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ABSTRACT 

Terahertz (THz) waves have many applications in areas such as security 

screening, material characterization, biomedical imaging and communications. However, 

at this frequency range there is a lack of optical components such as optical switches, 

filters and modulators. Among many materials used in THz device applications, 

vanadium dioxide (VO2) is of particular importance. VO2 experiences a fast reversible 

insulator-to-metal phase transition (MIT) at ~68 °C temperature. This material property is 

accompanied by significant changes in VO2 electrical and optical properties especially in 

the THz and infrared (IR) regions of the electromagnetic spectrum.  

In this dissertation, I studied the optical properties of doped and undoped VO2 

thin films in the THz and IR range for a variety of applications. Terahertz Time-Domain 

Spectroscopy (THz-TDS) was used in order to investigate the THz transmission 

properties of VO2. The first chapter focuses on effects of tungsten-doping on the 

electrical and optical properties of VO2 thin films in the THz range and its application to 

future analog based devices by taking advantage of the gradual phase transition window. 

Similarly, in the second chapter I explored the effects of hydrogen-doping and its THz 

antireflection applications at room temperature. The third chapter presents a Gires-

Tournois Etalon structure that can operate in the THz range. Etalons can be prospectively 

used in THz pulse amplification, THz lasers and THz sensing. The properties of the 

etalon can be dynamically controlled by making use of phase transition of VO2. In the 

last chapter I investigated the optical properties of VO2 thin films deposited on each side 

of a sapphire substrate.  This approach allows for larger amplitude modulation which is 

an important requirement in optical switching applications. 
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CHAPTER I 

INTRODUCTION 

 

The ability to explore the THz “gap” of the electromagnetic spectrum was limited 

until recently due to the lack of generation and detection techniques. Novel advancements 

in ultrafast lasers, optoelectronic materials and microfabrication techniques have opened 

new possibilities into the THz region. Furthermore, new detection methods allow us to 

measure THz electric field and phase rather than the intensity [1, 2]. Also, it is easy to 

extract complex refractive index information by using a terahertz spectrometer without 

the need to use Kramers-Kronig relations. As it can be seen in Fig.1.1 with spectral 

ranges for probing different excitations in materials, the THz spectral region is defined 

between 0.1 THz to 10 THz.  

 

Figure 1.1 Electromagnetic spectrum from x-ray to radio frequencies with spectral 

ranges [Adopted from Ref.([3])]. 

It interact strongly with polar substances but penetrate those that are non-polar. Thus, 

different polar elements (molecules with a net dipole moment) have different spectral 

peaks in the THz range which makes gas sensing possible in this range [4, 5]. THz has 
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small photon energy (1 THz=4.1 meV) and strong absorption to water molecules so that 

it is has a great potential for safe medical imaging applications [6-8]. Also, it is highly 

reflective for metals and transparent for dielectrics so it can be a good candidate for 

security screening [9-12]. Terahertz waves have a much higher frequency compared to 

today’s technology that rely on microwaves. So they offer more potential bandwidth 

which is promising for broadband communication that can be much faster [13, 14]. 

However, many of the components for a terahertz wireless communication have not yet 

been advanced. There have been some reports on the devices such as modulators, filters 

or multiplexers that can operate at THz frequencies but still this technology is immature 

[15-17]. 

An important material for THz device applications is vanadium dioxide (VO2) 

[18-21]. Vanadium oxide compounds are receiving significant attention due to its 

reversible crystal structure transformation from insulating monoclinic phase to metallic 

rutile phase. When the compound is heated above a critical temperature (Tc) at around 68 

˚C [22], insulator-metal transition can be observed as an abrupt decrease in resistivity (or 

increase in conductivity) by several orders of magnitude [23-25]. It has many 

applications like tunable optoelectronic materials, smart window since it has high 

transmittance in the semiconducting phase and low transmittance in the metallic phase. 

Phase transition in VO2 may be triggered optically [26, 27], electrically [28, 29] as well 

as thermally [23]. Furthermore, changes in optical properties especially at THz 

frequencies, makes it an attractive candidate for reconfigurable THz optical components. 

In this dissertation, I present the results of my study on optical properties of doped 

and undoped VO2 thin films to realize THz optical components such as modulators, 

switches, and sensors. In chapter I, I provide a brief introduction to THz and VO2 

properties. Then, I present the outline of the content that will be covered throughout the 

chapters and details of THz time domain spectroscopy (THz TDS) set up that has been 

used for THz transmission measurements. Chapter II focuses effects of tungsten doping 

of VO2 on electrical and optical properties and compares the properties of W:VO2 films 
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grown with different W content. Chapter III presents effects of hydrogen doping of VO2 

thin films and its use for antireflective coating at room temperature. Chapter IV describes 

a Gires-Tournois Etalon cavity and its applications for sensing in THz range. Chapter V 

shows very high extinction ratio of double side grown VO2 films and its application to 

THz switches. Chapter VI provide the conclusions remarks concerning the research 

discussed in this dissertation. 

1.1 Description of THz TDS System  

THz transmission measurements were performed at normal incidence in the 0.1–

1.5 THz range using commercial set up model TERA K15 from Menlo Systems. THz 

TDS system is shown in Figure 1.2. In our THz system a mode-locked fiber laser was 

employed with a central wavelength of approximately 1560 nm. Each pulse had duration 

of 90 fs and the repetition rate was 100 MHz. The average power of the laser was around 

75 mW. Laser beam was split into THz generation and THz detection arm by using a 

50:50 beam splitter and then focused on the generation and detection antennas. In 

addition, a function generator was connected to the generator antenna to modulate the 

phase which is needed to provide a reference phase for the lock-in amplifier. After, 

generated terahertz pulse radiated into air through a silicon hemispherical lens, which is 

mounted on the back side of the photoconductive substrate of the antenna. Next, a convex 

lens was placed after the generation antenna by considering antenna is at the focus of the 

lens to obtain a collimated circular beam. Then, another convex lens was placed to focus 

the collimated beam on the sample. After the beam has passed through the sample, 

another convex lens was placed to collect and collimate the THz radiation. Finally, forth 

convex lens was placed in a way that the detection antenna was at the focus of the lens. 

Also, another silicon hemispherical lens which was also in the focus of the forth convex 

lens was used to fine focus the collimated THz beam into the gap of the detection 

antenna. Unlike the generation antenna, detection antenna was not biased. The optical 

laser beam coming from the detection side was directed by mirrors to the detection 

antenna. A mirror was located on an automated translational stage on the detection arm to 
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provide a time delay between the pump and a probe pulses. By moving the stage, relative 

time delay was chanced so the waveform can be mapped out and electric field in time 

domain (𝐸(𝑡) ) can be obtained. The photocurrent from the detection antenna was 

detected with a lock-in amplifier reference to the function generator modulating the bias 

on the emitter PC antenna. Lock-in amplifier can select the signal at a specific reference 

frequency and phase enabling detection of both magnitude and the phase of the signal. 

