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Introduction 

Phase transition materials, more specifically materials that present a metal-to-insulator 

transition (MIT), are characterized by their ability to undergo an abrupt and reversible change 

in their physical properties once a critical energy from an external stimulus of high enough 

intensity is reached. The stimulus can be either electrical, thermal, optical or mechanical in 

nature and the properties that change are related to the insulating and metallic states. For 

example, the electrical resistance, the optical transmission or the magnetic properties. By 

combining these causes and effects in different ways, a plethora of applications utilizing phase 

transition materials have emerged, ranging from active elements in thermochromic 

applications to electro-optical switches or neuromorphic computing devices. Indeed, a 

multitude of cutting-edge technologies that are critical in today’s scientific and industrial 

environments can employ MIT materials. For example, the field of thermochromics that is 

essential in reducing day-to-day energy consumption of society by keeping the indoors a cooler 

environment. Reconfigurable antennas, particularly those operating in the high-frequency 

range, hold significant importance in addressing the current challenges related to bandwidth 

and available communication frequency bands in the field of telecommunications. 

Neuromorphic, power efficient, computing based on MIT materials has also triggered 

increased attraction in the recent years due to the vast new field of applications that came with 

the artificial intelligence algorithms.  

Considering the aforementioned benefits and practical applications of MIT-capable materials, 

the present manuscript will focus on the following compounds and their extending their possible 

applications: 

i) VO2, as an archetypical MIT material, due to its close-to-room temperature transition 

temperature (340K) and its high electrical resistivity ratio between the metal and insulating 

states. 

ii) Tungsten doped VO2 that allows us to modulate the transition characteristics of pure VO2 

and, in particular, reduce the transition temperature close to room temperature. 

iii) NbO2, which, due to its higher phase transition temperature (~1080K), covers some of VO2’s 

weaker spots, e.g. operation at high temperatures.  

The theoretical aspects and applications of these materials will be covered in Chapter I of this 

thesis, as well as some necessary background information on the epitaxial growth and doping 

of the materials. 

Of course, an important step in connecting the laboratory research to the industrial applications 

is using a deposition process that is easily scaled up, and in particular being capable of 

covering large area substrates, while being relatively inexpensive and have a high 

reproducibility. To this end, reactive DC magnetron sputtering fulfills most of the mentioned 

conditions and is the main deposition method used during this research. 

Chapter II will present the theoretical and practical aspects of the thin film growth by reactive 

DC magnetron sputtering, as well as the techniques used to characterize the properties and 

the structure and the obtained films. Chapter III is focused on the deposition of VO2 films on 

c-sapphire substrates and understanding the influence of the growth and annealing 

parameters on the electrical, structural and optical parameters of the films. This information is 

useful for obtaining high quality VO2 films as a base for integrating them in future devices. 

Chapter IV focuses on tungsten doped VO2 fabrication using the experience from Chapter III, 
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and incorporating them in simple devices such as electrically-activated large area THz 

amplitude modulators, a much-needed instrument in THz communication and more.  Chapter 

IV focuses on tungsten doped VO2 fabrication using the experience from Chapter III, and 

incorporating them in simple devices such as electrically-activated large area THz amplitude 

modulators, a much-needed instrument in THz communication and more. Chapter V is 

dedicated to NbO2, a material that lacks much needed research, thin film fabrication and 

characterization of the thermally and electrically induced transition, with further focus on 

exploring the electrically induced periodic oscillations. The manuscript will be concluded with 

a chapter dedicated to exploring further concepts and application perspectives integrating 

these materials.  
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Chapter I. General properties of phase transition metal oxides and epitaxial 

growth 

Phase change materials (PCMs) is a general term used for a large group of materials that have 

the ability to undergo a phase transition between two or more solid states. In many functional 

devices however, it is of high interest to have a phase change coupled with a major transition 

of a specific physical property, like for instance the conductivity, as in the case of a metal to 

insulator transition (MIT). Phase transition materials (PTMs) is a more specific term, that will 

be used for the purpose of this manuscript, for those PCMs that have a volatile transition 

between the metallic and insulating states, i.e. the material transitions back to its initial state 

when the stimulus that triggered the transition is removed. PTMs have been a research topic 

for decades and, to better integrate the materials into functional devices by reaching a higher 

understanding of the physical phenomenon underlying the MIT, both experimental and 

theoretical efforts have been made. Depending on the material in question the MIT can arise 

either from electron-electron interactions (Mott transition), electron-phonon interactions 

(Peierls distortion), disorder-induced localizations (Anderson localization), or a combination of 

these mechanisms [1]. The MIT can be triggered by various external stimuli once a threshold 

value is reached. These stimuli can be thermal, electrical, optical, or mechanical [2]. Of course, 

transitioning from an insulator to a metal implies not only changes in resistivity, but also in the 

optical, mechanical, and magnetic properties. 

Materials exhibiting an MIT span a large range of transition temperatures, as indicated in Fig-

ure 1, the majority of these transitions occur below room temperature (RT), with a handful 

around RT, and some above 100°C. As a result, MIT materials may be employed in a multitude 

of applications operating over a wide temperature range. A quintessential representative for 

this class of materials is vanadium dioxide (VO2) due to its relatively close to room temperature 

transition (~68°C) and its large resistivity variation from the insulating to the metallic state 

(around five orders of magnitude). Since the initial report on the material’s MIT properties by 

Morin et al. [3], VO2 has been the topic of intense research efforts. The low transition temper-

ature of VO2 which can be advantageous in some applications, can hinder electronic applica-

tions due to Joule heating resulting in undesirable heat-induced errors in circuit operation. In-

dustry standards also dictate stability to temperatures above the transition temperature of VO2. 

As such, in parallel to VO2, different MIT-capable materials have been investigated. Niobium 

dioxide (NbO2), an oxide with a similar crystalline structure, has a transition at a much higher 

temperature of ~1080K (although sources vary) [4] making it more appealing to electronic ap-

plications. Its high temperature transition, however, makes it difficult to properly characterize 

its electrical and optical properties, NbO2 has thus received less attention in comparison with 

VO2.  

Approaches used to grow MIT materials have included both physical and chemical methods 

including, among others, pulsed laser deposition (PLD), sol-gel deposition, magnetron sput-

tering, e-beam evaporation or molecular beam epitaxy (MBE). A review encompassing the 

approaches of growing VO2 was done by Shi et al. [5]. Among these, magnetron sputtering 

stands out due to the advantages of being a semi-industrial method able to grow films over 

large surfaces at relatively low costs. This method also possesses a simplicity of deposition, 

high deposition rate and a high repeatability of the experiments. In order to directly achieve 

metal oxide materials two methods can be used: i. deposition from a metal-oxide target (usually 

using RF magnetron sputtering) or ii. adding oxygen to the sputtering process (reactive DC 

magnetron sputtering method) when using a metallic target. Sputtering from a metal oxide (or 

insulating materials in general) leads to greatly reduced sputtering rates when compared to 
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metallic targets, even when using the RF sputtering technique, a method which is additionally 

more power intensive than DC sputtering, hence leading to higher operating costs. Further-

more, these kinds of metal-oxide targets are usually done in-house which adds a new layer of 

complexity, or come with a higher cost. Thus, sputtering in an oxygen atmosphere from a me-

tallic target is preferable as it gives the user more control over the oxygen content of the sam-

ples without giving up the sputtering rate. Given these arguments, this thesis will employ reac-

tive DC magnetron sputtering from metallic targets in O2/ Ar atmosphere in order to achieve 

vanadium and niobium dioxide thin films.  

 

 

Figure 1. Relative change of electrical resistivity as a function of the transition temperature of 

MIT materials. [6] 

I.1. The metal-to-insulator transition hysteresis 

A key feature of the MIT is created by the slight offset between the energy needed for the 

material to transition to the metallic state and the one needed to transition back to the insulating 

state. This offset creates a well-known hysteresis which is present in the measurement of 

multiple types of parameters, such as in the measurement of the optical or electrical 

parameters. The shape of this hysteresis curve is important in describing the PTMs. Figure 2, 

for example, represents a typical hysteresis curve of the resistance of a VO2 film, done while 

increasing, and then decreasing the temperature of the film. From these measurements, 

important parameters such as the transition temperature and the hysteresis and transition 

widths can be obtained. In order to quantitatively extract them from the curves, the first and 

second order derivatives need to be calculated. The metal-to-insulator transition temperature 

(TMIT) is defined as middle point of the MIT and corresponds to the average between the 

temperatures of the inflection points of the resistivity. Those are given by the minima of the 

first derivative and are denoted  𝑇𝑢𝑝 and 𝑇𝑑𝑜𝑤𝑛, for increasing and decreasing temperature, 

respectively. The hysteresis width (ΔH) is the difference between 𝑇𝑢𝑝 and 𝑇𝑑𝑜𝑤𝑛. We use the 

minima and maxima of the second order derivative to evaluate the overall width of the 

transition, ΔT. Defining 𝑇𝑢𝑝
′  and 𝑇𝑑𝑜𝑤𝑛

′  as the high temperature and the low temperature 

inflection points of the first derivative, and the transition width ΔT, or the whole temperature 

range where the transition takes place, is defined as 𝑇𝑢𝑝
′ − 𝑇𝑑𝑜𝑤𝑛

′ . These values are 

summarized in Figure 2 below. Occasionally, a curve fitting process with a sigmoidal-type fit 

becomes necessary to diminish the impact of experimental measurement-induced noise, 

which could lead to unreliable results.  
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Figure 2. A typical high-quality VO2 on c-sapphire sample's sheet resistance hysteresis curve 

and the related first- and second-order derivatives. Top image is the interpolated and 

smoothed experimental curves. 

I.2. Negative differential resistance 

Negative Differential Resistance (NDR) is a phenomenon observed in certain non-linear 

electronic devices where, contrary to the behavior of an ohmic resistance, the current 

decreases (current sweep/ current control) as the voltage increases, or vice versa (voltage 

sweep/ voltage-control). This counterintuitive effect has significant implications and 

applications in various fields, such as relaxation oscillators for neuromorphic computing [7–9]., 

amplifiers [10], or memristors [11]. NDRs can take two forms: continuous (S-shaped), 

characterized by a gradual decrease in resistance, or discontinuous (snapback), characterized 

by a large jump and a hysteretic behavior. In PTMs, this type of NDR is associated with the 

onset of the MIT. Due to the nature of this transition, these NDRs typically exhibit a snapback 

behavior and display hysteresis, especially large during voltage control.  

During a current-sweep of a VO2 film the NDR region is usually seen to arise between two 

regions of instability, thus looks as a combined snap-back and S shaped NDR [7,12]. An 

example can be seen in Figure 3. Based on a review of existing literature, a direct explanation 

for this phenomenon has not been identified. It might however be linked to the formation of 

continuous conductive clusters at a threshold temperature/ current after the NDR [7,13].   
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Figure 3. VO2 NDR showing an S-shape between two regions of instability. [12] 

In the case of NbO2, it was reported that the current-voltage curves exhibit two distinct NDR 

regions. In NbO2, especially amorphous NbO2, one of them is triggered at an equivalent 

temperature of ~1000K, which was linked to the MIT and exhibits a jump in the current/ voltage 

(snapback mechanism). The other NDR appears to precede the MIT, exhibits an S-shape NDR 

and is triggered at an equivalent temperature of ~400K [14]. This has led researchers to 

describe this S-shape NDR as being initiated by a Joule heating driven thermal runway caused 

by a non-linear Poole-Frenkel (PF) mechanism [14,15]. Basically, as the current is increased 

through the circuit, the temperature also increases from the Joule heating effect, which in turn 

lowers the conductance, which produces further increase in temperature. At a critical current, 

this positive feedback results in a negative differential resistance. The PF effect is a 

phenomenon that is often observed in insulating materials. Despite being insulting, these 

materials present random thermal fluctuations that will give electrons enough energy in order 

to jump in the conduction bands of the material. This free electron however exists for a short 

amount of time before it transitions back to the valence bans. The PF effect describes how in 

a large electric field the thermal requirements for this electron jump is lowered by the pull of 

the electric field.  

 

Figure 4. Current-controlled switching in NbO2 a) NDR related to the MIT and b) two NDRs 

zones related to thermal runway effect and MIT. [16] 

I.3. Transition mechanisms of VO2 and NbO2 

In the classical band theory, the metallic or insulating behavior of materials stems from the 

filling of the energy bands. A semiconductor is thus characterized by a gap between the 

valence band and the conduction band, with an empty conduction band at the Fermi level. An 

insulator is a semiconductor with a very large gap. In a metal the conduction band is partly 

filled. Although most materials’ behavior may be predicted using this model, it doesn’t explain 
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why some materials, mostly transition metal compounds, are still weak conductors or even 

insulators [17,18]. In the following section we will briefly discuss the mechanisms of phase 

transitions that regard our choice materials. 

I.3.1. Mott transition 

Within a hopping conduction mechanism where one electron jumps from one site to another, 

a Coulomb repulsion between two neighboring electrons of same d orbital can localize the 

charges leading to an insulating behavior. “Mott insulators” is the name of this class of 

materials where the conductivity is limited by electron correlation, a phenomenon first 

described by N. Mott [19] and named in his honor. For the material to transition from an 

insulating state to a metallic state, the free electron density needs to surpass a theoretical 

threshold, which is necessary to effectively screen the Coulomb interactions [20,21]. 

A theoretical  description of the Mott transition can be given by a simplified Hubbard model for 

only a single band of delocalized electrons [22,23]  in which the Hamiltonian is described as: 

 𝐻 = ∑ 𝑡𝑖𝑗𝑐𝑖𝜎
∗

𝑖,𝑗,𝜎

𝑐𝑖𝜎 + 𝑈 ∑ 𝑛𝑖↑𝑛𝑖↓

𝑖

 ( 1 ) 
 

Where U is the intra-atomic interaction energy (i.e. the Coulomb repulsion energy), tij is the 

probability for an electron to hop from site i to site j, 𝑛𝑖𝜎 = 𝑐𝑖𝜎
∗ 𝑐𝑖𝜎 represents the electron number 

operator for site i and spin σ, and 𝑐𝑖𝜎
∗ 𝑐𝑖𝜎 represent the annihilation and creation operators of 

electrons at site i. Simply put, the first part of the equation is related to a metallic behavior and 

the second part relates to an insulating one, thus it is expected that a Mott transition would 

happen once the energy of the system is larger than the one of the Coulomb repulsions. 

The ratio U/t (or U/W where W is the bandwidth) is an important parameter as it can describe 

when the MIT will occur. For example, increasing the external pressure may reduce the lattice 

constant, thus the bandwidth will increase until a critical value of U when the MIT will take 

place. This is schematically represented in Figure 5 and is called bandwidth control MIT. 

 

Figure 5. Schematic representation of a) an intrinsic Mott insulator b) MIT through bandwidth 

control. [24] 

The interaction energy U between electrons can also be altered by adding or removing 

electrons, thus reducing the Coulomb repulsion energy. This is achieved through the filling-
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control MIT transition, which effectively screens electron-electron interactions. This method is 

represented in Figure 6. 

 

Figure 6. Schematic representation of filling control MIT a) through electron-doping and b) 

through hole doping. [24] 

In the Hubbard model only the 1s orbital is considered for simplicity, while in reality transition 

metal oxides have partially filled 3d/4d orbitals, however the model gives a qualitative 

representation of the Mott transition.  

I.3.2. Peierls transition 

A Peierls transition is described by the interaction between the phonons and the electrons. 

This transition mechanism is named so as it was first proposed by R. Peierls [25]. If we imagine 

a 1D periodic lattice with N ions spaced apart by a distance 𝒂, with a total length of 𝑳, then the 

energy bands may take the shape of Figure 7 a), where the bandgaps open at the end of the 

Brillouin zone at 𝒌 = 𝝅/𝒂, where k is the wavevector. If monovalent atoms are used, the lowest 

band is only half full, meaning that there are empty positions that electrons can occupy, thus, 

resulting in a metallic behavior. Now, if we introduce a small distortion δ and the atoms move 

closer to each other in a process called dimerization, the periodicity would double to 𝟐𝒂. This 

distortion will modify the energy curve E(k) and now the gaps open at 𝒌 = 𝝅/𝟐𝒂. If this gap 

opens near the Fermi level, then the lowest band will become completely filled and the upper 

one will be emptied, giving rise to an insulating state.  

Peierls also showed that for small displacements the reduction in the electronic energy of the 

system is proportional to –δ2logδ which would finally lead to the 1D atomic chain being unstable 

even at 0K [26]. 
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Figure 7. A Peierls transition from an a) undistorted to a b) distorted atom chain, with a 

bandgap opening at ±k. [27] 

I.4. Vanadium dioxide 

The first to describe the MIT in VO2 was F.J. Morin in 1957 [3] and the material has since 

attracted ever increasing interest because of the large magnitude of the resistivity change 

(more than five orders) and a TMIT relatively close to room temperature. More precisely, VO2 

has a semiconductor-metal transition, however the term “metal-insulator” is commonly used 

by the scientific community.  

In order to study or exploit the MIT of VO2, the material has been obtained with a multitude of 

techniques [5], such as DC-[28] and RF-[29] magnetron sputtering, e-beam reactive 

evaporation [30], pulsed laser deposition [31], molecular beam epitaxy [32], or sol-gel 

techniques [33]. Besides its synthesis in the form of nanofilms, VO2 has also been produced 

as multiple types of nanostructures such as nanowires [34] and nanowire arrays [35], nanonets 

[36], nanobelts [37], nanotubes [38] or nanobeams [39].  

In VO2, the change in electrical properties is accompanied by a structural phase transition 

(SPT) between a low-temperature monoclinic phase and a high-temperature rutile phase, 

which has led to a debate around the nature of the transition. The question, that is under debate 

even today (as many theoretical and experimental reports arriving at different conclusions), is 

if the transition is driven by an electron correlation transition (Mott transition scenario) or is it 

the result of lattice distortions (Peierls transition scenario)? For example, the insulating phase 

has been regarded as a Peierls-assisted Mott insulator [40] or, reversely, a correlation-assisted 

Peierls insulator [41]. Even more complicated scenarios arrive if one additionally considers the 

intermediary phases between the low and high temperature monoclinic and rutile phases [42].  

Seemingly, more and more publications discuss how the two scenarios interact in a 

cooperatively significant way [31,43], although it’s important to note that experimentally and 

theoretically, the transitions have been decorrelated. Generally it is accepted that among the 

external stimuli used for triggering the MIT, the main mode of activation is thermal, and that 

the electric activation is a form of thermal activation induced by Joule heating from the applied 

currents [44]. The discussion about photoinduced transitions however remains even more so 

controversial, especially with the experimental difficulties they pose. In their paper on the 

optically induced transition, Morrison et al. [45] suggested the existence of two different laser 

fluence threshold values for the SPT and the MIT. They proposed the presence of a metastable 

mM phase that retains the monoclinic structure of the material but exhibits metallic behavior. 

These threshold measurements, however, seem to be affected by heat accumulating during 

the pump-probe measurements, making accurate determination a challenge [46]. Other 

theoretical simulations and experiments have proposed that these thresholds are actually the 
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same, and that a metallic monoclinic phase would exist only transiently [47,48]. What is more, 

the crystallinity, strain, thickness and form of VO2, whether it’s freestanding or patterned, affect 

the experimental results [45,46,48], thus it is difficult to state on which mechanism has priority 

when a multitude of factors influences the measurements on the transition mechanism. 

I.4.1. Crystal structure of VO2 

Vanadium, classified as a transition metal, exhibits multiple oxidation states (2+, 3+, 4+, 5+) 

[49]. Upon its reaction with oxygen, various oxides of vanadium are formed, as depicted in the 

phase diagram in Figure 8. Deviations from the VO2 stoichiometry leads to two classes of 

vanadium oxides called Magnéli phases (VnO2n−1 = VO2−1/n) and Wadsley phases 

(VnO2n+1 = VO2+1/n) [2]. Magnéli phases are considered to go from V2O3 to VO2(R) and the 

Wadsley phases from VO2(B) to V2O5 [50]. Most of the existing V-O phases fall in the Magnéli 

group and within this group the majority of phases present an MIT behavior [49], while in the 

case of the Wadsley phases, much lower in number, only one does, namely V6O13 [51]. In total, 

however, most of vanadium oxides have an MIT, with only some of them being either fully 

insulating or fully metallic. Among the ones that do display an MIT, VO2 has the highest 

resistivity ratio, with the TMIT above 0°C. 

 

Figure 8. VOx phases. [50] 

VO2 itself has many known phases with different crystalline structures such as VO2(A), VO2(B), 

VO2(C) VO2(M1), VO2(M2), VO2(T) VO2(R), VO2(D), VO2(P) [29,52–54] the majority of them 

being either metastable phases or lacking enough study in order to integrate them in devices. 

From this list, the low temperature insulating VO2(M1) and the high temperature metallic VO2(R) 

have the received the most study as they present a first order reversible transformation 

between them, making these phases interesting for a large number of applications.  

The high temperature R phase of VO2 is of tetragonal symmetry and exhibits a rutile structure, 

with space group. 𝑃42 𝑚𝑛𝑚⁄ . In this structure the V metal atoms are located at (0,0,0) and (
1

2
, 

1

2
,

1

2
) and the oxygen ions at (𝑢, 𝑢, 0) and ± (

1

2
+ 𝑢,

1

2
− 𝑢,

1

2
). The lattice constants and the 

internal oxygen parameter 𝑢 were determined experimentally by McWhan et al. [55] to be 𝑎𝑅 =

4.5546Å, 𝑐𝑅 = 2.8514Å and 𝑢 = 0.3001 respectively, with other researchers arriving at similar 

values [56,57].  
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Figure 9. a) Rutile and b) monoclinic structures of VO2, based on [58]. 

A decrease of the temperature below the critical temperature of 340K leads to a dimerization 

between the V atoms along the c-direction of the rutile structure, which is combined with a zig-

zag like pattern appearing between the V-V atoms due to dimer rotation around the same axis. 

A doubling of the unit cell is a result of these modifications, with the lattice constants 𝑎 =

5.75, 𝑏 = 4.53, 𝑐 = 3.48 and 𝛽 = 122.6° [59]. The corresponding space group of this monoclinic 

phase is P21/c. 

Beside the R and M1 structures, two metastable intermediary phases have been reported 

which can be stabilized with strain or temperature, according to Figure 10. The monoclinic M2 

phase belongs to the space group C2/m and behaves as an insulator. M2 has two types of 

vanadium chains, one where the V atoms are paired with no tilting along the rutile c axis, and 

one where the V atoms do not pair, but form zig-zag chains perpendicular to the c axis [60]. 

The triclinic T phase is intermediary between M1 and M2 and is also insulating, with the M2 

pairs tilted towards their M1 configurations, and the zig-zag chains gradually dimerizing with 

lowering the temperature [60]. 

 

 

Figure 10. Stress-temperature phase diagram of VO2. [61] 

I.4.2. Band diagram of VO2 

According to J. Goodenough’s model [62], which was the first one to describe the electronic 

structure of VO2 and whose description has remained mostly consistent with modern theories, 

in the insulating state the V 3d orbital splits into a twofold degenerate states of eg symmetry 
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and a threefold degenerate states of t2g symmetry (the letter g in the subscript come from the 

German word “gerade”, signifying an even symmetry, while t and e stands for triply and doubly 

degenerate energy levels respectively). The t2g orbitals further splits into two 𝑑𝜋 orbitals and 

one 𝑑∥ orbital, and the eg orbitals into two 𝑑𝜎 orbitals. 𝜎, 𝜎∗ bonding and antibonding bands are 

formed by the σ type bonding between the 2pσ and the 3dσ orbitals from the oxygen and 

vanadium ions. Finally, π bonding and π* antibonding bands are formed by the covalent mixing 

of a single pπ orbital and two 3dπ orbitals. This can be better visualized in Figure 11. 

In the conducting state, the 𝑑∥ and π* orbitals are partly occupied by one electron per V atom 

and overlap at the Fermi level. In his paper J. Goodenough proposed that the driving 

mechanism of the MIT is the anti-ferroelectric displacement of the V ions when cooling down 

under the TMIT, this would increase the p-d hybridization, up-shift the π* level and leave the 𝑑∥ 

bands half filled. Finally, the formation of V-V dimers, more energetically favorable for half-

filled 𝑑∥ bands, would double the cR axis and split the 𝑑∥ level into an occupied bonding 𝑑∥ and 

an empty anti-bonding 𝑑∥
∗ level that decreases the Fermi energy below the π* band. These 

effects yield a band gap of 0.6 eV.  

 

Figure 11. Schematic of the VO2 band structure in the a) metallic and b) insulating states. 

[63] 

I.4.3. Microstructural parameters affecting the transition 

Alongside the controlled means of manipulating the MIT parameters such as strain or doping 

as will be discussed later, there are several microstructural parameters that may inadvertently 

affect the transition, which are discussed below.  

The transition from the insulating to the metallic phase is said to be heterogenous and to 

proceed in a non-uniform fashion, relying on structural defects as the source of nucleation sites 

[64]. Klimov et al. [65] proposed that each grain exhibits its own hysteresis loop with 

parameters controlled by the grain size, strain, etc., thus, a larger number of grains would 

result in a wider temperature spread. In their proposed mechanism, the formation and growth 

of a metallic nucleus within an insulating state remains stable if the temperature deviates from 

the phase equilibrium temperature by a value that is inversely proportional to the square root 

of the grain diameter. This behavior is also observed during the transition back to the insulating 

phase. In their paper they also discuss how grain size distributions might affect the shape of 

the hysteresis, resulting in hysteresis curves with multiple inflection points.  

Another type of defects that may influence the transition are point defects, such as oxygen 

vacancies or interstitials. These defects influence the charge localization, thus affecting the 

band structure. Indeed, an oxygen interstitial may add two-hole carriers that decrease the 

insulating resistance, while an oxygen vacancy may add two electrons that ultimately narrow 
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the band gap, also reducing the resistance in the insulating state [66]. As point defects are also 

nucleation sites for the transformation, they will promote the onset and progress of the 

transformation. 

According to Narayan et al. [67], who proposed one of the more complete models of defect 

influence on the transition, the driving force of the phase transition is: 

 
∆𝐺𝑟 = ∆𝑇𝑟∆𝑆0 ( 2 ) 

 
Where ∆𝐺𝑟 is the change in the Gibbs free energy associated with the phase transition, ∆𝑇𝑟 is 

the deviation from the equilibrium transition temperature, and ∆𝑆0 is the change in entropy 

between the two phases. This requires a non-zero ∆𝑇𝑟 which is directly related to the ΔH, thus 

a hysteresis cannot be avoided. 

The transition width in their model is defined by: 

 
∆𝑇 = 𝐶𝑡𝜌𝑑 ( 3 ) 

 
Where 𝐶𝑡 is a constant and 𝜌𝑑 is the defect density. The grain boundary defects normally are 

less important than the other defects (point defects), but play a major role when the grain size 

is reduced to the nanoscale, increasing the ΔT. The total amplitude of the transition (e.g. the 

insulating/ metallic resistance ratio) is as well dependent on the defect content, being inversely 

proportional to it. 

