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Introduction 
 

This chapter presents a brief review of the transition metal oxides and 

their applications in devices. The material of interest, i.e., vanadium 

dioxide (VO2), has been explored in detail with its fundamental 

properties and applications. Metal-acid contact method used to 

hydrogenate the films and the necessity to improve this method has been 

discussed in detail. A comparison with other hydrogenation methods has 

also been presented. The motivation and the objectives are defined 

towards the end of the chapter. 

 

 

 

  

Chapter 1 
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1.1 An overview of transition metal oxides 

The role of metal oxides came into the picture for countering the 

unprecedented growth of electronics and other applications. It was 

predicted that once the dimension reaches quantum size, the effect of 

scaling will get apprehended [1,2]. Thus, to sustain the emerging 

requirements of technologies, there is a boom for utilizing oxide 

materials at the nanoscale. Numerous oxides possess a potential for 

adapting the requirement of current electronics. Some new physical 

properties like spintronics, single electron electronics and 

superconducting electronics are the best approaches towards the 

trending area [3]. Metal oxide semiconductors belong to a discrete class 

of materials because of its charge transport nature when compared with 

conventional semiconductors like silicon (Si). As the conduction band 

minimum and valance band maximum generally have metal and oxygen 

respectively, the interaction causes a significant discrepancy of charge 

carrier transport [4]. Electron and hole transport are the phenomena 

followed by the metal oxide semiconductors, and it can be understood 

that a better n-type or p-type conductivity cannot be gained intrinsically. 

Therefore, in the case of metal oxides, the defect serves as donors and 

acceptors. In most of the cases the band gap is wide, the defect levels 

are considerably too deep to provide high concentrations of carriers. 

Thus, external doping with controllable parameters needs to be realized 

[5].  

There are several challenges in the field of electronics and a 

single material cannot withstand in every possible application. Thus, we 

have to consider different alternatives and design of devices in every 

manner. For example, in transparent and flexible electronics, oxides are 

performing very well as compared to the organic compound and low 

dimensional carbon materials [6,7]. Likewise, perovskite oxides are 

considered for the magneto-optical devices for better responses. 

Very extensive research activities are concentrated on the 

synthesis and device fabrication using functional oxides [8–10]. By 

doping, strain, oxygen deficiencies and other external factors, the 
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properties such as electrical, optical, magnetic, and chemical 

stoichiometry can be tuned. This tuning of functional properties is 

necessary for fabricating smart devices, which also makes these oxides 

the most diverse class of materials. Oxides have also been the subject of 

interest for basic and applied research, covering almost all aspects of 

materials science and physics in areas such as superconductivity, 

ferroelectricity, magnetism, magneto-electronics and electronics etc. 

[11–15]. In recent technological applications, oxides provide a 

promising alternative option for application in the fabrication of 

microelectronic circuits, gas sensors, piezoelectric devices, fuel cells, 

dye-sensitized solar cells, coatings for the passivation of surfaces against 

corrosion etc. [16–20]. Some of the commonly used functional oxide 

materials are TiO2, ZnO, VO2, HfO2, WO3 etc. Among these materials, 

vanadium dioxide (VO2) has appeared as a promising material for 

several applications due to its enriched and controllable electronic 

properties.  

1.2 VO2: The material of interest 

Strongly correlated materials are a group of materials in which 

the electron-electron interactions cannot be ignored. Vanadium dioxide 

(VO2) is a prototype strongly correlated oxide which has attracted 

attention due to its ultrafast (~100fs), first-order metal-insulator 

transition (MIT) slightly above room temperature (~68°C) [21] which is 

easily alterable by doping [22–26], oxygen vacancies [27,28], strain [29] 

etc. Although other oxides of vanadium, such as VO, V2O3 and V2O5 

also exhibit insulator to metal transition, VO2 stands out to be interesting 

as its transition temperature is near room-temperature and can be 

lowered by using the appropriate chemical modifications. This 

phenomenon is also sometimes termed as a metal-semiconductor 

transition because of the small bandgap (~0.6eV) in VO2 [30].  

One of the most intriguing features of VO2 is that it exists in at 

least 14 different kinds of polymorphs. These polymorphs have been 

classified based on its crystal structure and space group. For example, 
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both VO2(M1) and VO2(M2) hold a monoclinic structure with different 

space groups i.e., P21/c and C2/m respectively, VO2(T) adopts the 

triclinic structure with P͞1 space group. VO2(R) attains the tetragonal 

crystal structure with P42/mnm space group [31]. The M2 and T phases 

are unstable and can be stabilised with stress engineering and doping 

content. The most common and easily achievable, stable phase is 

VO2(M1). The focus of the present study is on M1 (at low temperature) 

and R (at high temperature) phase. As the functional aspects of VO2 thin 

films can be tailored, the attention was paid on the study of thin films 

for applications. Morin, in 1959 presented a study on bulk VO2 crystals 

and revealed that they exhibit a reversible semiconductor-metal 

transition at 68°C [21]. In bulk crystals, the change in resistivity is of 

the order ~103 -104 ohm-cm, with a hysteresis width of ~1°C. However, 

in thin films, hysteresis widths are nearly in the range of 10 -15°C with 

a change in resistivity ~104-105ohm-cm [32]. The transition can be 

simply triggered by heating the VO2 over the transition temperature. 

Joule heating due to the current flow through thin films will also cause 

the temperature increase and hence trigger the transition. The deposition 

of phase pure thin films of monoclinic VO2 poses a stiff challenge 

because of the presence of numerous stable oxidation states of vanadium 

oxides and a variety of structural polymorphs of VO2.   

A suitable growth technique to produce high quality oxide thin 

films is Pulsed laser deposition (PLD) method [33,34], as it enables 

precise control over various parameters such as temperature and oxygen 

partial pressure, thus allowing for the control of the film’s stoichiometry, 

phase and thickness. It is also possible to adjust the defect concentration 

in the films by adjusting the deposition conditions, such as the substrate 

temperature and the laser energy fluence.  
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1.3 Properties of VO2 

1.3.1 Crystal structure 

At high temperatures, the VO2 exists in a more stable, symmetric 

tetragonal/rutile (P42/mnm) stable rutile phase with lattice parameters 

𝑎𝑅=𝑏𝑅=4.55 Å and 𝑐𝑅=2.85 Å. The structure of the rutile phase can be 

described as the V atom is forming a body centred tetragonal lattice, and 

each V atom being surrounded by an octahedron of oxygen atoms, as 

depicted in the figure 1.1. As we start to move towards the lower 

temperatures, dimerization and tilting of the V-V pairs starts to take 

place and the lattice transforms into a less symmetric monoclinic (P21/c) 

structure. A typical feature of the monoclinic phase is the presence of 

the V-V pairs along the am = 2cr axis. This leads to the doubling of the 

unit cell and a change in the alternate V-V separations which now 

become 2.65Å and 3.12Å instead of the regular 2.85Å [35]. Schematic 

diagrams of the two structures are as shown in figure 1.1. 

 

Figure 1.1: Crystal structure of VO2; monoclinic(M1) (left) and 

rutile(R) (right) structure. 

1.3.2 Vibrational properties 

A study of the lattice vibrations helps in getting a clearer picture 

of the structural changes during the MIT. Raman spectroscopy has been 

extensively used for this because of its outstanding sensitivity towards 

lattice vibrations. Group theory predicts a total of 18 i.e., 9Ag+9Bg 

modes in the monoclinic phase that are Raman active. The Bg modes are 

am
bm

cm

ar

br

cr

Vanadium

Oxygen
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usually the ones with weaker Raman intensities. Experimentally, distinct 

Ag phonon features are observed at 137, 194, 224, 310, 340, 393, 499, 

612, and 663 cm-1, whereas Bg phonons are observed at 143, 224, 262, 

393, 442, 450, 484, 582, and 820 cm-1. The Ag and Bg modes that coexist 

near 224 cm−1 and 393 cm−1 have not been resolved experimentally. The 

modes at 194 cm−1 and 224 cm-1 correspond to the V-V vibrations 

whereas the higher modes are due to the vibrations of V-O bonds 

[31,36]. The mode at 612 cm-1 can be related to the stretching of V-O 

bonds, whilst the phonons in the intermediate energy range are attributed 

to different bending modes of V-O vibration. 

The modes predicted for the rutile phase are of A1g (145 cm−1), 

B1g (448 cm−1), B2g (613 cm−1), and Eg (826 cm−1) symmetries, all of 

which are associated with the V-O vibrations. A1g and B2g modes are 

due to the motion of the oxygen atoms in the ab-plane and parallel to the 

c-axis, whereas the Eg mode is associated with the vibration of the 

oxygen atoms along the c-axis. In B1g modes, the vibrations of the 

oxygen atoms are perpendicular to the ab plane. However, broad 

featureless spectra are obtained in the high temperature rutile phase 

[31,37]. The above information on the phonon modes of VO2 can be 

extremely useful in probing the structural changes in the films due to 

external factors such as strain, doping, temperature and electric field.  

Raman features are also useful in monitoring the phase 

anomalies, if any, as the VO2 transitions from VO2(M1) to VO2(R) 

phase.VO2(M1), VO2(M2), and VO2(T), display similar Raman 

features. There are 18 allowed Raman‐ active modes for each of these 

phases (9Ag + 9Bg for VO2(M1), 10Ag + 8Bg for VO2(M2), and 18Ag 

modes for VO2(T) phase) [31]. A shift in the peaks at 613cm−1, 189cm−1 

or 444cm−1, or a splitting of the peak at 225cm−1 gives the confirmation 

of M1 or M2 phases.  

With the increase in temperature, the expected softening of 

phonon modes due to thermal expansion is observed. The relationship 
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between the thermal expansion and the temperature can be best 

represented by the following equation: 

                                           ω(T) = ω0 + χT             (1.1) 

Where ω0 is the phonon frequency at 0K, ω(T) is the frequency at 

temperature T and χ is the temperature coefficient of thermal expansion 

[38]. The intensities of the modes are an indication of the amount of the 

insulating phase. The intensities of the modes start to decrease as we 

move towards the metallic phase (symmetric structure) [37].  

1.3.3 Electronic properties 

The electronic properties of different phases of VO2 were first 

explained qualitatively with the help of energy band diagrams, proposed 

by Goodenough [39]. This model suggests that, octahedral crystal field 

splits the d-levels of the V ions into lower-lying triplet t2g and doublet eg 

states. The octahedral crystal field due to the six O atoms, splits the t2g 

multiplet into a d|| state and * doublet. The d|| states correspond to the 

V-V bonds along the rutile c-axis. In the rutile phase, the t2g states 

overlap and a single electron is present in the lowest d|| state thus making 

the films metallic. However, in the less symmetric monoclinic phase, the 

octahedral field is disturbed due to the formation of V-V pairs. As a 

result, d|| states are split into two bonding states with lower energy and 

an antibonding state with higher energy. A bandgap of ~1.8eV is opened 

up. Further, tilting of the V-V pairs leads to a greater overlap between 

the O states and thus  * band also moves away from the Fermi level, 

thus opening a bandgap of ~0.7eV between the d|| and * doublet states, 

which can be considered as a Peierls-like band gap [30,40]. Electronic 

band structures of the rutile and monoclinic phases are as shown in 

figure 1.2. 
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Figure 1.2: Band diagram of VO2 in rutile(R) and monoclinic(M1) 

phase. 

1.3.3.1 The Mott versus Peierls controversy 

Whether the MIT in VO2 is Mott-Hubbard transition or a Peierls 

transition has been a long-standing debate [41–43]. In the Peierls theory, 

a structural transformation leads to change in the fermi level and creates 

an energy gap. The splitting of d|| band due to dimerization of the V-V 

pairs can be considered as a Peierls transition. However, the density 

functional theory simulations based on this theory do not match the 

experimentally found bandgap which is ~0.6eV [44]. On the contrary, 

strong evidence in favour of a Mott-Hubbard transition was presented 

by Pouget et al., who showed that a new phase M2 is obtained by a small 

doping of Cr and application of uniaxial strain. In this phase, only half 

of the V-atoms dimerize, while the other half form chains of evenly 

spaced atoms acting as spin-1/2 Heisenberg chains [45]. The obtained 

phase was also insulating which indicated that the transition probably is 

a Mott-Hubbard one.  

Further, Rice et al. emphasized that the transition between the 

R→M1 phase takes place via two intermediate phases viz 

R→M2→T→M1 where M1, M2, and T are all Mott insulators [46]. As 

depicted in the figure 1.3, the M2 phase comprises two types of chains, 

one is indicated by the dashed lines which shows only tilting of the 

vanadium ions and another one is indicated in the solid lines which 

represents pairing of the vanadium ions. In the M1 phase, all the 

dπ-bonding

dπ -antibonding
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*
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vanadium ions show both pairing and tilting. T phase is the intermediary 

phase of M1 and M2 phases [47]. The Mott-Hubbard model is however 

incompatible with the structural transitions. 

