semiconductor to metal transition in VO2 is characterized by sharpness ȹT, over which 

electrical and optical property changes are completed, amplitude ȹA, and width of thermal 

hysteresis ȹH. These characteristics of VO2 thin films have been known to be a strong 

function of microstructure (grain size distribution and grain boundary characteristics) and 

chemistry (stoichiometry, dopant and/or other defects). However, the individual effect of 

these factors on the SMT parameters is not well understood as films studied in most of these 
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cases were either polycrystalline or had other oxide phases (e.g. V2O5 or V2O3) or dopants 

present in the films which is likely to produce a combined effect of all these parameters in 

modification of SMT characteristics.
 18,19,20,21

 

Therefore, there is a major challenge in producing VO2 thin films of correct structure, 

stoichiometry and controlled microstructures, especially high-quality single crystal films, 

which can be used to establish comprehensive structure-property correlations. In this 

dissertation we have addressed the integration of high quality epitaxial VO2 thin films with Si 

(001) substrates by using an epitaxial yttria-stabilized zirconia (YSZ) buffer layer. YSZ was 

selected as a buffer layer material due to its good dielectric properties and low thermal 

conductivity.
22

 The YSZ buffer layer can serve to reduce the leakage current as well as 

provide a thermal barrier for other devices on the same Si (001) wafer. We anticipate that 

these high-quality epitaxial VO2 thin films grown on Si (001) substrates could find potential 

use in a variety of electronic and optical devices. 

The typical deposition temperature for the growth of high-quality VO2 thin films with good 

SMT properties definitely exceeds the transition temperature which is close to 68
 0

C 

Following the deposition at elevated temperatures, when films are cooled to ambient 

temperature, VO2 crystal structure transforms from tetragonal (P42/mnm) to monoclinic 

(P21/c). It is important, therefore, to understand as to how the tetragonal unit cell arranges 

itself on the underlying template of substrate or buffer layer material. Understanding the 

details of epitaxy is important from the point of view of fundamental understanding and to 

develop methodology to tailor the thin film strain/stress and as a result, SMT characteristics 
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suited to a particular application. In this dissertation, a model for epitaxial growth of 

tetragonal VO2 is established on both tetragonal and cubic yttria-stabilized zirconia at growth 

temperature. With the use of atomic arrangements in the unit cells of tetragonal and 

monoclinic VO2 and in both tetragonal and cubic YSZ, transformation into monoclinic VO2 

has been explained. 

To establish the correlation of characteristics of grain boundaries and relative orientation, 

grain size and defects within the grains with SMT of VO2 thin films on YSZ buffer layer, 

films were deposited for different deposition times resulting in different thicknesses. It was 

shown that thickness of the films plays a critical role in determining the characteristics of the 

hysteresis and the nature of the SMT. Electrical and optical properties of VO2 thin films were 

studied systematically to correlate SMT characteristics with microstructural properties of the 

films using the theoretical predictions of thermodynamic model given by Narayan et. al.
23

  

A detailed understanding of the role of defects in modification of SMT characteristics of VO2 

thin films is also important from the technological point of view since SMT properties can be 

tuned according to the device applications. Previous attempts to modify the SMT 

characteristics of VO2 thin films include proton irradiation, low-energy (few hundred eV) ion 

bombardment, and electron beam (MeV) irradiation.
24,25,26,27

 In all of these cases, damage 

due to the displacement cascades is the dominant mechanism through which defects are 

generated in the films.
28

 Furthermore, the nuclear stopping is not constant throughout the 

film thickness for these low-energy implants and therefore, the effects are not uniform, which 

renders considerable ambiguity with respect to distribution of defects and their role in 
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producing changes in properties of VO2. We have investigated the effect of swift heavy ion 

(SHI) irradiation on the SMT of epitaxial VO2 thin films. The unique advantage of swift 

heavy ion irradiation of materials is the production of nanometer sized cylindrical zones, so 

called ion tracks, provided the electronic energy loss exceeds the threshold value. The 

number density of these ion tracks can be controlled by ion beam parameters such as fluence. 

Microstructure and defect content can be controlled by ion irradiation parameters, such as ion 

type and energy, which dictate the dominant energy-transfer mechanism. Under SHI 

irradiation, the energy-loss through electronic stopping dominates and the energy is deposited 

uniformly into the entire thickness of the film. This energy is transferred mostly into 

electronic excitations which, in turn, get transferred to the lattice via electron-phonon 

coupling. This can cause extremely rapid (on the order of few pico-seconds) heating and 

quenching in the localized regions along the ion path leading to the formation of a latent ion 

track. In our experiments, we have carefully chosen the energy of the ions such that 

electronic stopping power remains essentially constant throughout the thickness of the film. 

We have been able to achieve semiconductor-to-metal transition (SMT) temperature in VO2 

thin films close to the values reported for bulk VO2 single crystals. This was achieved by 

complete relaxation of misfit strain, which leads to a negligible tension/compression along 

VO2 [001], upon introduction of NiO buffer layer on c-plane sapphire substrate. It was also 

found that introduction of NiO buffer layer led to improved SMT chacracteristics such as, 

ȹT, ȹH, and ȹA. We have discussed the mechanism behind complete relaxation of misfit 

strain which occurs under the paradigm of domain-matching epitaxy, where integral 
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multiples of planes match across the interface. NiO buffer layers were grown in situ, prior to 

the VO2 deposition and parameters related to SMT, such as hysteresis and transition width, 

were extracted from the Gaussian fit of temperature dependence of electrical resistance. 

These parameters have also been discussed in correlation with the strain along c-axis of VO2, 

in-plane orientation, and microstructure. A comparison has been made between the VO2 thin 

films deposited with and without the NiO buffer layer on the c-sapphire substrates to 

delineate the importance of strain relaxation in attaining near bulk SMT temperature values. 

Completely relaxed VO2/NiO/Al 2O3 (0001) thin film heterostructure hold significant 

technological importance since robust devices that can withstand multiple thermal cycling, 

can be fabricated. Also, potential applications of NiO as an epitaxial electrode or gate oxide 

layer can open up exciting possibilities in devices based on SMT properties of strain-free 

VO2 thin films. 

Rest of the thesis is organized into following chapters: 

Chapter 2: Background knowledge pertinent to this dissertation is presented. 

Chapter 3: A brief description of experimental techniques used for the present work is given. 

Chapter 4: Details of integration of epitaxial VO2 thin films with Silicon (100) using YSZ 

buffer layer are discussed. Detailed structural and electrical characterization was performed 

and semiconductor-to-metal characteristics of such VO2/YSZ/Si(100) heterostructures are 

reported and discussed. 

Chapter 5: Results are discussed from the growth of VO2 thin films grown on c-sapphire 

substrates buffered with epitaxial NiO thin template layer. 
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Chapter 6: Details of epitaxial relationship at the temperature of the growth, between VO2 

thin films and YSZ (both tetragonal and cubic) and NiO template layers are presented. 

Chapter 7: Study of the effect of VO2 film thickness variation on the semiconductor-to-metal 

transition characteristics of VO2/YSZ/Si (100) heterostructures is presented. 

Chapter 8: Results from study of swift heavy-ion irradiation of VO2 thin films are presented 

and correlated with SMT characteristics. 

Chapter 9: Study of the effect of vacuum heat treatment on semiconductor-to-metal transition 

characteristics and magnetic properties of VO2 thin films has been presented. 

Chapter 10: Results from the study of effect of laser-irradiation on SMT characteristics of 

VO2 has been presented and discussed. 

Chapter 11: A brief summary of the present work is provided. Scope for future work is 

discussed. 
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2. Background Knowledge 

2.1 Vanadium dioxide (VO2) 

As one of the focus areas of research in condensed matter physics, strongly correlated 

electron system exhibit some fascinating phenomena such as, high-temperature 

superconductivity, colossal magneto-resistance, exotic magnetic, charge and orbital ordering, 

and semiconductor-to-metal phase transition.
1
 Vanadium dioxide (VO2) is one of the most 

studied correlated electron systems that exhibits a highly useful semiconductor-to-metal 

transition (SMT) at 341 K.
2
 This interest is motivated by the potential of VO2 in applications 

ranging from novel electronics and electro-optic devices utilizing switches or memory 

elements. Although other oxides of vanadium, namely, VO (at 125 K), V2O3 (155 K), and 

V2O5 (530 K) also exhibit semiconductor-to-metal transitions, VO2 is of practical importance 

due to its near room-temperature transition and the fact that this transition can also be 

triggered by electric field or by optical excitation.
3,4,5

 The semiconductor-to-metal transition 

in VO2 is characterized by abrupt orders of magnitude change in resistivity and increased 

reflectivity for infra-red light wavelengths (0.8-2.2 ɛm).
2,6,7

 Being a transition-metal oxide 

with narrow d-electron bands, SMT in VO2 is extremely sensitive to small changes in 

extrinsic parameters such as pressure, or doping.
8,9

 In bulk single crystals, the change in 

resistivity is of order ~10
3
-10

5
, with a hysteresis width of ~1

0
C.

2,10
 On the other hand, 

hysteresis widths in thin films and in nanostructures may be in the range of 3
0
-10

0
C and 30

0
-

35
0
C, respectively.

11
,
12
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Thin films and nanoparticles tend to better withstand the repeated thermal cycling and also 

their transition temperature can be lowered to near room temperature by doping. Recent 

advances in thin film growth techniques and device fabrication methods have triggered 

numerous recommendations for technological applications of VO2, such as, thermally 

activated optical switching and limiting,
13,14

 thermal relays and energy management 

devices,
15,16

 sensors and actuators,
17

 micro-bolometers,
18,19

 electrochromic and photochromic 

memory and optical devices,
20,21

. Two and three terminal devices utilizing the electric field 

induced switching of VO2 is also an active area of research.
22,23

 A recent study
24

 has found 

that, materials synthesis, especially the VO2/gate dielectric interface, plays an immensely 

important role in the response to the gate voltage, and thus controls the functioning of such 

electrically controlled devices. 

Figure 2.1 shows the phase diagram for the vanadium-oxygen system.
25

 It can be seen that 

there are as many as 15 to 20 other stable vanadium oxide phases, such as, V6O9, V6O13, 

V7O13 and others that exhibit no semiconductor-to-metal transitions. The existence of these 

stable competing oxides presents a particular challenge to the growth of VO2 in both, bulk 

and thin film form. Therefore, to achieve optimum SMT characteristics, an elaborate 

synthesis procedure is required to ensure the formation of VO2 and to avoid other undesirable 

vanadium oxide phases to. Thin films of VO2 have been deposited using several techniques, 

such as, reactive evaporation,
26,27

 sputtering,
28,29

 metal-organic chemical vapor deposition 

(MOCVD),
30,31

 pulsedïlaser deposition (PLD),
32,33

 and sol-gel deposition.
34

,
35

  



 

12 

 

Figure 2.1 Phase diagram for the vanadium-oxygen system 

 

2.1.1 Physical and Electronic Structure of VO2 

The semiconductor-to-metal transition (SMT) observed in VO2 arises from a subtle interplay 

between atomic structure and charge across the transition temperature. Across the transition 

temperature, changes in the electronic band structure are associated with atomic 

rearrangement between a high-temperature, more symmetric rutile/tetragonal (P42/mnm) 

phase and a low-temperature, less symmetric monoclinic (P21/c) phase (Figure 2.2).
36

 The 

lattice constants of rutile/tetragonal VO2 are at=4.55 Å and ct=2.87 Å and for monoclinic 

VO2 structure, the lattice parameters are a = 5.743 Å, b = 4.517 Å, c = 5.375 Å, and 

ɓ=122.6°.
37

 The key feature of the atomic rearrangement across the SMT is that monoclinic 

structure has the presence of V-V pairs along its a-axis where amonoclinic = 2ctetragonal. During 
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the phase transformation, the regular V-V separation of 0.287nm in the tetragonal rutile 

structure transforms to an alternate V-V separations of 0.265nm and 0.312nm leading to a 

doubling up of the unit cell.
38

 

 

Figure 2.2 Schematic illustration of lattice of the two structural phases of VO2 (a) tetragonal 

(b) monoclinic (After Eyert , Ref. 33) 

 

The electronic band structure of VO2, in both tetragonal and monoclinic phase, was first 

explained by Goodenough (Figure 2.3).
38

 Hybridization of V 3d and O 2p results in a distinct 

band structure which reflects the symmetry of atom positions in the crystal lattice. In 

rutile/tetragonal phase (space group P42/mnm), the V atoms are surrounded by O octahedral 

forming an edge-sharing chain along c-axis. As a result of this octahedral crystal field V 3d 

splits into eg and t2g levels 
39

 The eg orbitals are bridged by the O 2p orbitals such that the 

bonding assumes ů-symmetry. The corresponding antibonding ů* energy levels are 

positioned further away from the Fermi level.
40,41

 The t2g levels are grouped into the band *́ 
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and d|| that lie right near the Fermi level. d|| orbitals are aligned along the rutile c-axis and are, 

as a result, of almost 1D character. In the low-temperature semiconducting phase, the pairing 

and tilting of the V atoms with respect to c-axis (of rutile) causes the splitting of the d|| band 

into bonding d|| and antibonding d||* bands and the shift of *́ band away from the Fermi 

level. Consequently, a band gap opens between the top of d|| and the bottom of ́*. Using UV 

reflectance and photoemission spectroscopy, Shin et. al. performed good quantitative 

characterization of the near-Fermi level band structure.
42

 The d|| splitting was measured to be 

2.5 eV, the optical band-gap was 0.7 eV and the rise of the *́ was 0.5 eV.
42

 

 

Figure 2.3 Schematic of one-electron band structure of tetragonal (left) and monoclinic 

(right) VO2 

 

2.1.2 Thermodynamic model for phase transition in VO2 

Following details are after the phenomenological thermodynamic model given by Narayan et. 

al.
10

 The change in Gibbs free energy associated with phase transition, ȹGr, can be derived to 

be equal to ȹGr = ȹTr.ȹS0, where ȹTr is the deviation from the equilibrium transition 

temperature, and ȹS0 is change in entropy between the two phases. On the basis of the 
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nucleation model, the critical size (rc) of stable nuclei was derived as rc = 2ɔ/ (ȹTr.ȹS0), 

where ɔ is the interfacial energy.
10

 It is known that the tetragonal to monoclinic phase 

transformation in VO2 is reversible and is ultrafast with time scale on the order of 

picoseconds. To model the phase transition, it was envisaged that a single coordinated atomic 

jump can accomplish the monoclinic to tetragonal (MźT) and reverse structural phase 

transition. Using these concepts, the rate or velocity of phase transition was derived as (V) = 

ɚɡD(ȹTr. ȹS0/kTr) exp-
ū
/kT, where, ɚ is jump distance, ɡD is Debye frequency, and ū is the 

activation barrier.
8
 The activation barrier is about kTr , where k is the Boltzmann constant and 

Tr is the transition temperature. Assuming ɚ å 1A, ɡDå 10
12

s
-1
, and ū å kTr, the 

transformation velocity V was estimated to be about 40 ms
-1

(2). Using time-resolved, near-

edge x-ray absorption measurements of the SMT (MźT) transition, Cavalleri et al estimated 

these velocities in thin films, which were found to be in a good agreement with the model.
43

 

In addition, the experimental results of others
9,44

 were found to be consistent with the 

projections of the model.
10

 

Based upon this model, DT, DA and DH were predicted for different microstructures under 

the following four film microstructures: 

1. Single-crystal films: (a) for high-quality films (large-grains separated by low-angle 

less than 1 degree), the model predicts sharp transition (small DT ~ 1-2 K) with a 

large amplitude (DA) and negligible hysteresis (very small DH); (b) for poor-quality 

films (small grains with high defect content, but still separated by low-angle less than 

1 degree), the model predicts larger transition width without much hysteresis. The 
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transition width can be controlled by defect content, and hysteresis width (DH) can be 

kept to a minimum by having low-angle boundaries. For sensor applications, this is 

the most desirable microstructure. 

2. Textured polycrystalline films: (a) small-angle boundary textured - This will be 

similar to 1(a) but with a finite (~ 8-10 K) DT, and DH will increase with the 

misorientation of small-angle boundaries.; (b) large-angle boundary textured - As the 

boundary misorientation increases, DH will continue to increase. 

3. Random polycrystalline films (formed on amorphous substrate or nucleated from 

amorphous phase): large-angle random boundaries (a) small grains - Small random 

grain materials will exhibit larger DT and DH with a smaller amplitude (DA); (b) large 

grains - As the grain size increases, the DT decreases as the bulk defect density 

decreases, however, DH will stay constant or even increase with increasing grain 

boundary misorientation. This microstructure will be suitable for memory device 

applications. 

4. Amorphous films - We can predict the properties of amorphous films through the 

equation: DTr = 2ɔ/(rc.ȹS0).
10

 In amorphous films, ɔ, rc and ȹS0 all tend to zero, which 

makes DTr or hysteresis to approach to zero. Thus, for those devices where reliability 

is critical, amorphous films can be used although it means sacrificing sensitivity and 

efficiency. In the case of amorphous films, the SMT transition is predicted to be large 

with a minimum of hysteresis, i.e., large DT and very small DH. The amplitude of 

transition will be smaller due to higher defect content. The absence of grain 
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boundaries in amorphous films reduces ȹH because the propagation of transition 

phase boundary upon heating and cooling remains symmetric. This transition in 

amorphous films is of second order and is less of a structural nature, i.e., pairing of V 

atoms, unit cell doubling, and charge ordering are of less relevance. Amorphous 

characteristics emphasize the importance of Coulomb effects as the electrons diffuse 

more slowly and interact more strongly.  

For sensor applications, high efficiency and high sensitivity require films with large DT and 

DA, and a negligible DH, therefore, microstructures similar to 1(a) or 2(a) are suited. This 

can be accomplished on single-crystal substrates via domain matching epitaxy or by inducing 

textured growth on polycrystalline substrates. The key considerations are related to control of 

overall defect content and characteristics of grain boundaries. Amorphous films, on the other 

hand, provide high reliability (negligible DH), but reduced efficiency and sensitivity. For 

memory applications, which require large DH, microstructure similar to 3(b) would be 

suitable. 

2.2 Thin Film Epitaxy  

Epitaxy, which represents an important concept observed in thin films, has its roots in two 

ancient Greek words Ů  ́ɘ (epi - placed or resting upon) and Ű Ŭ ɝ ɘ ɝ (taxis - arrangement). In  

the context of thin films, epitaxy refers to the formation of an extended single-crystalline film 

on top of a crystalline substrate. The actual word epitaxy was introduced into the literature by 

the French mineralogist L. Royer in 1928, although it was probably observed in alkali ihalide 

crystal over a century ago.
45,46

 Epitaxy can largely be categorized in two forms: homoepitaxy 
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and heteroepitaxy. In homoepitaxy, the films and the substrate are the same material. 

Epitaxial Si (or epi-Si) deposited on Si wafers using vapor-phase epitaxy (VPE) is the most 

common example of homoepitaxy.
47

 The second type of epitaxy is known as heteroepitaxy in 

which films and substrates are different materials, e.g. Germanium on Silicon or Zinc oxide 

(or Gallium nitride) on Sapphire (Al2O3) substrates. It is heteroepitaxy which is 

technologically of utmost importance since it allows the growth of novel materials and 

devices in form of epitaxial thin films on commonly available substrate systems. For 

example, compound semiconductor heteroepitaxial film structures have application in 

optoelectronic devices such as light-emitting diodes and lasers. Since the film and the 

substrate materials are different in heteroepitaxy, the properties of heteroepitaxial films are 

influenced by the crystallographic properties of the substrate and the film, difference in film 

and substrate chemistry, and the difference in film and substrate thermal expansion 

coefficients. The lattice misfit between substrate and film is the key parameters which 

controls growth, morphology, and the properties of the film. The lattice misfit is defined as: 

substrate

substratefilm

a

aa
f

-
= . 

2.3 Lattice Matching Epitaxy 

In lattice matching epitaxy, one-to-one matching of the lattice parameters (matching of unit 

cells) of the film and substrate occurs across the interface. This matching of lattice 

parameters takes place by means of strain in the films (and up to some extent in the substrate) 

as the films grows pseudomorphically, initially. The pseudomorphic growth of the film 

continues until a ócritical thicknessô is reached. At this point, strain energy becomes large 
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enough to trigger the nucleation of dislocations to relax the strain. These dislocations are 

nucleated at the film surface and must glide to the interface to relieve the stain in the film. A 

schematic illustration of lattice matching epitaxy is presented in Figure 2.4. The critical 

thickness at which dislocation nucleation occurs is directly related to the misfit. In low misfit 

systems the critical thickness for dislocation nucleation may be quite large and dislocation 

nucleation and therefore, strain relaxation may not be possible. Also, the obstacles to the 

glide of dislocations often results in a high threading dislocation density in the films, which is 

detrimental to the devices as these dislocations act as charge carrier trap or recombination 

centers. 

 

Figure 2.4 Schematic representation of lattice matching epitaxy, dc denoted the critical 

thickness. 

 

2.4 Domain Matching Epitaxy 

Conventional lattice matching epitaxy during thin film growth is possible as long as the 

lattice misfit, defined as f earlier, between the film and the substrate is less than 7-8%. Above 

this misfit, it was expected that the films can grow only as textures or largely polycrystalline. 