The width of the transition is related to the critical size of the stable nuclei and the interfacial 

energy, that is, as the interfacial energy increases, so does the hysteresis width. This interfacial 

energy is directly related to the grain boundaries (density and orientation). For example, a 

polycrystalline film with random orientation will have a large ΔH.  

Narayan's model predicts that the hysteresis curve for all types of microstructures: i. high-

quality films (i.e. mono-crystalline) with grains separated by low angles (less than 1°) will exhibit 

large amplitudes, narrow transitions controlled by the defect content and hysteresis widths kept 

to a minimum through the low angle boundaries ii. textured polycrystalline films with small-

angle boundaries will have small transition widths, while the hysteresis width will increase with 

the misorientation of these boundaries iii. randomly oriented polycrystalline films with large-

angle random boundaries will experience an increase in transition width with decreasing grain 

size, while the hysteresis width will remain constant or increase with grain boundary 

misorientation, and iv. amorphous films will exhibit a large transition width but a very small 

hysteresis width due to the absence of grain boundaries, allowing for symmetric propagation 

during cooling. 

Narayan’s model has so far been well corroborated by a number of works, for example Jian et 

al. [68] in their randomly oriented polycrystalline VO2 films fabricated on amorphous glass 

substrates showed that ΔT increases well with increasing grain sizes, while the ΔH remains 

mostly constant. 

Aliev et al. [69], in their research, described how at high thicknesses the transversal grain size 

dictates the transition temperatures, while at low enough thicknesses the deviation from the 

phase equilibrium temperature required for the phase transition to take place is only dependent 

on the thickness.  
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I.4.4. Applications of VO2 

Owing to its MIT and possibility of activation by optical, thermal, mechanical and electrical 

external excitations, VO2 has found a place as an active layer in a large number of applications. 

A well-known field were VO2 is a popular candidate is called thermochromics, which use phase 

transition materials as variable optical transmission elements. Thermochromic materials are 

the backbone of the so called “smart windows” which change the intensity of the transmitted 

light as an “automatic” response to the change in the local temperature. Indeed, VO2’s property 

to regulate the sun’s radiation after the MIT, mostly in the IR spectrum, has proven to be useful 

as a means to keep indoor temperatures lower during the hot summer days, resulting in lower 

electricity consumption associated with air conditioning [70]. However, VO2’s transition 

temperature is slightly higher than what would be acceptable and needs to be reduced, ideally 

to around room temperature. An efficient method to achieve this is by doping the VO2 with 

different atoms, which will be more deeply described in chapter I.6. One of the most popular 

dopants is tungsten (W), the W:VO2 solid solutions being currently promising candidates for 

thermochromic layers [71]. Other applications that exploit VO2’s control over the 

electromagnetic spectrum (through the modification of its optical or electrical properties) are 

modulators, switches and polarizers devices in the infrared, microwaves or the terahertz 

domains [72–74]. The field of THz waves properties control is especially interesting as the 

technologies for this domain are still not as advanced as the ones for the adjacent domains of 

millimeter waves and infrared [75].  

By applying etching techniques [76] to create various patters, VO2 can also be used in the form 

of metamaterials. Metamaterials based devices integrating VO2 films have attracted significant 

attention in the last decade due to their ability to efficiently control electromagnetic waves and 

to possess exotic behaviors that aren’t found in nature, such as negative refractive index. In 

short, metamaterials are artificial materials with subwavelength dimensions arranged in 

periodic patterns that are specifically designed to interact with and modulate electromagnetic 

radiation, heat or sound. Lu et al. [75] have recently reported a review encompassing different 

configurations in which VO2 can be used to manipulate the electromagnetic properties of THz 

waves like the amplitude, phase, polarization and beam propagation direction.   

Other applications of VO2 include thermoelectric generation devices [77], IR camouflage and 

thermal regulation [78,79], micro actuators [80], gas and thermal sensors [81,82], Mott-field 

effect transistors [83], or infrared shielding layers [84]. Comprehensive reviews of VO2’s 

applications have been reported by Liu et al. [2] and Shi et al. [5]. Another review that 

encompasses VO2 and other V-O phases’ applications was recently published by Hu et al. 

[85].  

VO2 has a long list of applications when considering the optical, electrical and thermal 

activation of the material. The list more than doubles when one considers combining these 

different stimuli and creating multi-stimuli type devices. These applications have been 

effectively summarized by Bhuhpathi et al. [86] and displayed in Figure 12. 
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Figure 12. VO2-based devices controlled by a) single-stimulus (thermal, optical, electrical) 

and b) multi-stimuli. [86] 

I.5. Niobium dioxide 

As mentioned previously, NbO2 has a much higher transition temperature than VO2 (and all 

the other PTM’s, see Figure 1), at around 1080K, or ~800°C, but also a lower resistivity ratio 

between the high and low temperature states [6]. Another key difference between VO2 and 

NbO2 is that while in the former the debate about the driving mechanism of the MIT is centered 

around electron-electron vs. electron-lattice scenarios, in the latter the electron correlation 

scenario only takes minor importance to the MIT [87], this effect being less prominent. Although 
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there are some reports who look at NbO2 as having a first-order transition [88–90], others 

present a much more compelling case that the driving mechanism is indeed a second-order 

Peierls transition via dimerization of chains of Nb atoms [91–93]. As in the case of VO2, the 

electronic and structural MITs might be decorrelated, as experiments showed that ultra-fast 

laser irradiation of the material can induce the MIT without reaching the critical temperature 

necessary for the SPT, at laser fluences even lower that the ones for VO2 [94,95].  

Niobium dioxide has been grown using different methods such as PLD [96], MBE [97], ion-

beam sputtering [98], and magnetron sputtering [99,100]. Contrary to other deposition 

methods, sputtering does not easily lead to epitaxial films due to the formation of Nb-O clusters 

(NbO, NbO2, NbO3) in the plasma which affect the nucleation and growth process of NbO2 

[101,102]. Music et al. [101] showed that reactive sputtering leads to epitaxial growth of NbO, 

but may lead to disruption in the growth of epitaxial NbO2 due to NbO clusters’ presence in the 

plasma, thus, a high control over the plasma sputtering parameters during the deposition is 

needed, as a balance between Nb-O phases in the plasma is crucial. 

I.5.1. Structural properties  

Niobium oxides have many phases and polymorphs, albeit fewer than VO2, with a list of 

reported niobium oxides being presented in a review article by Nico et. al [103]. Among the 

various compounds however, the most common and important ones are Nb2O5, NbO, and, of 

course, NbO2, which is discussed in this thesis. Nb2O5 is used in applications such as catalysts, 

in electrochromic and sensor devices or in fuel cells [104] while NbO is interesting due to its 

superconductivity properties or applications in memory and electrolytic capacitors [103,105]. 

The Nb-O phase diagram [106] is presented in Figure 13. 

 

Figure 13. Niobium-oxygen phase diagram. [106] 

As opposed to VO2 which has a transition from an M1 to an R phase, NbO2 has a tetragonal 

structure both in the high temperature phase and the low temperature phase, and they are 

commonly referred to in literature as rutile, space group P42/mnm, and body-centered 

tetragonal (BCT), or sometimes simply tetragonal, with a space group I41/a (represented in 

Figure 14). The high temperature phase has the lattice parameters aR =4.846A and cR=3.032A 

[107] while the low temperature phase has parameters aT=13.702 and cT=5.985Å, although, 
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slight deviations from these parameters are encountered in the literature [101]. The relations 

between the high and low phases are  aT ≈ 2√2𝑎𝑅, cT ≈ 2cR [108]. Owing to the dimerization of 

the Nb atoms, the regular spacing present in the rutile phase disappears with alternating Nb-

Nb distances of 2.71 Å and 3.3 Å appearing. A zig-zag displacement develops as well along 

the rutile [110] and [1-10] directions, with Nb-O lengths varying between 1.91 Å and 2.25 Å 

[109]. 

 

Figure 14. a). Unit cell of the high-temperature phase with rutile crystal structure. b). Unit cell 

of the low temperature tetragonal phase of NbO2. [97] 

I.5.2. Band diagram of NbO2 

The similarities between NbO2 and VO2 led researchers to describe its electronic structure 

based on Goodenough’s model proposed for the vanadium dioxide [62,99,110].  

Niobium dioxide has a 4d1 configuration, formed after the bonding of four Nb electrons with the 

O atoms. These broader 4d bands, in comparison to the 3d bands of VO2, contribute to 

stronger metal-metal bonding in the fourth-row dioxides and results in higher transition 

temperatures for NbO2. In both the metallic and insulating phases the same features are 

present, three groups of bands, with the lower ones dominated by O 2p states and two higher 

energy groups being dominated by Nb 4d states [109]. In metallic NbO2, the crystal field 

splitting causes the separation of the higher, Nb 4d, bands into two groups with 𝑡2𝑔 and 𝑒𝑔
𝜎 

symmetry. The hybridization of the Nb 4d and the O 2p orbitals also lead to near-Fermi level 

energy bands, and to the σ-type and π-type overlap with t2g and eg symmetry respectively. This 

near Fermi electronic structure consists of two weakly hybridizing t2g bands, namely, 𝑑∥ states 

with 1D dispersion parallel to the Nb chains, and isotropically dispersing 𝑒𝑔
𝜋 bands [99,111].  

In the case of insulating NbO2 two main phenomena are occurring, the splitting of the 𝑑∥ band 

into 𝑑∥ bonding and 𝑑∥
∗ antibonding states due to the Nb-Nb dimerization, and the 𝑒𝑔

𝜋 states’ 

energy upshift due to higher p-d overlap, leading to a very high depopulation of these orbitals. 

This upshift is due to the lower Nb-O distances arising from the zigzag-like displacement of the 

Nb atoms. These changes lead to the complete separation of the 𝑑∥ bands from the 𝑒𝑔
𝜋 states, 

which gives rise to a band gap of 0.1 eV [99,109].  

I.5.3. Applications of NbO2 

As the thermal transition temperature in NbO2 occurs at high temperatures, devices based on 

this material will focus more on the electrical switching effect, although NbO2 films could have 

potential applications in high temperature cut-off switches, which have not been yet completely 
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explored. Niobium dioxide has a large dielectric constant (~10 between 1k and 10M Hz) [112], 

a large Seebeck coefficient (close to -200 μVK−1) [113,114]  and a low fluence required for 

optic excitation (2.2 mJ/cm2) [94]. These properties enable various emerging applications 

including thermoelectronics [115], coupled electrical oscillators [116], selector devices [117], 

memristors based on metal-insulator-metal structure [118,119], electrical and optical switches 

[98,100], or in the energy domain as catalysts for fuel cells [120]. An advantage that NbO2 has 

over VO2 is that the fluence required to induce the optical activation of the MIT in NbO2 is lower, 

and the electronic recovery time is also faster than for VO2, making NbO2 better suited for 

ultrafast switching applications [94].   

Taking account of all the bibliographic studies done so far, it is apparent that a significant 

portion of research conducted on NbO2 is dedicated to exploring the material’s potential 

application in memory devices, particularly as synthetic neurons [119]. Moreover, compared to 

VO2, NbO2’s high temperature MIT makes it less susceptible to unwanted effects coming from 

Joule heating. That is not to say that the heating of NbO2 films cannot be exploited, as literature 

studies reveals the temperature-dependent MIT threshold in electric controlled of the NbO2 

films [121]. This temperature-dependence is interesting for frequency tuning the NbO2-based 

oscillators, as it was shown by multiple authors that decreasing the operation temperature of 

the NbO2 oscillators (studied between 338 and 4K) leads to lower oscillation frequencies 

[119,122,123]. This is interesting for NbO2-based oscillatory networks as frequency tuning by 

temperature control can be done up until higher temperatures without accidentally triggering 

an MIT, as would be the case for VO2. 

I.6. Material doping of VO2 and NbO2 

Modulating the transition characteristics of MIT-capable materials i.e. the hysteresis curve and 

its associated parameters, has been sought-after by researchers in order to broaden the 

applications where MIT devices can be used. An already mentioned field that requires a lower 

TMIT is thermochromics, where it’s necessary for the active layers to operate at temperatures 

close to room temperature.  

Much effort has been put into the control of the phase transition, with known methods including 

oxygen stoichiometry modifications [5], strain engineering [32,90] and doping, the latter being 

the most common and efficient way. Material doping in its basic form consists of substituting 

certain of the initial material’s atoms with atoms of different nature, with the total concentration 

usually being relatively low. For example, 1% of tungsten in a VO2 film is enough to reduce the 

TMIT by 25- 30°C. The valence difference between the dopant and the material’s atoms 

changes the electronic density of the system and will impact the global conductivity of the 

material. Researchers have noticed that the size of the dopant is also important, as the MIT 

materials are sensitive to distortions of the lattice symmetry [124]. A recent comprehensive 

review on element doping of VO2 has been presented by Xue and Yin [125]. A usual method 

of dopant classification is by the type of charger carrier they are introducing, whether it’s a hole 

or an electron i.e. p- or n- doping. This classification however does not account for the dopants 

that are of the same valence as vanadium that yet still affect the MIT. Moreover, it is still under 

debate if this classification, which is based on the electronic properties of IV and III-V materials, 

still holds for transition metal oxides. As such, the dopants within phase transition materials 

may be classified as: 

i) elements that increase the TMIT: in the case of VO2, notable dopants are Al [126], Fe [127], 

Si [128] and Cr [129]. While increasing the transition temperature has a practical usage in 
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increasing the efficiency of solar thermal collectors [128], it also stabilizes the M2 phase of VO2, 

thus allowing researchers to study it or employ it in applications that require this normally 

unstable phase. From the aforementioned doping elements, the most efficient one to increase 

the temperature of transition is Fe, with the highest TMIT increase reported to around 134°C for 

12.6 mol% Fe-doping of VO2 [127]. Surprisingly, elements such as Cr or Ge can both increase 

and decrease the TMIT or simply not affect it, which is probably a result of an interplay of effects 

induced by the deposition technique [125].  

ii) elements that decrease the TMIT: in the case of VO2 there are three types of dopants which 

are decreasing the composite transition temperature, i) those with lower valence, ii) those with 

equal valence, and finally, iii) those with higher valence than VO2. The higher valence atoms 

are the most efficient ones, as they are introducing electrons into the compound and possibly 

alter the local structure. Notable examples are W [130], Mo [131], and Nb [132]. From these, 

the most well-known and commonly used dopant is tungsten, as it has the highest down 

shifting of the TMIT to temperatures as low as -50°C in nanobeams [133]. Equal valence dopants 

can be Ti [134] or Hf [135], while examples of lower valence ones are Mg [136] or Sb [137]. 

While the literature is rich on VO2 element doping, the same cannot be said for NbO2. Ti doping 

of NbO2 [138] has been investigated in order to improve selector devices for RRAM 

applications, and showed that doping with Ti helps reduce leakage currents of the devices 

when in the insulating state. Ti atoms also have the advantage of being oxygen getters due to 

the favorable thermodynamic properties, this helps prevent the transformation of NbO2 in the 

more oxidized Nb2O5 phase. Furthermore, N doping of NbO2 was shown to increase the 

catalytic activity of the films and improve the stability of the catalyst, to be used in oxygen 

reduction reaction applications for future fuel cells [139]. Although reports on NbO2 doping are 

scarce, it is worth mentioning a different type of doping to the chemical one, which is a variation 

of electrostatic doping called space charge doping. This technique is used to n or p dope the 

material in a way that it remains in this state even after the voltage is applied, by quenching 

the sample [111]. 

I.7. Epitaxial growth of VO2 and NbO2 

The term “epitaxy” has its origin in the Greek words of “epi” meaning “upon”, and “taxis” 

meaning “arrangement” and as the name suggests, in epitaxial layers the crystal lattice from 

the substrate is meant to be continued into the thin film. Two categories arise, homoepitaxy, 

where a film is grown on a substrate of the same composition, and heteroepitaxy, where the 

compositions and/ or the crystal structure between the film and the substrate are different. 

Epitaxy produces mono-crystalline films which have different properties when compared to 

their polycrystalline counterparts. Epitaxial thin films also have fewer defects and grain 

boundaries, and higher uniformity than polycrystalline films, which directly influence properties 

such as the optical transparency and the electrical transport (resistivity) in the material 

[140,141]. In the case of VO2, epitaxial films have a higher MIT resistivity ratio between the low 

and high temperature phases, and display much more abrupt transitions with lower widths 

[142]. Furthermore, the hysteresis shape (TMIT, ΔT, ΔH) can be modulated and specific 

crystalline phases can be stabilized by strain engineering via lattice mismatch [143,144].   

VO2 has been epitaxially grown on substrates such as Al2O3 with different orientations [28,145], 

on TiO2 or on MgF2 [146] by  different deposition techniques such a magnetron sputtering [28], 

PLD [147], MBE [32], chemical vapor deposition (CVD) [145] or e-beam evaporation [143]. As 

VO2 grows epitaxially on c-Al2O3 and shows the highest magnitudes in the optical and electrical 
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transitions in literature, most of the work in this thesis has been focused on this type of 

substrate. It has been previously shown that VO2 layers grow epitaxially with the (010) planes 

parallel to the (001) planes of c-Al2O3, with the epitaxial relationships [100]VO2∥[210]Al2O3, 

[100]VO2∥[-110]Al2O3, and [100]VO2∥[120]Al2O3 [142].  

Figure 15 depicts the (h0l) VO2 plane and the (hk0) Al2O3 plane. The primitive unit cell of VO2 

is represented by black dashed lines on the (h0l) VO2 plane. Figure 15 b) illustrates the different 

possibilities for positioning the VO2 unit cell on the hexagonal structure of the sapphire-c 

substrate, assuming an angle β = 120°. The presence of three distinct possibilities to position 

the VO2 unit cell on the substrate give rise to three distinct in-plane orientations (variants) and 

this explains with the observed 6-fold symmetry in the φ-scan which will be also illustrated in 

the Chapter 3 of the manuscript (Figure 37) [148]. In reality, the β angle of VO2 is equal to 

122.6°, indicating that the VO2 unit cell does not perfectly overlap with the sapphire-c unit cell. 

The three orientations shown in Figure 15 b) are offset by ±2.6°, as seen in Figure 15 c), which 

explains specific features in the φ-scan diagrams (Figure 37) [149]. 

 

Figure 15. a) Diagram of the primitive unit cell (β = 120°) of VO2 on the (h0l) VO2 plane. b) 

Diagram illustrating the placement of the primitive unit cell of VO2 (β = 120°) on the (hk0) 

Al2O3 plane. c) Diagram illustrating the placement of the primitive unit cell of VO2 (β = 122.6°) 

on the (hk0) Al2O3 plane. [150] 

A successful method in growing high quality epitaxial VO2 by magnetron sputtering is to first 

grow the V2O3 phase and afterwards go through a supplementary annealing step in an oxygen-

rich atmosphere [151]. Indeed, as illustrated in Figure 16, V2O3 and Al2O3 have a similar 

corundum structure and a smaller lattice mismatch between them than for VO2 and Al2O3. The 

epitaxial relationships were determined to be V2O3 (0001)||Al2O3 (0001) and V2O3[-12-

10]||Al2O3[-12-10] [152], with the lattice mismatch strain of -3.9% between V2O3 (PDF 00-034-

0187) and Al2O3 (PDF 04-007-1400) along the a axis, while for VO2 and Al2O3 is -4.4% along 

the [100] VO2 and 2.1% along the [001] VO2. Moreover, as mentioned previously in section 

I.2.1, V2O3 and VO2 are the two end members of the Magnéli family thus transition from V2O3 

to VO2 can be easily achieved by an annealing step in an oxygen atmosphere.  
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Figure 16 a) V2O3 structure and unit cell b) VO2 M1 structure and unit cell c) Al2O3 structure 

and unit cell (red, identical to V2O3) and VO2 (black). 

In the case of NbO2, epitaxial growth has been achieved on MgF2 substrates using MBE [6], 

ion beam sputtering [153] and PLD [154], on c-Al2O3 by PLD[90] and reactive bias target ion 

beam deposition [155], and on STO substrates by MBE [97]. The epitaxial relationships 

between NbO2 and c-Al2O3 (illustrated in Figure 17) have been reported to be 

[001](110)NbO2||[10-10](0001)Al2O3 [155]. Substrates such as MgF2 or TiO2 might be more 

favorable to grow epitaxial NbO2 as the structures are similar, thus leading to a lower structure 

mismatch between the substrates and the obtained layers [156]. As mentioned earlier, during 

reactive magnetron sputtering deposition, Nb-O clusters in the sputtering plasma may hinder 

the formation of epitaxial growth of NbO2, and thus, favorable conditions for epitaxial NbO2 

growth require extensive investigations of deposition parameters. 
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Figure 17 Illustration depicting the epitaxial relationship between the tetragonal structure of 

NbO2 and a sapphire substrate. [155] 

I.8. Conclusion 

In this chapter a short introduction of the metal-to-insulator transition has been made, 

afterwards the two most important and common driving mechanism of this transition have been 

discussed, namely Mott transition and Peierls transition. This was followed by introducing the 

two materials that are the focus of this thesis, their phase family, band diagram, properties and 

applications. As tungsten doping represents an important part in my research, a chapter 

dedicated to VO2 (and a much lesser extent NbO2) doping was the focus of a separate chapter. 

Finally, the epitaxial growth of materials and the epitaxial relationships between out materials 

and c-sapphire substrate (the main substrate used in my research) were explored, which are 

important in controlling the crystalline quality of the films and thus the electrical or optical 

performances. 
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Chapter II. Deposition method and characterization techniques 

During this thesis research on VO2 and NbO2 I have employed reactive DC magnetron 

sputtering in order to grow thin films of these materials. Moreover, using photolithographic 

methods simple devices (oscillators, electrical and optical modulators) have also been 

fabricated. In order to characterize these films, the main techniques used throughout the thesis 

were X-ray diffraction, electrical measurements, Raman spectroscopy, atomic force 

microscopy, THz-TDS spectroscopy and Rutherford backscattering spectrometry. The 

methods of deposition and characterization are the focus of this chapter and will be described 

below.   

II.1. Magnetron Sputtering 

Magnetron sputtering is a physical vapor deposition (PVD) technique based on the diode 

sputtering deposition method, but with an incorporation of a magnetron. A diode sputtering 

works on the simple principle of ejecting atoms from a material of interest, called a target, in 

order to deposit them on a substrate located in close vicinity to it. In its most basic form this is 

achieved in a vacuum chamber by introducing a non-reactive and relatively inexpensive gas, 

which is usually argon, between two planar electrodes and applying a voltage which, when 

increased above the breakdown value of the gas, will create a self-sustaining plasma that 

initiates the sputtering process. A DC glow discharge is characterized by different and distinct 

regions which will be briefly described as they are key in understanding the sputtering process. 

After the plasma is started, in the region next to the cathode (usually the target material) a dark 

space called the Aston dark space can be seen, where a strong electric field is present but the 

electrons ejected from the cathode don’t have enough energy to ionize the gas. As the 

electrons accelerate and gain energy they begin to excite the Ar inert gas atoms which quickly 

transition back to their ground level while producing luminous radiation, thus creating the 

second region called the cathode glow. As electrons further accelerate they ionize the Ar atoms 

which accelerate to the negatively charged cathode, this region is called the cathode dark 

space. The ions that hit the cathode (target) produce secondary electrons that maintain the 

plasma. The bombardment of the target by the ions ejects atoms from the target is the so-

called sputtering process which ultimately produces the thin films. Next to the cathode dark 

space is the negative glow that is formed by the electrons that are slowed down after ionization 

and thus have enough time to combine with ions and emit light. After this intense light zone, 

the Faraday dark space and the positive column follow, the anode dark glow and finally the 

anode dark space. All these zones of a DC glow discharge are represented in Figure 18. By 

placing a substrate close to the anode one can collect the sputtered material that forms into a 

thin film.  

 

Figure 18. DC glow discharge regions in a typical diode sputtering system. 
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In order to improve this technique by increasing the deposition rate and lowering the discharge 

voltage, the lifetime of electrons around the cathode needs to be increased. The simplest 

method to do so is to confine the electrons with a magnetic field, or a magnetron, hence the 

name of the technique called magnetron sputtering. A schematic of the magnetron sputtering 

technique is represented in Figure 19 a), showing the magnetic lines that confine the electrons, 

which ionize the Ar atoms that are further accelerated towards the cathode, and the target 

atoms being sputtered and depositing on the substrate.  

The trapping of electrons by the magnetic field leads to a large percentage of the ionization 

occurring around the target as can be seen in Figure 19 b), which is an optical image of one 

of the sputtering systems used during this thesis [157].  

 

a)  b) 

Figure 19. a) the schematic of magnetron sputtering [158] and b) experimental setup of 

reactive DC magnetron sputtering. 

II.1.1. Reactive magnetron sputtering 

The introduction of a reactive gas, usually O2 or N2, along with the non-reactive one during the 

sputtering process has been successfully used to fabricate new compounds such as oxides, 

nitrides or oxinitrides. In the context of this thesis as the sputtering will be done from metallic 

vanadium and niobium targets, the reactive gas of interest is O2. The way this works is 

seemingly fairly straightforward: the reactive gas, oxygen in our case, is introduced in the 

sputtering chamber and will react with the exposed surfaces (target, substrate, chamber walls) 

thus creating oxidized phases. Reaction can be considered as non-existing in the gas phase 

as the densities of the gas and the sputtered atoms are low and collisions are rare [159]. While 

it sounds easy, the reaction mechanisms between the reactive gas and the sputtered material 

may lead to some stability issues. 

In the case of the DC reactive sputtering (employing metallic targets), at zero gas flow of 

oxygen, the sputtering yield and sputter erosion rate is determined by the target material. 

Increasing the reactive gas flow up until a certain critical value does not alter significantly the 

composition of the target and the sputtering yield will remain constant for a given power. This 

is because all the reactive gas is absorbed either at the substrate level or is being sputtered 

as soon as it is chemisorbed by the target. In this region the target is said to operate in “metallic 

mode”. At a certain critical value, the partial pressure of oxygen is high enough and the 

compound formed on the target starts to dominate the sputtering with a yield that is much lower 

than the metallic one. As the target becomes oxidized, the excess oxygen that has not been 

chemisorbed will contribute to increasing the partial pressure of oxygen. This gives rise to an 

avalanche effect where the lower sputtering yield leads an increased partial pressure of oxygen 

Substrate holder

Target

Negative glow
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around the target which in turn leads to an even lower sputtering yield. This region is 

sometimes called a “transition mode”. After the process stabilizes, the target is said to be in a 

“poisoned mode” and has a drastically lower deposition rate than the metallic mode. These 

regions, alongside the voltage evolution with oxygen for one of our vanadium targets can be 

seen in Figure 18. Many factors may contribute to the shape of this said “poisoning curve” such 

as vacuum chamber size, vacuum pump speed or target history and purity. As in our 

experiments the plasma discharge is operated under a constant power, the voltage (and 

current) changes and reflects the target’s oxidation state, as illustrated by the curve of the 

voltage evolution with the reactive gas partial pressure (or flow under a constant pressure). 

