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ABSTRACT 

Ultrafast, Broadband Light Polarization Properties 
of Vanadium Dioxide Thin Films on Insulating and 

Metallic Substrates 
 

Vinh Son Tran, Ph.D. 

Concordia University, 2018 

 

The refractive indices of vanadium dioxide (VO2) abruptly change when its phase transition 

temperature of 68oC is reached, the point at which it goes from an insulating state to a metallic 

state. Modifications of complex-valued refractive indices in VO2 have been shown to produce 

optical phase shifts that are unequal for the s- and p-components of polarization, thereby causing 

a relative phase shift Δ between the two. Under certain conditions of Δ, a linearly polarized light 

can rotate its polarization 90 degrees or transforms between linear and circular. In this thesis, we 

will demonstrate all possibilities of using a VO2 thin film to change the polarized light states of 

reflected or transmitted light on the nanosecond and potentially shorter timescales. Possible 

applications for high-contrast optical modulation over a wide spectral range are discussed. 
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CHAPTER 1 

Introduction 
Vanadium dioxide (VO2) is a strongly correlated electron material. It is well known for its 

ability to change properties from the insulating state to the metallic state at around 68oC due to a 

rearrangement of its crystal structure. Since the discovery of the metal-insulator transition (MIT) 

in 1959 [1], this material has attracted significant interest in theoretical as well as applied research. 

As will be presented in Chapter 2, there have been many theoretical approaches that were proposed 

to explain the transition mechanism in VO2, but controversy still exists, and this issue is still a 

matter of debates when new discoveries about VO2 are made. VO2 remains, however, a material 

of choice among possible MIT materials, exhibiting truly unique properties, whether optical, 

electrical or magnetic. In terms of optical properties, the topic of this thesis, VO2, beside being 

able to change rapidly its crystal structure at a relatively low temperature, can also be activated 

optically within nanoseconds time scales or faster. This is why we have chosen to further explore 

the optical properties of this material that offers so much potential for applications. 

 So far, almost all optical applications of VO2 have been based on the amplitude variation 

in optical properties of the material during phase transition as shown in Figure 1.1, some of which 

can be named as smart coatings [2], optical devices [3], [4], thermal sensors [5], and infrared 

imaging systems [6], [7]. Although many improvements in fabrication have been made to enhance 

the applicability of VO2, all optical applications were found and studied only in the infrared, in 

particular at wavelengths above 1000 nm where large changes in amplitude happen. In many fields 

such as sensors, optical switches or smart coatings however, we need to work with visible light. 

Therefore, there is a strong interest to explorer further the potential of VO2 in this spectral region.  
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Figure 1.1: Transmittance of a 100 nm VO2 thin film at temperature of 25oC (black) and 85oC 
(red). 

 
It is remarked that when light interacts with VO2 films at different states, not only its 

amplitude changes, its phase must also change in some way. This interesting aspect has not been 

studied previously and is our main concern in this thesis. Through our theoretical and experimental 

findings, we established that the phase of light varies very much too during the phase transition of 

VO2. This finding opens for the first time the possibilitiy of applying VO2 films in a wider spectral 

range from the visible to the infrared.  

Other than using the intensity changes, we focused our attention on the drastic changes of 

the light polarization state as light interacts with a VO2 thin film. The variation in refractive index 

of the film during phase transition alters the phases of the reflected and transmitted s- and p-

polarized light. This causes the polarization state of light to change completely. In some cases, a 

linear polarization can switch to a circular polarization and vice-versa or can rotate to a new 

orientation. Theoretical calculations and experimental results show that this can be done with 

wavelengths near the center of the visible spectrum (500 nm) to the infrared and only by using a 

simple VO2 film on glass substrate. Using this effect in combination with polarizers could lead to 
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highly efficient optical modulation and extend applications of VO2 in many different fields such 

as electronic devices, perfect absorbers, phase retarders, and energy conservation. To explore the 

phase and polarization changes of light when it interacts with a thin VO2 film and to discuss 

potential applications, we implemented the following studies: 

- Calculate and measure phase changes of light as it interacts with a VO2 thin film at 

different states of VO2. 

- Find conditions to control polarization of light by thermal activation. 

- Measure polarization states of light and optical modulations. 

- Induce VO2 transition by optical pumping to measure switch-on and switch-off time 

for high speed optical switching applications. 

- Enhance ability to control polarization by using metallic substrates. 

- Discuss advantages and disadvantages of using phase changes method and propose 

ideas for new studies. 

All details of theories, calculations as well as experimental results of this study will be 

presented in this thesis through nine following chapters: 

Chapter 2 describes metal-insulator transition mechanism through Bloch-Wilson, Mott-

Hubbard, Peierls and Anderson models. Each theory has its own advantages to explain the 

transition. We only show the most fundamental differences and do not go into details as this is not 

our primary concern. The rest of this chapter is used to show properties of vanadium dioxide 

materials. Besides mentioning crystal structure, electrical and optical properties, the changes in 

electronic and crystallographic structures during optical activation of VO2 also are discussed in 

detail. Many VO2 properties in this chapter are used to explain experimental results in Chapters 5-
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9. Some promising applications also are covered in this chapter to provide a comprehensive view 

of VO2. 

Chapter 3 presents theories and equations involved in the interaction between polarized 

light and a thin film. We described the relationship between polarization states at insulating and 

metallic states of VO2 in reflection and transmission through the relative phase shift parameters, 

functions of temperature, wavelength, film thickness, angle of incidence, and refractive indices. 

Those parameters play the most important role in all our calculations and is used frequently in this 

thesis. At the end of this chapter are some equations related to the polarization state and its intensity 

going through a polarizer.       

Chapter 4 provides all steps to fabricate a VO2 thin film on glass substrates and an 

ellipsometry method which is used to measure film thickness, refractive indices and other optical 

parameters related to VO2 thin films. 

Chapter 5 presents our first experimental results in measuring the phase change of light 

when it interacts with a VO2 film at different temperatures below and above the transition 

temperature of the material. It opens the possibility of controlling the phase of light by using VO2 

thin films and leads us to the idea of creating a spatially non-uniform phase shift for reflected light. 

The VO2 thin film now acts as a lens to focus or defocus reflected beam in the far field. These 

findings would be the foundations for later studies on light polarization control.    

Chapter 6 analyzes the limitations of using unpolarized light in all published VO2 

applications and polarized light is suggested to overcome these weaknesses. Calculations with 

polarized light show the possibility to extend the applicable spectral range to visible and increase 

optical modulation significantly. A vanadium dioxide thin film can be used as a device to control 

light polarization both in the visible and the near infrared.      
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Chapter 7 analyzes the influence of thickness, wavelength, and angle of incidence on 

polarization control to find optimal parameters for fabricating samples and doing experiments. All 

experimental results with different VO2 samples and wavelengths from 514 nm to 1550 nm are 

presented in this chapter. High light contrast ratios are obtained when VO2 samples are combined 

with a polarizer. This opens new possibilities for creating high-performance modulators and 

switches for VO2 optical devices.     

Chapter 8 uses pulsed laser to induce phase transition of VO2. In this chapter, we repeated 

similar experiments done by thermal activation in Chapter 7 by optical activation. All experimental 

results show that VO2 films can alter the polarization state on nanosecond timescale. This effect is 

observed with layers of various thicknesses on different substrate materials. VO2 thin films thus 

demonstrate a great potential in electronic device applications. 

Chapter 9 presents the ability to use metallic substrates to enhance polarization control. 

This method helps to reduce the angle of incidence for doing experiments to 40o and increase the 

reflectivity. However, oxidation layers formed between VO2 films and metallic substrates cause 

some differences between experimental and calculated results. This problem will be discussed in 

this chapter with some potential solutions. 

Chapter 10 forms the conclusion with the main features of the present work and new ideas 

for future studies. 

Most of the results in the thesis have been published in the following: 

• T. V. Son, P. A. Do, V.-V. Truong, G. Bader, and A. Haché, “Polarization modulation by 

vanadium dioxide on metallic substrates,” Opt. Commun., vol. 427, pp. 511–516, 2018. 

• T. V. Son, V. V. Truong, J-F.Bisson, and A. Haché, “Nanosecond polarization modulation 

in vanadium dioxide thin films”, Appl. Phys. Lett., 111, 041103, 2017. 

http://aip.scitation.org/author/Son%2C+T+V
http://aip.scitation.org/author/Truong%2C+V+V
http://aip.scitation.org/author/Hach%C3%A9%2C+A
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• Patrick Cormier, Tran Vinh Son, Jacques Thibodeau, Alexandre Doucet, Vo-Van Truong, 

Alain Haché, “Vanadium dioxide as a material to control light polarization in the visible 

and near infrared”, Opt. Commun., 382, 80-85, 2017. 

• T.V.Son, V.V.Truong, P.A.Do, and A.Haché, “Ultra-thin, single-layer polarization 

rotator”, AIP Advances, 6, 095102, 2016. 
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CHAPTER 2 

Properties of vanadium dioxide 

2.1    Metal-insulator transition (MIT) 

Metal-insulator transition in materials is an interesting subject that has attracted much 

attention in the past decades. When exposed to stimuli such as temperature, pressure [8], carrier 

doping or electric fields [9], some materials change their properties completely. Their electrical 

conductivity can vary by several orders of magnitude, with optical properties changing drastically 

as well. Although this thesis deals with a phase transition material, namely vanadium dioxide, we 

are not concerned with the exact nature of  metal-insulator phase transition, a topic that has already 

been the subject of countless studies in solid state physics [10]–[14]. Instead, our goal is to 

understand the properties of light when it interacts with a material undergoing a phase transition. 

From this optics point of view, the refractive indices of the material are sufficient to fully 

characterize the problem. Nevertheless, for the sake of completeness and to understand the 

underlying causes, we outline here the key findings in solid state physics relating to metal-insulator 

phase transitions.  

The first successful theory of MIT transition was introduced in the early 1930s [15]–[18]. 

In this model, the periodic lattice structure of atoms in crystals form a band structure with all the 

allowed bands and forbidden bands. For insulators, the highest filled band is completely filled, 

while for metal it is partially filled. An insulator in this band theory is called a band insulator or 

Bloch-Wilson insulator. However, de Boer and Berwey [19] found that this theory could not 

explain why many metal oxides with a partially filled d-electron bands are poor conductors. 

Following this finding, Mott [20] pointed out that the interaction between electrons must be 

considered. The strong Coulombic repulsion between the electrons could be the origin of the 
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insulating behaviour. According to Mott, a conduction electron in a screened Coulomb interaction 

from each proton and the other electrons has a potential energy. 

 
𝑈𝑈(𝑟𝑟) = −

𝑒𝑒2

𝑟𝑟
exp(−𝑞𝑞𝑞𝑞) (2.1) 

The activation energy in the insulating state needs to be higher than this potential energy 

to make a phase transition. In Eq. 2.1, the constant q relates to electron-electron interactions effect 

and is calculated by the Thomas-Fermi appoximation 𝑞𝑞2 = 4𝑚𝑚𝑒𝑒2(3𝑁𝑁0 𝜋𝜋⁄ )1 3⁄ ℏ2⁄ , which depends 

on the free electron density No. At high densities, the potential 𝑈𝑈(𝑟𝑟) has no bound states and we 

have a metal. The critical free electron density 𝑁𝑁𝑐𝑐, at which the transition occurs is given by 

 𝑁𝑁𝑐𝑐1 3⁄ 𝑎𝑎𝐻𝐻 ≈ 0.2 (2.2) 

where 𝑎𝑎𝐻𝐻 is the effective Bohr radius of the material. This theory agrees well with observation 

from doped materials such as germanium or silicon [21], [22]. When increasing the doped 

concentration of the donor or acceptor atoms in the semiconductor, the transition to the metal phase 

will occur at approximately the predicted concentration. This MIT model is named the Mott MIT 

or Mott-Hubbard MIT with some modifications of the Hubbard model [23] in the potential energy 

calculation. 

 However, metal-insulator transitions are not only explained by interactions among 

electrons, it can be the result of interactions between electrons and lattices, known as the Peierls 

MIT theory. 
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Figure 2.1: A distortion of the Peierls one-dimensional lattice model. 

 

In general, the Peierls MIT theory is based on a distortion in the structure of lattice [24]. In 

the simple one-dimensional model of Peierls, every lattice node (ion) carries one electron. At the 

metallic state, all atoms are arranged in a periodic system with equal lattice spacing, denoted by a. 

This structure is unstable and easy to change when the metal is cooled down or under a stimulus. 

To a first order, a periodic distortion in the structure can alter the periodicity such that the lattice 

constant doubles to 2a, as shown in Figure 2.1. As a consequence of this transition, the periodic 

ionic potential in the material is distorted with a new energy gap created in the energy spectrum of 

electrons. The electrons now need more energy to swap positions so they are stuck in their 

locations. Effectively this means that the system is no longer conducting, but rather insulating. 

Among the many MIT materials we know, NbSe3 and K0.3MoO3 [25] are two typical examples of 

Peierls insulator, which undergo a phase transition at 145 K and 180 K with significant changes in 

conductivity as results of their structural changes. Since the development of that theory, properties 

of electrons in the deformation structures receive a lot of research attention. Anderson [26] 

suggested that when increasing in the degree of lattice disorder to a critical point, all electrons in 

the lattice will be trapped in local areas and the electrical conductivity of the material vanishes 
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altogether, a phenomenon known as Anderson localization. To explain this effect, he used a tight-

binding model of an electron in a disordered lattice. This electron feels a random potential and can 

tunnel to nearest neighbor sites. However, instead of assuming that conduction electrons are the 

extended plane waves with short lifetime and small mean free paths, Anderson sees them as 

standing waves which are confined in space and thus have long lifetimes [27]. This makes all 

conduction electrons localized by a random well in the random potential energy picture, see Figure 

2.2. This Anderson MIT is commonly used to explain properties of strongly disordered materials 

[28], [29] and materials with strong impurity scattering, such as heavily doped semiconductors 

[30], [31]. 

 

Figure 2.2: An electron in 2-D random potential energy of the Anderson model. Reproduced from 

ref. [27]. 
 

Table 2.1 summarizes the four most widely accepted theories of metal-insulator transition 

with different mechanisms. Each has its own advantages and disadvantages and can be used to 
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explain properties quite well for a group of materials or a specific material. Although, much 

progress in experiment and theory has been accomplished to explain how MIT transitional 

mechanism works over the past 70 years [16], [32]–[36], there is no comprehensive theory that 

can explain this problem thoroughly. The true nature of the metal-insulator transition in some 

materials remains a mystery.   

Table 2.1: Metal-Insulator transition (MIT) classification. 

Type Origin of MIT 

Bloch-Wilson insulator Conventional band theory 

Mott-Hubbard insulator Electron-electron interaction 

Peierls insulator Electron-phonon (lattice) interaction 

Anderson insulator Disorder-induced localization 

 

2.2    Vanadium dioxide and its crystal structures 
2.2.1  Vanadium dioxide 

One of the first observations of metal-insulator transition effect in oxides was published in 

1959 by Morin [1]. He reported the sudden change in electrical conductivity of titaninum and 

vanadium oxides as they undergo a certain temperature. Since then many correlated oxides with 

the same properties were found such as FeO, CoO, and NiO [37], [38]. Each material has its own 

specific metal-insulator transition temperature (TMIT), ranging typically from 70 K to 1000 K, as 

shown in Figure 2.3. Among those materials, the metal-insulator transition temperature of  

vanadium dioxide (VO2) is about 340 K (68oC) in bulk crystals. This is close to ambient 

temperature, and this property, coupled with a large change in resistance across the transition, 

makes VO2 an interesting material in research and manufacturing of electronic and optical devices. 

Therefore, VO2 is the chosen material to discuss throughout this thesis. All its interesting 
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properties will be analyzed in detail in the following sections for the purpose of providing an 

overview of the metal-insulator transition in oxide materials. It is worth noting that vanadium also 

makes other oxides (V4O2, V2O3, …), each with its own phase transition temperature. 

 

Figure 2.3: Metal-insulator transition temperature (TMIT) of some selected bulk oxides. Reproduced 

from ref. [39]. 
 

2.2.2  Vanadium dioxide crystal structures 

Vanadium dioxide (VO2) is an insulator at room temperature, with a monoclinic crystalline 

structure (M1). At temperatures above 68oC, vanadium and oxygen atoms are rearranged to a rutile 

(R) structure. Those structures belong to the P21/c (M1) and P42/mnm (R) space group [39] with 

different lattice symmetries, as shown in Figure 2.4. A unit cell of the rutile structure contains two 

vanadium cations V4+ and four oxygen anions O2-. The vanadium atom sits at the center of the 

oxygen octahedron and forms six bonds by hybridizing its orbital with orbitals of 6 oxygen atoms 

on the top of the octahedron [40]. Each oxygen atom has 3 sp2 hybrid orbitals and creates three 
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sigma bonds with vanadium atoms in near-neighbor unit cells. At the low-temperature phase, the 

chain V-V is tilted along the c axis with unequal gaps between cations, namely 2.65 Å and 2.87 

Å, unlike the constant 2.87 Å in the rutile phase at high temperature. This structural change 

constitutes a lowering of symmetry and a doubled size of the unit cell (the monoclinic unit cell 

now has 4 vanadium and 8 oxygen atoms). It also causes deformation of the oxygen cages around 

vanadium atoms. In order to compare the differences in structure between VO2 (M1) and VO2 (R), 

we compare lattice parameter in Table 2.2 [41]. 

Table 2.2: Lattice parameters for VO2 at Monoclinic (M1) and Rutile (R) phases. 

 VO2 (M1) VO2 (R) Difference 

a or a’  (Å) 5.375 5.383 0.008 

b or b’ (Å) 4.526 4.554 0.028 

c or c’ (Å) 5.753 5.712 -0.041 

β (degrees) 122.6 122.1 -0.5 

V (Å𝟑𝟑) 118.07 118.44 0.37 

 

It can be seen that the unit cells expand slightly along the axes a and b, while the distance 

along V-V in the c axis shrinks. The entire monoclinic structure is compressed and twisted by a 

small angle from 118.07o to 118.44o in the rutile structure. This makes the volume changes by 

approximately 0.31%. Although the change of VO2 structure during the transition is small, it 

causes significant changes in the energy band structure leading to changes in electrical and optical 

properties. One of the most widely accepted explanations of VO2 band energy structure for both 

the metallic and the insulating phases was presented by Goodenough [42]. He assumed that each 

vanadium atom [Ar]3d34s2 contributes four electrons to fill the valence band and leaves one d-

electron in the conduction band. At high temperature, the d-level of the V4+ is first split into doubly 
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degenerate eg levels and triply degenerate lower lying t2g levels in the octahedral crystal field. The 

eg orbitals lie higher in energy and are strongly hybridized with the 2p orbital of O2-. They have 

large bandwidth and are empty. The t2g levels are further split into d|| and π* levels by the 

orthorhombic component of the tetragonal crystal field. Those levels are located at the lowest 

energies around the Fermi level. Since the π* orbitals are easily hybridized with the 2p orbitals of 

O compared with d|| orbitals, the π* band have higher energies and a wider bandwidth. On the other 

hand, the d|| orbitals in V are relatively nonbonding. In the rutile phase, the d|| and π* bands overlap 

at the Fermi level as depicted in the schematic diagram in Figure 2.4. In the monoclinic phase, the 

dimerization and tilting of the V-V pair results in two important effects. First, V-V pairing within 

the vanadium chain parallel to the rutile c axis cause the d|| band splits into two subbands, each 

contains half the number of levels of the initial d|| band. The lower-energy bonding subband is 

almost completely filled with electrons, and the upper-energy antibonding one is empty. Second, 

distortion of V-O bonds lifts the antibonding π* to a higher in energy above the Fermi level,  as in 

Figure 2.4. With these changes when VO2 undergo phase transition, a bandgap Eg~ 0.6-0.7 eV is 

formed in the insulating phase.  
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Figure 2.4: VO2 monoclinic and rutile crystal structures and their energy band structures. 