However, it was observed that the epitaxial growth can occur in large misfit systems, such as 

TiN/Si etc., as well. Since the strain relaxation occurs by dislocations which are essentially 
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an extra plane or a missing plane, the epitaxial growth in large misfit systems can be 

explained by considering the matching of lattice planes in the concept domain matching 

epitaxy (DME), proposed by Narayan et. al.
48

 In the domain matching epitaxy, we consider 

the matching of lattice planes, which could be different for different directions of the film-

substrate interface. This is in contrast to the lattice matching epitaxy where one-to-one 

matching of lattice constants occurs, across the film-substrate interface. An important feature 

of the domain matching epitaxy is that the most of the strain is relieved quickly within a 

couple of monolayers, so that the misfit strain and dislocations can be engineered and 

confined near the film-substrate interface. Nucleation of the dislocations in first couple of 

monolayers makes it possible for the rest of the film to be grown free of defects and lattice 

strains. In DME misfit is accommodated by matching an integral number of lattice plane, and 

then periodically inserting or removing is an extra half plane (dislocation) corresponding to 

each domain (Figure 2.5). If the misfit falls in between the perfect matching ratios of planes, 

then the size of the domain can vary in a systematic way to accommodate the additional 

misfit. 

 

Figure 2.5 Schematic illustration of domain matching epitaxy (DME), in which four lattice 

planes of film match with five lattice planes of substrate. 
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The matching of m planes of the film with n planes of substrate will lead to a residual strain 

of Ůr = mdf/nds ï 1, where m and n are simple integers and df and ds are the interplanar 

spacing of the film and the substrate, respectively. In case of perfect matching, residual strain 

is zero and mdf = nds. If Ůr is finite, then two domains may alternate with a certain frequency 

to provide for a perfect matching according to: 

(m+Ŭ) df = (n+Ŭ) ds 

where Ŭ is the frequency factor. For example, if Ŭ = 0.5, then m/n and (m+1)/(n+1) domains 

alternate with an equal frequency. Assuming df > ds, we have n > m, the difference between 

n and m could be 1 or some function of m 

n ï m = 1 or f(m) 

Since the concept of DME was first proposed, it has been shown to be important for growing 

thin heterostructures with large lattice misfit. Some typical examples for the DME growth are 

TiN/Si (100) heterostructures, III-nitride epitaxy on Si (111), and ZnO and III-nitrides on 

sapphire (0001). The growth of high quality ZnO (having wurtzite hexagonal structure, a = 

3.252 Ȕ, c = 5.213 Ȕ) on a practical substrate such as sapphire (a = 4.758 Ȕ, c = 12.991 Ȕ) 

presents a major challenge. However, the epitaxial growth of high quality ZnO has been 

accomplished by DME. Figure 2.6 (a) shows a HRTEM image of the ZnO/Sapphire interface 

grown by pulsed laser deposition. It is taken in the Sapphire ]0112[
__

 zone axis. Figure 2.6 (b) 

shows a Fourier-filtered image from which it is seen that, 5 or 6 ]0112[
__

 planes of ZnO match 

with 6 or 7 ]0101[
_

 planes of sapphire. The epitaxial relations derived from a corresponding 
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Figure 2.6 (a) ZnO/Sapphire interface (b) Fourier filtered image showing DME (c) selected 

area electron diffraction pattern of ZnO/Sapphire interface (d) schematic plan view of the 

epitaxy. 

 

diffraction pattern shown in Figure 2.6 (c) are ZnO ]0101[
_

 || Sapphire ]0112[
__

 and ZnO 

(0001) || Sapphire (0001). From these epitaxial relations it is also deduced that, the c-plane of 

ZnO is rotated by 30
0
 or 90

0
 with respect to basal plane of Sapphire as shown in Figure 2.6 

(d). The misfit between the films and the substrate can be analyzed as follows: aZnO planes of 

ZnO match with the (a/ã3) planes of sapphire. We can see that 5.5.a (ZnO) å 6.5 a (Al 2O3) 

for Ŭ = 0.5. From this analysis, we get a planar misfit of about 15.4% which can be relaxed 
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by 5/6 and 6/7 plane matching. Thus with DME, it is possible to grow relaxed thin films for 

material combinations that have large as well as small misfit with substrates. When the 

misfits are not perfectly accommodated, there is a periodic variation of the domain sizes to 

accommodate for the residual misfit. Also, as the domain size changes, the nature of the 

dislocations remains the same. Typically in systems like ZnO/sapphire, the critical thickness 

is only a couple of monolayers. Beyond that thickness the subsequent monolayers continue to 

grow fully relaxed. Thus DME can be utilized to grow films with very low concentration of 

defects in the active device region. 

2.5 Substrate and Buffer Layer Materials 

2.5.1 Silicon 

Silicon is a group IV elemental semiconductor. Most of the commercial electronic devices 

are currently based on silicon. Owing to its1 natural abundance and large scale industrial use, 

silicon substrates are widely and cheaply available. Hence the integration of new functional 

materials with silicon substrate offers unique technological advantage. Silicon has a diamond-

cubic crystal structure (Figure 2.7) with lattice constant of 5.431 Å. The thermal expansion 

coefficient of Silicon is ~ 2.6 x 10
-6

 K
-1

. The band gap of silicon is ~1.12 eV at room temperature. 

Silicon substrates are available in large sizes (up to 400 mm diameter). Both n-type and p-type 

silicon substrates with different doping concentration are available. One of the biggest challenges 

in integrating oxide materials with silicon is the tendency of silicon to readily form an amorphous 

silicon dioxide oxide (SiO2) layer. 
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Figure 2.7 Diamond cubic crystal structure of Silicon 

 

2.5.2 Aluminum Oxide (Al 2O3) 

Al 2O3 (sapphire) is composed of ionic bonds and has rhombohedral/hexagonal crystal 

structure, which belongs to the space group of cR
_

3 . The lattice structure of the hexagonal 

unit cell consists of close packed planes of oxygen, alternating with a hexagonal array of 

aluminum planes. The aluminum planes are in hexagonal close packed arrangement, with one 

third of the sites vacant. The vacant sites produce the 2/3 stoichiometric ratio of Al/O in 

sapphire. The Al planes are arranged with the Al vacancies ordered with a three-fold 

symmetry axis along the [0001] direction. The lattice constant of Al2O3 hexagonal unit cell 

are a=4.7587 Å and c=12.9929 Å. Sapphire is an insulator with a band gap of 9 eV at room 

temperature.
49

 The thermal expansion coefficients of sapphire are 6.2×10
-6

 and 7.07×10
-6

 K
-1
 

along a- and c-axes, respectively.
50

 Because of its stability at high temperature (~1100 °C), 

transparency, hexagonal symmetry, ease of handling and pre-growth cleaning, sapphire has 

been the a commonly used substrate material for the thin films growth and device fabrication. 
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There are four most common face terminations of hexagonal Al2O3 used for fabrication of 

thin films. They are (0006) (c-plane), )0211(
_

 (r-plane), )0011(
_

 (m-plane), and )0112(
__

 (a-

plane). The lattice structure of sapphire and important crystallographic planes in Al2O3 are 

shown in Figure 2.8.
51

 

 

Figure 2.8 (left) Lattice structure of sapphire. (right) sapphire planes used in growth of thin 

films. 

 

2.5.3 Yttria Stabilized Zirconia (YSZ)  

Yttria-stabilized zirconia (YSZ) is an attractive buffer layer for the subsequent growth of 

numerous oxide materials on non-oxide substrates. YSZ has a high dielectric constant (~25) 

and large bandgap (7.8 eV). YSZ has excellent chemical stability on silicon. The free energy 
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of formation of ZrO2 (ȹG (800 K) = ī941.6 kJ kmol
-1

) is smaller than that of SiO2 (ȹG (800 

K) = ī734.2 kJ kmol
-1

). The thermal expansion coefficient of YSZ is ~ 8-9 x 10
-6

 K
-1

. Crystal 

structure of YSZ is dependent on the yttria content. Pure zirconia (ZrO2) is monoclinic. 

When doped with 3-5 mol % yttria, the tetragonal phase of zirconia is stabilized at room 

temperature. Lattice parameters of tetragonal YSZ (space group P42/nmc) are a = 3.6067 Å, 

c= 5.1758 Å (for 3 mol % Y2O3 doped ZrO2). A unit cell of tetragonal YSZ is shown in 

Figure 2.9 (left). Yttria content of 8 mol % or higher makes the cubic phase of zirconia stable 

at room temperature. Cubic YSZ crystallizes in a fluorite-type structure (space group 

mFm
_

3 ) with a lattice parameter ~5.1289 Å (for 15 mol % Y2O3 doped ZrO2). A unit cell of 

tetragonal YSZ is shown in Figure 2.9 (right).  

 

Figure 2.9 Crystal structure of tetragonal (left) and cubic (right) YSZ. Oxygen atoms are 

shown in red color while (Zr, Y) atoms are shown in green color. 
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2.5.4 Nickel Oxide (NiO) 

Nickel oxide has a cubic rock salt (NaCl) structure (Figure 2.10). This structure belongs to 

the space group mFm
_

3 . The lattice constants of NiO cubic unit cell is a= 4.178 Å. NiO is an 

insulator with an optically measured band gap of 4 eV.
52

 The thermal expansion coefficient 

of NiO is ~1.1 x 10
-5

 K
-1

. 

 

Figure 2.10 Crystal structure of NiO. Oxygen (bigger) atoms are shown in red color while Ni 

(smaller) atoms are shown in black color. 

 

The use of NiO as a buffer also holds significant technological importance as NiO is a p-type 

semiconductor whose conductivity can be controlled by varying the deposition conditions, 

such as oxygen partial pressure during growth or by doping with monovalent cations, such as 

Li
+
. While NiO, in its undoped stoichiometric form, exhibits a very high electrical resistivity 
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of ~10
13

 ohm-cm, values as low as ~0.15 ohm-cm can be achieved by doping with 

monovalent cations, such as Li
+
 or by introducing non-stoichiometry (NiOx).

53,54
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3. Experimental Techniques 

In this chapter, experimental methods employed to fabricate VO2 thin film heterostructures 

and to modify and characterize these heterostructures are discussed. All the thin films in the 

present study were fabricated using pulsed laser deposition technique. The structural 

characterization of the thin film heterostructures was performed by X-ray diffraction (out-of-

plane and in-plane) and transmission electron microscopy. To investigate the semiconductor-

to-metal transition characteristics electrical resistance measurements were performed as a 

function of temperature where samples were glued to a evacuated copper stage with 

controlled heating. To further support our results from electrical measurements, infra-red 

transmission spectroscopy was performed. Detailed chemical studies using X-ray 

photoelectron spectroscopy were performed to establish the role of non-stoichiometric 

defects on SMT characteristics of VO2-based thin film heterostructures. Also, to further 

illustrate the role of non-stoichiometry on structural properties of the VO2 thin films Raman 

spectroscopy studies were done. Only a brief description of the relevant experimental 

techniques is given in this chapter. Further details on these techniques are available in the 

references provided at the end of the chapter. 

3.1 Substrate Preparation 

In the present study Si (100) and sapphire (0001) were used for thin film growth. Substrates 

were 300-500 ɛm thick. Over the time of storage, organic impurities and dust particles that 

stick on the substrate surface may hamper nucleation and epitaxial growth of the thin films 

on these substrates. Hence cleaning of the substrates was necessary prior to their loading into 
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the thin film deposition chamber. The substrates were degreased and agitated for 10 minutes 

to remove dust particles in an ultrasonic bath using acetone. Subsequently, substrates were 

rinsed and vapors cleaned in acetone and then with methanol to further remove the organic 

impurities. Finally, substrates were dried by blowing high purity nitrogen over the surface. 

After cleaning, substrates were immediately loaded into the pulsed laser deposition chamber. 

The substrates were mounted on the substrate heater using a fast drying silver paste to 

provide a good thermal contact. 

3.2 Pulsed Laser Deposition (PLD) 

In the research work reported in this dissertation, all the thin film heterostructures were 

deposited using a Pulsed laser deposition (PLD) technique. PLD has been widely used to 

synthesize a variety of high quality thin films of metals, oxides and nitrides.
1
 PLD is a 

versatile non-equilibrium thin film growth technique based on physical vapor deposition. In 

this technique, a high-powered laser is focused on a target to vaporize the material to be 

deposited. The interaction of the target material with the laser leads to localized evaportation 

of the material and the formation of a highly energetic plasma.
2,3

 This phenomenon is 

frequently referred to as laser ablation. The ablated material is ejected in a direction normal 

to the target surface in the form of a plume. The material in this plume is deposited on the 

substrate which is usually heated. 

The PLD system consists of three main components; the laser, the vacuum chamber and the 

optics that control the laser. The schematic diagram of the PLD system used in the present 

study is shown in Figure 3.1. The peak power of most commercial lasers is inversely  
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Figure 3.1 Schematic diagram of a typical pulsed laser deposition chamber 

 

correlated with the duration of the laser pulse. Since ablation of most materials requires very 

high energy densities, typically nanosecond, and sometimes femtosecond, lasers are used for 

pulsed laser deposition. The term LASER stands for light amplification by stimulated 

emission of radiation. A laser emits coherent light, with a well defined wavelength, in a 

narrow low divergent beam. Hence, lasers can be focused and directed effectively to be used 

for material processing. The most important lasers used for PLD are the Nd:YAG 
4,5

 and the 

excimer laser 
6,7

. Nd:YAG is a solid state neodymium-doped yttrium aluminum garnet laser. 
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The fundamental frequency for this laser is 1064 nm. But these lasers can be doubled, tripled 

or quadrupled to produce 532 nm, 355 nm and 262 nm wavelengths. Excimer lasers are most 

commonly used for pulsed laser deposition due to the fact that these lasers can deliver high 

energy densities with high energy photons. The emission wavelength of excimer lasers 

depends on the composition of the gas that is used in the laser cavity. ArF (193 nm) and KrF 

(248 nm) excimer lasers are most commonly used for pulsed laser deposition. Various 

excimer lasers with their corresponding wavelengths are listed in Table 3-1. 

 

Table 3-1 Operating wavelengths of various excimer lasers 

 

Excimer Laser Wavelength (nm) 

F2 157 

ArF 193 

KrCl 222 

KrF 248 

Cl2 259 

XeCl 308 

XeF 351 

 

The term excimer is a short form of excited dimer. In these systems lasing action is possible 

due the population inversion that develops between a bound excited state and a repulsive 

ground state. The excited state is formed from the inert gas (Kr) that forms temporarily 
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bound molecules either with themselves or the halide (KrF). The excited state is usually 

induced by an electric discharge. The excited state then gives up its energy via stimulated 

emission to form the dissociated ground state molecules. This happens very rapidly (within 

picoseconds), resulting in a population inversion between the excited and ground state 

molecules. The lasing equations for a KrF excimer laser are shown below.
8
 

2Kr(g) + F2(g) Ÿ 2KrF(g) (External energy provided by electric discharge) (excited state) 

2KrF(g) Ÿ 2Kr(g) + F2(g) + energy (dissociated state) 

3.2.1 Physics of the laser-solid interaction 

Although the start-up cost for a PLD system is low and it is easy to build and operate, the 

underlying physics involving the laser-solid interaction and creation/expansion of the plasma 

is a complicated process. At energy densities above the threshold for vaporization, the laser-

solid interaction was analyzed and modeled by Singh et. al.
3,9

 Depending upon the 

interaction of the laser with the target material, Singh et. al. divided the laser ablation process 

into three importance regimes:
3,9

 

1. In the evaporation regime, interaction of the laser beam with the target material 

results in evaporation of the surface layers. 

2. When the laser beam interacts with the evaporated material, it results in the formation 

of a high-temperature isothermal expanding plasma plume. This process regime starts 

when the target starts to evaporate and continues until the end of the pulse. 
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3. At the termination of the laser pulse, another regime starts in which the anisotropic 

three-dimensional adiabatic expansion of the plume takes place giving rise to the 

characteristic forward nature of the deposition. 

Each of these regimes is discussed below in brief.  

Laser target interaction:  

When a laser beam strikes the target, the electromagnetic energy is used to excite free 

electrons in the target material. The thermal energy generated by the electron-phonon 

coupling then evaporates the target material. It is important to realize that the reaction time 

for this process to occur is on the order of picoseconds.
1,3

 In order to have better laser-solid 

coupling the target must be suitably prepared. A target with high roughness, low reflectivity 

(R) and high absorption coefficient (Ŭ
t
) allows for efficient laser-solid coupling and thus 

provides low threshold energy for vaporization. Depending on the laser wavelength and the 

porosity and surface roughness of the target, typical values of threshold energy vary from 

0.11 to 0.40 J/cm
2

.
9
 It is important to realize that the energy deposited by the laser beam 

comprises the energy required to evaporate the target material, conduction heat loss in the 

target and energy loss due to laser absorption by the expanding plasma. Using these concepts 

of energy balance, the thickness of the target for which evaporation (ȹX
t
) takes place can be 

calculated as 
3,9

, 

ȹX
t 
= (1-R) (E-E

th
) / (ȹH + C

v
ȹT) 
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Where R is the reflectivity, E
th 
is the threshold energy, ȹH is the latent heat, C

v 
is the volume 

heat capacity and ȹT is the maximum rise in temperature. It is important to realize that this 

equation is valid when the thermal diffusion length (2Dt)
0.5 

is larger than the light penetration 

depth (L = 1/Ŭ
t
).

3
 Here D is the thermal diffusion constant and t is the pulse duration of the 

laser. This validation is true for most metallic and semiconducting targets. However, for low 

thermal diffusivity materials (non-metallic targets), i.e. (2Dt)
0.5 

< 1/Ŭ
t 
a second regime is 

relevant,. Here, thermal diffusivity does not play an important role and evaporation depth 

mainly depends on the attenuation distance of the laser beam.
1,9

 

Plasma formation and initial isothermal expansion:  

The laser interaction with the target material yields surface temperatures in the range of 

2000-3200 K.
3,9

 This results in the emission of positive ions and electrons from the free 

surface. Generally, the ablation of the target is accompanied by the formation of a plasma 

(bright glow) extending normal to the target surface. The plasma contains charged and 

neutral species of atoms and molecules. The plasma also interacts with the incoming laser; 

this produces temperatures higher than the vaporization temperature in the plasma. The 

absorption of laser energy by the plasma occurs due to electron-ion collisions. This 

absorption primarily occurs by an inverse Bremsstrahlung process that involves absorption of 

a photon by a free electron.
10

 The absorption coefficient (Ŭ
p
) of the plasma is given as 

3
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Where, Z is the average charge, n
i 
is the ion density, T is the temperature of the plasma, h is 

Planks constant, K is the Boltzmann constant and ɜ is the free energy of the laser light. Since 

the absorption coefficient (Ŭ
p
) is proportional to n

i

2

, the laser light is heavily absorbed close 

to the target surface, where the density of the ionized species is high. In comparison the 

leading edge of the plume, is associated with high expansion velocities and low electron and 

ion densities. Hence, the outer edge of the plasma is transparent to the laser beam. The [1- 

exp(-hɜ/KT)] term takes into account the losses that occur due to stimulated emission 

depending upon the plasma temperature and laser wavelength.
3
 A variety of processes such 

as impact ionization, photo ionization, thermal ionization and electronic ionization effect the 

extent of ionization of the laser generated species.  

Figure 3.2 is a schematic that shows the different regimes that are present during the laser-

solid interaction.
3
 Region A is the unaffected bulk target and B is the thickness of the target 

material that is evaporated. Region C is the plasma region close to the target that absorbs the 

laser heavily. In this region, evaporated particles are continuously injected into the plasma. 

Region D depicts the outer region of the plasma that expands rapidly. In the region near the 

target surface, a dynamic self-regulating equilibrium exists between the plasma absorption 

coefficient and the rapid transfer of thermal energy into kinetic energy (due to injection of 

evaporated particles of the target into the plume). These compensating mechanisms govern 

the isothermal temperature attained by the plasma near the target surface.
3,9 
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Figure 3.2 Schematic illustration showing different regimes during laser irradiation of the 

target: (A) Bulk target that remains unaffected, (B) Thickness of the target material that 

evaporates, (C) region in which the plasma absorbs the laser heavily and (D) the expanding 

plasma region that is transparent to the laser. 

 

Singh et. al. have come up with expressions that determine the variation of density, pressure 

and velocity along the direction perpendicular to the target surface.
3,9

 Figure 3.3 is a 

summary of their results.
3
 It should be noted that the direction perpendicular to the target 

surface is the x direction. It is clear from the figure that the density of particles is a maximum 

in the near-target regions, where as the velocity is minimum. The particle density in the 

plasma in the near surface regions can be approximated as a Gaussian. It has also been 

observed that the initial dimensions of the plasma are larger in the transverse direction when 

compared to the longitudinal direction. During the initial stages the velocity is low and 
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acceleration is relatively high. After a while, when the expansion velocity increases, the 

acceleration decreases and eventually reaches zero. This aspect governs the elongated shape of 

the plasma.  

 

Figure 3.3 Schematic illustration showing the variation of the pressure (P), velocity (V) and 

density (n) with the distance (moving out of the plasma) 

 

Adiabatic expansion of the plasma: 

After the plasma formation and isothermal regime, the plasma plume expands adiabatically 

into the vacuum. The adiabatic expansion regime initiates after the termination of the laser 

pulse.
3
 It is important to realize that in this regime, there is no injection of particles from the 

target into the plume and also the laser is no longer being absorbed by the plume. Singh et. 

al. have developed equations that explain the adiabatic expansion in relation to the 

dimensions of the plume.
3,9

 They have come up with the following inferences. In this regime, 

the expanding plasma is associated with very high velocities arising from the thermal energy 
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being converted to kinetic energy. The loss in thermal energy leads to a drop in temperature 

determined by a balance between cooling due to expansion and energy gain due to 

recombination of ions in the plasma. Figure 3.4 shows a schematic of the developing shape 

of the plume in the adiabatic regime. The initial dimensions of the plasma are larger in the 

transverse directions, i.e. in the y and z direction (see Figure 3.4). In the longitudinal x 

 

Figure 3.4 (a) Schematic illustration showing the initial elliptical shape of the plasma just 

after the laser pulse is terminated. (b) Final shape of the plasma when it hits the substrate. 