During the course of this thesis research, the VO2 and a portion of the NbO2 films were 

fabricated inside a 3” DC magnetron sputtering vacuum chamber (PLASSYS MP300) 

configured in a sputter-up formation. The temperature of this system was capped at 750°C and 

the substrate rotation was maintained at 12 rotations/ minute in order to ensure a uniform 

deposition. Several NbO2 films were fabricated using a PVD6 3” deposition system equipped 

with up to six magnetron sputtering sources, with RF, DC and pulsed DC source power 

supplies was also used. Figure 19 b) offers an inside view of the sputtering chamber during 

deposition.  
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Figure 20. Plasma voltage during vanadium target sputtering evolution with different oxygen 

flows (under a constant 70 sccm flow of Ar and fixed total pressure of 4 mTorr). 

II.2. X-ray diffraction analysis  

II.2.1. X-ray diffraction theory 

Diffraction effects are observed when the electromagnetic radiation that falls on a periodic 

structure, with wavelengths comparable to the size of the structure, interfere constructively. 

One can apply this effect to crystals and molecules, where the interatomic lengths are usually 

of a few tenths of nanometers, using X-ray radiation. Indeed, X-ray diffraction (XRD) is a 

powerful non-destructive characterization technique that allows for gathering information about 

the crystal structure of the materials. Notably, it allows for the determination and the 



41 

 

quantification of the crystalline phases in the material, their orientations, the strain in the 

material or the size of the crystallites. 

The collision between the x-rays and the matter gives two types of interactions, an inelastic 

scattering (Compton scattering) where energy is transferred to the electron but doesn’t release 

it, and an elastic scattering (Thomson scattering) where the electron starts to oscillate at the 

frequency of the incoming radiation and becomes itself a source of radiation. This latter 

process is what XRD uses for structurally analyzing the films. Since the energy is conserved, 

the incident wave vector, k0, and the diffracted wavevector, kd, have the same magnitude 1/λ, 

λ being the wavelength. Diffraction occurs when the waves scattered by different lattice planes 

of the material coherently interfere, i.e. when the path difference between the scattered waves, 

δ = δ1 + δ2, equals an integer multiple of the x-ray wavelength nλ. This geometry is depicted in 

Figure 21 below, from which Bragg’s law is straightforwardly obtained as: 

 2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆 ( 4 ) 
 

 
Figure 21. Representation of Bragg's law. 

The figure also represents the diffraction vector 𝑆 =  𝑘𝑑 − 𝑘0, with magnitude 2𝑠𝑖𝑛𝜃/𝜆, which 

will be used below. 

As useful as it is, Bragg’s law describes diffraction in a 2D plane, whereas diffraction actually 

occurs in 3 dimensions. Also, it doesn’t give any information regarding the intensity of the 

diffracted X-rays. Within the kinematical theory of diffraction, the intensity diffracted by a 

material can be written as: 

 

𝐼(𝑆) = |∑ 𝐹𝑗(𝑆)exp (−2𝜋𝑖𝑆 ∙ 𝑟𝑗

𝑗

)|

2

 ( 5 ) 

 

where F is the structure factor of the jth unit cell and 𝑟𝑗 is the distance of the jth unit cell. Being 

a Fourier series, Equation (5) exhibits maxima when 𝑺 ∙ 𝒓𝒋 is an integer, which, from the 

definitions above is equivalent to Bragg’s law. This allows to express the diffraction condition 

in a different way; since 𝑑𝑗 is a real space vector, i.e. 𝒓𝒋 = 𝒖𝒂 + 𝒗𝒃 + 𝒘𝒄 (a, b,c being the lattice 

parameters of a crystalline structure), the only way to satisfy that the scalar product 𝑺 ∙ 𝒓𝒋 is an 

integer is that the scattering vector S is a reciprocal lattice vector, i.e.  
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 𝑆 = 𝑑∗ = ℎ𝑎∗ + 𝑘𝑏∗ + 𝑙𝑐∗ ( 6 ) 

 

a*, b*,c* being the reciprocal lattice parameters  

Reciprocal lattice 

A crystal is a regular structure defined by repeating a pattern placed on the nodes of a three-

dimensional lattice with the base vectors �⃗�, �⃗⃗�, and 𝑐. The reciprocal lattice, with its base vectors 

�⃗�∗, �⃗⃗�∗, 𝑐∗, can be associated with the direct lattice. The base vectors of the reciprocal lattice 

are defined as following: 

 
�⃗�∗ =

�⃗⃗� ∧ 𝑐

𝑣
, �⃗⃗�∗ =

𝑐 ∧ �⃗⃗�

𝑣
, 𝑐∗ =

�⃗⃗� ∧ �⃗⃗�

𝑣
 ( 7 ) 

 

Where 𝑣 represents the volume of the unit cell in the direct lattice, calculated as 𝑣 = �⃗� ∙ (�⃗⃗� ∧ 𝑐) 

Ewald sphere 

The above diffraction condition can be further simplified to the Laue condition states that the 

diffracted signal will have maximum intensity in a given direction if and only if the scattering 

vector 𝑆 is a vector in the reciprocal lattice. Diffraction will occur when a node of the reciprocal 

lattice intersects the Ewald sphere [160], which represents all possible �⃗⃗� vectors.  

In order to bring the diffraction node onto the Ewald sphere and gain access to information 

about the crystalline structure of the material, several parameters can be modified, such as the 

sample orientation, the X-ray source direction, or the wavelength of the incident photons. In 

the present work we use a setup, described below, with a fixed wavelength and a fixed incident 

beam direction. 

II.2.2. Experimental XRD setup 

The X-ray diffraction measurements were performed using a commercially available D8 

Discover diffractometer from Bruker. It is equipped with a copper X-ray source (CuKα1, λ = 

1.5406Å), a multilayer parabolic mirror, and a 4-reflection monochromator with germanium 

(Ge) crystals with (220) orientation. The linear detector covers a range of 2° in 2θ with an 

angular resolution of 0.01°. For all our analyses, a 200 μm slit was used to reduce the beam 

thickness.  

To increase the intensity of the incident beam while preserving angular resolution as much as 

possible, the second crystal of the monochromator was removed, resulting in a configuration 

with 2 reflections instead of 4. To verify the influence of this modification, a rocking curve, 

explained in the following section, was performed around the (006) position of the sapphire. 

The obtained peak was simulated to determine its intensity and full-width at half-maximum. 

The use of a 2-reflection monochromator allows tripling the peak intensity without sacrificing 

too much the resolution (minimal increase in the full-width at half-maximum). Consequently, all 

the XRD studies were conducted using the 2-reflection monochromator with germanium 

crystals. 

The sample holder consists of an Eulerian cradle equipped with three rotations ω, ψ, and φ. A 

stage that controls the x, y, z directions allows for sample positioning. The z motor adjusts the 

sample height, while the x and y motors enable lateral sample positioning. Additionally, the 
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sample flatness can be adjusted using a dual tilt stage ξ/ζ. This allows the crystal to be rotated 

around the surface normal while maintaining the Bragg condition for a given plane family.  

The diffractometer is also equipped with a DHS110 furnace (commercialized by Anton Paar) 

that enables in-situ analyses up to a temperature of 1100°C under ambient or controlled 

atmosphere. This furnace features an Al2O3 stage on which the sample is placed. Heating is 

achieved through a resistive heating element located beneath the alumina stage. To provide 

thermal stability to the sample, a graphite dome (a low X-ray-absorbing material) is placed over 

the entire setup. 

II.2.3. Types of XRD measurements  

Rocking curve scan (ω scan) 

In a rocking curve type scan, represented in Figure 22 a), the sample is rotated (“rocked”) in a 

given ω range, while the detector remains in a fixed 2θ position. In this geometry, and for low 

rocking angles (~1°), the scattering vector moves in a direction almost parallel to the sample 

surface. As such, the rocking curves contain information in the “in-plane” direction of the 

sample. A perfect crystal will produce a very sharp peak, while defects coming from mosaicity, 

dislocation and curvature will create disruption in the parallelism of the atomic planes and will 

lead to a broadening in the ω scan.  

θ-2θ scan 

The θ-2θ scan is one of the most used types of scans for its relative simplicity and amount of 

information extracted. In this scan the X-ray radiation hits the sample at an angle ω = θ 

whereas the detector is set at twice that angle, 2θ, hence the name of the scan. During the 

scan the sample orientation is varied, by the Δθ steps, while the detector is rotated by the 2Δθ 

steps. The θ-2θ naming comes from the fact that the scan can be understood as a variation of 

the exit angle with respect to the extended incoming beam. In these types of scans the 

scattering vector is always oriented perpendicular to the crystal’s surface, thus only information 

along this “out-of-plane” direction contribute to the Bragg reflection. The scan is represented 

in Figure 22 b). 

 

Figure 22. Reciprocal space view of the a) ω scan and b) θ-2θ scan. [161] 

Azimuthal scans (φ scan) 

The φ scans consist in rotating the sample along the φ axis while maintain fixed θ and 2θ axis. 

This scan allows to detect all equivalent planes, in the in-plane direction, to pass in Bragg 
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position. Comparing the φ-scan of the grown thin film and the Φ-scan of the substrate allows 

for comparing the epitaxial relationships between them. 

Grazing incidence X-ray diffraction (GIXRD/2θ scan) 

Grazing incidence (GI) scan consists of a 2θ scan while the incidence angle is maintained 

constant and low angles between 0.2 and 2°, hence the name “grazing incidence”. Due to the 

low angles used, this scan type allows for an increased volume of the sample irradiated by the 

x-rays and thus an increased intensity of the obtained signal. GIXRD gives information on 

those lattice planes that are not oriented. For instance, a randomly oriented polycrystalline 

sample will produce a conventional powder diffraction pattern, whereas an epitaxial film, or a 

single crystal will produce no signal at all 

It is worth noting that the results of the performed scans have been analyzed using different 

fits (PearsonVII, Voigt, Gauss, etc) using Fityk and OriginLab as analysis programs. 

Furthermore, large diffraction data files, such as the temperature-dependent sans or the ones 

of reciprocal space mapping or from other combined scans (Φ scans + ω scans) have been 

processed using DxTools, a free and open-source program developed for that purpose [162]. 

II.3. Electrical characterization techniques 

II.3.1. Four-point probe measurements  

Four-point probe measurements, shown schematically in Figure 23, is a simple and 

nondestructive way of determining the resistivity of a material. In this method four sharply 

tipped wires, usually made of tungsten, come into contact with the surface to be measured. A 

known current is passed between the outer tips, while a voltage reading is recorded between 

the inner tips.  

The extracted sheet resistance (RS), is measured in ohm/square or Ω/□. When the thickness t 

of the layer is known then the resistivity can be calculated from: 

 
ρ = RSt ( 8 ) 

However, when considering a real sample, it is necessary to account for the edge effects. 

Therefore, correction factors for the diameter (CFd) and thickness (CFt) need to be applied to 

the sheet resistance measurement. CFd is defined by the ratio between the length of the 

material and the distance between the tips d/s and CFt by ratio between the width and the 

thickness of the material a/d. In our measurement setup s has a size of 1 mm and the area of 

the films, unless stated otherwise, are 10x10 mm2, corresponding to CFd = 4.22 and Cft = 

0.99. Taking all into consideration, RS takes the form in equation ( 9 ), where I is the applied 

current between the two outer tips and V the voltage between the inner tips.  

 
𝑅𝑆 = (

𝑉

𝐼
) 𝐶𝐹𝑑𝐶𝐹𝑡 ( 9 ) 

 

Furthermore, in order to measure the evolution of resistance with increasing temperature the 

films and substrate have been placed on a Peltier heating element. A thermocouple is placed 

near the surface of the films in order to measure their temperature. The measurements were 

typically done in the temperature range of 25°C (or room temperature) and 95°C.  
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Figure 23. Four-point probe measurement set-up. 

II.3.2. Current-voltage characteristics of the oxide-based devices 

In order to measure the current-voltage characteristics of the films and evaluate their electrical 

performances, planar devices were fabricated using a combination of lithography techniques 

and electron-beam evaporation to deposit metallic electrodes separated by VO2 patches of 

different sizes. Current-voltage (I-V) curves were recorded to test the electrical activation of 

VO2 and NbO2, to evaluate the optical activation of some of the films and to assess the 

degradation of the films’ properties during repeated thermal activations. Two functioning 

modes were used for the I-V curves. The first one is voltage control where the source (Keithley 

2112A sourcemeter unit) applies a voltage sweep on the device and the current is measured, 

while the second mode is current-controlled, the source injects a progressively increased 

current in the device and the associated voltage is measured. 

For VO2, in the voltage control (voltage sweep), the electrically-induced insulator-to metallic 

transitions (IMT) are identified by an abrupt jump in the current values for a specific voltage 

threshold (Figure 24 a)). Thus, once the threshold voltage value is reached, the material 

transforms from an insulating to a metallic state, hence the current jump. For decreasing 

voltage, the metal-to insulator transition or MIT is triggered at a lower voltage, giving rise to a 

hysteresis in the I-V curve. 

In the current control mode (current sweep) (Figure 24 b)), the I-V curve takes a different 

shape. While the increased current is imposed to the circuit, the voltage increases up to the 

threshold value and, once the MIT is triggered, the voltage starts to drop with increasing current 

until the MIT is finalized. This region between the two points is called a negative differential 

resistance and is of particular interest in initiating periodic oscillations in the circuit. 
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Figure 24. Typical I-V characteristics of a) voltage-controlled sweep and b) current- 

controlled sweeps of VO2 films at different temperatures. Inset are the voltage/ current 

evolutions with time (graphs obtained from Oihan Allegrets’s measurements). 

II.4. Terahertz time-domain spectroscopy 

Terahertz time domain spectroscopy (THz-TDS) is used to measure the transmission, 

reflection and the optical constants (refraction index and absorption) of materials in the THz 

domain (0.1-10 THz). A typical THz-TDS system uses a technique based on two 

photoconductive antennas for generating and detecting both the amplitude and phase of THz 

waves. The process involves exciting these antennas using a femtosecond laser that usually 

has a central wavelength of 800 or 1550 nm and a repetition rate of 80 MHz. To ensure 

synchronous detection, the laser beam is divided into two beams - one used for generating the 

THz radiation and the other for synchronously detecting it (Figure 25). The THz field at the 

detector is measured using a synchronous detection amplifier and a current amplifier, provided 

that the terahertz wave and laser beam reach the detector at the same time. The temporal THz 

signal is obtained by sampling it over time using an optical delay line in the detection path of 

the laser beam.  

 

Figure 25. Schematic of a THz-TDS setup (TeraK15 from Menlo Systems). Indicated with an 

arrow is the sample position. 

In THz-TDS, as the name implies, the THz pulse is constructed as a function of time, but the 

data can be represented in the frequency domain using a Fourier transformation. In the system 

we use (TeraK15 from Menlo Systems) the THz beam is focused with the beam dimension on 
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the sample being of 2 mm. The system’s antenna’s maximum emitter optical power is of 30 

mW at 1550 nm, with a laser repetition rate of 100 MHz.  

In Figure 26 a) a typical THz-TDS time signal travelling through air (black curve) and through 

air plus a c-sapphire substrate (red curve) is presented. Figure 26 b) represents the spectra 

after the FFT step was performed. In order to eliminate the influence from the background 

(ambient atmosphere) and the substrate spectrum, it is necessary to perform a subtraction 

step after sample was measured. This ensures that the specific absorption lines of water 

vapors in the atmosphere and the simple substrate are effectively removed. In order to 

minimize these absorption lines, the measurements can be performed in a dry air purged 

enclosure. For our experiments the samples were mounted on a Peltier device with a hole in 

the middle, this was done in order to control the MIT and to let the THz radiation pass through. 

The measurements were performed with a time window between -234.23 ps and -224.26 ps, 

with a step of 0.0(33) ps, which after an FFT translates roughly from 0.001 to 15 THz. It is 

however important to note that when analyzing the data only the 0.2-2 THz window could be 

used, as at other frequencies the noise was too large to extract meaningful data. 

 

Figure 26. a) THz-TDS spectra of air and air + the sapphire substrate b) Fast Fourier 

transform of the air + sapphire THz-TDS signal. 

II.5. Other characterization techniques  

While the same deposition method, XRD and electrical measurements were used throughout 

the thesis and for almost all the samples, other characterization and fabrication techniques 

were occasionally used and thus only briefly mentioned hereafter.  

Raman spectroscopy 

Raman spectroscopy is a method that consists in irradiating the sample of interest with a 

monochromatic wave generated by a laser. The Raman shift (the difference between the 

scattered light and incident light) is usually between the frequency range of 10-4000 cm-1. This 

method is used to probe the vibrational modes of a material which gives essential information 

such as the atomic bonding properties, the chemical structure and the crystallinity.  

A part of the Raman spectroscopy experiments was performed at XLIM using a Raman 

inverted microscope (Horiba LabRAM HR Evolution) using the excitation from a continuous 

HeNe laser (λ= 632.8nm) with an incident power of 6 mW and focused on the sample with a 

60× objective to a spot of ~ 2 μm in diameter. The rest of the experiments were performed at 
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IRCER by Maggy Colas and Julie Cornette using an inVia Reflex Renishaw confocal Raman 

spectrometer. Raman data were collected using a 50× objective and a holographic grating of 

2400 lines/mm using a 532-nm excitation laser with a power of 40 mW. The recorded spectral 

range was 100–1200 cm−1, with various acquisition times. As for the electrical measurements, 

a Peltier thermoelectric element was used to control the heating and the cooling of the 

samples. 

Rutherford backscattering spectroscopy (RBS) 

RBS is a non-destructive elemental analysis technique that is used to identify and quantify the 

chemical elements contained in materials down to thicknesses of a few hundred nanometers. 

It is based on the irradiation of the material to be studied with a He ion beam (from 100 keV to 

a few MeV) and then analyzing the energy of the ions backscattered by Coulomb repulsion 

with the target nuclei. RBS measurements were performed, analyzed and interpreted at the 

JANNuS-SCALP facility (IJCLab, Université Paris Saclay) by Aurelian Debelle and Lionel 

Thomé who have vast experience in this characterization technique. In the framework of this 

thesis, it was used to determine the V, W and O content in doped W:VO2 films. 

Atomic force microscopy (AFM)  

AFM and profilometry are both techniques used to characterize the topography of thin films. 

The typical AFM setup consists of a laser, a cantilever with a sharp tip, usually made of silicon 

or silicon nitride and mounted to a piezoelectric actuator, and finally a photodiode for receiving 

the reflected laser beam from the end-point of the cantilever. The sharp tip scans the sample’s 

surface and registers the slight variations in the height of the tip, which corresponds to the 

morphology of the substrate. The AFM operates in three modes: i) non-contact, where the tip 

hovers over the sample surface at distances small enough for the van der Waals force to cause 

the tip to oscillate. A feedback loop control maintains a constant oscillation frequency and the 

vertical movements of the piezoelectric motor are recorded to reconstruct the surface ii) 

tapping mode, where the tip oscillates and comes intermittently in contact with the sample and 

iii) contact mode, where the tip is brought into close contact with the sample and an electronic 

feedback loop ensures the deflection remains constant during the scan. In our case, the 

topography of the layers was analyzed using a Dimension Icon AFM-Bruker microscope at 

IRCER by Valerie Coudert.  

Photolithography 

Photolithography is one of the most used methods for obtaining nanoscale circuits and devices 

due to its ease of use and low processing time. In photolithography a photoresist coating is 

applied to the sample of interest which is then covered by a photomask with the desired 

structures printed on it, and then irradiated by, usually, UV light. The end step is submerging 

the film into a developer, which selectively removes the exposed/ unexposed regions of the 

photoresist, this step reveals the mask’s pattern on the substrate.  

There are two types of photoresist: i. positive, where the areas exposed by the radiation 

become soluble to the developer, and ii. negative, where the opposite effect happens, the 

irradiated area becomes insoluble to the developer.  

By utilizing an additional technique called “lift-off”, circuits are patterned on the substrate by 

coating the surface with a gold thin film that will deposit everywhere including in the gaps left 

by the mask. Finally, film is submerged in a solvent, such as acetone, in order to remove the 

photoresist covered with the new coating, and reveal the final circuit. A schematic of this 
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technique employing a positive photoresist is represented in Figure 27, it is also worth 

mentioning that just before the Au coating a very thin titanium layer can be also evaporated 

onto the film in order to improve gold adhesion.  

Conversely, the opposite of the “lift-off” technique which is named “etching technique” can be 

employed. In this technique, after the metal is deposited and the mask is developed, an etching 

of the metal through the resist pattern is done. Afterwards, the mask is removed with a solvent, 

revealing the final circuit. Photolithography has been used in order to create simple planar 

devices with electrodes of different sizes separated by VO2 or NbO2 patterns.  

 

Figure 27. Simplified lift-off process a) sputtering of VO2/ NbO2 thin films b) spin-coating a 

positive photoresist layer c) exposing the photoresist to UV light d) removing the exposed 

surface with a developer e) evaporating Au on the film f) removing the rest of the photoresist 

in order to reveal the wanted circuit. 

II.6. Conclusion 

In this chapter the main and most important fabrication (reactive DC magnetron sputtering, 

photolithography) and characterization (XRD, AFM, RBS, Raman, THz-TDS, electrical 

characterization technique) methods that will be used throughout the thesis have been 

described. Even though these are the main ones, it is possible that other techniques, such as 

infrared thermal imaging, will be employed at various stages of sample and device analysis. 

In the next chapter the methods described here will be put to use in order to optimize the 

fabrication of high quality VO2 films and to characterize their thermal, electrical and optical 

properties. 
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Chapter III. Study of VO2 thin films fabricated by reactive magnetron sputtering 

As the focus of the thesis is on attaining comprehensive control over the performances of VO2 

and NbO2 thin films by establishing correlations between the structural, optical and electrical 

properties, it is important to understand the influence of the synthesis parameters over the 

intrinsic properties of the films. It should be mentioned that the group’s prior experience of VO2 

thin film growth using e-beam evaporation was of great help in achieving this task. 

III.1. Initial steps on obtaining VO2 films. Oxygen flow control and annealing 

III.1.1. As-grown films 

In the reactive magnetron sputtering system various depositions parameters can be controlled, 

among these, all the depositions were done at a sputtering power of 150 W, 70 sccm Ar flow 

and variable O2 flow, at a total chamber pressure of 4 mTorr. Unless mentioned otherwise, the 

films were deposited on 10×10 mm2 c-sapphire substrates, however, the sputtering set-up 

allows for large area depositions on substrates as large as 50×50 mm2 or 3” wafers (as seen 

in Figure 28).  

  a)   b) 

Figure 28. VO2 film deposited on a a) 50×50 mm2 substrate and b) 3” diameter wafer 

In order to find the optimal oxygen flow for synthesizing VO2, the first step was establishing the 

oxygen poisoning curve of the target, which was defined in the previous chapter. The 

methodology for obtaining the curve was as follows: 1) pre-sputtering the target in order to 

remove unwanted contamination, such as oxidized species or carbon; 2) adding O2 to the Ar 

atmosphere at a specific flow value; 3) letting the plasma stabilize, and measuring its current 

and voltage; 4) reducing to 0 sccm of O2 and repeating the steps with increasing O2 flows. This 

was done in order to reproduce a real deposition experiment for our specific experimental 

setup. Furthermore, in order to evaluate the influence of the target composition on the 

poisoning curve, and ultimately on the characteristics of the thin films, two vanadium targets 

have been used. Thus, we utilized one target which has been previously used on other 

experiments with a V purity of 99.5%, that will hereafter be named Target 1 or T1, and a second 

one, brand new target with a purity of 99.9%, which will be named Target 2 or T2. The 

measured poisoning curves of the two targets are represented in Figure 29. In the case of T1, 

the operating point for the deposition was chosen in the middle of the curve, also called the 

transition region (i.e. the region between the low and high plasma voltages), as a compromise 

between the sputtering rate and the oxygen incorporation into the films. It was furthermore 

expected that at higher oxygen flows, in the poisoned region (high plasma voltage region where 

the target is oxidized) the films would grow in a V2O5 phase, and in the metallic region (low 
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voltage region where the target remains metallic), in the form of the under stoichiometric V2O3 

phase. In the case of T2 as the avalanche effect from the oxygen poisoning is very fast, an 

exact and constant value in the transition region could not be stabilized, thus the oxygen flow 

values were chosen in the vicinity this region. These differences between the two targets arise 

mainly from their V purities and their geometry i.e. the older target T1 has ridges formed around 

the region where the sputtering process was more intense.  
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Figure 29. Evolution of plasma voltage during vanadium target sputtering for different oxygen 

flows in the Ar+O2 mixture and different targets. Indicated in red are the operation points in 

the future experiments for T1 and T2. 

The oxygen flow during sputtering for T1 was chosen at 2.5 sccm, and slightly offset around 

this value, at 2.2 and 2.7 sccm O2, while for T2 the values were chosen as 0, 1.5, 2, 2.2 and 

2.5 sccm O2 in order to fully assess the O2 influence and to draw the sputtering rate vs oxygen 

flow curve, presented in Table 1 below. While it is expected that the plasma voltage during 

deposition will fluctuate around the originally measured ones, in the case of the deposition at 

2.2 sccm O2 from T2, during experiments, the voltage jumped above the transition region, to 

the beginning of the poisoned region. Although operating in the transition region could be an 

efficient way for reaching a good oxygen stoichiometry while keeping a high sputtering rate, 

experiments are not usually possible due to plasma instabilities posing challenges in 

experiment repeatability. This, however, was not the case for T1, as the plasma seemed to be 

stable even in the transition region. 

A rather simple and preliminary method to check the V-O phases present in the film is their 

3visual inspection. When the samples are in a metallic V phase, the films are light gray and 

very shiny, while the ones in V2O3 phase are darker gray, towards black. VO2 is known to be 

orange-dark orange colored and V2O5 to be yellow-red. Of course, the thickness of the samples 

plays a key role in their physical appearance. Even though the method can be unreliable, this 

kind of inspection can provide some quick information on the nature of the films. 

Generally, the first measurements performed on the films after the deposition process were 

the temperature-dependent sheet resistance (RS) evolution using the 4-point probe method. 