Modified from ref. [43]. 
 

Many studies on structural changes and electronic behaviour of VO2 during MIT have been 

done to determine whether the above structural change induces MIT (a Peierls mechanism) or 

structural changes as a result of carrier concentration increases causing transition (Mott-Hubbard 

mechanism) [10]. Recently, this issue was taken into consideration again after more than four 

decades of debate with the hope that new advances in science could find the answer. Cavalleri [12] 

is one of the pioneers who has used ultrafast spectroscopy to investigate a time-domain between 
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the structural and electronic effects in VO2. He and his colleagues created the metallic phase of 

VO2 by photo-doping holes into the valence band of the low-T insulator and observed that MIT is 

delayed with respect to hole injection. This makes him suggest that the atomic arrangement is 

necessary for the formation of the metallic phase of VO2, so that the insulator phase has bandlike 

character [12]. Huffman et al. [44]  and Kim et al. [14] on the other hand affirms that insulating 

VO2 has a Mott-Hubbard nature. This issue will certainly continue to be debated when more 

concrete evidences are revealed. It is also possible that the metal-insulator transition in VO2 has a 

combined nature, having the features of both the Mott-Hubbard and Peierls transitions [45], [46]. 

 

2.3    Properties of vanadium dioxide  

VO2 thin-films have been prepared by numerous methods including pulsed laser deposition 

(PLD) [47], [48], chemical vapour deposition (CVD) [49], sputtering [50]–[53], sol-gel coating 

[50], [54], electron beam evaporation [55], and ion beam deposition [56]. These studies have 

shown that the electrical and optical properties of the film have strong dependence in the level of 

residual stress caused by the deposition technique. In addition, the crystalline nature of substrates 

also plays an important role to the structure of films [47], [53], [57], [58]. Because there are so 

many factors affecting the quality of film, creating a single crystal and an uniform VO2 film is not 

easy. The main problem in the preparation of VO2 film is that many other oxides such as V2O2, 

V2O5, etc may grow simultaneously during deposition and form mixed structures [59].  

In general, when a VO2 thin film with good quality is obtained and induced into a phase 

transition, the film shows a metallic nature with an abrupt decrease in electrical resistivity. This is 

accompanied by a  dramatic decrease in optical infrared light transmittance, with smaller changes 

in the visible spectrum [60]. The following sections will present the basic electrical and optical 

properties of VO2 thin films as well as analyze the factors that directly affect those properties. 
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2.3.1  Electrical properties of vanadium dioxide 

 

Figure 2.5: Resistivity as a function of temperature for VO2 thin films on varying substrates (Blue: 

VO2 on Al2O3; Red: VO2 on SiO2; Green: VO2 on Si). Reproduced from ref. [57]. 
 

As discussed above, at room temperature VO2 has monoclinic structure and possesses 

insulator or semiconductor properties. Hall effect measurement [61] shows that it is a n-type 

material with carrier density around 𝑛𝑛𝑠𝑠~1018 − 1019 𝑐𝑐𝑐𝑐−3 [62]. At temperatures higher than 

68oC,  the resistivity of VO2 changes suddently and decreases by up to 5 orders of magnitude, as 

Figure 2.5 shows. This conductivity jump is due to the change in the free carrier density (𝑛𝑛𝑚𝑚 =

1022 − 1023𝑐𝑐𝑚𝑚−1) while the mobility of charge carrier seems to keep constant at 0.5 −

1 𝑐𝑐𝑐𝑐2 𝑉𝑉. 𝑠𝑠⁄  [63]. Experimental observations show that the properties of VO2 will return to original 

states when cooled, but this process offers resistance, thereby causing a hysteresis effect. The 

transition temperature during the cooling cycle is always lower (by about 10oC) than the one for 

the heating cycle and this difference depends strongly on the grains size [53], [64], film thickness, 

and the film quality.  
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Figure 2.6: Surface morphology of 120 nm VO2 films grown on (a) c-plane, (b) m-plane, (c) r-

plane sapphire substrates. Reproduced from ref. [53]. 
 

In all VO2 fabricating methods, the substrate role is important. The crystalline nature of 

substrate will determine how crystals in the thin film grow, so it greatly affects the morphology 

and properties of the film. For example, for VO2 made on silicon (Si), fused silica (SiO2) and 

sapphire (Al2O3), the films on sapphire showed the highest changes, up to five orders of magnitude, 

as compared with the three orders of magnitude change on the other substrates [57], Figure 2.5. 

The type of the substrate also has an influence on TMIT and the resistivity hyteresis widths (ΔT), 

varying all figures by a few oC. Furthermore, thin films formed on the same type of sapphire 

material but on different crystallographic  orientations also have difference in properties. Figure 

2.6 shows the crystalline morphology of VO2 film grown on c-, r-, and m-plane sapphire substrates 

under identical fabrication conditions; in all films the nano-grain size vary with the substrate 

orientation [53]. The VO2 film on the c-plane substrate has many voids in the structure which 

makes film semi-continuous. In constrast, the size of grains in m-plane and r- plane samples are 

smaller and are connected together by a uniform plane which exhibits a continuous film. 

Resistivity vs temperature characteristics also indicate the TMIT of samples on m- and r-planes are 

reduced by several degrees compared to that of samples on c-plane. Reference [65] also reported 

a reduction in TMIT down to 45oC (318 K) for reactively sputtered VO2 films deposited on sapphire 
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(0001) substrates. These results suggested that the lattice mismatch between the film and substrate 

affects on the stress along the c-axis of film and causes the change in TMIT.  

 

Figure 2.7: Calculated thermal stress vs metal-insulator transition temperature for VO2 films on 

different substrates. Reproduced from ref. [58]. 
 

Among many substrates such as fused quartz, sapphire, MgF2, CaF2, TiO2 which have been 

tested to optimize the properties of VO2 film, TiO2 (001) is rated highest because of strong 

enhanced oxidation durability [58], [66]. In addition, the VO2 films grown on TiO2 (001) surface 

have their c-axis perpendicular to the plan of the substrate with the minimum distance V4+-V4+ 

[47]. This reduction in length between vanadium atoms affects directly the overlap of the d orbitals 

as analyzed in the energy structure of the material. It expands the width of the d band and helps 

transform the material into metallic phase easier. Thus, VO2 films formed on the TiO2 (001) have 

a lower TMIT than that of the bulk material [47], [58], as shown in Figure 2.7. 

Another factor that greatly influences the electrical properties of VO2 films is carrier 

concentration. As known from Mott’s theory discussed in section 2.1 , when the free electron 

concentration in VO2 increases to the certain level, the insulator-metal transition will occur. Thus, 

by injecting more carriers into VO2 film we can shift the TMIT of material either towards a higher 
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temperature or towards a lower temperature. For example, at 2% W donor doping in VO2, the 

material increases room temperature carrier concentration and its transition temperature has 

reduced from 68oC to 25oC [67].   

2.3.2  Optical properties of vanadium dioxide 

Similar to the electrical properties, the optical properties of VO2 also vary depending on 

the metal or semiconductor properties of the material. Figure 2.8 is the typical transmittance of the 

VO2 thin films in the UV-vis-IR region at different temperatures from 20oC to 85oC. The 

transmission intensity in the visible range of  200-650 nm is almost independent of the phase of 

VO2, while the gap between the transmittances at 20oC and 87oC increases with longer 

wavelengths. Most of the light at 1500 nm can not pass through the VO2 thin film at temperatures 

higher than the TMIT and the change in transmission at this wavelength reaches 45%. 

a) b) c) 

 

Figure 2.8: Transmission as a function of temperature for light from 200 nm to 1600 nm through 

a 100-nm thick VO2 film during (a) heating cycle, (b) cooling cycle, and (c) the hysteresis cycle 

at λ=1500 nm. Reproduced from ref. [57]. 
 

2.4    Optical activation of VO2 

Electron-phonon interactions and structural changes during phase transition in VO2 occur 

at a short time scale. Thus, to better understand the MIT dynamics, we need to excite and probe 

MIT states as fast as possible. The best way to do this is using a femtosecond laser to activate 
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phase transition and characterize either the electronic or crystallographic structure of VO2 at 

different states. Roach and Balberg [68] were the first to observe the photoinduced phase transition 

(PIPT) in VO2 by using optical excitation. They showed that VO2 changes its dielectric and 

exhibits a metal-like state after 20 ns of interacting with a pulsed laser. These results promised that 

with improving time resolution in time-resolved spectral measurement, the mystery in the driving 

mechanism of the MIT phase transition would be unraveled. Indeed, measurements in 

photoemission, Raman spectroscopy and diffraction techniques were used extensively during the 

last decade to study either the electronic or the crystallographic structure and achieved 

considerable progress. In recent years, the techniques of characterizing the combination of both 

structural and electronic properties of VO2 have gained a lot of attention. Many important 

discoveries have been made that help us understand better the mechanisms of electrons, ions and 

lattices during the phase transition. Basically, the structural transformation from monoclinic 

(insulator) to rutile (metal) during the photoexcited phase transition in VO2 must go through the 

series of processes described in Figure 2.9. This mechanism is drawn from many studies and is 

widely accepted, but some details remain controversial. 

 

 

Figure 2.9: Timescales of optically-induced MIT in VO2. Reproduced from ref. [69]. 
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At low-temperature equilibrium phase, VO2 owns monoclinic structure and is insulating 

with the energy gap around 0.7eV between the valence and conduction bands. When excited by 

above a certain critical fluence, the population of electronic states in VO2 changes instantly that 

creates a highly non-equilibrium plasma and changes the screening of the Coulomb interaction. 

The insulating band gap is collapsed and the VO2 has metal-like optical responses. This non-

thermal MIT process and lattice potential change (LPC) occur instantaneously (i.e. femtosecond 

time scale) with the photoexcitation. However, the crystal structure of VO2 remains the same, 

monoclinic. But this structure in new lattice potential is extremely unstable. The new charge 

distribution changes the forces that push all the ions toward the new stable positions and leading 

to rutile arrangement, as shown in Figure 2.10. This crystallographic phase transition (CPT) 

process takes place within a few hundred fs and involves many complex pathways and multitude 

of ionic motions. At the excited state, the excess energy of electrons and holes is transferred to the 

lattice and brings the subsystems into thermal equilibrium. Then the whole system is cooled down 

due to heat transport through the substrate and recovers its monoclinic state at  low-temperature 

phase. This relaxation process is slower and often takes place in several nanoseconds to few 

hundred microseconds depending on the characteristics of the VO2 thin film and the substrate. This 

issue will be discussed in more details in Chapter 8. 
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Figure 2.10:  Structural change from monoclinic to rutile during the photoexcited phase transition 

in VO2. 
 

The above-discussed dynamics of the PIPT occur only for sufficiently high values of the 

photoexcited fluence 𝐹𝐹 >  𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶. In the limit of weak pump pulses, below a threshold value 𝐹𝐹𝐶𝐶𝐼𝐼𝐼𝐼𝐼𝐼, 

the change in measured reflectivity did not last long and quickly returned to its original value. This 

is due to the fact that the number of electron-hole excitations created by photoexcitation is not high 

enough to induce a lattice deformation. Excited electrons from the conduction decay quickly to the 

valence band of the monoclinic structure and restore the original state. 

The MIT mechanism is more complex for intermediate values of the fluence 𝐹𝐹𝐶𝐶𝑀𝑀𝑀𝑀𝑀𝑀 < 𝐹𝐹 <

𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶. In this case, the pump pulse creates enough electron-hole excitations to trigger the coherent 

structural deformation. However this intensity is not strong enough to transform the whole sample 

lattice from monoclinic to rutile. Initially, optical pumping induces small domains in the sample 

to change their structure to rutile. This procees happens very fast, on the subpicosecond time scale. 

Next, these metallic seeds stimulate the surrouding monoclinic areas and drive them to the rutile 

phase, as well. It takes a longer time, from few picoseconds to few hundred picoseconds for all the 
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domains to complete this process. Finally, the separated rutile regions are formed in the sea of 

insulating monoclinic phase [70], [71]. This phase transition formation explains why the observed 

reflectivity keeps increasing on the time scales of the order of tens of picoseconds [70]. The 

experimental results in Figure 2.11 regarding the probe reflection over time under different 

photoexcited fluence represent the above analysis. At 14.9 mJ/cm2 pump intensity, the reflection 

increases sharply in less than 1ps after photoexcitation, and then the reflection rises gradually up 

to 50 ps, achieving the maximum reflection change.  

 

Figure 2.11: Changes in the probe reflection over time under different photoexcited fluences 11.2 

mJ/cm2, 14.9 mJ/cm2, and 37.7 mJ/cm2 measured for VO2 on TiO2 at a temperature well below the 

phase transition temperature. Reproduced from ref. [70]. 
 

The above analysis has shown the importance of photoexcited fluence on the MIT 

mechanism in VO2. At different intensity, the pump beam will create different effects on the whole 

phase transition process. To investigate this problem, Cavalleri et al. [72] excited the VO2 sample 

using 1.55 eV pulses from the amplifier laser and monitored the conductivity change as a function 

of the optical pump fluence at 300K. At the maximum tested fluence 19.1 mJ/cm2, the VO2 thin 

film transforms its phase completely from insulator to metal at long times, Figure 2.12(a). This 
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was verified carefully by comparing the conductivity changes in both the optical and thermal 

activation cases. The maximum obtained induced conductivity decreases with decreasing fluence 

and reaches zero (extrapolation) at the fluence of ~ 7mJ/cm2, as in Figure 2.12(b). This value is 

considered as the photoexcited fluence threshold for VO2 sample at 300K. Besides the study of 

Cavalleri et al., there are many other studies of fluence threshold for VO2 thin film. Generally, this 

value varies depending on the properties of VO2 thin films [73], temperature of substrate [70], 

[72],  excited wavelength [74], or pressure on the surface of the sample [74]. 

(a) (b) 

 

Figure 2.12: (a) The conductivity changes over time under different photoexcited fluences, (b) 

The maximum conductivity changes versus photoexcited fluence. Reproduced from ref. [72]. 
 

2.5    Vanadium dioxide applications 

With the ability to change the properties rapidly under various stimuli such as temperature, 

electric field, pressure or pulsed laser, and the transition temperature can be customized to almost 

any desired temperature, vanadium dioxide has been considered for a wide variety of applications. 

In the following sections, I will describe some of the promising applications in using VO2 to create 

electrical and optical switches. In addition, VO2 thin films coated on glasses for smart windows 

are highly appreciated in saving the energy comsumption of building. This also will be discussed  

in details with the evaluations of the potential and the obstacles that need to be overcome. 
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2.5.1  Electro-optical switch 

Soltani et al. [3] fabricated VO2/TiO2/ITO/glass structure by reactive pulsed laser 

deposition for optical switch test, Figure 2.13. In this device, TiO2 film is very thin and was used 

as a buffer layer to enhance the properties of the 200 nm VO2 layer on the top while indium tin 

oxide (ITO) was used as transparent positive electrode at the bottom. The external DC voltage was 

applied between ITO and VO2 electrodes with different values from 0 to 20V. The whole device 

was probed by 1.55 𝜇𝜇𝜇𝜇 wavelength laser which was verified to be easily transmitted via TiO2 

layer. The reflectance and transmittance were measured as a function of voltage applied to the 

whole structure. The transmittance decreases while the reflectance increases as the applied voltage 

increases and both change abruptly at around 11.5 V. At this value, the insulator-metal transition 

in VO2 occurs, resulting in significant change in reflectance (5 dB) and transmittance (12 dB). The  

simple structure acts as an optical switch between two states ON (insulator) and OFF (metal) 

without needing any moving parts and can work at fast speed at a few nanoseconds [75].   

(a) (b) 

  

Figure 2.13: (a) The VO2 electro-optical switch structure, (b) The transmittance and reflectance 

of λ=1.55 µm at different voltages applied to the whole electro-optical structure. Reproduced 

from ref. [3]. 
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2.5.2  Smart coating for windows 

 

Figure 2.14: The VO2 windows allow more light to enter in the room in winter and less light to 

enter in the room in summer to balance temperature.  
 

The use of lighting, air-conditioning, and heating in buildings cost a lot energy and emit 

hamful gases to environment. Therefore, finding an effective way to cut down the energy 

consumption of buildings is an urgent demand. One possible approach is to control the amount of 

light entering buildings. For example, when the room temperature is low, windows can allow more 

light to enter the room to warm it up and balance the light when the temperature reaches the 

comfortable temperature, Figure 2.14. This can be done by coating VO2 film on windows. Based 

on the ability to transform phase from semiconductor (more light goes through) to metal (less light 

goes throught) and the transition temperature can be changed to the desired temperature, VO2 is 

believed to contribute positively to reducing energy consumption for buildings. However, to 

commercialize VO2 thin films as smart coatings for energy efficient windows, the following issue 

need to be addressed thoroughly. 

- The phase transition temperature for pure VO2 (68oC) is high. It needs to be reduced to 

30oC – 40oC without effecting abilities to block or allow light go through. 
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- The transmission variation in VO2 is predominantly in the near-infrared region which 

only accounts for about 43% of the solar spectrum at the Earth's surface. We need to 

improve VO2 film properties or use multilayer structures to cover all the solar spectrum. 

- VO2 will transform into the V2O5 phase in the real enviroment, which is the most stable 

phase of vanadium oxide but does not possess the thermochromic property [76]. 