(c) Shape of a YBCO film deposited on a Si substrate. 
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 direction the expansion is minimal. The transverse dimensions are on the order of a few 

millimeters as opposed to 20-100 microns in the longitudinal direction. It is also important to 

note that the plasma is elliptically shaped with y axis being the major axis (see Figure 3.4 

(a)). During the adiabatic expansion regime, the longitudinal x dimension expands rapidly 

resulting in the characteristic PLD plume. The plasma pressure drops rapidly until most of 

the thermal energy is converted to kinetic energy. Then the plume has no more energy for 

expansion and the plasma elongates in the shorter dimension. Eventually, elliptical shapes are 

retained but with the z dimension being the major axis (see Figure 3.4 (b)). This theory was 

confirmed from the shape of the deposited YBCO film on Si, as shown in Figure 3.4 (c). 

3.2.2 Advantages and Disadvantages of PLD 

There are several advantages associated with PLD that make it a popular thin film deposition 

technique. Most advantages arise due to the high energy of the ablated species. The energy of 

the ablated species can be as high as 10 to 100 eV (i.e. about 100-1000 kT). In comparison, 

the energy of the ejected species in an evaporation technique (thermal or e-beam) is about 0.1 

eV at 1200 K. Listed below are some advantages and salient features of the PLD technique. 

1. PLD is a highly non-equilibrium processing technique due to high energy of the plume 

Using PLD, complex metastable phases could be formed that would otherwise be 

difficult to form by typical equilibrium synthesizing routes. For example, L10 ordered 

FePt (superlattice structure) can be synthesized using PLD at a low processing 

temperature of 500 °C.
11
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2. In case of a multi-component system (like YBCO) the high energy and forward directed 

nature of the plume helps to reproduce the stoichiometry of the target in the film5. Due to 

the high energy density of the laser, the material removal from the target is so fast that 

vapor pressures of the individual components do not play a role. 

3. The high energy of the plume helps reduce the required processing temperatures to 

achieve high quality epitaxial films. For example, epitaxial TiN can be grown on Si (100) 

at 600 °C by PLD.
12

 On the other hand CVD growth of TiN requires temperatures as high 

as 900 °C. 

4. Multi -layered heterostructure thin films can easily be synthesized using PLD. The target 

carousel can be suitably manipulated to hold multiple targets (4 to 6 targets). This means 

multi-layered films can be deposited without breaking the vacuum. 

5. Conceptually, any material can be ablated to form a thin film as long as it has a large 

enough absorption coefficient for the laser used.
1
 

6. Depending on the repetition rate of the laser the deposition rate of the film can be 

controlled. In fact, in PLD the number of nucleation sites can be controlled such that they 

are much higher than those formed in MBE or sputter deposition. By controlling the 

impingement rate and increasing nucleation site density the smoothness of the film can be 

improved.
3
 

7. It is important to realize that in the PLD system the energy source, which is the laser, is 

placed externally. The vacuum chamber in itself is devoid of filaments and other sources 

of contamination, thereby resulting in a clean process environment. The interaction 
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between the laser and gas species in the vacuum chamber is minimal. This means that the 

dynamic range of deposition pressures could be high, resulting in less stringent vacuum 

requirements. Also, the spatial confinement of laser-solid interaction and the subsequent 

plume render PLD a clean process. The deposited films are thus relatively contamination 

free.
1
 

On the other hand, PLD also suffers from some disadvantages. The area of deposited material 

obtained by PLD is relatively low (typically 1 cm x 1 cm). In the case of large substrates, 

non-uniformity in film thickness is observed due to the forward directed nature (cos
nɗ type of 

thickness dependence, where n ~ 8-12) of the plume.
1
 Deposition on larger substrates and 

uniformity of film thickness can be achieved to some extent by rastering the laser beam over 

a large target and/or rotation and translation of the substrate.
13

 The other drawback of PLD is 

the formation of chunks during ablation, which can prove to be detrimental to the quality of 

the film.
14

 Chunks are nothing but large (few microns) particulates or globules of molten 

material. These undesirable chunks are formed due to improper ablation that involves various 

mechanisms such as subsurface boiling, expulsion of the liquid layer by shock wave recoil 

and exfoliation.
1,3,14

 Chunk control is also possible by increasing the absorption coefficient 

and thermal conductivity of the target material. A compact target with better cohesion of the 

grains also reduces the emission of chunks. By careful manipulation of the laser parameters, 

the size and number of chunks can be minimized to some extent.
1,14
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3.3 X-Ray Diffraction  

X-ray diffraction (XRD) was used to study the crystal structure and orientation of our 

samples. This technique also provides information about the phase composition, lattice 

parameter, grain size and lattice strain. The XRD technique is based on diffraction governed 

by the Braggôs law.
15

 Diffraction typically occurs when waves interact with a periodic 

structure. It is important to realize that the wavelength of the wave should be about the same 

as the repeat distance of the periodic structure for diffraction to occur.
15

 Inter-atomic 

distances are of the order of a few angstroms. X-rays have wavelengths of the same order and 

hence they are used to investigate the crystals. When an X-ray beam is incident on a crystal it 

interacts with the parallel plane of atoms either constructively or destructively depending 

upon the path difference. Braggôs law is satisfied when the waves interfere constructively and 

the following condition is met.
15

 

nɚ = 2d sinɗ 

Where n is an integer indicating the order of reflection, ɚ is the wavelength of the X-ray 

beam, d is the inter-planar spacing and ɗ is the incident angle. In the present work ɗ-2ɗ scans 

were performed using Rigaku D-MAX/A diffractometer with Cu KŬ radiation. This 

instrument is a two-circle diffractometer in which the sample can be rotated along one of the 

axis (ɗ-axis) and also the detector can be rotated independently (2ɗ-axis). A schematic 

diagram for this diffractometer is shown in Figure 3.5.
16

 This diffractometer is based on 

Bragg-Brentano parafocusing diffraction geometry. In this geometry, the detector is at 2ɗ and 

the sample surface is at ɗ angle to the incident beam. The incident beam, normal to sample 
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surface and detector are in the same plane. Since the diffracted beam always lies in the plane 

containing the incident beam and plane normal, and due to the restricted rotation of the 

sample only along ɗ-axis, this diffractometer can be used to access diffraction information 

only from the planes which are parallel to surface of the sample. 

Though two-circle diffractometer gives information about the growth orientation, it does not 

give any information on in-plane orientation of thin film. Knowing in-plane orientation is 

important to establish epitaxy. The in-plane orientation of thin films can be accessed by four-

circle diffractometer. In addition to rotation along ɗ-axis and 2ɗ-axis, in four-circle 

diffractometer the sample can be tilted with respect to the incident beam (ɣ-axis) and also 

rotated 360 degrees around the surface normal (ű-axis). A schematic diagram of four-circle 

 

Figure 3.5 A schematic diagram of Rigaku D-MAX/A diffractometer used for ɗ-2ɗ scans. 

DS: Divergence slit, ASS: Anti scatter slit, RS: Receiving slit, MRS: Monochromator 

receiving slit 

 

diffractometer is shown in Figure 3.6. The in-plane epitaxial details can be established by ű-

scans. To perform a ű-scan an appropriate crystallographic plane (hkl), which is inclined to 

the growth plane (sample surface) is identified. The ɗ and 2ɗ angles are set to corresponding 
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to Bragg angle for the identified plane. The sample tilt, ɣ is set equal to the crystallographic 

angle between the growth plane (sample surface) and the (hkl) plane identified for the ű-

scan. The diffraction intensity is then recorded as a function of sample rotation along ű-axis. 

If the film is epitaxial, the ű-scan exhibits sharp peaks at certain ű-angles. On the other hand 

if the in-plane orientation of the film is random, there is no appreciable variation in the 

diffraction intensity in the ű-scan. Another way to assess and represent texture in materials is 

through pole figures. Pole figures are constructed by combining the data of ű-scans recorded 

at different sample tilts (in the range ɣ = 0 to ɣ = 90 degrees). In the present study the Philips 

expert system was used to perform ű-scans and pole figure measurements. Stereographic 

projections are very useful in analyzing ű-scan data. Stereographic projections can be used to 

calculate the ɣ and ű angles, and also to know the relative position and number of peaks 

expected in the ű-scan for single crystalline materials. 

 

Figure 3.6 A schematic diagram of the Philips XôPert diffractometer used for ű-scans. IBO: 

Incident beam optics, DBO: Diffracted beam optics 
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3.4 Transmission Electron Microscopy 

Transmission electron microscope (TEM) utilizes electrons to image materials. Owing to 

very small de Broglie wavelength of electrons (e.g., ɚ = 0.0251 ¡ for electrons accelerated 

through 200 keV), resolutions of the order of 1 Å can be achieved, which makes possible 

imaging with atomic resolution.
17

 Transmission electron microscopes can be operated in two 

basic modes: imaging and diffraction. In the present study TEM characterization was done to 

get atomic scale details of interfaces, crystalline defects, grain boundaries and other 

microstructural features in the deposited films. Selected area electron diffraction (SAED) 

patterns were also acquired to establish the epitaxial details. Unlike ɗ-2ɗ x-ray diffraction 

scans, SAED patterns can give information about in-plane crystallographic orientation of 

textured thin films. In-plane orientation of the deposited thin films was established by 

indexing SAED patterns. 

In TEM there are two important systems: (i) the illumination system that controls the electron 

source (intensity) and (ii) the imaging system that collects the electrons scattered and 

transmitted from the sample. Depending on the operation mode the electrons collected by the 

imaging system can either form a diffraction pattern or an image. The corresponding 

alignment of the electron beam in the two modes is shown in Figure 3.7.
17

 In diffraction 

mode, the electrons that form the SAED pattern are elastically scattered by the sample. Thus, 

if the atomic arrangement in the sample is periodic the diffraction pattern consists of well 

defined spots, whereas; in case of polycrystalline sample with less atomic order the 
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diffraction results in diffused spots, arcs or even rings. This particular TEM feature is very 

important and reveals information about the microstructure of the films. 

 

Figure 3.7 A schematic diagram of the beam alignment in the two TEM modes (a) diffraction 

and (b) imaging mode. 

 

In TEM images the contrast arises because of the scattering of the incident electron beam as 

it passes through the sample. The electron wave can change both its amplitude and its phase 

as it traverses the specimen and both types of change can give rise to image contrast. Thus a 

fundamental distinction we make in the TEM is between amplitude contrast and phase 
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contrast. In many situations both types of contrast may contribute to the image. However, 

often TEM operating conditions are selected in a way that one type of contrast dominates. 

Two types of amplitude contrast are possible: mass-thickness contrast and diffraction 

contrast. Mass-thickness contrast occurs due to the incoherent elastic scattering of electrons. 

This type of contrast is important when imaging non-crystalline samples. Diffraction contrast 

occurs due to the coherent elastic scattering at Bragg angles. The later is the basis of forming 

bright field (BF) and dark field (DF) images. The BF images are formed by selecting the 

direct beam while DF images are formed by selecting only one of the diffracted beams.  

High resolution TEM (HRTEM) imaging is based on phase contrast and relies on the 

difference in phase among the electron waves scattered through a thin sample. In contrast to 

BF or DF imaging, in which a single electron beam is used to form the image, phase-contrast 

image requires the selection of more than one beam. In HRTEM the objective astigmatism 

has to be minimized to achieve atomic resolution. Other main requirement for a HRTEM is 

highly coherent and monochromatic electron beam. The interpretation of contrast in HRTEM 

images is not easy as it is sensitive to many factors: the appearance of the image varies with 

small changes in the thickness, orientation, or scattering factor of the specimen, and 

variations in the focus or astigmatism of the objective lens. 

In the present study, a JEOL 2000 FX TEM was used for bright/dark field imaging and 

electron diffraction. This microscope is equipped with a LaB6 filament and was operated at 

200 kV. The high resolution TEM characterization was done using a JEOL 2010 F 

microscope operated at 200 kV. This microscope is equipped with a field emission gun 
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which provides highly coherent electron beam. This microscope can also be operated in 

STEM, STEM-Z contrast and EELS spectroscopy modes. Most of the TEM samples were 

cross section samples. A few plan view samples were also investigated. The electron 

transparent TEM samples were prepared by mechanical grinding, dimpling and ion milling. 

3.5 Four-point Probe Resistivity Measurement 

Four-point probe technique has been the preferred method to measure electrical resistivity of 

both bulk and thin film samples. A schematic of this method is shown in Figure 3.8. In this 

method, four probes are made to contact the specimen with known distances between them, 

two of which are used to pass a current and the other two are used to measure the voltage 

drop. Using four probes eliminates measurement errors due to the probe resistance, the 

spreading resistance under each probe, and the contact resistance between each metal probe 

and the specimen material. 

The sheet resistivity (ɟ) of the thin films can be calculated using the equation 

ɟ=(ˊt/ln2).(V/I), where t is the thickness of the film.
18

 

 
Figure 3.8 Schematic presenting a typical four point probe resistivity measurement setup 
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In the present study the ohmic contacts to the VO2 thin films were made using gold wires 

attached to the film by freshly cleaved indium pads. The measurements were performed 

using a self-made labview program employing a Keithley 2400 sourcemeter. The 

measurements were done typically in a temperature range of 50-370K. The samples were 

cooled using closed cycle helium cryostat. 

3.6 Raman Spectroscopy 

Raman spectroscopy is a spectroscopic technique used in condensed matter physics and 

chemistry to study vibrational, rotational, and other low-frequency modes in a system. 

Raman Spectroscopy is based on the Raman Effect, which is the inelastic scattering of 

photons by molecules. The effect was discovered by the Indian physicist, C. V. Raman in 

1928.
19

 Photons interact with molecules to induce transitions between energy states. Most 

photons are elastically scattered, a process which is called Rayleigh scattering. In Rayleigh 

scattering, the emitted photon has the same wavelength as the absorbing photon. In Raman 

scattering, the energies of the incident and scattered photons are different, the probability of 

that is about 1 in 10
7
, of the incident photons. A simplified energy diagram that illustrates 

these concepts is shown in  

Figure 3.9.The energy of the scattered radiation is less than the incident radiation for the 

Stokes line and the energy of the scattered radiation is more than the incident radiation for 

the anti-Stokes line.
20

 The energy increase or decrease from the excitation is related to the 

vibrational energy spacing in the ground state of the molecule and therefore the energies of 
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the Stokes and anti-Stokes lines are a direct measure of the vibrational energies of the 

molecule. The Stokes and anti-Stokes lines are equally displaced 

 

Figure 3.9 Energy level diagram of Rayleigh scattering, Stokes Raman scattering and anti-

stoke Raman scattering. 

 

from the Rayleigh line. This occurs because in either case one vibrational quantum of energy 

is gained or lost. Also the anti-Stokes line is much less intense than the Stokes line. This 

occurs because the molecules are usually in ground state at room temperature and for anti-

Stoke line, molecules should be in excited state. Hence, in Raman spectroscopy, only the 

more intense Stokes line is normally measured. For a transition to be Raman active there 

must be a change in polarizibility of the molecule with laser irradiation. Experimentally, one 

only observes the Stokes shift in a Raman spectrum. Since the Raman scattering is not very 

efficient, a high power excitation source such as a laser is required. Since, interest is in the 

energy (wavenumber) difference between the excitation and the Stokes lines, the excitation 

source should be monochromatic. This is another property of laser systems.  
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Selection rules: 

Rotational transitions: To find allowed rotational transitions, the total angular momentum 

quantum number for rotational energy states, J, must be considered. Raman spectroscopy 

involves a 2 photon process, each of which obeys:  

ȹJ = Ñ1 

Therefore, for the overall transition,  

ȹJ = 0, Ñ2 

Where,  

ȹJ = 0 corresponds to Raleigh scattering, 

ȹJ = +2 corresponds to a Stokes transition, 

ȹJ = -2 corresponds to an anti-Stokes transition.  

Vibratio nal transitions: To find allowed transitions the vibrational quantum number, ɡ, 

must be considered. For the overall transition,  

ȹɡ = Ñ1 

Transitions where ȹɡ = Ñ2 are also possible, but these are of weaker intensity.  

A laser is used to excite Raman spectra because it gives a coherent beam of monochromatic 

light. This gives sufficient intensity to produce a useful amount of Raman scattered photons. 

When Raman scattered photons enter the spectrograph, they are passed through a 

transmission grating to separate them by incident wavelength. These are detected by a CCD 

detector, which records the intensity of the Raman signal at each wavelength. Using the CCD 

detector, an almost real-time graph can be viewed on the computer screen. Another 



 

57 

advantage of the CCD detector is the ability to scan a range of wave numbers at a time 

allowing more data to be taken in a given time. Micro-Raman data of VO2 thin films were 

recorded with a Horiba Jobin Yvon LabRam ARAMIS using a 633 nm laser excitation at 

room temperature.  

3.7 X-Ray Photoelectron Spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) is a quantitative spectroscopic surface chemical 

analysis technique also known as Electron Spectroscopy for Chemical Analysis (ESCA).
21

 It 

can be used to perform the following surface (up to 10 nm) analysis: 

1. Detection of elements (except H and He) with concentrations > 0.1 ï 1 % 

2. Quantitative analysis of sample composition within a few %( error < 10%) 

3. The chemical or oxidation state identification of one or more of the elements in the 

sample. 

4. Measure the uniformity of elemental composition as a function of ion beam etching 

(depth profiling) ï a) non-destructive < 10 nm, b) destructive ~ several hundred 

nanometers by Ar+ ion sputtering. 

5. Measure the uniformity of elemental composition across the top surface (line 

profiling or mapping) with a lateral resolution of few ɛm ï mm. 

XPS analysis of the films was carried out in a Kratos Axis-Ultra X-ray photoelectron 

spectrometer using Al KŬ X-ray source. The values corresponding to the C 1s peak were 

used as a reference for the spectrum analysis. In this present study XPS was used mainly to 

determine the different oxidation states of vanadium and presence of any impurity elements. 
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Since the XPS peaks due to different oxidation states of vanadium overlap considerably, 

CASA software with a Shirley fit routine for background correction has been used to 

deconvolute the peaks. Caution must be taken while assigning peak positions due to peak 

splitting and instrumental corrections (work function and peak broadening). For all the 

samples, the sample surface was sputtered with Ar+ ion for ~ 1 min to clean the surface 

contamination. 

In XPS, X-Ray irradiation of a material under ultra-high vacuum (UHV) leads to the 

emission of electrons from the core orbitals of the surface elements present in the top 10 nm 

of the material being analyzed. The binding energy of the emitted photoelectron can be 

determined from the following equation: 

 hɜ= KE + BE + ūs 

where, hɜ is the energy of the incident radiation, KE is the kinetic energy of the 

photoelectron as measured by the instrument, BE is the binding energy of the orbital from 

which the electron is ejected and ūs is the work function of the instrument. The binding 

energy of the electrons reflects the local environment of the specific surface elements from 

which they are ejected. Thus, any shift observed in the peak position can be correlated with a 

change in oxidation state, bonding strengths, etc. The number of electrons reflects the 

proportion of the specific elements on the surface. To count the number of electrons at each 

KE value, with the minimum error, XPS must be performed under ultra-high vacuum (UHV) 

conditions. The emitted photoelectrons are energy separated and detected by a complex 

energy analyzer. The photoelectrons passing through the energy analyzer are deflected by the 
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electrostatic field and leave the analyzer at a specific position depending on its energy. A 

hemispherical energy analyzer, consisting of two concentric hemispheres with a steady 

voltage (ȹV) applied across them, is one of the most commonly used analyzers.
22
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4. Integration of epitaxial VO2 thin films  with Silicon (100) substrates and 

semiconductor-to-metal transition characteristics 

In this chapter semiconductor to metal transition (SMT) characteristics of vanadium dioxide 

(VO2) thin films epitaxially grown on Si (001) has been presented. The epitaxial integration 

with Si (001) was achieved at 500 
o
C, by using epitaxial tetragonal yttria-stabilized zirconia 

(YSZ) as an intermediate buffer layer, which was grown in-situ. From X-ray (ɗ-2ɗ and ű-

scan) and electron diffraction studies, we established that VO2 and YSZ grow in (020) and 

(001) orientations, respectively, on Si (001) substrate and epitaxial relationship was 

established to be ñVO2[001] or VO2[100]ò // YSZ[110] // Si [100] and VO2(010) // YSZ(001) 

// Si(001). VO2/YSZ/Si(001) heterostructures showed approximately three orders of 

magnitude reversible change in resistivity and hysteresis of ~6K upon traversing the 

transition temperature. A 10
o
C increase in the SMT temperature of these VO2 films, 

compared to the value reported for bulk VO2, has been explained on the basis of uniaxial 

stress along the c-axis which can stabilize the covalent monoclinic phase up to higher 

temperatures. A correlation between in-plane orientations of the film and the transition width 

has also been suggested which is consistent with our previously published thermodynamic 

model. 

4.1 Introduction  

There has been a continuing scientific interest towards establishing structure-property 

correlations associated with the semiconductor-to-metal transition (SMT) in vanadium 

dioxide (VO2), especially because this solid state first-order phase transformation is 
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associated with an abrupt change in resistivity and a drop in far infrared wavelength 

transmittance.
1,2,3,4

 This transition also involves a small lattice distortion along the crystal c-

axis, which results in the failure of bulk VO2 single crystals when subjected to repeated 

heating and cooling cycles. Since thin films are in general able to withstand these distortions, 

VO2 thin films are of immense technological interest for their potential applications in 

memory- and sensor-based devices.
5,6

 To date, most of the research on VO2 thin films has 

focused on growth of epitaxial films with controlled properties on Al2O3 and TiO2 substrates; 

however, implementation of VO2-based devices is restricted by the limited use of Al2O3 and 

TiO2 substrates in the microelectronic industry. One of the essential prerequisites to the 

development of optoelectronic devices based on thermal switching is the development of 

methods that enable integration of VO2 films with Si (001), which is the mainstay substrate 

material in the microelectronics industry. Though the epitaxial growth of VO2 on Si (001) 

can be anticipated via domain matching epitaxy (DME)
7
, in which integral multiples of 

planes match across the film-substrate interface, direct deposition of VO2 on Si (001) remains 

a technological challenge. One challenge associated with direct deposition of VO2 on Si 

(001) is the formation of silicides or native amorphous silicon dioxide layers, which can lead 

to growth of polycrystalline VO2 thin films that show a diffused transition and provide 

limited control over transition characteristics.
8,9

 

In the work presented here, an epitaxial yttria-stabilized zirconia (YSZ) buffer layer was used 

to enable integration of VO2 thin films with Si (001) substrates. YSZ was selected as a buffer 

layer material due to its good dielectric properties and low thermal conductivity.
10

 The YSZ 
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buffer layer can serve to reduce the leakage current as well as provide a thermal barrier for 

other devices on the same Si (001) wafer. We anticipate that epitaxial VO2 thin films grown 

on Si (001) substrates could find potential use in a variety of electronic and optical devices. 