 

Figure 1.3: Vanadium ion position in M1, M2, T and R phases of VO2. 

Till date, many studies have been presented to unravel the 

mechanism, but the problem remains vastly unsolved. It is now accepted 

that neither a strong electron correlation nor a distortion of the lattice is 

sufficient to open the insulating gap [44]. Understanding the underlying 

mechanism is crucial for regulating the correlation effects in VO2 and 

will pave the way for understanding other transition metal oxides.  

1.4 Applications of VO2 and motivation 

VO2 has drawn a lot of attention because of its potential 

applications in ultrafast optical and electrical switching [48–50], 

memory devices [51–53], smart windows [54,55], sensors and actuators 

[56–58], field-effect devices [59,60] etc. A unipolar field-effect 

transition with broad on/off amplitude has been demonstrated by electric 

double layer transistors (EDLTs) having VO2 as a channel material [61]. 

The plethora of applications has just started to be explored [62]. It is 

important here to note that the main pertinence of VO2 thin films is 

mainly in MIT-based applications.  
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Figure 1.4: Applications of VO2 based on the ultrafast MIT (reproduced 

from the reference [6]). 

In order to control the properties of the strongly correlated 

materials, it is essential to understand the metal to insulator transition. 

The transition temperature of thin films can be tuned by varying 

parameters such as strain, doping, oxygen content, thickness variation 

etc. according to the requirement of the practical applications. One of 

the most administrable methods to tune electronic properties is by 

injecting charge carriers via chemical modifications such as interstitial 

and substitutional doping. Doping of an element can be an easy and 

feasible option for the fine-tuning of the transition temperature.  

Doping with heavy ions such as W6+ and Mo6+, is generally used 

as the standard way of regulating the carrier concentration. However, 

the injection of such a large ion into the lattice causes structural 

deformation along with the carrier injection. The two entangled 

phenomena obstruct the proper investigation of electron-electron 

correlation effects.  

Apart from the substitutional doping, interstitial doping with 

small positive ions such as Li+, H+, Mg+ and Al+ ions has been gaining 

a much interest [63,64] due to its potential applications in proton-based 
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devices, metal ion batteries and mottronics [65]. Protons (H+) are the 

smallest ionic defects and hence can be reversibly inserted into the VO2 

lattice without destroying the lattice structure. Also, due to their low 

mass and ionic radii, devices based on H+ and its transportation are 

expected to show lower operating voltage and higher speed of switching. 

Furthermore, the primary goal of current work is to achieve controlled 

modifications in the properties for advanced applications in electronic 

devices and proton-based devices using hydrogenation. 

1.4.1 Hydrogenation in VO2 thin films 

Hydrogen, when reversibly intercalated into interstitial sites in 

vanadium dioxide provides a dynamic control of the phase transition. 

Most prominent methods of hydrogenating VO2 thin films that have 

been reported are electrochemical insertion [66] and catalytic spillovers 

[65], out of which the catalytic spillover method is the most frequently 

used. Some recent reports suggested that the hydrogen doping in VO2 

stabilized the metallic phase at room temperature [67,68]. Moreover, 

Chen et al. observed the sequential insulator-metal-insulator phase 

transition by continuous hydrogen incorporation in the VO2 thin films 

[66]. Jian et al. claimed the stabilized metallic phase up to 2K by direct 

atomic hydrogenation [69]. All the above reports are based on the 

conventional annealing method. However, due to the requirement of 

noble metal catalysts such as Au, Pt, Pd etc. and annealing in high 

temperature/pressure environment, such methods of hydrogenation are 

less feasible. The film is also left with a permanent sputtered metal on 

the surface. Recently, Chen et al. proposed a new facile method to 

hydrogenate the thin films via metal-acid contact [64]. This method was 

advantageous over the conventional methods. However, it was quite a 

time-consuming process. As mentioned earlier, one of the motives of 

this work is to provide better alternatives for hydrogenation.  

1.4.1.1 Metal-acid contact method of hydrogenation 

The underlying principle that governs the method in this work is 

depicted in the figure 1.5, when a low work function metal comes in the 
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contact with the VO2 surface, the considerable difference in the work 

function of the two materials causes the electron from the metal to 

diffuse into the surface of the VO2 thin films [64]. The electron-rich film 

is in contact with an ionic liquid (2 wt% H2SO4). The protons from the 

ionic solution start to diffuse into the surface and get intercalated into 

the lattice. Now there is a gradient of ions and electrons between the 

surface and the rest of the film. Thus, the process of transfer of electrons 

from the metal and in turn the surface diffusion of protons continues to 

progress into deeper layers of the films. 

 

Figure 1.5: Schematic representation of metal-acid contact method. 

In the present study, we have performed hydrogenation using the 

metal-acid contact method with some modification to achieve the rapid 

hydrogenation as per our motive, which has been further discussed in 

chapter 3 and chapter 4 of the thesis.  

1.4.2 W doping in VO2 thin films: 

As discussed earlier, W doping is the most effective in 

modulating the MIT of VO2 thin films [70–72]. Since W has +6 charge 

and V has +4 charge so due to the charge compensation, the formation 

of two pair of V3+- V4+ and V3+-W6+ take place, latter pair can donate 

two electrons to the system. Moreover, W substitutes the V ion and 

break the direct bonding between V-V which reduces the transition 

temperature [73]. Hence, tungsten doping is the most effective to reduce 
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the transition temperature. When the larger W6+ ions lodge themselves 

in the V4+ sites, the structure tends towards the more symmetric rutile 

structure. With the help of tungsten doping, we have successfully fine-

tuned the structural and electronic properties which cannot only be used 

as per the suitable application but also be helpful in regulating and 

fastening the hydrogenation process. It is found that the structure of the 

films plays a key role in the hydrogenation. A detailed discussion is 

presented in the later chapters.  

1.5 Objectives: 

The detailed objectives of this work are as follows: 

I. To synthesize pure and crystallographically oriented VO2 thin 

films by pulsed laser deposition.  

II. To investigate the methods of hydrogenation, improve the 

method for application purposes and understand the effects on 

MIT and other properties of VO2 thin films. 

III. To tune the transition temperature by varying the doping 

percentage of tungsten(W), obtain a metallic state of VO2 around 

room temperature for applications and study the effects on the 

temperature-dependent structural and electronic properties. 

1.6 Organization of the Thesis 

The above objectives of the work have been presented in the form 

of six chapters, including the introduction and conclusion. The briefing 

on chapter contents is given below: 

Chapter 1 titled ‘Introduction’ presents a brief review of the transition 

metal oxides and their applications in smart devices. The material of 

interest, i.e., VO2, has been explored in detail with its fundamental 

properties and applications. Metal-acid contact method used to 

hydrogenate the films have been discussed in detail. 
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Chapter 2 titled ‘Experimental and Characterization Techniques’ 

consists of a detail description of the experimental tools and methods 

that are used to synthesize and characterize the VO2 thin films.  

 

Chapter 3 comprises of the study for understanding the role of the 

crystal structure in accommodating the hydrogen in VO2 thin films. For 

a comparative study, five VO2 thin films were deposited on the single-

crystal sapphire substrate under identical conditions. PLD technique was 

used to synthesize the crystallographically oriented thin films. VO2 

shows the structural transformation with increasing temperature. Hence, 

in order to study the effects of structure, hydrogenation via metal-acid 

contact method was tested on VO2 at different temperature, and the 

treatment time was kept fixed. 

 

Chapter 4 contains the study on the rapid hydrogenation via metal-acid 

contact method of VO2 thin films using the mild electric fields in ionic 

solution at room temperature. The requirement of the high temperature 

in this method, as discussed in chapter 3, has been attempted to 

overcome through this study.  

 

Chapter 5 describes the study on fine tuning of the structural and 

electronic properties of the VO2 thin film via tungsten (W) doping. A 

series of seven V1-xWxO2 (x=0, 0.005, 0.01, 0.015, 0.02, 0.03, 0.04) thin 

films were deposited on single-crystal sapphire substrates using PLD 

technique. Fractional doping of W can significantly transform the 

structure towards rutile. In chapter 3, we found that the hydrogen 

diffusion rate is found to be high in the rutile phase of VO2. In this study, 

we have optimized the doping percentage to achieve a rutile phase at 

room temperature. 

 

Chapter 6 titled ‘The Conclusion and Future Prospects’ summarize the 

concluding statements of the thesis and underline the future directions 

of the present study. 
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Experimental and  

Characterization Techniques 
 

This chapter describes the experimental techniques used for VO2 thin 

films synthesis and the characterization techniques used for the present 

thesis work. The bulk synthesis by solid-state reaction and thin-film 

synthesis using pulsed laser deposition (PLD) has been elaborated with 

the necessary pictures and diagrams. The hydrogenation procedure via 

a metal-acid contact method has been discussed. This method has been 

modified for rapid hydrogenation in the present work and described in 

this chapter. Characterization techniques such as X-ray Diffraction 

(XRD), X-ray reflectivity (XRR), Raman Spectroscopy, Atomic Force 

Microscopy (AFM), X-ray Photoelectron Spectroscopy (XPS), and DC 

resistivity have been described. For each characterization, a brief 

introduction about the experimental setup along with the working 

principle, has been discussed. 

 

  

Chapter 2 
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2.1 Synthesis methods 

The synthesis methods are explained in two parts, as follows: 

Part I: Synthesis of bulk using solid-state reaction method. 

Part II: Synthesis of thin films by pulsed laser deposition (PLD) method. 

2.1.1 Synthesis of bulk material 

The bulk materials (i.e. pellets) have been synthesized using solid-

state reaction route. This method is solvent-free and a widely used 

conventional method for making the bulk material of oxides. For the 

present work, V2O3 and WO3 (99.99% pure, Aldrich) powders have 

been used to make the pellets. For undoped pellet, the powder grinding 

was done for 30 min of duration. For tungsten (W) doped study, V2O3 

and WO3 were taken appropriately by the weighing of powders in an 

analytical balance., and to make the homogeneous mixture, the powder 

grinding was done for 3-4 h using a mortar pestle. After proper mixing 

of powder in the appropriate ratio, the pellets were made using the die-

set of the 15 mm diameter. To make the pellet, the powder was pressed 

with the 5 ton of pressure using the hydraulic press (PCI Analytics, 

India). All the pellets with different doping content were kept into the 

tubular furnace simultaneously for sintering, in order to maintain the 

same atmosphere for all the pellets. These pellets were then sintered at 

1000℃ for 24 h in the Argon (Ar) atmosphere with the same cooling 

and heating rate in a controlled manner. This procedure can be 

summarized in the following steps: 

➢ Weighing and mixing of powders in appropriate molar ratio. 

➢ Grinding of the powders to get a homogeneous mixture. 

➢ Pellet formation and sintering at a higher temperature in the 

required atmosphere. 
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Figure 2.1: Different stages of solid-state reaction route. 

 For the present study, a total of 7 bulk pellets have been 

synthesized to prepare thin films of pure VO2 and W-doped VO2. 

2.1.2 Synthesis of thin films 

The thin films have been synthesized using the pulsed laser 

deposition (PLD) technique. PLD is known for the synthesis of the 

epitaxial and crystallographically oriented thin films. In order to 

understand the importance of the PLD grown thin films, it is important 

to discuss the geometrical system of the PLD and how it works. 

 

Figure 2.2: Schematic of the experimental setup of PLD. 

High-temperature synthesis of nanomaterials was being studied 

for a longer time, and with the best available sources for fabricating thin 

films, PLD was studied due to its versatile effect in the thin film 

fabrications. In the year 1987, T Venkatesan innovated pulsed laser 

Weighing of 

powder
Grinding of powder Sintering of pelletPellet formation
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deposition for the above requirements [1]. Some other major techniques 

for these set of depositions are sputtered deposition, electron beam 

physical vapor deposition and evaporation-based deposition, etc. [2].  

Deposition via PLD can be basically understood by following 

steps: Firstly, the interaction between the laser beam and the target 

material inside the chamber. Secondly, the emergence of plasma plume 

with the best acquitted conditions for the thin films to grow and lastly 

nucleation and growth of the thin film onto the substrate by keeping the 

temperature and distance of the substrate from the target discrete in 

nature. 

2.1.2.1 Experimental setup of PLD 

The first and foremost requirement of the PLD method is laser 

source, a high-power pulsed laser such as ND: YAG, ArF, KrF etc. can 

be used to ablate the target material to deposit the desired 

crystallographically oriented films. KrF is the most widely used suitable 

excimer laser source for the PLD. In the present study, KrF laser of a 

wavelength of the 248 nm was used. 