Therefore, it is necessary to improve the durability of VO2 in the environment if we 

want to use it as smart coating for windows.  
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CHAPTER 3 

Polarization state of light interacting with thin films 
3.1    Polarization states of light 

Light is a electromagnetic consisting of an electric 𝐸𝐸�⃗  and a magnetic 𝐵𝐵�⃗  components. The 

electric field and magnetic field amplitudes are represented by wavefunctions with harmonic time 

dependence: 

 𝐸𝐸 = 𝐸𝐸𝑜𝑜𝑒𝑒𝑖𝑖(𝑘𝑘𝑘𝑘−𝜔𝜔𝜔𝜔+𝜑𝜑) (3.1) 

 𝐵𝐵 = 𝐵𝐵𝑜𝑜𝑒𝑒𝑖𝑖(𝑘𝑘𝑘𝑘−𝜔𝜔𝜔𝜔+𝜑𝜑) (3.2) 

where 𝐸𝐸𝑜𝑜, 𝐵𝐵𝑜𝑜, 𝜔𝜔, 𝜑𝜑, 𝑘𝑘 are amplitudes of electric and magnetic fields, angular frequency, initial 

phase of wave and wave number, respectively. If a wave has oscillations taking place in a specific 

direction, we call it polarized light. All normal light sources such as the sun or a filament lamp 

emit light as a result of random processes taking place in atoms of those objects. As a result, 

electromagnetic waves coming from these objects have oscillations in random directions and they 

are considered as unpolarized light. Polarized light can be produced by passing unpolarized light 

through a polarizer. 

Let’s consider a monochromatic plane wave travelling in the z direction, its electric field 

lies in the x-y plane and is generally described by two orthogonal wave functions in x-axis and y-

axis. 

 𝐸𝐸�⃗ 𝑥𝑥(𝑧𝑧, 𝑡𝑡) = 𝒙𝒙�𝐸𝐸𝑜𝑜𝑜𝑜cos (𝑘𝑘𝑘𝑘 − 𝜔𝜔𝜔𝜔 + 𝜑𝜑𝑥𝑥) (3.3) 

 𝐸𝐸�⃗ 𝑦𝑦(𝑧𝑧, 𝑡𝑡) = 𝒚𝒚�𝐸𝐸𝑜𝑜𝑜𝑜cos (𝑘𝑘𝑘𝑘 − 𝜔𝜔𝜔𝜔 + 𝜑𝜑𝑦𝑦) (3.4) 
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Figure 3.1: A plan wave 𝐸𝐸�⃗  travels in the z direction of Cartesian coodinates and its projection on 

the ox and oy axes.  
 

where 𝒙𝒙�, 𝒚𝒚� are unit vectors in x and y directions and 𝜑𝜑𝑥𝑥, 𝜑𝜑𝑦𝑦 are the initial phases of 𝐸𝐸�⃗ 𝑥𝑥(𝑧𝑧, 𝑡𝑡) and 

𝐸𝐸�⃗ 𝑦𝑦(𝑧𝑧, 𝑡𝑡). The phase difference between the two waves is defined by: 

 𝛿𝛿 = 𝜑𝜑𝑦𝑦 − 𝜑𝜑𝑥𝑥 (3.5) 

 The general expression for an electric field of a plane wave propagating along z axis is: 

 𝐸𝐸�⃗ (𝑧𝑧, 𝑡𝑡) = 𝐸𝐸𝑥𝑥����⃗ (𝑧𝑧, 𝑡𝑡) + 𝐸𝐸𝑦𝑦����⃗ (𝑧𝑧, 𝑡𝑡) (3.6) 

With some rearrangement, Eq. 3.5 and Eq. 3.6 can be put together in the form of: 

 
�
𝐸𝐸𝑥𝑥
𝐸𝐸𝑜𝑜𝑜𝑜

�
2

+ �
𝐸𝐸𝑦𝑦
𝐸𝐸𝑜𝑜𝑜𝑜

�
2

− 2
𝐸𝐸𝑥𝑥
𝐸𝐸𝑜𝑜𝑜𝑜

.
𝐸𝐸𝑦𝑦
𝐸𝐸𝑜𝑜𝑜𝑜

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑠𝑠𝑠𝑠𝑠𝑠2𝛿𝛿 (3.7) 

Eq. 3.7 represents an ellipse with axes 𝐸𝐸𝑥𝑥 and 𝐸𝐸𝑦𝑦 as shown in Figure 3.1. The major (minor) 

axis of the ellipse making an angle of 𝛼𝛼 with Ex (Ey) is given by: 

 
𝑡𝑡𝑡𝑡𝑡𝑡2𝛼𝛼 =

2𝐸𝐸𝑜𝑜𝑜𝑜𝐸𝐸𝑜𝑜𝑜𝑜𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝐸𝐸𝑜𝑜𝑜𝑜2 − 𝐸𝐸𝑜𝑜𝑜𝑜2

 (3.8) 
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Figure 3.2: The tip of vector 𝐸𝐸�⃗  moves in an ellipse in the xy-plane as the vector travels along the 

oz axis. 
 

The state of polarization is specified by the ratio of the electric field amplitude components  

𝐸𝐸𝑜𝑜𝑜𝑜
𝐸𝐸𝑜𝑜𝑜𝑜

 and the phase difference 𝛿𝛿. 

• Linearly polarized light 

If the phase difference is 𝛿𝛿 = 𝑛𝑛𝑛𝑛 with 𝑛𝑛 = 0, ±1, ±2 …, Eq. 3.7 becomes: 

 
𝐸𝐸𝑦𝑦 = ± �

𝐸𝐸𝑜𝑜𝑜𝑜
𝐸𝐸𝑜𝑜𝑜𝑜

�𝐸𝐸𝑥𝑥 (3.9) 

This is an equation of a straight line with a slope of ± 𝐸𝐸𝑜𝑜𝑜𝑜
𝐸𝐸𝑜𝑜𝑜𝑜

. In this case, the electric field of 

light is confined to a single plane along the direction of propagation. This state of polarization 

depicts a linealy polarized light. 
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• Circularly polarized light 

If 𝛿𝛿 = ± 𝜋𝜋
2

+ 𝑛𝑛𝑛𝑛 and 𝐸𝐸𝑥𝑥 = 𝐸𝐸𝑦𝑦 = 1
√2
𝐸𝐸𝑜𝑜, Eq. 3.7 becomes  

 𝐸𝐸𝑥𝑥2 + 𝐸𝐸𝑦𝑦2 = 𝐸𝐸𝑜𝑜2 (3.10) 

The results is an equation for a cirle. In this case, the electric field rotates in a cirle around 

the direction of propagation. Also, with 𝛿𝛿 = 𝜋𝜋
2
 and a fixed position z, the electric field rotates in a 

clockwise direction when viewed towards the direction of propagation. This light is right-handed 

circularly polarized. The case 𝛿𝛿 = −𝜋𝜋
2
 corresponds to counterclockwise rotation and is said to be 

left-handed circularly polarized light. 

In the general case, the intensity of electromagnetic 𝐸𝐸�⃗  is determined by: 

 𝐼𝐼 = |𝐸𝐸|2 (3.11) 

 

3.2    Interaction between polarized light at interfaces and thin films 

When light at a single frequency strikes a thin film sample, this light can be absorbed, 

reflected, scattered or transmitted through the sample depending on the interaction between the 

light and the material, as seen in Figure 3.3. Normally, the total loss due to absorption and 

scattering is defined as 𝜅𝜅, the extinction coefficient of medium, that sometimes is referred to as the 

opacity. 
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Figure 3.3: Absorption, reflection, transmission and scattering mechanisms. 

 

In calculation, the optical properties of material  are often expressed through the complex 

refractive index: 

 𝑁𝑁 = 𝑛𝑛 + 𝑖𝑖𝑖𝑖 (3.12) 

where n is the real part of complex refractive index. By replacing 𝑘𝑘 = 2𝜋𝜋𝜋𝜋
𝜆𝜆

= 2𝜋𝜋(𝑛𝑛+𝑖𝑖𝑖𝑖)
𝜆𝜆

  in 

Eq. 3.1, where 𝜆𝜆 is the wavelength of light in vacuum, we obtain: 

 𝐸𝐸 = 𝐸𝐸𝑜𝑜𝑒𝑒
𝑖𝑖�2𝜋𝜋𝜋𝜋𝜆𝜆 𝑧𝑧−𝜔𝜔𝜔𝜔+𝜑𝜑� = 𝐸𝐸𝑜𝑜𝑒𝑒

𝑖𝑖�2𝜋𝜋𝜆𝜆 (𝑛𝑛+𝑖𝑖𝑖𝑖)𝑧𝑧−𝜔𝜔𝜔𝜔+𝜑𝜑� 

    = 𝐸𝐸𝑜𝑜𝑒𝑒
−2𝜋𝜋𝜋𝜋𝜆𝜆 𝑧𝑧𝑒𝑒𝑖𝑖�

2𝜋𝜋𝜋𝜋
𝜆𝜆 𝑧𝑧−𝜔𝜔𝜔𝜔+𝜑𝜑� 

(3.13) 
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Figure 3.4: Propagating waves in (a) non-absorbing, (b) absorbing media. 

 

Figure 3.4 describes a wave propagating through a non-absorbing medium (a) and an 

absorbing medium (b). We can see that the wavelength of light in the absorbing and non-absorbing 

medium is reduced n times. Thus, the absorption of light does not affect the wavelength transmitted 

in the medium. However, when absorption occurs, the amplitude of the electromagnetic wave 

decreases exponentially with increasing distance in the direction of propagation. 

 

3.2.1  Reflection and refraction at interface 

When a beam of light hits a planar interface between two homogeneous dielectric media 

with permittivity 𝜖𝜖1 and 𝜖𝜖2 and permeability 𝜇𝜇1 and 𝜇𝜇2, as illustrated in Figure 3.5, all boundary 

conditions for field components perpendicular (⊥) and parallel (∥) to the interface plane have to 

satisfy Maxwell equations. These conditions are expressed by: 

 𝜖𝜖1𝐸𝐸1⊥ = 𝜖𝜖2𝐸𝐸2⊥ (3.14) 

 𝐵𝐵1⊥ = 𝐵𝐵2⊥ (3.15) 
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 𝐸𝐸1
∥ = 𝐸𝐸2

∥ (3.16) 

 𝐵𝐵1
∥

𝜇𝜇1� = 𝐵𝐵2
∥

𝜇𝜇2�  (3.17) 

 

 

 

 

 

 

 

 

Figure 3.5: Field components at an interface between two homogeneous dielectric media. 
 

Let’s suppose that we have non-magnetic materials 𝜇𝜇1 = 𝜇𝜇2 = 1 so that Eq. 3.17 can be 

simplified to  

 𝐵𝐵1
∥ = 𝐵𝐵2

∥ (3.18) 

As mentioned before, reflection and refraction depend on the state of polarization. For 

better understanding and calculations, we divide the electric field of the electromagnetic wave into 

two orthogonal electric fields. The p-polarized light has the electric field oriented parallel to the 

plane of incidence and the s-polarized light has the electric field oriented perpendicular to this 

plane (Figures 3.6 and 3.7).  

Now we apply Eq. 3.16 and Eq. 3.18 to transform all boundary conditions for 

electromagnetic waves at the interface in terms of s- and p- components.  
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s-polarized light p-polarized light 

 
Figure 3.6: Reflection and refraction of a s-

polarized light at an interface between two 

media. 

 

 
Figure 3.7: Reflection and refraction of a p-

polarized light at an interface between two 

media. 

From Eq. 3.16 

 −𝐸𝐸𝑖𝑖𝑖𝑖 + 𝐸𝐸𝑟𝑟𝑟𝑟 = 𝐸𝐸𝑡𝑡𝑡𝑡 (3.19) 

From Eq. 3.18  

−𝐵𝐵𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑖𝑖 + 𝐵𝐵𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑟𝑟 = −𝐵𝐵𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑡𝑡 (3.20) 
 

From Eq. 3.16 

𝐸𝐸𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑖𝑖 − 𝐸𝐸𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑟𝑟 = 𝐸𝐸𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑡𝑡  (3.21) 

From Eq. 3.18 

 𝐵𝐵𝑖𝑖𝑖𝑖 + 𝐵𝐵𝑟𝑟𝑟𝑟 = 𝐵𝐵𝑡𝑡𝑡𝑡 (3.22) 
 

 

 

where subscripts 𝑖𝑖𝑖𝑖, 𝑟𝑟𝑟𝑟, 𝑡𝑡𝑡𝑡, 𝑖𝑖𝑖𝑖, 𝑟𝑟𝑟𝑟, 𝑡𝑡𝑡𝑡 denote the incident, reflected and refracted components for s- 

and p- polarized light, respectively. As shown in Figures 3.6 and 3.7, the angles of reflection 𝜃𝜃𝑟𝑟 

and incidence 𝜃𝜃𝑖𝑖 must be equal, 𝜃𝜃𝑖𝑖 = 𝜃𝜃𝑟𝑟. The angles of incidence and refraction must satisfy 

Snell’s law: 

 𝑛𝑛𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝑖𝑖 = 𝑛𝑛𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝑡𝑡  (3.23) 

With 𝑛𝑛𝑖𝑖 and 𝑛𝑛𝑡𝑡 are the complex refractive indices of two dielectric media, now n means N in Eq. 

3.12. By solving the Eq. 3.23 above with the boundary conditions and the relationship between 

amplitudes of electric and magnetic field 𝐸𝐸 = 𝑐𝑐
𝑛𝑛
𝐵𝐵, we get 
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 𝑟𝑟𝑖𝑖𝑖𝑖,𝑠𝑠 =
𝐸𝐸𝑟𝑟𝑟𝑟
𝐸𝐸𝑖𝑖𝑠𝑠

=
𝑛𝑛𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑖𝑖 − 𝑛𝑛𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑡𝑡
𝑛𝑛𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑖𝑖 + 𝑛𝑛𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑡𝑡

 (3.24) 

 𝑡𝑡𝑖𝑖𝑖𝑖,𝑠𝑠 =
𝐸𝐸𝑡𝑡𝑡𝑡
𝐸𝐸𝑖𝑖𝑖𝑖

=
2𝑛𝑛𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑖𝑖

𝑛𝑛𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑖𝑖 + 𝑛𝑛𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑡𝑡
= 1 + 𝑟𝑟𝑠𝑠 (3.25) 

 
𝑟𝑟𝑖𝑖𝑖𝑖,𝑝𝑝 =

𝐸𝐸𝑟𝑟𝑟𝑟
𝐸𝐸𝑖𝑖𝑖𝑖

=
𝑛𝑛𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑖𝑖 − 𝑛𝑛𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑡𝑡
𝑛𝑛𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑖𝑖 + 𝑛𝑛𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑡𝑡

 (3.26) 

 
𝑡𝑡𝑖𝑖𝑖𝑖,𝑝𝑝 =

𝐸𝐸𝑡𝑡𝑡𝑡
𝐸𝐸𝑖𝑖𝑖𝑖

=
2𝑛𝑛𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑖𝑖

𝑛𝑛𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑖𝑖 + 𝑛𝑛𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑡𝑡
=
𝑛𝑛𝑖𝑖
𝑛𝑛𝑡𝑡
�1 + 𝑟𝑟𝑝𝑝� (3.27) 

From Eq. 3.23   => 

 
cos𝜃𝜃𝑡𝑡 = [1 − 𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃𝑡𝑡]

1
2� = �1 − �

𝑛𝑛𝑖𝑖
𝑛𝑛𝑡𝑡
� 𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃𝑖𝑖

2
�
1
2�

 (3.28) 

Since the value in parentheses can be negative, in general, all reflection and refraction 

coefficients are complex, as well as angles. 

 

3.3    Phase shifts and polarization changes by thin films 

Let’s consider a thin film with a complex refractive index 𝑛𝑛2 and a thickness d on a thick 

substrate characterized by a complex refractive index 𝑛𝑛3, both located in medium 𝑛𝑛1, as shown in 

Figure 3.8. The incident wave strikes the thin film creating many reflected and transmitted beams. 

These have different phases and amplitudes. All reflected beams will interfere to create the total 

reflection. Similarly, the combination of all transmitted rays will form the total transmission.  
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Figure 3.8: Reflection and refraction of a light on a thin film sample. 

 

In Figure 3.8, the ratio between the two nearest reflected wave amplitudes is 𝑟𝑟21𝑟𝑟23 and 

their phases shift an amount 𝛽𝛽 based on the optical path difference. In general, the lth reflected 

wave can be expressed by 

 𝐸𝐸1𝑡𝑡12𝑟𝑟23(𝑟𝑟21𝑟𝑟23)𝑙𝑙−2𝑡𝑡21𝑒𝑒−𝑖𝑖(𝑙𝑙−1)𝛽𝛽 = 𝐸𝐸1𝑡𝑡12𝑟𝑟23𝑡𝑡21𝑒𝑒−𝑖𝑖𝑖𝑖�𝑟𝑟21𝑟𝑟23𝑒𝑒−𝑖𝑖𝑖𝑖�
𝑙𝑙−2

 (3.29) 

So the total reflected wave is calculated with: 

 𝐸𝐸123𝑟𝑟 = 𝐸𝐸1𝑟𝑟12 + 𝐸𝐸1𝑡𝑡12𝑟𝑟23𝑡𝑡21𝑒𝑒−𝑖𝑖𝑖𝑖 + 𝐸𝐸1𝑡𝑡12𝑟𝑟23(𝑟𝑟21𝑟𝑟23)𝑡𝑡21𝑒𝑒−𝑖𝑖2𝛽𝛽 + ⋯ 

= 𝐸𝐸1 �𝑟𝑟12 + 𝑡𝑡12𝑟𝑟23𝑡𝑡21𝑒𝑒−𝑖𝑖𝑖𝑖��𝑟𝑟21𝑟𝑟23𝑒𝑒−𝑖𝑖𝑖𝑖�
𝑙𝑙−2

∞

𝑙𝑙=2

� 
(3.30) 

Because we always have ∑ 𝑥𝑥𝑛𝑛∞
𝑛𝑛=1 = 1

1−𝑥𝑥
, the total reflected wave can be simplified to 

 
𝐸𝐸123𝑟𝑟 = 𝐸𝐸1 �𝑟𝑟12 +

𝑡𝑡12𝑟𝑟23𝑡𝑡21𝑒𝑒−𝑖𝑖𝑖𝑖

1 − 𝑟𝑟21𝑟𝑟23𝑒𝑒−𝑖𝑖𝑖𝑖
� (3.31) 

In a similar way, any two of the nearest transmitted waves also differ by an amount of 𝛽𝛽 in 

phase. The total transmitted wave through the thin film is calculated as 
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𝐸𝐸123𝑡𝑡 = 𝐸𝐸1𝑡𝑡12𝑡𝑡23 + 𝐸𝐸1𝑡𝑡12𝑟𝑟23𝑟𝑟21𝑡𝑡23𝑒𝑒

−𝑖𝑖𝛽𝛽2 + 𝐸𝐸1𝑡𝑡12(𝑟𝑟21𝑟𝑟23)2𝑡𝑡23𝑒𝑒
−𝑖𝑖�𝛽𝛽2+𝛽𝛽� + ⋯  

= 𝐸𝐸1 �
𝑡𝑡12𝑡𝑡23𝑒𝑒

−𝑖𝑖𝛽𝛽2

1 − 𝑟𝑟21𝑟𝑟23𝑒𝑒−𝑖𝑖𝑖𝑖
� 

 

(3.32) 

From Fresnel’s equations at interface (See Eqs. 3.24, 3.25, 3.26, 3.27) we have the 

relationships 𝑡𝑡12𝑡𝑡21 = 1 − 𝑟𝑟122  and 𝑟𝑟21 = −𝑟𝑟12. So the reflection and transmission coefficients in 

Eq. 3.31 and   Eq. 3.32 can be simplified to: 

 

 
𝑟𝑟123 =

𝐸𝐸123𝑟𝑟

𝐸𝐸1
=

𝑟𝑟12 + 𝑟𝑟23𝑒𝑒−𝑖𝑖𝑖𝑖

1 + 𝑟𝑟12𝑟𝑟23𝑒𝑒−𝑖𝑖𝑖𝑖
 (3.33) 

 
𝑡𝑡123 =

𝑡𝑡12𝑡𝑡23𝑒𝑒
−𝑖𝑖𝛽𝛽2

1 + 𝑟𝑟12𝑟𝑟23𝑒𝑒−𝑖𝑖𝑖𝑖
 (3.34) 

 

The phase difference 𝛽𝛽 can be calculated based on Figure 3.9. 