4.2 Experimental Details 

VO2/YSZ/Si(001) thin film heterostructures were grown in a multitarget deposition chamber 

(base pressure = 1x10
-6

 Torr) by sequentially ablating YSZ (5 mol% Y2O3) and VO2 targets 

using LPX 100 KrF excimer laser (ɚ=248 nm). The Si (001) substrates were cleaned 

ultrasonically in acetone and methanol. The YSZ buffer layer was deposited at substrate 

temperature 650 °C; first, for 1000 pulses under base pressure and then for 3000 pulses in 

5x10
ī4

 Torr oxygen partial pressure. The VO2 film was deposited using 1500 pulses at 500 

o
C and 1x10

ī2
 Torr oxygen. An XôPert PRO MRD HR X-ray diffraction system with CuKa 

radiation and cross-section transmission electron microscopy were used for structural 

characterization of the VO2/YSZ/Si(001) heterostructure. A HP 4155B semiconductor 

parameter analyzer was used to measure the resistance of VO2 films in four-point probe 

arrangement from room temperature to 100 
o
C. 

4.3 Results and Discussion 

Figure 4.1 (a) shows the ɗ-2ɗ X-ray diffraction (XRD) pattern of the VO2/YSZ/Si (001) 

heterostructure. The XRD data indicates that YSZ grows in a single orientation such that 

YSZ (001) planes are oriented parallel to Si (001) planes. The pattern also shows the peak at 

39.9
o
 shifted by ~0.2

o
 from the Braggôs angle for VO2 (020) [JCPDS file number 43-1051]. 

This shift indicates a compressive strain of ~0.7% in the out of plane direction. The absence 
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Figure 4.1 (a) ɗ-2ɗ X-ray diffraction pattern of the VO2/YSZ/Si(001) heterostructure. (b) X-

ray ű-scan for (011), (101), and (202) reflections of VO2, YSZ, and Si respectively. 

 

of any other peaks attributed to VO2 in the XRD pattern indicates that no other phases of 

vanadium oxide are present and that VO2 has only one out of plane orientation. Since an 

XRD peak at 39.9
o
 for VO2 can correspond to either (002) or (020) orientation, ű-scan 

measurements (2ɗ = 33.39
o
 and ɣ = 27.8

o
) were performed for VO2 ( 102) planes which are 
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inclined at 27.8
o
 from (002) and 90

o
 from (020) planes, in order to uniquely identify the 

growth plane. The choice of VO2 ( 102) plane for the ű-scan was based on its significant 

separation in 2ɗ values from other diffracting planes, which enabled any interference to be 

avoided. The absence of peaks in this scan (figure not shown) indicates that the XRD peak at 

39.9
o
 corresponds to VO2 (020) and not to VO2 (002). 

XRD ű-scans were performed in order to obtain information about in-plane orientations for 

the VO2/YSZ/Si(001) heterostructure (Figure 4.1 (b)). The four-fold symmetry and 45 

degrees shift from Si (202) peaks seen in the ű-scan for YSZ (101) planes (2ɗ = 30.25
o
 and ɣ 

= 55.2
o
) confirms that YSZ is tetragonal and therefore, the epitaxial relationship between 

YSZ buffer layer and silicon substrate can be written as: YSZ[110] // Si[100] and YSZ(001) 

// Si(001), which is consistent with the previous work by our group.
11

 In order to assess the 

in-plane orientation of VO2 at room temperature, a ű-scan of (011) planes with 2ɗ = 27.8
o
 

and ɣ = 45
o
 was performed. This ű-scan exhibits eight strong peaks at ~13

o
 and four less 

intense peaks at 45
o
 angular separation from YSZ (101) reflections. The eight stronger peaks 

correspond to four equally probable arrangements, shown in Figure 4.2 (a), where VO2 [001] 

is parallel to YSZ [110] or YSZ [110]. A 13
o
 separation between YSZ (101) and each of the 

eight VO2 {011} reflections can be understood by overlaying the VO2 (010) and YSZ (001) 

stereographic projections with the VO2 (100) plane parallel to the YSZ (110), as shown in 

Figure 4.2 (b). The occurrence of the other four less intense VO2 (011) reflections and their 

45
o
 separation from YSZ can be explained on the basis of arrangements in which monoclinic 

VO2 <100> aligns with YSZ <110>. It should be noted that this alignment is less probable 
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Figure 4.2 (a) Schematic for arrangement of YSZ (blue, solid line) and VO2 (red, broken line) 

unit cells in (001) and (010) orientations, respectively. (b) Overlay of (010)VO2 and (001)YSZ 

stereographic projections with (100)VO2 plane parallel to (110)YSZ 

 

due to a larger misfit between YSZ and VO2 along VO2 <100> than that along VO2 <001>. 

This result can explain the lower intensity of VO2 peaks at 45
o
 separation from YSZ (101) 

reflections in the ű-scan. Based on this information, the epitaxial relationship between YSZ 

and VO2 can be written as: VO2[001] or VO2[100] // YSZ[110] and VO2(010) // YSZ(001). 
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Figure 4.3 shows a cross-sectional transmission electron micrograph of the 

VO2(75nm)/YSZ(145nm)/Si(001) heterostructure. The root mean square roughness of the 

VO2 film was found to be 3-4 nm using atomic force microscopy. It can also be seen that 

VO2/YSZ interface is sharp; no evidence of interfacial reaction was observed. The selected 

area electron diffraction (SAED) pattern (Figure 4.3 inset) shows the diffraction spots from 

Si [110] and YSZ [100] zones. Due to different in-plane orientations of VO2, the diffraction 

spots from two zones of VO2, namely [207] and [301], were also observed simultaneously. 

These results are consistent with details of the epitaxial relationship between YSZ and VO2 

that were obtained from X-ray ű-scan results. 

 

Figure 4.3 Cross-section transmission electron micrograph of VO2/YSZ/Si(001) 

heterostructure. Inset: SAED pattern of the heterostructure. 
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Figure 4.4 shows the normalized resistance (R/Rmax) of the VO2 films as a function of 

temperature. The Gaussian fit model
12

 was used to extract different parameters associated 

with the semiconductor-to-metal transition (SMT) as shown in the Figure 4 inset. The 

transition temperature (TSMT) during the heating cycle for VO2 films was determined to be 

~351 K. It should be noted that TSMT in the present study is higher than 341 K, which is the 

value reported in the literature for undoped VO2 films or VO2 bulk single crystals.
1,13

 The 

shift in the transition towards higher temperatures has been reported to occur when the VO2 

c-axis is larger.
14

 For VO2 films grown on YSZ, there is a compressive strain in the out of 

plane b-direction (as measured by XRD) and that will create a tensile strain in the in-plane c- 

direction (Poissonôs effect). A tensile strain in the c-direction causes an increased V
4+

-V
4+

 

distance which would raise the activation barrier for direct overlapping of d-orbitals. This 

increased activation barrier further stabilizes the covalent monoclinic phase and hinders the 

transformation to metallic rutile structure leading to the observation of higher semiconductor 

to metal transition temperatures. 

Hysteresis (ȹH) related to the reversible semiconductor-to-metal transition was determined 

to be ~ 6 K and the change in the resistivity (ȹA) was shown to be ~three orders of 

magnitude. The transition width (ȹT), which signifies the sharpness of the transition, was 

calculated to be ~7 K from the full width at half maximum of a Gaussian fit to the resistance 

data. The ȹH and ȹA are comparable to those reported for the VO2 films deposited on single 

crystal oxide substrates (e.g., sapphire and TiO2).
13,14

 Also, a comparison between the 

transition properties of VO2 films grown on SiO2/Si as reported in the literature
9
 and those 
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grown on YSZ buffered Si (001) in this study, shows that the latter exhibits sharper 

transitions and at least one order of magnitude higher ȹA.
 
The ȹT for the VO2/YSZ/(001) Si 

heterostructure is relatively larger than that for VO2 films deposited on single crystal oxide 

substrates; this result is attributed to grain boundaries arising from different in-plane 

orientations of VO2. This argument is consistent with a thermodynamic model by Narayan et 

al. that has previously been presented in the literature.
4
 

 

Figure 4.4 Normalized electrical resistance (R/Rmax) of the VO2 film. Inset: the derivatives of 

log10R(T) for the heating (red, circle) and cooling (blue, triangle) curves are shown. Symbols 

represent data points and the lines represent Gaussian fitting. 

 

4.4 Conclusion 

In summary, we have used YSZ as a buffer layer to grow epitaxial vanadium dioxide (VO2) 

thin films on Si (001) substrates. X-ray ű-scans demonstrated that the epitaxial relationship 

between VO2 and YSZ was as follows: VO2[001] or VO2[100] // [110]YSZ and VO2(020) // 
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YSZ(001). These results were confirmed by SAED from cross-sectional VO2/YSZ/Si(001) 

samples. The different in-plane orientations of VO2 have been explained by considering the 

crystallographic symmetries of VO2 and YSZ. Transition properties for these films are 

comparable to those reported for VO2 films deposited on single crystal oxide substrates and 

are better than those reported for VO2 films deposited on SiO2/Si substrates. This approach to 

integration of epitaxial VO2 thin films with Si (001) substrates is a significant development 

towards the realization of VO2-based thermal switching devices utilizing conventional 

silicon-based microelectronics technology. 
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5. Near bulk semiconductor to metal transition temperature in epitaxial VO2 

integrated with epitaxial NiO tempelate on c-sapphire substrate 

We have been able to achieve semiconductor-to-metal transition (SMT) temperature in VO2 

thin films close to the values reported for bulk VO2 single crystals. This was achieved by 

complete relaxation of misfit strain, which leads to a negligible tension/compression along 

VO2 [001], upon introduction of NiO buffer layer on c-plane sapphire substrate. In this paper, 

we discuss the mechanism behind complete relaxation of misfit strain which occurs under the 

paradigm of domain-matching epitaxy, where integral multiples of planes match across the 

interface. NiO buffer layers were grown in situ, prior to the VO2 deposition, using pulsed-

laser deposition technique. X-ray ɗ-2ɗ, ű, and pole figure scans were performed for structural 

characterization of the VO2/NiO/Al 2O3 (0001) heterostructure. All the constituent layers of 

the heterostructure were found to be epitaxial with orientation relationship: (020)VO2 || 

(111)NiO || (0001)Al2O3 and <100>VO2 || <110>NiO || <1010>Al2O3. Parameters related to SMT, 

such as hysteresis and transition width were extracted from the Gaussian fit of temperature 

dependence of electrical resistance. These parameters have also been discussed in correlation 

with the strain along c-axis of VO2, in-plane orientation, and microstructure. A comparison 

has been made between the VO2 thin films deposited with and without NiO buffer layer on c-

sapphire substrates to delineate the importance of strain relaxation in attaining near bulk 

SMT temperature values. 
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5.1 Introd uction 

First-order monoclinic (semiconducting) to tetragonal (metallic) phase transformation in 

vanadium dioxide (VO2) is accompanied by several orders of magnitude reversible change in 

electrical resistivity as well as change in optical properties at far infrared wavelengths.
1,2,3

 

Such a semiconductor-to-metal transition (SMT) in VO2 thin films has attracted a great 

scientific interest due to its potential applications in sensor and memory-based devices since 

transition could be triggered by heating (above ~341K), by optical excitation or by applying 

sufficiently high electric field.
1,4,5

 VO2 thin films are often grown on single-crystal sapphire 

substrates to understand the SMT mechanism and fundamental properties of VO2 in 

nanoscale regime. However, the lattice misfit strain present in these films significantly alters 

the SMT characteristics such that SMT occurs at values different from those reported for 

bulk single crystals (341K).
6
 Also, the misfit strain could cause thin films to develop cracks 

under repeated thermal cycling due to accompanying structural changes.
7
 Therefore, it is 

important to achieve strain-free thin films to understand the fundamental mechanisms behind 

the SMT as well as to obtain superior SMT characteristics for more reliable devices. 

In the study presented here, we have grown completely strain-relaxed epitaxial VO2 thin 

films using an epitaxial NiO buffer layer on Al2O3 (0001) substrates. Due to the relaxation of 

misfit strain on NiO buffer, we have been able to achieve near bulk transition temperature for 

VO2 thin films. The NiO buffer layers were grown in situ by pulsed laser deposition 

technique. The use of NiO as a buffer also holds significant technological importance as NiO 

is a p-type semiconductor whose conductivity can be controlled by varying the deposition 
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conditions, such as oxygen partial pressure during growth or by doping with monovalent 

cations, such as Li
+
. While NiO, in its undoped stoichiometric form, exhibits a very high 

electrical resistivity of ~10
13

 ohm-cm, values as low as ~0.15 ohm-cm can be achieved by 

doping with monovalent cations, such as Li
+
 or by introducing non-stoichiometry (NiOx).

8,9
 

In this low resistive form, epitaxially grown NiO can be used as an electrode to utilize 

VO2/NiO/Al 2O3 (0001) epitaxial heterostructure for fabrication of sensor and memory-based 

devices. 

5.2 Experimental Details 

The VO2/NiO/Al 2O3 (0001) thin film heterostructures were grown in a multi-target 

deposition chamber (base pressure = 1x10
-6

 Torr) by sequentially ablating NiO and VO2 

targets using LPX 100 KrF pulsed excimer laser (ɚ=248 nm). Pulse duration was 25ns and 

laser energy was kept was 2-3 J/cm
2
. The Al2O3 (0001) substrates were cleaned ultrasonically 

in acetone and methanol prior to loading into the vacuum chamber. Both NiO (1500 pulses, 

thickness ~60 nm) and VO2 (4500 pulses, thickness ~200 nm) films were deposited at the 

same temperature (500 
0
C). The partial pressure of oxygen during NiO growth was kept at 

5.5x10
-4

 Torr while it was 1x10
ī2

 Torr during the growth of VO2 films. An XôPert PRO 

MRD HR X-ray diffractometer with CuKŬ radiation was used for structural characterization 

of VO2/NiO/Al 2O3 (0001) heterostructures. Electrical measurements on the VO2 thin films 

were carried out as a function of temperature using four-point probe technique in an 

evacuated temperature controlled stage and a HP 4155B semiconductor parameter analyzer. 
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5.3 Results and Discussion 

Figure 5.1 shows a typical ɗ-2ɗ X-ray diffraction (XRD) pattern of the VO2/NiO/Al 2O3 

(0001) heterestructures studied in the research presented here. It is evident from the XRD 

pattern that both VO2 and NiO exhibit single crystallographic peaks, suggesting single-phase 

epitaxial growth on c-plane sapphire substrates. It can be clearly seen that NiO grows with 

(111) planes parallel to the substrate, however, for VO2 it was not possible to distinguish 

between the (020) and (002) reflections only from the ɗ-2ɗ XRD scans (due to the same 

inter-planar spacing). Therefore, X-ray ű-scan measurements were performed to uniquely 

identify the growth plane as (020), as outlined in our earlier publication.
10

 

 

Figure 5.1 Typical ɗ-2ɗ X-ray diffraction pattern of VO2/NiO/Al2O3 (0001) heterostructures. 
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The in-plane orientation relationship among VO2, NiO, and c-plane sapphire substrate was 

established by X-ray ű-scan measurements and the scan results are shown in Figure 5.2 (a). 

A threefold symmetry about c-axis of the rhombohedral Al2O3 can be seen in sapphire (012) 

 

Figure 5.2 (a) X-ray ű scan for (011), (101), and (202) reflections of VO2, NiO, and Al2O3, 

respectively. (b) X-ray pole figure scan for VO2 (011) planes. Sharp peaks confirm the 

epitaxial relationships between the VO2 film and NiO buffer layers. 
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plane reflections (2ɗ = 25.5884, ɣ = 57.71). It can also be seen that the ű -scan for (200) 

planes (2ɗ = 43.3144, ɣ = 54.24) of NiO results in six sharp peaks confirming epitaxial 

growth of NiO on c-sapphire substrate. Presence of these reflections at every 60
0
 on ű-axis 

can be attributed to the threefold symmetry of NiO structure about [111] growth direction 

and the growth of two crystallographically equivalent grains that are rotated by 180
0
 with 

respect to each other. On the basis of these observations, epitaxial relationship between NiO 

and c-Al 2O3 can be written as: [110]NiO || [1010]Al2O3 and [112 ]NiO || [2 110]Al2O3, often 

referred to as 30
0
 or 90

0
 rotation on basal plane of Al2O3 (0001).

11
 The in-plane arrangement 

of VO2 thin films was determined using ű-scan measurement for (011) planes (2ɗ = 27.8
0
 

and ɣ = 45
0
) which resulted in six peaks, aligned with the NiO (200) reflections as shown in 

Figure 5.2 (a). The two facts that are responsible for the occurrence of six peaks in VO2 

(011) ű-scan are: (i) (020) oriented VO2 films have twofold symmetry about the growth 

direction and, (ii) there are three types of VO2 grains, rotated by 120
0
 from each other, that 

would grow on NiO (111) buffer layer with equal probability since they are 

crystallographically equivalent. Based on this information, epitaxial relationship between the 

VO2 and NiO layers can be written as (010)VO2 || (111)NiO and <100>VO2 || <110>NiO. Figure 

5.2 (b) shows the pole figure of VO2 (011) in which six sharp (011) reflections can be clearly 

seen. It confirms that the VO2 films grow epitaxially in (020) orientation on epitaxial NiO 

buffered c-sapphire substrate. 

The electrical resistance, as a function of temperature, of the VO2/NiO/Al 2O3 (0001) and 

VO2/Al 2O3 (0001) heteroepitaxial samples is plotted in Figure 5.3. A summary of parameters  
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Figure 5.3 Electrical resistance vs. temperature of VO2 thin films grown with and without 

NiO buffer layer on Al2O3 (0001) substrates. Inset: derivative of log10R(T) with respect to 

temperature, for the heating cycle for both samples. Improvement in SMT characteristics and 

shift to near-bulk transition temperature is evident. 

 

related to SMT in the VO2 films deposited on epitaxial NiO buffer and bare Al2O3 (0001) is 

presented in Table 5-1. It can be clearly seen that the VO2 films, deposited on NiO buffered 

Al 2O3 (0001) substrates, exhibit SMT at temperature values close to those reported for bulk 

single-crystal VO2 samples, i.e. 341K. Also, the SMT characteristics for VO2 thin films 

deposited on NiO buffered Al2O3 (0001) are superior to those deposited on bare Al2O3 (0001) 

substrates in terms of the amplitude of resistance change and the sharpness of transition. VO2 

films that were deposited on NiO buffer layer also had slightly bigger grain size than those 

deposited on bare c-sapphire substrates, as seen in atomic force microscope (Figure 5.4). 

 



 

80 

Table 5-1 SMT characteristics of VO2 films deposited on NiO buffered c-Al2O3 and bare c-

Al2O3. ŷ and Ź represent heating and cooling cycles, respectively. Tc: Transition 

Temperature, ȹA: Resistance change and ȹT: Transition Width. Resistance change is 

calculated as the ratio between resistance values at 310K and 355K. 

 

 c-Al 2O3/NiO/VO2 c-Al 2O3/VO2 

Tc 341.2K (ŷ), 336.2K (Ź) 343.2K (ŷ), 338.2K (Ź) 

ȹA 2.7x10
4 

5.1x10
3 

ȹT 3.5 5.2 

 

 

Figure 5.4 Atomic force micrographs of VO2 films deposited on (a) bare c-sapphire (b) 

NiO/c-sapphire heterostructure. 

 

A larger change in resistance and smaller transition width could also be related to the higher 

VO2 grain size, apart from strain relaxation.
12

 Shift of transition temperature in VO2 films, 

deposited on epitaxial NiO buffer, towards bulk SMT temperature can be explained on the 
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basis of strain relaxation along c-axis of VO2. Complete strain relaxation in epitaxial (020) 

VO2 thin films deposited on epitaxial (111) NiO occurs by domain matching epitaxy (DME) 

where integral multiples of lattice planes match across the VO2/NiO interface.
11

 DME across 

VO2/NiO interface can be understood by considering the planar misfit between the (001) and 

( 1 12) planes of VO2 and NiO, respectively. These planes, corresponding to the VO2 and 

NiO layers, respectively, are perpendicular to the interface and are also parallel to each other 

(derived from X-ray ű-scans). The planar misfit which is defined as the misfit between 

(001)VO2 and (1 12)NiO interplanar spacings (df and ds, respectively) is ~25%. This leads to a 

3df(VO2):4ds(NiO) matching across the interface along VO2 c-axis direction. This 3:4 planar 

matching across VO2/NiO interface (schematically shown in Figure 5.5 (a)) results in a 

negligible residual strain along the c-axis of VO2. Since the tensile/compressive strain along 

VO2 [001] leads to a higher/lower SMT temperature, complete relaxation of strain along c-

axis in VO2 films deposited on epitaxial NiO buffer causes SMT to occur at ~341K which is 

the SMT temperature for bulk VO2 single crystals.
 6,10,13

 Also, for large misfit systems such 

as VO2/NiO (planar misfit = 25%), the critical thickness is less than 1 to 2 monolayers, so 

dislocations corresponding to full lattice relaxation are generated at or within 1 monolayer of 

the interface; and the remainder of the film can be grown virtually strain and misfit 

dislocation-free leading to better SMT characteristics.
11

 Also, it can be seen from Figure 5.5 

(b) that near one-to-one matching occurs along the other direction (perpendicular to the first 

i.e. [ 1 12]), since there is only ~2.5% mistmatch. 
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Figure 5.5 Schematic (distances on scale) atomic arrangements across the interface between 

(111) oriented NiO and (010) oriented VO2 in two mutually perpendicular directions (a) 4:3 

matching occurs between (-1-12)NiO and (002)VO2 (b) near one-to-one matching occurs 

between (-220)NiO and (-402)VO2. 