This was done in order to quickly establish the onset of a temperature-driven insulator-to-metal 
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transition in the films. The results of the measurements, done between room temperature and 

95°C, on the films deposited at different O2 flows from T2 are shown in  

Figure 30. As observed in this figure, all the films have similar behavior, except the ones 

deposited at 2.2 and 2.5 sccm O2 which indeed exhibit an MIT. The film deposited at 2.5 sccm 

O2 has a RS of 1.12×106 Ω/□ at 25°C and of 4×104 Ω/□ at 95°C, thus a resistance ratio of one 

order of magnitude between these two highly resistive states. In the 2.2 sccm O2 film’s case, 

the ratio between the two states is of two orders of magnitude from a RS at 25°C of 3.8×103 

Ω/□ and at 95°C of 23 Ω/□, both states being relatively metallic. 

In the case of T1, all the films exhibit a metallic behavior, indicating the possible synthesis of 

the under stoichiometric V-O phase V2O3. The RS values being between 30 and 60 Ω/□.  
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Figure 30. Temperature dependent-electrical measurements of as-deposited V-O films for 

T2. 

Oxygen flow (sccm) Deposition rate (nm/min) 

1.5 13.7 

2 12.4 

2.2 4.2 

2.5 3.5 

Table 1. Deposition rate in function of O2 flow for T2. 

Analysis of the film’s structural properties using XRD (Figure 31) indicate that for the samples 

where no MIT is present, from both T1 and T2 , diffraction peaks are present at around ~38.6° 

and ~83° (except for the sample deposited at 0 sccm O2 from T2), which could be attributed to 

the 006 and 0012 reflections of V2O3 (PDF 00-034-0187). The peaks at 46.68° and 90.71° 

corresponding to the 006 and 0012 reflections of sapphire. In the case of the sample deposited 

at 0 sccm O2, a relatively broad peak is present at ~41.52° with the full width half maximum 
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FWHM = 1°. This peak originates from the (110) diffraction plane of the metallic vanadium 

phase (PDF 00-022-1058).  

Let us now discuss the samples exhibiting an MIT deposited from T2 (Figure 31 b)). The 

sample deposited at 2.2 sccm O2 flow presents a strong signal coming from the VO2 (020) 

planes, although this position is highly shifted from the standard one, with the measured 2θexp 

at 40.03° vs the standard 2θth at 37.797° (PDF 04-007-1466). Finally, the film deposited at 2.5 

sccm O2 flow has diffraction peaks coming from both V2O5 and VO2 phases, indicated by the 

peaks at ~20.14° and ~41.09° coming from the (001) plane family of V2O5 (PDF 04-007-0398), 

and the ones at 39.81° and ~85.81° from the VO2 (010) plane family. These results indicate 

that, upon increasing the O2 flow in the deposition chamber, the stoichiometry of the deposited 

film progressively evolves from pure V to V2O5, encompassing V2O3 and VO2. 
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Figure 31. θ-2θ scans of as-deposited films at different temperatures with the lines 

representing the diffraction positions from different V-O phases from a) T1 and b) T2. Stars 

represent the sapphire substrate peaks plus the forbidden reflections of sapphire. 

In order to confirm that the phase present in the films with diffraction peaks at ~38.6° and 83° 

is indeed V2O3, an electrical 2-point probe measurement was performed down to temperatures 

of -190°C on the film deposited at 2 sccm O2 from T2. V2O3, similarly to VO2, exhibits an MIT 

with the transition temperature around -113°C (160K) [3], thus a transition in the electrical 
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properties should be seen in the as-deposited films as well. The result in Figure 32 presenting 

the evolution of the 2-point resistance vs temperature shows an abrupt increase in resistance 

starting at -110°C which continued up to -190°C which is the limit of the recording setup. When 

decreasing the temperature, a hysteresis can be observed, a feature characteristic of a 

temperature induced MIT.   
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Figure 32. Temperature-dependent resistance evolution of V2O3 between 20 and -190°C. 

Thus, the as-deposited films crystallize in either the V2O3 phase, the VO2 phase, or in a 

VO2/V2O5 phase mixture depending on the O2 flow and overall exhibit poor electrical properties. 

Therefore, as previously reported [151,163], a subsequent annealing step under oxygen flow 

was performed to investigate how it would affect the stoichiometry of the deposited films, and 

whether this could provide an additional mean to control the film properties. 

III.1.2. Effect of post-deposition annealing 

Based on previous experience of the research group [163], the chosen annealing parameters 

were initially fixed at 550°C and 20 sccm O2 flow for a total chamber pressure of ~20 mTorr 

and 30 minutes annealing time. The annealing was done in-situ in the magnetron sputtering 

chamber. After the samples were cooled down to room-temperature and removed from the 

annealing chamber, they were measured using the 4-point probe technique. Let us first 

consider the films grown from the T1 target, with their respective temperature-dependent sheet 

resistances being presented in Figure 33. 

Contrarily to the as grown films showing a metallic-like behavior, all annealed films exhibit a 

marked MIT. The hysteresis parameters (TMIT, ΔT, ΔH, RSM1/RSR ratio) have been extracted by 

fitting the curve with a sigmoid function: 

 
𝑓(𝑥) = 𝑎 × (1 − tanh (

𝑥 − 𝑏

𝑐
) + 𝑑 − 𝑒 × 𝑥 

( 10 ) 

 

Where a is the amplitude of the transition, b the inflection point, c is the width of the transition, 

d the vertical offset and e the slope of the transition. From these, the b parameter gives directly 

the middle points of the heating or cooling curves, respectively, which are also used to 

calculate the ΔH. The ΔT has been extracted by doing a 2nd order derivative on the curves, as 

described in Chapter I. The error was estimated from the standard deviation of the fitted 



55 

 

parameters, and then the uncertainty propagation formula was performed to get the uncertainty 

of the extracted parameters.  

The hysteresis parameters and are shown in Table 2. The high, state-of-the-art, electrical 

resistivity change, of more than five orders of magnitude for the film deposited at 2.5 sccm O2 

is indicative of a high-quality film. For the films deposited from T1, all the hysteresis parameters 

remain broadly similar, with the ΔT and ΔH clearly increasing with increasing oxygen flow 

during deposition.  
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Figure 33. Temperature-dependent RS evolution of annealed films from T1. 

Oxygen flow 
(sccm) 

TMIT (°C) ΔH (°C) ΔT (°C) RS M1/ RS R ratio 

2.2 66.7 ± 0.1 3.8 ± 0.2 4.9 ± 0.2 9.9×104 

2.5 67.7 ± 0.1 4.2 ± 0.2 5.3 ± 0.2 1.1×105 

2.7 67.7 ± 0.1 4.4 ± 0.2 5.9 ± 0.2 9.5×104 

Table 2. MIT parameters extracted from the hysteresis curves of the annealed films from T1. 

Raman spectroscopy measurements performed on the unannealed and the annealed films 

obtained at 2.5 sccm O2 from T1 are presented in Figure 34. In the case of the annealed 

sample, the Raman spectrum is typical of a M1-phase VO2 [164,165], with peaks identified at 

~146, 195, 225, 260, 310, 340, 390, 441, 500, 588, 615, and 663 cm-1. All of the peaks, with 

the exception of those at 193 and 223 which correspond to the lattice motion involving V-V 

bonds, are indicative of the vibrational modes of V-O bonds [165]. The large peak at 615 cm-1 

is a superposition of the 588 and 615 cm-1 peaks, which sometimes extends over to the 663 

cm-1 peak as well [165]. When comparing our measured Raman modes to literature [164], we 

find that in our sample there are some missing peaks at ~265, 395, 453, 489, 830 cm-1 which 

could result from their overlap with neighboring ones.  
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These results  are in stark contrast with the as-deposited film, for which the features present 

are: i. a wide peak at around ~220 cm-1, which corresponds to an overlap of an A1g and an Eg 

symmetry modes, ii. a small peak at ~300 cm-1 of Eg symmetry produced from the in-phase 

movement of vanadium atoms, and iii. a peak at ~500 cm-1 which is related to the A1g phonon 

mode. These peaks are indicative of the V2O3 phase [54], and further confirm previous 

electrical and XRD analysis. 
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Figure 34. Raman spectra of the annealed and unannealed films deposited at 2.5 sccm O2 

flow from T1. 

Let us now consider the samples deposited from T2 which underwent similar post-annealing 

treatment. The electrical measurements results are presented in Figure 35 with the hysteresis 

parameters summarized in Table 3. It’s clear that annealing has positive effect on all the films 

and, after this critical step, they present relatively high transition ratios. The only film that 

doesn’t show a huge variation before and after annealing was the one deposited at 2.5 sccm 

O2 where the transition sheet resistance varies between 4.4×106 Ω/□ and 2.2×105 Ω/□, vs. 

1.12×106 Ω/□ and 4×104 Ω/□ before annealing (Figure 30). This could be due to the fact that 

the film already had a combination of VO2 and V2O5 phases, i.e. it is already oxygen over-

stoichiometric so that it can be reasonably assumed that oxygen annealing has no effect in 

this case. Surprisingly, the film deposited at 0 sccm O2, thus as-deposited pure vanadium, 

showed the best after-annealing electrical characteristics from the series, with an RS ratio 

between the two states of ~9×104. This however is contrasted with the poor optical quality of 

the film indicating cracks on the surface. Also surprising was the fact that the TMIT of the film 

deposited at 2.2 sccm, the as-deposited VO2 (blue curves on Figure 30 and Figure 35), 

increased from 55.6°C to 76.49°C after annealing. A reason for this increase in TMIT to values 

higher that the ones expected of VO2 (67°C) can be attributed to the increase of compressive 

strain [163], which will be shortly discussed. In the case of the VO2 films obtained at 1.5 and 2 

sccm O2, thus before the transition region of the poisoning curve, the hysteresis and transition 

width become smaller at the higher oxygen flow, which could be due to an improved 

stoichiometry, while the TMIT for the 1.5 sccm O2 film is closer to the theoretical value of 340K 

(66.85°C), consistent with the low level of out-of-plane strain, discussed in the following part. 
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Figure 35. Electrical hysteresis of annealed films deposited from T2 

Oxygen flow 
(sccm) 

TMIT (°C) ΔH (°C) ΔT (°C) RS M1/ RS R ratio 

0 68.1 ± 0.1 4.3 ± 0.2 6.9 ± 0.2 8.5×104 

1.5 66.9 ± 0.1 5.1 ± 0.3 7.9 ± 0.3 2.1×104 

2 67.8 ± 0.1 4.6 ± 0.2 6.2 ± 0.2 5.3×104 

2.2 76.3 ± 0.1 

 

5.7 ± 0.2 9.5 ± 0.2 2×104 

2.5 68.3 ± 0.3 9.4± 0.7 14.5 ± 0.7 2×101 

Table 3. MIT parameters extracted from the hysteresis curves of the films obtained from T2 

The θ-2θ XRD scans shown in Figure 36 a) reveal that after annealing, all the films present 

diffractions peaks corresponding solely to the VO2 phase, with the exception of the sample 

obtained from 2.5 sccm O2. This supports the speculation, made in the electrical properties 

discussion, about the nature of the film. The θ-2θ scans also reveal that in the case of the 2.2 

sccm O2 film, the (020) reflection is heavily shifted towards higher angles when compared to 

the theoretical position, corresponding to a compressive strain of 𝑒𝑧𝑧 = −0.56%, which can 

explain the increased TMIT.  

The value of the out-of-plane strain 𝑒𝑧𝑧 is computed from: 

 𝑒𝑧𝑧 =
(𝑏 − 𝑏𝑡ℎ)

𝑏𝑡ℎ
 ( 11 ) 

 

Where b is the lattice parameter of VO2, b = 2d020, d020 being directly obtained from Bragg’s 

law. The out-of-plane strain quantifies the deviation of the lattice parameter from its theoretical 

value bth. “zz” indicates that this strain corresponds to the third diagonal component of the 

strain tensor. The z-axis is perpendicular to the surface, while the x-axis lies in the surface of 

the film in the direction of the X-ray beam.It is worth mentioning that this high strain can be 
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attributed to the film’s lower thickness (~124 nm) which is due to the operating point of the 

sputtering, positioned in the poisoned region of the plasma voltage vs. O2 flow curve (Figure 

29). This compressive strain is due the thermal expansion mismatch between the VO2 and the 

Al2O3 substrate and accounts for the shift in the MIT [163]. Similar levels of strain have been 

observed in ~100 nm thick films grown on sapphire [163], these strain values are rapidly 

dropping for films with thicknesses above 200 nm, hence the values close to the theoretical 

67°C observed for all other films. 

ω-scans recorded from on the (020) lattice planes of VO2 are represented in Figure 36 b). 

These scans reveal that the films deposited in the metallic region (of the plasma voltage vs. 

O2 flow curve of the target, < 2 sccm) have increasingly sharper peaks as the O2 flow during 

sputtering is getting closer to 2 sccm O2. The ω-scan curve of the sample deposited at 0 sccm 

O2 has a FWHM = 1.64° which is indicative of a high level of disorder. The FWHM decreases 

to 0.59° and 0.47° for the films obtained from 1.5 and 2 sccm O2, respectively, indicating an 

improvement of the crystalline quality. As in the case for its electrical behavior (Figure 35 and 

Table 3), the film grown at 2.2 sccm O2 exhibits a peculiar behavior, where the ω-scan has a 

two component peak profile which is frequently observed in epitaxial thin films [166], including 

VO2 films [143]. In short, the narrow peak arises from the long-range order characteristic of 

high-quality crystalline materials, while the broader one from the short-range correlations in 

the defect structure (i.e. mosaicity). This shape is not straightforwardly observed for the other, 

thicker films because of their lower level of strain: strain relaxation induces defects in the 

material that lower the intensity of the superposed narrow peak. A narrow peak’s presence can 

nonetheless be suspected in the film obtained from 2 sccm O2, also indicating a good 

crystalline quality for this film. Finally, the FWHM of the film prepared under 2.5 sccm O2 is 

very large (0.78°) and with a very weak intensity, indicating that the presence of V2O5 in the 

film significantly degrades the crystalline quality, hence its degraded electrical properties.  
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Figure 36. XRD measurements of annealed T1 films a) θ-2θ scan b) ω-scan. 

The thicknesses, strain values and full width half maximum values obtained from the ω-scans 

corresponding to the depositions at the different O2 flows are shown in Table 4. The small 

fractional uncertainties are mostly < ± 0.01 and are due to the XRD scans having low noise, 

allowing for a good data fit. 
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Oxygen flow (sccm) Thickness (nm) Out-of-plane strain (%) FWHM - broad peak 

0 70 -0.02 1.64 

1.5 412 -0.04 0.59 

2 373 -0.08 0.47 

2.2 124 -0.56 1.13 

2.5 105 -0.02 0.78 

Table 4. Thickness and out-of-plane strain values for the sample fabricated at different 

oxygen flows. 

III.1.3. Epitaxial orientation and structural phase transition 

The scans θ-2θ above demonstrate that the (010) planes of VO2 are parallel to the (001) planes 

of sapphire. The in-plane orientation of the vanadium dioxide films was determined using φ-

scans. Figure 37 shows a) the θ-2θ and b) the φ-scan of the annealed sample deposited at 

500°C at 2.5 sccm O2. The data shown here correspond to a film grown from the T1 target, 

but, upon inspection, all films exhibit the same orientations. For φ angles between -180° and 

+180°, the (220) VO2 plane appears six times, indicating that the vanadium dioxide has a six-

fold symmetry instead of the two-fold symmetry as expected for a monoclinic structure. This 

difference is a well-known phenomenon caused by the presence of three structurally identical 

possible orientations of the (010) planes relative to the (001) planes of sapphire, which results 

in the development of three epitaxial variants in the plane. In addition, it is observed in the φ-

scans that the diffraction peaks are double-split, with peaks separated by approximatively 

±2.6°. This is because of an angle mismatch between the β angle of VO2 (122.6°) and the γ 

angle of Al2O3 (120°), which was already observed for this system [163]. In short, the epitaxial 

relations are as follows: [100]VO2 || [210]Al2O3 , [100]VO2 || [-110]Al2O3, and [100]VO2 || 

[120]Al2O3. This is consistent with the results from the literature presented in details in Chapter 

I. 
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Figure 37. a) θ-2θ scan of a film deposited from T1 at 2.5 sccm O2, 500°C and annealed at 

550°C b) φ-scan of same film recorded for the (220) planes of VO2. The dotted lined indicate 

the (104) peak positions of sapphire. 

The temperature-dependent structural phase transition of the annealed sample obtained at 2.5 

sccm O2 from T1 was also measured. This was done by mounting the sample on the XRD 

heating stage in order to perform a θ-2θ scan for every 2°C between 44 and 90°C. The results 

are presented in Figure 38 and show the rather abrupt nature of the M1 to R transition and the 

stabilization of the R phase starting from 68°C. 
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Figure 38. XRD intensity-temperature mapping and extracted θ-2θ scans demonstrating the 

M1-to-R phase shift of the (020) VO2 peak as temperature increases. 

In order to test the stability in time, an important feature for a practical use of the VO2 layers, 

repeated thermal cycles of heating and cooling have been applied on a VO2 film obtained at 

500°C deposition and 550°C annealing temperatures from T1. A two-probe configuration was 
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used to measures the resistance of the film. The measurements were performed by periodically 

ramping up and down the temperature in the 30-100°C range with heating/cooling rates of 

10°C/min for 25 cycles, and with rates of 20°C/min for more than 60 cycles. Figure 39 shows 

the evolution of the film’s surface resistance with time. The measurements indicate that no 

significant degradation of the electrical properties of the layer throughout the temperature 

cycling occurs. The film presents as-well an excellent stability for repeated thermal activation 

between the two states of the VO2. 
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Figure 39. Time-dependent VO2 layer surface resistance evolution for multiple thermal cycles 

with 10°C/min and 20°C/min rates. 

III.2. Influence of deposition parameters on the characteristics of VO2 layers 

This section describes the effects of varying deposition and annealing conditions on the 

electrical and structural properties of the films. In order to simplify the discussion, the 

deposition at 500°C and 2.5 sccm O2 will be referred to as “standard” deposition conditions. 

The annealing at 550°C, 20 sccm O2 at 20 mTorr chamber pressure and for a time of 30 

minutes will be called hereafter a “standard” annealing. As the highest MIT resistivity ratio was 

obtained from T1 at 2.5 sccm O2 with a deposition temperature of 500°C and an annealing 

temperature of 550°C, the following discussion will focus on samples obtained from T1. 

III.2.1. Influence of thickness on the VO2 thin films’ structural and 

electrical characteristics 

In order to assess the influence of the films’ thicknesses on their performances, samples have 

been fabricated at 10-, 20- and 30-minutes deposition time using the standard methods of 

deposition and annealing. The targeted thicknesses were > 50 nm, mainly to decrease the 

influence of the strain coming from substrate-film interface. The effects of lower thicknesses 

has already been studied in the research group using e-beam sputtering [150] and it was found 

that as thicknesses increases in the range 15-300 nm, strain relaxation increases (i.e. the strain 

is decreasing) which in turn results shifts the MIT temperature towards the theoretical 67°C 

value. Additionally, the decrease in defect density (which are mainly located at the interface) 

induces a decrease in ΔT and an increase in resistivity in the insulating state, consequent to a 

reduction of defect states in the band gap. In our case, the final thicknesses of the films grown 

during 10, 20 and 30 min were 61, 85 and 169 nm, respectively, with the related deposition 

rates of 6.14, 4.24 and 5.62 nm/min. The discrepancies in the deposition rates are induced, 

most probably, by plasma instabilities during the sputtering process. 
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Figure 40. MIT hysteresis of the temperature-dependent resistivity evolution in VO2 films with 

different thickness. 

Thickness (nm) TMIT (°C) ΔH (°C) ΔT (°C) 
ρM1/ρR resistivity 

ratio 

61 67.2 ± 0.1 5.8 ± 0.2 7.7 ± 0.2 3.7×104 

85 67.5 ± 0.1  5.0 ± 0.2 6.6 ± 0.2 5.8×104 

169 67.7 ± 0.1 4.2 ± 0.2 5.3 ± 0.2 1.1×105 

Table 5. MIT hysteresis parameters of the films deposited at different thicknesses. 

Four-point probe temperature-dependent electric measurements reveal hysteresis curves 

(presented in Figure 40), with rather small variations between the TMIT, ΔT and ΔH. The 

parameters of these curves, as extracted in Table 5 evolve progressively with increasing 

thickness, with the TMIT and resistivity ratios increasing with thickness, which is due to a 

lowering of the thermal strain at higher thicknesses, as already observed in [163] and [122]. 

We have plotted the resistivity in order to eliminate the RS dependency on thickness. The 

hysteresis width and transition width also decrease, which was expected due to research done 

in earlier work [163]. For the film with thickness of 169 nm, the TMIT, ΔT, ΔH and MIT resistivity 

ratios reach excellent values, with a low transition and hysteresis width and more than five 

orders of magnitude between ρM1 and ρR. As the ratio is already higher than five orders of 

magnitude, it can be concluded that for an even greater thickness the electrical performances 

would not largely improve.  

XRD θ-2θ scans (Figure 41) and Raman spectroscopy (Figure 42) reveal also high similarity 

between the characteristics of each samples. For XRD, the 020 peaks show similar position, 

with increasing intensity due the increased thickness. ω-scans also, unsurprisingly, exhibit 

increasing intensity and a lowering of the broad peak’s FWHM (0.45°, 0.37° and 0.33°) as a 
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result of the decrease in defect density. In the case of the Raman scans, the increased 

thickness leads again to higher intensity peaks, their position remaining unchanged. 
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Figure 41. XRD scans of VO2 films with different thicknesses a) θ-2θ scan of samples a 

different thickness, inset is zoom on the position of the 020 VO2 peak with dashed line being 

the theoretical position of the peak, and b) ω-scan on the (020) peak. 
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Figure 42. Raman spectroscopy results for VO2 films of different thicknesses. 

III.2.2. Deposition temperature influence on the characteristics of 

VO2 layers 

The first deposition parameter we investigated was the deposition temperature. We analyzed 

samples obtained from T1 at room temperature (RT), 150°C, 400°C, 500°C and 600°C, 

obtained at 2.5 sccm O2 and with standard post-deposition annealing for all of them. The 

electrical characteristics of the samples are displayed in Figure 43 and the hysteresis 

parameters of their MIT are summarized in Table 6. The films obtained at RT and 150°C show 

lower resistance ratios between the two thermally-triggered MIT states and larger ΔT and ΔH 

values, which could be an indication of strain, phase mixture or lower film stoichiometry. The 

films deposited above 400°C have hysteresis curves that more or less super-impose, with only 
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slight differences between their parameters, of less than 1°C. For the films obtained at 500 

and 600°C, the differences in the hysteresis parameters are almost imperceptible. This shows, 

at least from the electrical performances point of view, that increasing the temperature over 

400°C does not influence any more the films’ performances.  
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Figure 43. Temperature-dependent sheet resistance measurements of films deposited at 

different substrate temperatures. 

Substrate 
temperature (°C) 

TMIT (°C) ΔH (°C) ΔT (°C) RS M1/ RS R ratio 

0 66.2 ± 0.3 11.9 ± 0.6 15.9 ± 0.6 8.5×103 

150 65.8 ± 0.1 6.2 ± 0.3 8.6 ± 0.3 5×103 

400 68.1 ± 0.1 3.8 ± 0.2 5.3 ± 0.2 1.4×105 

500 67.7 ± 0.1 4.2 ± 0.2 5.3 ± 0.2 1.1×105 

600 67.8 ± 0.1 4.1 ± 0.2 5.4 ± 0.2 1.3×105 

Table 6. MIT hysteresis parameters of the films deposited at different substrate 

temperatures. 

The θ-2θ XRD scans (Figure 44 a)) of the same samples reveal that for films obtained at RT 

and 150°C, diffractions peaks appear at 27.88° and 39.76°, coming from the VO2 (011) and 

(020) planes, respectively. Additionally, for the RT samples we noticed additional peaks at 

~20.19° and ~41.08°, which come from the (010) and (020) reflections of V2O5, and a peak at 

24.49°, from the (012) reflection of V2O3. Even though all the films were obtained using the 

same oxygen flow, a lower adatom mobility that is related to the decrease of substrate 

temperature can lead to inhomogeneous incorporation of O2 and random orientations of the 
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films [167]. On the other hand, besides the increased atom mobility, a higher substrate 

temperature favors the layer crystallization by reducing the concentration of defects [167].  

The θ-2θ scans of the samples deposited at 400, 500 and 600°C reveal that each of the films 

present a VO2 phase with a single (010) plane orientation. This, combined with the highly 

similar ω-scans in Figure 44 b), further supports the electrical measurements data, indicating 

that from 400 to 600°C, the characteristics of the films do not evolve much. Note that in the ω-

scans the difference in intensities between the film deposited at 400/600°C and 500°C arise 

from different x-ray beam intensities exiting the x-ray generator. The out-of-plane strain (Table 

7) is as well very similar, with 𝑒𝑧𝑧 = −0.09% (compressive strain) for the 400 and 600°C 

samples and −0.11% for the sample at 500°C, the difference coming possibly from the sample 

thickness difference (sample fabricated at 500°C is 169 nm while the 400°C one is 280 nm 

and the one at 600°C is 231 nm). In the case of the sample deposited at 150°C the strain is 

+0.08%. The occurrence of tensile strain can be attributed to the existence of oxygen 

vacancies which are known to increase the lattice parameters of VO2 [168]. 
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Figure 44. XRD measurements of samples obtained at different temperatures a) θ-2θ scans 

and b) ω-scans. Stars represent the peaks coming from the sapphire substrate plus the 

forbidden sapphire reflections. 

Morphological measurements performed using AFM show that increasing the deposition 

temperature from room temperature to 400°C leads to an average films’ grain length (AGL) 

increase from 140 nm to 223 nm on the 2×2 μm² scans (Figure 45). Further increase of 

temperature to 500°C does not lead to larger grains, as the AGL decreases to 207 nm for that 

temperature. These changes are however relatively small and would not be very significant in 

impacting the ΔT and ΔH. Moreover, the root mean square height Sq (measurement of the 

area roughness, equivalent to the standard deviations of the heights) for scan areas of 2×2 

μm² increases from 9.8 nm for the sample obtained at RT to 12.2 nm for the sample obtained 

at 400°C, finally decreasing to 8.94 nm for the one obtained at 500°C. The values of the strain 

and the AGL for the different deposition temperatures are summarized in Table 7. 
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a)  b)  

c)  d)  

e)  f)  

Figure 45. AFM scans for films deposited at RT a) 2x2 μm² b) 10x10 μm² areas, at 400°C c) 

2x2 μm² d) 10x10 μm² areas and at 500°C e) 2x2 μm² f) 10x10 μm² areas. 