 𝛽𝛽 =
2𝜋𝜋𝑛𝑛2
𝜆𝜆

(𝐴𝐴𝐴𝐴���� + 𝐵𝐵𝐵𝐵����) −
2𝜋𝜋𝑛𝑛1
𝜆𝜆

𝐴𝐴𝐴𝐴���� (3.35) 

Replacing  𝐴𝐴𝐴𝐴���� = 𝐴𝐴𝐴𝐴����𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃1 = 2𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝜃𝜃2𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃1  = 2𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃2
𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃2

𝑛𝑛2
𝑛𝑛1

 , and  

 𝐴𝐴𝐴𝐴���� = 𝐵𝐵𝐵𝐵���� = 𝑑𝑑
𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃2� , we get 

 
𝛽𝛽 =

4𝜋𝜋𝜋𝜋𝑛𝑛2
𝜆𝜆

𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃2 =
4𝜋𝜋𝜋𝜋
𝜆𝜆

�𝑛𝑛22 − 𝑛𝑛12𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃1 (3.36) 
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Figure 3.9: Optical path difference between two nearest reflected light. 

 

In general, the reflection and transmission coefficients for a thin film are function of the 

light wavelength 𝜆𝜆 in vacuum, the thickness of film 𝑑𝑑, the complex refractive indices of all media 

𝑛𝑛1,𝑛𝑛2,𝑛𝑛3, and the incidence angle 𝜃𝜃1. Table 3.1 summaries all the reflection and transmission 

coefficients for s- and p- polarized light. They are used often in all our calculations later. 

 

Table 3.1: Reflection and transmission coefficients for s- and p-polarized light interacting with a 

thin film. 

S-polarized light P-polarized light 

𝑟𝑟𝑠𝑠 = 𝑟𝑟123,𝑠𝑠 =
𝑟𝑟12,𝑠𝑠 + 𝑟𝑟23,𝑠𝑠𝑒𝑒−𝑖𝑖𝑖𝑖

1 + 𝑟𝑟12,𝑠𝑠𝑟𝑟23,𝑠𝑠𝑒𝑒−𝑖𝑖𝑖𝑖
 (3.37) 𝑟𝑟𝑝𝑝 = 𝑟𝑟123,𝑝𝑝 =

𝑟𝑟12,𝑝𝑝 + 𝑟𝑟23,𝑝𝑝𝑒𝑒−𝑖𝑖𝑖𝑖

1 + 𝑟𝑟12,𝑝𝑝𝑟𝑟23,𝑝𝑝𝑒𝑒−𝑖𝑖𝑖𝑖
 (3.39) 

𝑡𝑡𝑠𝑠 = 𝑡𝑡123,𝑠𝑠 =
𝑡𝑡12,𝑠𝑠𝑡𝑡23,𝑠𝑠𝑒𝑒

−𝑖𝑖𝛽𝛽2

1 + 𝑟𝑟12,𝑠𝑠𝑟𝑟23,𝑠𝑠𝑒𝑒−𝑖𝑖𝑖𝑖
 (3.38) 𝑡𝑡𝑝𝑝 = 𝑡𝑡123,𝑝𝑝 =

𝑡𝑡12,𝑝𝑝𝑡𝑡23,𝑝𝑝𝑒𝑒
−𝑖𝑖𝛽𝛽2

1 + 𝑟𝑟12,𝑝𝑝𝑟𝑟23,𝑝𝑝𝑒𝑒−𝑖𝑖𝑖𝑖
 (3.40) 

with   β= 4𝜋𝜋𝜋𝜋
𝜆𝜆
�𝑛𝑛22 − 𝑛𝑛12𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃1  

In this thesis, VO2 thin films and their ability to change the polarization of light are 

discussed throughout the whole text. The most important property of VO2 resides in the fact that 
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its complex refractive index changes significantly during the phase transition process around 68oC. 

That leads to drastically different reflected light states on VO2 at above and below the transition 

temperature. This problem will be discussed in the following part. 

 

Figure 3.10: Incoming, reflected and refracted electric fields components. 

 

Let’s call 𝐸𝐸𝚤𝚤���⃗  the incoming electric field, that can be described by the Jones matrix. 

 𝐸𝐸𝚤𝚤���⃗ = �
𝐸𝐸𝑖𝑖,𝑝𝑝
𝐸𝐸𝑖𝑖,𝑠𝑠

� (3.41) 

When VO2 is at temperature 𝑇𝑇𝐿𝐿 below transition temperature, the reflected electric field 

relates to the incoming electric field by: 

 𝐸𝐸�⃗ 𝑟𝑟𝑟𝑟 = 𝑟𝑟𝐿𝐿𝐸𝐸𝚤𝚤���⃗  (3.42) 

With 𝑟𝑟𝐿𝐿 is the reflection coefficient matrix at low temperature 𝑇𝑇𝐿𝐿 of the form: 

 𝑟𝑟𝐿𝐿 = �
𝑟𝑟𝐿𝐿,𝑝𝑝 0
0 𝑟𝑟𝐿𝐿,𝑠𝑠

� (3.43) 

where 𝑟𝑟𝐿𝐿,𝑝𝑝 and 𝑟𝑟𝐿𝐿,𝑠𝑠 are the complex, overall coefficients of reflection of the VO2 layer for the p- 

and s- polarization, see Eqs. 3.37 and 3.39. At high temperature above phase transition 
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temperature, matrix 𝑟𝑟𝐻𝐻 has the same structure as 𝑟𝑟𝐿𝐿, but with coefficients for temperature 𝑇𝑇𝐻𝐻 and 

the electric field as: 

 𝐸𝐸�⃗ 𝑟𝑟𝑟𝑟 = 𝑟𝑟𝐻𝐻𝐸𝐸𝚤𝚤���⃗  (3.44) 

From Eq. 3.42 and Eq. 3.44, we have a relationship between reflected fields at low and 

high temperatures 

 𝐸𝐸�⃗ 𝑟𝑟𝑟𝑟 = 𝑟𝑟𝐻𝐻𝑟𝑟𝐿𝐿−1𝐸𝐸�⃗ 𝑟𝑟𝑟𝑟 (3.45) 

We can call 𝑟𝑟𝐿𝐿𝐿𝐿 = 𝑟𝑟𝐻𝐻𝑟𝑟𝐿𝐿−1 = �

𝑟𝑟𝐻𝐻,𝑝𝑝

𝑟𝑟𝐿𝐿,𝑝𝑝
0

0 𝑟𝑟𝐻𝐻,𝑠𝑠
𝑟𝑟𝐿𝐿,𝑠𝑠

� as the transformation matrix of a VO2 thin film 

following the transition temperature. This matrix can be written in the form 

 𝑟𝑟𝐿𝐿𝐿𝐿 = 𝑎𝑎𝑟𝑟 �
1 0
0 𝑧𝑧𝑟𝑟

� (3.46) 

With 𝑎𝑎𝑟𝑟 = 𝑟𝑟𝐻𝐻,𝑝𝑝

𝑟𝑟𝐿𝐿,𝑝𝑝
 and 𝑧𝑧𝑟𝑟 = 𝑟𝑟𝐻𝐻,𝑠𝑠

𝑟𝑟𝐿𝐿,𝑠𝑠

𝑟𝑟𝐿𝐿,𝑝𝑝

𝑟𝑟𝐻𝐻,𝑝𝑝
. Since 𝑎𝑎𝑟𝑟 affects both the s- and p-components of 𝐸𝐸�⃗ 𝑟𝑟𝑟𝑟 equally. It 

does not change the relative phase or amplitude between the two and the polarization state remains 

the same. On the other hand, the phase of 𝑧𝑧𝑟𝑟 will have an effect on the polarization state. It changes 

the phase difference between s- and p- components by an amount arg (𝑧𝑧𝑟𝑟). 

In the most general case, 𝑟𝑟𝐿𝐿𝐿𝐿 will transform an elliptically polarized field 𝐸𝐸�⃗ 𝑟𝑟𝑟𝑟 into a 

differently polarized field 𝐸𝐸�⃗ 𝑟𝑟𝑟𝑟. Since the phase between s- and p- of the reflected wave in general 

is not the same due to the effect of 𝑟𝑟𝑠𝑠 and 𝑟𝑟𝑝𝑝, even if the incoming wave 𝐸𝐸𝑖𝑖 is linearly polarized, 

the reflected light in general will be elliptically polarized. In some applications, we would like to 

attain high contrasts of modulation using a polarizer, so it is best to operate with linear polarization 

for at least one of 𝐸𝐸�⃗ 𝑟𝑟𝑟𝑟 or 𝐸𝐸�⃗ 𝑟𝑟𝑟𝑟. This can be done by adjusting phase of the incoming field 𝐸𝐸𝚤𝚤���⃗  with a 

phase compensator. 



 

43 
 

 

Figure 3.11: Reflected electric fields at a low temperature (T < TMIT) and a high temperature (T > 

TMIT) VO2 sample. 

 

If 𝐸𝐸�⃗ 𝑟𝑟𝑟𝑟 is linearly polarized, and the tranformation coefficient 𝑧𝑧𝑟𝑟 has arg(𝑧𝑧𝑟𝑟) = 𝛥𝛥, there are 

the following cases in Table 3.2. 

Table 3.2: A linearly polarized field transforms into a new polarized field corresponding to 

different value of Δ. 

𝛥𝛥 = 𝑚𝑚𝑚𝑚  

with 𝑚𝑚 = 0, ±1, ±2 …  

A linearly polarized field at low temperature will transform 

into a new linearly polarized field at different polarization 

direction at high temperature. 

𝛥𝛥 = �1
2

+ 𝑚𝑚�𝜋𝜋  

with 𝑚𝑚 = 0, ±1, ±2 … 

The linearly polarized field at low temperature will 

transform into a new circularly polarized field at high 

temperature if the amplitudes of 𝐸𝐸𝑟𝑟𝑟𝑟,𝑠𝑠 and 𝐸𝐸𝑟𝑟𝑟𝑟,𝑝𝑝 are equal. 

Otherwise, it will be elliptically polarized. 

All the remaining 

cases of 𝛥𝛥 

The linearly polarized field at low temperature will 

transform to a new elliptically polarized field at high 

temperature. 
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From this, we consider two special cases: 

a. Transformation from linear to linear polarization with a rotation of 90o 

In this case, Δ must be equal to 𝜋𝜋 + 𝑚𝑚2𝜋𝜋. If arg(𝑧𝑧𝑟𝑟) = 𝑚𝑚2𝜋𝜋 both the electric fields at low 

and high temperatures are in the first quarter as seen in Figure 3.11, so we can-not achieve a 

rotation of 90o. Also it is important to remember that we  can easily attain high contrasts of 

modulation using a polarizer if two electric fields are perpendicular to each other. 

 

Figure 3.12: A reflected linear polarization transforms to a linear polarization with a rotation of 

90o. 
 

And because  Δ = 𝜋𝜋 + 𝑚𝑚2𝜋𝜋,  𝑧𝑧𝑟𝑟 = |𝑧𝑧𝑟𝑟|(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) = −|𝑧𝑧𝑟𝑟|. Thus, we obtain 

 
�
𝐸𝐸𝑟𝑟𝑟𝑟,𝑝𝑝
𝐸𝐸𝑟𝑟𝑟𝑟,𝑝𝑝

� = 𝑎𝑎𝑟𝑟 �
𝐸𝐸𝑟𝑟𝑟𝑟,𝑝𝑝

−|𝑧𝑧𝑟𝑟|𝐸𝐸𝑟𝑟𝑟𝑟,𝑠𝑠
� (3.47) 

so that 

 
𝑐𝑐𝑐𝑐𝑐𝑐𝛾𝛾𝐻𝐻 =

𝐸𝐸𝑟𝑟𝑟𝑟,𝑝𝑝

𝐸𝐸𝑟𝑟𝑟𝑟,𝑝𝑝
=

𝐸𝐸𝑟𝑟𝑟𝑟,𝑝𝑝

−|𝑧𝑧𝑟𝑟|𝐸𝐸𝑟𝑟𝑟𝑟,𝑠𝑠
= −

1
|𝑧𝑧𝑟𝑟| 𝑐𝑐𝑐𝑐𝑐𝑐𝛾𝛾𝐿𝐿 (3.48) 

from which the rotation angle Δ𝛾𝛾 = 𝛾𝛾𝐻𝐻 − 𝛾𝛾𝐿𝐿 is obtained. The condition under which the rotation 

angle becomes ±90𝑜𝑜 is 
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 𝑐𝑐𝑐𝑐𝑐𝑐𝛾𝛾𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐𝛾𝛾𝐻𝐻 = −1 (3.49) 

And with Eq. 3.48 we find the condition that: 

 𝑐𝑐𝑐𝑐𝑐𝑐𝛾𝛾𝐿𝐿 = �|𝑧𝑧𝑟𝑟| (3.50) 

With known initial parameters such as incidence angle, film thickness, wavelength, and 

refractive indices of all media, the value of |𝑧𝑧𝑟𝑟| is calculated. From that, we can choose the 

polarization state of the incoming wave at which the reflected wave is linear and satisfies the 

condition 𝑐𝑐𝑐𝑐𝑐𝑐𝛾𝛾𝐿𝐿 = �|𝑧𝑧𝑟𝑟|. But the most important condition is that arg(𝑧𝑧𝑟𝑟) = 𝜋𝜋. Not all VO2 

samples can satisfy this condition. As a result, it needs an appropriate combination of all the above 

parameters to meet this condition. 

 

b. Transformation from linear to circular polarization 

 

Figure 3.13: A reflected linear polarization transforms to a circular polarization. 

 

The conditions for a circularly polarized field  𝐸𝐸�⃗ 𝑟𝑟𝑟𝑟 are that the s- and p- components have 

the same amplitudes and the phase difference between them is ± 𝜋𝜋
2
. Because s- and p- components 

of 𝐸𝐸𝑟𝑟𝑟𝑟������⃗  have the same phase (linearly polarized), 𝑎𝑎𝑎𝑎𝑎𝑎(𝑧𝑧𝑟𝑟) = ± 𝜋𝜋
2
. 
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We have: 

 𝐸𝐸𝑟𝑟𝑟𝑟,𝑝𝑝

𝐸𝐸𝑟𝑟𝑟𝑟,𝑠𝑠
= 𝑒𝑒±𝑖𝑖𝜋𝜋2 = ±𝑖𝑖 (3.51) 

But  

 𝐸𝐸𝑟𝑟𝑟𝑟,𝑝𝑝

𝐸𝐸𝑟𝑟𝑟𝑟,𝑠𝑠
=

𝐸𝐸𝑟𝑟𝑟𝑟,𝑝𝑝

𝑧𝑧𝑟𝑟𝐸𝐸𝑟𝑟𝑟𝑟,𝑠𝑠
=

1
𝑧𝑧𝑟𝑟
𝑐𝑐𝑐𝑐𝑐𝑐𝛾𝛾𝐿𝐿 (3.52) 

 

From Eq. 3.51 and Eq. 3.52, that leads to the condition: 

 𝑐𝑐𝑐𝑐𝑐𝑐𝛾𝛾𝐿𝐿 = |𝑧𝑧𝑟𝑟| (3.53) 

 Theory in transmission 

All the above results can be extended to the electric field transmitted through the VO2 film. 

In transmission, the transformation matrix has the same form as in Eq. 3.46 and is expressed by 

 𝑡𝑡𝐿𝐿𝐿𝐿 = 𝑎𝑎𝑡𝑡 �
1 0
0 𝑧𝑧𝑡𝑡

� (3.54) 

where 𝑎𝑎𝑡𝑡 = 𝑡𝑡𝐻𝐻,𝑝𝑝

𝑡𝑡𝐿𝐿,𝑝𝑝
 and 𝑧𝑧𝑡𝑡 = 𝑡𝑡𝐻𝐻,𝑠𝑠

𝑡𝑡𝐿𝐿,𝑠𝑠

𝑡𝑡𝐿𝐿,𝑝𝑝

𝑡𝑡𝐻𝐻,𝑝𝑝
 

For a rotation of 90o from linear to linear polarization, matrix 𝑧𝑧𝑡𝑡 must satisfy that 

𝑎𝑎𝑎𝑎𝑎𝑎(𝑧𝑧𝑡𝑡) = (1 + 2𝑚𝑚)𝜋𝜋, with 𝑚𝑚 = 0, ±1, ±2 …, and that the condition 𝑐𝑐𝑐𝑐𝑐𝑐𝛾𝛾𝐿𝐿 = �|𝑧𝑧𝑡𝑡| is met. 

For transformation from linear to circular polarizations, it requires that 𝑎𝑎𝑎𝑎𝑎𝑎(𝑧𝑧𝑡𝑡) =

�1
2

+ 𝑚𝑚�𝜋𝜋 with 𝑚𝑚 = 0, ±1, ±2 …, and the condition for a transmitted electric field at low 

temperature has 𝑐𝑐𝑐𝑐𝑐𝑐𝛾𝛾𝐿𝐿 = |𝑧𝑧𝑡𝑡|. 

 

3.4    Transmission of polarized light through a polarizer 

The state of a polarization often is analyzed by measuring the power transmitted through a 

polarizer. Let’s start by looking at general elliptically polarized field, the end point of the vector 𝑬𝑬��⃗  
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creates an ellipse with semi-major axis a and semi-minor axis b and its polarization direction makes 

an angle 𝛼𝛼 with the X axis, Figure 3.14(a).  

(a) (b) 

  

Figure 3.14: (a) An elliptically polarized light in Cartesian coordinate, (b) A polarizer with its 

transmission axis creating an ψ angle with the ox axis. 
 