 

 

Figure 1.2 Schematic of THz-TDS transmission system 

 

Figure 1.3 THz (a) time domain spectrum, (b) frequency spectrum, and (c) phase 

information in the air using THz-TDS system shown in Fig. 1.2. 
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Figure 1.3 (a) shows air reference spectrum in time domain acquired by our 

system with a pulse duration about ~1 ps. The THz frequency spectrum is shown in 

Figure 1.3 (b) with a dynamical range ~1.5 THz. Figure 1.3 (c) shows the corresponding 

linear phase derived from the Fourier transform. 

1.2 Terahertz Time Domain Spectroscopy (THz-TDS) and data analysis 

THz radiation is a good candidate for spectroscopic measurements. Since it can 

give information in the picosecond time scale, ultrafast phenomena can be probed by 

using THz waves. There are a lot of spectroscopic techniques like Terahertz Reflection 

Spectroscopy, THz Emission Spectroscopy, Optical Pump-THz probe Spectroscopy, 

Terahertz Time-Resolved Spectroscopy and Terahertz Time Domain Transmission 

Spectroscopy. We have used THz Time Domain Transmission Spectroscopy to 

characterize our samples and it will be briefly explained in this part of the chapter.  

THz-TDS measures the electric field and phase of the freely propagating pulse. 

By investigating the change of time dependent electric field due to the interaction 

between pulse and sample, spectroscopic information is obtained. It should be noted here 

that any possible reflection at the surface of the sample is ignored. An additional 

assumption is that during the measurements with and without sample, characteristic of 

THz pulse does not change. The signal detected is in the form of an electric field in time 

domain (𝐸(𝑡)) and the Fourier transformation of the pulse signal yields complex electric 

field in frequency domain (�̃�(𝜔)) [30].  

�̃�(𝜔) = ∫ 𝐸(𝑡)𝑒𝑥𝑝{−𝑖𝜔𝑡}
+∞

−∞
𝑑𝑡   (1.1) 

To extract information from THz systems, two waveforms with and without the 

sample, Esample(t) and Ereference(t), are obtained from the measurements as explained in the 

previous section. It can be seen in Fig.1.4, THz pulses passes through the sample and its 

time profile changes compared to the reference pulse which can be either a freely 

propagating pulse in air or a pulse transmitted through a medium with known properties. 
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Then, Fourier-transform is applied to get the complex amplitudes �̃�𝑠𝑎𝑚𝑝𝑙𝑒(𝜔)  and 

�̃�𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒(𝜔) in the frequency domain, respectively. For the signal transmitted through 

the sample we obtain �̃�𝑠𝑎𝑚𝑝𝑙𝑒(𝜔) = 𝐸0(𝜔)𝑡12𝑃𝑠𝑎𝑚𝑝𝑙𝑒(𝜔, 𝑑)𝑡21  where 𝑃𝑠𝑎𝑚𝑝𝑙𝑒(𝜔, 𝑑) =

exp(−𝑖
�̃�𝜔𝑑

𝑐
) is the phase accumulated by THz pulse that passes through the sample, t12 

and t21 are Fresnel transmission coefficients, E0 is the incident THz electric field, d is the 

sample thickness, c is the speed of light and �̃� is the complex refractive index of the 

sample[1, 31, 32]. If we assume that the sample is in air and normal incidence, we get 

𝑡12 =
2

1+�̃�(𝜔)
 and 𝑡21 =

2�̃�(𝜔)

1+�̃�(𝜔)
. On the other hand, reference pulse does not encounter 

with interfaces and only gain phase by propagating the distance d in air. So, we get 

𝐸𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =  𝐸0(𝜔)𝑃𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒(𝜔, 𝑑) . Then, the ratio of amplitudes �̃�𝑠𝑎𝑚𝑝𝑙𝑒(𝜔)  and 

�̃�𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒(𝜔) is given by: [1, 31, 32] 

�̃�𝑠𝑎𝑚𝑝𝑙𝑒(𝜔)

�̃�𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒(𝜔)
= |√𝑇(𝜔)|𝑒𝑥𝑝 {−𝑖 [∆∅(𝜔) −

𝜔

𝑐
𝑑]} =

4�̃�(𝜔)

[�̃�(𝜔)+1]2

𝑒𝑥𝑝{−𝑖[�̃�(𝜔)−1]
𝜔

𝑐
𝑑}

1−
[�̃�(𝜔)−1]2

[�̃�(𝜔)+1]2
𝑒𝑥𝑝[−𝑖2�̃�(𝜔)

𝜔

𝑐
𝑑]

   (1.2) 

where �̃�(𝜔) = 𝑛(𝜔) − 𝑖𝑘(𝜔)  is the complex refractive index, T (ω) is the measured 

transmittance, Δφ(ω) the intrinsic phase shift, d the thickness of the sample and c is the 

speed of light in a vacuum. Furthermore, the denominator of the exponential term is the 

contribution from Fabry-Perot resonances. 

 

Figure 1.4 THz-TDS transmission experiment with a parallel plate sample with complex 

refractive index ň. 
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1.2.1 Thin film data analysis 

Maxwell equations, derived by J.C. Maxwell in 1865, can be used to describe the 

behavior of time dependent electromagnetic fields and forms the basis to classical 

electromagnetism [33].  

𝛁.𝑫 = 𝜌   (1.3) 

𝛁.𝑩 = 0   (1.4) 

𝛁 × 𝑯 = 𝑱 +
𝜕𝑫

𝜕𝑡
  (1.5) 

𝛁 × 𝑬 +
𝜕𝑩

𝜕𝑡
= 0  (1.6) 

where D is the displacement field (𝑫 = 𝜀0𝑬 + 𝑷), B is the magnetic induction, H is the 

magnetic field (𝑯 =
1

𝜇0
𝑩 −𝑴), J is the current density, P is the electric polarization and 

M is magnetization. Furthermore, Divergence and Stokes’s Theorems can be used to 

obtain corresponding integral forms. Divergence Theorem can be applied to the Eq.1.3 

and Eq.1.4 by assuming a finite volume V and closed surface S enclosing it, da being an 

element of area on the surface and n a unit normal to the surface at da pointing outward 

from the enclosed volume to get 

∮ 𝑫. 𝒏𝑑𝑎 = ∫ 𝜌𝑑3𝑥
𝑉𝑆

  (1.7) 

∮ 𝑩. 𝒏𝑑𝑎 = 0
𝑆

   (1.8) 

Similarly, Stokes’s Theorem can be applied to Eq.1.5 and Eq.1.6 by assuming a closed 

contour C, an open surface S’ spanning it, a line element dl on the contour, da being an 

element of area on S’ and n’ a unit normal at da pointing in the direction given by the 

right hand rule to get 

∮ 𝑯. 𝑑𝒍 = ∮ [𝑱 +
𝜕𝑫

𝜕𝑡
] . 𝒏′𝑑𝑎

𝑆′𝐶
   (1.9) 
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∮ 𝑬. 𝑑𝒍 = −∮
𝜕𝑩

𝜕𝑡
. 𝒏′𝑑𝑎

𝑆′𝐶
   (1.10) 

These integral equations above can be used to work out the relationship of normal and 

tangential components of the fields at interfaces between different media.  