 

Figure 2.3: PLD setup with plume formation during deposition of VO2 

thin film. 

The chamber with an ultra-high vacuum is processed by 

controlling the gas concentration and vacuum level externally. Once the 

condition is optimum, the laser interacts with the target material. The 

vacuum chamber consists of holders for target and substrate, which are 

Laser Source

PLD Chamber

PID Controller

Target Holder

Substrate Holder
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usually made up of stainless steel. The raster and rotational motion of 

the target are controlled with the help of programed holder; this enables 

to have a uniform laser ablation of the target material [3]. The substrate 

holder is equipped with the heater mechanism to maintain deposition 

temperature during the growth of the thin film. These holders are 

separated with a specific distance target holder. 

Initially, when the beam interacts with the materials under  

sufficient temperature and optimum vacuum conditions, plasma plume 

of material is formed. When the absorbed laser energy (Eab) is greater 

than the binding energy (Eb) of single atom on the top surface of the 

target materials i.e. Eab> Eb, elliptical or circular shape plumes are 

directed towards the substrate in the chamber which are caused due to 

the ions present in the plasma plumes inside the chamber. The shape can 

be altered by controlling the partial pressure of the inlet gas, adjusting 

the partial pressure will adjust the kinetic energy and the scattering rate 

of the plasma plumes therefore giving an appropriate room for thin-film 

growth. 

2.1.2.2 Thin film growth mechanism in PLD 

Growth of thin-film close to the thermodynamic analysis can be 

understood by Volmer-Weber, Frank-van der Merwe and Stranski-

Krastinov modes of nucleation and growth, as shown in figure 2.3. 

These modes are well governed by free energies of the film surface (γf), 

substrate surface (γs) and the interface between substrate and film(γi). 

Total surface energy is greater than the substrate energy γf +γi>γs which 

causes the three-dimensional islands and no interaction between the 

films and the substrate was subjected by Volmer-Weber mode [4,5]. 

Frank Van Der Merwe growth talks about the situation when γf +γi<γs; 

full monolayers with strong bonding between films and substrate is 

evidently giving a homoepitaxial thin film growth [6]. Stranski-

Krastinov modes are prescribed for heteroepitaxial growth which is 

caused due to lattice mismatch between the substrate and deposited thin 

film [7,8]. 
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Figure 2.4: Schematic diagram for nucleation and growth modes of thin 

films. 

The energy fluence is the key parameter for the deposition and 

can be defined as pulse energy over the irradiated area, which gets 

affected by the size of the beam. There are various other external factors 

that can influence the growth of the thin films; laser energy, gas 

pressure, the distance between target and substrate and holding 

temperature of the substrate. 

2.2 Hydrogenation procedure: 

As discussed in chapter 1, we have opted the metal-acid contact 

method to hydrogenate the film for our present study. Our motive was 

to propose one facile method to achieve rapid hydrogenation via easy 

approach. We have modified the metal-acid contact method for rapid 

hydrogenation in two different ways; the said method was tested (i) at 

different temperatures, and (ii) under different mild electric fields. 

As the name suggests, for a metal-acid contact method, a suitable 

metal on the surface of the thin film and an acidic solution acting as a 

source of the H+ ions for hydrogenation or hydrogen doping are 

required. In the present study, the low work function metal Aluminum 

(Al) is used, and 2 wt% H2SO4 (sulfuric acid) have been used as an ionic 

liquid. Firstly, to hydrogenate the film, we have used the Al foil to make 

the detachable electrode-like structures on the edges of the films surface 

and then kept it in the acidic solution for 30 s. 
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(i) At different temperature: In order to study the role of the 

crystal structure, we chose four different temperatures i.e., 303 K, 313 

K (before transition) and 333 K, 343 K (after transition). For this study, 

five VO2 thin films were synthesized simultaneously; one was kept as it 

is, and four were hydrogenated at four different temperatures. Firstly, 

the optimization of the hot-plate temperature was done for the acidic 

solution to achieve the desired temperature. After optimization of 

temperature, to hydrogenate the film at a particular temperature, two 

petri dishes were taken and kept it on the hot-plate. The prepared film 

with Al contacts was kept in one dish and acidic solution in another dish 

at an optimized temperature. After the stabilization of the film and acidic 

solution, the film was transferred in the acidic solution and kept inside 

only for 30 s, as shown in figure 2.5. As a result, we found efficiently 

rapid hydrogenation, which has been discussed in chapter 3. 

 

Figure 2.5: Hydrogenation via metal-acid contact method at a particular 

temperature. 

(ii) Under different mild electric fields: To hydrogenate the films 

under different electric fields, one self-assembled setup was designed, 

as shown in figure 2.6. The arrangement of two electrodes was made in 

the beaker and to provide the mild electric fields; a Keithley source 
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meter was used. The prepared thin film with Al contact was attached to 

the negative electrode, and on the positive electrode, Cu plate of 0.1 mm 

thickness was affixed. These two electrodes were kept in the acidic 

solution in the beaker and then using the Keithley source meter, a 

particular voltage was applied to the electrodes only for 30 s at room 

temperature. With a very mild applied voltage, we found remarkable 

results which have been shown in chapter 4 of the thesis. 

 

Figure 2.6: Hydrogenation via metal-acid contact method under a mild 

electric field. 

2.3 Characterization techniques: 

2.3.1 X-ray Diffraction (XRD): 

X-ray diffraction is one of the most common techniques used for 

material characterization to obtain information on the atomic scale for 

both crystalline and non-crystalline materials [9]. It was discovered in 

1912 by Max von Laue and W. L. Bragg and his father W. H. Bragg. 

Since the wavelength of X-rays is of the order of ~A⁰, which is 

comparable to lattice spacing, it is a very suitable tool to probe the 

structure of materials [10]. We can get information about crystallite size, 
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lattice parameters, lattice strain, chemical composition, state of order, 

the spacing between two crystal planes etc. using XRD. 

Working principle: 

First of all, the filament inside the cathode tube is heated by 

applying the alternating voltage between two electrodes. As the filament 

gets heated then free electrons travel from cathode to anode with higher 

velocity and finally strike to the anode surface, this results in the creation 

of X-rays in the X-ray tube. These X-rays originated from the tube fall 

on the surface of the sample. The wavelength of these originated X-rays 

is of the order of the lattice parameter which results the diffraction of X-

rays in different directions by continuous change in intensity with the 

incident angle. The X-ray diffraction technique is basically based on the 

principle of Bragg’s law [11]. 

 

Figure 2.7: Diffraction of X-ray by crystals. 

For constructive interference, path difference should be an 

integral multiple of wavelength λ. So, the Bragg’s condition for 

constructive interference is given as,  

2𝑑 𝑆𝑖𝑛𝜃 = 𝑛𝜆, where n is an integer.                                             (2.1) 

Whenever this condition is satisfied, a diffraction peak will occur in the 

diffraction pattern. So, Bragg’s law states that only for the angle θ 
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satisfying Brag’s law 2dsinθ =λ there is constructive interference. For 

all other angles, the intensity of peaks should cancel out. 

The intensity of these X-ray diffracted peaks depends on the 

electron density across the diffracting miller plane. So, the intensity 

distribution varies with the angle between the incident and diffracted 

beam. By knowing those planes, we can calculate the structure of a 

sample, composition of the crystal, spacing between two planes, lattice 

constant etc. Schematic of a typical XRD set up is shown in figure 2.8. 

Different types of scans are possible using XRD depending upon the 

type of information to be extracted [12]. 

 

Figure 2.8: Schematic of the X-ray diffraction (XRD). 

2.3.2 X-ray Reflectivity (XRR): 

X-ray reflectivity is a vital characterization technique for studies 

related to structure and thickness of thin films grown at nanometer scale 

onto the substrate. XRR measurement basically features for following 

characteristics: (i) determination of layered structures, i.e. from few 

layers to multilayers, (ii) thickness of the films can be evaluated from 

the spectra and (iii) for determining the interface roughness and electron 

density of thin films can also be calculated.  
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Working principle: 

The interaction between the X-rays and the objective can be 

equated with the help of index of refraction (n), it changes the direction 

as it passes from air to the material. While understanding the phenomena 

and the behavior we know that the refractive index of the material is less 

than unity [13]. Thus, when X-rays pass through the air to the material, 

it tends to reflect from the surface if the incident angle, θi (i.e. the angle 

between the incidence beam and the adjacent surface of the sample) is 

lesser than the critical angle θc. This phenomenon of total external 

reflection is the main cause for the study of the thin films [14]. 

 

Figure 2.9: Schematic representation of XRR geometry. 

The substrate and thin-film interface reflect the rays which are 

joined by the rays getting reflected from the top surface of the thin film 

and causing the interference of the reflected X-rays. This interference of 

X-ray produces the reflectivity profile with several oscillations. These 

oscillations were first noticed by scientist Kiessig in 1931 and are called 

Kiessig fringes [15]. The occurrence of oscillations depicts various 

information like the film's thickness; a shorter period of oscillations is 

ascribed to thicker films. The amplitude of oscillations is engaged to 

show the difference between the electron densities of the substrate and 

films [16]. The intensity of the X-ray also informs us about the 
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roughness of the films as the intensity decreases; it tends to have a higher 

surface roughness. 

2.3.3 Raman spectroscopy: 

Raman spectroscopy is based on the scattering phenomenon 

wherein a monochromatic beam of radiation, incident on a sample is 

scattered from it. When the scattering occurs with no energy loss, the 

frequency of the scattered beam is same as the frequency of the incident 

beam, this is known as Rayleigh scattering (Elastic scattering), whereas 

when the energy (frequency) of the radiation changes during the 

scattering process such kind of scattering is known as Raman scattering. 

(Inelastic scattering) (figure 2.10) and was first discovered by sir C.V. 

Raman and his collaborator K.S. Krishnan in 1928 [17]. Raman Effect, 

as defined above, is an inelastic scattering (change of energy) of light 

from the atomic vibrations (phonons). Raman spectroscopy is a 

powerful tool which measures how atoms vibrate about their 

equilibrium positions and provide valuable information about 

microstructural properties, i.e. crystal structure, detailed information 

about the chemical composition and the nature of chemical bonds can 

be obtained [18]. 

 

Figure 2.10: Schematic representation of the Rayleigh, Stokes and anti-

Stokes Raman lines. 

 

Raman scattering is a consequence of inelastic scattering of the 

incident photons, where energy is either received from or transferred to 

the sample, as a result of a change in the vibrational and rotational modes 
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of the sample causing a change in the energy, and therefore, the 

frequency of the light scattered. The changes in the energy are observed 

in the form of discrete lines in the scattered light above and below the 

Rayleigh line (same frequency as the incident light) is called anti-Stokes 

and Stokes lines, respectively [18]. 

 

Figure 2.11: Energy relation for Rayleigh scattering, Stokes and anti-

Stokes scattering. 

 

In a crystal lattice, a photon interacts with the lattice phonons. 

When the incident photon transfers energy to the sample, the phonon 

excites to the higher vibrational energy level, then the change (Raman 

shift) in the energy (frequency) of phonons is known as Stokes shift. 

Alternatively, if a molecule is previously in an excited state, an incident 

photon may lead to the de-excitation of lattice phonon to lower 

vibrational energy level, and the corresponding scattered photon is 

termed as anti-Stokes shift [19]. The schematic diagram of the Rayleigh, 

Stokes and anti-Stokes Raman lines is shown in figure 2.11. 
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Figure 2.12: Schematic representation of the Raman instrument. 

In the present thesis, room temperature Raman spectra were 

recorded by using the Jobin-Yvon Horiba Raman micro spectrometer 

attached to two air-cooled solid-state laser kits, at 532 nm, 785 nm and 

a He-Ne gas laser having excitation wavelength 633 nm with a power of 

less than 10 mW. For temperature-dependent Raman measurements, 

THMS600 stage from Linkam having an accuracy of 0.1 K was used.  

The other major components of the Raman Spectrometers are: 

1. Plasma line filter: 

This filter is used to cut the plasma lines generated by gas laser 

due to the formation of plasma. These plasma lines are very intense and 

can interfere in the Raman spectra of the specimen; therefore, it needs 

to be cut to accomplish good Raman spectra. 

2. Edge filter:  

An edge filter is used to exclude the Rayleigh lines as the 

intensity of the elastically scattered Rayleigh lines are 106 times higher 

than the Raman lines and it can overshadow the Raman lines therefore 

it needs to be removed. The edge filter ensures that only Raman stokes 

lines are transmitted. The edge filter has a very narrow width of 

transition which allows it to measure even the smallest Raman shifts. 