Deposition temperature (°C) Out-of-plane strain (%) Average grain length (nm) 

RT - 140 ± 42 

150 +0.08 - 

400 -0.09 223 ± 94 

500 -0.11 207 ± 76 

600 -0.09 - 

Table 7. Strain and average grain sizes for samples fabricated at different temperatures. 
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III.3. Influence of annealing parameters 

After assessing the influence of the deposition parameters on the films, we evaluated the 

influence of the annealing parameters on the VO2 films’ performances. So far, the standard 

annealing procedure used in order to obtain high quality VO2 films was 550°C at 20 sccm O2, 

and 20 mTorr total pressure, for a total time of 30 minutes, therefore, different annealing times, 

temperatures and pressures were evaluated. As per the previous chapter, T1 is the target used 

for the film fabrication. 

III.3.1. Annealing temperature influence 

In order to explore the impact of temperature during annealing we investigated the properties 

of films obtained with the standard method and annealed at values of 450, 550 and 650°C. As 

already established, without any annealing, the films crystallize in a V2O3 phase that has an 

MIT starting at around -110°C. To transform the films into the VO2 phase, an annealing at 

550°C in oxygen atmosphere was required, which has yielded very good structural and 

electrical results. Decreasing this temperature to 450°C reveals, from the 4-point probe 

measurements (Figure 46, red curve), a very weak transition, with an electrical resistivity 

amplitude change of less than one order of magnitude. From the XRD θ-2θ scans (Figure 47 

a)) we can infer that, most likely, this is due to the co-existence of the V2O3 and VO2 phases. 

Increasing the annealing temperatures to 550 and 650°C results in films that are fully oxidized 

towards the VO2 phase and present five orders of magnitude in the resistivity change from RT 

to 95°C, from the insulating to the metallic phase. Although the curves are visually almost 

identical, the transition width is slightly higher for the film annealed at 650°C, possibly from an 

increase in structural defects, as seen in the ω-scans in Figure 47 b), combined with grain 

coalescence, which will be further discussed.  
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Figure 46. Electrical hysteresis of as obtained and annealed at 450, 550 and 650°C VO2 films 

in O2 atmosphere at 20 mTorr. 

Rocking curve scans (Figure 47 b)) of the samples show that annealing at 450°C results in a 

broad peak with a full width half maximum FWHM = 0.8°, which is indicative of a high level of 
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disorder. For the sample at 550°C a narrow peak appears in the middle of the rocking curve 

together with a narrowing of the broader peak (FWHM = 0.26°). At 650°C the central peak is 

still visible while the diffuse peak is widening (FWHM = 0.9°) indicating an increased mosaicity. 

The calculated 𝑒𝑧𝑧 strain evolves from -0.33% at 450°C to -0.11% at 550°C and finally to               

-0.12% at 650°C. From a structural point of view, the annealing at 550°C seems to be the 

optimal one. 
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Figure 47. XRD scans of films annealed at different temperatures a) θ-2θ scan b) ω-scan. 

AFM measurements (Figure 48) show that increasing the annealing temperature also 

increases the roughness of the films, with Sq = 8.94 for the films annealed at 550°C, and Sq = 

11.2 nm for the films annealed at 650°C (data extracted from the on the 2×2 μm² scans). The 

AGL of the films remains mostly the same with 207 ± 76 nm for the 550°C and 201 ± 76 nm 

for the 650°C. The small AGL and strain difference between the films annealed at 550° and 

650°C (summarized in Table 8) is reflected in the similar hysteresis curves.  
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a) 

 

b) 

 

c) 

 

d) 

Figure 48. AFM scans for the films annealed at 550°C on a) 2x2 μm2 and b) 10x10 μm2 

areas, and annealed at 650°C on c) 2x2 μm2 and d) 10x10 μm2 areas. 

Annealing temperature (°C) Out-of-plane strain (%) 
Average grain length @ 2x2 

μm2 (nm) 

450 -0.33 - 

550 -0.11 207 ± 76 

650 -0.12 201 ± 76 

Table 8. Out-of-plane strain and AGL of films annealed at different temperatures. 

Raman spectra of the samples reveal that for the film annealed at 450°C all the peaks show 

highly decreased intensities coming from the insulating M1 phase of VO2 and completely 

missing the peaks attributed to the Bg mode at 146 and 260 cm-1, which can be linked to the 

reduced amount of VO2 phase in the film. For the film annealed at 650°C there are some 

particular features which distinguish it from the standard annealing such as the separation of 

the peaks at 392 and 295 cm-1
 and of the peaks at 588 and 612 cm-1

, this being mainly due to 

the redshift of the peak at 612 cm-1. The wavenumbers associated with these peaks primarily 

correspond to the vibrations of oxygen bonds that link vanadium chains along the c-axis of the 

crystal structure and are directly proportional to the reduced masses of the oxygen and 

vanadium atoms [165]. Furthermore, an appearance of a broad peak at 130 cm-1 is observed, 



70 

 

which could possibly come from an Ag phonon mode of VO2 (M1) phase, indicated also by the 

appearance of a small peak at 830 cm-1 belonging to the Bg symmetry [54].  
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Figure 49. Raman spectra of VO2 films annealed at different temperatures. 

Furthermore, films deposited in different conditions (i.e. at 500°C for oxygen flows of 2.2 and 

2.7 sccm O2, and at 400 and 600°C for 2.5 sccm O2 flows) were annealed at even higher 

temperatures, of 750°C. The XRD ω-scans (Figure 50 a)) for these films showed peculiar 

shapes, with a narrow peak superimposed with a broad peak, or replaced by two satellites 

separated by a dip in intensity (black curve in Figure 50 a)). These features have been already 

observed in epitaxial systems and are related to misfit dislocations generated at the film-

substrate interface [169].  

As mentioned before, in the ω-scans, the narrow peak is linked to the long-range order present 

in the films, and the broad peak is linked the short-range correlations in the defect structure. 

The presence of the satellites has been ascribed to the presence of periodic misfit dislocation 

arrays lying at the interface [169,170]. Combining the rocking curves with the azimuthal scans, 

we can plot the intensity distribution in the in-plane (Qx, Qy) planes, which is represented in 

Figure 50 b)). This mapping was done by performing an ω-scan, and rotating the sample 

around the azimuth by 2° from 0° to 180°. The results indicate a flower-like pattern which is 

linked to the appearance and expansion of the shoulders during the scans, which have a 60° 

periodicity. More research is needed in order to fully understand the appearance of these 

dislocations, as usually they are created during the growth process [169,170], while in our case 

they appear after a post-annealing step.  
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Figure 50. a) Films annealed at 750°C b) Qx vs Qy map of film deposited at 400°C, 2.5 sccm 

O2 and annealed at 750°C. In a) the difference in peak shape is most likely related to the 

different positions of the sample on the sample stage. Indeed, before discovering this 

azimuthal anisotropy, no particular area was given to the azimuthal orientation of the sample 

prior measurement. 

III.3.2. Influence of the chamber pressure during annealing on the 

VO2 films 

Additional investigations were conducted to evaluate the impact of chamber total pressure 

during annealing, where the experiments were carried out using three different pressure 

values: 6 mTorr, 20 mTorr (standard annealing), and 40 mTorr, all performed under an oxygen 

flow of 20 sccm O2 and for samples obtained in standard deposition conditions. 

The values of the measured electrical parameters extracted from the hysteresis curves (Figure 

51) alongside their differences compared to the 20 mTorr O2 annealing are presented in Table 

9. It is observed that the TMIT, ΔH, and ΔT decrease as the annealing pressure increases. 

Conversely, the resistance ratios show an increase, with the most significant change occurring 

between the annealing pressures of 6 and 20 mTorr. Between 20 and 40 mTorr the resistance 

ratios are very similar. The decrease of the ratio for the films annealed at 6 mTorr is mostly 

due to a lower resistance in the insulating state, from 1.5×106 Ω/□ at 25°C for the 20 mTorr 

annealed sample to 0.3×106 Ω/□ at 25°C for the 6 mTorr annealed one. Higher chamber 

pressures during annealing (e.g. 40 mTorr) seem to lead to better films in terms of resistance 

change between the insulating and metallic states, with the difference in magnitude between 

the 40 and 20 mTorr films being of 1×104
. 
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Figure 51. Temperature-dependent sheet resistance evolution for films annealed at 6, 20 and 

40 mTorr O2 atmosphere. 

Annealing pressure TMIT (°C) ΔH (°C) ΔT (°C) RS M1/RS R ratio 

6 mTorr 68.7 ± 0.1 4.9 ± 0.2 7.0 ± 0.2 2×104 

20 mTorr 67.7 ± 0.1 4.2 ± 0.2 5.3 ± 0.2 1.1×105 

40 mTorr 67.6 ± 0.1 4 ± 0.2 5.3 ± 0.2 1.2×105 

Table 9. Hysteresis parameters of samples annealed at different O2 pressures. Highlighted in 

blue is the film with standard deposition and standard annealing conditions. 

The θ-2θ scans of the films, presented inFigure 52, show that, for the 20 and 40 mTorr 

annealing O2 pressure, the VO2 020 peaks are located at the same position, while for the one 

annealed under 6 mTorr O2 the peak is more shifted towards higher angles. In terms of strain 

this corresponds to an 𝑒𝑧𝑧 of -0.18%, -0.11% and -0.10% when increasing the annealing 

pressure from 6 to 40 mTorr (Table 10), this strain most likely originating from a change in the 

O stoichiometry. From the XRD measurements it can be concluded that the annealing 

pressures indeed influences the structure of the films and the strain, especially at lower 

pressures.  
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Figure 52. XRD θ-2θ scans measurements of films annealed at different O2 pressures. 

AFM analyses of the film annealed at 6 mTorr reveal a surface with very small grains and with 

an AGL of ~100 nm, which is almost half the AGL value for the films annealed at 20 mTorr 

(207 nm) (Figure 54 and Table 10). The values of the strain and AGL extracted from the films 

are presented in Table 10. 

The differences between the hysteresis and transition widths of the two samples (Table 9) are 

however surprisingly small when considering the fact that the grain sizes of the 6 mTorr 

annealed sample are almost half of the ones annealed at 20 mTorr. This would indicate that 

while grain size is important, their effects are overshadowed by other parameters such as 

oxygen stoichiometry and strain, especially for epitaxially-grown thin films. 

  

Figure 53. AFM scans on the films annealed in 6 mTorr O2 atmosphere. 
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Annealing pressure (mTorr) Out-of-plane strain (%) 
Average grain length @ 2x2 

μm2 (nm) 

6 -0.18 98 ± 23 

20 -0.11 207 ± 76 

40 -0.10 - 

Table 10. Out-of-plane strain and AGL of films annealed at different O2 pressures. 

The Raman spectral measurements of the same samples which are presented in Figure 54 

reveal the same features on all the films regardless of pressure, the only difference being in 

the relative intensity of the peaks, possibly coming from the slight changes from the VO2 

stoichiometry from the different annealing chamber pressures.  
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Figure 54. Raman spectra of films annealed at different chamber pressures. 

III.3.2.1. Annealing time influence 

The last annealing parameter whose influence was assessed was the annealing time in oxygen 

atmosphere. Comparisons were drawn between 30 and 90 minutes of O2 annealing for 

samples deposited in different conditions. Table 11 represents the difference between the MIT 

parameters of the 90- and 30- minutes annealing of the films. The hysteresis curves are not 

shown simply because they look very similar to the ones annealed at 30 minutes, which have 

been already presented. The TMIT, ΔH and ΔT generally increase with the annealing time, 

however, as the differences are mainly under the error, it can be assumed that increasing the 

annealing time does not lead to any modification of the electrical parameters. The metal-

insulator resistivity ratios also slightly increase, which is due to an increase in the resistivity in 

the insulating phase. 
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Deposition 
conditions 

TMIT 
difference(°C) 

ΔH difference 
(°C) 

ΔT difference 
(°C) 

RS M1/RS R 
ratio 

400°C, 2.5 sccm O2 -0.1 ± 0.2 0.3 ± 0.3 0.3 ± 0.3 1.5×105 

500°C, 2.2 sccm O2 0.5 ± 0.2 -0.1 ± 0.3 0.1 ± 0.3 1.3×105 

500°C, 2.7 sccm O2 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 1.1×105 

600°C, 2.5 sccm O2 0.1 ± 0.2 0.1 ± 0.3 0.1 ± 0.3 1.3×105 

Table 11. Difference between the 90- and 30- minutes electrical hysteresis parameters for 

samples obtained in different conditions. 

XRD θ-2θ scans and ω-scans (not shown for similar reasons for the electrical hysteresis 

figures) of 30- and 90-minutes annealing superimpose neatly and show very similar peak 

intensities and positions. AFM scans on the sample deposited at 500°C under 2.7 sccm O2 

and annealed at 500°C for 90 min show that its AGLs are of 169 ± 58 nm, while for the same 

deposition but for an annealing at 750°C for 30 minutes are 210 ± 82 nm. This would suggest 

that the impact of a longer annealing time on grain coalescence is less significant than the 

annealing temperature parameter.  

III.4. Terahertz amplitude modulation properties of the VO2 films 

Following the deposition of a large number of samples using seemingly identical deposition 

parameters, it was found that the value of the thickness was inconsistent. This inconsistency 

was determined to be due to the operating point of oxygen flow for the target T1, being in the 

middle of the target’s transition mode in the plasma voltage vs oxygen flow curve, which 

resulted in unstable plasma discharges. This issue, combined with the overall poisoning curve 

evolution in time due to the target surface’s degradation from heavy usage, made target T2 a 

better candidate for subsequent depositions. As a large part of the next chapter is dedicated 

to the THz measurements on bare and doped VO2 layers obtained by using the T2 target, most 

of the results presented in this section will be focused on samples obtained using this target. 

As the THz transmission measurements are performed in time-domain, the data needs to be 

converted to frequency-domain in order to efficiently analyze the THz radiation’s interaction 

with the samples. This was done by removing the signal coming from the Fabry-Perot effect 

originating from the thick substrate (the small peaks after the most intense ones in Figure 55 

a)) and subsequently using a Fast-Fourier transform of the spectra (FFT). Afterwards, the 

influences of the sapphire substrate and of the ambient atmosphere were subtracted from the 

raw spectra in order to record only the influence of the VO2 film on the THz transmission. For 

this purpose, a reference spectrum was recorded from the substrate without the VO2 layer. A 

representation of the THz amplitude modulation spectrum before and after applying the FFT 

and the above-mentioned corrections is presented in Figure 55.  
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Figure 55. a) Time domain THz signal from a layer of VO2 on a sapphire substrate at 20° and 

95 °C, respectively b) As-obtained frequency domain THz amplitude modulation spectrum 

after FFT c) Normalized THz amplitude modulation spectrum of the VO2 layer. 

As the change in THz transmittance in VO2 films is attributed to the variation in carrier density 

that stems from the phase transition, the modulation phenomenon is characterized by a 

broadband and nearly frequency-independent feature [75].  

After the measurements, the values of THz transmissions in Figure 55 c) were averaged across 

the measured THz range (0.2 to 2 THz), and the results were plotted, finally giving a hysteresis 

curve resembling the electrical ones, as represented on Figure 56.  

By using the same method of extracting the hysteresis parameters as in the case of the 

temperature-dependent resistivity measurements, we have extracted the amplitude 

modulation depth (MD), TMIT, ΔT and ΔH characteristics for each sample (Table 12). The term 

MD is defined in Equation ( 12), where 𝐸𝑚𝑎𝑥 and 𝐸𝑚𝑖𝑛 are the maximum and minimum of the 

transmitted THz amplitude: 

 
𝑀𝐷 = [

𝐸𝑚𝑎𝑥 − 𝐸𝑚𝑖𝑛

𝐸𝑚𝑎𝑥
] ( 12 ) 

 

The result of the analysis of the samples deposited at 1.5, 2 and 2.2 sccm O2 flow from T2 and 

the standard deposition one from the target T1 (2.5 sccm O2 flow) with standard annealing 

procedure for all the samples are presented (and indicated in the legend) on Figure 56. The 

sample obtained using the standard deposition and annealing condition from T1 was analyzed 

as well as it yielded the best results during the structural and electrical measurements. The 

analysis of the THz spectra during the thermally induced MIT in the samples show an abrupt 

transition in their normalized transmission with almost 100% transmission for the films in 

insulating state. VO2 is known to have rather poor performances in the metallic state with the 

transmission usually being between 10 and 20% [171–173]. The results presented in Figure 

56 show that, for specific samples, the normalized transmissions can be as low as 3% in the 

conductive state, at high temperatures, which confirm their high structural and electrical 

properties.  

Various factors influence the MDs, and it is essential to consider the morphologies of the 

samples, their roughness, grain sizes, and films strain when discussing the MD. The out-of-

plane 𝑒𝑧𝑧 strain of our samples is -0.54% for the one obtained at 2.2 sccm O2, -0.03% for the 

one at 1.5 sccm O2 and -0.08% for the 2 sccm O2, and finally -0.11% for the 2.5 sccm O2 film 

from T1. This strain evolution does not seem to be reflected in the MDs of the samples. Rather, 

according to Zhao et al. [174], the MD is strongly influenced by the resistance in the metallic 
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phase which seems to be the case of our films as well, the MDs being lower for the films with 

the highest resistance in the rutile state.  

A striking difference between the optical THz hysteresis and the temperature-dependent DC 

electrical hysteresis is the TMIT of the samples, the THz TMIT seemingly being lower. According 

to Pallares et al. [140] this difference between the electrical and optical measurements is likely 

induced by the lag between the nucleation of the R phase and its propagation to the grains 

interface. The grain boundaries interface change is directly affecting the local electrical 

carriers’ transport, while the optical measurements are probing the overall change in materials 

properties of the global analyzed area, hence the variation between the optically and 

electrically recorded MIT properties. Another reason for the difference in TMIT between the 

optical and electrical measurements is due to the need to form a conductive path between the 

electrical probes tips, which creates a delay in the measurements [13]. 
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Figure 56. THz normalized transmission (0.2-2 THz) hysteresis curves of samples deposited 

at different oxygen flows and targets. 

Sample MD 0-2 THz (%) TMIT (°C) ΔH (°C) ΔT (°C) 

1.5 sccm O2 T2 90.2% 64.0 ± 0.3 4.1 ± 0.6 6.7 ± 0.6 

2 sccm O2 T2 92.7% 64.2 ± 0.2 3.8 ± 0.4 5.3 ± 0.4 

2.2 sccm O2 T2 82.4% 73.2 ± 0.6 4.0 ± 1.1 7.3 ± 1.1 

2.5 sccm O2 T1 96.4% 64.8 ± 0.1 2.6 ± 0.2 3.8 ± 0.2 

Table 12. Hysteresis parameters of temperature-dependent normalized THz transmission 

(0.2-2 THz) of samples obtained at different oxygen flows and from different targets. 

Highlighted in blue is the sample with the highest MD. 

Table 13 is comparing the performances of the obtained VO2 films with similar layers and 

devices listed in literature. It can be seen that our bare VO2 films perform much better, even 

compared to metasurfaces designed to improve the modulation depths. These properties are 
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important for further incorporation of the fabricated VO2 layers in THz modulators or meta-

devices with state-of-the-art performances. 

Design 
Triggering 

method 
Modulation depth Frequency (THz) Ref 

Metasurface Electrical >60% 0.3-1 [175] 

Bowtie antenna 
metasurface 

Electrical <90% 0.3-2.5 [176] 

Hybrid 
metasurface 

Electrical 68% 0.1-0.8 [72] 

Bare VO2 Thermal 85% 0.1-2 [177] 

Bare VO2 Thermal 69% 4.8-5.4 [140] 

Bare VO2 Thermal 74% 0.1-1.5 [172] 

This work Thermal 96% 0.2-2  - 

Table 13. THz amplitude modulation performances of VO2 layers and devices reported in the 

literature compared to the highest attained MD in this work (highlighted in blue). 

III.4.1. Conclusion  

In this chapter the fabrication and characterization of VO2 samples deposited and annealed in 

different conditions has been explored. Samples have been fabricated by means of reactive 

magnetron sputtering using two different targets, T1, which was older and with 99.5% V purity, 

and T2, newer, with 99.9% V purity. A defining feature of reactive magnetron sputtering is the 

existence of an oxygen poisoning curve i.e. a non-linear evolution of plasma voltage with 

increasing oxygen flow. This poisoning curve creates three distinct zones, a metallic zone, a 

transition zone (very reduced for the T2 target) where V2O3 films were obtained, and a 

poisoned zone, where low quality VO2, V2O5 and a VO2-V2O5 phase mixtures were obtained. 

We have employed an annealing step in order to increase the oxygen content in the films and 

reach the VO2 phase. This step has proven very successful leading to the fabrication of high-

quality films, with five orders of magnitude change in resistance between the insulating and 

metallic phases. For T1, three deposition oxygen flows were chosen, which were situated 

around the transition zone of the poisoning curve. Even though it was found later that this zone 

has unstable plasma characteristics that make repeatability an issue, especially regarding the 

thickness of the films, it was established that at a 2.5 sccm O2 flow the films have the best 

structural and electrical characteristics. For the T2 target, the oxygen flows were chosen from 

the metallic and poisoned regions of the poisoning curve (0, 1.5, 2, 2.2, 2.5 sccm O2). It was 

found that right where the poisoned region begins, the films integrate already a VO2 phase, 

albeit of low quality. The annealing step was increased this film’s resistance ratio between the 

low and high temperature phases and its structural quality, however a TMIT of 76°C was 

obtained which was linked to a high out-of-plane strain. At slightly higher O2 flow, a VO2+V2O5 

phase mixture was obtained, with annealing not having a huge impact on the film. The films 

deposited in the metallic region had more or less identical features to the ones as-deposited 

from T1, although the resistance ratios were smaller after annealing. The most surprising was 

that from this series the film deposited at 0 sccm O2 (metallic V) had the best resistance ratio, 
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although the film had high microstructural defects making its scale up to larger substrate areas 

doubtful. Scaling-up is easily done in reactive DC magnetron sputtering, as we have also 

deposited films on 3” wafers and substrates as large as 50×50 mm. 

As the films obtained from T1 were better in terms of resistivity ratios, this target was used to 

explore the influence of the deposition and annealing parameters. Thus, films deposited at 

room temperature, 150, 400, 500 and 600°C were analyzed. It was found that the electrical 

performances, structural quality and phase purity of the films deposited at RT and 150°C were 

lower than the ones at higher temperature. After 400°C, the characteristics of the films didn’t 

change much upon increasing the temperature. The next deposition parameter that was varied 

was the thickness, where it was established that higher thicknesses (169 nm in our case) led 

to better structural and electrical qualities.  

Next, we proceeded to investigate various annealing parameters and their effects. The initial 

focus was on exploring different temperatures, namely 450, 550, 650, and 750°C. It was found 

that 450°C is not sufficient to fully convert the V2O3 to VO2, at least not for our annealing time 

of 30 minutes, the films existing in a V2O3+VO2 phase mixture with a suppressed MIT. 

Increasing the annealing temperature to 550°C and 650°C revealed high quality VO2 films with 

relatively similar structural and electrical characteristics. Further increasing the temperature to 

750°C however led to “milky”, powdery-like looking films but with the highest resistance ratios 

between the insulating and metallic states. XRD ω-scans combined with φ-scans revealed also 

periodic misfit dislocations inside the films.  

The influence of the chamber pressure (6, 20 and 40 mTorr) on the film’s electrical and 

structural properties was also explored. It was found that between 20 and 40 mTorr the results 

were very similar, while the films obtained at 6 mTorr showed lower resistance ratio, much 

lower grain sizes and higher in-plane strain.  

The last type of analysis done in this chapter was related to THz transmission measurements. 

A film from the T2 target deposited at 500°C and annealed at 550°C was compared with 

samples deposited from T2 but realized under different experimental conditions. T2 was 

chosen because the samples from T1 presented inconsistent thicknesses due to sputtering 

plasma instability related issues. It was found that the films have high THz amplitude 

modulation depths over a range between 0.2 and 2 THz, at 96% for the films obtained from T1 

in standard conditions, which is among the highest value reported in literature for VO2 films.  
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Chapter IV. Fabrication of W:VO2 thin films and thermal activation of their MIT 

IV.1. Film fabrication 

In order to fabricate tungsten doped VO2 films, we used a simple yet effective method. A 

tungsten chip was placed on the metallic V target in order to integrate a fraction of tungsten 

atoms in the sputtering plasma during the deposition process. By selecting chips of various 

sizes, different W atomic percentages could be incorporated into the VO2 thin films. For this 

purpose, three chip sizes have been selected, all with areas lower than 1 mm2, and placed 

over the target. The W-doped VO2 films were deposited from target 2 (T2). During all 

experiments, an oxygen flow of 2 sccm O2 was used, with a deposition temperature of 500°C, 

for a total time of 30 minutes. The annealing step was employed on all samples in standard 

conditions (20 mTorr O2 total pressure, 550°C annealing temperature, 30 minutes, 20 sccm O2 

flow).  

To simplify the discussion in this chapter, the samples will be named as follows: D0, for the 

undoped VO2 sample and D1, D2, and D3 for W:VO2 samples with increasing amounts of 

tungsten. The undoped D0 was in fact based on two different samples: the first one 

corresponds to the sample grown from T1 deposited at 2.5 sccm O2 as it had overall the best 

qualities (see Chapter 3); the second one, used for the electrical activation experiments, 

originates from a new VO2 sample that was fabricated in order to deposit Au electrodes on 

them and test their activation behavior.  

Albeit simple, the method used for doping does not allow direct control of the amount of W 

introduced in the films during growth as the chip sizes are arbitrarily chosen. Hence, the first 

step is to determine the atomic fraction of W in the film. For this purpose, Rutherford 

backscattering spectrometry (RBS) was used. These measurements were performed and the 

results analyzed at University of Paris-Saclay (IJCLab) by Aurelien Debelle and Lionel Thome. 

Figure 57 represents the experimental RBS spectra recorded on the undoped film and the films 

doped by the tungsten chips of different sizes. An RBS spectrum plots the number of 

backscattered ions vs. their energy, the latter being related to the depth at which the 

backscattering process took place and the nature of the atom of the target. The spectra display 

two main features: the signal at energies lower than 250 KeV, originating from the sapphire 

substrate and the ones after 250 KeV from the VO2/ W:VO2 layers. The solid lines present in 

Figure 57 correspond to the simulations done with the SIMNRA program [178], which allow to 

determine the overall composition of the films.  

Sample D0 was deposited without any tungsten doping and could be fitted with a curve 

corresponding to a film with composition VO1.9 which implies a lack of oxygen. For the samples 

D1-D3 the simulated curves were constructed by the addition of W within the VO1.9 layer. The 

atomic fraction of W with respect to V was found to be 0.41%, 1.16%, and 1.86%, respectively.  
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Figure 57. RBS spectra recorded on the W:VO2 films with different amounts of doping. 