 

Figure 1.5 Schematic of interface between two different media 

The volume integral in Eq.1.7 and Eq.1.8 can be taken by using the infinitesimal volume 

element in Figure 1.5. When the height of the cylinder approaches to zero, contribution of 

side surface to the integration will be zero. Therefore, boundary conditions become 

(𝑫𝟐 −𝑫𝟏). 𝒏 = 𝜎        (1.11) 

(𝑩𝟐 −𝑩𝟏). 𝒏 = 0  (1.12) 

It can be interpreted as the normal component of B is continuous and normal component 

of D is equal to the surface charge density (σ) at the interface. Similarly, infinitesimal 

loop in Fig.1.1 can be used to determine integrals in Eq.1.9 and Eq.1.10 to get the 

boundary conditions  

𝒏 × (𝑬𝟐 − 𝑬𝟏) = 0  (1.13) 

𝒏 × (𝑯𝟐 −𝑯𝟏) = 𝑲  (1.14) 

V n 

C 

1 2 

E1, B1 

D1, H1 

E2, B2 

D2, H2 
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It can be understood that tangential component of E is continuous across the interface; 

however the tangential component of H is equal to the surface current density (K). 

 Reflectance of a system of layers can be obtained by introducing the 

concept of optical impedance that is analogous to the equations to the electrical 

transmission lines [34]. The idea of this method is to express tangential components of 

electric and magnetic field in terms of the ones on the other side of the film. Therefore, 

reflection and transmission of electromagnetic waves for a thin film can be represented to 

simplify the system by an equivalent transmission line circuit with characteristic 

impedances. The optical impedance of an electromagnetic wave propagating in a medium 

is given by; 

Ζ =
𝐸𝑡𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙

𝐻𝑡𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙
=

𝑍0

𝑛
  (1.15) 

where 𝑍0 = √𝜇0 𝜀0⁄ = 377Ω  is the impedance of free space, �̃� = √𝜀̃  is the complex 

refractive index and 𝜀̃is the complex permittivity of the medium. For a thin conductive 

film with complex conductivity �̃�, current density (j) induced by incident electric field 

can be expressed with Ohm’s law as 𝒋 = �̃�𝑬. If the film thickness d is much smaller than 

the skin depth δ, surface current (J) can be expressed as J = jd based on the uniform j 

assumption all over the film [35, 36]. As a result, by using Eq.1.13 and Eq.1.14, the film 

impedance can be expressed as 

𝑍𝑓𝑖𝑙𝑚 =
𝐸𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡

𝐻𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡−𝐻𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑
≈

𝐸𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡

𝐽
=

1

𝜎𝑑
 (1.16) 

Equivalent transmission line circuit of the normal incidence electromagnetic waves 

propagating through a thin film on a substrate is shown in Fig. 1.6. The conducting film 

acts as shunt impedance (Zfilm), in parallel with Zair. Both impedances are combined to 

load impedance  

1

𝑍𝐿
=

1

𝑍𝑎𝑖𝑟
+

1

𝑍𝑓𝑖𝑙𝑚
   (1.17)  
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Figure 1.6. Schematic of transmission line circuit with the impedances Zair, Zsubstrate and 

the film impedance Zfilm. Zfilm and Zair contribute to the combined load impedance ZL. 

Then, Fresnel reflection coefficient r at normal incidence can be expressed as [36] 

𝑟𝑓+𝑠 =
𝑍𝐿−𝑍𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝑍𝐿+𝑍𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
=

𝑛𝑠−1−𝑍0�̃�𝑑

𝑛𝑠+1+𝑍0�̃�𝑑
  (1.18) 

To suppress the reflection at the air-film-substrate interface, the numerator in Eq. 1.18 

has to be zero, i.e. 𝑛𝑠 − 1 − 𝑍0�̃�𝑑 = 0. Therefore, we can find the real and imaginary 

parts of the conductivity that is required to satisfy antireflection condition. 

 Similarly, Fresnel transmission coefficient at normal incidence can be 

expressed as [36] 

𝑡𝑓+𝑠 =
2𝑍𝐿

𝑍𝐿+𝑍𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
=

2𝑛𝑠

𝑛𝑠+1+𝑍0�̃�𝑑
  (1.19) 

It is worthwhile to note that equating the thin film thickness to zero yields the well-

known Fresnel equations atnormal incidence at the interface between two dielectric 

media, i.e. 𝑟𝑠 =
𝑛𝑠−1

𝑛𝑠+1
𝑎𝑛𝑑𝑡𝑠 =

2𝑛𝑠

𝑛𝑠+1
. 

To determine the complex conductivity of thin films, time dependent electric field 

of terahertz pulse transmitted through the film plus the substrate, Ef+s (t), and reference 

measurement through the substrate, Es(t), are taken. The ratio of the complex field 

Zair Zfilm 

Zsubstrate 

ZL 
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amplitude  ( )f sE  transmitted through the film plus the substrate to the complex field 

amplitude  ( )sE  transmitted only through the substrate corresponds to the ratio of the 

transmission coefficients in Eqn. 1.19 (
𝑡𝑓+𝑠

𝑡𝑠
) and yields [35, 37, 38]  

                             
�̃�𝑓+𝑠(𝜔)

�̃�𝑠(𝜔)
=

1+𝑛𝑠

1+𝑛𝑠+𝑍0�̃�(𝜔)𝑑
      (1.20) 

where ω is the angular frequency and ( )   is the complex frequency-dependent optical 

conductivity. So, the frequency-dependent real (σr()) and imaginary (σi()) components 

of the complex optical conductivity of the film can be determined by solving Eq. 1.20. 

Then, the real (n(ω)) and imaginary (κ(ω)) parts of the complex refractive index ( ( )n  ) 

can be determined from the relation between the complex dielectric constant ( ( )  ) and 

the complex conductivity through the expression [38]: 

   
2 2 ( )

( ) ( ) ( ) ( ) 1
o

n n i i
 

     


                                      (1.21) 

1.3 Structural, electronic, and optical properties of Vanadium Dioxide 

VO2 is a “smart material” which react to variations in temperature, electric field, 

pressure etc. [23, 26, 28, 29, 39, 40]. First observation of metal-insulator transition (MIT) 

in bulk vanadium dioxide crystal dates back to 1959 [22]. Compared to bulk crystals, thin 

films of VO2 are known to be more robust to stress generated due to repeated cycles of 

phase transition [41]. Therefore, thin films are better candidates for device applications. It 

can be seen in Figure 1.7 that VO2 crystallizes in rutile structure at temperatures higher 

than TC, and monoclinic structure at temperatures lower than TC [42]. It exhibits high 

optical transmittance in the insulating phase and low optical transmittance in the metallic 

phase especially within IR and THz range [43-48]. MIT is accompanied by an abrupt 

change in resistivity which is in the form of an hysteresis curve between heating and 

cooling cycles as shown in Figure 1.8, Thin films typically exhibit hysteresis widths 
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around 10 -15˚C. We observe 4 orders of magnitude change in resistivity for undoped 

VO2 film on c-sapphire substrate. The sharpness of transition, modulation amplitude 

upon MIT, and the hysteresis width upon heating and cooling are reported to be strongly 

affected by thickness of the film, crystal structure, substrate, grain size,grain boundary, 

dopant [44, 49-54]. Atomic rearrangement between hight temperature rutile phase to low 

temperature monoclinic phase are associated with changes in the electronic band 

structure [55]. Band gap of VO2 at insulating phase is reported to be 0.6-07 eV which 

collapses upon transition to metallic phase [56-58]. 