3. Microscope:  

The present system is equipped with three objective lenses 100x, 

50x and 10x for the collection Raman scattered radiation. All these 

lenses are different by their working distance, numerical aperture and 

resolution. In the present work, a 100x objective lens is used to acquire 



39 
 

the room temperature Raman spectra. However, the 50x objective lens 

is used for the low-temperature Raman measurements, as in this case, 

the long working distance is required because of the height of the stage 

used for taking the sample to low temperature. 

4.Grating:  

It acts as a dispersive element and separates the scattered photons 

on the basis of wavelength before they enter the detector. The Raman 

set up is equipped with the two gratings, 600 grooves/mm and 1800 

grooves/mm. The spectral range covered by the spectrograph in one shot 

depends on the grating and wavelength used for the excitation. 

5.CCD detector: 

The output of the spectrograph is detected by the charge-coupled 

device (CCD). It collects the scattered photons and gives an electrical 

signal to the computer, where the software (Labspec6.0) processes the 

signal by subtracting the energy of the scattered photon from the 

incident photon and generates the pattern of intensity versus Raman shift 

(cm-1) with reference to the zero set energy of the incident photon. 

2.3.4 Atomic Force Microscopy (AFM): 

The topographical image at nanoscale for the sample surface can 

be recorded using atomic force microscopy instrument, which gives the 

information about the surface morphology and the surface roughness. 

The interaction between a conducting probe tip and the sample surface 

was first demonstrated by using atomic force microscopy in the year 

1986 by Gerd Binning et al. at IBM Zurich [20]. 

Working principle: 

Basic components of an AFM system are microcantilever with a 

probe tip attached to a free end, laser source for detection of the 

feedback, a four-section photodiode and a piezoelectric sensor. Figure 

2.13 shows the schematic of an AFM system. 
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Figure 2.13: Schematic representation of an AFM setup. 

A scanning tip generally made up of silicon (Si) or silicon nitride 

(Si3N4) is used for imaging the samples. The tip approaches the sample 

in an interatomic range (~ 0.1 nm). As the tip is moved close to the 

sample surface, it allows the interactions between the tip and the sample 

surface as a result attractive and repulsive force is experienced by the 

cantilever which causes to and fro motion of the cantilever. The motion 

of the lever is detected from a laser beam, which sends a signal to the 

system. Interaction between the tip and surface generates a force which 

can be attributed to the spring constant of the cantilever and the varied 

distance between the tip and the surface [21]. The force is understood 

with the help of Hook’s law: 

F= -K.x              (2.2) 

Where F is the force, K is the spring constant and x is the deflection 

measured in the cantilever. The deflection caused between the two can 

be due to electrostatic, magnetic, Vander walls kind of interactions. 

Displacement caused due to these deflections is measured, and a 

topographical image is formed. As the tip is moved on the surface, it 

receives signals from the laser beam that is constantly striking the 

cantilever which is read by a sensitive photodiode [22]. Based on the 
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movement of the tip, the AFM instrument can be used in three different 

modes: 

(i) Contact mode: In this mode, the tip is steadily in contact 

with the surface of the sample. The feedback system 

maintains the cantilever deflection constant through the 

scanning process. Surfaces like hard polymers, crystals etc. 

which are rigid and flat in nature are most suitable for the 

contact mode. In contact mode, it is easier to capture the 

image caused due to irregularities. Direct contact between 

the tip and surface of the soft material can cause the damage 

of the sample surface. 

(ii) Non-contact mode: This mode is mainly used for the soft 

material to prevent the undesired sample damage in contact 

mode. In this mode, the oscillation of the cantilever is larger 

than its resonance frequency. 

(iii) Tapping mode: Tapping mode is also known as the 

intermediate contact mode. The oscillation of the cantilever 

is near to its resonance frequency. The resolution of this 

mode is comparable to the contact mode. 

2.3.5 X-ray Photoelectron Spectroscopy (XPS): 

X-ray Photoelectron Spectroscopy is a widely used technique for 

the analysis of surface properties. Noble laureate Kai Siegbahn 

developed it in the year of 1960. This measurement setup is used for 

detecting the elemental constituents of the sample, the electronic state 

of the material and contamination present within the sample [23]. 

Working principle: 

The samples are irradiated with the X-rays; as a result, the 

emitted electrons are studied on the parameters like distribution of 

kinetic energy. These high-end characterization setups require a very 

precise vacuum to not get affected by the environment easily; thus, an 

ultra-high vacuum is preferred while making the measurement [23]. 
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Basic sources of XPS are soft X-rays (i.e. energy 100-2500 eV) is used. 

When the X-rays of optimum energy are irradiated on to the sample, it 

excites the electrons in the bound state, which lead towards emission 

and ionization of the electrons present in the core [24]. These 

photoelectrons, after getting ejected, are then collected with the help of 

a hemispherical analyzer. The hemispherical analyzer measures the 

kinetic energy of the electrons travelling inside them. Based on the 

Ernest Rutherford relation, which relates binding energy with 

photoelectrons the spectrum of ejected electron is made [25]. 

EB = hυ – (Ek +  Ф)                (2.3) 

Where, EB is the binding energy of the electrons, hυ is the photon 

energy, the kinetic energy of emitted electrons is given by Ek and Ф is 

the work function of the spectrometer. 

 

2.3.6 DC resistivity measurement: 

Electrical resistivity measurement is very crucial indicators for 

examining an important aspect of electrical properties related to the 

materials. Electrical resistivity is inversely proportional to the charge 

carrier density and carrier mobility of the material. Thus, a change in the 

nature of the material will have an impact on the charge carriers, which 

will alter the outcome of the resistivity [26]. 

Working principle: 

Several models are present for the measurement of electrical 

resistance. Factors that affect the suitability of the methods depends on 

some discrete properties like contact resistance, the shape of the sample 

(i.e. thin film, single crystal, pellets) [27]. Methods like two probes can 

be used for higher resistive sample and four-probe methods for low 

resistive samples and single crystals as well. 

Two probe measurement: 

This method is known for the simplest way of measuring the 

resistivity. In this method, potential difference across the sample is 
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measured across the probes while the current is sourced across the 

probes [28]. 

The resistive value is given as: 

𝜌 =
𝑉.𝐴

𝐼.𝐿
                  (2.4) 

 

Figure 2.14: Resistivity measurement by the two-point probe. 

Four probe measurement: 

The disadvantage of two probe method can be overcome with 

the help of two more probes into the system, thus making it four-probe 

system. In this system, the two probes at the extreme side of the sample 

are used for sourcing current, whereas the inner (middle) two probe are 

utilized for measuring the voltage across it. The probes are equidistant 

across the length of the sample and to each other as well. The advantage 

of this method over two probes is that it eliminates the contact resistance. 

This is possible due to the use of different probes for sourcing and other 

probes for measuring this not affecting the contribution from the 

contacts [29]. 

The resistive value is given as: 

𝜌 =
𝑉𝐷.𝐴

𝐼.𝐷
                 (2.5) 
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Figure 2.15: Resistivity measurement by the four-point probe. 

In the present study, the four-probe method was used to measure 

the temperature-dependent resistivity of thin films. The average size of 

the thin films deposited on the solid substrate was 2.5x5 mm. To make 

the connections, four conductive copper wires are affixed (with silver 

paint) on the surface of the thin films. The temperature-dependent 

resistivity measurements were performed using the Keithley source 

meter (model: 2612 A) in the combination of the Janis made closed-

cycle refrigerator (CCR) and temperature controller (Lakeshore 332). 

 

Figure 2.16: Experimental setup for the temperature-dependent 

resistivity measurement. 

  

  

Temperature 

controller Source meter

Sample stage
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Structure influenced rapid 

hydrogenation in VO2 thin films 
 

In this chapter, the study on the role of the crystal structure to 

accommodate the hydrogen in VO2 thin film is presented. For a 

comparative study, five thin films were deposited on the single-crystal 

sapphire substrate in identical deposition conditions. The grown films 

are pure and crystallographically oriented towards b axis of the 

monoclinic structure. The material, VO2 generally shows the structural 

phase transformation around 341 K simultaneous to a metal-insulator 

transition. In order to study the effects of structure, the hydrogenation 

via metal-acid contact method was tested at different temperatures 

above and below this structural transition. A procedure for rapid and 

sustainable hydrogenation has been developed and reported here. The 

results presented in this chapter are published in the peer-reviewed 

journal*. 

--------------------------------------------  

*Mulchandani et. al., Applied surface science, 541, (2021) 148369. 

(doi.org/10.1016/j.apsusc.2020.148369). 

  

Chapter 3 
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3.1 Introduction 

Structural phase transition near room-temperature makes VO2 

potentially valuable for applications in optical, electrical and thermal 

switches [1], smart windows [2], ultrafast optical switching devices, 

memory devices [3] etc. Several efforts have been made to modulate the 

phase transition such as strain engineering [4,5], varying oxygen 

vacancy [6] and chemical doping of higher valence elements such as Mo 

[7], W [8], and atomic hydrogen doping [9–11] etc. Unlike other doping, 

the hydrogen doping in VO2 is reversible in nature. VO2 can release 

hydrogen without destroying its lattice structure. The nature of 

reversible phase modulation opens the potential application in proton-

based electronic devices [12]. There are many reports of hydrogenation 

which are based on the conventional annealing method using either 

noble metal catalyst or high pressure and temperature [13,14]. This 

conventional method is not that much sustainable due to the requirement 

of the permanent sputtered metal catalyst and extreme conditions of the 

temperature and pressure; also, it is a very time-consuming process. 

Recently, Chen et al. found a very simple approach of non-catalytic 

hydrogenation [15]. They reported on the hydrogenation of magnetron 

sputtered VO2 thin films in the acidic solution at ambient temperature 

for 24 h. However, this method is catalyst-free but still, time-consuming 

and takes hours to complete the hydrogenation.  

In this study, we found the catalyst-free as well as a time-

effective method of the hydrogenation of pulsed laser deposited 

crystallographically oriented VO2 thin films. We performed the 

incorporation of the hydrogen with a simple design of the electrode-like 

structure of Al on the edges of VO2 thin films via metal-acid contact 

method. One important parameter associated with the selection of the 

metal is workfunction. Here we require the low-work function metal on 

the surface of the VO2. Since the work function of Al (4.11eV) is less as 

compared to other metals such as Ag(4.44eV), Cu(4.71eV), 

Au(5.13eV), Pt(5.79eV) [15], to achieve the diffusion of the hydrogen, 

we have chosen the Al metal for our study. The considerable work 
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function difference between Al and VO2 will induce the flow of electron 

from metal to VO2. Further, to balance the electronic charge, protons 

(H+ ions) of an acid solution will attract towards VO2, this will lead the 

hydrogen doping into VO2 [15]. Hydrogenation of VO2 thin films 

carried out in monoclinic (below TMI) as well as in the rutile phase 

(above TMI) of the VO2. The novelty of this work is the incorporation of 

hydrogen at different temperatures in order to see the effect of structure 

on hydrogenation because the diffusion rate of hydrogen is dependent 

on the structure of VO2. As a result, we found hydrogenation of only for 

30 seconds via metal-acid treatment at elevated temperature. 

3.2 Experimental 

3.2.1 Bulk target and VO2 thin films synthesis 

 A bulk target of 20 mm diameter was synthesized by hard 

pressing V2O3 powder using a hydraulic press and was sintered at 

1000℃ in Ar atmosphere for 24 hours. The prepared bulk target was 

used as target material for thin films synthesis using PLD method. VO2 

thin films (~40 nm) were deposited on single crystal c-cut sapphire 

(Al2O3) substrates using pulsed laser deposition method. KrF excimer 

Laser (Compex Pro 102 F, λ=248 nm) was used for ablation of the target 

material with an energy fluence of ~2.5 mJ/cm2. The target to substrate 

distance and temperature of the substrate was kept fixed at 4 cm and 650 

℃, respectively. Throughout the deposition of thin films, the oxygen 

partial pressure was maintained at 4 Pa, and the repetition rate was kept 

at 5 Hz. For a comparative study of hydrogenation at different 

temperatures (Structures), five thin films were grown simultaneously 

under identical conditions. Soon after the deposition, the films were 

cooled down to room temperature.  
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3.2.2 Hydrogenation procedure 

For the hydrogenation process, metal-acid treatment of 4 thin 

films was carried out by 2 wt% H2SO4 for 30 sec by utilizing the 

detachable electrode-like structure of Al metal (Figure 3.1). The detailed 

procedure of hydrogenation via metal-acid treatment is described in the 

chapter-2 of the thesis.  