The equation of vector E��⃗  in polar coordinate system can be expressed as 

 
𝐸𝐸(𝜉𝜉) = �

𝑎𝑎2𝑏𝑏2

𝑎𝑎2𝑠𝑠𝑠𝑠𝑠𝑠2(𝜉𝜉 − 𝛼𝛼) + 𝑏𝑏2𝑐𝑐𝑐𝑐𝑐𝑐2(𝜉𝜉 − 𝛼𝛼)
 (3.55) 

where the angle 𝜉𝜉 depends on time t and can be written as 𝜉𝜉 = 𝜉𝜉(𝑡𝑡). When this field meets the 

polarizer with its transmission axis at an angle 𝜓𝜓 to the horizontal, Figure 3.14(b), there is only an 

orthogonal projection of the vector 𝑬𝑬 in the direction of transmission axis of the polarizer that can 

pass through. This electric field is written as: 

 𝑬𝑬𝜓𝜓(𝑡𝑡) = 𝐸𝐸[𝜉𝜉(𝑡𝑡)]. 𝑐𝑐𝑐𝑐𝑐𝑐[𝜉𝜉(𝑡𝑡) − 𝜓𝜓]. 𝒆𝒆�𝜓𝜓 (3.56) 

where 𝒆𝒆�𝜓𝜓 is the unit vector in the 𝜓𝜓 direction. Since the transmitted intensity is proportional to the 

square of electric field 𝐼𝐼 = |𝑬𝑬|2 so we have 

𝐼𝐼𝜓𝜓(𝑡𝑡) = �𝑬𝑬𝜓𝜓(𝑡𝑡)�2   =
𝑎𝑎2𝑏𝑏2

𝑎𝑎2𝑠𝑠𝑠𝑠𝑠𝑠2[𝜉𝜉(𝑡𝑡) − 𝛼𝛼] + 𝑏𝑏2𝑐𝑐𝑐𝑐𝑐𝑐2(𝜉𝜉(𝑡𝑡) − 𝛼𝛼) . 𝑐𝑐𝑐𝑐𝑐𝑐2[𝜉𝜉(𝑡𝑡) − 𝜓𝜓] (3.57) 
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In optical laboratories, photodiode devices are used to measure the intensity of light 

through its electric field. And because the electric field has a high frequency (1014 Hz), the signal 

detected by photodiodes is actually the time-averaged intensity . That is the average intensity of 

different electric fields at detector for one period (vector E��⃗  rotates a full ellipse).  

 
𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅(𝜓𝜓) = �

1
𝑇𝑇
� 𝐼𝐼𝜓𝜓2(𝑡𝑡)𝑑𝑑𝑑𝑑
𝑇𝑇

0
 (3.58) 

  𝐼𝐼(𝜓𝜓) = 𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅(𝜓𝜓) = 𝑎𝑎2𝑐𝑐𝑐𝑐𝑐𝑐2(𝜓𝜓 − 𝛼𝛼) + 𝑏𝑏2𝑠𝑠𝑠𝑠𝑠𝑠2(𝜓𝜓 − 𝛼𝛼) (3.59) 

The Eq. 3.59 shows the intensity of a polarized light through polarizer as a function of 

angle between the direction of polarization and the polarizer transmission axis. This one also 

contains all information about the polarization state which can be calculated by fitting the curve 

𝐼𝐼(𝜓𝜓) according to the parameters a1, a2, a3. 

 𝐼𝐼(𝜓𝜓) = 𝑎𝑎12𝑐𝑐𝑐𝑐𝑐𝑐2(𝜓𝜓 − 𝑎𝑎3) + 𝑎𝑎22𝑠𝑠𝑠𝑠𝑠𝑠2(𝜓𝜓 − 𝑎𝑎3) (3.60) 

Comparing with Eq. 3.59, it is clear that 

 𝑎𝑎1 = 𝑎𝑎,  𝑎𝑎2 = 𝑏𝑏, 𝑎𝑎3 = 𝛼𝛼 (3.61) 

Let’s set the new expressions p, q, r as: 

 
𝑝𝑝 =

𝑎𝑎12 + 𝑎𝑎22

2
 (3.62) 

 
𝑞𝑞 =

𝑎𝑎12 − 𝑎𝑎22

2
𝑐𝑐𝑐𝑐𝑐𝑐(2𝑎𝑎3) (3.63) 

 
𝑟𝑟 =

𝑎𝑎12 − 𝑎𝑎22

2
𝑠𝑠𝑠𝑠𝑠𝑠(2𝑎𝑎3) (3.64) 

From Eq. 3.60 and Figure 3.14(a), we see that the maximum or amplitudes of 𝐸𝐸𝑥𝑥����⃗  and 𝐸𝐸𝑦𝑦 �����⃗  

can be calculated by putting 𝜓𝜓 = 0 for 𝐸𝐸𝑜𝑜𝑜𝑜 and 𝜓𝜓 = 𝜋𝜋
2�  for 𝐸𝐸𝑜𝑜𝑜𝑜. 

 𝐸𝐸𝑜𝑜𝑜𝑜 = �𝑎𝑎2𝑐𝑐𝑐𝑐𝑐𝑐2𝛼𝛼 + 𝑏𝑏2𝑠𝑠𝑠𝑠𝑠𝑠2𝛼𝛼 (3.65) 
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 𝐸𝐸𝑜𝑜𝑜𝑜 = �𝑎𝑎2𝑠𝑠𝑠𝑠𝑠𝑠2𝛼𝛼 + 𝑏𝑏2𝑐𝑐𝑐𝑐𝑐𝑐2𝛼𝛼 (3.66) 

And the phase difference between 𝐸𝐸𝑥𝑥����⃗   and  𝐸𝐸𝑦𝑦 �����⃗  can be rewritten from Eq. 3.8. 

 
𝑐𝑐𝑐𝑐𝑐𝑐Δ =

𝐸𝐸𝑜𝑜𝑜𝑜2 − 𝐸𝐸𝑜𝑜𝑜𝑜2

2𝐸𝐸𝑜𝑜𝑜𝑜𝐸𝐸𝑜𝑜𝑜𝑜
𝑡𝑡𝑡𝑡𝑡𝑡2𝛼𝛼 (3.67) 

Substituting Eq. 3.65 and Eq. 3.66 into Eq. 3.67 with some rearrangements, we can find 

the expression for phase information. Finally, all the parameters of the incoming polarization state 

can be found to be correlated to p, q and r in the following forms. 

Ellipticity 𝜀𝜀 = �
𝑝𝑝 − �𝑞𝑞2 + 𝑟𝑟2

𝑝𝑝 + �𝑞𝑞2 + 𝑟𝑟2
 (3.68) 

Amplitude 𝐸𝐸𝑜𝑜 = �2𝑝𝑝 (3.69) 

Azimuth 𝑡𝑡𝑡𝑡𝑡𝑡2𝛼𝛼 =
𝑟𝑟
𝑞𝑞

 (3.70) 

Phase 𝑐𝑐𝑐𝑐𝑐𝑐Δ =
𝑟𝑟

�𝑝𝑝2 − 𝑞𝑞2
 (3.71) 
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CHAPTER 4 

Fabrication of VO2 and ellipsometry measurement 
4.1    Vanadium dioxide fabrication 

The samples used in this study were made by sputtering metallic vanadium followed by 

post-treatment in oxygen method. The steps for fabricating VO2 samples are described in the 

Figure 4.1.  

 

Figure 4.1: Steps for fabricating VO2 samples. 

 

 Step 1: Treating substrates 

 Only in certain studies, such as determining the impact of substrate on recovery time of 

VO2 film, the Zerodur, sapphire or quartz substrates were used. This study will be presented in 

Chapter 8. In most of the experiments, we use VO2 samples fabricated on glass. Typically, there 

are many impurities in Corning glass substrates. They influence the VO2 film quality and optical 

measurement results. Thus, we always treat the substrates by annealing them at 500oC in the oven 

for an hour and clean their surfaces by H2SO4 acid after that. Next, the substrates are washed with 
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distilled water, acetone in ultrasound and dried. The whole process is done carefully to ensure that 

the substrates are of good quality before coating the vanadium on their surface in the next step. 

 Step 2: depositing vanadium layer 

The metallic vanadium thin films are made by RF sputtering in the vacuum chamber. The 

substrate is mounted on the sample holder and heated to 450oC to remove any water vapor from 

the substrate. Then it is cooled down to room temperature. This process is carried out 

simultaneously while decreasing the pressure. After 1 hour, the vacuum in the chamber is about 

10-6 torr and is ready for depositing thin film. The thickness of film depends on the sputtering time. 

Normally, it takes about 4 minutes depositing metallic vanadium for VO2 samples with a thickness 

of 100 nm after oxidation. In the end of the step 2, a metallic vanadium thin film on the glass 

substrate is created and taken out of the chamber for the oxidation process in step 3. 

 

Figure 4.2: Vanadium sputtering method.  

 Step 3: Oxidizing vanadium to vanadium dioxide 

This step is done in the oven system which was designed to anneal samples in oxygen 

environment at high temperature. To convert vanadium to vanadium dioxide, the metallic 
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vanadium sample is heated at 500oC for 1 hour in 150 mtorr oxygen. Those are standardized 

parameters for VO2 samples of 100 nm. This process requires more time for a thicker sample. The 

whole system is then kept running overnight to cool down to room temperature. In the end of the 

step 3, the sample is taken out of the oven system and is ready for doing analysis and experiments. 

 

Figure 4.3: Oxidizing vanadium to vanadium dioxide in the oven system. 

 

4.2    Ellipsometry measurements 

The VO2 samples after fabrication will be checked for their properties through the 

transmittance spectra at room temperature and at 85oC. This measurement only provides a general 

view of the samples’ optical properties. To know the specific parameters such as thickness, 

complex refractive indices of VO2 layer, the samples are usually checked by ellipsometry in our 

lab. The home made ellipsometry system can operate well with wavelengths from 400 nm to 2200 

nm. And both polarizations of light reflected on or transmitted through the VO2 samples are 

measured simultaneously by the detectors. The sample holder can be tilted for different incidence 

angles from 10o to 70o and is used to heat samples to 100oC. These ellipsometry measurements are 

time-consuming but they give accurate results. 
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Figure 4.4: The ellipsometry system for measuring optical parameters of VO2 samples. 
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CHAPTER 5 

Phase control experiments 
In this section, we present two pioneering works that opened the way to new optical phase 

control applications for vanadium dioxide.  

The first experiment demonstrates the possibility of controlling the phase of light by means 

of changing the phase of the material. This was done without modifying the amplitude or any other 

properties of light, hence the term ‘’pure phase control’’. Typically, such phase control is achieved 

by mechanically varying the path length of light, like moving a mirror mounted on a piezoelectric 

transducer in an interferometer, or by using some kind of electro-optic effect, like in Pockels cells 

or liquid crystals. In addition to using a different physical mechanism, the approach using 

vanadium dioxide presents fundamental differences in that it works in transmission or reflection, 

and over much shorter distances (nanometer versus micrometers to centimeters).  

The second experiment uses the effect on a light beam of a spatially non-uniform phase 

shift. The simplest optical elements which work on this principle are lenses and curved mirrors, 

where non-uniform distortion of the phase front leads to focusing or defocusing of the light beam. 

In this experiment, a non-uniform optical phase shift is created by heating a VO2 film non-

uniformly by a strongly absorbed laser beam. A second beam is then focused in reflection from 

the resulting distorted wavefront. This effect demonstrated an ultrathin flat lens with adjustable 

focus, the first of its kind. 
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5.1    Pure optical phase control with vanadium dioxide thin films 

In our first study [51] on the phase of light interacting with VO2 layer during phase 

transition process, we studied monochromatic light passing simultaneously through a bare glass 

substrate and a film VO2. This was done by depositing vanadium on only half of the glass substrate, 

as shown in Figure 5.1. Two half-beams interacting respectively with the glass and the VO2 on the 

glass sample were created, and because both come from the same laser source, they interfere with 

each other and create interference fringes in the far field. When the whole sample is heated slowly 

from room temperature to 80oC, any relative phase difference between the two paths will manifest 

itself in the interference fringes pattern. 

 

Figure 5.1: The sample with VO2 deposited on a half of the glass substrate for interference 

measurements. 
 

Figure 5.2 shows the experimental setup for measuring the phase change of light. In a 

sample holder, a small hole was made to allow the transmitted light to go through. The edge 

between the bare glass and VO2 sides of the sample remains on the center of the hole. The shapes 
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of the transmitted interference fringes were monitored with a CCD camera (Thorlab-DCU224C) 

which has 4.65 µm x 4.65 µm in size for each pixel. In reflection measurement, a linear array 512 

InGaAs detector (Jobin Yvon Spectrum One) was used. The sample temperature was measured 

and controlled entirely by computer with a precision of 0.2oC. The computer also was used to 

collect all images from the CCD cameras and analyzed the movement of the fringes. For accurate 

results, 800 nm and 1310 nm lasers were used as probe beams for transmission and reflection, 

respectively. Those wavelengths were chosen because the transmittance at 800 nm and the 

reflectance at 1310 nm do not change during the VO2 phase transition in that sample, as shown in 

Figure 5.3.  

 

Figure 5.2: Experimental setup for measuring optical phase changes in light beams interacting with 

VO2 during the phase transition. 
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(a) (b) 

  

Figure 5.3: (a) Transmittance and (b) Reflectance of a VO2 thin film at temperature of 23oC (blue) 

and 80oC (red) for an 86 nm VO2 thin film on glass. Reproduced from ref. [51]. 
 

The sizes of the laser beams in our experiment are small, with less than 2 mm in diameter. 

They all have the Gaussian energy distribution and this distribution does not change when the 

beams are positioned entirely on the glass side or on the VO2 side, Figure 5.4(a). However, when 

they are centered at the edge between the glass and the VO2 film, the combined profile of two half 

beams appears with interference fringes, as seen in Figure 5.4(a). Any change in the optical 

thickness of the film causes the fringes to move. For this reason, the relative phase changes of the 

light are inferred by the position of the fringes. For experiments done near the normal incidence 

angle, the optical phase difference for the 1310 nm reflected light between the insulating and 

metallic VO2 states is 0.8 radians, as Figure 5.4(b) shows. This corresponding value for the 800 

nm transmitted light is 0.4 radians (Figure 5.4(c)). Both results are close to the calculated values 

based on the real and imaginary refractive indices of the VO2 film. A hysteresis during the heating 

and cooling cycle also is observed, as for other properties of VO2. 
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(a) 

 

(b) (c) 

  

Figure 5.4: (a) Self-interference of a Gaussian laser beam probing the edge of a VO2 thin film. 

Insets show beam profiles when positioned entirely on the VO2 film and the glass substrate, (b) 

Phase difference for 1310 nm reflected light and (c) Phase difference for 800 nm transmitted light 

in heating cycle (red) and cooling cycle (blue).  
 

This study showed that despite the constant reflectance and transmittance during the phase 

transition of VO2, there are significant optical phase shifts, which promise some new applications 

in controlling the polarization of light. The possibility of using phase effects instead of amplitude 

effects, which are typically limited to wavelengths above 1000 nm, opens the door to applications 

of VO2 in the visible spectrum for the first time.  
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5.2    Ultrathin flat lens with adjustable focus 

The possibility of controlling the phase of light by changing the temperature of a VO2 film 

lead us to the idea of creating a spatially non-uniform phase shift for reflected light. This makes 

the light beam focus or defocus in the far field [51]. The spatial phase profile would be controlled 

by a second, stronger (pump) laser beam that heats the sample according to some Gaussian 

intensity profile [77].   

In our experiment [78], we used a 100 nm uniform VO2 thin film to focus a 1.3 𝜇𝜇𝜇𝜇 laser 

beam, with the focus point adjusted by controlling the pump laser intensity. As we known from 

Figures 5.4(b) and 5.4(c), optical phase shift in VO2 vary almost linearly with temperatures near 

the phase transition temperature 50oC and 70oC. Since the surface temperature is linear with the 

local pump intensity, the phase shift should resemble the intensity profile of the pump and take the 

same curvature. 

(a) (b) 

 

Figure 5.5: (a) The setup for adjustable lens experiments, (b) Probe beam size at 50 cm away from 

the sample as a function of pumping intensity when the sample is externally heated at 85oC (squares), 

kept at room temperature 22oC (circles). The curve is a theoretical calculation based on Fresnel-

Huygens theory. Reproduced from ref. [78]. 
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The experimental setup is shown in Figure 5.5(a). A 1310 nm light produced by a diode 

laser (LPS-PM1310-FC) with 2.5 mW continuous average power was used as probe beam. At this 

low intensity, the probe beam can-not induce a phase change in the VO2 film. The pump beam was 

generated by a frequency-doubled Nd:YVO4 laser operating in continuous mode at 532 nm, a 

wavelength which absorbs well into the VO2 film. The sizes of the probe (w = 0.96 mm) and pump 

(wp = 0.5 mm) beams on VO2 were choosen to optimize the focusing effect.  

Figure 5.5(b) show the probe beam size (FWHM) measured at a distance z = 50 cm away 

from the sample at various conditions. This result shows clearly evidence of beam focusing. When 

the sample is kept at 85oC (via external heating), the VO2 sample is in the fully metal state so the 

pump laser can-not make any change in phase of the sample as well as the optical phase of the 

probe beam. But the heat from the pump beam creates a diverging lens due to local thermal 

expansion of the substrate [79]. By this reason, the probe beam at the detector (InGaAs detectors) 

widens steadily as the intensity of the pump increases.  

The result changes completely when the sample is at a room temperature 22oC. Local heat 

from the pump beam creates a temperature gradient and a phase curvature. At threshold intensity 

(~ 50 W/cm2), the shape of the probe beam begins to change with a higher peak and a narrow 

width. The beam gets minimum width (at focus point) at 200 W/cm2 at which we assume that 

temperature at the center beam reaches 70oC. The size of the probe beam at the detector reduces 

from 1.3w to 0.9w as seen by the arrow in Figure 5.5(b). These results have demonstrated well the 

ability to use a VO2 thin film as flat lens. In addition, focal length can be adjusted easily by 

changing the pumping intensity or size of the pump beam. Details of this issue was presented 

clearly in ref. [78]. The above experimental results are the foundation for the research on using 

VO2 in controlling polarization of light that will be presented in the following chapters. 
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CHAPTER 6 

Polarization and amplitude modulation of light by VO2 

6.1    The limits of amplitude modulation 

In most applications of VO2, light is modulated by changes in reflectance and 

transmittance. This kind of modulation has two disadvantages: 

1. Reflectance and transmittance change substantially only for wavelengths in the infrared 

region (>1000 nm) and almost no change is observed in the visible spectrum.  

2. The maximum ratio between reflected intensities at two states for both R1/R0 and R0/R1 

(1 and 0 indices for activated and not activated states, respectively) is limited, as Figure 

6.1(a) shows. While, for transmission, the ratio can go up to 1000 or higher, it occurs 

for thick samples where transmittance is very low. Also, for opaque substrates, the use 

of transmitted beams is not possible. 

(a) (b) 

  

Figure 6.1: The maximum intensity ratio between two VO2 states for (a) reflection and (b) 

transmission are calculated for normal light at different incidence angles. 
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In this section, we will describe the principles to achieve high intensity modulation in the 

infrared and visible using VO2 thin films (less than 100 nm). The new concept is based on the 

change in the phase of s- and p-components of the polarization as they interact with VO2 thin film 

in different states [80]. This opens new possibilities for controlling the polarization of light and 

creating high modulation optical switches that can operate with different wavelengths. The 

calculated results based on this idea will be presented in the following parts. 