 

Figure 1.7 High-temperature tetragonal rutile and low-temperature monoclinic 

crystal structures of the VO2. Blue dots represents Vanadium atoms and red dots 

represents Oxygen atoms. [Adopted from Ref.([42])] 
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Figure 1.8 Typical resistivity-temperature hysteresis curve for VO2 thin film on 

c-sapphire during heating and cooling cycles. 

1.4 Interaction of matter and electromagnetic waves 

Propagation of electromagnetic waves inside matter can be determined by the 

complex dielectric constant 𝜀̃.  Oscillation of charges due to the electromagnetic force 

generated by incident field, can be represented as oscillators to obtain 𝜀̃. I will introduce 

the Lorentz model for determining dielectric constant of insulator and the Drude model 

for dielectric constant of conductors. 

1.4.1 Lorentz Model 

Bound electrons in insulators can be modeled by using a classical approach. Their 

oscillations in an electromagnetic field can be approximated by a damped oscillator. 

Forces acting on the system can be identified as eE as the driving force, kx as the 

restoring (spring) force and βυ where e is the electron charge, k is the spring constant, β 

is the damping coefficient and υ is the speed. Using Newton’s Second Law of motion, we 

can write Fnet=- βυ-kx-eE=ma where a is acceleration and m is the mass. Then we can 

rewrite to get 

𝑚
𝑑2𝑥(𝑡)

𝑑𝑡2
= −𝛽

𝑑𝑥(𝑡)

𝑑𝑡
− 𝑘𝑥 − 𝑒𝐸   (1.22) 
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Since the electric field is harmonic, we can assume E(t)= E0(ω)e-iωt. Then, the solution of 

the differential equation for x(t) can be in the form of x(t)=A0(ω) e-iωt where E0 and A0 are 

the complex amplitudes. We can rearrange the equation as 𝑥′′ +
𝛽

𝑚
𝑥′ +

𝑘

𝑚
𝑥 =

𝑒𝐸

𝑚
 and 

introduce damping factor as γ=β/m and resonance frequency of the simple harmonic 

oscillator as ω0
2=k/m. Inserting X(t) and and E(t) into the differential equation yields 

𝐴 = −
𝑒𝐸0

𝑚

1

𝜔0
2−𝜔2−𝑖𝛾𝜔

   (1.23) 

and 

𝑋(𝑡) =
𝑒𝐸0

𝑚

𝑒−𝑖𝜔𝑡

𝜔0
2−𝜔2−𝑖𝛾𝜔

   (1.24) 

The dipole moment of a molecule is defined as p = qx. So, dipole moment for N 

molecules per unit volume, or electric polarization is P=Np. Substituting Eq.1.24 in P, 

we can get 

𝑃 = 𝑁𝑒𝑋(𝑡) =
𝑁𝑒2𝐸0

𝑚

𝑒−𝑖𝜔𝑡

𝜔0
2−𝜔2−𝑖𝛾𝜔

=
𝜔𝑝
2

𝜔0
2−𝜔2−𝑖𝛾𝜔

𝜀0𝐸  (1.25) 

where 𝜔𝑝
2 =

𝑁𝑒𝑒

𝑚𝜀0
 is plasma frequency and ε0 is permittivity of free space. We also know 

that P=ε0χE where χ is the electric susceptibility. Equating two forms of polarizations, we 

could derive an equation for χ as 

𝜒 =
𝜔𝑝
2

𝜔0
2−𝜔2−𝑖𝛾𝜔

  (1.26) 

Then, using dielectric constant equation εr=ε/ε0= 1+ χ, we get [33, 59, 60] 

 ε𝑟 = 1 +
ω𝑝
2

𝜔0
2−𝜔2−𝑖𝛾𝜔

= 𝜀𝑟
𝑅𝑒 + 𝑖𝜀𝑟

𝐼𝑚   (1.27) 

Real and imaginary parts can be found as 
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𝜀𝑟
𝑅𝑒 = 1 +

ω𝑝
2(𝜔0

2−𝜔2)

(𝜔0
2−𝜔2)2+𝛾2𝜔2   1.28) 

𝜀𝑟
𝐼𝑚 =

ω𝑝
2𝛾𝜔

(𝜔0
2−𝜔2)2+𝛾2𝜔2

   (1.29) 

1.4.2 Drude Model 

The Drude model for conductors is slightly different than Lorentz model since the 

assumption is free electron gas oscillating in the electromagnetic field, so the electrons 

are not bound to nucleus. This means that the restoring force kx in the Lorentz model is 

zero, i.e. ω0=0. Therefore, dielectric constant becomes [33, 59, 60] 

 ε𝑟 = 1 −
ω𝑝
2

ω2+iωγ
   (1.30) 

Real and imaginary parts 

𝜀𝑟
𝑅𝑒 = 1 −

ω𝑝
2

𝜔2+𝛾2
   (1.31) 

𝜀𝑟
𝐼𝑚 =

ω𝑝
2𝛾

(𝜔2+𝛾2)𝜔
   (1.32) 

Using the Drude Model, the plasma frequency (ωp) and the momentum relaxation 

time (τ=1/γ) of the thin VO2 films can be determined by fitting the complex conductivity 

obtained from the THz transmission measurements with the Drude expression for 

conductivity. 

�̃�(𝜔) =
𝜀0𝜔𝑝

2𝜏

1−𝑖𝜔𝜏
    (1.33) 

We can use �̃�(𝜔) = √𝜀𝑟 = η − iκ to find the real and imaginary parts of the complex 

refractive index as follows; 
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η = {
1

2
(1 −

𝜔𝑝
2

𝜔2+𝛾𝑝
2) +

1

2
[(1 −

𝜔𝑝
2

𝜔2+𝛾𝑝
2)

2

+ (
𝜔𝑝
2

𝜔2+𝛾𝑝
2

𝛾𝑝

𝜔
)
2

]

1
2⁄

}

1/2

 (1.34) 

κ = {−
1

2
(1 −

𝜔𝑝
2

𝜔2+𝛾𝑝
2) +

1

2
[(1 −

𝜔𝑝
2

𝜔2+𝛾𝑝
2)

2

+ (
𝜔𝑝
2

𝜔2+𝛾𝑝
2

𝛾𝑝

𝜔
)
2

]

1
2⁄

}

1/2

 (1.34) 

The first term is negligible for both n and k compared to the second term in square root 

when plasma frequency is way higher than THz frequencies (ωp~1000 rad.THz). 

Therefore, Drude model predicts roughly same n and k values for the VO2 thin films 

investigated in this work. When we use this value in the above equations, first term 

contribution is not negligible anymore (compared to frequencies at 1 THz).  