For comparative study, the four films were hydrogenated at 

different temperatures, i.e. Room temperature, 313K, 333K, 343K, and 

accordingly, the samples were coded as VO2-300, VO2-313, VO2-333, 

VO2-343, respectively. In order to see the effect of hydrogenation in 

VO2, one film was kept untreated and coded as VO2. For the 

dehydrogenation process, the thin film was heated at 343 K for 2 h in 

the open air. 

 

Figure 3.1: Schematic diagram of the hydrogenation process. 

Rigaku Smart Lab diffractometer was used for X-ray diffraction 

(XRD) and X-ray reflectivity (XRR) measurements to determine the 

crystallinity and thickness of prepared thin films, respectively. For the 

observation of surface morphology and roughness, the atomic force 

microscope (AFM) (Park Systems, NX10) was used. To investigate 

electrical transport behavior, the temperature-dependent resistivity 

measurements were performed by a four-probe method with silver 

300-343K

Temperature range
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contacts using home-made apparatus affixed with a temperature sensor 

just beneath the sample holder with a heater and one air-cooling unit. 

The heating rate for the measurement was 0.5K/min. Keithley source 

meter (Model:2612A) was used for the measurement of resistivity, in 

the temperature range of (303-363K). X-ray photoelectron spectra 

(XPS) is recorded by beamline BL-14 of the Indus-2 synchrotron source. 

Measurement was performed in an ultra-high vacuum with the 

monochromatic X-ray beam of 4357 eV energy. To examine the 

structural change with temperature and hydrogen doping, temperature-

dependent Raman spectra were collected with Horiba LabRam HR 

Evolution spectrometer. The excitation source, He-Ne Laser (632.8 nm) 

with less than 1 mW power was used to avoid the heating effects. 

3.3 Results and discussion 

3.3.1 Structural Analysis 

X-ray Diffraction  

Figure 3.2(a) shows the full-scale XRD patterns of the pristine 

VO2 thin film and c-cut sapphire substrate. The XRD pattern is free of 

any impurity peak and shows (020) and (040) reflections corresponding 

to the monoclinic phase of VO2. Figure 3.2(b) shows the magnified view 

of the (020) peak of VO2. As hydrogen incorporation takes place, 

systematic and significant broadening in the (020) peak is observed in 

XRD patterns of VO2 films (figure 3.2(b)) which are described in the 

latter part of the text. A minor peak shifting takes place towards the 

lower angle, indicating an expansion of unit cell due to the hydrogen 

doping. The bonding of the interstitial H atom with oxygen atoms drives 

the lattice slightly towards the rutile phase with expansion in the unit 

cell [12,13].  



53 
 

 

Figure 3.2: (a) Full-scale XRD of pristine VO2 film and sapphire 

substrate. XRD peaks other than (00l) reflections from a substrate are 

marked by *. (b) XRD patterns of pristine and hydrogenated VO2 thin 

films grown on the Al2O3 substrate.  

Raman Spectroscopy 

Temperature-dependent Raman spectroscopy was employed to 

study the phonon vibrations and through that track the possible structural 

changes in the pristine (VO2) and hydrogenated (VO2-300 and VO2-343) 

VO2 thin films. These three films are chosen for the Raman study in 

order to compare the effects of hydrogenation across the transition. The 

Raman spectra of all the films were obtained under identical conditions. 

In the monoclinic phase, 18 modes are predicted to be Raman active by 

group theory, whereas the rutile phase shows broadband luminescence 

or featureless spectra [16,17]. At room temperature, there are total 10 

Raman active modes observed at 149, 194, 224, 266, 310, 339, 390, 441, 

498, 615 cm-1, all these modes indicate the monoclinic (of M1 type) 

38.5 39.0 39.5 40.0 40.5 41.0 41.5 42.0 42.5

40 50 60 70 80 90

 

Sapphire substrate

 

2 (deg.)

VO
2
-343

VO
2
-333

VO
2
-313

VO
2
-300

In
te

n
si

ty
(a

.u
.)

VO
2

(0
2

0
)

V
O

2
 (

0
4

0
)

A
l 2

O
3
(0

0
1

2
)

A
l 2

O
3
(0

0
6

)

V
O

2
(0

2
0

)

 

 

 VO
2

*

  

2 (deg.)

 Sapphire substrate 

*

(a)

(b)



54 
 

phase of VO2. The Raman modes at 418, 432, 450, 579, 752 cm-1 appear 

due to the contribution from the sapphire substrate [18]. The low-

frequency modes depict V-V pairing and the vibrations due to its tilting, 

whereas high-frequency mode at 615 cm-1 represents V-O vibrations 

[19]. 

Figure 3.3 (a-c) shows the temperature-dependent Raman 

spectra of VO2, VO2-300 and VO2-343 thin films. Inset figure 3.3 (c) 

shows the temperature-dependent change in the most prominent low-

frequency mode at 194 cm-1 in VO2, VO2-300, and VO2-343 films. A 

softening as well as broadening in the low-frequency modes were 

observed for the pristine thin film with the increasing temperature (Inset 

figure 3.3(c)). This softening and broadening of modes take place due to 

the structural transformation from monoclinic to rutile phase [20]. VO2-

300 film shows less softening of the modes as compared to those of 

pristine film. On the other hand, VO2-343 film shows initial softening 

of modes as temperature increased from 300 K to 310 K, followed by 

which a negligible change has been observed above this temperature. 

Zhao et al. claimed that the absence of the temperature-dependent shift 

in low-frequency modes shows the presence of coexisting monoclinic 

and rutile phases of VO2. This further infers that the present process of 

hydrogenation of films at elevated temperatures leads to finally a 

coexisted monoclinic and rutile phases at ambient temperature [13]. 
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Figure 3.3: (a-c) Temperature-dependent Raman spectra of VO2 , VO2-

300 and VO2-343 films. 

Across the temperature range of the study, Raman modes of both 

the hydrogenated films show lower intensities in comparison to that of 

the pristine film. Low-intensity signal of Raman mode with hydrogen 

doping also further confirms the structural transformation from 
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monoclinic to rutile phase [20]. In the low-temperature range for both 

the hydrogenated films, featureless Raman spectra with vanishing 

intensities were observed because of its mixed-phase condition. The 

rutile phase shows featureless or broad spectrum of Raman and hence 

the mix of any rutile phase in the material can be indirectly detected by 

observing the Raman spectra. 

3.3.2 Surface Analysis 

To determine the thickness of the films, X-ray reflectivity (XRR) 

measurements were performed. Figure 3.4 shows the XRR results along 

with the Parratt fitting. The thickness of the films is calculated based on 

this fitting and found to be around 40 nm. It can be clearly observed 

from the analysis of XRR patterns that the hydrogenation does not affect 

the thickness of any film, and the thickness remains the same even after 

two to three cycles of hydrogenation and dehydrogenation process.  

 

Figure 3.4: XRR fitting and AFM images of pristine and hydrogenated 

VO2 thin films.  
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Figure 3.4 shows the AFM images of the films. All the films 

show similar and uniform morphology. Based on AFM images, root 

mean square (RMS) roughness of the films was observed to be 5.6 nm, 

3.1 nm and 2.6 nm, respectively for VO2, VO2-300 and VO2-343 films. 

The roughness is found to be reduced with increased hydrogen 

incorporation. Moreover, the grain size distribution changes with 

hydrogenation in thin films, which also got reflected by broadened XRD 

peaks, as explained above. 

3.3.3 Chemical composition 

In order to identify the chemical states of pristine and 

hydrogenated thin films of VO2, XPS is used. For analysis, Shirley 

background subtraction is imposed, and deconvolution of the peak into 

it constitutes is done. For the calibration of different elements, carbon 

C1s peak is assumed to have a binding energy of 284.6 eV. Figure 3.5 

shows the peak position of O1s, V2p1/2 and V2p3/2 core level for VO2 

and VO2-343 films. The reference binding energy corresponding to H-

O, V-O, V3+
, V

4+, and V5+ is 531.9 eV, 530.1 eV, 515.5 eV, 516.0 eV 

and 517.1 eV, respectively [14,21]. The deconvolution peaks of O1s 

peak shows two peaks; one is corresponding to H-O bond and another 

one due to the V-O bond. It is important to note that the peak 

corresponding to H-O is present in both hydrogenated as well as in the 

pristine film. In pristine films, H-O peak is present due to surface 

contamination. With the incorporation of hydrogen, the percentage of 

peak area is increasing for H-O bond while on the other hand, this area 

is decreasing for V-O bond. This indicates that the hydrogen is 

chemically bonded with the oxygen atom. V4+ is the most prominent 

state for VO2 thin films, and V5+ state exists due to the surface oxidation 

in the air. The bonding of H atom with oxygen affects the valence state 

of vanadium in the hydrogenated film; as a result of a slight change in 

V4+ state to V3+ state. Deconvolution of peak V2p3/2 reveals that the V3+ 

state appears only after hydrogenation in VO2-343 thin film. 
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Figure 3.5: V2p and O1s core level XPS spectra of VO2 and VO2-343 

films, confirming the V3+ state after hydrogenation. 

3.3.4 Electronic properties  

Figure 3.6 shows the temperature-dependent electrical resistivity 

of VO2 thin films. Pristine VO2 film shows three orders of change in the 

resistivity at the transition temperature (TMI) of 332 K. The TMI for the 

film is generally lower than that of bulk VO2 (340K) due to the effect of 

strain [5]. The resistivity curves of VO2, VO2-300, and VO2-313K films 

show similar values across the transition, whereas the resistivity curves 

of VO2-333 and VO2-343 show dramatically different values below TMI. 

The latter two films show about two orders of decrease in the room-

temperature resistivity as compared to that of the pristine film. Notably, 

the hydrogenation does not affect the TMI, as well as the resistivity 

values, and the resistivity remains the same above TMI. Thus, the films 

fall into two categories, a) the pristine film and the films hydrogenated 

in monoclinic phase, and b) the films hydrogenated in rutile phase; 

where the change of structure is acquired by variation in the temperature 

at the time of hydrogenation. These resistivity results clearly indicate 

that the effect of hydrogenation on the resistivity is mediated by the 
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structure of the films and not because of any thermal effect at the time 

of hydrogenation. Further, once this hydrogenation takes place in the 

rutile phase, the film tends to partially retain the rutile phase even after 

cooling down the film to ambient temperature, as is also observed by 

XRD and Raman spectra. Because of this tendency of VO2-333 and 

VO2-343 films of partially retaining the rutile structure below TMI, the 

resistivity of these two films remains low as compared to that of the 

other set of films. This feature further validates the partially acquired 

rutile phase in VO2-333 and VO2-343 films. 

 

Figure 3.6: Temperature-dependent resistivity curves of VO2 films, 

inset shows temperature versus resistivity curve of VO2-343 after 

dehydrogenation process. 

To further test the reversibility and sustainability, the de-

hydrogenated VO2-343 was characterized for temperature-dependent 

resistivity again. As shown in inset figure 3.6, the film almost retains the 

original values of the resistivity, indicating no significant damage to the 

film as well as the reversible structure and electronic state. 

Additionally, to test the stability of the hydrogenation, the 

resistivity of all the films was measured again from time to time for two 
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days. A steady change in the value of resistivity back to the original was 

observed after two days for VO2-300 and VO2-313 films; however, 

VO2-333 and VO2-343 films continued to show nearly same values of 

the resistivity as earlier i.e., at the time of the hydrogenation. This study 

indicates that a higher stability of the modified process of the 

hydrogenation in the rutile phase as compared to that in the monoclinic 

phase of VO2 thin films. 

3.4 Summary 

 We have deposited five crystallographically oriented and 

crystalline VO2 thin films with (020) orientation on a sapphire substrate 

using the PLD method. The effects of hydrogen incorporation on the 

properties of VO2 films were studied. These results indicate that the VO2 

films, when hydrogenated at elevated temperatures, show dramatic 

variation in the resistivity even if they are processed only for 30 seconds. 

These films also tend to retain the rutile structure even after cooling 

down to the room temperature, which can be a way to stabilize the rutile 

structure in the films at ambient conditions. Additionally, the study also 

indicates that the VO2 films show enhanced stability of hydrogenation 

and increased effects on the resistivity state when hydrogenated at 

elevated temperatures with rutile structure. Here, a method of 

hydrogenation by simple metal-acid contact at higher than room 

temperature is presented, which is much rapid, sustainable, noncatalytic, 

as well as reversible.  
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Electric field induced rapid 

hydrogenation in VO2 thin films  
 

In this chapter, rapid hydrogenation of VO2 thin films using very mild 

electric fields is presented. The limitation of the high temperature for the 

rapid hydrogenation, as discussed in the chapter-3, is overcome by this 

work. For the hydrogenation process, we used mild electric fields in 

ionic solution at room temperature using a self-assembled setup. The 

method is much rapid, sustainable, noncatalytic, as well as reversible. 