As discussed in Section 3.3, when a beam reflects on or transmits through a VO2 sample, 

the amplitude as well as the phase of the beam will change, and they depend strongly on the 

properties of VO2. At different states of VO2, the polarization of the reflected and transmitted 

beams can vary completely. In some cases, a linear polarization after interacting with VO2 sample 

at low temperature can be transformed into a linear polarization in a new direction or into a circular 

polarization when the sample is heated to above the phase transition temperature. This change is 

determined by the phase difference arg(zr) or arg(zt) as described in Table 3.2.  

To calculate these quantities for a VO2 film on glass, the model in Figure 3.8 is used. In 

that, 𝑛𝑛𝑖𝑖 = 1 for air, and n and k of VO2 and glass are taken from the ellipsometry measurements. 

Figure 6.2 shows the values of n and k obtained from our VO2 sample which are similar to many 

published articles [81], [82]. The most important factor is to choose the appropriate conditions 

such as the thickness of VO2 film, the angle of incidence, and the wavelength to achieve the greatest 

possible phase difference.  
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(a) (b) 

  

Figure 6.2: (a) Real and (b) imaginary refractive indices of the VO2 film on Zerodur sample in its 

insulating state (25oC) and its metallic state (95oC). 
 

Figure 6.3(a) maps the maximum absolute value of arg(zr) at different incidence angles and 

wavelengths, each combination taking the best film thickness, ranging from 25 nm to 300 nm, at 

which arg(zr) achieves maximum value. This graph indicates that π radians relative phase shift can 

be attained for wavelengths in the visible and infrared, if the incidence angle is in the range 

between 60o and 75o. These angles stay near the pseudo-Brewster angle for the VO2 on glass 

sample. This is further confirmed by the reflectance of p-polarization corresponding to the 

maximum arg(zr) as demonstrated in Figures 6.3(b) and 6.3(c). In both insulating and metallic VO2 

states, the p-reflectance is very small. Meanwhile, the s-reflectance increases as the angle of 

incidence increases and achieves more than 0.5 with the angles higher than 60o. Figures 6.3(d) and 

6.3(e). 
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(a) Relative phase shift_arg(zr) 

 

(b) Reflectance of p-polarized light at low 
temperature 

(c) Reflectance of p-polarized light at high 
temperature 

  

(d) Reflectance of s-polarized light at low 
temperature 

(e) Reflectance of s-polarized light at high 
temperature 

  

Figure 6.3: (a) Maximum relative phase difference arg(zr), (b)-(e) p-reflectance at low temperature, 

p-reflectance at high temperature, s-reflectance at low temperature, s-reflectance at high 

temperature corresponding to maximum relative phase difference (in radians) calculated for VO2 

on glass sample with thickness in range 25-300 nm.  
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For light transmitted through VO2 on glass, the phase difference arg(zt) does not change 

much, as Figure 6.4(a) shows. At 1.7 µm wavelength and the very large angle of incidence 80o, 

only a 1 radian phase difference is achieved. However, the transmission for both s- and p-

polarizations is almost zero at this condition, as shown by Figures 6.4(b)-(e). This would have little 

practical applications. At the insulating state of VO2, light can go through the sample while at 

metallic state, the sample blocks completely all light. The ratio between the transmission at two 

states for IR can be very high as the result shows in Figure 6.1(b). Because of the limitations of 

arg(zt) and amplitudes analyzed above, we do not use transmitted light in our experiments.        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

66 
 

 (a) Relative phase shift_arg(zt) 

 

(b) Transmittance of p-polarized light at 
low temperature 

(c) Transmittance of p-polarized light at high 
temperature 

  

(d) Transmittance of s-polarized light at low 
temperature 

(e) Transmittance of s-polarized light at high 
temperature 

  

Figure 6.4: (a) Maximum relative phase difference arg(zt), (b)-(e) p-transmittance at low 

temperature, p-transmittance at high temperature, s-transmittance at low temperature, s-

transmittance at high temperature corresponding to maximum relative phase difference (in radians) 

calculated for VO2 on glass sample with thickness in range 25-300 nm. 
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In this thesis, we propose to use polarized light in reflection from VO2 samples and exploit 

relative phase changes between s- and p-polarizations to alter the polarization state of light. This 

ability when combined with a polarizer could lead to high switching amplitudes over a wide range 

of wavelengths. The following analysis will analyze this effect in detail. 

 

6.2    Intensity modulation with polarizers 

Figure 6.5 shows a schematic to exploit polarization changes to modulate light interacting 

with a VO2 layer.  

  

Figure 6.5: The reflected light goes through the polarizer at state 1 of VO2 and is blocked by 

the polarizer at state 2 of VO2. 
 

Let’s suppose that at insulating state of VO2, the reflected light has elliptical polarization 

with semi-major axis 𝑎𝑎𝐿𝐿 and semi-minor axis 𝑏𝑏𝐿𝐿, and its polarization direction makes an angle 𝛼𝛼𝐿𝐿 

with the X axis as shown in Figure 3.14(a). When heating VO2 to its metallic state, the reflected 

light gains new polarization. This state is characterized by semi-major axis 𝑎𝑎𝐻𝐻, semi-minor axis 

𝑏𝑏𝐻𝐻, and angle of polarization direction 𝛼𝛼𝐻𝐻. The intensity of the reflected light in both cases after 

passing through the polarizer with transmission axis at angle 𝜓𝜓 are demonstrated by Eq. 3.59. The 

relative light intensity between them is written as 
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𝑅𝑅(𝜓𝜓) =

𝑎𝑎𝐻𝐻2 𝑐𝑐𝑐𝑐𝑐𝑐2(𝜓𝜓 − 𝛼𝛼𝐻𝐻) + 𝑏𝑏𝐻𝐻2𝑠𝑠𝑠𝑠𝑠𝑠2(𝜓𝜓 − 𝛼𝛼𝐻𝐻)
𝑎𝑎𝐿𝐿2𝑐𝑐𝑐𝑐𝑐𝑐2(𝜓𝜓 − 𝛼𝛼𝐿𝐿) + 𝑏𝑏𝐿𝐿2𝑠𝑠𝑠𝑠𝑠𝑠2(𝜓𝜓 − 𝛼𝛼𝐿𝐿)  (6.1) 

The result of Eq. 6.1 can achieve high value if the denominator is near zero. It requires 

𝑏𝑏𝐿𝐿 = 0 and 𝜓𝜓 − 𝛼𝛼𝐿𝐿 = 0, corresponding to linear polarization for reflected light at low temperature 

and the transmission axis of the polarizer perpendiculars to the electric field vector of light. A less 

optimal but still acceptable situation is when the reflected light is linearly polarized in either one 

of the two states of VO2, so long as the polarizer is cross-aligned with it. Because of this reason, 

in most of our following experiments, the light reflected on VO2 sample at low temperature will 

be prepared in the form of linear polarization. This can be done by using a birefringent crystal as 

phase compensator to set the phase difference between s- and p- components in such a way that 

after reflection from VO2, it becomes linearly polarized light. Generally speaking, the film will 

impart a phase shift 𝛿𝛿𝑜𝑜 and thus the compensator must yield a phase −𝛿𝛿𝑜𝑜 to compensate. Note that 

𝛿𝛿𝑜𝑜 is not constant but depends on the angle of incidence. Alternatively, we also operate in the 

regime where the light reflected is linearly polarized when VO2 is activated instead of when it is 

in its insulating state.  

In all these cases, the ratio of light passing through the polarizer with VO2 activated by 

thermal heat or photoinduction to the light passing when VO2 is not activated can be high. It could 

reach values in the thousands and depends much on the quality of the polarizer (its extinction 

ratio). This high modulation can happen if the amplitudes and phases of the s-and p-components 

satisfy some conditions as discussed in Section 3.3. The most important condition is that the 

relative phase difference 𝑎𝑎𝑎𝑎𝑎𝑎(𝑧𝑧𝑟𝑟) must reach a value of π. 
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CHAPTER 7  

Polarization modulation by thermal activation 
In Chapters 5 and 6, we confirmed through experimental results that the phase of light 

reflected on or transmitted through VO2 are different at the metallic and insulating states. And this 

phase shift can reach π radians if the appropriate conditions for the sample and experiment are 

used [80]. This leads to new potential for optical applications when the polarized light is passed 

through a polarizer. In this chapter, the influence of film thickness, incident angle and wavelength 

on the phase difference and polarization will be discussed in more details with calculations. 

Additionally, we will also present experimental results where polarization is controlled effectively 

with high contrast ratios of light achieved by using a single VO2 layer. 

In order to choose the best thickness for VO2 films, angle of incidence and wavelength of 

light in a polarization control experiment, we did calculations with the model (Figure 3.8) for a 

VO2 layer on glass (fused silica) sample as mentioned in Section 6.1. In Figure 7.1, the incidence 

angle is scanned from 10o to 80o for each pair of thickness and wavelength, and the maximum 

phase shift 𝑎𝑎𝑎𝑎𝑎𝑎(𝑧𝑧𝑟𝑟) is plotted. As mentioned in Section 6.1, in order to achieve π radians relative 

phase shift, the angle of incidence typically needs to be near the pseudo-Brewster angle for VO2 

on glass, namely around 65o to 75o. Note that we cannot find a VO2 film thickness from which π 

radians can be achieved for all wavelengths from 500 nm to 1700 nm, but some thickness can be 

good for multiple wavelengths. For doing experiments at a specific wavelength, we can choose the 

most suitable thickness for the thin film. However, the results in Figure 7.1 will change slightly if 

different sets of VO2 refractive indices are used. From these calculations, we found that a thickness 

of 75-100 nm is consistent with the experiments in the visible and infrared regions. Therefore, 

most of the VO2 samples for this study were made with a thickness of around 100 nm.  
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Figure 7.1: Maximum arg (𝑧𝑧𝑟𝑟) obtained (in radians) for different combinations of wavelength and 

film thickness. 
 

In summary, for VO2 on glass, a 100 nm thick layer was selected for experiments in the 

wavelength range of 400 nm to 1700 nm. And all experiments must be performed at the incidence 

angle from 65oC to 75oC to achieve a high relative phase shift. The following part will present the 

experimental results under the above conditions. 

As stated in Chapter 6, the purpose of this study is to use a VO2 thin film to control 

polarization of light based on the large change in refractive indices at different VO2 states. The 

combination of polarization change with transmission through a polarizer can create very high 

intensity ratios. This can be achieved if the light reflected on VO2 sample in one of the VO2 states 

is linearly polarized light. Because of this, we attempted create linear polarization for the reflected 

light at low temperature and researched conditions to have a polarization at high temperature which 

is as different as possible.        
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Figure 7.2: Experimental setup for controlling light polarization. 

 

The setup in Figure 7.2 was used to examine the polarization of light reflected on VO2 

sample at the insulating and metallic states. We used different wavelengths, from 500 nm to 1700 

nm, for our experiments. All came from the laser sources listed in Table 7.1. The first optical 

device on the path of laser beam is polarizer 1. By rotating this polarizer, we adjust the ratio 

between amplitudes of s- and p- components of the electric field. And because the phases of s- and 

p- components changes by different amounts when reflected on the sample, to create reflected 

linear polarization we need to use a phase compensator. A KD*P Pockels cell (Cleveland Crystals 

XQ1020) mounted on a sample holder is used for this purpose. It is easy to adjust the phase 

between them by tilting the angles of the Pockels cell. The polarization of light after reflection is 

analyzed through a second polarizer (Thorlab model LPNIR050; extinction ratio, 1000:1 for 650-

2000 nm or Thorlabs LPVISE2X2) and a photodetector (LaserMate-Q Power Meter or Thorlab 

DET36A). Both devices are connected to the computer which can control the orientation angle ψ 

of the polarizer and collects the corresponding light intensity. 
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Table 7.1: Laser sources used in this study. 

Wavelength (nm) Laser source 

514 Argon laser, Coherent 90C-A6 

532 Nd:YAG laser, EKSPLA PL2143A 

543.5 HeNe laser, Coherent 31-2298-000 

632.8 HeNe laser, Coherent 25-LHP-073-249 

832 Diode laser, Melles Griot  56ICS115 

1068 Nd:YAG laser, EKSPLA PL2143A 

1310 Diode laser, Thorlab LPS-1310-FC 

1550 Diode laser, Qphotonics QDFBLD-1550-50N 

 

Samples of VO2 for this study were made by the method described in Chapter 4. The 

vanadium layers were deposited onto substrates of Corning glass, quartz and Zerodur, a glass 

ceramic with low thermal expansion. Their thicknesses are shown in Table 7.2. 

Table 7.2: Thickness of samples used in this study. 

Substrate Thickness 

Zerodur 50 nm 

 Corning Glass 110 nm 

Quartz 150 nm 

 

Figure 7.3 shows results obtained at 633 nm with the VO2 on Zerodur sample. Transmitted 

intensity versus polarizer 2 orientation angle at temperatures below and above the transition 

temperature are given in polar coordinates. The whole experiment was done at incidence angle 
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𝜃𝜃𝑖𝑖 = 75𝑜𝑜. At low temperature (25oC), the reflected light is linearly polarized at 𝛼𝛼 = 500 but at the 

high temperature of 85oC, the linear polarization transforms to elliptical polarization with the new 

orientation angle of 𝛼𝛼 = 140𝑜𝑜. The relative phase difference between s- and p- components of 

electric field arg(𝑧𝑧𝑟𝑟) in Eq. 3.46 can be expanded as 

 
𝑎𝑎𝑎𝑎𝑎𝑎(𝑧𝑧𝑟𝑟) = 𝑎𝑎𝑎𝑎𝑎𝑎 �

𝑟𝑟𝐻𝐻,𝑠𝑠

𝑟𝑟𝐻𝐻,𝑝𝑝
.
𝑟𝑟𝐿𝐿,𝑝𝑝

𝑟𝑟𝐿𝐿,𝑠𝑠
� = 𝑎𝑎𝑎𝑎𝑎𝑎 �

𝑟𝑟𝐿𝐿,𝑝𝑝

𝑟𝑟𝐿𝐿,𝑠𝑠
� − 𝑎𝑎𝑎𝑎𝑎𝑎 �

𝑟𝑟𝐻𝐻,𝑝𝑝

𝑟𝑟𝐻𝐻,𝑠𝑠
� (7.1) 

                   = �𝜑𝜑𝐿𝐿,𝑝𝑝 − 𝜑𝜑𝐿𝐿,𝑠𝑠� − �𝜑𝜑𝐻𝐻,𝑝𝑝 − 𝜑𝜑𝐻𝐻,𝑠𝑠� = 𝛿𝛿𝐿𝐿,𝑠𝑠𝑠𝑠 − 𝛿𝛿𝐻𝐻,𝑠𝑠𝑠𝑠  (7.2) 

where δ𝐿𝐿,𝑠𝑠𝑠𝑠 and δ𝐻𝐻,𝑠𝑠𝑠𝑠 are phase difference between s- and p- component of reflected electric field 

at low and high temperatures, respectively. In the case for low temperature, the light beam is 

linearly polarized so δ𝐿𝐿,𝑠𝑠𝑠𝑠 = 0, this leads to 𝑎𝑎𝑎𝑎𝑎𝑎(𝑧𝑧𝑟𝑟) = − δ𝐻𝐻,𝑠𝑠𝑠𝑠. The calculation steps based on 

Eq. 3.59 give 𝛥𝛥 = |𝑎𝑎𝑎𝑎𝑎𝑎(𝑧𝑧𝑟𝑟)| = 0.78𝜋𝜋, this result is near the predicted value 0.89π by the model 

in Figure 3.8 and the data of Figure 6.2. This difference may be due to deviations in the values of 

refractive indices and thickness of the VO2 film in the ellipsometry measurements.    

(a) (b) 

  

Figure 7.3: (a) Reflected light intensity at 633 nm and 75o incidence angle transmitted through 

polarizer 2 with VO2 on Zerodur sample in its insulating state (black) and metallic state (red), (b) 

Intensity ratio between the two results versus polarizer angle. 
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The experimental results of Figure 7.3 also show that the reflected orientation polarizations 

at the high- and low-temperature states are perpendicular to each other as desired for optical 

switching applications discussed in Section 6.2. The relative light intensity passing through the 

polarizer at a given angle ψ between two states can be rewritten from Eq. 6.1 as 

 
𝑅𝑅(𝜓𝜓) =

𝑆𝑆(𝑇𝑇𝐻𝐻,𝜓𝜓)
𝑆𝑆(𝑇𝑇𝐿𝐿 ,𝜓𝜓)  (7.3) 

where S is the photodetector signal, and 𝑇𝑇𝐻𝐻 > 𝑇𝑇𝑀𝑀𝑀𝑀𝑀𝑀 > 𝑇𝑇𝐿𝐿. 𝑅𝑅(𝜓𝜓) is plotted in Figure 7.3(b) showing 

a large modulation peak at 𝜓𝜓 = 140𝑜𝑜, where the polarizer is orthogonal to the linearly polarized 

light at low temperature. The maximum contrast ratio is achieved for the case of this experiment 

is 700. This ratio would be sufficient for many optical switching applications. Also, note that the 

intensity of reflected light in both VO2 states is almost unchanged while the polarization seems to 

rotate by 90o.  

Similar experiments for different incidence angles from 72o to 77o also were performed on 

the same VO2 on Zerodur sample, Figures 7.4-7.8. In all cases, more than two orders of magnitude 

for maximum contrast ratio are achieved. Especially in the case of a 73o incidence angle in Figure 

7.5, the maximum contrast ratio reaches values of 4000, although the total reflected intensity at 

high temperature is many times smaller than that at low temperature. However, the maximum 

contrast ratio can depend on the quality of the polarizer and the sensitivity of the detector. Besides, 

when collecting the data from the experiments, an appropriate intensity of the incoming light must 

be selected so that minimum and maximum reflected intensities are in a same detector range. This 

causes some difficulties in collecting accurate data.  

The experimental results below also show that the angle of incidence not only affects the 

relative phase shift but also affects the total reflected intensities very much. For example, the ratio 
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between reflections at high- and low-temperatures is 0.1 for the case of a 72o incidence angle while 

this value is 9 for the case of a 77o incidence angle.  

(a) (b) 

  

Figure 7.4: (a) Polarization states of reflected light at 633 nm and 72o incidence angle using VO2 

on Zerodur sample and (b) the corresponding contrast ratio. 

(a) (b) 

  

Figure 7.5: (a) Polarization states of reflected light at 633 nm and 73o incidence angle using VO2 

on Zerodur sample and (b) the corresponding contrast ratio. 

 

 



 

76 
 

(a) (b) 

  

Figure 7.6: (a) Polarization states of reflected light at 633 nm and 74o incidence angle using VO2 

on Zerodur sample and (b) the corresponding contrast ratio. 

 

(a) (b) 

  

Figure 7.7: (a) Polarization states of reflected light at 633 nm and 76o incidence angle using VO2 

on Zerodur sample and (b) the corresponding contrast ratio. 
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(a) (b) 

  

Figure 7.8: (a) Polarization states of reflected light at 633 nm and 77o incidence angle using VO2 

on Zerodur sample and (b) the corresponding contrast ratio. 
 