IV.2. Structural and electrical properties of the W-doped films 

The temperature-dependent resistance evolution was measured for each of the fabricated 

films. The results are plotted in Figure 58, and the extracted parameters are presented in Table 

14. It can be seen that the TMIT decreases for every increasing level of tungsten doping, from 

67.7°C for D0 to 34.7°C for D3. By fitting the TMIT for different doping levels with a straight line, 

a slope of 18.9°C ± 2.9/ at% W was extracted. This represents by how much every 1 at% of W 

reduces the TMIT. Our results are similar to data reported in literature [124,179]. The ρM1/ρR 

ratio of the MIT transition also follows a monotonic decrease for every increasing doping level, 

dropping from a high five orders of magnitude to only one order of magnitude for the highest 

amount of W doping. This decrease is mainly due to the films becoming less insulating in the 

M1 phase, which could be due to the structure’s distortion towards a more rutile (conductive) 

phase [179,180], which will be further confirmed by the XRD and Raman measurements. While 

the hysteresis widths (ΔH) remain more or less the same after the initial doping threshold of 

0.41%, the transition widths (ΔT) continuously increase for every doping level, up to 15°C for 

D3. Part of these effects can be explained through the analysis of the AFM scans which are 

shown in Figure 59 and will be shortly discussed hereafter.  

It can also be seen from the hysteresis curves that D2 (green curve) has a higher conductivity 

in the metallic R phase than D3 (blue curve) and is comparable in resistivity to D3 in the M1 

phase. This effect is due to the lower thickness of sample D2 when compared to the other 

ones. Indeed, while most of the deposition speeds for the tungsten doping experiments were 

around 10-11 nm/ min, for total thicknesses of 300-350 nm, sample D2 had a deposition rate 

of 4.5 nm/ min, with a thickness of 134 nm. This can be attributed to fluctuations in the 

sputtering plasma, nonetheless, this thickness is large enough to consider that the thickness- 

related strain for all the films has little or no influence on their hysteresis parameters [163]. 
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Figure 58. Temperature-dependent resistivity evolution for the undoped and W doped VO2 

films. 

Doping level 
(at% W) 

TMIT (°C) ΔH (°C) ΔT (°C) ρM1/ρR ratio 

0 67.7 ± 0.1 4.2 ± 0.2 5.3 ± 0.2 1.1×105 

0.41 60.6 ± 0.2 4.7 ± 0.4 8.9 ± 0.4 7.8×102 

1.16 40.1 ± 0.3 4.9 ± 0.5 12.3 ± 0.5 2.7×102 

1.86 34.7 ± 0.3 4.6 ± 0.6 16.2 ± 0.6 4.6×10 

Table 14. Temperature-dependent resistivity evolution parameters for different doping levels. 

The roughness and the grain sizes of the films have been extracted from the AFM scans. It 

can be seen that for increasing W content the grain sizes decrease from 207 nm for the 

undoped sample, to 120 nm for the sample with 0.41% W, and to 99 nm for the sample with 

1.16 at% W level. The grains for the films with 1.86% W cannot clearly be identified due to 

their small size. D3 has also a very low surface roughness with a root mean square height (Sq) 

of 0.382 nm, similar to an as-deposited VO2 layer. The decrease of grain sizes arising from 

metal-doping has been reported in literature and ascribed to the increase in density of  

nucleation sites [140]. As discussed in earlier chapters, it's important to note that grain size 

has an impact on both ΔT and ΔH. This influence is primarily due to the increased distribution 

of individual nanoscale grains' TMIT in the films, which is a result of the higher defect density 

arising from the presence of grain boundaries. Furthermore, it was observed in reports that in 

metallic materials (Cu, Ni), a lower grain size increases the resistivity of the films [181,182], 

possibly seen here in the increase of the resistivity in the metallic rutile phase. 
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Figure 59. AFM scans of a) undoped film b) 0.41 at% W c) 1.16 at% W d) 1.86 at% W. 

The θ-2θ XRD measurements of the films, illustrated in Figure 60 a), reveal the mono-oriented 

crystalline nature of the VO2 films which persists even as the doping concentration attains its 

maximum level of 1.86 at% tungsten. One difference between the films stems from the 

emergence of a new peak at 27.7° for the sample at 1.86% W, which has been assigned to 

the (011) plane of VO2. This disoriented phase likely appearing from the increased lattice 

distortions at high percentages of W doping. Furthermore, the out-of-plane strain 𝑒𝑧𝑧 of the 

doped samples, relative to the undoped samples (inset in Figure 60 b)), reveals an increase 

of the lattice parameter proportional to the doping amount, which demonstrates that W atoms 

are indeed incorporated in the VO2 lattice. This increase alone should, however, not be taken 

as the only explanation for TMIT’s decrease, as dopants with bigger atomic radii, such as Nb, 

are not as efficient as W in decreasing the TMIT. Indeed, tungsten also acts as an electron 

dopant, with two added electrons per dopant ion. This effect is important in the VO2 system as 

it decreases the energy required to dimerize the V-V atoms [183] which, according to 

Goodenough’s model, are the first steps in the MIT. Table 15 summarizes the strain and grain 

sizes of the films. 
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Figure 60. a) θ-2θ scan of W:VO2 doped films between 15 and 95° and b) zoom on the VO2 

peaks compared with the undoped sample. Inset is the strain as a function of W doping with 

respect to the undoped sample. 

Doping level (at% W) Average grain length (nm) Out-of-plane strain (%) 

0 207 ± 76 - 

0.41 120 ± 41 0.03 ± 0.33 

1.16 99 ± 29 0.09 ± 0.29 

1.86 - 0.12 ± 0.06 

Table 15. Average grain lengths and out-of-plane strain for films with different doping 

amounts with respect to the undoped film. 

IV.3. Characterization of the structural phase transition  

Temperature-dependent XRD measurements were also performed in order to evaluate the 

evolution of the structural phase transition with increasing W doping. The results are presented 

in Figure 61. As the W content increases in the films, the angular separation between the 

monoclinic and rutile phases of the films becomes less and less pronounced. Quantitatively, 

the relative difference in lattice spacing between the two phases decreases from 0.31% for the 

undoped film, down to 0.07% for the most doped film. This phenomenon indicates that, upon 

W doping, both phases (M1 and R) are structurally distorted and are getting more similar. A 

similar phenomenon has been reported in other works [180,184,185], where it was argued that 

upon W-doping, the local M1 structure is distorted by the W substitution. This structural 

similarity allows to explain the reduced resistivity ratio. Moreover, since less energy is needed 

for the M1-R transition to take place this also explains the shift of the MIT. 
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Figure 61. Temperature-dependent structural phase transitions of a) undoped (D0) b) 0.41 

at% W (D1), c) 1.16 at% W (D2) and d) 1.86 at% W (D3) samples with indications of the d/d 

ratio between the M1 and R phases. 

Furthermore, the volume fraction of the M1 phase with increasing temperature (Figure 62) can 

be extracted from the XRD scans in Figure 61. The transition temperatures of the samples and 

their evolution are similar to the ones extracted from the temperature-dependent resistivity 

scans, although absolute values may slightly differ because two different heating systems were 

used in the electrical and XRD experiments. It can also be noted that in the case of D3, the 

film starts at a value lower than 1, implying that the rutile phase is already present at room 

temperature.  
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Figure 62. Temperature-dependent M1 phase volume fraction evolution for W:VO2 films of 

different W doping amounts. 
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Room temperature Raman measurements, illustrated in Figure 63, were performed on the 

undoped and doped films, and show that all scans present similar features, with typical M1 

VO2 peaks present at ~144, 193, 223, 259, 310, 339, 387, 442, 499, 613, 830 cm-1 [186]. The 

data has been normalized to the intensity of the ~613 cm-1 peak of each spectrum. 
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Figure 63. Raman spectra of films doped with different W amounts. 

Raman scans of undoped films performed at room temperature have already been presented 

in Chapter 3, where all the peaks have been accounted for and discussed. Thus, it is interesting 

now to look at temperature-dependent Raman measurements performed on D0 and D3 

samples in order to better understand the MIT mechanism of a typical VO2 film when compared 

to a highly W-doped one. For the undoped D0 film, presented in Figure 64 a), the behavior is 

similar to other literature reports between the 60 and 75°C temperature range, with the Raman 

peaks dropping abruptly in intensity as they transition to the rutile phase with increasing 

temperature. Furthermore, it can be seen that the double peaks at 196 cm-1 and 224 cm-1 suffer 

very slight redshift while the peak around 620 cm-1 suffers a higher one of around 20 cm-1, 

which is consistent with the emergence of the transitional M2 phase [187]. In contrast, the D3 

spectra remain unchanged from 16°C to 60°C (a temperature range including the MIT as 

observed from XRD and electrical measurements) and do not show any peak disappearance 

associated with the emergence of metallic VO2. This is consistent with the structural similarity 

between the two phases observed by XRD. As the structural phase transition occurs between 

the disordered M1 and R phases, the symmetry does not change significantly enough to be 

recorded by the Raman measurements. This effect has been reported before in [188]. 

However, a different behavior was more often described, where increasing the W-doping level 

leads to the decrease in intensity and broadening of the M1 Raman peaks, due to the film’s 

change in symmetry at RT [189,190].  
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Figure 64. Raman spectra at different temperatures for the a) undoped film D0 and b) the 

most doped film, D3. 

IV.4. Characterization of the THz amplitude modulation properties of the W:VO2 

samples 

Temperature-depended THz optical measurements were performed in order to quantify the 

modulation depth of the samples with different W content. The method of data acquisition and 

analysis was described in Chapter 3, but to quickly recapitulate: the measurements are done 

initially in time-domain and transformed into frequency-domain with a Fast Fourier Transform, 

the data is then normalized to the spectrum of the bare substrate and ambient atmosphere. 

Figure 65 represents the normalized transmissions of the undoped and the highly doped film 

(1.86 at% W). To obtain hysteresis curves, the transmission values between 0.2 and 2 THz 

were averaged for each measured temperature. The steps mentioned here are better 

visualized in Figure 55. 
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Figure 65. Temperature-dependent frequency domain spectra of a) D0, the undoped sample 

and b) D3, the highest W-doped sample (1.86 at% W). 

The temperature-dependent normalized THz amplitudes and the associated parameters 

extracted from the hysteresis curves (Figure 66 and Table 16), show a decrease in the TMIT for 

each subsequent level of doping, similar to the electrical measurements. It is however 

noteworthy the fact that at the higher W doping levels, D2 and D3, the TMIT is slightly higher 

(<1°C) in the optical measurements than the electrical ones. The MIT in the films is expected 

to begin within the bulk of the material, resulting in a delay between the electrical 
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measurements (which rely on the surface contact of the probes) and the optical 

measurements. This lag can seemingly make the optical TMIT appear at a lower value 

compared to the electrical TMIT which is the case for the films presented in the previous chapter 

and the D0 and D1 films here. The fact that for D2 and D3 electrical TMIT is lower could be 

explained by the hole in the middle of the Peltier heating element designed to let the THz 

radiation through, which might introduce a slight temperature difference in the sample region 

above the hole, compared with the surrounding area.  
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Figure 66. Temperature-dependent normalized THz amplitude transmission through the 

undoped and W-doped VO2 samples. 

W content (%) MD (%) TMIT (°C) ΔH (°C) ΔT (°C) 

0 96.3 64.8 ± 0.1 2.6 ± 0.2 3.8 ± 0.2 

0.41 88.9 57.6 ± 0.4 3.2 ± 0.8 7.1 ± 0.8 

1.16 85.7 40.8 ± 0.5 3.6 ± 0.9 9.6 ± 0.9 

1.86 79.7 35.4 ± 0.6 4.3 ± 1.2 15.4 ± 1.2 

Table 16. Hysteresis parameters of the THz amplitude transmission curves in Figure 66. 

Interestingly, the magnitude of the transition is not as drastically changed in the THz 

transmission when compared to the change in resistivity presented in Figure 58. The 

modulation depth in the THz domain has been previously noted to be heavily influenced by the 

metallic phase and the free carrier density of the films [174]. Even though the resistivity is low 

in the insulating phase, the free electron density could still be not high enough to significantly 

affect the transmitted THz amplitude for the investigated frequency domain. However, this 

does not mean that the electron doping has no effect, as the transmission at room temperature 

is still reduced.  
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The differences between electrical and optical measurements are also affected by structural 

defects (like those at the film/substrate interface [163]) and grain boundaries, which in turn 

influence how the phase transition spreads through the material. Whereas structural defects 

and grain boundaries have a high impact on the electrical measurements by limiting carrier 

mobility or acting as charge carrier traps, these effects are negligible in the optical 

measurements [191]. 

IV.5. Large-area electrical activation of the MIT in the doped films 

While temperature-dependent measurements are of interest to study the effect of doping on 

the films, the ability to control the MIT through electrical means is essential for the functionality 

of many devices.  

In order to characterize the electrically- induced MIT on relatively large thin films areas, simple 

two-terminal devices were fabricated by photolithography, lift-off technique, and e-beam 

evaporation. Thus, Au electrodes were evaporated on the sides of the 10x10 mm2 samples, 

each with a size of 3.1 × 10 mm2, leaving a W:VO2 strip measuring 3.8 × 10 mm2 in the middle 

of the substrate (Figure 67). This distance can be considered as fairly large for electrical MIT 

activation, with reports in literature rarely going over lengths of 10 μm. As such, our films are 

one thousand times larger in width than typical electrically activated VO2. These dimensions 

were nonetheless required both for XRD characterization (where the beam cross-section is 0.2 

mm and more particularly for the THz characterization, as the THz spot of our system has a 

~3 mm diameter.  

 

a) 

 

b) 

Figure 67. a) Image of the realized devices mounted on the Peltier element and b) photo of 

the overall activation set-up including the IR thermal camera used for recording the specific 

phase change of the materials during IMT. 

IV.5.1. Infrared thermal imaging of the transition under electrical 

activation  

Figure 68 shows and explains some of the visible features of the thermal images, as well as 

the color scale for the undoped films, although it’s important to understand that the essential 

part of these images is not the temperature itself, but rather the color difference between the 

M1 and R phase when the MIT is achieved. In the following section, the characterization and 
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the onset of the metallic channel for various current and voltage values settings will be 

described. 

 

Figure 68. Typical IR thermal image of a VO2-based device with annotations on the main 

features. 

The current- voltage (I- V) curves of the two-terminal devices were first recorded in current 

mode (linearly sweep current and record voltage) in order to check the influence of the W-

doping. Because of the large VO2 areas, to reduce the necessary current/ voltage threshold 

for the MIT, we applied a thermal bias for the samples placed atop a Peltier heating element. 

Thus, the samples were maintained at 20°C for D3, 55°C for D1, and 64°C for D0. The current-

controlled characteristic of the devices is presented in Figure 69, the inset image representing 

the current-time sweep characteristic.  

In the first, low-current region of the curves, where the films are in the insulating phase, the 

voltage increases more or less linearly with increasing current until a certain threshold value 

of the voltage (Vth) where the MIT is triggered and the voltage drastically decreases. The Vth 

values are 142.58 V, 48.27 V, and 16.37 V for D0, D1, and D3 respectively (at the thermal bias 

temperatures of 64, 55, and 20°C). Although these switching voltages are much higher than 

the ones reported in the literature [192], it is important to remember that the films presented 

here have much larger distances between electrodes, almost 4 mm, when the ranges usually 

reported are in the μm-scale ranges. 

At the threshold value, the films’ voltage abruptly decreases with increasing current for the 

undoped films. This decrease in voltage is less abrupt as the doping levels increase, as it can 

be seen in Figure 69 for the red (sample D1) and black (sample D3) curves. The onset of this 

negative differential resistance (NDR) zone was already reported for nano- and micrometer- 

scales planar or out-of-plane VO2-based devices [193,194] and was used to initiate free 

voltage oscillations in the devices, which are performing like relaxation oscillators. The 

performances of the oscillating behavior on our large-scale VO2 devices (injected currents, 

frequency, amplitude) were not further tested due to time constraints.  

After this sharp decrease in voltage, a second NDR zone can be seen, the change between 

the two zones, NDR1 and NDR2 (will be shortly explained, but the NDRs are highlighted in 

Figure 70), being much more evident on sample D1 (red curve in Figure 69). When the applied 

current is reduced to zero, the metallic phase is persisting i.e. there is no return to the insulating 

state (high voltage for a low applied current). Due to the additional thermal heating bias, the 
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material state is “caught” in the lower-resistivity, metallic part of the cooling hysteresis curve 

(this will be further expanded on in the chapter on the optical activation of the doped films). 
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Figure 69. Current-voltage characteristics of current-controlled films D0, D1, and D3. The 

inset is representing the current sweeping function applied to the samples. 

The IR thermal imagining can be combined with the I-V curve of the undoped film in order to 

have a better understanding of the mechanism of electrically triggered MIT. Since the IR and 

electrical measurements were not synchronized automatically, it is important to note that the 

explanations provided here offer only qualitative insights. Thus, Figure 70 is showing the 

combined IR thermal and electrical measurements of the undoped D0 film, which is initially 

heated at 64°C (below the MIT temperature). As the current increases from point 1 up until 

point 2, the IR thermal images show uniformly colored films, indicating that in this part, the film 

remains insulating. The region between points 2 and 3 is associated with the metallic channel 

formation between the two electrodes and onsets the 1st NDR. Rather interestingly, in points 2 

and 3, it seems that the metallic channel initially forms in the middle of the film and then 

connects to the electrodes. Thus, it can be assumed that this NDR region could be successfully 

used for self-sustained oscillations, as the device itself could behave like a capacitor that 

charges and discharges periodically. When the 2nd NDR zone starts, between points 3 and 4, 

the channel expands until it fills the upper part of the film’s area with the metallic phase. This 

region is somewhat slower to form than the first NDR, but still faster than between points 4 and 

5 which represents the channel trying to expand in the opposite direction of the initial metallic 

phase expansion and to fully cover the film. Finally, when the current is decreased back to 0 

A (film state at point 6), the metallic channel is still present due to the persistence of the metallic 

state of the film due to the hysteresis loop.  
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Figure 70. Combined IR thermal and I-V curve electrical measurements of the undoped D0 

heated at 64°C highlighting the NDR zones and voltage thresholds and associated thermal 

images. 

We now consider the case of the voltage-controlled electrical triggering of the MIT. The 

methodology consists in setting the current compliance (i.e. the maximum current value the 

source is able to reach for a range of voltage values) at a value larger than the supposed 

current threshold for the MIT. As the films are insulating, a small amount of current is flowing 

within the samples even for a relatively large voltage. The voltage of the source was gradually 

raised until it abruptly decreased, signifying the onset of the MIT. Afterwards, the current 

compliance was also gradually increased, to allow the further increase of the voltage values, 

at different increments, usually of 50 mA. At each current increment step, IR thermal imaging 

was used to visually assess the transition via the change in emissivity between the insulating 

and conductive phases.  

Figure 71 and Figure 72 present the IR images for the undoped films before, during, and after 

the MIT. It can be seen in these figures that the transition is initiated when a conducting channel 

is formed between the electrodes, and reaches completion once the channel laterally grows to 

completely fill the gap between the electrodes. This behavior of filament formation and 

expansion with increasing current is similar to other reported studies such as [195,196]. 

In the case of the undoped film D0, similarly to the current-controlled transition, the sample 

had to be first heated to 64°C with the help of a Peltier heating element. In the first transition 

cycles the metallic channel appeared in different locations (Figure 71), but as the MIT was 

cycled through more times, the positions of the channel became more consistent, probably 
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suggesting lasting changes in the film's structure. On average, it was found that MIT was 

triggered at around 75V and 9.5 mA.   

 

a) 
 

b) 

 

c) 

Figure 71. IR images displaying the random position where the metallic channel initiates on 

the undoped VO2 films (D0 sample, maintained at 64°C) at an average threshold voltage and 

current of 75 V and 9.5 mA. 

Figure 72 shows the evolution of the D0 film with increasing current compliance. Once the 

channel had been triggered (Figure 72 b)) it was not unusual for the intensity of the color to 

slightly fade (Figure 72 c)) and then to re-appear as the current compliance increased, and 

finally to spread in a diffuse manner throughout the sample (Figure 72 d), e), f)). This fade in 

color intensity could be due to a redistribution of heat in the system, with the metallic phase 

spreading outside the initial strongly delimited path, or simply an artifact created by the IR 

camera detector’s delay in adjusting to the new channel’s color intensity. If the metallic channel 

appeared closer to an edge of the sample, as in Figure 71 b) and c), the smaller region to the 

film’s edge would be the first to transition to the metallic phase. To summarize, the main 

characteristics of the film during the transition is the formation of a clearly delimited channel at 

the onset of the transition followed by a diffuse spread of the metallic phase towards the edges.  
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a) 

 

b) 
 

c) 

 

d) 
 

e) 

 

f) 

Figure 72. IR images of the undoped D0 film at a bias temperature of 64°C a) before MIT 

onset, b) initial channel creating. c), d), e), f) channel expansion with increasing current, until 

a maximum current of 305 mA. 

The thermal activation images of D1 and D2 devices are not shown. For D1 the activation was 

explored at sample temperatures of 25, 50, and 55°C. It was observed that for 50 and 55°C 

the metallic channel had no abrupt onset, rather it started from the upper or lower edge of the 

device and expanded from there. At 25°C however, the onset of a small channel was observed. 

In the case of D2, two starting temperatures were explored, 25°C and 30°C, both temperatures 

giving similar results i.e. no clear channel onset was present, rather a diffuse metallic VO2 

phase beginning from the sample’s edge and increasing with the current.  

For the D3 sample, the Peltier heating element’s temperature was set at 18°C, in order to be 

sure that the film is in the insulating state. The results of the activation, as recorded by the IR 

thermal imaging are similar to D2, in that there is no obvious channel formation but rather a 

gradient of temperature on the surface of the samples. 

 

a) 

 

b) 
 

c) 

Figure 73. IR thermal images of the D3 film (1.86 at% W:VO2) held at a bias temperature of 

18°C at a) 50 mA b) 100 mA and c) 200 mA current. 

Summing up, in this chapter, current-controlled MIT exhibiting two NDR zones were presented. 

The first NDR zone corresponds to the initial onset of the MIT, while the second NDR zone is 

linked to the gradual expansion of the metallic channel. For the undoped VO2 film, the MIT 

occurs rapidly, whereas for films with tungsten doping the transition becomes more gradual. 
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When performing the voltage control of the transition, a similar pattern is observed, but the 

films have now a much larger initial metallic channel, as attested by the IR thermal imaging. 

Not only this, but the channels are also more thoroughly metallic, as the contrast between the 

insulating and metallic phases is larger. As doping increases, this channel becomes more 

diffuse. At the highest doping level (1.86 at% W), only a temperature gradient is visible, 

suggesting that the emissivities are more similar in this case.  

The initial current compliance as well as the W doping have an important effect on the size of 

the channel. For instance, IR thermal imaging measurements on samples D0 and D1 revealed 

that after the I-V threshold was passed, a metallic channel could be clearly distinguished, 

whereas for D2 and D3, the channel formation is much less obvious. Furthermore, the 

activation time of the highly doped sample (D3) under a current of 400 mA was measured by 

coupling an oscilloscope to the circuit. It was revealed that for this highly doped film, the 

activation time from the insulating to the metallic phase was 0.36 ms. 

IV.5.2. Characterization of the structural phase transition  

After a qualitative analysis of the phase transition through the utilization of the IR thermal 

camera, we may now consider the structural evolution of the films during the electrically 

activated transition. For this purpose, XRD measurements were performed along the W:VO2 

strips between the two electrodes of the devices. The following methodology was employed:  

i. θ-2θ scans were performed on the films before and after the thermal MIT in order 

to extract the 020 M1 and 200 R peak positions;  

ii. the X-ray detector was fixed for the diffraction condition of the M1 peak and 

measurements were performed while moving the x motor from one side to the other 

along the W:VO2 strip (Figure 74);  

iii. the measurement was repeated with the detector in the diffraction condition for the 

R phase;  

iv. the measurement set was repeated for increasing current values injected in the 

device. 

 

Figure 74. XRD measurement procedure for spatially evaluating the structural phase 

transition of the electrically activated W:VO2 films. Every blue point represents a scan 

position. 

The results of the scans for D0 and D1, the samples which presented clearly distinguishable 

metallic channels during the IR imaging, can be seen in Figure 75. Let us first discuss the case 

of the M1 phase for sample D0 (Figure 75 a)). Without any current, the intensity of the M1 peak 

is roughly constant along the direction parallel to the electrodes which is an expected behavior 
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since the whole film is constituted of the M1 phase, thus there should be no major variations in 

the diffracted intensity when sweeping the beam from one edge to the other. Some variation 

in intensity can occur, however, due to the change in the diffracting grains' strain or orientation. 

For the first current, a step is formed around 1 mm, indicating a decrease of the intensity of the 

XRD peak corresponding to the M1 phase, i.e. a decrease of the volume fraction of the M1 

phase. For increasing currents, this step shifts towards lower x values pointing to an increase 

and eventual domination of the M1-depleted region. The evolution of the R peak intensity has 

the exact complementary behavior. Without any current, the value from the R phase is very 

low and constant. Note that, strictly speaking, the intensity should be zero, but, because of the 

proximity of the peaks, especially at high doping levels, and the angular opening of the detector 

(0.01°), a non-zero value is obtained by integrating some photons diffracted from the M1 phase. 

With increasing current, a step appears at the exact same location as for the M1 peak, but with 

an increased intensity, pointing to an increased volume fraction of the R phase, i.e. the M1 

phase is transformed into the R phase at these particular positions on the film. This experiment 

allows to map the spatial distribution of the M1 and R phases and, hence, to evidence that the 

conductive channel observed by IR imaging is unambiguously linked to the M1/R transition. 
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Figure 75. XRD scan along the VO2 strip during the electrical activation of the MIT for 

different doping levels a) undoped D0 device at a temperature bias of 65°C and b) D1 device 

- 0.41 at% W:VO2 at a temperature bias of 55°C. 

A similar analysis is presented in Figure 76 for samples D2 and D3. From these analyses on 

the higher-doped samples it can be concluded that a similar behavior is observed for all doping 

levels, with two major evolutions: 

i. the width of the spatial boundary between the M1 and R phase increases with increasing 

doping level (transition less abrupt from M1 to R). This is consistent with the IR imaging 

observation where a gradient-like distribution was observed for D2 and D3, instead of a marked 

step. In the case of sample D3, visual inspection, and even the XRD analysis, can barely detect 

the spatially step transition between the M1 and R phases.  

ii. the intensity contrast across the step is progressively reduced. This is due to the fact that 

the M1 and R peaks are getting closer to one another when increasing W content, hence 

reducing the ability to clearly separate both phases (as already explained above, Figure 61). 