The high stability and extraordinary reversibility of the films show a 

great potential for material applications in proton-based electronic 

devices. The results presented in this chapter are published in the peer-

reviewed journal#.  

--------------------------------------------  

#Mulchandani et. al., Materials Letters, 295 (2021) 129786.  

(doi.org/10.1016/j.matlet.2021.129786) 

  

Chapter 4 
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4.1 Introduction  

Hydrogenation of VO2 thin films has gained a lot of attention for 

over a decade because of its dynamic nature in tuning the MIT as well 

as for the application of VO2 films in proton based electronic devices 

[1]. It has been reported that the incorporation of hydrogen into the VO2 

lattice slowly drives the cells towards a more symmetric structure hence 

stabilizing the metallic phase at room temperature [2]. Hydrogenation 

via a conventional method, i.e. annealing of the films in a hydrogen 

atmosphere, either requires permanent sputtered islands of metals or 

high-temperature/pressure condition [1,3]. However, the drawbacks of 

this method are the constraint of high-temperature/pressure treatment 

and sputtering of the permanent metal catalyst. For practical 

applicability, a much more rapid and reversible method of thin-film 

hydrogenation is required at room temperature. In our previous study 

(chapter-3) we have reported rapid hydrogenation in VO2 film using 

metal-acid contacts method and studied the dependence of the 

hydrogenation process on the structure of VO2. The hydrogenation was 

found to be faster in rutile phase [4]. Despite of uncovering quite a 

commodious method of hydrogenation, our goal was to further 

accomplish the same at room temperature. 

In this chapter, we have presented the catalyst-free 

hydrogenation of VO2 thin films by applying a small amount of electric 

field to the films for a very short period of time (~30s) in an ionic 

solution at room temperature, which was not yet demonstrated and 

tested method for hydrogenation of VO2 films. The applied electric field 

causes the attraction of H+ ions from the ionic solution towards the 

negatively charged electrode (the film). The electrode-like structures of 

Al on the edges of the VO2 thin film facilitate surface diffusion as 

reported in our previous work [4] and drag the H+ ions into the lattice. 

The hydrogenation process can be described by the following chemical 

equation [5] 

VO2 + x(H+) + (x e -) → HxVO2 (0 < x ≤ 1, e - is an electron)        (4.1) 
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Hence, the incorporated hydrogen strives to stabilize the rutile 

phase at the room temperature and modulate the phase transition. 

Moreover, the high stability and extraordinary reversibility of the films 

show great potential for material applications such as proton based 

electronic devices. 

4.2 Experimental 

4.2.1 Bulk and VO2 thin films synthesis 

VO2 thin films (~40 nm) were deposited on single crystal c-cut 

sapphire (Al2O3) substrates using pulsed laser deposition method. The 

bulk target pellet (20 mm) was prepared by hard-pressing V2O3 powder 

in a hydraulic press and was sintered at 1000℃ in Ar atmosphere for 24 

h. The KrF excimer laser (Compex Pro 102 F, λ=248 nm) was used for 

ablation of the target material with an energy fluence of ~2.5 mJ/cm2 

and pulse rate at 5 Hz. The target to substrate distance was maintained 

at 4 cm, and the temperature of the substrate was kept at 650°C. The 

oxygen partial pressure in the deposition chamber was maintained at 4 

Pa throughout the deposition of thin films. For a comparative study of 

hydrogenation at different voltages, five thin films were grown 

simultaneously under identical conditions. 

4.2.2 Hydrogenation Procedure 

For the hydrogenation procedure, a self-assembled setup was 

used with two fixed negative and positive electrodes, as shown in figure 

4.1. A Keithley-made source meter (model: 2612 A) was used to apply 

different voltages. Firstly, detachable electrode-like aluminum contacts 

were made on the edges of the films. Secondly, the prepared films were 

attached to the negative-electrode, and on a positive-electrode, a 

conductive copper plate of 0.1mm thickness was affixed. For 

hydrogenation procedure, four films were subjected to the different 

voltages (i.e. 0mV, 0.001mV, 0.1mV, and 0.5mV) in an ionic solution 

(2 wt% H2SO4) at room temperature only for 30 seconds and the films 

were coded as 0-VO2, 0.001-VO2, 0.1-VO2, 0.5-VO2 respectively. For a 
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comparative study, one film was kept untreated and labelled as VO2. To 

study the reversible nature of the films, dehydrogenation of the 0.001-

VO2 and 0.1-VO2 films was done by heating at 343K for the two hours; 

the films were coded as DH-0.001-VO2 and DH-0.1-VO2, respectively. 

 

Figure 4.1: Schematic diagram of the hydrogenation process. 

The prepared thin films were systematically investigated using 

the following characterization techniques. X-ray diffraction (XRD) 

measurements were taken using the Bruker D2 Phaser diffractometer 

with Cu Kα source to determine the phase and crystallinity of the films. 

Rigaku Smart Lab diffractometer was used for X-ray reflectivity (XRR) 

to determine the thickness of the film. A Park Systems, NX10 Atomic 

force microscope (AFM) was used to check the surface morphology and 

roughness. For local structure analysis, temperature-dependent Raman 

spectroscopy was performed using Horiba LabRam HR Evolution 

spectrometer in micro-Raman mode. He-Ne LASER excitation source 

of wavelength 632.8nm with very low laser power was used to avoid 

overheating. The temperature range was kept 173-343 K using a 

temperature controller and LN2 cooling module. To analyze the 

electronic behavior, temperature-dependent resistivity measurements 

were carried out using a four-probe method with a home-made apparatus 

consisting of a heater, an air-cooling unit and a temperature controller. 

Measurement was performed with a heating rate of 1K/min in the 

temperature range 300K to 353K.  
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4.3 Results and discussion 

4.3.1 Structural Analysis 

Figure 4.2 shows the full-scale XRD pattern of the pristine and 

hydrogenated VO2 thin films. XRD pattern is free of any impurity peak 

and shows (020) and (040) reflections corresponding to the monoclinic 

structure of VO2. 

 

Figure 4.2: Full-scale XRD patterns of VO2 thin films and sapphire 

substrate. XRD peaks other than (00l) reflections from a substrate are 

marked by *. 

For a better understanding of the effect of the hydrogenation at 

different voltages magnified (020) peak of the films is shown in figure 

4.3. Films hydrogenated at different voltages show the shift towards the 

lower Bragg’s angle, which confirms the incorporation of the hydrogen 

in the VO2 thin film [1,6]. Moreover, these shifts indicate the tendency 

of the films to change the structure from the monoclinic phase towards 

the rutile phase with the incorporation of the H+ ions into the VO2 matrix 

at the negative applied voltage. This structural transformation is caused 

by the interstitially doped hydrogen that forms dynamic bonds with 
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oxygen and leads to expansion of the unit cell. For the film hydrogenated 

at the different voltages, (020) peak broadening takes place as compared 

to pristine VO2 thin film, which is described in the latter part of the text. 

 

Figure 4.3: Magnified view of (020) diffraction peak of pristine and 

hydrogenated VO2 thin films grown on the Al2O3 substrate; inset shows 

the XRR spectrum.  

4.3.2 Surface analysis  

Figure 4.4 shows AFM images of pristine and hydrogenated 

films. All films show uniform surface morphology. The observed root 

mean square (RMS) roughness was 2.74, 1.05, 1.7 nm respectively for 

VO2, 0-VO2, 0.1-VO2. Roughness of hydrogenated films is found to 

decrease with hydrogen inclusion, i.e., smoothness gets improved after 

the hydrogenation process. These results validate the broadening in the 

XRD peaks. AFM images were taken after three to four cycles of 

hydrogenation and dehydrogenation. As the images show, the 

hydrogenation process is not affecting the uniformity of the films. In 

order to check the sustainability of the films, XRR measurement was 

performed after three-four cycles of hydrogenation and 

dehydrogenation. The calculated thickness for VO2 and 0.1-VO2 films 
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is found to be nearly 40 nm (inset of figure 4.3). The above results 

confirm the reliability of the said method for the hydrogenation without 

damaging the films.  

 

Figure 4.4: AFM images of VO2, 0-VO2, 0.1-VO2 films. 

 

4.3.3 Local structure   

The local structures of pristine and hydrogenated thin films were 

analyzed using the room temperature Raman spectroscopy. Figure 4.5 

shows the Raman spectra of all the films recorded at room temperature. 

According to the group theory, for the monoclinic phase of the VO2 total 

of 18 Raman active phonon modes(9Ag + 9Bg) are predicted, and rutile 

phase of VO2 can be identified by four very broad spectra (A1g + B1g + 

B2g + Eg) [7]. However, a featureless broad spectrum gives the 

confirmation of rutile phase in VO2. For all thin films, we observed total 

10 Raman active modes at ~ 147, 194, 223, 306, 336, 384, 616, 267, 

440, 497 cm-1, representing the monoclinic phase of VO2 [8]. Modes of 
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low frequency represent the vibrations due to V-V pairing and its tilting, 

whereas modes of high energy show the V-O vibrations. The low-

frequency Raman modes due to V-V vibrations shift gradually towards 

lower wave number as seen in the inset of figure 4.5. With the increasing 

applied voltage, the H+ ions penetrate in the lattice and drive the 

structure towards a higher symmetry, hence elongating the V-V bond 

length and softening the phonon modes [9]. Furthermore, it may be 

noted that deposition of the pure VO2 thin films is a challenging task 

because the most stable phase of vanadium is V2O5 and not VO2. To 

verify phase-purity using Raman spectra, the room temperature Raman 

spectra of the film were purposely recorded up to 1100 cm-1. The 

absence of the most common mode corresponding to the V2O5 phase at 

995 cm-1 confirms the phase purity of the films. 

 

 

Figure 4.5: Room temperature Raman spectra of pristine and 

hydrogenated VO2 thin films on Al2O3 substrate. Inset shows the 

magnified view of the most intense phonon mode (at 194 cm-1).  

Temperature-dependent Raman spectroscopy re-emphasized the 

earlier results. Figure 4.6 shows the temperature-dependent Raman 

spectra of VO2 and 0.5-VO2 thin films. As can be seen, there is an 

expected shift towards lower wavenumber due to thermal expansion in 

both films with increasing temperature. For VO2 thin films, the modes 
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start to diminish, and we get a featureless spectrum representing the 

rutile structure at 343K and the same is observed for the 0.5-VO2 thin 

film at 333K. Due to the mixed-phase nature of the hydrogenated films, 

the modes start to diminish gradually at a lower temperature than that 

for the pristine one. 

 

 

 

Figure 4.6: Temperature-dependent Raman spectra of VO2 and 0.5-VO2 

films. 

 

To further analyze the structural changes with increasing 

temperature, Raman shift of the most intense mode (194 cm-1) at 

different temperatures for both the films were plotted in figure 4.7. The 

expected softening of phonon modes is observed due to thermal 
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expansion. The relationship between the thermal expansion and the 

temperature can be best represented by the given equation [10]:  

ω(T) = ω0 + χT               (4.2) 

Where ω0 is the phonon frequency at 0K, ω(T) is the frequency 

at temperature T and χ is the temperature coefficient of thermal 

expansion. The most intense low-frequency phonon mode (194 cm-1) 

versus temperature plots were analyzed using the linear fit, as shown in 

figure 4.7 and the thermal expansion coefficient (χ) was calculated for 

VO2 and 0.5-VO2 films. The obtained values of χ were 0.040 cm-1K-1 

and 0.042 cm-1K-1, respectively. This difference in the χ solely due to 

hydrogenation since the thermal effect is the same for both films. 

 

 

Figure 4.7: Linearly fitted temperature-dependent Raman-shift of the 

most intense mode (~at 194 cm-1). 

Hence, the softening of mode in VO2 thin films is due to the 

elongation of V-V bonds by thermal expansion. However, in 0.5-VO2 

thin films, the softening of modes takes place because of two combined 

effects, namely the thermal expansion and the coexistence of the 

monoclinic and rutile phase as a result of hydrogenation.  
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For further confirmation on the effect of hydrogenation, the 

relative intensities of the peaks were examined. Since the intensity of 

the Raman mode is associated with the amount of the monoclinic 

structure [11]. Figure 4.8 shows the temperature dependence of relative 

intensities of the highest-intensity phonon mode of VO2, i.e. mode at 194 

cm-1 and the substrate (Al2O3) intense mode, i.e. mode at 412 cm-1. A 

sharp depletion in the intensity of 0.5-VO2 as compared to pristine VO2 

is observed. Since with the inclusion of the hydrogen, the monoclinic 

(insulating) phase is tending towards the more symmetric rutile 

(metallic) phase and as a result hydrogenated films attains the 

coexistence of monoclinic and rutile phase. Hence, the decrement in 

intensity is twofold for the hydrogenated film. Firstly, due to an increase 

in crystal symmetry, the total number of phonon modes decreases. 