Using the same VO2 on Zerodur sample, we performed experiments with 1550 nm infrared 

light. To match the new wavelength, appropriate polarizers (Thorlabs model LPNIR050) and 

infrared detectors are used in the setup of Figure 7.2. The incidence angles from 68o to 76o are 

selected for the experiments based on the calculation in Figure 6.3(a). All experimental results at 

the 1550 nm wavelength are presented in Figures 7.9, 7.10, 7.11, 7.12 and 7.13. In all cases, the 

orientations of polarizations at the low- and high-temperature are perpendicular to each other. For 

experiments at 68o and 76o incidence angles, the linear polarization at low temperature transforms 

to elliptical polarization with the relative phase shifts 0.6π and 0.64π, respectively. Meanwhile, the 

relative phase shifts for 70o, 72o and 74o incident angles are quite high at 0.85π, 0.87π and 0.77π, 

respectively. Thus, both polarizations at the low- and high-temperatures are almost linear. 
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(a) (b) 

  

Figure 7.9: (a) Polarization states of reflected light at 1550 nm and 68o incidence angle using VO2 

on Zerodur sample and (b) the corresponding contrast ratio. 

 

(a) (b) 

  

Figure 7.10: (a) Polarization states of reflected light at 1550 nm and 70o incidence angle using VO2 

on Zerodur sample and (b) the corresponding contrast ratio. 
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(a) (b) 

  

Figure 7.11: (a) Polarization states of reflected light at 1550 nm and 72o incidence angle using VO2 

on Zerodur sample and (b) the corresponding contrast ratio. 

 

(a) (b) 

  

Figure 7.12: (a) Polarization states of reflected light at 1550 nm and 74o incidence angle using VO2 

on Zerodur sample and (b) the corresponding contrast ratio. 
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(a) (b) 

  

Figure 7.13: (a) Polarization states of reflected light at 1550 nm and 76o incidence angle using VO2 

on Zerodur sample and (b) the corresponding contrast ratio. 
 

Similar experimental results were also obtained with the VO2 on glass substrate. At 1550 

nm wavelength and 74o incidence angle, the thickness of VO2 film is not optimal for rotation of 

linear polarization. However, with the relative phase shift of 0.56π, the linear polarization at low 

temperature can transform to elliptical polarization with a 90o rotation, and the maximum contrast 

ratio is still very high. It reaches up to early 800, as shown in Figure 7.14.  
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(a) (b) 

  

Figure 7.14: (a) Polarization states of reflected light at 1550 nm and 74o incidence angle using VO2 

on Corning glass sample and (b) the corresponding contrast ratio. 
 

In Figure 7.15, results obtained with the VO2 on quartz with light at 633 nm and 𝜃𝜃𝑖𝑖 = 68𝑜𝑜 

shows transformation between linear to circular polarization. The relative phase shift in this case 

is 0.49π, which is suitable for some applications as discussed in Section 3.3. The contrast ratio 

reaches a maximum value of 500 at the angle 160o where the polarization of electric field at low 

temperature is orthogonal to the transmission axis of the polarizer. 

(a) (b) 

  

Figure 7.15: (a) Polarization states of reflected light at 633 nm and 68o incidence angle using VO2 

on quartz sample and (b) the corresponding contrast ratio. 
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Several other VO2 samples were tested near the center of the visible spectrum, at a 

wavelength of 514 nm, where theory predicts it is difficult to alter polarization because of small 

changes in refractive indices [80], [83]. The phases of s- and p- components of electric field are 

nearly unchanged during the VO2 phase transition. For example, the experimental results as shown 

in Figure 7.16 for the VO2 on Zerodur sample at 𝜃𝜃𝑖𝑖 = 74𝑜𝑜, the relative phase shift only achieves 

0.05π. As a result, the polarization at the high temperature is still linear and the orientation angle 

only changes slightly by 5o. Yet a maximum contrast ratio of 8 still can be achieved.  

(a) (b) 

  

Figure 7.16: (a) Polarization states of reflected light at 514 nm and 74o incidence angle using VO2 

on Zerodur sample and (b) the corresponding contrast ratio. 
 

To summarize this chapter, we have demonstrated theoretical and experimental results in 

controlling light polarization by using thin films of VO2 activated thermally. Large changes in the 

refractive index of VO2 films during phase transition cause the amplitude and phase of s- and p- 

components of the reflected light to change significantly. This makes the polarization states of 

light reflected on the sample sensitive to the state of the material. Under certain conditions, a linear 
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polarization at room temperature can be transformed into a new polarization state. This effect has 

the following advantages: 

1. The polarization state of light is controlled by a simple (i.e. unpatterned) and single layer 

VO2 with thicknesses around 100 nm. This is much thinner than liquid crystals 

(micrometers thick) and materials using the electro-optic effect (milimeters to 

centimeters thick). 

2. The effect works in reflection. 

3. The concept is suitable for a wide spectral range from the mid-visible to the infrared. 

4. High light contrast ratios are obtained when VO2 samples are combined with a polarizer. 

This opens new possibilities for creating high-performance modulator. 
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CHAPTER 8 

Polarization modulation by optical activation 
In the previous chapter, the changes in refractive indices of VO2 during the phase transition 

have been shown to have great potential for phase retarders, polarization rotators or efficient 

modulation switching applications such as optical switches. But those electronic devices are 

required to operate at speeds as high as possible to process more information, whereas thermal 

activation is very low. Therefore, in this chapter we will concentrate on studying the response 

speed of VO2 thin films. To carry out this study, we need to activate the phase transition rapidly 

by using optical pumping. The processes occurring in VO2 film right after interacting with pump 

laser were discussed in Section 2.4. In general, there are two main processes at play. The first 

process occurs within about 1 picosecond and transforms completely the structure of VO2 from 

insulator to metal. The second process takes place between nanoseconds to a few hundreds of 

microseconds and restores the structure to its original state. This recovery time depends very much 

on the pump laser intensity and the properties of the substrates. The study in this chapter was done 

in two stages. 

- First, we used a picosecond pulsed laser to activate the phase transition in VO2 samples 

and tried to repeat the same experiment as described in Chapter 7. 

- Second, we measured the response time of VO2 films deposited on Corning glass, 

quartz, sapphire, and Zerodur substrates. 

The results and analysis of this study will be presented in the following sections. 

8.1    Polarization changes by optically activated VO2 

To investigate the ability of using optically activated thin films of VO2 in changing the 

polarization state of light, we modified the setup in Figure 7.2. The main laser source, a Q-switched 
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Nd:YAG laser, was used in the setup to provide both the pump and probe beams for the 

experiments. This source produces pulses at a repetition rate of 5 Hz. The probe beam at 1064 nm 

has a pulse duration of 215 ps (FWHM) and a weak tail that extends to 1 ns, as shown in Figure 

8.1. The second-harmonic emission at 532 nm produced by a K*DP nonlinear crystal inside the 

laser was used as a pump beam to induce a phase transition in VO2. Another change in the setup 

was to link the photodiode (Thorlab_DET36A) to an oscilloscope (Tektronix_DPO 2014B) which 

helps measure the light intensity at high speeds.  

 

 

Figure 8.1: Profile of the 1064 nm probe pulse from the Nd:YAG laser. 

 

The polarizer 1 in Figure 7.2 was replaced by a half-wave plate in order to rotate the linearly 

polarized probe beam to the desired angle. A filter (Melles Griot AG-780) was placed in front of 

the detector to cut all intensity of the strong pump beam. The optical path length of the pump beam 

can be adjusted by a delay line which consists of two right-angle prisms, as shown in Figure 8.2. 

The distance between mirrors will determine the time difference of the arrival of the probe and 

pump pulses onto the sample. 
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Figure 8.2: Pump and probe setup for optical activation of VO2 and polarization change 

measurements. 
 

In the experiments to control polarization, we adjusted the delay line so that the probe and 

the pump pulses arrived at the sample at the same time (zero delay). The size of the pump beam 

on the sample was chosen to be larger than that of the probe beam in order to make sure that the 

whole probe beam interacts with an activated VO2 film. Light intensity was measured through the 

peak photodetector voltage displayed on the oscilloscope, as the angle of the polarizer is rotated. 

(a) (b) 

  

Figure 8.3: (a) Reflected probe intensity at 1064 nm measured through a polarizer as a function 

of polarizer angle for VO2 on Zerodur sample, with and without pump at 532 nm (b) Intensity 

ratio between the intensities versus polarizer angle. 
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Figure 8.3(a) shows polarization states of light reflected off the VO2 on Zerodur sample at 

an incidence angle of 72o. When the pump laser is off, the reflected probe beam (black curve) 

exhibits a linear polarization with an orientation angle at 40o. This polarization remains almost 

unchanged and only its axis is rotated by 90o (red curve) when the pump laser interacts with the 

sample. This leads to a large contrast ratio in the measured signal, as Figure 8.3(b) shows. Here, 

the contrast ratio as a function of polarizer angle is determined by the ratio of the signals at the 

photodetector between the pump laser on and off cases. At polarizer angle 130o, the contrast ratio 

reaches a maximum value of 80. This value can be higher if a better filter for cutting the pump 

beam scattering was used.   

(a) (b) 

  

Figure 8.4: (a) Reflected probe intensity at 1064 nm measured through a polarizer as a function of 

the polarizer angle for VO2 on sapphire sample, with and without pump at 532 nm (b) Intensity 

ratio between the two results versus polarizer angle. 
 

The same experiments were carried out on VO2 on sapphire substrates at 70o incidence 

angle. Linear polarization at 1064 nm was transformed to elliptical polarization with 20o axis 

rotation, as shown in Figure 8.4(a). The thickness of this sample is not optimized for the 

wavelength so a relative phase shift of only 0.14π was achieved after optimization of incidence 
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angle. However, a maximum contrast ratio of up to 50 can still be reached in reflection with 

polarizers. 

The experimental results with the optical pumping activation are similar to the results with 

thermal activation described in Chapter 7. This confirms that we can use pulsed laser in 

experiments to change the polarization state of light. All the advantages of using VO2 thin films in 

controlling polarization presented at the end of Chapter 7 remain unchanged when the sample is 

induced by a laser, but the dynamics is potentially much faster. 

8.2    Response time of VO2 on different substrates 

To explore the applicability of VO2 thin films in optical devices, we need to know how fast 

a sample can change its properties when interacting with pump laser and the time it takes to restore 

its initial state. This can be found by studying reflections off the sample after the sample interacts 

with the pump beam at a given time interval [84]. This time difference between the pump and the 

probe beams to the sample was made possible by adding a longer delay line in the setup, as shown 

in Figure 8.5.  

 

Figure 8.5: Setup for measuring rise time and recovery time of VO2 samples under optical 

activation. 
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Let’s call 𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 and 𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 are time the pump beam and the probe beam need to travel 

from the laser source to the sample, respectively. The probe beam arrives at the sample after the 

pump beam does in a delay time given by 

 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 − 𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 

                                  = 𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝−𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑐𝑐
 

(8.1) 

where 𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 and 𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 are optical path lengths of the probe and the pump beams, respectively, 

and c is the light velocity. 𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 can be changed slightly by the short delay line while 𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is 

increased by allowing the probe beam to reflect on many mirrors before reaching the sample, as in 

Figure 8.5. The number of mirrors added to the setup determines the maximum delay time that can 

be measured. In practice, it is very difficult to determine 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 0  through 𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 and 𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝. 

We only assume that 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 0 when the largest change in the reflection occurs. 

 

Figure 8.6: Reflected probe intensity at 1064 nm measured through a polarizer as a function of the 

polarizer angle for VO2 on Zerodur at different delay times between the pump and probe beams.  
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To gain a better understanding of the changes inside VO2 during the phase transition 

activated by pump laser as well as the reflected polarization change, we repeated the previous 

experiments at different delay times. The polarization dynamic is shown in Figure 8.6. From Eq. 

8.1, negative (positive) delay times correspond to the probe beam arriving at the sample before 

(after) the pump beam. The polarization state is almost unchanged for negative delays because 

there is no change in VO2 properties before interacting with the pump beam, while the properties 

of VO2 change completely from insulator to metal at 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 0 and the recovery happens quickly 

after that. At 15 ns and 30 ns delay times, the polarization state returns to initial orientation 

described by the black curve.  

The analysis in Sections 2.3 and 2.4 shows that the transition process depends greatly on 

the pump intensity while the recovery process depends on the properties of substrates. In this 

section, we will discuss the influence of those factors to experimental results. The samples used in 

these experiments were made on different substrates such as Corning glass, quartz, Zerodur, 

sapphire. Unlike the previous experiments used to study light polarization, in our experiments we 

were interested in the intensity change of the probe beam under optical activation. Therefore, the 

setup in Figure 8.5 was simplified by removing the polarizer and the birefringent crystal K*DP. 

Here, the incident probe was set to the p-polarized state for all the experiments. 
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(a) (b) 

  

Figure 8.7: Pump-on to pump-off ratio of reflected intensity at different delay times between the 

pump and the probe beams, as a function of pump pulse fluence (a) for the VO2 on sapphire sample 

and (b) for the VO2 on Zerodur sample. 
 

 The effect of pump intensity on the phase transition of VO2 is clearly demonstrated by the 

experimental results in Figure 8.7(a) for the VO2 on sapphire sample and Figure 8.7(b) for the VO2 

on Zerodur sample. Here, the relative intensity is the reflected probe intensity with the pump beam 

on divided to reflected probe intensity without the pump beam, so that a value of 1 means no 

change. At low intensity, the samples do not receive enough energy to make the full transition 

which was checked carefully through the test with thermal activation. However, if the pump 

intensity is too large, VO2 will switch rapidly from insulator to metal and keeps this state for a 

long period of time, as shown in Figure 8.7(b) for the case of pump fluence 10.6 mJ/cm2. With 

these experimental results, we found that a pump intensity 3.2 mJ/cm2 is suitable for the VO2 on 

sapphire, glass and quartz substrates to make the full transition to metal while the VO2 on Zerodur 

sample needs a little bit higher energy at 6.1 mJ/cm2.  
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(a) (b) 

 

 

Figure 8.8: Relative reflected intensity as a function of delay time (a) with a pulsed 1064 nm probe 

and (b) with a continuous 832 nm probe. 
 

For all the samples, the relative intensities take about 2 ns to reach the maximum when the 

pump and probes pulses overlap. This time is longer than a full-width at half maximum 215 ps of 

the probe pulse, this problem could be explained by the probe pulse shape, as shown in Figure 8.1. 

This pulse has a tail of 1 ns which contains about half the pulse energy. So, some of the energy of 

the probe arrives at samples before the pump does. 

After reaching the peaks, the relative intensities decrease as the VO2 samples recover to 

the initial state. The reflection during this recovery is modelled as an exponential decay of the form 

R(t)=Ro exp(-t/τ) with τ the characteristic recovery time. This recovery time is highly dependent 

on the substrate, as shown in Figures 8.8(a) and 8.8(b). We obtain a relaxation time τ of 12 ns, 30 

ns, 76 ns and 95 ns for the VO2 made on sapphire, Zerodur, quartz, and Corning glass samples, 

respectively. These differences in relaxation time depend mainly on the heat diffusion between the 
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VO2 film and the substrate. Comprehensive analysis of the effect of substrate on the relaxation 

time of VO2 can be found in [85], [86].  

Since the recovery times of VO2 on quartz and on glass substrates are greater than the delay 

time limit of 35 ns in our pump-probe setup, a continuous laser 832 nm was used as probe beam 

for all experiments with these samples, as shown in Figure 8.9. In this setup, the relative reflected 

intensities as a function of time were measured by the 100 Mhz oscilloscope. 

 

Figure 8.9: Setup with the continuous laser 832 nm for measuring recovery time of VO2 on quartz 

and on glass samples. 
 

To summarize this chapter, we changed the polarization state of reflected light by inducing 

a phase transition of VO2 by mean of a pulsed laser. The experimental results have confirmed that 

similar polarization effects are obtained by thermal activation (Chapter 7) can be achieved by 

optical activation. With the ability to change the state at nanosecond time scales, VO2 thin films 

demonstrate great potential for fast optical devices applications.    
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CHAPTER 9 

Polarization modulation enhancement metallic substrates 
 

In Chapters 7 and 8, we have demonstrated the ability of using VO2 thin films to change 

the polarization state of light. And when this is combined with a polarizer, high modulation 

switching is achieved. In addition, with the ability to change the phase quickly along with the 

recovery time around nanoseconds, VO2 thin films promise many applications in thermal sensors 

and optoelectronics devices. In this chapter, we enhance the properties of VO2 samples in changing 

light polarization by using metallic substrates [87]. Theory and experimental results show that 

VO2/metal samples can get large relative phase shifts at lower incidence angles and over a wider 

spectral range compared with VO2 on dielectric samples [87]. Besides, metallic layers also tend to 

increase reflectance significantly. Those enhancements will be presented in the following parts. 

 

Figure 9.1: VO2 on a metallic layer structure. 

 

The model in Figure 9.1 was used in this part of the study to calculate relative phase shifts 

of reflected light for s- and p-polarizations. It includes a VO2 layer on the top, a metallic layer and 

a glass substrate. The metallic layer can be made from gold, aluminum, silver, titanium, etc., and 

is assumed to be optically thick, so that no light interacts with the underlying glass. Figures 9.2, 

9.3, and 9.4 below show calculated relative phase shifts for VO2 on gold, aluminum, and titanium 

samples, respectively. Refractive indices of VO2, gold and aluminum were experimentally 

measured from ellipsometry, while titanium data were taken from [88]. Compared with the result 
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calculated for VO2 on glass, shown in Figure 6.3(a), the results for VO2 on metallic layer share the 

following characteristics. 

- The spectrum over which a π radians relative phase shift can be achieved is extended. 

Now, the possibility to change polarization state of wavelengths near 400 nm becomes 

a reality.  

-  Experiments can be performed at smaller incidence angles; at some wavelengths we 

can even achieve π radians for relative phase shift at near normal incidence angles. 

(a) (b) 

  

Figure 9.2: The maximum relative phase shifts calculated for VO2 on gold film sample at (a) 

different wavelengths and angles of incidence (b) different VO2 layer thicknesses and angles of 

incidence. 
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(a) (b) 

  

Figure 9.3: The maximum relative phase shifts calculated for VO2 on aluminum at (a) different 

wavelengths and angles of incidence (b) different VO2 layer thicknesses and angles of incidence. 
 

(a) (b) 

  

Figure 9.4: The maximum relative phase shifts calculated for VO2 on titanium at (a) different 

wavelengths and angles of incidence (b) different VO2 layer thicknesses and angles of incidence. 
 