More quantitative results can be obtained by fitting the step-like curves with an (arbitrarily 

chosen) sigmoid function. We chose a function based on the complementary error function: 
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 𝑓(𝑥) = 𝐴1 +
(𝐴2 − 𝐴1)

2
× 𝑒𝑟𝑓𝑐 [

(𝑥 − 𝜇)

𝜎√2
] ( 13 ) 

 

Where A1 and A2 are the minimum and maximum intensity values, μ is the position of the step 

(between the high intensity and low intensity zones), and σ its width (standard deviation), while 

erfc is the complementary error function. From this analysis we can compute the average step 

width, corrected for the X-ray beam footprint. For this purpose, the computation is done only 

for those current values where the edge is clearly visible in the data to avoid fitting-induced 

error. As both the beam width and the step width are described by standard deviations, we can 

use the usual Gaussian deconvolution formula: 

 𝜎𝑐 = √𝜎2 − 𝑤2 ( 14 ) 

 

Where w is the beam footprint, which for a Bragg angle of 39.7° equals 0.59 mm. 

From this computation, the corrected step width 𝜎𝑐 evolves from 0.55 ± 0.09 mm, to 1.04 ± 0.06 

mm, and to 1.3 ± 0.3 mm, for D0, D1, and D2 samples, respectively. For D3 we obtain a step 

value of 1.7 ± 1 mm, this error being too high for reliable evaluation. However, even without 

D3, these results show that for increasing the W content, the width of the boundary between 

the M1 and R phase increases, in accordance with the qualitative observation above. 

A tentative explanation for this behavior could be that for undoped samples a relatively high 

critical temperature is needed to initiate the transition. This, combined with the high angular 

difference between the peaks of the M1 and R phases in the respective XRD spectra, results 

in an abrupt edge of the channel. On the contrary, for M1 and R phases with higher structural 

similarities, the transition temperature threshold is lowered, so that the phase distribution 

follows more easily the temperature distribution around the conductive channel.  

It is also worth noting that the difficulty in fitting the R phase of the sample D3 (Figure 76 b)) 

with a sigmoid stems from the above- mentioned effects of increasing similarity between the 

insulating and metallic phases, making data acquisition and treatment difficult at higher doping 

levels. 
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Figure 76. XRD scan along the VO2 strip during the electrical activation of the MIT for 

samples with different doping levels a) D2- 1.16% W:VO2 with a thermal bias of 25°C and b) 

D3- 1.86% W:VO2 with a thermal bias of 24°C. 
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It can also be interesting to discuss the growth rate of the metallic channel with increasing 

current. As previously, we only consider electrical current values for which the step is clearly 

visible in the data. Figure 77 shows the linear evolution of the position of the M1-R boundary 

for increasing current. From this figure, the slopes of the lines take the following values: 10.8 

± 0.4 µm/mA, 11.3 ± 0.2 µm/mA, 16.7 ± 0.9 µm/mA and 24 ± 14 µm/mA, for D0, D1, D2 and 

D3 samples, respectively. Disregarding the D3 value which has an error too high to be 

discussed, it appears that with increasing the W content the current induced mobility of the 

M1/R boundary is also increasing, i.e. less current is needed to convert the whole VO2 strip to 

the metallic state. Again, this feature can be traced back to increased structural similarity 

between the two phases. 

 

Figure 77. M1-R boundary position at different injected currents in the devices. 

After measuring the current-dependent XRD scans, current-dependent Raman measurements 

were performed in a similar fashion, with acquisitions performed at different points along the 

W:VO2 strip. The measurements were performed on the two ends of the doping range i.e. no-

doping (D0) and highest-doping (D3). 

For performing the experiments on D0, the sample had to be first heated to 65°C prior to the 

measurements. The first measurement at 0 mA expectedly shows a scan that has M1 Raman 

peaks throughout the sample. Increasing the current to 50 mA reveals a change in the intensity 

of the scans, indicating that the metallic channel has already been formed. This trend continues 

for every current step, at 100 and 200 mA.  

Figure 78 shows the resulting Raman measurements scans for different positions along the 

W:VO2 strip when applying a current of 100 mA on the device. This value has been chosen 

from the previous section where it was shown that, at 100 mA, the transition is already initiated 

in all samples. It can be seen that alongside a decrease in intensity as the scan position along 

the x direction reaches the metallic channel, a redshift of the 193, 223, and 613 cm-1
 peaks can 

be seen, which is similar to the temperature-dependent Raman scans and is indicative of an 

intermediary M2 phase. When comparing to the temperature-induced transition where the 

peaks are shifting and their intensity decreases rather abruptly, in the electrically-induced MIT 

the transition from the M1 to R phase is gradual, thus the Raman features exhibit a continuous 

evolution towards the M2/ R Raman modes. This gradual change has also been confirmed by 

the XRD scans in the previous section. 
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Figure 78. Raman spectra for the D0 film on which was applied a current of 100 mA, for 

different x positions along the VO2 strip. Inset are the zooms on the double peaks at 195 and 

223 cm-1 and at 613 cm-1 and a figure representing the scan direction, correlated with the 

colors of the spectra.  

For D3, the sample was maintained at a constant temperature of 20°C during the electrically 

triggered MIT Raman experiments. As expected from the temperature-dependent Raman 

experiments, the peaks’ intensities do not decrease for the different applied currents. The 

Raman shift evolution of this sample, for an applied current of 100 mA is represented in Figure 

79, for different positions along the film strip. The lack of significant evolution demonstrates the 

structural similarity of the M1 and R phases for this composition across the transition.  
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Figure 79. Raman shift evolution at different positions along sample D3 (1.86 at% W) at 100 

mA. 
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I.1.1. Terahertz amplitude modulation 

Current-dependent THz amplitude transmission measurements were also performed on the 

films in order to assess their THz modulating performances and compare them to the results 

from the thermal-activation. The setup used during the measurements is indicated in Figure 

80. The sample is first mounted on the Peltier heating element with the hole in the middle to 

let the THz pulse through, and then the cables soldered on the electrodes are connected to 

the external current/ voltage source. The setup is very similar to the one for thermal activation. 

 

Figure 80. THz measuring setup with the W:VO2 devices linked to a source that controls the 

electrical excitation. The samples are further mounted on a heating Peltier element with a 

circular hole in the center to control thermal activation and allow THz pulses to pass through. 

Prior to measuring the THz transmission of the electrically activated films, a heating bias on 

the substrate was applied at 60°C for the undoped film, 55°C for D1, 27°C for D2, and 23°C 

for D3. As previously, the time-domain spectra are transformed into frequency-domain and 

averaged between the measured frequency of 0.2-2 THz. The hysteresis curves, shown in 

Figure 81, reveal the unusual behavior of some films. For example, the MIT of sample D1 

seemingly occurred at a higher current than that of sample D0, and the THz transmission of 

sample D2 did not have a linear descent during the MIT, with a plateau occurring between 50 

and 100 mA. Furthermore, the films’ transmission in the metallic states did not seem to stabilize 

even at 250 mA. These effects can be ascribed to the position of the metallic channel’s onset 

and evolution relative to the fixed THz pulse position as exemplified in Figure 82.  

In this figure, a), b) and c) depict the scenario in which the metallic channel is initially formed 

beneath the position of the THz pulse (Figure 82 a)) and first expands in the opposite direction 

(Figure 82 b)) before finally shadowing the THz pulse with the increase in current (Figure 82 

c)). In contrast, d), e), and f) show the case where the channel is formed initially covering half 

of the pulse, and subsequently expanding into it. It’s difficult to say how the channel was formed 

during the THz measurements without an additional characterization technique performed 

simultaneously (such as thermal imaging). Either way, the control of this phenomenon could 

be achieved by adjusting the geometry of the electrodes. Specifically, the channel could be 

forced to nucleate at a given position by reducing the width and the length of the strip between 

the electrodes. 
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Figure 81. THz-transmission of electrically induced MIT averaged between 0.2 and 2 THz.  

 

Figure 82. Electrical activation of VO2. Possible metallic channel onset and evolution with 

increasing the applied current on the samples (represented by arrows) relative to the THz 

pulse (blue dot). 

The THz modulation depths (MDs) can still be calculated and compared to the ones obtained 

for the thermally activated devices, as presented in Table 17. Overall, the MDs appear to be 

systematically lower in the case of electrical activation than in the case of thermal activation 

for the investigated films.  
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As observed in the section describing the current-dependent XRD scans, the signal coming 

from the M1 peaks is persistent even at injected currents as high as 350 mA, which cannot fully 

be ascribed to the M1 and R peak position’s proximity. For the THz experiments, the maximum 

current used was 250 mA, thus a higher number of monoclinic phases can be expected to be 

still present in the films. This, combined with the relatively large THz pulse spot (more than ~3 

mm diameter) and the uncertainty in the spatial onset of the metallic channel, leads to lower 

MDs.  

W content (%) MD electrical (%) MD thermal (%) 

0 84.7 96.3 

0.41 84.9 88.9 

1.16 78.1 85.7 

1.86 72.5 79.7 

Table 17. Modulation depth comparison between electrically and thermally activated W:VO2 

films. 

I.2. Optical activation of the W:VO2 films 

Optical activation of VO2 is an interesting prospect for many applications, especially 

metamaterials for controlling the THz radiation (phase shifters [197] or modulators [198]). 

Activating the VO2 films, however, requires either relatively high laser powers or has been 

demonstrated only on small-surface samples [199]. Tungsten doping the VO2 films reduces 

the energy barrier required to trigger the MIT, thus the threshold fluences of the optical 

impulses are reduced [200]. As our devices have rather large areas, specific applications can 

be explored. For example, if the activation of the films is done near the onset of the MIT, at 

temperatures near and below TMIT, then it is possible for the irradiated zone to remain in the 

metallic state after removing the optical excitation, due to the specific shape of the hysteresis 

curve of the VO2 materials [201]. This allows for an optical patterning of the film made of 

insulating and conductive regions which behave as a sort of reconfigurable canvases, or 

“metacanvas” [201]. The process is illustrated in Figure 83. Initially, the films are heated up 

close to their TMIT, with the extra energy needed to transition the film provided by the laser 

irradiation (operation points 1 and 2 of the hysteresis curve on Figure 83). When the laser is 

shut down, the irradiated region of the film remains in the metallic state due to the lower 

temperature of the reverse metallic-to-insulator transition (operation point 3 of the hysteresis 

curve on Figure 83). These changes can be seen with an optical camera, or in some cases 

even with the naked eye in the visible range, however, the best way to record the phenomena 

is by employing an IR thermal camera.  
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Figure 83. Mechanism of VO2 “metacanvas” optical “writing” with inset figures exhibiting an 

example of manually writing XLIM word by scanning the tip of the optical fiber conveying the 

laser pulses on the VO2 surface. In the example here, the sample is an undoped VO2 film 

heated at 62°C irradiated with a laser operating with a power per pulse of ~1.2 W with 

lengths of 1 μs.  

An interesting application worth exploring using this approach involves reconfigurable wire grid 

THz polarizers, which require thin parallel metallic wires in order to linearly polarize incident 

radiation. In this context, an investigation was conducted to validate this concept. For this 

purpose, sample D1 (0.41 at.% W), was employed as the experimental canvas for drawing.  

The optical activation experiments for the W:VO2 films utilized an ALPhANOV PDM2+ laser 

source operating at a wavelength of 980 nm. The laser source specifications include peak 

powers of up to 5 W, a repetition rate of up to 20 MHz, and an operational mode ranging from 

continuous wave down to 50 ns. As for our experiments the laser pulses lengths are set at 1 

μs, and the optical triggering can be thought of as purely thermal through energy transfer from 

the laser to the films 

Note that throughout the entirety of the study, sample D1 was held at a constant temperature 

of 56°C. The experimental setup (Figure 84) employed the laser operating with a power per 

pulse of ~0.1 W, with a repetition rate of 20 kHz, in order to manually draw parallel lines on the 

film surface (Figure 85 a)). The line widths were measured to be at ~100 μm, and the shortest 

separations between these lines were also around 100 μm. These line widths and separations 

are directly depending on the distance between the fiber tip and the sample surface and on 

the employed laser energy. It is important to note that since the lines were drawn manually, 

the distances between them might not be consistently uniform. After the pattern was drawn, it 

was left for 15 minutes in order to observe the fading behavior of the pattern while keeping the 

temperature at 56°C. Figure 85 b) reveals the drawn lines after this time and shows that while 

the lines are weaker in intensity, they are still clearly distinguished which indicates a good 

short-time stability of the films. 
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Figure 84. a) Image of the setup with the laser source and manipulator’s power source and 

b) optical activation setup with all the elements. 

 
a) 

 
b) 

Figure 85. IR thermal images recording the periodic lines optically drawn on sample D1 kept 

at 56°C a) initially b) 15 minutes after removing the optical irradiation. 

Following the 15-minute period after removing the optical excitation for studying the fading 

behavior of the written lines, a current was applied through the metallic electrodes across the 

thin film in order to study the evolution and behavior of the written area under increasing 

applied current. This evolution is represented in Figure 86. Initially, at an injected current of 15 

mA, the lines become more clearly distinguished and their intensity increased. This effect 

continued at 30 mA and, from the color change, it was deduced that the lines act as nucleation 

points for the rutile metallic phases. Rather interestingly, as the applied current was 

incrementally increased from 50 to 150 mA, a transformation to the metallic state was recorded 

to emerge from the edge of the sample forming a new conductive region (Figure 86 c)), while 

the lines do not seem to increase in width. Upon increasing current the lines started to be 

incorporated in the new metallic region (Figure 86 d)). It is still unclear why the overall metallic 

phase did not emerge directly from the already optically drawn patterns. Additional work needs 

to be performed in order to ensure that this effect is not specific to this sample, as the metallic 

channel formation for the D1 sample was seen emerging from the sides of the sample also in 

the normal electric activation, without laser patterning. 

Decreasing the current reveals that the optically drawn lines are still somewhat visibly 

separated, indicating a “memory” effect of the sample. Reducing the temperature to 55°C (not 

shown here) successfully erases the lines and the films become fully insulating again. This 

“memory” effect could be explained by the fact that the film is still in the lower branch of the 

electrical-hysteresis curve, confirmed by the presence of various colors (different emissivity 

points) on the sample. The fact that the laser drawing remains visible could very well be due 
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to the higher concentration (surface and bulk) of the R phases from the focused optical 

radiation. 

 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

Figure 86. Thermal IR images of film D1 (0.41 at% W), maintained at a constant temperature 

bias of 56°C, showing periodic lines drawn by a laser, under various current conditions: (a) 

15 mA, (b) 30 mA, (c) 50 mA, and (d) 150 mA for increasing current, and (e) 25 mA and (f) 

0.01 mA for decreasing current. 

This experiment holds promise for future devices utilizing reconfigurable surfaces, where 

optical triggering of the transition is more advantageous for controlling the MIT over electrical 

methods, particularly in large-area applications. Nevertheless, because of time constraints, 

some critical refinements are missing e.g. finding deposition and doping conditions that allow 

for an abrupt MIT transition at relatively low temperatures in order to allow low laser fluences 

to activate the film. Also, the minimum resolution of the width/ separation between the drawn 

lines would require characterization methods with greater precision than the IR camera used 

for this research (e.g. in-operando Raman spectroscopy, SNOM- scanning near field optical 

microscopy, conductive AFM, etc.) 

Similar experiments were also performed on samples D0, D2, and D3. It was found that for D0 

and D2 devices the required laser current/ frequency to activate the MIT strongly depended on 

the film temperature, fiber-laser tip distance from the substrate, and incidence angle of the 

laser beam with respect to the sample surface. These factors also influenced the fading and 

“memory” effect observed in the experiments. For the most W-doped sample, D3, the IR 

camera didn't pick up any changes (i.e. no pattern could be observed upon laser irradiation), 

regardless of the laser settings (pulse width, energy) or the sample’s temperature (between 

10°C and 20°C). This is in line with the result obtained for the electrical activation of the 

transition, where no visible filament was formed during the transition. 
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I.3. Conclusion  

In this chapter, we discussed the electrical and structural characteristics of tungsten-doped 

VO2 films. The films were fabricated using reactive DC magnetron sputtering by placing W 

chips on the metallic vanadium target. By varying the chip size, the resulting W doping amount 

in the VO2 layers could be controlled. A standard annealing step (550°C for 30 minutes) was 

subsequently applied on the films. The W amount inside each sample was measured by 

employing the RBS technique, revealing that the samples, named D0, D1, D2, and D3 for 

increasing W content, presented 0, 0,41, 1.16, and 1.86 at% W. Their temperature-dependent 

electrical resistance was measured using the four-point probe technique. It was shown that as 

the tungsten percentage increases, the TMIT decreases with a slope of 18.9°C ± 2.9/ at% W, 

which is similar to reports in the available literature. The overall width and the hysteresis width 

of the transition, ΔT and ΔH, increased with the W doping level, which could be due to a 

decrease of grain size, possibly from the increased doping-related nucleation sites. The 

resistance ratio between the low and high temperature phases decreased heavily, from five 

orders of magnitude for D0 to only one for D3, mostly due to a decrease of resistivity in the 

insulating phase.  

θ-2θ XRD scans on the samples revealed that as the doping amount increased, the 020 peaks 

shifted towards lower angles, signaling an increase of the lattice parameter relative to the 

undoped samples. Temperature-dependent XRD scans around the VO2 020 peak revealed a 

decrease in spatial separation between the R and M1 phases. This structural distortion of the 

M1/ R phase was interpreted as the main reason for the TMIT reduction in literature, as the 

energy needed to overcome the energy barrier between them is reduced. 

Raman spectroscopy measurements revealed that at room temperature all films have peaks 

typical to the M1 phase, regardless of doping. Temperature-dependent scans of samples D0 

and D3 revealed that for sample D0 a peak shifting linked to the transition of the M2 phase was 

seen around the TMIT, and after the TMIT, all the M1 features disappeared, typical to a transition 

to the metallic phase. In the case of D3, the film revealed typical M1 signals well after its 

transition temperature, indicating that the high-temperature R phase had undergone a 

distortion towards a configuration resembling M1.  

THz-TDS was employed in order to assess the W-doping influence on the temperature-

dependent THz amplitude transmission. It was revealed that even for D3 (1.86 at% W) the 

modulation depth (MD) was ~80%, averaged between 0.2 and 2 THz. This is a relatively high 

MD when compared to other bare-VO2 films in literature proving the high quality of the films. 

Furthermore, in order to study the electrical activation of the films, Au electrodes were 

fabricated on the W:VO2 films leaving a 3.8 mm strip of material in the middle. Such large areas 

relative to other devices proposed in literature, were fabricated in order to allow electrically-

triggered THz-TDS evaluation of films’ performances.  

The electrical activation of the films was observed using an IR thermal camera. It was revealed 

that the transition was characterized by the onset of a well-delimited metallic channel that 

increased in width with increasing the applied current. For the samples with higher W amounts, 

this metallic channel was not as obvious to detect from the IR thermal imaging. In order to 

better characterize the onset and evolution of the metallic channel, current-dependent XRD 

characterizations were employed by performing scans from end to end along the W:VO2 strip 

for the diffraction conditions of the M1 and R phases. These measurements allowed us to 

quantitatively characterize the conducting channel during the injection of electrical currents in 
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the device. It was demonstrated that with increased doping, the spatial M1/R boundary became 

more diffuse and that the metallic channel growth rate increased. 

Current-dependent Raman scans were also performed in a similar fashion. In the case of D0, 

as the scan position approached the electrically-formed metallic channel, a gradual shifting of 

the specific Raman peaks (similar to the temperature-dependent scans) was observed. For 

D3, a similar but significantly smaller blue shift of approximately ~1 cm-1 was observed for the 

193 and 223 cm-1 peaks.  

Current-dependent THz amplitude transmission measurements revealed that the position of 

the channel onset, and subsequent evolution with current, heavily influenced the shape of the 

THz transmission modulation. The MDs were also generally lower than the temperature-

dependent ones. Changing the form of the electrodes from parallel to other shapes that have 

reduced distances where the channel is desired to trigger should alleviate the THz 

transmission performances.  

Finally, within this chapter, the optical activation behavior of the films was explored. Exploiting 

their temperature hysteresis behavior, the films were heated close to their TC followed by 

localized heating using laser radiation. After the laser spot was removed, the area returned to 

the fixed temperature, however, due to the shape of the temperature hysteresis curve, the 

irradiated area remained in the metallic state.  

In order to test possible applications of reconfigurable wire grid polarizers, relatively equidistant 

lines were drawn on D1 with ~100 μm widths and distances between the lines. The results 

show promise for building dynamic systems based only on optical writing, such as photonic 

circuitry or reconfigurable metasurfaces. Furthermore, multi-stimuli applications can be created 

utilizing these films i.e. using thermal + optical triggers to create patterns on the surface, and 

utilizing electrical current to maintain these patterns while removing the heating. 
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Chapter V. Niobium dioxide thin films: fabrication and characterization 

In this work we made important progress on NbO2 in order to reach a higher understanding of 

this high transition temperature metal-insulator transition material, as it is an interesting 

research topic alongside VO2 and W-doped VO2. However, due to the relatively limited body 

of existing literature on NbO2, combined with some intriguing findings of our researches 

stemming from VO2 and W:VO2, which demanded considerable time to characterize and 

understand, there remains numerous unanswered questions regarding the fabrication process 

and its effects on material properties in our investigations of NbO2. Despite these challenges, 

this chapter will provide an account of the progress achieved so far in the fabrication of thin 

layers of NbO2 obtained by reactive magnetron sputtering, as well as their electrical and 

thermal characterization. 

IV.1. Optimization of the fabrication process 

The optimization process for obtaining high-quality NbO2 films was performed in a similar 

fashion to the one used for the VO2 films. The first step, before fabricating the films, was finding 

the optimal O2 deposition flow for obtaining the desired NbO2 stoichiometry. An oxygen 

poisoning curve, as described in chapter 3.1, was established for this purpose as well. To 

quickly recall, the oxygen flow within the overall flow of Ar+O2 gasses mixture was increased 

continuously and the plasma voltage noted at each increment. Unlike the VO2 experiments 

however, two different magnetron sputtering systems/ chambers were used to perform the 

NbO2 deposition experiments. The first one (Plassys) was also used for performing the VO2 

thin film synthesis, the second one (PVD-6 from Vinci Technologies) was a new deposition 

system. This new system offers numerous advantages in comparison to the previous one. 

Notably, it incorporates separate shutters for the target and the substrate and the possibility to 

simultaneously perform RF, DC and pulsed DC magnetron sputtering. This double-shutter 

configuration enables the plasma to stabilize with the target shutter open and the substrate 

shutter closed, unlike the Plassys system. Thus, the plasma remains stable upon the initiation 

of the deposition process. Furthermore, the new system ensures uncontaminated chamber 

walls due to exclusive usage of niobium deposition (at the time the experiments were 

performed), preventing potential cross-contamination from other experiments. Still, as this 

second deposition system arrived towards the end of the thesis, additional work is needed in 

order to optimize the fabrication process and to analyze the films obtained under different 

experimental conditions. 

The sputtering deposition conditions for the PVD-6 system involved a constant 50 sccm Ar 

flow with a variable oxygen flow to achieve a total chamber pressure of 2.25 mTorr. The 

Plassys system, on the other hand, used a constant 70 sccm Ar flow with a variable oxygen 

flow to maintain a total chamber pressure of 4 mTorr. In both systems, a sputtering power of 

150 W was employed. The resulting oxygen poisoning curves for the two systems are 

presented in Figure 87. These curves are quite similar to each other, and it is also clear that, 

unlike the VO2 targets (especially the T2 target), the poisoning curves for NbO2 exhibit a more 

gradual evolution, with a large transition zone. This can prove useful in controlling the film 

stoichiometry without worrying about avalanche effects that would abruptly destabilize the 

plasma.  
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Figure 87. Oxygen poisoning curves of an Nb target for the two deposition systems (Plassys 

and PVD-6). 

In the following sections, we will discuss the details of the NbO2 fabrication optimization using 

the curves shown on Figure 87. Specifically, we will analyze the oxygen flow operation values 

associated with the endpoints and the transition zone of the curve for the Plassys system. For 

the PVD-6 system, our focus will be on exploring the operation values related to the transition 

zone. 

IV.1.1. Deposition optimization using the Plassys system 

The Plassys system was employed to deposit thin films on c-Al2O3 substrates. For all 

depositions an Ar flow of 70 sccm for a total chamber pressure of 4 mTorr, and a sputtering 

power of 150 W were utilized. The films were deposited at various oxygen flow rates, 

specifically 0, 3.8, 4.5, and 7 sccm of O2, while maintaining a substrate temperature of 500°C. 

XRD θ-2θ scans of the as-deposited films are presented in Figure 88 a) between 15 and 95° 

and in b) between 32° and 40°, in order to focus on the NbOx diffraction peaks.  

In the case of the films fabricated at 0 sccm O2, the observed diffraction peaks are attributed 

to the pure Nb phase with peaks present 38.52°, 69.46° and 82.69° corresponding to the (110), 

(211) and (220) Nb planes (PDF 00-034-0370). For the samples fabricated under 3.8, 4.5 and 

7 sccm O2 flow, similar patterns are observed, with peaks emerging at ~35° and ~37° 

corresponding to the (222) and (440) NbO2 planes (PDF 04-005-4298). Increasing the oxygen 

flow from 3.8 to 4.5 sccm leads to more intense NbO2 diffraction peaks, indicating an increased 

crystalline quality. The observed peak shift points to a variation in the level of strain or in the 

oxygen content of the film. Surprisingly the film fabricated at 7 sccm O2 presented a diffraction 

pattern similar to the one at 3.8 sccm O2. This sample also differs by its visual aspect, it has 

high transparency thus it can be speculated that alongside the NbO2, an amorphous Nb2O5 

phase is also present. This assumption is based on experiences with Nb-O films fabricated at 

high oxygen flow that showed no XRD peaks, thus amorphous. 
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Figure 88. XRD θ-2θ scans of NbO2 films deposited at different oxygen flows between a) 15° 

and 95° and b) 32° and 40°. 

With the prospect of improving the stoichiometry and crystal orientation, a post-deposition 

annealing step was also performed with the same conditions used for VO2 i.e. 550°C, 20 sccm 

O2 for 30 minutes. As the sample at 7 sccm O2 was already transparent, indicating a possible 

domination of the insulating Nb2O5 phase, XRD measurements were not pursued for this 

sample after the post-deposition annealing. The post-annealing θ-2θ scans of the other 

samples are presented in Figure 89. It can be seen that the film deposited at 0 sccm O2, pure 

Nb deposition, underwent a phase transformation to NbO2, indicating the successful 

incorporation of oxygen into the film. However, a very broad shoulder appearing at a lower 

angle, near the NbO2 one, can also be seen, which could not be precisely attributed to any 

specific phase. For both the films deposited at 3.8 and 4.5 sccm O2, the annealing step lead 

to increased peak intensity of the ones at 35° and 37°, signifying an increase of crystallinity 

and/ or orientation.  
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Figure 89. XRD θ-2θ scans of annealed samples a) between 15° and 95° and b) between 

32° and 40°. 