Secondly, the high carrier absorption due to the coexistence of more 

conductive phase reduces the intensity of the incident light, leading to a 

weaker detected signal [11]. 

 

Figure 4.8: Variation in low-frequency mode intensities with 

temperature for VO2 and 0.5-VO2 films. 
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4.4.4 Electronic properties 

Figure 4.10 shows the temperature-dependent electrical 

resistivity plots of the pristine and hydrogenated films. VO2 films show 

the 3-order change in resistivity across the phase transition temperature 

(TMI) at 336K, where TMI is slightly lower than that for the bulk VO2 

[12]. It is clear from the figure that, the film hydrogenated without 

electric field, i.e., film hydrogenated at the 0mV (in absence of electric 

field) shows only a slight variation in the resistivity below TMI as 

compared to the pristine one. However, below the TMI, a drastic (~ 1 

order) decrement in resistivity of the film subjected to only a small 

electric field (.001mV per 3cm) is observed. The large effect of a small 

applied electric field can be explained as follows. This film is kept 

attached to the negative electrode with very small voltage (0.001mV) 

for 30 sec, which attracts much larger amount of H+ ions towards the 

films, which adds to the reduction of the resistivity, also because of the 

coexistence of monoclinic and rutile phases in the film. On applying an 

increased value of the voltage of 0.1mV, the resistivity further 

decreases. On further increase in the voltage to 0.5mV, the change in 

room temperature resistivity is negligible. Moreover, a slight decrement 

in the phase transition temperature is observed for 0.1-VO2 and 0.5-VO2 

thin films, which takes place as a result of the distortion of the crystal 

structure after hydrogenation [13]. The distorted structure appears as a 

result of the formation of the H-O bond between the interstitially doped 

hydrogen and the oxygen which finally affects the valence state of the 

vanadium, as confirmed through our previous study (chapter-3) by XPS 

[4].  
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Figure 4.9: Arrhenius fitting of VO2 and hydrogenated VO2 thin films 

in the temperature region (313K-300K). 

The activation energies for the thin films in the insulating region 

can be calculated using the Arrhenius equation given as 

𝜌 = 𝜌0exp (
𝐸𝑎

 𝑘𝐵𝑇
)               (4.3) 

where Ea is the activation energy, and kB is Boltzmann constant. Figure 

4.9 shows the Arrhenius fitting in the temperature region (313-300 K). 

The activation energy and room temperature resistivity are found to be 

decreasing with the increasing applied voltage as listed in table 4.1.  

Table 4.1: Peak position of the most intense Raman mode, room 

temperature resistivity, activation energy of pristine and hydrogenated 

VO2 thin films. 

Samples Raman mode 

(cm-1) 

RT resistivity 

(Ω-cm) 

Activation energy 

(m eV) 

 

VO2 195.21 9.933 267  
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0.5-VO2 192.98 0.336 178  
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Figure 4.10: Temperature-dependent resistivity curves of pristine and 

hydrogenated VO2 films, inset shows temperature versus resistivity 

curve of VO2, DH-0.001-VO2 and DH-0.1-VO2 films. 

In order to check the reversible nature of the hydrogenation in 

the films, a de-hydrogenation of the films was performed. Inset of figure 

4.10 shows the resistivity curves after dehydrogenation of the films, and 

it is seen that the films gain their actual state after the dehydrogenation, 

which demonstrates the excellent reversibility of the films. Our results 

suggest that an easy insertion of H+ into VO2 channel at room 

temperature and extreme reversibility of the films is also an outcome of 

highly crystallographically oriented VO2 thin films. Further 

investigations of this very promising method are necessary in order to 

optimize the rapidity of the hydrogenation, application of voltage as well 

as new designs of the metal contacts and distance may be tested.  

4.4 Summary 

Five thin films of VO2 were synthesized under the identical 

deposition conditions and studied for the hydrogenation under the effect 

of applied voltage in an ionic liquid solution. Four films were 

hydrogenated under four different voltages at room temperature. The 

films were placed as a negative electrode with aluminum contacts to 
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mediate the surface diffusion of hydrogen in the solution. With 

increased voltage, a systematic shift in the XRD peaks was observed, 

which is an indication of a gradually changing structure from the 

monoclinic to the rutile phase of VO2. The atomic force micrographs 

show uniformly deposited films. The surfaces of the films remained 

unaffected even after 3-4 cycles of hydrogenation and dehydrogenation. 

Thus, there was no etching of the films, and the films are reusable. Room 

temperature Raman analysis confirmed the changing microstructure 

with the incorporation of hydrogen. The effects of hydrogenation were 

further emphasized by the analysis of the temperature-dependent Raman 

spectroscopy. A dramatic decrease in the room temperature resistivity 

was obtained by applying a trivial voltage 0.001mV for 30s during the 

hydrogenation. Resistivity measurements showed a clear picture of the 

success of the experiment. The films also confirmed high reversibility 

of the original state when tested with resistivity measurements. The 

method gives a quick, easy and affordable way to hydrogenate VO2 thin 

films at room temperature, keeping the films intact and sustainable even 

after the several cycles of the hydrogenation and dehydrogenation. 
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Tuning of structural and electronic 

transitions by tungsten doping in 

VO2 thin films 
 

In this chapter, A series of seven V1-xWxO2 (x=0, 0.005, 0.01, 0.015, 

0.02, 0.03, 0.04) thin films have been deposited on single-crystal 

sapphire substrates using PLD technique with a motive to understand 

the structural transformation simultaneous to electronic transition. The 

effects of the substitutional doping of W at V-site on the structural and 

electronic properties of the VO2 thin films have been investigated. A 

minor level of doping of tungsten (W) transforms the structure 

significantly. The results presented in this chapter are published in the 

peer-reviewed journalΨ. 

--------------------------------------------  

ΨMulchandani et. al., Superlattices and Microstructures, 154 (2021) 106883 

(doi.org/10.1016/j.spmi.2021.106883) 

  

Chapter 5 
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5.1 Introduction 

VO2 thin film-based devices rely on its unique MIT, which is 

very close to the room temperature, which means the phase transition 

temperature of pristine VO2 thin films can be too high or too low for 

practical applications. Thus, tuning of the transition temperature 

according to the requirement is crucial for cost effective device 

fabrication. Transitions of VO2 can be tuned via strain [1], doping [2,3], 

oxygen content [4] etc. . Doping of an element can be an easy and 

feasible option for the fine-tuning of the transition temperature. In the 

past, in order to increase the transition temperature, Al [5], Fe [6], and 

Cr [7] have been used as dopant elements; particularly, high-valent 

transition metals such as Nb [8], Mo [9], and W [10,11] have been used 

as dopants to decrease the transition temperature of VO2 thin films. 

However, W has been shown to be the most effective in influencing the 

MIT. High-valence elements such as W, introduce the extra electrons 

into the 3d band of vanadium by charge compensation mechanism. 

Hence, the substitutional doping of the W6+ in the place of V4+ shows a 

remarkable reduction in the phase transition temperature [12]. 

Recently the effects of the higher valence atom (W) doping on 

the electronic and optical properties of VO2 films have been reported 

[11,13,14]. Yet, only a few reports are available on the structural 

properties of crystalline VO2 films. In this work, we have studied the 

changes in structural and electronic properties of the 

crystallographically oriented pulsed laser deposited VO2 thin films with 

increasing W doping at a minor level (V1-xWxO2; x=0, 0.005, 0.01, 0.015, 

0.02, 0.03, 0.04). These results can be useful in fine-tuning of structural 

as well as electronic properties of VO2 thin films using W doping. 

5.2 Experimental 

Bulk samples of V1-xWxO2 (x=0, 0.005, 0.01, 0.015, 0.02, 0.03, 

0.04) were prepared using solid-state reaction method. For making the 

pellets, high purity powders of V2O3 (> 99.99 % pure) and WO3 (> 99.99 

% pure) were mixed in appropriate molar ratios. The mixture of powders 

was ground for 3-4h in order to make a homogeneity and then pressed 
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into pellets using a hydraulic press. The pellets were sintered at 1000˚C 

in Ar atmosphere for 24h simultaneously. Thin films were deposited on 

single crystal c-cut sapphire (Al2O3) substrate by pulsed laser deposition 

technique using a KrF excimer laser (λ = 248 nm). For all depositions, 

laser energy fluence was set at 2.5 mJ, and the repetition rate was 5 Hz. 

The distance between target and substrate was kept at 4 cm, and 

substrate temperature was maintained at 650˚C during deposition. 

Before target ablation, the chamber was evacuated to a base pressure of 

the order of 10-4 Pa. During the growth of thin films, oxygen partial 

pressure was maintained at 4 Pa. 

For the structural analysis of thin films, X-Ray Diffractometer 

(XRD) was performed using a Rigaku Smart Lab with the Cu Kα source. 

In order to further analyze the local structure of the thin films, 

temperature-dependent Raman spectra, were recorded with Horiba 

LabRam HR Evolution spectrometer with 633nm laser as the excitation 

source. The Raman spectroscopy measurements were performed in the 

temperature range of 170K to 303K using a temperature controller and 

liquid nitrogen cooling module. For the morphological study, the 

Atomic Force Microscopy (AFM) (Park Systems, NX10) was used. X-

ray photoelectron spectroscopy (XPS) was performed using the BL-14 

beamline of the Indus-2 synchrotron source, RRCAT, Indore, India, 

with a monochromatic X-ray beam of 4357eV energy. The temperature-

dependent resistivity measurements of the samples were performed 

while warming the samples using closed-cycle cryostat, using a four-

point probe method.  

5.3 Results and Discussion 

5.3.1 structure and morphology 

Figure 5.1 shows the full scale XRD patterns of the undoped (40 

nm) [15] and W-doped VO2 thin films deposited on sapphire substrate. 

The (020) and (040) peaks of VO2 thin films for doped and undoped 

films are detected. There is no peak observed related to other crystalline 

phases of vanadium oxide, and no sign of diffraction peak corresponding 
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to any impurity or unreacted tungsten oxides. Thus, W has been doped 

at V-site, and these thin films are highly pure and crystalline in nature. 

The films remain crystallographically oriented and free of any impurity 

even after 4 at% of (highest) doping. 

 

Figure 5.1: Full-Scale XRD patterns of undoped and W-doped VO2 thin 

films and sapphire substrate. XRD peaks other than (00l) reflections 

from substrate are marked by ‘*’.  

Figure 5.2 shows the magnified view of (020) peak of VO2 and 

W-doped VO2 thin films. With the inclusion of W content in VO2 

matrix, (020) peak shifts towards lower diffraction angle which reveals 

that structure enlarges and accommodates itself in the rutile structure 

[11]. The lattice parameter ‘b’ was calculated using 2𝜃 values of (020) 

peak and found to be increasing with W doping. Figure 5.3 gives the 

variation in the Bragg’s angle and lattice constant with different doping 

concentrations. The substitutional incorporation of W6+ in place of V4+ 

ion enlarges the lattice structure due to the larger ionic radii of W6+. Due 

to this, the lattice constant increases with the increased doping 

percentage [12].  
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Figure 5.2: XRD patterns showing (020) reflection of V1-xWxO2 (x=0, 

0.01, 0.02, 0.03, 0.04) thin films on sapphire substrate.  

The full width at half maximum (FWHM) of (020) peak is 

calculated from the Gaussian fit of the curve and found to be decreasing 

with increasing W content. Hence, the crystallite size increased as 

calculated from the Scherrer’s formula 𝐷 = 𝐾𝜆/𝛽Cos 𝜃, where D is the 

average crystallite size, K is Scherrer constant with a value close to 

unity, 𝜆 is the X-ray wavelength, 𝛽 is the line broadening at half of the 

maximum intensity and 𝜃 is the Bragg angle. The increment in the 

crystallite size was further confirmed by calculation using AFM images 

too. 

 

Figure 5.3: Variations in Bragg’s Angle, FWHM and crystallite size of 

(020) peak of VO2 thin films with different doping content.  
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The surface morphology of undoped and W-doped VO2 thin 

films was examined using AFM in tapping mode. Figure 5.4 illustrates 

the granular microstructure and found to be highly uniform throughout 

the surface in all the films. With the increasing doping concentration of 

W into the VO2 matrix, the average grain size is increasing, which 

supports the XRD results of increased crystallite size. Also, 

incorporation of W improves the smoothness of films since the root 

mean square (RMS) surface roughness decreases with enhanced W 

content. Indeed, the grain size is about 80, 105, 130 nm for VO2, 

V0.99W0.01O2 and V0.97W0.03O2 respectively, while the corresponding 

roughness is about 4.70, 4.37, 3.42 nm. 