The calculated results for VO2 on gold and on aluminum samples are nearly similar, with 

a large relative phase shift for all incidence angles in range 40o to 80o. Especially with wavelengths 

near 900 nm, the incidence angle can be reduced significantly, down to 10o, as in Figures 9.2(a) 

and 9.3(a). Besides, in order to provide information about the thickness of the VO2 layer, we also 
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calculated the relative phase shift at different thicknesses and angles of incidence as shown in 

Figures 9.2(b) and 9.3(b). For doing experiments at small angles (< 40o), the VO2 layer thickness 

must be between 80 nm to 120 nm. However, this thickness is only suitable for experiments with 

wavelengths near 900 nm. For other wavelengths, the thickness of the VO2 layer should be adjusted 

accordingly. This is clearly shown in Figures 9.5 and 9.6, which are calculated for a single 

wavelength. For the sample with gold substrate, the VO2 layer thickness needs to be between 50 

nm to 80 nm for doing experiment with 500 nm, while for the 1000 nm wavelength we need a 

thicker film in range 100 nm to 150 nm. Here, we only choose the thicknesses for small angles of 

incidence. Similarly, thicknesses of 150 nm to 200 nm are suitable for the 1500 nm wavelength. 

Compared to calculated results for the VO2 on glass sample (see Figure 7.1), the thicknesses for 

those cases are increased and the ranges are extended.  

 

 

Figure 9.5: Calculated relative phase shifts for different VO2 layer thicknesses and angles of 

incidence at wavelengths 500 nm, 1000 nm and 1500 nm for VO2 on glass. 
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Figure 9.6: Calculated relative phase shifts for different VO2 layer thicknesses and angles of 

incidence at wavelengths 500 nm, 1000 nm and 1500 nm for VO2 on gold.  
   

In addition to the advantages described above, the VO2 on metal also exhibits significant 

enhancement of reflectivity. Calculated results in Table 9.1 shows that about 0.2 normal light 

intensity reflected off the VO2 on glass sample for all film thicknesses. Meanwhile, this coefficient 

for the VO2 on gold sample is 0.6 for 50 nm VO2 thick, 0.44 for 75 nm and 0.29 for 100 nm. With 

thick samples (more than 200 nm), the role of metallic substrate is negligible.  

 

Table 9.1: Calculated reflectance for 50 nm, 75 nm and 100 nm thick VO2 layers on a gold substrate 

at temperatures below and above TMIT. 

 50 nm 75 nm 100 nm 

VO2/glass 
Rcold = 0.21 

Rhot = 0.17 

Rcold = 0.25 

Rhot = 0.20 

Rcold = 0.25 

Rhot = 0.21 

VO2/gold 
Rcold = 0.62 

Rhot = 0.61 
Rcold = Rhot =0.44 Rcold = Rhot =0.29 

 

For VO2 on titanium, the minimum angle of incidence for π radians relative phase shift can 

be reduced to 20o, as Figure 9.4 shows. This requires a VO2 layer with a thickness of about 50 nm 
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and the experiments performed at 700 nm wavelength. For most cases, an angle of incidence of 

40o is possible for attaining a high relative phase shift with light from visible to near infrared. Like 

gold and aluminum, titanium also helps to increase reflectivity significantly. In addition, it is also 

known for the ability to enhance the properties of VO2 thin films as described in Section 2.3. 

(a) (b) (c) 

 

Figure 9.7: (a) Real (n) and imaginary (k) parts of the refractive indices of gold, (b) real and (c) 

imaginary parts of the refractive indices of VO2 films at insulating state (25oC) and metallic state 

(95oC). 
 

The enhancements in light polarization for VO2 samples on metallic substrates are mainly 

due to absorption of the substrates, namely through the imaginary part of the refractive index. This 

is confirmed in calculations as shown in Figures 9.8(a) and 9.8(b). Here, we created different 

refractive index n and k sets for the substrate and produced maximum phase shift maps 

corresponding to each set for comparison. The set 1 includes all the n values of gold in Figure 

9.7(a) and the k values of glass while the set 2 was created with the n values of glass and the k 

values of gold. Figures 9.2(a) and 9.8(b) are almost identical, indicating that the change in the 

value of n hardly changes the results. And the k value of metallic substrates determines angle of 

incidence as well as spectral range of modulation. At higher k values, the phase change of s- and 

p-components shift bigger amounts, details of this issue can be found in recent paper [89]. 
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(a) (b) 

  

  

Figure 9.8: Maximum phase shift calculated for different refractive index sets of substrates: (a) set 

1 has n values of gold and k values of glass and (b) set 2 has n values of glass and k values of gold. 
 

In doing experiments to verify some of the properties described above, gold and aluminum 

films of 100 nm or more in thickness were deposited on glass substrates by thermal evaporation 

under vacuum. VO2 films were then prepared on top of the metallic films by sputtering using the 

same recipe in Chapter 4. The thickness of VO2 layers were chosen in the 85-100 nm range, values 

for which the calculation above shows large relative phase shifts for wavelengths from 800 to 1000 

nm at small incidence angles, as Figures 9.2(b) and 9.3(b) showed. The complex refractive indices 

of VO2, gold and aluminum as well as the relative phase shifts of all samples were measured by 

ellipsometry. Obtained data show that VO2 formed on the metallic layer has similar refractive 

indices as in VO2 on dielectric. All the VO2 samples exhibit large refractive index changes during 

the phase transition around 68oC. 
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(a) (b) (c) 

 

Figure 9.9: Experimental measured relative phase shifts for 86 nm thick VO2 on (a) glass sample 

(b) gold sample and c) Al sample. 
 

Figure 9.9 shows the experimentally measured relative phase shifts ∆= arg (𝑧𝑧𝑟𝑟) at different 

incidence angles for an 86 nm thick film of VO2 on glass, gold and aluminum. For VO2 on glass 

samples, the incidence angle should be near the Brewster’s angle (from 65o to 80o) to attain ∆> 𝜋𝜋
2
. 

At angles less than 65o, the relative phase shifts do not exceed 1 radian. Meanwhile, the VO2 on 

gold and on aluminum samples can produce π radians at small incidence angles down to 30o. The 

VO2/gold/Corning glass model fits very well for the ellipsometry data of the VO2 on gold sample. 

The real (n) and imaginary (k) parts of the refractive indices for the VO2 layer and gold are 

demonstrated in Figure 9.7. The process of determining refractive indices and thickness of the VO2 

layer on aluminum is more complex. The measurement results indicate the existence of a 55 nm 

thick layer with properties of Al2O3 between Al and VO2. This layer can be formed when 

aluminum is exposed to oxygen in the environment or during oxidation of V to VO2. 
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Figure 9.10: Calculated relative phase shift for the 86 nm VO2 on gold sample at different angles 

of incidence and wavelengths. 
 

Here, the VO2 thickness of 86 nm was chosen to achieve maximum Δ at 832 nm, the laser 

wavelength used in polarization rotation experiments. This is confirmed by the calculated result in 

Figure 9.10 and the experimental results in Figure 9.9. Thinner or thicker VO2 layers would cause 

the peak of Δ to move to either shorter or longer wavelengths, as described in Figures 9.5 and 9.6. 

The setup in Figure 7.2 was used for all experiments in this chapter. Similar to previous 

experiments, we used VO2 on metal samples to change the polarization state of light. In all cases, 

we tried to transform a reflected linear polarization at low temperature to a new polarization with 

its orientation rotated by 90o at high temperature.   

Figures 9.11, 9.12 and 9.13 show results obtained at 832 nm with VO2/gold sample at 

incidence angles of 60o, 50o and 40o, respectively. For 60o and 50o incidence angles, linear 

polarizations are in both material states and orthogonal to each other. The maximum contrast ratio 

achieved can be as large as 100. This value could be improved if a better polarizer was used.  
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Figure 9.11: Polarization state of reflected light at 60o incidence angle and the corresponding 

contrast ratio for the VO2 on gold sample. 
 

 

 
   

Figure 9.12: Polarization state of reflected light at 50o incidence angle and the corresponding 

contrast ratio for the VO2 on gold sample. 
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Figure 9.13: Polarization state of reflected light at 40o incidence angle and the corresponding 

contrast ratio for the VO2 on gold sample. 
 

At 40o incidence angles, the 𝛥𝛥 value is smaller but large enough to transform a linear 

polarization at 25oC to elliptical polarization at 95oC. Although the polarizations of the reflected 

light at two temperatures are perpendicular to each other, the reflection on the metallic VO2 is 

however reduced significantly so that the contrast ratios are decreased and only reach the 

maximum at 25. 

Experiments also were performed on the VO2 on aluminum sample at 543 nm probe beam, 

Figures 9.14-9.19. Thickness of the sample is not optimized for small incidence angles (<60o). 

Nevertheless, even these non-optimal conditions yield large contrast ratios.  
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Figure 9.14: Polarization state of reflected light at 72o incidence angle and the corresponding 

contrast ratio for the VO2 on Al sample. 

 

  

Figure 9.15: Polarization state of reflected light at 70o incidence angle and the corresponding 

contrast ratio for the VO2 on Al sample. 
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Figure 9.16: Polarization state of reflected light at 68o incidence angle and the corresponding 

contrast ratio for the VO2 on Al sample. 

 

  

Figure 9.17 Polarization state of reflected light at 64o incidence angle and the corresponding 

contrast ratio for the VO2 on Al sample. 
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Figure 9.18: Polarization state of reflected light at 60o incidence angle and the corresponding 

contrast ratio for the VO2 on Al sample. 

 

  

Figure 9.19: Polarization state of reflected light at 56o incidence angle and the corresponding 

contrast ratio for the VO2 on Al sample. 

 

Here, some oxide layer formed in the VO2 on aluminum sample changes its properties and 

causes difficulties in doing experiments. Thus, we are looking for ways to make better samples. 

The structure glass/VO2/Al with light arriving on VO2 through the glass substrate may solve this 
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problem. However, the effect of the glass substrate on the polarization results must be considered 

carefully.  

In conclusion of this chapter, we have demonstrated that metallic substrates such as gold, 

aluminum, titanium can enhance the ability of VO2 samples in controlling polarization of light and 

help lowering incidence angles in experiment to 30o-40o. This has been clearly confirmed through 

experiments on the VO2/gold samples. The VO2 on aluminum samples promise better results, 

especially the ability to change polarization of light in the visible region. However, the oxidation 

of aluminum at the interface between VO2 and Al modifies considerably the properties of the 

samples. The problem of oxide layer formed in VO2 on metal samples will be studied carefully in 

the near future.   
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CHAPTER 10 

Conclusions and future works 
The use of amplitude variation in most optical applications of vanadium dioxide has 

revealed disadvantages such as limited wavelengths range of application (> 1000 nm), operation 

in transmission only and low optical modulation. These limit the applicability of VO2 in many 

fields. In this thesis, we presented the new method of using the optical phase to change polarized 

light and overcome these weaknesses. The refractive index of VO2 changes during its phase 

transition, thereby altering the phases of s- and p-polarized light when they reflect on or transmit 

through the film. As a result, a linear polarization can transform to a circular polarization or rotate 

its orientation to a new angle. This effect, when combined with a polarizer enhances the 

applicability of VO2, with the following advantages. 

1. Samples use uniform VO2 films on a variety of substrates. They don’t require nanoscale 

pattering or particular treatments. 

2. Spectral range for application is extended into the visible region. 

3. High optical modulations are achieved.  

These improvements are due to the polarization control of VO2 thin films. It has been 

researched and improved gradually during my doctoral studies. The main results were presented 

in this thesis as follows: 

1. The electrical, optical and structural properties of vanadium dioxide were outlined in detail 

to provide an overview of the material. We analyzed the disadvantages of using amplitude 

variation on optical VO2 applications. We proposed the new approach using optical phase 

change of light to control polarizations.  
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2. To implement our idea, we studied the interactions between s- and p-polarized light to a 

VO2 thin film. The Fresnel equations and the thin film single-layer model were used in the 

calculations in order to understand the relationships between polarization states of light at 

different VO2 states. This relationship is expressed through the coefficient 𝑧𝑧𝑟𝑟 for reflection 

and 𝑧𝑧𝑡𝑡 for transmission. They are functions of wavelength, angle of incidence, film 

thickness, state of VO2, refractive indices of VO2 and substrates. The absolute value of 

arg(zr) or arg(zt) determines polarization change, in particular there are some notable cases: 

- 𝑎𝑎𝑎𝑎𝑎𝑎(𝑧𝑧𝑟𝑟) = 𝜋𝜋(1 + 2𝑚𝑚) with 𝑚𝑚 = 0, ±1, ±2 …: permits a linear polarization to rotate 

by some angle, and sometimes by 90o. 

- 𝑎𝑎𝑎𝑎𝑎𝑎(𝑧𝑧𝑟𝑟) = 𝜋𝜋(1 2 + 𝑚𝑚⁄ ) with 𝑚𝑚 = 0, ±1, ±2 …: permit a linear polarization 

transforms into a circular polarization. 

3. We successfully fabricated VO2 films with a thickness of 50 nm to 150 nm on glass, quartz, 

sapphire, and Zerodur substrates by sputtering metallic vanadium followed by post-

treatment in oxygen method. These samples are of good quality and tested by ellipsometry 

measurements. In addition, VO2 thin films were also fabricated on thick gold and aluminum 

layers (more than 200 nm) to enhance ability to control polarization. 

4. In our first experiments on polarization control, we measured the phase changes of light as 

it reflected on and transmitted through VO2 thin films during the phase transition. 800 nm 

and 1310 nm lasers were chosen respectively as probe beams for transmission and 

reflection to ensure there is no light amplitude change at different VO2 states, only optical 

phase changes. The probe beams were positioned at the edge between the bare glass and 

VO2 sides of the sample. These two half-beams interacting respectively with the glass and 

the VO2 on the glass sample created interference fringes in the far field. And any change 
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in the optical thickness of the film causes the fringes to move. The relative phase changes 

of the light are inferred by the position of the fringes. For a 86 nm VO2 thin film on glass, 

the phase differences were 0.8 radians for reflected light and 0.4 radians for transmitted 

light. These experimental results were obtained at normal incidence angle. The calculation 

showed that π radians relative phase changes can be achieved at angles of incidence around 

65o. This is the foundation of subsequent studies on polarization control. 

The phase change of light was also confirmed by laser beam focusing experiments. 

We used a 532nm pump laser to create temperature profile on the VO2 thin film which 

created a phase front curvature on light. As a result, a reflected 1310 nm beam of light was 

focused at a distance 50 cm away from the sample. And by changing the pumping intensity 

between 100 to 200 W/cm2, the focal length varied in the 40-80 cm range.  

5. Based on the refractive indices n and k of the VO2 films obtained from ellipsometry 

measurements, we did calculations and analyzed the advantages and disadvantages of using 

change in reflectance and transmittance in optical VO2 applications. There are two main 

disadvantages below: 

- Reflectance and transmittance change substantially only for wavelengths in the 

infrared region (>1000 nm) and almost no change is observed in the visible 

spectrum.  

- Modulations for reflected light are small. While, for transmission, the modulation 

ratios can go to 1000 or higher for thick samples where transmittance is very low. 

Also, for opaque substrates, the use of transmitted beams is not possible. 

Calculations with polarized light showed encouraging results that can overcome the 

above weaknesses, with π radians relative phase shift for reflection achieved with 
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wavelengths in the visible and infrared. For transmission, only a 1 radian phase difference 

is achieved at 1.7µm and at very large angle of incidence 80o. Because of these results, we 

proposed using polarized light in reflection from VO2 sample to change the polarization 

state of light.  

Theoretical analysis showed that the ratio of light intensity passing through the 

polarizer with VO2 activated to the light passing when VO2 is not activated can be very 

high. This happens if a prepared linear polarization transforms to a new polarization with 

its orientation rotated by 90o. Reflected linear polarization can be created easily by 

combining a polarizer and a birefringent crystal. However, the most important thing is to 

find the conditions of VO2 film thickness, angle of incidence and wavelength so that the 

relative phase difference 𝑎𝑎𝑎𝑎𝑎𝑎(𝑧𝑧𝑟𝑟) reaches a value of π. 

6. Using experimentally measured refractive indices of VO2 and a single thin-film model, we 

calculated the relative phase differences in all the cases of thickness from 25 nm to 300 

nm, wavelength from 400 nm to 1700 nm and angle of incidence from 0o to 90o. For the 

VO2 on glass samples, the results showed the optimal parameters for fabrication and doing 

experiments as follows: 

- Thickness of VO2 thin film must be between 50 nm and 150 nm for experiments 

with visible and infrared light. 

- Angle of incidence is between 65o to 80o to achieve π relative phase difference. 

The above parameters were used in polarization control experiments with VO2 on 

glass, quartz and Zerodur samples. For all cases, light contrast ratios reach very high values 

when VO2 samples are combined with a polarizer. This has many potential applications in 

ultrathin, wide bandwidth, high-performance optical modulator. 
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7. We changed the state of VO2 fast by using a picosecond pumping laser to photoinduce the 

phase transition. The results obtained by this optical activation are similar to the results 

with thermal activation in their magnitude, but much faster in speed. It confirms that we 

can control polarization state of light in a pico- to nanosecond time scale. And this 

switching time depends mainly on free carrier lifetime and heat diffusion between the VO2 

film and the substrate. Specifically, by measuring reflectance of light on VO2 samples over 

time during the phase transition, we obtain a switch-off time of 12 ns, 30 ns, 76 ns and 95 

ns for the VO2 made on sapphire, Zerodur, quartz, and glass samples, respectively, while 

switch-on times for the VO2 samples are very fast, on picoseconds scales. These results 

suggest that VO2 thin films can be applied to high-speed optical devices. 

8. We enhanced the polarization control of VO2 thin films by fabricating them on metallic 

substrates such as gold and aluminum. Calculations showed that the angle of incidence can 

be reduced down to 10o and the spectral range of modulation is extended to near 400 nm. 

This was confirmed by the experimental results on the VO2 films fabricated on the gold 

substrates. At 40o angle of incidence, the linear polarization can transform to the elliptical 

polarization with contrast ratio of 25 through a polarizer. The VO2 on aluminum samples 

promise better results, especially the ability to change polarization of light in the visible 

region. However, the oxide layers formed during the fabrication changes their properties. 

So, we need to find better methods to prepare VO2 thin films on metallic substrates. 
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Potential applications and future works 

The positive results obtained in this thesis show that VO2 thin films can be applied to many 

different fields. Their ability to modulate the optical phase of light can be compared with that of 

some electro-optic and ferroelectric material such as quartz, BaTiO3 or KH2PO4 (KDP). A 

substantial relative phase difference between the reflected s- and p-polarization can be achieved 

easily between the non-activated and activated VO2 states. However, in case using VO2 we only 

need to use thin film thickness in nanometers rather than millimeters as in other devices. This could 

be especially useful in miniaturized optical components. Our work has also shown great potential 

in the application of VO2 to high-speed, high-modulation optical devices. Research on this issue 

could be continued with following improvements. 

• Creating perfect absorbers for some specific wavelengths. 

• Using metallic thin films underneath and above VO2 to create effective polarization 

rotator. 

• Researching on dynamic modulation of visible spectrum and colour. 

• Creating multi-layer VO2 devices for laser beam focusing. 

• Measuring refractive indices n and k of VO2 thin films at different delay times.  

• Metamaterials based on hybrid combination of metallic nanostructures and vanadium 

dioxide. 
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