1.4.3 Effective Medium Models 

Optical constants of VO2 can be determined during the insulator to metallic phase 

transition by applying a mixture of Lorentz and Drude models [61-66]. Effective medium 

theory has been used to describe the dependence of the dielectric constant of VO2 films 

on temperature when the metallic phase and the insulating phase coexist [25, 37, 67, 68] 

Optical response of the film yields a spectrum averaged over the whole sample, as if the 

film is homogeneous. Inhomogeneous structure of such materials can be characterized by 

an effective dielectric function εeffective. Two different effective medium models are often 

used for VO2 studies; Maxwell-Garnett theory and Bruggeman theory [67]. For 

microstructures composite layers involving isolated particles, the Maxwell-Garnett theory 

is appropriate [37]. It works best when the particle volume fraction is small. For 

microstructures with non-isolated particles that contains topologically equivalent units, 

the Bruggeman theory should be used instead [25, 68]. The Bruggeman theory may hold 

well when the volume fraction is varied from 0 to 1. 
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1.5 Sample Growth 

Vanadium dioxide films were grown on c-sapphire substrates using a pulsed 

reactive DC magnetron sputtering (J. K.Lesker PVD75) system. A high purity vanadium 

metal target (99.95%) was sputtered in an argon and oxygen gas mixture. Dr. Zhaoyang 

Fan’s group in Texas Tech Nano Tech Center deposited the films used in this work. 

Previously, growth temperature and Ar/O2 ratio were optimized by the same group [52, 

69, 70]. Growth and doping conditions for different samples studied here are explained in 

chapters 2-5. 
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CHAPTER II 

OPTICAL PROPERTIES OF TUNGSTEN-DOPED VO2 FOR 

TERAHERTZ ANALOG APPLICATIONS 

2.1 Introduction 

Vanadium dioxide (VO2) has been receiving considerable attention due to its 

prospective use as a tunable material in a variety of optical components. Tunable optical 

components are fundamental to realize smart windows, frequency selective filters, 

ultrafast switches, and spatial light modulators [20, 24, 71]. For photon energies below 

the bandgap, VO2 exhibits high optical transmittance in the insulating phase and low 

optical transmittance in the metallic phase, leading to a stark optical contrast. This is 

particularly important at terahertz (THz) frequencies where transmission amplitude 

modulation depths as large as 85% has been recently reported for thin film VO2 [72]. 

This characteristic has motivated intensive investigations of VO2 based active optical 

components for THz applications [73-75]. 

 Although considerable progress has been made using VO2 as the tunable material 

in active devices, inherent limitations prevent further development of VO2 based devices 

for analog applications. The metal-insulator phase transition temperature of undoped VO2 

(TMIT ~ 68 oC) is abrupt, with window of ~1-2 oC. This digital-like on/off abruptness is 

problematic for applications that demand analog-like operation mode such as 

continuously tunable spatial light modulators or optical switches. For thermally 

controlled active optical components, the high TMIT above ambient leads to sluggish 

device response when switching between the insulating and the metallic phases, resulting 

in slow speed operation. Thus, for ease of control and analog attributes, it is critical to 

engineer the MIT characteristics of the VO2 to achieve both lower TMIT and, most 

importantly, a large transition temperature window in which optical properties can be 

continuously tuned. 
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Chemical doping has been confirmed to be effective in modifying TMIT while 

retaining the desired contrast in electrical and optical properties exhibited by VO2. In 

addition, doping can prospectively be used to modify the response time of VO2 [76, 77].It 

has been shown that TMIT can be reduced by doping VO2 with W [53, 54, 78-85], Cu 

[86], Mo [87], Nb [88], and Fe [89], or the TMIT can be increased using Ti [54, 90] as the 

dopant. Among the dopants used to reduce the TMIT, tungsten has attracted particular 

attention. By varying the W dopant concentration over a few percent, TMIT of VO2 can be 

controlled between room temperature and 68°C [53, 54, 78-84]. This change in TMIT is 

accompanied by variations in electrical conductivity and optical properties [78, 84]. This 

is very promising for active optical components, particularly in the THz range. Although 

there have been many reports on THz studies of undoped VO2, corresponding 

investigations of W-doped VO2 remain largely unexplored [53] . In particular, we are 

aware of no reports on gradually and continuous tuning the optical properties of VO2 over 

a large temperature window at THz frequencies. 

In this work we report THz studies of W-doped VO2 thin films grown on sapphire 

substrates. We reduced the phase transition temperature to ~40 oC with a transition width 

of ~35 oC. We show that the refractive index of W-doped VO2 can be continuously tuned 

within the MIT and this allows for precise control of the transmission properties of the 

VO2 films. Both the real and the imaginary parts of the refractive index can be tuned 

from ~20 to 50 in the temperature range 35-80 oC. Changes in THz amplitude 

modulation, refractive index, and TMIT with the incorporation of tungsten dopants are 

found to correlate with variations in the electrical properties of these films. We show that 

the width and the sharpness of the MIT and the antireflection condition at THz 

frequencies of W-doped VO2 films can be controlled by varying the tungsten 

concentration. 

2.2 Experimental Details 

Undoped and W-doped VO2 films ~150 nm in thickness were prepared by 

reactive DC magnetron sputtering deposition technique on c-plane (0001) oriented 
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sapphire substrates. Sapphire is chosen as the substrate due to its high transparency in the 

THz range. One undoped, denoted as S0, and three W-doped VO2 samples, denoted as 

S1, S2, and S3, were investigated. Details of the sample fabrication can be found in [52]. 

Tungsten incorporation in the VO2 films was realized by co-sputtering a tungsten wire 

(99.95 % purity) during the film deposition. The W/V average atomic fraction was 

determined by X-ray photoelectron spectroscopy (XPS) and values of 1.47, 1.59 and 1.73 

at. % for samples S1, S2, and S3, respectively. The resistivity of each sample during the 

heating and cooling cycles was determined by van der Pauw method [52]. X-ray 

diffraction measurements (not shown here) at room temperature revealed diffraction 

patterns characteristic of the monoclinic phase for all samples investigated; this result is 

consistent with what is expected for VO2. THz transmission experiments were performed 

on the undoped and all W-doped VO2 films at normal incidence in the 0.1–1.5 THz range 

using a commercial system [72]. The samples were placed in a hollow controlled 

thermoelectric heater/cooler stage for varying the temperature. 

2.3 Results and Discussion 

2.3.1 Electrical Measurements 

Figure 2.1 shows the temperature dependent resistivity measured for each sample 

during the heating and cooling cycles. We observe a systematic decrease in TMIT and 

transition broadening with increasing W content. Sample S3 exhibits the largest deviation 

from undoped material, with TMIT ~ 40 oC during the temperature rise cycle and transition 

width of >35 oC. The significant reduction of TMIT and increased transition width 

observed for the W-doped VO2 samples shown in Fig. 2.1 are consistent with previous 

reports [53, 54, 78-85]. Variations in TMIT and width of the phase transition among the 

investigated samples are readily attributed to the tungsten concentration. Previous reports 

indicate that the transition temperature of W-doped VO2 can decrease at a rate of 22-25 

oC/at % W [79-82], with increasing tungsten content. Using the determined TMIT and W 

concentrations from XPS measurements, and including the TMIT for undoped VO2 from 

THz measurements, we determined a decrease rate of ~224 oC/at % W for the samples 
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investigated in this work. Furthermore, our results show that the resistivity of W-doped 

VO2 in the insulating (metallic) state is lower (higher) when compared to the resistivity of 

undoped VO2 in the same phase. This characteristic is expected to result in different THz 

transmission properties as we will discuss below.    