 

Figure 5.4: AFM images of (a)VO2, (b)V99.99W0.01O2, and 

(c)V99.97W0.03O2 thin films grown on the sapphire substrate. 

5.3.2 Local structure Analysis 

To investigate the changes in the local structure with the 

inclusion of W doping, room temperature Raman spectra were recorded. 

Figure 5.5 shows the room temperature Raman spectra of the W doped 

and undoped films. The Monoclinic phase of VO2 consists of 18 Raman 

active modes as predicted by the group theory, and the rutile phase of 

VO2 gives the broad featureless spectra [16,17]. For pure VO2 thin film, 

(a)
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we observed seven Ag and three Bg Raman modes at ~ 147, 194, 223, 

306, 336, 384, 616 cm-1 and 267, 440, 497 cm-1 respectively, which 

belong to the monoclinic (M1) phase of VO2. The remaining modes 

were observed due to the sapphire substrate [18]. Modes of low 

frequency represent the vibrations due to V-V pairing and its tilting, 

whereas modes of high energy depict the V-O vibrations [19].  

 

Figure 5.5: Room temperature Raman spectra of V1-xWxO2 (x=0, 0.005, 

0.01, 0.015, 0.02) thin films.  

Figure 5.6 (a) shows that with the increasing doping percentage 

of W, the ratio of intensities of Raman active modes (low-frequency and 

high-frequency mode) are decreasing. This is because W doping starts 

to favor a more symmetric structure (rutile structure) [20]. Also, at a 

certain doping percentage, the modes start to disappear, which clearly 

indicates the complete transformation of the films into the rutile phase. 

Moreover, a softening and broadening of the most intense low-

frequency mode (at 194 cm-1) was observed with the increasing doping 

content, as shown in figure 5.6 (b). As already stated, that mode at 194 

cm-1 represents the vibration of the V-V dimers. W6+ has a larger ionic 
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atoms by W atoms leads to the elongation and straightening of the V-V 

bond [21]. Thus, due to the elongation of V-V bond, the Raman peaks 

shift towards lower energy (softening of the modes), and this validates 

the XRD results that the W doping is causing a shift from the structure 

of monoclinic VO2 towards the rutile. 

 

Figure 5.6: (a) Variation in intensity ratio of high and low frequency 

modes with different doping content. (b) Raman shift and FWHM of 

mode 194cm-1 with different doping percentage. 
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(M2 and T) can be formed as a result of doping. The formation of the 

M2 intermediate phase can be confirmed by the shifting of the high-

frequency mode (613 cm-1) and splitting of the mode at 225 cm-1 [22]. 

Analysis of the peak positions with the increase in the W content 

suggests that there is no emergence of the M2 phase from the M1 phase. 

The above observations indicate a structural transformation in the VO2 

thin films. As W is incorporated progressively in the lattice, it being a 

larger ion starts to favor a higher symmetry and hence the V-V dimers 

start to un-dimerize and elongate to give a rutile structure as shown in 

figure 5.7. Thus, a change in local structure with W doping was 

recorded. 

 

Figure 5.7: Top-panel shows the transformation of structure and 

bottom-panel shows the band structure variation with W doping. In the 

top panel, solid lines show the monoclinic structure and dashed lines 

show the inclination of the structure towards rutile phase.   

In order to check the phase-related anomalies that can appear 

because of temperature variation, the temperature-dependent Raman 

spectra of the undoped (VO2) and 2% W doped (V99.98W0.02O2) were 

recorded [figure 5.8]. In the undoped films there is a gradual softening 

and broadening of the peaks in the low-frequency modes as shown in 

figure 5.8 (a), which can be attributed to the thermal expansion of the 
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303 K the modes start disappearing gradually, which is suggestive of the 

formation of a rutile structure much below the transition temperature of 

pristine films. Again, as seen from the peak positions, there is no 

emergence of M2 phase from M1 phase. These observations of 

structural transformations corroborate very well with the electronic 

transitions as described in the later text. 

 

Figure 5.8: Temperature-dependent Raman spectra of (a) VO2 and (b) 

V99.98W0.02O2 thin films. 
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5.3.3 Chemical composition 

The chemical composition of the films was analyzed using XPS. 

The carbon C1s peak is approximated to have a binding energy of 284.6 

eV to calibrate the XPS spectra. A Shirley background subtraction is 

imposed using CASA software for the analysis. Figure 5.9 shows a 

survey spectrum of the VO2 and V99.96W0.04O2 thin films. O1s, V2s, 

V2p, V3s, V3p peaks can be observed in both films. The doped film, 

however, shows additional W4p and W4d peaks, which indicates the 

successful doping of W in the VO2 films [13].  

 

Figure 5.9: XPS survey spectrum of comparison of pure VO2 and 

V99.96W0.04O2 films. 

To extract the exact information of the chemical state, high-

resolution spectra were recorded for both the films as shown in figure 

5.10. The O1s peak is deconvoluted into two peaks, one is corresponding 
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the surface oxidation in both the films. In the case V99.96W0.04O2 film, a 

new peak appears at 515.03eV. This peak corresponds to the V3+ valence 

state, which is resulted by the replacement of the V4+ by the W6+ ions 

[24]. Further, in the case of undoped films, the ratio of the percentage 

area of the V4+ to V5+ states is 1.8 and 1.2 in the V2p1/2 and V2p3/2 peaks, 

respectively. Similarly, for W-doped film the ratio of the percentage 

areas of V4+ to V5+ is 4.9 and 7.2, respectively, for the V2p1/2 and V2p3/2 

states. This clearly indicates that the W doping decreases the formation 

of V5+ valence state in the films.  

 

Figure 5.10: High-resolution XPS spectra for V2p and O1s of VO2 and 

V99.96W0.04O2 films. 
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As it can be observed from the figure 5.10, The binding energy 

of V4+ in the V99.96W0.04O2 film is higher as compared to the VO2 film. 

This is probably due to the replacement of V4+ ion with larger ionic radii 

of W6+. Due to this replacement, the length of the V-O bond becomes 

shorter causing an increase in the binding energy [25]. Based on the 

above observations, it can be derived that W doping has stabilized V4+ 

state with an improved surface stoichiometry. 

5.3.4 Metal to insulator transition characteristics 

Figure 5.11 shows the temperature-dependent resistivity curves. 

W doping into VO2 matrix shows a significant impact on the transition 

temperature. Phase transition temperature decreases as the W doping 

increases. The top inset in figure 5.11 shows the derivative plot of 

resistivity with temperature, representing the transition temperatures at 

different doping percentages. The transition temperature of the undoped 

VO2 thin film is about 340K, which agrees well with reported results 

[26]. Further, the transition temperature of V99.99W0.01O2 and 

V99.985W0.015O2 are reduced to 322K and 300K, respectively. Transition 

width (ΔT), defined as the full width at half maximum of the derivative 

curve (inset of figure 5.11) increases with the increasing doping 

percentage, which indicates the reduction in the sharpness of the 

transition. Bottom inset of figure 5.11 clearly shows a very broad 

transition around at 180K for 4 at % W-doped films. Moreover, the 

resistivity below the transition temperature is also decreasing with the 

incorporation of W.  
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Figure 5.11: Temperature-dependent resistivity curves of V1-xWxO2 

(x=0, 0.01, 0.015, 0.04) thin films, top inset shows the corresponding 

derivative plots and bottom inset shows resistivity curve of V1-xWxO2 

(x=0.04) thin film in low temperature range. 

The activation energy values give an idea of the electronic band 

gap. The activation energies for the thin films in the insulating region 

can be calculated using the Arrhenius equation given as: 

𝜌 = 𝜌0exp (
𝐸𝑎

 𝑘𝐵𝑇
)               (5.1) 

where Ea is the activation energy and kB is Boltzmann constant. Figure 

5.12 shows the Arrhenius fitting in the temperature region (230K-280K) 

and obtained values of activation energies are shown in table 5.1. Thus, 

activation energy decreases with the increase in the doping percentage 

of W.  
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Table 5.1 Electronic transport properties for undoped and W-doped VO2 

thin films. 

Sample Transition 

temperature (K) 

Transition 

width (K) 

Activation 

energy (meV)  

VO2 344 6 166 

V99.99W0.01O2 322 11 130 

V99.985W0.015O2 300 15 123 

 

In the monoclinic state, the dimerization of the V-V atoms 

causes the localization of the V 3d t2g orbitals and split them into d|| and 

π* sub-bands. Decrement in the transition temperature and activation 

energy can be due to the fact that the W doping narrows this band gap 

by weakening the dimerization of the V atoms as shown in figure 5.7 

[21]. As we reach the rutile phase, the upper and lower d|| bands overlap 

completely making it a conductor.  

 

Figure 5.12: Arrhenius fitting of V1-xWxO2 (x=0, 0.01, 0.015) thin films 

in temperature region (230K-280K). 
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With the inclusion of the W doping into the VO2 thin films, the strength 

of MIT weakens because there is no change in the resistivity of metallic 

phase for W doped films with respect to the undoped films, which agrees 

with the previously reported results [22]. Thus, the expected shift in MIT 

was obtained with fine-tuning of structure via W doping. 

5.4 Summary 

A series of crystallographically oriented thin films V1-xWxO2 

(x=0, 0.005, 0.01, 0.015, 0.02, 0.03, 0.04) were deposited on single-

crystal sapphire substrate. By only a minor variation of W doping, a 

gradual structural transformation from monoclinic to rutile phase has 

been observed without the appearance of any phase anomalies and 

losing the crystallinity of the films. The analysis of XRD and XPS data 

clearly confirm successful doping of W in the VO2 films and the effect 

of doping on the valence state of vanadium. With the inclusion of W 

doping a systematic reduction in the transition temperature and 

activation energy are observed. The room temperature resistivity 

decreases along with a decrease in the MIT strength. Thus, this work 

clearly shows that W doping efficiently tunes the transition temperature 

via structural transformation in VO2 thin films. This tunability can be 

utilized as per the suitability of the applications. 
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Conclusions and Future Prospects 
 

This chapter concludes the present work with some future prospects that 

can be implemented further. The core objective of this dissertation was 

to accomplish the rapid hydrogenation in the crystallographically 

oriented VO2 thin films and study the physical properties under the 

effect of the interstitial doping of the hydrogen and substitutional doping 

of tungsten. Thereby further to modify the structural and electronic 

properties in a systematic and controlled manner. 

 

  

Chapter 6 
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6.1 Conclusions 

The present study accomplishes the core objectives and justifies the 

title of the thesis. The key highlights of the work presented in this 

dissertation are as follow: 

❖ We have achieved the rapid hydrogenation via modification of 

the metal-acid contact method i.e., we have used the detachable 

electrode-like structure of metal and tested the said method at 

different temperatures and under very mild electric fields for 

rapid hydrogenation. 

 

❖ In chapter 3, the role of crystal structure to accommodate the 

hydrogen is discussed. The modified method of hydrogenation 

of the films in 30 s was tested at different temperatures 

(structures). As a result, about two orders of reduction in the 

room-temperature resistivity is observed after the 

hydrogenation. Thus, rapid and sustainable hydrogenation is 

accomplished using a metal-acid contact method. Almost 

complete dehydrogenation of the films is possible, and results 

are highly reproducible. 

 

❖ In chapter 4, efforts have been made to attain the rapid 

hydrogenation at room temperature. Under very mild electric 

fields, the rapid hydrogenation is found within the 30 s of the 

treatment time at room temperature. The films are highly 

reproducible and sustainable even after the several cycles of the 

hydrogenation and dehydrogenation, which confirms the 

reliability of the method. 

 

 

❖ In chapter 5, the effects of W doping in the VO2 thin films and 

their properties are discussed. The fine-tuning of the structural 

and electronic properties with the W doping is presented, in 
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order to understand the structural transformation simultaneous to 

electronic transition. 

 

6.2 Future Prospects 

In spite of uncovering the two easily accessible methods of the rapid 

hydrogenation in this study, there is still space to further explore the 

existing method via variation in the several parameters in future. Some 

possible scopes are as listed: 

❖ The method of hydrogenation can also be further explored, such 

as using the different contacts of the low work function metal 

and by varying the concentration of the ionic solution. 

 

❖ The hydrogenation of VO2 nanostructures with high surface to 

volume ratio can also be tested.  

 

❖ Hydrogenation method can be further explored in the direction 

of hydrogen transportation. 
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