 

Optical transmission measurements were also performed to explore the applicability of 

VO2/NiO/Al 2O3 heterostructures for optical applications. Figure 5.6 shows, for comparison, 

the % transmitted intensity across the VO2/NiO/Al 2O3 heterostructures at room temperature 

and at 343 K. The transmission spectra for VO2 at both low and high temperature are 

consistent with those generally reported in literature which confirms the characteristic SMT 

in VO2.
14

 Figure 5.7 shows the normalized transmitted intensity of 1500 nm laser through the 

VO2/NiO/Al 2O3 heterostructure as a function of temperature. Similar measurement was also 

performed for VO2 films deposited on bare c-sapphire substrate and plot has been shown for 

comparison. Upon comparing Figure 5.3 and Figure 5.7, it can be seen that in term of 
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Figure 5.6 Comparison of transmission spectra of VO2/NiO/c-sapphire heterostructure at 

room temperature and 343 K showing a drastic drop in IR transmissivity. Smoothening of the 

data was perfomed Savitzky-Golay routine. 

 

transition temperature shift, the optical switching behavior of two heterostructures is 

consistent with resistance switching behavior. However, they reveal lower hysteresis and an 

offset (~2K) between the effective electrical and optical switching temperatures with optical 

switching starting to occur earlier on the temperature scale; also generally reported in 

literature.
14,15

 This can be explained on the basis of effective medium theory
15

 which 

essentially means that the optical transmittance depends linearly on the volume fraction of 

the metallic phase while; the resistance of the sample is not greatly affected until a 

continuous low-resistance path is formed. 
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Figure 5.7 Comparison of (normalized) transmitted intensity (1500 nm) through VO2 films 

deposited on bare c-sapphire substrate and on NiO/c-sapphire heterostructure. 

 

5.4 Conclusion 

In conclusion, we have used epitaxial NiO template to grow fully relaxed VO2 thin films on 

c-Al 2O3 substrates. Both VO2 and NiO films were grown via DME with integral multiples of 

planes matching across the interface. The epitaxial relationship between the constituent 

layers of the VO2/NiO/c-Al 2O3 heterostructure was determined to be as follows: (020)VO2 || 

(111)NiO || (0001)Al2O3 and <100>VO2 || <110>NiO || <1010>Al2O3. Completely relaxed 

VO2/NiO/Al 2O3 (0001) thin film heterostructure hold significant technological importance 

since robust devices that can withstand multiple thermal cycling, can be fabricated. Also, 

potential applications of NiO as an epitaxial electrode or gate oxide layer can open up 

exciting possibilities in devices based on SMT properties of strain-free VO2 thin films 
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6. Epitaxial relationships of VO2 films with YSZ and NiO buffer layers at the 

temperature of growth 

In this chapter, details of epitaxial relationship of VO2 thin films with YSZ and NiO buffer 

layers at the temperature of growth are presented. Correlations have been made to their room 

temperature epitaxial relationships (determined from detailed X-ray phi scans) when the 

structure of VO2 is monoclinic. The typical deposition temperature for the growth of high-

quality VO2 thin films with good SMT properties definitely exceeds the transition 

temperature which is close to 68
 0
C. Following the deposition at elevated temperatures, when 

films are cooled to ambient temperature, VO2 crystal structure transforms from tetragonal 

(P42/mnm) to monoclinic (P21/c). It is important, therefore, to understand as to how the 

tetragonal unit cell arranges itself on the underlying template of substrate or buffer layer 

material. Understanding the details of epitaxy is important from the point of view of 

fundamental understanding and to develop methodology to tailor the thin film strain/stress 

and as a result, SMT characteristics suited to a particular application. 

6.1 Introduction  

The semiconductor-to-metal transition (SMT) is characterized by the following parameters: 

1) transition temperature (TSMT), 2) sharpness (ȹT), over which electrical and optical 

property changes are completed, 3) thermal hysteresis width (ȹH). Recent studies have 

indicated that these parameters are a strong function of nature of grain boundaries and their 

relative orientation, grain-size distribution, and stoichiometry related defects.
1,2,3,4

 In 
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addition, the SMT  can also be controlled by suitable choice of the substrate and thin film 

processing parameters.
13

 

The substrates used in the thin film growth of vanadium dioxide (VO2) have been limited 

especially towards the use of single crystal oxide substrates, such as aluminum oxide (Al2O3 

or sapphire) and titanium oxide (TiO2).
5,6,7,8

 However, to fully realize the potential of VO2 for 

use in novel electronics technology and electo-optic applications as switches or memory 

elements, it is important to integrate VO2 thin films of pure-phase and high epitaxial quality 

with Si (100) substrates which is the foundation of microelectronics industry. In our earlier 

work, we demonstrated the successful growth of epitaxial VO2 thin films on Si (100) 

platform by a pulsed-laser deposition technique using tetragonal yttria-stabilized zirconia (t-

YSZ) as an intermediate layer.
9
 We also showed that with optimization of deposition 

parameters that epitaxial t-YSZ thin film can be grown on Si (100) even without etching the 

native silicon dioxide layer with hydrofluoric acid.
9,10

 This layer of native oxide is etched 

away and removed by zirconium rich flux during early stages of deposition. 

The typical deposition temperature for the growth of high-quality VO2 thin films with good 

SMT properties definitely exceeds the transition temperature which is close to 68
 0

C. 

Following the deposition at elevated temperatures, when films are cooled to ambient 

temperature, VO2 crystal structure transforms from tetragonal (P42/mnm) to monoclinic 

(P21/c). It is important, therefore, to understand as to how the tetragonal unit cell arranges 

itself on the underlying template of substrate or buffer layer material. Understanding the 

details of epitaxy is important from the point of view of fundamental understanding and to 
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develop methodology to tailor the thin film strain/stress and as a result, SMT characteristics 

suited to a particular application. 

In this chapter, we present a model for epitaxial growth of tetragonal VO2 on both tetragonal 

and cubic yttria-stabilized zirconia at the temperature of growth of VO2. With the use of 

atomic arrangements in the unit cells of tetragonal and monoclinic VO2 and in both 

tetragonal and cubic YSZ, transformation into monoclinic VO2 has been explained. This 

method to explain the epitaxial growth and in-plane atomic arrangements at the temperature 

of growth of VO2 can also be extended to other substrate systems and buffer layers and is 

useful to explain the in-plane orientations of monoclinic VO2 that are typically reported in 

the literature. 

6.2 Experimental Details 

The VO2/YSZ/Si(001) thin film heterostructures were grown in a multitarget deposition 

chamber (base pressure = 1x10
-6
 Torr) by sequentially ablating yttria stabilized zirconia  and 

VO2 targets using LPX 100 KrF excimer laser (ɚ=248 nm). The Si (001) substrates were 

cleaned ultrasonically in acetone and methanol. The YSZ buffer layer was deposited at 

substrate temperature 650 °C; first, for 400 pulses under base pressure and then for 600 

pulses in 5x10
ī4

 Torr oxygen partial pressure. The VO2 films were deposited at 500 
o
C and 

1x10
ī2

 Torr oxygen and were cooled under the same oxygen pressure at the rate 15-20
 

0
C/minute. Pulse energy density for the growth of VO2 films was kept 2-3 J/cm

2
 and 

repetition rate was 5 Hz. The crystalline structure and in-plane epitaxy of the constituent 

layers of the heterostructures was determined using four-axis XôPert PRO MRD HR X-ray 
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diffractometer with CuKŬ radiation. Detailed ɗ-2ɗ and ű X-ray diffraction (XRD) scans were 

performed for this purpose. Cross-section and plan view transmission electron microscopy 

were used to cross-examine the results from ű-scan of VO2/YSZ/Si(001) heterostructures. 

6.3 Results and Discussion 

Our discussion of epitaxy of VO2 follows the concept of domain matching epitaxy (DME), 

pioneered by Narayan et. al.
11

 In the framework of DME, integral multiples of lattice planes 

match across the substrate-film interface. DME provides a unified model for the thin film 

epitaxy in both, small and large misfit systems where the misfit is defined by Ů = df/ds ï 1. 

For small misfit systems one-to-one matching of planes could occur across the interface 

while, for large misfit systems, m planes of the film match with n planes of the substrate to 

relax the misfit. As outlined earlier in this article, crystal structure of VO2 at growth 

temperature is tetragonal. Therefore, the epitaxy is first considered of tetragonal VO2 on YSZ 

buffer layers and then traced across metal-to-semiconductor transition to monoclinic VO2 on 

YSZ which complies with the in-plane arrangements as deduced by detailed in-plane XRD ű-

scans. 

6.3.1 YSZ epitaxy on Si (100) 

Tetragonal YSZ was grown epitaxially on Si (100) using high purity 5%Y2O3-ZrO2 target 

while to stabilize cubic YSZ phase 8-12% Y2O3 doped-ZrO2 target was used. To remove the 

native silicon dioxide layer, YSZ was initially deposited in a highly oxygen-deficient 

environment (low background pressure conditions) and high temperature ~650 
0
C. Once YSZ 

nucleated epitaxially on silicon, oxygen rich conditions are required to achieve good 
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crystalline quality of YSZ. The numbers of pulses deposited in low background pressure 

(before oxygen is introduced in the chamber) were optimized to obtain high quality YSZ 

films. It is worth noting here that YSZ grew epitaxially even though the native oxide on the 

Si (100) substrate was not removed prior to deposition. This can be explained on the basis of 

following reaction: Zr + 2SiO2 Ÿ ZrO2 + 2SiO.
12

 The SiO that forms is quite volatile and 

evaporates at the deposition temperature used in the present study (650 
0
C). During the initial 

stage of the deposition, oxide present on the silicon substrate is removed by the above 

reaction, thus facilitating the epitaxial growth of yttria-stabilized zirconia on silicon. 

A typical ɗ-2ɗ scan for YSZ films grown, in the present study, on Si (100) (a = 5.43 Å) 

substrate is shown in Figure 6.1. It can be seen from the ɗ-2ɗ scan that both tetragonal (a = b 

= 3.6 Å, c = 5.156 Å) .and cubic (a = 5.147 Å) YSZ films had only one (002) orientation in 

the growth direction. To investigate the details of in-plane epitaxy, X-ray ű-scan were 

performed and the results are presented in Figure 6.2. For tetragonal YSZ (t-YSZ), ű-scan 

was performed for (101) reflections (2ɗ =30.25
0
, ɣ = 55.2

0
). The four-fold symmetry of 

sharp (101) reflections and 45 degrees shift from Si (202) peaks seen in the ű-scan for YSZ 

(101) planes confirms that YSZ is tetragonal and epitaxial. Also, the epitaxial relationship 

between t-YSZ and silicon substrate can be written as: t-YSZ [110] // Si [100] and t-YSZ 

(001) // Si (001). The in-plane arrangement of t-YSZ (with (002) orientation in the growth 

direction) according to the epitaxial relationship established by XRD ű-scan studies is shown 

in Figure 6.3 (a). It can be seen from this figure that lattice misfit between t-YSZ and Silicon 
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is ~6.2% and the diagonal of [002] projected unit cell of t-YSZ is aligned with the edge of 

the Si [001] projected unit cell. 

To investigate the details of in-plane epitaxial relationship of cubic-YSZ (c-YSZ) with Si 

(100) substrate, ű-scan was performed for (202) reflection of c-YSZ (2ɗ =50.08
0
, ɣ = 45

0
). 

Again, the four-fold symmetry of sharp (202) reflections and coincidence with Si (202) peak 

ű-positions confirmed the epitaxial growth of c-YSZ. Based on this information, epitaxial 

relationship of (002) oriented c-YSZ can be described as c-YSZ [100] // Si [100] and c-YSZ 

(001) // Si (001). Schematic (to scale) of the in-plane epitaxial relationship between c-YSZ 

and Si is given in Figure 6.3 (b). Here, the inter-planar misfit between c-YSZ and Si along Si 

[100] is ~5.2% allowing the epitaxial growth. 

 

Figure 6.1 XRD patterns of t-YSZ and c-YSZ/Si (100) heterostructures showing unique 

growth orientation of both t-YSZ and c-YSZ on Si(100). 
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Figure 6.2 X-ray ű-scan for (202), (101), and (202) reflections of c-YSZ, t-YSZ and Si, 

respectively, confirming the epitaxial growth of both t-YSZ and c-YSZ on Si(100) 

 

 

Figure 6.3 Schematic showing in-plane arrangements of unit cells of (a) tetragonal-YSZ and 

(b) cubic-YSZ on one unit cell of silicon (black, dashed perimeter). 

 

Table 6-1 lists the misfit between different planes of tetragonal (denoted by t) YSZ and cubic 

(denoted by c) with tetragonal VO2). ó+ô represents tensile and ó-ó represents compressive 

strain for the VO2 film. Epitaxial relationships highlighted with bold text are the ones that 

actually occur at growth temperature. As discussed in previous chapters and based on the fact 
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that the direction of b-axis in monoclinic doesnôt change from tetragonal, the growth plane 

orientations for the t-VO2, t-YSZ, c-YSZ, and c-NiO were (020), (002), (002), and (111), 

respectively. Misfits for the VO2-TiO2 system are also provided for comparison. The high-

temperature rutile/tetragonal VO2 phase and rutile TiO2 have similar structure and lattice 

constants so the lattice matching occurs. We envisage that similarly in t-VO2/t-YSZ, t-VO2/c-

YSZ, and t-VO2/NiO systems, low planar mismatch between the planes, as listed in row (c) 

of Table 6-1 drives the atomic arrangement such that the planar matching as listed in row (c) 

and (d) are the ones that actually occur across the interface (as discussed later in the chapter). 

If we consider other planes as listed in row (a) and row (b), planar misfit is in the medium 

range in both cases. It is not high enough for the critical thickness to be of the order of a 

couple of monolayers (with the exception of row (b) for t-VO2/c-NiO system). It is also not 

small enough for one-to-one matching to occur. Therefore, planar matching as listed in row 

(c) and (d) would be energetically favorable. Also, due to thermal mismatch between the VO2 

and YSZ and VO2 and NiO, there would be in-plane compressive strain in VO2 films in both 

cases. We envisage that this compressive strain gets compensated with the tensile strain (row 

(c)) in case of NiO buffer layer, resulting in near-bulk SMT temperature. On the other hand, 

this compressive strain due to thermal mismatch is not able to compensate all the tensile 

strain in VO2 films on YSZ buffer layer since, in this case there is tensile strain in both 

directions along with planar matching occurs the interface (row (c) and (d)). This results in a 

SMT temperature shift to higher value as discussed in Chapter 4. 
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Table 6-1 Calculated misfit between spacing of different planes of tetragonal (denoted by t) 

YSZ and cubic (denoted by c) with tetragonal VO2 (t-VO2). ó+ô represents tensile and ó-ó 

denotes compressive strain for the VO2 film. Epitaxial relationships highlighted with bold 

text are the ones that actually occur at growth temperature. Misfits for the VO2-TiO2 system 

are also provided for comparison. The high-temperature rutile/tetragonal VO2 phase and 

rutile TiO2 have similar structure and lattice constants so the lattice matching occurs. TiO2 

lattice parameters are taken from Ref. 13. 

 

 t-VO2 on t-YSZ t-VO2 on c-YSZ t-VO2 on c-NiO t-VO2 on t-TiO 2 

(a) Ů [(110) t-YSZ & 

(100) t-VO2] = 

+10.6% 

Ů [(200) t-YSZ & 

(100) t-VO2] = 

+11.6% 

Ů [)211(
__

c-NiO & 

(002) t-VO2] = 

+15.3% 

Ů [(110) t-TiO2 & 

(110) t-VO2] = 

+1% 

(b) Ů [(110) t-YSZ & 

(001) t-VO2] = -

13.1% 

Ů [(200) t-YSZ & 

(001) t-VO2] = -

11.9% 

Ů [ )202(
_

c-NiO & 

(200) t-VO2] = -

53.7% 

Ů [(001) t-TiO2 & 

(001) t-VO2] = 

+2.7% 

(c) Ů [(110) t-YSZ & 

)110(
_

t-VO2] = 

+4.4% 

Ů [(020) c-YSZ & 

)110(
_

t-VO2] = 

+5.4% 

Ů [ )202(
_

c-NiO & 

(002) t-VO2] = 

+2.5% 

Ů [(100) t-TiO2 & 

(100) t-VO2] = 

+0.87% 

(d) 
Ů [ )033(

_

t-YSZ & 

(502) t-VO2] = 

+9.3% 

Ů [(600) c-YSZ & 

(502) t-VO2] = 

+10.3% 

Ů [)211(
__

c-NiO & 

(200) t-VO2] = -

25% 

 

 

6.3.2 VO2 epitaxy on t-YSZ (002) 

Epitaxial growth of VO2 on t-YSZ or c-YSZ buffer layer on Si (100) represents a major 

milestone towards achieving VO2-based ñsmartò sensor or memory based devices. The 

crystal structure of VO2 at growth temperatures (typically above ~ 68 
0
C) is tetragonal (at = 
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bt = 4.55 Å, ct = 2.88 Å) which transforms into monoclinic (am = 2ct = 5.743 Å, bm = 4.517 

Å, cm = 5.375 Å, ɓ = 122.6
0
). In our earlier work, we determined the growth orientation and 

in-plane arrangements of monoclinic VO2 (m-VO2) on t-YSZ buffer layer using detailed X-

ray ű-scans. Based on that information, we have determined the epitaxial relationships 

between tetragonal VO2 (t-VO2) and YSZ at growth temperatures. In-plane atomic 

arrangements, across the VO2/YSZ interface of V, Zr and O atoms also appear to support our 

epitaxial relationship details. Understanding the epitaxial growth of tetragonal VO2 (t-VO2) is 

necessary in order to understand the effect of intrinsic strain on SMT characteristics. 

Figure 6.4 (a) and (b) schematically presents the in-plane arrangements of (010) oriented t-

VO2 and m-VO2 unit cell on (001) oriented t-YSZ unit cell, respectively. Figure 6.4 (c) 

shows the oxygen (O) atom on oxygen-terminated (001) oriented t-YSZ buffer layer. 

Similarly Figure 6.4 (d) and Figure 6.4 (e) represent the vanadium (V) atom arrangement on 

vanadium-initiated (010) oriented t-VO2 and m-VO2 thin films, rotated in accordance with 

Figure 6.4 (a) and Figure 6.4 (b). Only with such in-plane arrangements of t-VO2 and t-YSZ 

unit cells at the interface, can the ű-scans be explained.
9
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Figure 6.4 Schematic showing arrangements of unit cells of (a) t-VO2 and (b) m-VO2 on 

(001) oriented unit cell of t-YSZ. Atomic arrangements at the YSZ/VO2 interface are shown 

(c) for oxygen-terminated YSZ buffer layer (d) for vanadium-initiated t-VO2 thin film at 

growth temperature (e) for vanadium-initiated m-VO2 thin film at room temperature. 

Horizontal and vertical dashed lines in (c), (d), and (e) are guide to the eye to see atoms 

along them. Some of the atoms are slightly below the plane and are, therefore, shown with 

faded color 
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Therefore, it can be deduced that the epitaxial growth of VO2 (010) with tetragonal structure 

at growth temperature occurs such that (110) t-YSZ || )110(
_

t-VO2 along ]011[
_

 t-YSZ or [101] 

t-VO2 (Figure 6.5) with inter-planar spacing misfit of ~4.7% [d (110) t-YSZ = 2.55 Å and d 

)
_
110( t-VO2 = 2.43 Å]. This leads to a matching of twenty t-YSZ (110) planes with twenty-one t-

VO2 )110(
_

planes across the interface. Similarly, along the perpendicular in-plane direction, 

i.e. [110] t-YSZ or ]520[
_

 t-VO2, nine t-YSZ )033(
_

 planes match with ten t-VO2 (502) 

planes, since the planar misfit is ~9.3% [d )0
_
33(  t-YSZ = 0.85 Å and d (502) t-VO2 = 0.77 Å]. 