 

Figure 2.1 Temperature dependent resistivity measurements for samples S0, S1, S2, and 

S3 during the heating and cooling cycles. 

2.3.2 THz Measurements 

Figure 2.2 shows the THz transmission time waveforms and corresponding 

frequency spectra of one representative W-doped VO2 film (sample S3) obtained at 

insulator, transition and metallic states. Both the main transmitted pulse and the first 

round-trip reflected pulses at the air-VO2/sapphire interface were observed at 

temperatures below and above the MIT (see Fig. 2.2). In the insulator state the two pulses 

are in phase with each other. In the metallic state a relative phase change of  is observed 

in the reflected pulse in Fig. 2.2(a), confirming the metallic phase at high temperatures. It 

is also evident that the time waveform amplitude of S3 decreases as the VO2 film 

undergoes the phase transition from insulator to metallic state. The main THz transmitted 

pulse peak-to-peak amplitude ratio of insulator to metallic phase was determined as ~3.0 

for sample S3. Above the TMIT (at T=80 oC) we determined resistivity of 7x10-4 Ω.cm for 

sample S3. The low resistivity of sample S3 heralds elevated free-carrier concentration. 
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This, in turn, is responsible for the lower THz transmission at high temperatures (T > 

TMIT).  

 

Figure 2.2 THz transmission response of W-doped VO2/sapphire sample S3 at 

temperatures below, within and above the MIT. (a) THz time domain waveform and (b) 

corresponding frequency spectra. 

An important parameter used in switching and modulation applications is the field 

amplitude modulation depth defined as:  

 
  /low high lowMD E E E    (2.1) 

where Elow and Ehigh are the THz field amplitudes below (20 oC) and above (80 oC) TMIT. 

We determined MD=74, 64, 67, and 65% for samples S0, S1, S2, and S3, respectively. 

The observed variations in MD are attributed to differences in the resistivity of the 

investigated W-VO2 samples when compared to undoped VO2 films (see Fig. 2.1).  

We observed that the THz transmission amplitude in all investigated films (not 

shown here) is consistent below TMIT. On the other hand, when in the metallic phase the 

transmission amplitude of W-doped VO2 films is larger than that of undoped VO2 

samples. These observations are supported by the resistivity measurements shown in Fig. 

2.1. We measured resistivity of 0.20, 0.06 and 0.08 Ω.cm at the insulating state and 

7.2×10-4, 6.6×10-4 and 7.1×10-4 Ω.cm at the metallic state for samples S1, S2 and S3, 

respectively. In the case of the undoped VO2 sample, resistivity of 17.58 Ω.cm and 
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3.66×10-4 Ω.cm for T<<TMIT and T>>TMIT, respectively, were determined. Therefore, W-

doped VO2 films investigated here are more conductive at low temperatures but less 

conductive at high temperatures, when compared to undoped VO2 samples. The 

corresponding THz frequency spectra, shown in Fig. 2.2(b) for sample S3, reveal the 

characteristic Fabry–Perot resonances for temperatures below and above the TMIT. These 

are due to multiple reflections at the air-VO2/sapphire interface. The corresponding  

phase shift of the resonance peaks is also evident in these two spectra. In contrast, for 

temperatures within the MIT (44 oC shown for sample S3) the reflected pulses in the THz 

time waveform (Figs. 2.2(a)) and the resonance peaks in the THz frequency spectra (Fig. 

2.2(b)) were suppressed. This effect was previously reported for undoped VO2 films and 

it was attributed to the anti-reflecting (AR) condition which occurs at a specific electrical 

resistivity of the film as the temperature is varied [72]. This result confirms that thin W-

doped VO2 films can also function as an AR coating material at THz frequencies, but at 

much lower temperatures.   

THz digital switching and modulation applications require sharp MIT and this can 

be achieved with undoped VO2 films [43, 47]. However, THz analog modulation and AR 

coating applications require broader and less abrupt MIT where the amplitude can be 

tuned over a wide range of temperatures. This can be realized with W-doped VO2 which 

reduces the TMIT and concurrently broadens the phase transition. This allows for precise 

control of the electrical and optical properties of VO2 for THz optical device applications. 

To explore this attribute, we show in Fig. 2.3 the temperature-dependent THz transmitted 

field amplitude normalized to that of the bare sapphire substrate for samples S0, S1, S2, 

and S3. The expected thermal hysteresis loop is observed for all four cases. For samples 

S0, S1, S2, and S3 we determined, respectively, TMIT=75.5, 60.3, 56.1, and 41.1 oC from 

Fig. 2.3 (during the heating cycle). The TMIT values for W-doped samples are 

considerably lower than that obtained for undoped VO2. It is evident from the THz data 

shown in Fig. 2.3 that the tungsten incorporation into the VO2 films changes considerably 

the phase transition properties, in good agreement with the observed temperature 

dependent resistivity results shown in Fig. 2.1. For instance, the THz transmission 
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amplitude of sample S3 varies across the 30 to 65 oC range. This range is over an order of 

magnitude broader than that observed using THz measurements for the undoped VO2 

during the MIT.  

 

Figure 2.3 Normalized THz transmission amplitude ratio (symbols) as a function of 

temperature for samples S0, S1, S2, and S3. Simulated THz amplitude ratio (solid line) 

using Eq. (3.2) and measured DC resistivity for each sample. 

The optical constants of W-doped VO2 can be determined from the changes in 

THz relative amplitude with the temperature. The ratio of the complex field amplitude 

 ( )f sE 
transmitted through the film plus the substrate to the complex field amplitude 

 ( )sE  transmitted only through the sapphire substrate (without the VO2 layer) varies 

inversely with the complex frequency-dependent optical conductivity ( ( )  ) using the 

expression [35, 37, 38]: 

                             
( ) 1

( ) 1 ( )

f s s

s s o f

E n

E n z t



  

 


 
                   (2.2) 

where ω is the angular frequency, tf is the film thickness (tf ~150 nm), z0 is the free space 

impedance, and ns (~ 3.0) is the refractive index of the sapphire substrate. The THz 

amplitude ratio ( ) / ( )f s sE E   
can be simulated using Eq. (3.2) and assuming the VO2 
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conductivity is approximated by the DC (real part) σr
DC , taken as the reciprocal of the 

measured resistivity in Fig. 2.1. Figure 2.3 shows simulated ( ) / ( )f s sE E 
 as a 

function of temperature for the three investigated W-doped VO2 samples. Good 

agreement between simulations and experiment is evident from Fig. 2.3.  

 

Figure 2.4 (a) THz frequency-dependent complex optical conductivity and (b) 

refractive index in the metallic state (T=80 oC) for sample S3. 

The frequency-dependent real (σr()) and imaginary (σi()) components of the 

complex optical conductivity of W-doped VO2 films can be determined by solving Eq. 