Grazing incidence XRD results are shown in Figure 90 a) for the as-deposited samples and b) 

after their annealing step. It can be seen that for the as-deposited films at 0 and 3.8 sccm of 

O2 the data exhibits several diffraction peaks that can be attributed to Nb, NbO2 or Nb2O5. This 

is an indication that these films are not oriented in a single direction. The samples deposited 

at 4.5 and 7 sccm O2 lack any significant diffraction peaks in the GI-XRD data which shows 
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either the appearance of an out-of-plane texture (as confirmed by the θ-2θ scan in Figure 89 

for the 4.5 sccm case), or, in the case of the 7 sccm O2 sample, a possible amorphization of 

the film, also due of the decreased intensity in the θ-2θ scans. 

Following a post-annealing process, the phase transformation of the films is evident in the GI-

XRD scan. In the case of the sample created at 0 sccm O2 flow, the prominent peak observed 

at around 36.75 degrees may arise from the overlapping of two NbO2 peaks. This overlap could 

be influenced by distorted grain structures, causing broadening of the peaks. The sample at 

3.8 sccm O2 showed less intense peaks than the as-deposited one, indicating that the 

annealing step helped with increasing the film’s orientation. The film deposited at 4.5 sccm O2 

shows almost no peak in the GI-XRD data indicating the lack of any disoriented fraction, i.e. a 

good film orientation. 
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Figure 90. GI-XRD 2θ scans of the NbO2 samples deposited at different oxygen flows for a) 

as-deposited films and b) oxygen annealed films. 

IV.1.2. Deposition optimization of NbO2 films using the PVD-6 

system 

For the PVD-6 system, the investigation focused on intermediate experimental conditions with 

regard of the oxygen flows, as the extreme cases (0 and 7 sccm O2 flow) were studied in the 

previous section. Films were produced with oxygen flows of 2.5 and 3.5 sccm. For the PVD-6 

system, the sputtering conditions were 50 sccm Ar, for a total pressure of 2.25 mTorr, and a 

sputtering power of 150 W. In this case, the deposition temperature was of 650°C and the post-

annealing step was performed at 750°C, as it was noticed from other experiments (not shown 

here) that a higher deposition and annealing temperatures led to a higher degree of crystallinity 

of the obtained films i.e. more intense diffraction peaks in the θ-2θ scans. 

The resulting XRD θ-2θ scans of the films obtained under these conditions are presented in 

Figure 91 a) for the as-deposited films and b) for the annealed ones. It can be seen that before 

the post-annealing step, both films present similar diffraction patterns with peaks appearing at 

~36.39° and ~77.27°. With just the θ-2θ scan it’s rather difficult to assign these peaks to any 

specific phase, as between 36-37° diffraction peaks from NbO, NbO2 or Nb2O5 are present in 

the powder diffraction files. However, with the help of diffraction pattern of the 2θ GI scan, the 

assignment of the phases was made easier since most of the peaks (Figure 92 a)) 

superimposed satisfactorily with the ones from NbO. Thus, the peaks in θ-2θ scan could be 

attributed to the (111) and (222) NbO planes (PDF 00-042-1125).  
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Figure 91. XRD θ-2θ scans of a) as-deposited and b) annealed films sputtered from a Nb 

target using the PVD-6 system. 

The sample fabricated at 3.5 sccm O2 shows additional peaks at 18.01° and 56.11°, the first 

one being assigned to the (220) NbO2 plane, while the other one could not be confidently 

assigned to any phase, but, most probably comes from the (741) NbO2 plane. Furthermore, 

for this oxygen flow, another peak at ~37°, slightly superimposed with the one of 111 NbO 

could be seen. This peak has been attributed to the (440) plane of NbO2, showing that an as-

deposited NbO2 phase can be obtained at higher oxygen flows. 

After performing the post-annealing step, it can be seen that both the θ-2θ ( Figure 91 b)) and 

GI 2θ scans (Figure 92 b)) revealed peaks assigned to NbO2 phase. Furthermore, it is 

interesting to note that while in the GI scans the post-annealing pattern of both films is similar 

to the one of the NbO2 films deposited in the Plassys system, in the θ-2θ scans the 111 NbO 

peaks are barely shifted. It is possible that the oriented part of the NbO (i.e. the (110) plane 

family) did not transform under the post-annealing step, which might be due to the NbO being 

epitaxially grown on the substrate. Another point of interest is the (440) NbO2 peak of the films 

grown at 3.5 sccm O2 flow. In the as-deposited film, the intensity from this plane was quite 

weak. However, after annealing, it became as intense as the 111 NbO peak. This phenomenon 

might be attributed to the grains in this phase acting as nucleation centers for NbO2 during the 

annealing process. 
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Figure 92. XRD 2θ (GI) scans of a) as-deposited and b) annealed films sputtered from a Nb 

target using the PVD-6 system. 
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The results presented in the previous sub-chapters have provided valuable insights into the 

fabrication process of NbO2 thin films. While consistent steps have been taken in unraveling 

the optimization of NbO2 deposition, further efforts are required especially for the PVD6 system 

which is a superior sputtering system in terms of capabilities (separate substrate and target 

shutters, possibility for co-deposition). The goal is to achieve mono-oriented films similar to 

those of VO2 presented throughout this work. Additional directions for optimization include 

identifying better deposition and annealing temperature, optimizing the deposition oxygen flow, 

and even exploring the use of alternative substrates. These efforts will contribute to advancing 

the fabrication process of NbO2 films. 

IV.2. Electrically induced activation of the NbO2 films 

This section focuses on studying the electrical activation of the NbO2 films fabricated using the 

Plassys system. Given that there is less ambiguity around the nature of the films deposited at 

an oxygen flow of 3.8 sccm O2 (i.e. phase composition), this experimental condition was taken 

as the optimal one for the given time. In order to test the switching behavior of the material 

under an applied voltage/ current, we integrated NbO2 in simple metal-insulator-metal (MIM) 

vertical devices. 

The devices were fabricated by sputtering a Pt layer as bottom electrode on a c-cut sapphire 

substrate (20x20 mm2). An NbO2 layer of 269 nm was fabricated under normal deposition and 

annealing conditions on two thirds of the sample surface in order to give further electrical 

access to the lower electrode. Afterwards, a photolithography step was used in order to 

fabricate top electrodes with different dimensions made of Ti/ Au layers of 10/ 200 nm 

thicknesses, obtained by e-beam evaporation followed by lift-off. The fabricated MIM devices 

are schematically shown in Figure 93 a) and an image from the top showing different top-

electrodes MIM device dimensions is depicted on Figure 93 b). The upper electrodes have 

square shapes with sides of 30, 40, 50, 60 and 70 μm. For the electrical probing, the devices 

were connected in series with current/ voltage measurement unit and a resistance of 220 Ω in 

order to prevent damaging them in the low resistive state. An oscilloscope could also be 

connected in parallel with the resistance in order to measure the film’s response to the 

electrical activation or further, the onset of electrical oscillations.  

  

 

a) 

 

b) 

Figure 93. Schematic of the metal-insulator-metal vertical NbO2 device and the associated 

electrical setup for MIT activation and b) top view of an MIM device with upper electrodes of 

50 μm (left) and 70 μm (right) lateral size. 

Additionally, it is of interest to observe how NbO2 grows on the Pt-covered c-sapphire substrate 

(experiments that may need further optimization on their own). Figure 94 presents the 
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diffraction pattern of the NbO2 film/ bottom Pt electrode/ substrate heterostructure. While the 

high-intensity peaks can be attributed to the Al2O3 substrate and Pt layer, the other peaks seem 

to result from the superposition of multiple Nb-O phases. Although, based on the other 

sputtered films at this oxygen flow value, it is safe to assume that the phase is indeed NbO2 

and that the largest peak comes from the (440) plane. Furthermore, from the GI XRD scan (not 

shown) we may confirm that Pt grows oriented on the sapphire substrate. Further insights into 

the nature of the film may be deduced from its electrical switching characteristics. 
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Figure 94. XRD θ-2θ pattern of a NbO2 film grown at 3.8 sccm O2 on a Pt-covered c-Al2O3 

substrate. 

The current-voltage (I-V) characteristics of a NbO2-based MIM device with a top-electrode side 

dimension of 40 μm are presented in Figure 95 a) and b) for the voltage and current sweep 

modes, respectively. It can be seen that in both cases the film presents a threshold voltage/ 

current jump with corresponding NDRs, and a hysteresis when returning to the initial insulating 

state. Even though our films are most probably polycrystalline NbO2 and no electroforming 

step was noticeable (as it was shown that electroforming may not necessarily appear for 

crystalline NbO2 [93,202,203]), the resistance of the insulating state dropped after the first 

electrical switching event was performed, especially for the devices with larger top-electrodes 

(50 and 60 μm), as it can be seen in Figure 96. 
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Figure 95. Current-voltage curves subsequent to a) voltage and b) current sweeps applied to 

the NbO2 MIM device with an electrode side dimension of 40 μm. 
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Figure 96. Initial resistance of NbO2 MIM devices with different top-electrode sized for 

different cycles. 

The resistive switching mechanism may occur either through a filamentary type switching, 

where a non-volatile conductive filament is formed in the films [204] or an interface type, where 

the charges are gathered near the metal electrode, in the film [205]. The filamentary type 

conduction is weakly depended on the electrode areas, while the interface type is heavily 

influenced by them. In volatile MIT materials this filament is created by grains switching into 

the metallic phase, as discussed in the previous chapter. In our case, the threshold current 

seems to be depended on the electrode size (as indicated in Figure 97). The fact that the 

device resistance decreased after the first measurement cycle could point to a combination of 

a permanent filament being formed (electroforming) and an MIT-induced switching. When 

measured immediately after fabrication, the switching could be obtained only on the top-

electrodes with side dimensions from 30 to 60 μm, with the MIT on the 70 μm electrode not 

being possible. 
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It is reported in literature that NbOx films can have two NDR regions when the MIT is electrically 

triggered [14,16]. The first one is related to a Poole-Frenkel conduction mechanism which gives 

and S-type NDR and is triggered at an equivalent temperature much lower than the expected 

MIT of NbO2, namely ~400K. The second NDR is related to the MIT of NbO2, defined by a 

snapback type mechanism/ abrupt jump, and is triggered at a temperature of ~1000K. Although 

the S-type NDR is usually seen in amorphous Nb2O5, NbOx and NbO2 films, Lee et al. reported 

the combined S-type and snapback NDR in crystalline NbO2 when the bottom electrode sizes 

were over 520 nm [202]. Our films, as can be seen in Figure 95 and Figure 97, present only 

one NDR at around a voltage threshold of 6 V and show a large jump in voltage and a hysteretic 

behavior when returning to the insulating state. From this it can be deduced that this NDR is 

indeed due to the NbO2 MIT, while the other mechanism was not seen in our films. 
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Figure 97. NbO2-based MIM current-based electrical activation for different electrode side 

sizes. 

After ~10 months, the MIM devices were measured again in order to evaluate the influence of 

aging on the films and evaluate the onset of the voltage oscillations behavior initiated when 

exciting the device with a constant current in the NDR region. It was found out that the switching 

characteristics of the devices were very different, with high level of fluctuations and low 

repeatability between measurements. Also, electrically induced MIT has occurred on all 

electrodes, even on the one with side dimensions of 70 μm. This could be due to the fact that 

for these experiments, the resistance connected in series had a value of 100 Ω. Figure 98 

shows the current-induced switching characteristics of a device with electrode side sizes of 60 

μm after two consecutive measurements. It can be seen that both the switching voltage and 

hysteresis shapes are different. Additional measurements on devices with different electrode 

sizes reveal similar unstable switching curves. Regardless, this proves that the film still exhibits 

an MIT even after 10 months of aging. Another effect that needs to be considered is the film 

oxidation. It is possible that, even though the films were kept under vacuum, oxidation of the 

film had taken place, with a thick Nb2O5 layer forming on the exposed surface. Although 

oxidation quickly happens, at low enough thicknesses of Nb2O5 the influence on the electrical 

switching can be minor [206]. However, it is not known how the electrical performances of the 

devices are affected if this oxidized/ dielectric layer becomes thicker. It could alter the 

functioning behavior by forming conductive filaments in the Nb2O5 and affecting the volume of 

NbO2 that undergoes transition [207]. More understanding of this phenomenon could be gained 
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by performing RBS analysis or cross-sectional electron diffraction analysis on fresh and aged 

NbO2 devices, to reveal the composition at different distances from the surface. 
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Figure 98. Current-induced switching of an NbO2-based MIM device with a top electrode side 

sizes of 60 μm, showing differences between two consecutive measurements. 

Figure 99 a) and b) shows the I-V characteristics of an MIM device with electrode size of 30 

μm and respectively, the onset of periodic voltage oscillations with a frequency of ~ 23 kHz 

across the device when excited with a current of 6 mA corresponding to the values in the NDR 

region of the I-V characteristics. It must be mentioned that these oscillations occur in temporally 

periodic packages and a continuous oscillation regime could not be achieved. This was 

probably due to the instability of the I-V characteristic in time associated with the film’s unstable 

NbO2 phase.  
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Figure 99. a) I-V characteristic and b) periodic induced voltage oscillations across a NbO2 –

MIM device with an electrode size of 30 μm when excited in the NDR zone with a constant 

current of 6 mA. 

More effort needs to be dedicated to the understanding of the electrical switching mechanism 

and aging in NbO2 devices. Some important directions that can be taken are the understanding 
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of the exact chemical composition of the films for every oxygen flow used for their fabrication 

and evaluating the oscillating behavior of freshly fabricated NbO2 devices. 

IV.3. Temperature-dependent activation of the MIT in NbO2 films 

While electrically induced MIT of an NbO2 integrated in a MIM device is the most reported 

activation scheme of the NbO2 material, it is also necessary to understand the temperature-

induced MIT transition in order to fully characterize the material. The difficulty in this case 

arises from the very high transition temperature resulting in the quick oxidation of the material 

when heated in air at high temperatures, as observed in the XRD θ-2θ scans shown in Figure 

100. In this experiment, a sample deposited at 3.8 sccm O2 flow, as described in the section 

discussing the thin film optimization using the Plassys system, was heated up to 800°C and 

then cooled back to room temperature. It can be seen that the film suffers an irreversible phase 

transition to a more thermally stable phase i.e. Nb2O5. The inset in in Figure 100 is showing 

the optical image of the sample after the heating XRD measurement.  
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Figure 100. Temperature-dependent XRD scans of a sampled deposited at 3.8 sccm O2 up 

to 800°C and after cooling down to room temperature. Inset are the images of the as-

deposited sample and after the high-temperature annealing in ambient atmosphere. The 

asterisks represent diffraction peaks coming from the heating stage. 

In order to prevent such high-temperature oxidation, protective measures for the NbO2 surface 

must be taken. Some ways to achieve this is by covering the NbO2 film with a capping layer, 

or performing the measurements in an inert Ar gas. Temperature-dependent XRD 

experiments, like the one in Figure 100, on an NbO2 film covered with an alumina capping 

layer were performed but this layer did not successfully prevent the oxidation and thus are not 

shown. This could also be due that the fact that the capping layer was not fabricated in-situ, 

thus an Nb2O5 layer could have formed and acted as a seed for the irreversible phase 

transition. Further on, the temperature-dependent electrical characterization of NbO2 layers 

was performing using two-point probes measurements in a special cell under an inert Ar flow 

atmosphere (TS 1000E-PB4 17/3 from Linkam covering the temperatures from ambient to 

1000°C and allowing in-situ electrical probing).  
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The temperature-dependent resistance curves of the sample are reproduced on Figure 101, 

where the lines connecting the experimental recording points are only acting as guides to the 

eyes. With this sample, also fabricated at an oxygen flow of 3.8 sccm O2 and 500 and 550°C 

deposition and annealing temperatures, the expected phenomenon of an MIT can be 

highlighted. The film behaves as an insulator as the temperature increases up until 800°C, 

after which the metal-insulator transition is triggered and the NbO2’s resistance increases as 

the temperature continues to increase, behaving like a metal. Interestingly, the drop-in 

resistance up to 800°C is about of six order of magnitude, while when returning to room 

temperature the difference is only five orders of magnitude. While we cannot disregard the fact 

that the films could have suffered an irreversible phase change due to the insufficient Ar flow, 

this may have also been the effect of the positioning of the electrical needle probes. The 

stability of the contact with the film during heating at temperatures as high as 950°C and 

subsequent cooling may have been affected by the probe positioning. 
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Figure 101. Temperature-dependent two-point resistance measurements of an NbO2 film up 

to 950°C and subsequent cooling. 

Several research directions can be further explored in the case of temperature activation of 

the films, such as testing different configurations of capping layers or establishing how the 

films' phase compositions affect the MIT performances. In a separate, two-probe temperature-

dependent experiment of an NbO2 sample displaying NbO and NbO2 diffraction peaks (similar 

to the case presented in Figure 91), the film first increased in resistance up until 300°C, then 

started to decrease, and at 800°C it presented a sudden drop in the resistance. The ramp-

down in temperature showed similar behavior, with the presence of a hysteresis. Thus, it could 

be interesting to understand how different phase-compositions influence the temperature 

switching behavior in these compositions.  

IV.4. Conclusion 

In this chapter the growth and thermal and electrical characterization of NbO2 films was 

presented. Using a first deposition system, it was observed that depositions from Ar+O2 gas 

mixtures flows at 0, 3.8, and 3.5 sccm O2 exhibited randomly oriented polycrystalline films, 
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while the film deposited from 7 sccm O2 displayed a mono-oriented structure, as evidenced by 

the absence of peaks in the GI-XRD scans. However, it should be noted that the latter 

observation may be attributed to the films also containing amorphous Nb2O5 phases, as they 

exhibited a lighter color (which could also be due to a presumably lower thickness). 

Subsequent post-annealing of the films deposited at 0 sccm O2 resulted in a phase transition 

to NbO2, while for the other films, it led to an increase in crystallinity, as indicated by XRD 

investigations.  

Using a more recent PVD-6 deposition system, films were fabricated at 2.5 and 3.5 sccm O2 

flows at a substrate temperature of 650°C and annealed at 750°C in full oxygen atmosphere. 

XRD measurements shown that for these oxygen flows, randomly-oriented polycrystalline films 

presenting peaks linked to the NbO phase were present before and after the post-annealing 

step. The post-annealing step however was successful in transforming the film into NbO2.  

Furthermore, we conducted electrical triggering of the MIT using vertical MIM devices 

consisting of an Al2O3/Pt/NbO2/Au structure. These MIM devices featured square top-

electrodes with varying side sizes of 30, 40, 50, 60, and 70 μm. Notably, the growth of NbO2 

on the Pt layer covering the sapphire substrate exhibited different orientations compared to the 

films grown directly on c-Al2O3. Our experiments demonstrated successful electrical and 

voltage switching capabilities of the NbO2-based MIM devices having electrode sides 

dimensions ranging from 30 to 60 μm. 

After a 10-month aging period, the electrical performances of the devices were evaluated. It 

was shown that measurement repeatability was not optimal, but the films nonetheless 

exhibited a marked MIT, allowing the onset of periodic oscillations with frequencies of ~23 kHz 

when excited in the NDR region of their I-V characteristics. 

Lastly, the thermal-dependent resistance evolution of the film was measured inside a special 

measurement Linkam cell up to 950°C in a two-probe configuration. It was shown that up to 

800°C the films decreased in resistance with temperature, similar to an insulator, while after 

this point their resistance started to increase, similar to a metal, allowing to identify the metal-

insulator transition point.  

The research conducted thus far has provided valuable insights into the performances of the 

fabricated NbO2 films, but numerous questions remain unanswered. Further characterizations 

are required to establish a clearer understanding of the relationship between electrical and 

thermal switching behaviors and the growth parameters involved in NbO2 films.  
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Conclusion 

The central focus of this work was the fabrication of phase transition materials capable of a 

volatile solid-solid transition between an insulating and a metallic state, with a further focus on 

correlating between the structural, electrical and optical properties of the realized films. The 

fabrication technique employed was reactive DC magnetron sputtering, and the materials of 

interest included VO2, tungsten-doped VO2 (W:VO2), and NbO2. To this end, significant 

progress was achieved both in understanding how the fabrication parameters influence the 

films’ properties, and in delimitating new directions of research that can be developed using 

these MIT-capable materials.  

The original work presented in this manuscript can be neatly summarized into three parts, one 

part for each type of material/ composition that was investigated, i.e. VO2, W:VO2 and NbO2: 

In the first part of the thesis, an optimization process for sputtering VO2 films was conducted. 

This involved depositing films with varying compositions, ranging from V2O3 to lower-quality 

VO2, and combinations of VO2 and V2O5 phases. Subsequent annealing was employed to 

enhance the quality and stoichiometry of the films. Through adjustments of the deposition and 

annealing parameters, high-quality VO2 films were successfully fabricated, with state-of-the-

art electrical performance, exhibiting more than five orders of magnitude change in resistance 

between insulating and metallic states, and excellent mono oriented, crystalline quality. The 

control of hysteresis and transition widths, and transition magnitudes was also achieved by 

adjusting the deposition and annealing parameters. The work performed in this part provides 

a clear and deep understating into customizing the fabrication process to meet specific 

application requirements. For example, a sharp transition with a small hysteresis width is useful 

for electrical/ optical switching applications, while a larger transition width can be achieved for 

a applications that require a finer modulation of the parameters of interest (THz transmission, 

resistance). This part also highlights the versatility of reactive magnetron sputtering into easily 

obtaining various V-O phases from a metallic V target in oxygen atmosphere. 

In the second part of the thesis, utilizing the knowledge gained from fabricating the high-quality 

VO2 films, the focus was shifted to the fabrication and overall characterization of tungsten-

doped VO2 films and devices. Tungsten doping is employed to lower the energy required to 

induce the transition in these films and further improve the domains where VO2- based 

compositions can be employed. Films with three different doping levels, approximately 0.5%, 

1%, and 2 at% W, were achieved, which successfully reduced the transition temperature of 

the doped VO2 layers down to room temperature. These doped films have high crystalline 

quality and high modulation depths (MD) of transmission amplitude in the THz spectrum. The 

evaluated MD’s were from ~96% for the undoped films, to 80% for the highest doped films. 

The research provided also valuable insights into the nature of the doping by studying the 

temperature-dependent XRD and Raman scans. Moreover, planar two electrode devices were 

fabricated to investigate the electrically driven metal-insulator transitions over distances larger 

than ever seen before (~3 mm interelectrode distance). These large inter-electrode distances 

are important to study for creating large area THz amplitude modulators, optically activated 

metacanvases for reconfigurable metamaterials and thermal/ electric switches. Insights into 

the electrically activated MIT through the formation of a metallic filament was also conducted 

by using infrared thermal imaging, X-ray diffraction, and Raman spectroscopy.  

The third part of this thesis, reports the investigations on the optimization and characterization 

of NbO2 thin films. Similar to the methodology applied for VO2 films, their optimization involved 
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adjusting the deposition and annealing parameters during the fabrication process. Although 

further research is needed to enhance the crystalline quality of NbO2 films and gain a deeper 

understanding of the correlation between deposition parameters and film properties, this study 

is of significant contribution, particularly in the context of films deposited via reactive magnetron 

sputtering. 

It's worth noting that the research on NbO2 successfully demonstrated the ability to switch 

between the insulating and metallic phases using both thermal and electrical methods. 

Additionally, the influence of device aging on electrical switching and the oscillatory behavior 

of the films was investigated. This provided some insights into the nature of the switching 

mechanisms and highlights the possibility of NbO2 –based metal-insulator–metal (MIM) 

devices to be used as a relaxation oscillator. 

Some directions for the future research based on the work here should focus on improving the 

optical activation of the undoped and W-doped films, that is, for reconfigurable metasurfaces 

or for generating ultrafast responses at different interelectrode distances. Regarding NbO2 

films, more research should be dedicated on fabricating epitaxial films, especially on the PVD6 

system, gaining a better understanding the electrically induced MIT for new and aged devices, 

and creating capping layers that are capable to resist high-temperature oxidation.  

In summary, the work presented in this thesis provides a clearer understanding of how reactive 

magnetron sputtering deposition parameters affect film properties and opens up paths for the 

development of new devices using phase transition materials. These include large area 

terahertz modulators, electrical switches, relaxation oscillators and optically activated 

metacanvases. Furthermore, the materials used in this study exhibit improved structural 

electrical and optical characteristics, marking a promising direction for future research in 

various fields. 
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Elaboration et corrélation structure/ propriétés optiques et électriques dematériaux 
oxydes à transition de phase (VO2, VO2 dopé avec W et NbO2) 

Cette thèse vise la réalisation et la caractérisation structurale, optique et électrique de couches 
minces de matériaux oxydes ayant des propriétés de transition isolant-métal (MIT), plus 
particulièrement des oxydes de vanadium (VO2 et VO2 dopé avec W) et du dioxyde de niobium 
(NbO2). Le dépôt de ces couches minces a été effectué par pulvérisation magnétron réactive 
dans une atmosphère Ar/ O2. Le processus d'optimisation des films minces a permis d'obtenir 
des informations précieuses sur les effets du processus de fabrication sur les caractéristiques 
structurelles, optiques et électriques. En outre, les films ont été intégrés dans divers dispositifs 
tels que des modulateurs THz activés thermiquement/électriquement, des métacanvases 
reconfigurables optiquement et des dispositifs oscillants. Les informations fournies dans ce 
manuscrit sont d'un grand intérêt pour l'intégration de films de VO2 et de VO2 dopé avec W 
dans des dispositifs pouvant fonctionner dans différents domaines. Ce travail permet 
également d'approfondir notre compréhension des films de NbO2, un domaine relativement 
moins étudié mais particulièrement intéressant pour les applications nécessitant une plus 
grande stabilité à la température. 

Mots-clés : oxydes, dioxyde de vanadium, dioxyde de niobium, pulvérisation réactive, 
transition métal-isolant  

Elaboration and correlation of structure/optical and electrical properties of phase 
transition oxide materials (VO2, W-doped VO2 and NbO2) 

This thesis aims at the realization and structural, optical, and electrical characterization of thin 
films of oxide materials with insulator-to-metal transition (MIT) properties, more specifically 
vanadium oxides (VO2 and W-doped VO2) and niobium dioxide (NbO2). The deposition of these 
thin films was performed using reactive magnetron sputtering in an Ar/ O2 atmosphere. During 
the optimization process of the thin films, valuable insights were gained into the effects the 
fabrication process has over the structural, optical and electrical characteristics. Furthermore, 
the films were integrated into various devices such as thermally/ electrically activated THz 
modulators, optically reconfigurable metacanvases and oscillating devices. The information 
provided in this manuscript is of high interest for the integration of VO2 and W-doped VO2 films 
into devices that can operate in various fields. This work also deepens our understanding of 
NbO2 films, an area with comparatively less research but of particular interest for applications 
requiring higher temperature stability. 

Keywords: oxides, vanadium dioxide, niobium dioxide, reactive sputtering, metal-to-insulator 
transition 

 