 

Figure 6.5 Schematic showing arrangements of atoms across the interface between (010) 

oriented t-VO2 and (001) oriented t-YSZ Planes shown, perpendicular to the interface, are 

)110(
_

 t-VO2 and (110) t-YSZ. The view direction for t-VO2 is [101] and for t-YSZ is ]011[
_

. 
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Subsequently, when the film is cooled to room temperature, VO2 crystal structure transforms 

from tetragonal to monoclinic. Under this situation, existing epitaxial relationship between 

m-VO2 and t-YSZ can be written as: (110) t-YSZ || )001(
_

m-VO2 along ]011[
_

 t-YSZ or ]100[
_

 

m-VO2, )011(
_

 t-YSZ || )740(
_

m-VO2 along [110] t-YSZ or ]407[
__

 m-VO2, and (002) t-YSZ || 

(010) m-VO2 along [001] t-YSZ or [010] m-VO2. Inter-planar spacing misfit calculation 

reveal that the misfits remain the same as in the case of t-VO2 with one-to-one 

correspondence which is expected since tetragonal to monoclinic phase transformation 

occurs via single coordinated jump of V cations.
13

 

6.3.3 VO2 epitaxy on c-YSZ (001) 

XRD ű-scans were performed in order to obtain information about in-plane orientations for 

the VO2 /c-YSZ/ Si (001) heterostructure and results are shown in Figure 6.6. The fourfold 

symmetry and coincidence with Si (202) peaks seen in the ű-scan for YSZ (101) planes (2ɗ 

=50.08
0
, ɣ = 45

0
) confirm that YSZ is cubic and, therefore, the epitaxial relationship between 

YSZ buffer layer and silicon substrate can be written as YSZ[110]// Si[110] and YSZ 

(001)//Si (001) In order to assess the in-plane orientation of VO2 at room temperature, a ű-

scan of (011) planes with 2ɗ =27.8° and ɣ =45° was performed. This ű -scan exhibits eight 

sharp peaks at 32° angular separation from YSZ (101) reflections. The eight stronger peaks 

correspond two-fold symmetry of (011) reflections and four equally probable arrangementa, 

shown in Figure 6.7 (b), where VO2 [001] is parallel to YSZ [100] or YSZ [010]. 
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Figure 6.6 X-ray ű-scan for (011), (101), and (202) reflections of VO2, YSZ, and Si, 

respectively, confirming the epitaxial growth of c-YSZ on Si (100) and of VO2 on c-YSZ. 

 

Now, we will disucss the epitaxial growth of VO2 on c-YSZ buffer layer which can be 

explained in a way similar to VO2 on t-YSZ. Figure 6.7 (a) and (b) schematically presents 

the in-plane arrangements of (010) oriented t-VO2 and m-VO2 unit cell on (001) oriented c-

YSZ unit cell, respectively. Figure 6.7 (c) shows the oxygen (O) atom on oxygen-terminated 

(001) oriented c-YSZ buffer layer. Similarly Figure 6.7 (d) and Figure 6.7 (e) represent the 

vanadium (V) atom arrangement on vanadium-initiated (010) oriented t-VO2 and m-VO2 thin 

films, rotated in accordance with Figure 6.7 (a) and (b). Only with such in-plane 

arrangements of t-VO2 and c-YSZ unit cells at the interface, can the XRD ű-scans be 

explained. 
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Therefore, it can be deduced that the epitaxial growth of VO2 (010) with tetragonal structure 

at growth temperature occurs such that (020) c-YSZ || )110(
_

t-VO2 along [020] c-YSZ or 

[101] t-VO2 (Figure 6.8) with inter-planar spacing misfit of ~5.4% [d (020) c-YSZ = 2.57 Å and 

d )
_
110( t-VO2 = 2.43 Å]. This leads to a matching of seventeen c-YSZ (020) planes with 

eighteen t-VO2 )110(
_

planes across the interface at growth temperature. Similarly, along the 

perpendicular in-plane direction, i.e. [200] c-YSZ or ]520[
_

 t-VO2, nine c-YSZ (600) planes 

match with ten t-VO2 (502) planes, since the planar misfit is ~10.3% [d (600) c-YSZ = 0.86 Å 

and d (502) t-VO2 = 0.77 Å]. 

Subsequently, when the film is cooled to room temperature, VO2 crystal structure transforms 

from tetragonal to monoclinic. Under this situation, existing epitaxial relationship between 

m-VO2 and c-YSZ can be written as: (020) c-YSZ || )001(
_

m-VO2 along [020] c-YSZ or 

]100[
_

 m-VO2, (200) c-YSZ || )740(
_

m-VO2 along [200] c-YSZ or ]407[
__

 m-VO2, and (002) c-

YSZ || (010) m-VO2 along [001] c-YSZ or [010] m-VO2. In this case as well, inter-planar 

spacing misfit calculations show that the misfits remain the same as in the case of t-VO2 with 

one-to-one correspondence. 
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Figure 6.7 Schematic showing arrangements of unit cells of (a) t-VO2 and (b) m-VO2 on 

(001) oriented unit cell of c-YSZ. Atomic arrangements at the YSZ/VO2 interface are shown 

(c) for oxygen-terminated YSZ buffer layer (d) for vanadium-initiated t-VO2 thin film at 

growth temperature (e) for vanadium-initiated m-VO2 thin film at room temperature. 

Horizontal and vertical dashed lines in (c), (d), and (e) are guide to the eye to see atoms 

along them. 
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Figure 6.8 Schematic showing arrangements of atoms across the interface between (010) 

oriented t-VO2 and (001) oriented c-YSZ. Planes shown, perpendicular to the interface, are 

)110(
_

 t-VO2 and (020) c-YSZ. The view direction for t-VO2 is [101] and for c-YSZ is [200]. 

 

6.3.4 VO2 epitaxy on c-NiO (111) 

In this sub-section, we will discuss the details epitaxial growth of t-VO2 on (111) oriented c-

NiO [a = 4.176 Å] epitaxial buffer layer that was deposited on c-Al 2O3 substrate. Details of 

the deposition procedure are given elsewhere.
14

 Figure 6.9 (a) and (b) schematically presents 

the in-plane arrangements of (010) oriented t-VO2 and m-VO2 unit cell on (111) oriented c-

NiO unit cell, respectively. Figure 6.9 (c) shows the oxygen (O) atom on oxygen-terminated 

(111) oriented c-NiO buffer layer. Similarly Figure 6.9 (d) and (e) represent the vanadium 

(V) atom arrangement on vanadium-initiated (010) oriented t-VO2 and m-VO2 thin films, 

oriented in-plane in accordance with Figure 6.9 (a) and (b). Only with such in-plane 

arrangements of t-VO2 and c-NiO unit cells at the interface, can the XRD ű-scans be 

explained.
14
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Figure 6.9 Schematic showing arrangements of unit cells of (a) t-VO2 and (b) m-VO2 on 

(111) oriented unit cell of c-NiO. Atomic arrangements at the NiO/VO2 interface are shown 

(c) for oxygen-terminated NiO buffer layer (d) for vanadium-initiated t-VO2 thin film at 

growth temperature (e) for vanadium-initiated m-VO2 thin film at room temperature. 

Horizontal and vertical dashed lines in (c), (d), and (e) are guide to the eye to see atoms 

along them. 
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Therefore, it can be deduced that the epitaxial growth of VO2 (010) with tetragonal structure 

at growth temperature occurs such that )211(
__

 c-NiO || (100) t-VO2 along ]101[
_

 c-NiO or 

[001] t-VO2 with inter-planar spacing misfit of about -25% [d )2
_
1

_
1(  c-NiO = 1.7 Å and d (200) t-

VO2 = 2.27 Å] (Table 6-1) This leads to a 4:3 matching between c-NiO )211(
__

 planes with t-

VO2 (200) planes across the interface at growth temperature. Similarly, along the 

perpendicular in-plane direction, i.e. ]211[
__

 c-NiO or [100] t-VO2, the planar misfit is only 

2.5% [d )20
_
2(  c-NiO = 1.48 Å and d (002) t-VO2 = 1.44 Å] favorable for near one-to-one matching 

to occur Atomic arrangement, across the interface, viewed along ]211[
__

 c-NiO is shown in 

Figure 6.10. 

Subsequently, when the film is cooled to room temperature, VO2 crystal structure transforms 

from tetragonal to monoclinic. Under this situation, existing epitaxial relationship between 

(010) oriented m-VO2 and (111) oriented c-NiO can be written as: )211(
__

 c-NiO || (001) m-

VO2 along ]101[
_

 c-NiO or ]001[
_

 m-VO2 and )202(
_

 c-NiO || )012(
_

 m-VO2 along ]211[
__

 c-

NiO or [102] m-VO2. In this case as well, inter-planar spacing misfit calculations show that 

the misfits remain the same as in the case of t-VO2 with one-to-one correspondence. 

6.4 Conclusions 

In summary, this chapter presents the details of epitaxial relationships between VO2 and 

different buffer layers such as, t-YSZ, c-YSZ and c-NiO, at the temperature of growth. Using 

atomic arrangements and misfit strain between different planes of the film and template as a 
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guide in both monoclinic and tetragonal phases and, keeping growth orientation in mind, 

epitaxial relationship analysis has been substantiated. Room temperature temperature ű-scans 

also support the details of epitaxy presented in this chapter. 

 

Figure 6.10 Schematic showing arrangements of atoms across the interface between (010) 

oriented t-VO2 and (111) oriented c-NiO. Planes shown, perpendicular to the interface, are, 

for (a) )211(
__

c-NiO || (100) t-VO2 and for (b) )202(
_

c-NiO || (001) t-VO2. The view direction 

for (a) is ]101[
_

 c-NiO || [001] t-VO2 and for (b) is ]211[
__

 c-NiO || [100] t-VO2. 
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7. Effect of thickness on the semiconductor-to-metal transition characteristics of 

VO2 films integrated with YSZ/Si (100) heterostructures 

In this chapter, a study of effect of thickness on the semiconductor-to-metal transition of VO2 

films is presented. VO2/YSZ/ Si (100) heterstructures were used as the system in this study in 

which VO2 film thickness was altered by depositing for varying number of pulses. Structural 

characterization reveals that film behavior changes from single-crystalline to polycrystalline. 

Resistive switching behavior and semiconductor-to-metal transition characteristics have been 

correlated with the microstructural properties of the films. 

7.1 Introduction  

Recent advances in thin film growth and discovery of interesting phenomenon such as, high 

temperature superconductivity, colossal mganetoresistance and semiconductor-to-metal 

transition in strongly correlated electron systems has attracted significant research interest. 

Vanadium dioxide (VO2) is one of such systems which exhibit a reversible drastic 

semiconductor-to-metal transition (SMT) near room temperature (68 
0
C) making it suitable 

for potential sensor- and memory type of devices.
1
 The SMT in VO2, which occurs upon 

heating and reverses upon cooling), is also concomitant with drastic changes in optical 

properties where it becomes highly reflective for photons of infra-red wavelengths.
2,3

 In 

comparison to bulk single crystals, polycrystalline VO2 thin films generally show broader 

transitions and less drastic changes in their physical properties such as, electrical resistance 

and optical transmission.
4,5,6

 Control and reproducibility in the growth of high-quality, single 

phase VO2 films is a challenging task because of a large number of stable vanadium oxide 
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crystalline phases that can form in a very narrow range of composition.
7
 The SMT 

characteristics are a strong function of the details of the microstructure and chemistry, which 

are controlled by processing and substrate parameters. Characteristics of grain boundaries 

and their relative orientation, grain-size and distribution, and defects content in the films play 

a critical role in determining the characteristics of the SMT.
6,8,9

 Thus, it is important to 

establish fundamental correlations among microstructure and SMT characteristics while 

preserving the single phase VO2. In this study we have chosen VO2/c-YSZ/Si (100) 

heterostructure system where different parameters associated with the SMT were studied as a 

function of microstructural properties of the VO2. This provided an opportunity to correlate 

the microstructure with the SMT characteristics of the VO2 films. 

7.2 Experimental Details 

The VO2/YSZ/Si (001) thin film heterostructures were grown in a multitarget deposition 

chamber (base pressure = 1x10
-6
 Torr) by sequentially ablating yttria stabilized zirconia  and 

VO2 targets using LPX 100 KrF excimer laser (ɚ=248 nm). The Si (001) substrates were 

cleaned ultrasonically in acetone and methanol. Y2O3-doped (8-10%) ZrO2 target was used to 

deposit the cubic YSZ buffer layer on Si (100) at substrate temperature 650 °C; first, for 400 

pulses under base pressure and then for 600 pulses in 5x10
ī4

 Torr oxygen partial pressure. 

The resulting YSZ buffer layer thickness was ~60 nm. The VO2 films were deposited at 500 

o
C and 1x10

ī2
 Torr oxygen for different times while keeping the target to substrate distance 

constant, to achieve different final thicknesses. Our thickness calibration was such that 1500 

pulses resulted in about 70-75nm thick film. Pulse energy density for the growth of all the 
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VO2 films was kept 2-3 J/cm
2
 and repetition rate was 5 Hz. A Keithley 2400 sourcemeter 

was used to measure the resistance of VO2 films in Van der Pauw four-point probe 

arrangement from room temperature to 100 
o
C. The crystalline structure of the VO2 was 

determined using an XôPert PRO MRD HR X-ray diffraction system with CuKŬ radiation 

Surface morphology of the samples was investigated using atomic force microscopy (AFM).  

7.3 Results and Discussion 

The surface morphology of the VO2 thin films of varying thickness was investigated using 

atomic force microscope (AFM) and the results are presented in Figure 7.1. Images were 

acquired in the tapping mode and typical 1ɛm x 1ɛm scans were taken. It can be seen that 

while the grain shape largely remains similar for all thicknesses, grain size increases as films 

with higher number of pulses were deposited. It should also be noted that the root mean 

square roughness of the films also increases with increasing thickness. Figure 7.2 shows X- 

ray diffraction ɗ-2ɗ spectra obtained from pristine VO2 films deposited for varying number 

of pulses on /YSZ/Si (100) heterostructures. Also, it can be seen that all films consisted of 

only the VO2 phase, and peaks corresponding to any other vanadium oxide phase were 

absent. This indicates the exclusive formation of single-phase VO2 films and confirms the 

excellent degree of control and high reproducibility of our pulsed-laser deposition procedure. 

The full-width at half-maximum (FWHM) of the VO2 (020) peaks decreased as the film 

thickness was increased by depositing a higher number of pulses. Decreasing FWHM 

corresponded to increasing grain/domain-size, according to Scherrerôs relationship, and this 

was consistent with results from AFM observations. VO2 films showed unique (020) peak 
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and single-crystalline nature up to films deposited for 4500 pulses (as confirmed by detailed 

XRD ű-scans presented in previous chapter) but, polycrystallinity started to appear beyond  

 

Figure 7.1 Atomic force microscopy images showing surface morphology changes as a 

function of pulses of VO2 deposited on c-YSZ/Si (100) heterostructures. All images show a 

1ɛm x 1ɛm scan area. The label below each image shows the number of pulses and the rms 

(root mean square) roughtness in nm. 

 

this thickness. For thicker films, other VO2 peaks i.e. (011), (102), and (012) can also be seen 

in XRD ɗ-2ɗ spectra. As seen in the AFM images, roughness of the films increased with the 

thickness. Higher surface roughness of the films could cause other orientations esp. (011) to 

nucleate. For VO2, the (011) orientation is energetically favorable due to its low surface free  
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Figure 7.2 Comparison of X-ray ɗ-2ɗ diffraction patterns for VO2/YSZ/Si (100) 

heterostructures deposited for varying thickness of VO2. VO2 film thickness was observed to 

scale with number of pulses. Films deposited for 6000 pulses and above show some 

polycrystallinity. 

 



 

113 

energy. For the VO2 films deposited on amorphous substrates like glass or SiO2/Si, (011) is 

the predominantly reported orientation. Also, we have seen that if the temperature for the 

growth of VO2 films was lowered, (011) orientation was also present in addition to (020), 

most probably due to the reduced surface ad-atom mobility. Therefore, the nucleation of 

(011) orientation will be likely to occur with higher surface perturbations which are esp. 

significant for the film deposited for 4500 pulses (rms roughness = 9.8nm) or small changes 

in stoichiometry of the plume. Therefore, it can be concluded from the XRD spectra that up 

to 4500 pulses films were single crystalline while beyond polycrystallinity in the VO2 

initiated and increased with increasing thickness (number of pulses). 

Based on XRD results, our VO2 films deposited on c-YSZ/Si (100) heterostructures can be 

divided into two main categories: 1) single-crystalline films with increasing grain-size and 2) 

polycrystalline films with increasing polycrystallinity and grain-size. Figure 7.3 shows the 

variation of the electrical resistance of the VO2 films as a function of temperature for one 

thermal cycle (heating followed by cooling). The characteristic transition from the low-

temperature semiconducting phase to the high-temperature metallic phase in clearly observed 

in all samples. For the sample with VO2 film deposited for 250 pulses, film resistance was 

infinite and no resistivity measurements could be made because of the discontinuous nature 

of the films. The parameters associated with semiconductor-to-metal transition (SMT) were 

quantitatively derived using a systematic approach in which analysis of the derivative of the 

resisivity variation curves i.e. d[-log(resistivity)]/dT was calculated and fitted to a Gaussian 

profile for both heating and cooling cycles. Thus, the SMT was characterized by the  
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Figure 7.3 Resistive switching behavior of pulsed-laser deposited VO2 thin films for different 

number of pulses on cubic-YSZ/ Si (100) heterostructure.(a) SMT behavior of films that were 

single-crystalline (b) SMT behavior of films with some polycrystallinity (4500 pulses film 

curve is also shown for reference) 
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following four parameters: (1) The transition temperature (Tt) defined as the center (peak) of 

the Gaussian profile; (2) the hysteresis (ȹH) associated with the SMT defined as the 

difference in the temperature values of peak position in heating and cooling cycle; (3) the 

transition width or sharpness of the SMT which is characterized by the full width at half 

maximum (FWHM) of the Gaussian profile; and (4) the amplitude (ȹA) of the SMT (in 

decades) which corresponds to the area under the derivative curve. A summary of these SMT 

characteristics of VO2 films has been plotted as a function of number of pulses used for the 

deposition (Figure 7.4). Correlation of these SMT characteristics with the microstructural 

properties of the films has been made largely on the basis of phenomenological 

thermodynamic model presented by Narayan et. al.
10

 As shown in previous chapters, tensile 

strain along c- or a-axis causes shift in Tt towards higher temperatures. For films with lower 

thicknesses e.g. deposited for 500 pulses this effect would be the largest and therefore, we 

observe higher transition temperature for films deposited for 500 pulses. As the film 

thickness increases and approaches critical thickness, some dislocations might nucleate to 

relax some of the strain present in the films. Furthermore, as films become polycrystalline, 

introduction of large angle grain boundaries would further relax the strain. This is likely to be 

the reason behind decrease in transition temperature (as seen in Figure 7.4 (a)) for films 

deposited for higher number of pulses. If ȹGr (= ȹTrȹS0) is the change is Gibbs free energy 

associated with phase transition, critical size of stable nuclei would be rc = 2ɔ/ȹGr, where ɔ is 

the interfacial energy, ȹTr is the deviation from the equilibrium transition temperature, and 

ȹS0 is the discontinuous change in entropy between the two phases. ȹTr can be directly  
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Figure 7.4 Plots summarizing the variation of SMT characteristics of VO2 films of different 

thickness (a) transition temperature, (b) hysteresis, (c) transition width/sharpness, and  (d) 

transition amplitude. 

 

related to the hysteresis (ȹH) as ȹTr = 2ɔ/(rcȹS0). Therefore, the ȹH will decrease with 

increasing rc and decreasing ɔ. As seen in Figure 7.4 (b), ȹH decreases monotonically for the 

films deposited from 500 to 4500 pulses. The structural nature of these films was single-

crystalline with crystallographically equivalent domains (twins or low angle broundaries). So 

while ɔ can be assumed to be almost constant in the single-crystalline regime, grain-size rc 

increased (as seen from AFM and XRD) as the number of pulses were increased. This 

explains the monotonic decline of the hysteresis width up to 4500 pulses. Beyond this 
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thickness (for 6000 pulses), films showed polycrystalline nature and would have large angle, 

randomly oriented grain boundaries resulting in higher interfacial energy (ɔ) and therefore, 

higher ȹH. However, as the film thickness (i.e. grain size) increases further (7500 and 9000 

pulses), large-angle grain boundary area per unit volume decreases and hysteresis width 

decreases weakly as shown in Figure 7.4 (b). 

The transition width or sharpness (ȹT) is related to the overall defect content per unit volume 

as ȹT = Ctɟd, where Ct is a constant and ɟd is density of the defects, including point defects, 

cluster, impurities, dislocations, and grain-boundary area. In the single crystalline regime 

(from 500 to 4500 pulses), the transition width (1/sharpness) of the transition decreases as 

grain size increases since the number of defective sites per unit volume associated with grain 

boundaries decrease. As the film thickness increases transition width increases since the 

polycrystallinity of the films would increase the defect density. As the grain size (thickness) 

increases in the polycrystalline regime, transition width exhibits decreasing behavior because 

the bulk defect density decreases (Figure 7.4 (c). In addition, it could also be due to easier 

nucleation of the metallic phase resulting from the presence of large-angle grain boundaries 

with higher grain-boundary free energy.
11

 

The amplitude of the transition (ȹA) also depends upon the defect content including grain-

boundary area and crystalline nature of the films. In the single crystalline regime, VO2 films 

with smaller grains contain a larger density of grain boundaries which tend to lower the 

resistivity of the semiconducting phase through the presence of defect levels in the band-gap 

while, on the other hand, increasing the resistivity in the metallic phase via defect/grain 
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boundary scattering. This leads to a smaller amplitude of the transition. ȹA increases as grain 

size increases in the single crystalline regime, as seen in Figure 7.4 (d). Subsequently, as the 

films become polycrystalline, the amplitude of the resistive switching decreases. 

Optical transmission measurements were also performed to investigate the infra-red 

transition behavior of VO2/YSZ/Si (100) heterostructures for different thickness of the VO2 

layer. The results are presented in Figure 7.5 with the inset showing the resistive switching  

 

Figure 7.5 Comparison of the normalized transmitted intensity of infra-red (1.5ɛm) laser 

incident on the film side of the samples with different VO2 film thickness. Inset shows the 

resistive switching behavior of the same samples for reference. One-to-one correspondence 

between resistive and optical switching can be clearly seen. 
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behavior of the same samples for comparison. It can be seen that in term of transition 

behavior, the optical switching behavior of the VO2/YSZ/Si (100) heterostructures is 

consistent with resistance switching behavior. However, they reveal an offset (~2K) between 

the effective electrical and optical switching temperatures with optical switching starting to 

occur earlier on the temperature scale. This can be explained on the basis of effective 

medium theory
12

 which essentially means that the optical transmittance depends linearly on 

the volume fraction of the metallic phase while; the resistance of the sample is not greatly 

affected until a continuous low-resistance path is formed. 