(2.2). In this case, both amplitude and phase of the ratio ( ) / ( )f s sE E  were taken into 

consideration. Figure 2.4(a) shows representative σr() and σi() in the metallic phase for 

samples S3 at T = 80 oC. As shown in Fig. 2.4(a), σr() and σi() do not change 

significantly over the investigated THz frequency range. For samples S0, S1, S2, and S3 

we determined average σr values of ∼2.4×103, ∼1.5×103, ∼1.7×103, and ∼1.5×103 

Ω−1cm−1, respectively. In the metallic phase. These values are in good agreement with 

conductivities obtained from the DC resistivity measurements. 

The complex conductivity of W-doped VO2 films in the metallic phase can be 

described by the Drude model [7]. We determined the plasma frequency (ωp) and the 

momentum relaxation time (τ) of the investigated samples by fitting the complex 

conductivity obtained in Fig. 2.4(a) with the Drude expression [35, 37, 38] : 
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where, ε0 is the vacuum permittivity. The fitting results are also shown in Fig. 2.4(a). 

From the fittings we determined ωp = 1569, 1023, 1212, 933 rad·THz and τ = 11, 14, 11, 

18 fs for samples S0, S1, S2, and S3, respectively. 

 

Figure 2.5 Temperature dependent THz refractive index for saple S3 during heating and 

cooling cycles at f=0.5 THz. 

The real (n(ω)) and imaginary (κ(ω)) parts of the complex refractive index ( ( )n  ) 

can now be determined from the relation between the complex dielectric constant ( ( )  ) 

and the complex conductivity ( ( )  ) through the expression [38]: 

     
2 2 ( )

( ) ( ) ( ) ( ) 1
o

n n i i
 

     


                                 (2.4) 

Using the results shown in Fig. 2.4(a), we determined the frequency-dependent 

real and imaginary parts of the complex refractive index (in the metallic phase), n(ω) and 

κ(ω), respectively. Figure 2.5(b) shows the results for sample S3. Similar to undoped 

VO2 films, the large dependence of n and  with frequency is characteristic of the 

metallic behavior of both films at high temperatures [72]. The refractive indexes of 
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samples S1 and S2 (not shown here) are essentially identical to that shown for sample S3 

since all three samples have comparable resistivities for T >> TMIT (see Fig. 2.1). 

 As mentioned earlier, THz analog modulation applications would require VO2 

based devices with broad phase transition temperature widths and low TMIT to allow 

precise control of the optical properties within the MIT. The results shown in Figs. 2.1 

and 2.3 suggest that W-doped VO2 films with characteristics similar to that of sample S3 

meet these requirements. To verify this premise we show in Fig. 2.5 the temperature 

dependence of the real and imaginary parts of the refractive index (at f=0.5 THz) during 

heating and cooling cycles for sample S3. Both real and imaginary parts of the refractive 

index varied from ~20-50 when the temperature ranged from 35 to 80 oC.  The striking 

feature of Fig. 2.5 is the large variation of both n and κ over a wide range of temperatures 

when compared to the abrupt phase transitions typically observed for undoped VO2 films. 

This further confirms the potential of W-doped VO2 films to realize analog devices 

operating at THz frequencies.  

2.4 Conclusion 

We have studied the temperature dependence of THz transmission properties for 

W-doped VO2/sapphire with varying tungsten content. Our results reveal that the 

incorporation of W into the VO2 significantly alters the THz optical properties of the 

investigated samples. THz optical characteristics of W-doped VO2 films were determined 

and the results are found to correlate with the temperature dependence of the electrical 

resistivity of the same samples across the phase transition. Characteristic metal-insulator 

temperature and phase transition width of ~ 40 and 35 oC, respectively, were determined 

for the doped VO2 sample with the highest W content. We show that the refractive index 

of W-doped VO2 can exhibit large variations and can be continuously tuned. This tuning 

facilitates precise control of the transmission properties of the VO2 films to realize future 

active THz optical devices for analog applications. 
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CHAPTER III 

OPTICAL PROPERTIES OF HYDROGEN-DOPED VO2 IN THE 

TERAHERTZ REGIME 

 

3.1 Introduction 

Terahertz waves are one of the effective, non-destructive characterization tools in 

spectroscopy. However, Fabry-Perot resonance, which are caused by multiple reflections 

of THz pulse from substrate/film interface, will lead to undesirable frequency and 

incident angle-dependent characteristics in thin-film devices. This resonance effect may 

considerably impair the performance of THz of systems. Therefore, efficient removal of 

these reflections is needed to suppress Fabry-Perot resonance. Traditional anti-reflection 

(AR) methods would require multiple layers with total thickness in the order of THz 

wavelength, i.e. 300 micron. [91, 92]. Nanometer scale thin metallic films with finely 

adjusted thickness to control film conductivity were also demonstrated potential for THz 

AR coating [35, 93]. In principle, Fabry-Perot resonances can be eliminated by using thin 

films whose electrical conductivity matches the critical conductivity. Recently, it was 

reported that VO2 thin films can be used to as AR coating by tuning its conductivity with 

temperature[72]. However, it’s not practical for many applications, since it involves 

precise control of the sample temperature during the MIT to achieve the required 

conductivity. Therefore, eliminating the need of troublesome temperature control is of 

critical importance. In order to estimate the conductivity of the VO2 thin film to suppress 

Fabry-Perot resonances at THz frequencies, we use wave propagation impedance 

approach. Frequency dependent amplitude reflection coefficient r() can be expressed as 

[35]: 

𝑟(𝜔) =
𝑛𝑠−1−𝑍0�̃�(𝜔)𝑡𝑓

𝑛𝑠+1+𝑍0�̃�(𝜔)𝑡𝑓
    (3.1) 
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where �̃�(𝜔) is the complex conductivity, ns is the substrate refractive index, Zo is the free 

space impedance and tf is the films thickness. The ideal AR condition ( ) can be 

obtained by setting r() =0 in Eq. (3.1).  

As already mentioned in the previous chapters, properties of VO2 thin films can 

be controlled by doping, growth temperature and oxygen flow rate [44, 69, 94, 95]. 

Furthermore, incorporation of the electron donor hydrogen was also reported to be 

effective in reducing the transition temperature of VO2 [96]. Hydrogen spillover 

technique was demonstrated to be an effective method to change the electrical resistivity 

and MIT characteristics of VO2 powder and nano-beams [97, 98]. Here, room 

temperature electrical conductivity of VO2 thin films were tuned by the hydrogen 

spillover approach for doping with hydrogen. We find that hydrogen doping permits the 

formation of stable R-phase VO2 at room temperature (RT) and demonstrate a viable 

approach to suppress Fabry-Perot reflections. 

3.2 Experimental Details 

Firstly, ~120 nm VO2 thin films wafer was grown on c-plane sapphire substrate as 

described before. Au nano-particles were sparsely deposited onto films surface by e-beam 

evaporation to serve as catalyst. Then the VO2 wafer was diced into several 1  1 cm 

square pieces, which were loaded into a quartz boat and transferred into furnace (MTI 

GSL1500X) tube. The samples were annealed in hydrogen ambient for 20 minutes with 

H2 flow rate of 100 sccm and a total pressure of 50 Torr. A series of process temperature 

(TP) values from 100 oC to 300 oC were chosen for hydrogen spillover to determine the 

optimum temperature to achieve expected . The annealed samples were cooled down 

to room temperature in H2 atmosphere and then unloaded and exposed to air for overnight. 