7.4 Conclusion 

In conclusion, controlled growth of single phase VO2 with varying film thickness was 

successfully achieved using pulsed laser deposition technique. It allows us to systematically 

investigate the effect of film thickness on the microstructure and SMT characteristics and 

establish structure-property correlations on the basis of a thermodynamic model. 
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8. Electronic excitation induced controlled modifications of semiconductor-to-

metal transition in epitaxial VO2 thin films  

In this chapter we report on the controlled modifications in the semiconductor-to-metal 

transition characteristics of VO2 single-crystal thin films induced by swift heavy ion 

irradiation with varying ion fluences. At very high energies of ions (200 MeV), the electronic 

stopping (~2009 eV/Å) dominates over nuclear stopping (~16 eV/Å). Under these extreme 

electronic excitation conditions caused by electronic stopping and the passage of swift heavy 

ions through the entire thickness of the film, we expect creation of certain unique type of 

defects and some disordered regions. X-ray diffraction, Raman spectroscopy, infra-red 

transmission spectroscopy, x-ray photoelectron spectroscopy (XPS), and electrical 

measurements were performed to investigate the characteristics and role of these defects on 

structural, optical, and electrical properties of VO2 thin films. XPS and electrical resistivity 

measurements suggest that the ion-irradiation induces localized defect states which appear to 

correlate well with the creation of disordered regions in the VO2 thin films. The high energy 

heavy ion-irradiation changes the transition characteristics drastically from a first-order to a 

second-order transition (electronic ï Mott type). The low temperature conductance data for 

these ion-irradiated films fits well with the quasi-amorphous model for resistivity of VO2 

where ion-irradiation is believed to create mid-band-gap defect states. 

8.1 Introduction  

Vanadium oxide (VO2) exhibits a sharp first-order semiconductor-to-metal transition (SMT) 

at 68 
0
C, where the crystal structure changes from monoclinic to tetragonal (metal) at high 
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temperatures. In VO2 single-crystal, the typical SMT characteristics involve over four orders 

of magnitude change in resistivity and a drastic drop in far-infra-red transmittance.
1,2

 Since 

the phase transformation involves crystal distortions, it is envisaged that repeated thermal 

cycles across the transition temperature can lead to cracking of bulk VO2 crystals making 

them unsuitable for practical device applications. On the other hand, thin films are able to 

withstand these distortions; therefore, practical devices needing repeated thermal cycling can 

be fabricated using only thin films. However, fabrication of high quality VO2 thin films with 

desirable properties requires good control over the epitaxial growth procedure, as the SMT 

characteristics of VO2 thin films are known to be a strong function of epitaxial 

characteristics, defects, microstructure, and stoichiometry.
3,4 

Recently, high quality VO2 thin 

films have been grown on c-sapphire, r-sapphire, and Si (100) substrates with yttria-

stabilized zirconia (YSZ) buffer layers using the paradigm of domain epitaxy.
5,6

 SMT 

properties of these films were also found to depend upon their defect content and the 

properties were rationalized according to the phenomenological model presented by Narayan 

et al.
3
 Detailed understanding of the role of defects in modification of SMT characteristics of 

VO2 thin films is also important from the technological point of view since SMT properties 

can be tuned according to the device applications. Previous attempts to modify the SMT 

characteristics of VO2 thin films include proton irradiation, low-energy (few hundred eV) ion 

bombardment, and electron beam (MeV) irradiation.
7,8,9,10

 In all of these cases, damage due 

to the displacement cascades is the dominant mechanism through which defects are generated 

in the films.
11

 Furthermore, the nuclear stopping is not constant throughout the film thickness 
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for these low-energy implants and therefore, the effects are not uniform, which renders 

considerable ambiguity with respect to distribution of defects and their role in producing 

changes in properties of VO2.  

In this chapter, we report our investigation of the effect of swift heavy ion (SHI) irradiation 

on the SMT of epitaxial VO2 thin films. The unique advantage of swift heavy ion irradiation 

of materials is the production of nanometer sized cylindrical zones, so called ion tracks, 

provided the electronic energy loss exceeds the threshold value. The number density of these 

ion tracks can be controlled by ion beam parameters such as fluence. Microstructure and 

defect content can be controlled by ion irradiation parameters, such as ion type and energy, 

which dictate the dominant energy-transfer mechanism. Under SHI irradiation, the energy-

loss through electronic stopping dominates and the energy is deposited uniformly into the 

entire thickness of the film. This energy is transferred mostly into electronic excitations and 

from these electronic excitations, energy-transfer occurs to the lattice via electron-phonon 

coupling. This can cause extremely rapid (on the order of few pico-seconds) heating and 

quenching in the localized regions along the ion path leading to the formation of a latent ion 

track. In our experiments, we have carefully chosen the energy of the ions such that 

electronic stopping power remains essentially constant throughout the thickness of the film. 

8.2 Experimental Details 

VO2 thin films were grown epitaxially on Si (100) with yttria-stabilized zirconia (YSZ) as an 

intermediate layer using pulsed-laser ablation technique. These films were irradiated using 

swift heavy ions (200 MeV Au ions) at different fluences ranging from 1x10
10

 to 1x10
13 
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ions/cm
2
. The swift heavy ion (SHI) irradiation influences the structural and electrical 

properties of VO2 thin films by the introduction of defects in a controlled fashion with 

varying ion fluence. In this paper, we present the effects of SHI irradiation on structural and 

electrical (SMT) characteristics of the VO2 thin films. The changes in SMT characteristics 

are shown to correlate strongly with the changes in crystallinity as well as electronic structure 

of the VO2 thin films. The VO2/YSZ/Si (001) epitaxial heterostructures were grown using 

KrF pulsed excimer laser (pulse duration 25 ns) with fluence of 2-3 J/cm
2
 and repetition rate 

of 5 Hz. A complete description of deposition procedure can be found elsewhere.
6
 The SHI 

irradiation on these films was performed at Inter University Accelerator Centre New Delhi, 

India in Materials Science beam line. The crystalline structure of the thin film heterostructure 

was determined using an XôPert PRO MRD HR X-ray diffraction system with CuKŬ 

radiation. Micro-Raman data of pristine and irradiated films were recorded with a Horiba 

Jobin Yvon LabRam ARAMIS using a 633 nm laser excitation at room temperature. To 

determine the oxidation states in the as-deposited and the irradiated VO2 films, XPS analysis 

of the films was carried out in a Kratos Axis-Ultra X-ray photoelectron spectrometer using 

Al KŬ X-ray source. The values corresponding to the C 1s peak were used as a reference for 

the spectrum analysis. A Keithley 2400 sourcemeter was used to characterize SMT by 

measuring the resistance of VO2 films as a function of temperature. 

8.3 Results and Discussion 

Nuclear and electronic stopping powers (Sn and Se, respectively) of SHI
 
in VO2 matrix were 

calculated using SRIM simulations and are shown in the Figure 8.1.
12 

For ion energies used 
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in this study, the values of Se in VO2 were about 2009 eV/Å while Sn was only ~16 eV/Å. 

Nuclear stopping mechanism dominates at lower ion energies (<1MeV), whereas the  

 

Figure 8.1 Electronic and nuclear stopping powers as a function of energy of 
197

Au ions upon 

incident VO2 as target materials. At the energy used in this study, 200MeV, electronic 

stopping is clearly the dominant energy loss mechanism. Inset shows the thin film 

heterostructure and normal incidence of ions schematically. 

 

electronic stopping is the dominant energy-loss mchanism at higher energies. In nuclear 

stopping, ions collide with the target atoms elastically and lose their energy to the target 

lattice causing atomic displacements which lead to the creation of Frenkel defects (vacancy 

and interstitial pairs). However, electronic stopping is inelastic in nature and dense electronic 

excitations are induced at high ion energies. The energy stored in electronic excitations is 

transferred rapidly to the phonons as the electron-phonon relaxation times are less than a 

picosecond. These dense electronic excitations can raise the temperature to several thousand 
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degrees, according to thermal spike model, within a narrow cylindrical zone of a few nm 

around the ion path for short time durations.
13

 The electronic excitations are also known to 

cause breaking of chemical bonds via Coulomb explosion and this can lead to significant 

disorder in the VO2 matrix around the ion tracks.
14

 Using SRIM/TRIM calculations, it was 

simulated that the projected range of ions, of energies used in this study, was of the order 18 

micrometers which was much larger than the thickness of VO2 films (~220 nm) and the 

electronic energy loss (Se) is almost constant throughout the film thickness (as shown in 

Figure 8.2). Therefore, the effects of electronic excitations on the structural and electronic 

properties of VO2 thin films are expected to be uniform across the entire thickness of the 

films. 

Figure 8.3 shows the comparison of X-ray diffraction ɗ-2ɗ patterns of a typical Si/YSZ/VO2 

heterostructure samples in pristine and ion-irradiated conditions with different fluences of 

200MeV Au ions. Detailed characterization, using X-ray diffraction, of the epitaxial 

orientation of as-deposited VO2 thin films has been reported elsewhere.
6
 It can be clearly 

seen that as the ion fluences are increased gradually, peak intensity for VO2 peak decreases 

and FWHM (full width at half-maximum) increases. It was also confirmed by full range 2ɗ 

scan that no other vanadium oxide phases were present. Lower intensity and higher FWHM 

of the VO2 (020) peaks suggest that the ion-irradiation causes disordered regions in the films, 

which increase with ion fluence. Also, the VO2 peak for ion-irradiated films was found to 

shift to a lower 2ɗ compared to the as-deposited films. As discussed in our earlier work, as-

deposited films are under compressive strain in the out-of-plane direction.
6
 Relaxation of this 
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Figure 8.2 Energy loss/Stopping power of 200 MeV 
197

Au ions in VO2 matrix as a function of 

film thickness. Sn and Se denote nuclear and electronic losses, respectively. Inset shows 

uniform value of Se in ~225 nm VO2 film thickness. 

 

compressive strain is likely to occur upon SHI irradiation as SHI irradiation caused creation 

of defects and disordered regions which can lead to a shift in the VO2 peak position. It was 

also seen that above the fluence of 6 x 10
11

 ions/cm
2
, VO2 (020) peak disappears almost 

completely which is due to the fact that overlapping of ion tracks (defective disordered 

regions) occurs above this fluence. Single ion impact leads to a cylindrical (~6-7nm 

nanometer-radius) disordered zone throughout the film thickness and after the overlapping 

fluence (which is ~ 6x10
11

-1 x 10
12

 ions/cm
2
), the whole volume of the film is full of 

disordered zones. At this fluence, no pristine VO2 regions remain and the entire VO2 film 

becomes highly disordered or amorphous causing the near-disappearance of the VO2 peak. It 
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can also be seen from the Figure 8.3 that FWHM of YSZ (002) reflections also increases 

with increasing fluence which confirms that ions pass through the entire thickness of VO2 

films. 

 

Figure 8.3 Comparison of X-ray diffraction patterns of a pristine Si(100)/YSZ/VO2 

heterostructure and swift heavy-ion irradiated VO2 films with 200 MeV Au ions at varying 

ion fluencies. 
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Creation of defects and disordered regions upon SHI irradiation is also evident from Raman 

spectra of pristine and irradiated VO2 films. Figure 8.4 shows, for comparison, the Raman 

spectra of as-deposited and irradiated VO2 films at different fluences. The spectra were  

 

Figure 8.4 Raman spectra of the pristine and ion irradiated VO2 films (with 200 MeV Au 

ions), shown one below the other for comparison. Silicon peak at 520.07 cm
-1

 was used to 

calibrate the spectra. 

 

calibrated using Si peak at 520.07 cm
-1

 as a reference. Raman spectrum of the as-deposited 

film shows distinct peaks at 193 and 223 cm
-1

, corresponding to Ag Raman mode.
15

 As the 

VO2 films are irradiated with increasing ion fluence, these peaks shift to lower frequencies 
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and FWHM increases. It is envisaged that this shift occurred due to creation of defects 

(presumably oxygen vacancies) in disordered ion-track regions, and FWHM increased 

consequently due to increasing disorder (loss of symmetry) in the films. Similar phenomenon 

of Raman peak shifts has been observed in PbTiO3, where increasing amount of shift to 

lower frequency was attributed to increasing oxygen vacancy concentration.
16

 The idea that 

Raman peaks shift to lower frequency with introduction of oxygen vacancies is also 

supported by the observations that Parker made in which shifts to higher frequencies for 

oxygen rich VO2 were observed.
17

 Similar to XRD results, in the case of Raman 

spectroscopy also, it was observed that the distinct Raman peaks disappear at 1x10
12

 

ions/cm
2
 fluence. This confirms that the ion fluence of 1x10

12
 cm

-2
 is above the threshold of  

overlapping fluence where ion tracks overlap with each other. Therefore, for the ion 

irradiated films, Raman peaks corresponding to VO2 vibrational modes disappear due to a 

high degree of disorder in overlapping ion tracks through the whole thickness of the VO2 

film. The IR (infra-red) transmission measurements, using an IR laser (wavelength = 1.5 

ɛm), were also performed to further elucidate the effect of SHI on epitaxial VO2 thin films. 

These results are presented in Figure 8.5, where % transmittance has been plotted as a 

function of temperature with varying ion doses. Although normalized transmittance has been 

plotted in the Figure 8.5, it was observed that with increasing ion dose, transmittance of the 

sample under test was decreased such that detectorôs gain was needed to be increased to get 

measurable signal. It is clear from the Figure 8.5 that controlled tailoring in semiconductor to 

metal transition of VO2 can be obtained by carefully controlling the ion fluence. 
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Figure 8.5 Comparison of infrared transmission of as-deposited and SHI irradiated (with 

200 MeV Au ions) VO2 thin films as a function of temperature with varying ion fluences. 

 

Figure 8.6 shows, for comparison, XPS spectra of as-deposited and ion-irradiated VO2 films. 

As shown in the figure, V2p
3/2

 peak for ion-irradiated films shifts to a lower binding energy 

values as the ion fluence increases, signifying the increasing concentration of V
3+

 oxidation 

state of Vanadium with increasing ion fluence.
18

,
19

 In the disordered regions which are 

created due to SHI irradiation, loss of oxygen is likely to occur which leads to a shift of 

spectrum towards higher binding energies. It is also envisaged that localized heating around 

the tracks leads to oxygen deficiencies in the films and increasing concentration of V
3+

 with 

respect to the as-deposited sample. 
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Figure 8.6 Comparison between X-ray photoemission spectra of as-deposited and ion-

irradiated VO2 (with 200 MeV Au ions) thin films, showing shift of V2p
3/2

to lower binding 

energy indicating presence of more V
3+

. 

 

A comparison of resistivity, as a function of temperature, for the as-deposited and ion-

irradiated films is shown in Figure 8.7. It can be clearly seen that the as-deposited VO2 films 

show a first order SMT and the resistance drops sharply by ~3 orders of magnitude. 

However, ion-irradiated films start to exhibit an increasingly broad transition with increasing 

ion fluence. It is expected that as the number of defective sites (disordered regions/ion tracks) 

in the films are increased with increasing ion fluence, the amplitude of the transition will be 

smaller due to higher defect content. Also, as the ion fluence is increased, hysteresis width of 

the transition decreases as there will be increasingly more nucleation sites available for the  
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Figure 8.7 Comparison between resistivity of as-deposited and ion-irradiated thin films (200 

MeV Au ions) plotted against temperature (T). Systematic changes in resistive switching 

behavior were evident as ion fluence was increased. 

 

transition to occur. It should also be noted that resistivity of the films decreases in the low 

temperature (semiconducting) region as the number of carriers (electrons in the case of VO2) 

increases with increasing concentration of V
3+

 arising from increasing ion fluence. Also, in 

the high temperature (metallic) regions, resistivity increases with increasing ion fluence as 

the carrier scattering is expected to be proportional to the defect content in the VO2 thin 

films. For the 6 x 10
11

 ion/cm
2
 fluence, transition becomes similar to that of near-amorphous 

films.
 20

 This phase transition is of second order type and less of structural nature where 
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pairing of V atoms, unit cell doubling, and charge ordering is critical. This is similar to the 

Mott type transition, a diffused second order transition which would typically be expected in 

disordered/amorphous VO2 thin films. 

For the as-deposited films, plot of ln(conductivity) against 1/T in semiconducting phase 

yields a Arrhenius-type of straight line (shown in Figure 8.8 (a)) with activation energy 

~0.19 eV. This value is comparable to what has been reported in the literature, confirming  

 

Figure 8.8 (a) Plot of ln(conductance) against 1/T for as deposited film and ion irradiated 

films, with increasing ion-fluence curves becomes increasingly non-linear and deviate from 

Arrehenius/thermally activated transport behavior (b) plot of ln(conductance) against T
-1/4

 

for films ion irradiated at 3 x 10
11

 and 6 x 10
11

 ion/cm
2
 fluence, curves show linear behavior 

with T
-1/4

 indicating variable-range hopping transport. 

 

high-quality of as-deposited films.
21

 An interesting point concerns the increasing deviation of 

ion-irradiated VO2 films from Arrhenius behavior in the semiconducting region. For ion-

irradiated films a ln(conductance) vs T
-1/4

 plot shows a straight line fit which suggests a 

óquasi-amorphousô description of the resistivity of VO2 (shown in Figure 8.8 (b) for 3 x 10
11

 

and 6 x 10
11

 ion/cm
2
 fluence).

22
 This can be explained by taking into account, the defects 
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created upon SHI irradiation. In the present case of ion-irradiated films, SHI irradiation can 

induce large numbers of localized states, present in the band-gap, by introduction of disorder 

in the VO2 thin films, and also the presence of V
3+

 ions (as seen in XPS spectra) can lead to 

mid-gap defect states. This leads to a variable range hopping transport behavior in the ion-  

irradiated films, where ln(conductance) follows a linear relationship with T
-1/4

. This is in 

agreement with previous reports, where similar deviations from Arrhenius behavior have 

been observed in VO2 films upon proton irradiation where radiation induced defect states 

were believed to be responsible.
26

 

8.4 Conclusion 

In conclusion, we have shown that controlled modifications in SMT in VO2 thin films were 

induced by the introduction of defects upon swift heavy ion-irradiation. The ion-irradiation 

creates disordered regions containing defects around ion tracks in epitaxial VO2 thin films. 

Dense electronic excitations caused by electronic stopping, the dominant energy-loss 

mechanism at these energies, facilitate the introduction of defects in VO2 matrix. Our 

electrical resistivity measurements, and XRD and XPS studies support the observation of 

defect-induced Mott (electronic) type of SMT in VO2 thin films. It is envisaged that the ion-

irradiation, where nature/extent of ion-VO2 interactions and resulting defect content can be 

controlled by changing the ion-irradiation parameters, provides an interesting opportunity to 

understand the role of defects in SMT and to design a new class of VO2 based smart sensor 

devices. Further studies could be conducted to understand in detail, the nature of these 

defects, and their influence on magnetic properties. 
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9. Effect of vacuum annealing on semiconductor-to-metal transition characteristics 

and magnetic properties of vanadium dioxide 

Our research work reported in this chapter has focused on correlation of the effect of oxygen 

vacancies and resulting non-stoichiometry to the semiconductor-to-metal transition 

characteristics and magnetic properties of the VO2 thin films. High-quality epitaxial thin 

films of VO2 were deposited using a pulsed laser technique. As-deposited films were 

annealed in-situ under vacuum at 500 
0
C. Our experimental observations from X-ray 

diffraction, micro-Raman spectroscopy, and X-ray photoelectron spectroscopy studies 

supported the argument that this heat-treatment results in the incorporation of oxygen 

vacancies in the VO2 thin films. The crystalline quality of the films remained unaffected after 

vacuum annealing. It was found that the introduction of oxygen vacancies into the VO2 thin 

films significantly alters their semiconductor-to-metal transition characteristics from sharp 

first-order structural to broad second-order transformation. Similar to other oxides, such as 

ZnO, oxygen vacancies in VO2 also lead to enhancement of room temperature 

ferromagnetism. Saturation magnetization of the films was found to increase nearly two-fold 

as a result of vacuum annealing. 

9.1 Introduction  

Semiconductor to metal transition characteristics of VO2 thin films are known to be a strong 

function of microstructure (grain size distribution and grain boundary characteristics) and 

chemistry (stoichiometry, dopant and/or other defects). However, the individual effect of 

these factors on the SMT parameters is not well understood. In the past, the effect of vacuum 
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annealing on as-deposited VO2 thin films has been studied.
 1,2,3,4

. However, films studied in 

these cases were either polycrystalline or had other oxide phases (e.g. V2O5 or V2O3) or 

dopants present in the films which is likely to produce a combined effect of all these 

parameters in modification of SMT characteristics. Therefore, there is a need to understand 

the role of vaccum annealing on SMT while other factors such as, the epitaxial quality and 

the phase purity of the films etc. were kept the same. In the study presented here, we 

deposited single-crystalline high quality films of VO2 and annealed them in vacuum while 

maintaining the epitaxial quality of the films. We have demonstrated large modifications in 

SMT characteristics upon vacuum annealing which we believe are primarily due to 

incorporation of oxygen vacancies (defects). We also show that both the as-deposited and 

vacuum annealed films exhibit a defect-mediated ferromagnetism arising from the presence 

of other oxidation states of vanadium than V
4+

, which was found to be consistent with the 

previous observations made by Yang et. al.
5
 The introduction of defects upon vacuum 

annealing led to an increased saturation magnetization moment which can be rationalized by 

taking into consideration that vacuum annealing introduced increased concentrations of 

oxygen vacancies. 

9.2 Experimental Details 

Epitaxial thin films of VO2 were grown on Al2O3 (0001) (c-sapphire) substrates using LPX 

100 KrF pulsed excimer laser (ɚ=248 nm) in a multitarget deposition chamber. The Al2O3 

(0001) substrates were cleaned ultrasonically in acetone and methanol prior to loading into 

the vacuum chamber. The chamber base pressure was 1x10
-6

 torr while during deposition 
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pressure was 10-12 mtorr of oxygen. The substrate was kept at 500 
0
C during deposition. 

Pulse energy density for the growth of VO2 films was kept 2-3 J/cm
2
 and repetition rate was 

5 Hz. Deposition was carried out for 20 minutes for a film thickness of roughly 300 nm. 

After deposition, all samples were cooled under the same oxygen pressure that was 

maintained during the deposition. For vacuum annealing of the epitaxial VO2/Al 2O3 (0001) 

heterostructures, the temperature of the oxygen cooled samples was raised to 500 
0
C and then 

maintained for 5 hours at 500 
0
C. All heating and cooling steps were performed at a rate of 

~20 
0
C/minute. X-ray diffraction patterns for structural characterization of VO2/Al 2O3 (0001) 

heterostructues were acquired using a Rigaku Geigerflex diffractomer for phase-

identification and structural characterization. Micro-Raman studies of all samples were 

performed with a Horiba Jobin Yvon LabRam ARAMIS using a 633 nm laser excitation at 

room temperature. To determine the oxidation states in the as-deposited and annealed VO2 

films, XPS analysis of the films was carried out in a Kratos Axis-Ultra DLD X-ray 

photoelectron spectrometer using Al KŬ X-ray source. Comparison of semiconductor-to-

metal transition characteristics were performed by measuring the resistance of all samples in 

two-probe arrangement in the temperature range of 290-360 K. Ohmic contacts were made 

using gold wire pressed with freshly cut indium dots. Current was kept at 1ɛA or smaller to 

minimize any heating effects and the current-voltage behavior was observed to be linear. 

Magnetic measurements were performed using a Quantum Design SQUID (superconducting 

quantum interference device) magnetometer. 
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9.3 Results and Discussion 

Figure 9.1 shows, for comparison, the X-ray diffraction (XRD) spectra of as-deposited and 

vacuum annealed samples. For both as-deposited and vacuum annealed heterostructures, 

films had single phase (VO2) and unique out-of-plane orientation (020) determined using  

 

Figure 9.1 Comparison of X-ray diffraction ɗ-2ɗ spectra of as-deposited and vacuum 

annealed VO2/c-sapphire heterostructures. 

 

methods described in our earlier work.
6
 For as deposited films, the VO2 (020) peak position 

was at 2ɗ = 39.92
0
 while for vacuum annealed films (020) peak shifted to lower 2ɗ = 39.80

0
. 

This peak shift was more prominent in second-order reflection (040) where a shift from 2ɗ = 

86.08
0
 to 2ɗ = 85.80

0
 was observed. Shifting of XRD peaks occurs as a result of vacuum heat 
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treatment which is expected to introduce oxygen vacancies in the VO2 thin films. 

Introduction of oxygen vacancies leads to an increase in lattice parameter in out-of-plane 

direction that causes the XRD peak to shift to lower 2ɗ. Also, it was noted that the full -width 

at half-maximum (FWHM) of vacuum annealed films (ȹ2ɗ = 0.18) was the same as that for 

as-deposited films. This result is of critical importance, as will be described later in the 

chapter, since semiconductor-to-metal transition characteristics varied so drastically even 

though the crystalline quality of the films remained the same. The observation that the 

orientation and the FWHM of XRD peaks remained same allows us to exclusively correlate 

the changes in semiconductor-to-metal transition and magnetic properties to the point defects 

in the form of oxygen vacancies. 

Figure 9.2 presents the comparison between Raman spectra of as-deposited and vacuum 

annealed VO2 films. The instrument was calibrated using standard Si peak at 520.07 cm
-1

 as 

a reference. As seen in Figure 9.2, Raman spectrum of the as-deposited film exhibits the 

characteristic Raman modes of monoclinic VO2, consistent with the other reports found in 

the literature, confirming the presence of the VO2 phase.
7,8,9

 These include distinct peaks at 

194.8 cm
-1

, 224.2 cm
-1 

and 619.6 cm
-1

 corresponding to Ag Raman mode.
7
 After vacuum 

annealing these peaks shifted to 192.2 cm
-1

, 222.5 cm
-1

, and 610.8 cm
-1

, respectively. It is 

envisaged that this shift occurred due to presence of oxygen vacancies in the vacuum 

annealed VO2 thin films. Similar observations of Raman peak shifts have been made in 

PbTiO3 where increasing amounts of shift to lower frequency was attributed to increasing  
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Figure 9.2 Plot showing the comparison of Raman scattering intensity vs wavenumber (in 

cm
-1

) for as-deposited and vacuum-annealed samples. A 633 nm laser was used to acquire 

the specta. While the characteristic peaks of monoclinic VO2 can be seen for both, peak shift 

to lower wavenumbers is clear, indicating oxygen deficienvy. 

 

oxygen vacancy concentration.
10

 The idea that Raman peaks shift to lower frequency with 

introduction of oxygen vacancies is also supported by the observation that Parker made in 

which he observed shifts to higher frequencies for oxygen rich VO2.
11

 Another important 

feature to note, in the Raman spectra, is that the peak at 308 cm
-1

 doesnôt change upon 

vacuum annealing which leads us to believe that this vibrational mode was probably not 

sensitive to oxygen vacancies and the local stress generated due to them.  
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Early research efforts using Hall-effect measurements have established that the electrons 

were predominant carriers in VO2 on the both sides of semidonductor-to-metal transition. 

This was recently confirmed by direct dc measurements of the Hall effect in high quality 

thin-film VO2.
12,13,14

 Upon vacuum annealing of VO2 thin films, creation of oxygen 

vacancies in VO2 thin films is expected to occur due to the deficiency of oxygen. To 

maintain the charge neutrality, this must lead to an increase in concentration of V
3+

 and 

majority carriers i.e. electrons.
 15

 Overall reaction can be explained as below: 

 VO2 ź VVô + VO
..
 + e

-
         (1) 

where VO
..
 represents the oxygen vacancy and the VVô acts as V

3+
 ions. From the above 

relation it is clear that the oxygen vacancies and non-stoichiometric V
3+

 induced by vacuum 

annealing would lead to an increase in carrier (electron) concentration. Therefore, vacuum 

annealed films should exhibit lower resistivity in the semiconducting state which is exactly 

what we observed in our electrical resistance versus temperature studies (discussed later in 

the chapter). 

The chemical composition of the as-deposited and vacuum annealed films was characterized 

by XPS full scan and high-resolution XPS spectra focusing on the O 1s and V 2p regions 

after 1 minute sputter cleaning. In the full range XPS spectrum, except for features arising 

from V and O, there are also N 1s and C 1s which arise from surface contamination, no other 

elemental impurities were detected. The adventitious C 1s peak, typically associated with 

binding energy of 284.5 eV, was used to calibrate the binding energy of vanadium when 

compensating for charging effects. After the Shirley background subtraction, the V 2p
3/2
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peaks were best fitted by deconvolution into two peaks using CasaXPS software.
16,17

 For as-

deposited films the two peaks were attributed to V
4+

 and V
3+

 oxidation state, with relative 

concentration 82.6% and 17.4%, respectively, as shown in Figure 9.3 (a). For vacuum  

 

Figure 9.3 High resolution X-ray photoelectron spectroscopy scan on the O 1s and V 2p 

regions of (a) as-deposited and (b) vacuum annealed VO2 films deposited on Al2O3 (0001) 

substrate. 

 

annealed VO2 films the peaks were attributed to V
4+

 and V
3+

 with relative concentration 

59.3% and 40.7%, respectively, as shown in Figure 9.3 (b). Therefore, V
3+

 concentration in 
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vacuum annealed films increased nearly two-fold compared to as-deposited films. It is 

envisaged that vacuum annealing at elevated temperature 500 
0
C drives oxygen out of VO2 

thin films and generates oxygen vacancies and gives rise to non-stoichiometry in form of 

increased concentration of V
3+

. 

Figure 9.4 shows the variation of electrical resistance of the as-deposited and vacuum-

annealed VO2 films as a function of temperature for both heating and cooling cycles. The 

characteristic sharp semiconductor-to-metal transition is clearly observed in as-deposited  

 

Figure 9.4 Comparison of resistive switching behavior of as-deposited and vacuum-annealed 

VO2 films deposited on c-sapphire substrates. 

 

films. On the other hand, vacuum-annealed films exhibited a broad transition and showed an 

increase in transition width and hysteresis and a decrease in the order of magnitude of change 

in resistance. The change from a first-order type sharp SMT to second-order type broad SMT 
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can be attributed to the increase in concentration of V
3+

 or oxygen vacancies upon vacuum 

annealing since other factors affecting SMT characteristics, like, grain size, orientation and 

phase purity were observed to be the same. It should also be noted that the resistance of the 

VO2 in semiconducting state decreased through the defect levels in the band-gap that were  

likely to be created by oxygen vacancies. On the other hand, these defects limit the 

conductivity in the metallic state (an increase in resistance) through defect scattering of 

electrons. The modification of semiconductor-to-metal transition characteristics upon 

vacuum annealing is also evident from thermally induced changes in transmittance of the 

films, as shown in Figure 9.5. Near one-to-one correspondence with resistive-switching  

 

Figure 9.5 Comparison of transmitted intensity vs temperature spectra of as-deposited and 

vacuum-annealed VO2 films. 1.5 ɛm wavelength laser was used and amplified gain was kept 

constant. 
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behavior can be seen. Optical switching data reveal smaller hysteresis and an offset (~2K) 

between the effective electrical and optical switching temperatures with optical switching 

starting to occur earlier on the temperature scale. This can be explained on the basis of 

effective medium theory
18

 which essentially means that the optical transmittance depends 

linearly on the volume fraction of the metallic phase while; the resistance of the sample is not 

greatly affected until a continuous low-resistance path is formed. 

Comparison between room temperature magnetic properties of the as-deposited and vacuum- 

annealed VO2 films was performed by measuring room temperature magnetization curves as 

a function of applied magnetic field. Data plotted has been smoothened by using a 10-point 

Saviztky-Golay smoothing routine. The diamagnetic contribution due to the substrate was 

subtracted using the negative slope of the high-field data. It can be seen from Figure 9.6 the 

magnetization starts to saturate in magnetic field of about 5000 Oe. Also, the saturation 

moment for the vacuum-annealed films was nearly twice of that for the as-deposited films 

(increased from ~7.5 emu/cm
3
 to 13.9 emu/cm

3
). As seen from XPS spectra, the 

concentration of V
3+

 increased nearly two-fold from as-deposited to vacuum annealed VO2 

films (17.4% to 40.7%). Concentration of oxygen vacancies is expected to follow a similar 

trend (from equation (1)). Therefore, the increase in saturation moment of vacuum-annealed 

VO2 can be attributed to the increase in concentration of oxygen vacancies or valence charge 

defects (V
3+

) with unpaired electrons. Plotted in the inset are the magnified M-H loops which 

clearly show the presence of hysteresis which is typical of ferromagnetic behavior. The 

room-temperature magnetization curves show considerable hysteresis for both as-deposited  
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Figure 9.6 The field dependence of room-temperature magnetization (M-H) of as-deposited 

and vacuum-annealed VO2 films. The inset shows magnified M-H curve that clearly shows 

the presence of hysteresis. Near two-fold increase in coercive field and saturation moment 

corresponds well with increase in concentration of V
3+

, as seen in XPS spectra. 

 

and vacuum-annealed films. The room-temperature coercive field increases from 43 Oe for 

as-deposited films to 73 Oe for vacuum- annealed films. Since there were no magnetic 

impurity elements present in VO2 films as confirmed by XPS spectra, this room-temperature 

ferromagnetism (RTFM) is expected to arise from oxygen vacancies or non-stoichiometric 

oxidation state of vanadium in VO2. 

9.4 Conclusion 

In conclusion, we have established the correlation that introduction of oxygen vacancies by 

means of vacuum annealing drastically modifies the semiconductor-to-metal transition 

characteristics of as-deposited VO2 thin films on c-sapphire substrate. The SMT behavior of 
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as-deposited films was found to change from sharp first-order type to broad second-order 

type with large hysteresis. The marked changes in resistive and optical switching behavior 

were attributed to the increase in concentration of valence charge defects (V
3+

) and oxygen 

vacancy upon vacuum annealing since crystallinity and phase purity of VO2 films was 

preserved. It is envisaged that the observed RTFM had its origin in presence of V
3+

 and 

oxygen vacancies. The increase in the concentration of defects (oxygen vacancies) upon 

vacuum annealing also led to an increased saturation magnetization moment and coercive 

field (enhanced ferromagnetism) The results from magnetic studies also suggest that VO2 has 

excellent potential for use in multifunctional devices exploiting its switching and magnetic 

properties. 
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10. Modif ications of semiconductor-to-metal transition characteristics of 

VO2/YSZ/Si (100) heterostructures by KrF excimer laser irradiation 

In this chapter, we present our results from experiments in which effect of pulsed-laser 

irradiation on structural, optical, and electrical properties of as-deposited VO2/YSZ/Si (100) 

heterostructures was studied as a function of laser-pulse energy density. 

10.1 Introduction  

In the field of semiconductor science and technology, use of laser has been employed in 

variety of applications such as, thin film deposition, post-growth processing or rapid thermal 

annealing, and laser-machining etc.
1,2

 Interaction of lasers with the target material often lead 

to interesting phenomenon, such as, surface modification, formation of new phases, and 

restoration of ion-implanted disordered wafers to crystalline perfection.
3,4,5,6

 Pulsed lasers 

with photon energies higher than the band-gap energy are strongly absorbed in the near-

surface regions of semiconductors. The photon energy is transferred to the electronic system 

of the target material in less than 10
-12

 s which, in turn, is transferred to the lattice in less than 

a nanosecond. This energy then leads to melting of thin layers of semiconductors in the 

surface region.  

Vanadium dioxide (VO2) (band-gap = 0.5-0.7 eV) exhibits an interesting semiconductor-to-

metal transition near room-temperature in which its electrical-resistance and IR 

transmissivity in infra-red wavelength for drops sharply.
7
 Modification of structural and 

electronic properties of VO2 by laser irradiation is an interesting research opportunity owing 

to the control that can be achieved. Since semiconductor-to-metal transition (SMT) 
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characteristics of VO2 are a strong function of microstructure and chemistry, controlled 

interaction/irradiation of VO2 films with lasers would result in interesting modifications of 

SMT behavior.
8
 To the best of our knowledge, there is only one report in the literature in 

which the effect of XeCl (wavelength = 308 nm) laser irradiation on morphology and optical 

properties of polycrystalline VO2 films was studied.
9
 However, the study did not provide any 

electrical resistance data or any details on the effect of variation of pulse energy density on 

the optical and electrical properties of VO2. 

In the present study, we have performed laser-irradiation of high-quality epitaxial VO2 films 

that were integrated with Si (100) using cubic yttria-stabilized zirconia as intermediate layer. 

Detailed structural, electrical, and optical characterization of the pristine and laser-irradiated 

films were performed to correlate the structure and property modifications arising as a result 

of laser irradiation. 

10.2 Experimental Details 

All samples were deposited using pulsed laser deposition. KrF excimer laser of wavelength 

248 nm with pulse duration 25ns was used. Si (100) substrates were cleaned as described 

earlier in the chapter 4. Cubic YSZ buffer layer was deposited at 650 
0
C for, first, 400 pulses 

in vacuum and then, 600 pulses in 5.4x10
-4

 Torr of oxygen pressure. Subsequently, VO2 thin 

films were deposited for 4500 pulses (~225nm) at 500 
0
C in 10-12 mTorr oxygen pressure. 

For deposition of all layers, pulse energy density at the target was 2-3 J/cm
2
 and pulse rate 

was kept at 5 Hz. After the deposition, all samples were cooled to room temperature at a rate 

of ~20 
0
C/min. Laser irradiation was performed using the same KrF pulsed laser for energy 
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densities 0.15, 0.20, 0.25, and 0.30 J/cm
2
. Above the energy density 0.30 J/ cm

2
, surface 

cracking was observed on the films. For all experiments, single pulse was used to irradiate 

VO2/YSZ/Si (100) heterostructures with laser beam incident on VO2 film side. Structural 

characterization was performed using X-ray diffractometry, cross-section transmission 

electron microscopy. Micro-Raman data of pristine and irradiated films was acquired with a 

Horiba Jobin Yvon LabRam ARAMIS using a 633 nm laser excitation at room temperature. 

Changes in semiconductor-to-metal transition behavior of pristine and laser-irradiated VO2 

films were studied by measuring four-point resistance as a function of temperature in the 

range from room-temperature to 360K. Infra-red transmittance versus temperature 

measurements were also performed to characterize changes in optical transition 

characteristics of VO2 using a 1.5 ɛm laser. 

10.3 Results and Discussion 

The surface morphology of the VO2 thin films heterostructures was observed before and after 

laser irradiation at different energy densities using AFM and results are presented in Figure 

10.1. It was observed that for samples irradiated with energy density 0.20 J/cm
2
 or higher, 

significant surface smoothing occurred. Root mean square roughness values decreased from 

~10 nm to ~1.5 nm. We believe that laser irradiation at 0.15 J/cm
2
 only caused heating or 

melting of very thin layers, thereby, preserving the grain features in the VO2 films. On the 

other hand, surface smoothing at higher energy densities occurred as a result of evaporation 

of very thin surface VO2 layers at energy densities equal or greater than 0.20 J/cm
2
. Similar 

laser evaporation led smoothing has been observed in diamond films also.
10
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Figure 10.1 Atomic force microscopy images showing surface morphology changes as a 

function of energy density used for pulsed-laser irradiation of VO2 deposited on c-YSZ/Si 

(100) heterostructures. All images show a 1ɛm x 1ɛm scan area. The label below each image 

shows the energy density and the rms (root mean square) roughness in nm. Surface 

smoothening caused by evaporation can be seen in cases of energy density Ó 0.20 J/cm
2
. 

 

Figure 10.2 shows, for comparison, the X-ray ɗ-2ɗ spectra of pristine and laser-irradiated 

VO2 films. It can be seen that upon laser irradiation, peaks corresponding to VO2 (020) 

planes slightly broadened. It is envisaged that laser-beam induced heating or surface melting 

leads to structural disorder in the films which causes XRD peaks to broaden. Absorption 

coefficient of VO2 for 248 nm wavelength light is 3x10
5
 cm

-1
 which means that most of the 

laser energy is absorbed in the top ~30-35 nm thick region of the VO2 film
 
.
11

 As the laser 
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Figure 10.2 (top) Comparison of X-ray ɗ-2ɗ spectra for pristine and laser-irradiated 

VO2/YSZ/Si (100) heterostructures at different pulse energy density. (bottom) Magnified X-

ray ɗ-2ɗ spectra around VO2 (020) peaks 
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energy is absorbed, VO2 films would exceed their SMT temperature and become metallic. In 

the metallic state of VO2 its absorption coefficient increases to ~5x10
5
 cm

-1
 which would 

further limit the laser interaction depth. The laser induced rapid (~interaction time scale ~ 

100 ns) melting and subsequent quenching could lead to the introduction of texture or 

amorphization in the top 30-35 nm region of the films which would be reflected as a broad 

peak in XRD spectra. Another interesting feature that was observed in XRD spectra was that 

for energy density 0.20 J/ cm
2
 and above, another broad but very small peak at 2ɗ = 38.1

0
 

was present. We have not been able to uniquely identify the phase and the orientation 

corresponding to this peak but the possibilities include V2O5 (311) or V2O3 (006) according 

to X-ray diffraction database. 

Figure 10.3 shows the results from cross-sectional transmission electron microscopy (TEM) 

studies performed on the VO2/YSZ/Si (100) heterostructure irradiated with one pulse of 

energy density equal to 0.30 J/cm
2
. From the low-resolution micrographs in Figure 10.3 (a) 

and (c) and Z-contrast image in Figure 10.3 (d) the presence of a distinct contrast in the top 

30 nm region could be seen. This is consistent with the interaction depth calculations 

performed earlier. Figure 10.3 (c) shows the selected area electron diffraction (SAED) 

pattern using an aperture covering all three layers: Si, YSZ and VO2. Bright peaks 

confirming the orientation relationship Si (001)//YSZ (001)//VO2 (010) could be clearly seen. 

Some faint peaks are also present (marked by white arrows) in the SAED pattern which are 

likely due to the texturing present in the top 30 nm of VO2 layer. Laser irradiation induced 
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Figure 10.3 Transmission electron microscopy results for laser-irradiated VO2/YSZ/Si (100) 

heterostructure for 1 pulse of energy 0.30 J/cm
2
. (a) and (b) show the low-magnification 

micrograph and corresponding diffraction pattern, respectively (c) another low-

magnification image with objective aperture to enhance the contrast (d) Z-contrast image of 

laser irradiated VO2/YSZ/Si (100) heterostructure, different contrast in top ~30nm region 

melted by laser pulse can be clearly seen. 

 



 

160 

smoothing is also evident from TEM images since the pristine films showed ~10 nm rms 

roughness. 

To characterize the nature of structural disorder in the laser-irradiated VO2 films Raman 

spectra were also acquired and the results are shown in Figure 10.4. As discussed in previous  

 

Figure 10.4 Comparison of Raman spectra of pristine and laser-irradiated VO2/YSZ/Si (100) 

heterostructures at different pulse energy density. The remaining VO2 film below the top 

~30nm dominates the Raman scattering behavior and no detectable changes (in peak 

position) occurred except that the FHWM of Raman peaks increased marginally. 

 

chapters of this dissertation, the ion-irradiated and vacuum annealed VO2 shows that the 

main Raman peaks shifted to lower wavenumber values. Raman spectra of laser-irradiated 

VO2 films showed no detectable shift in the peaks corresponding to monoclinic VO2. Also, 