Van der Pauw method was used to measure temperature dependent resistivity (R-T) 

curves and terahertz time-domain spectroscopy (THz-TDS) was employed to measure the 

antireflection performance of samples in the transmission configuration at normal 

incidence. High-resolution X-ray diffraction (XRD) scans were conducted using a Philips 

AR



AR
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X’pert diffractometer (Cu K-1radiation source with  0.154056 Å) to unveil 

composition and structural change resulted by hydrogen process. THz transmission 

experiments and XRD measurements on non-hydrogenated Au-coated VO2 films revealed 

similar phase transition characteristics to those observed for uncoated and undoped 

VO2 films.  

3.3 Results and Discussion 

3.3.1 Electrical Measurements 

Change in room temperature conductivity of the VO2 films starts to appear upon 

hydrogen processing above 100 °C. Up to 160 °C, the film conductivity decreases with 

increasing hydrogen processing temperature. However, rise in RT conductivity stops for 

processing temperatures above 160 °C. We focus on three samples. S1 is the as-grown 

VO2 thin film without any hydrogen processing. Gold-coated S2 and S3 were processed 

in hydrogen at temperatures 135 °C and 160 °C, respectively. The temperature dependent 

resistivity curves for heating and cooling cycles for all three samples were plotted in 

Figure 3.1. Insulating state resistivity of S1 at room temperature is ∼20.0 Ω cm and it 

drops to a resistivity of ∼4 × 10−4 Ω cm upon transitioning into to metallic state at 

temperatures beyond 83 °C. After doping with hydrogen at 135 °C, RT resistivity 

dramatically decreases and S2 experiences a reduction of nearly four orders of magnitude 

when compared with the unprocessed sample and drops to a value of 2.50 × 10−3 Ω cm 

S1. On the other hand, at high temperatures at the metallic state, the resistivity of S1 and 

S2 are comparable. So, the 135 °C hydrogen processing quenches the contrast across the 

MIT to less than one order of magnitude. It is also worth noting that the phase transition 

temperatures are significantly lower, and the hysteresis window is greater than the 

unprocessed VO2. When the sample (S3) is processed at 160 °C, room temperature 

resistivity value of it was close to those measured for VO2 films in the metallic state. In 

other words, S3 does not show any evidence of phase transition, so it is in the metallic 

phase in the temperature range of our measurement as show in Fig. 3.1. 
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Figure 3.1 Temperature dependent resistivity curves for S1-S3.  The dashed straight line 

corresponds the required resistivity to achieve AR condition. 

3.3.2 THz Measurements 

The ideal AR condition is obtained by setting r() =0 in Eq.3.1. We calculated the 

required resistivity to suppress the resonances for VO2 films to be ∼2.41 × 10−3 Ω · cm, 

given d ∼ 120 nm, nS ∼ 3.0 (at 1 THz). This resistivity value is accomplished with S2 at 

room temperature as shown in Fig. 3.1. To verify this claim, room temperature THz 

transmission profiles of S1-S3 are shown in Fig. 3.2 In time domain spectrum (Fig. 3.2 

(a)), THz waveforms consist of the main transmitted pulse followed by a second low 

intensity pulse delayed by ∼8.5 ps from the first pulse that result from multiple 

reflections at the substrate∕VO2 film interface. The reflected pulse from the interface is 

pronounced for both S1 and S3. The second pulse observed in S1 is in-phase with the 

main transmitted one confirming the insulating phase. On the other hand, the reflected 

pulse in S3 spectrum exhibits a π phase shift with respect to the main pulse confirming 

the metallic state of the VO2 film. As expected, reflection from the sapphire/VO2 

interface are successfully suppressed for S2 so that the second pulse has negligible 

amplitude. This result shows that critical conductivity to get AR condition can be 

achieved at RT with hydrogenated VO2/sapphire films. Amplitude ratios between the 

second to the main pulse are determined as 4.4%, 28.6%, and 38.5% for S2, S1, and S3, 

respectively. 
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Figure 3.2 THz transmission (a) time domain and (b) corresponding frequency domain 

spectra of S1-S3 at room temperature 

Figure 3.2 (b) shows the corresponding frequency spectra of S1-S3 obtained by 

applying Fourier transformation to the time domain spectra shown in Figure 3.2 (a). As 

expected, well-defined frequency dependent resonances are present for both S1 and S3, 

while S2 shows a smooth dependence confirming that the anti-reflection condition is 

achieved at RT.  

As it can be seen from the resistivity curve in Figure 3.1, AR condition can be 

also satisfied for S1 by finely tuning its temperature within the MIT. However, because 

of the sharp resistivity change during phase transition, it will be difficult to control. Slight 

temperature variations within the MIT will result in rapid deviations from the AR 

condition. It is also evident from Fig.3.1 that the resistivity of S2 does not vary much at 

around room temperature. Therefore, slight temperature variations will not cause 
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significant deviations from the AR condition for S2. To validate this point, Fig. 

3.3 present THz time waveform for S2 at temperatures near the AR condition, i.e. near 

RT. Amplitude ratios between the second pulse to the main are determined as 5.8%, 

4.2%, 3.7%, and 7.4%, for temperatures of 20 °C, 25 °C, 35  °C, and 45  °C, respectively. 

The results clearly demonstrate that hydrogen-doped VO2 films can be used to achieve 

the desired antireflection at RT for THz optics applications. 

 

Figure 3.3 THz transmission time domain response of S2 samples at varied ambient 

temperature. 

3.4 Conclusion 

Here, we reported the results of post-growth hydrogen spillover method to tune 

the electrical resistivity of ~120 nm VO2 thin films that grown on c-plane sapphire by 

reactive sputtering. By adjusting the hydrogen spillover process temperature, RT 

electrical resistivity of VO2 thin films was effectively tuned more than four orders of 

magnitude, namely from insulating state to metallic state. Phase transition temperature of 

VO2 can be reduced by hydrogen doping which yields a stabilized metallic phase at room 

temperature. By controlling the doping concentration, the desired AR condition resistivity 

can be achieved to suppress Fabry-Perot resonances at THz frequencies. We expect that 

the hydrogen doping method will be a useful technique to realize optical components for 

THz applications such as ultrafast switches, filters, modulators and beam splitters.  



Texas Tech University, Gülten Karaoğlan-Bebek, May 2016 
 
 

34 
 

CHAPTER IV 

GIRES-TOURNOIS ETALON AT TERAHERTZ FREQUENCIES 

 

4.1 Introduction 

Fabry–Perot etalons have been used in a broad range of applications which 

include lasers, interferometers, optical spectrum analyzers, filters, and sensors. Etalons 

have been demonstrated that are operating at different regions of the electromagnetic 

spectrum, spanning from X-rays to millimeter waves. Typical etalons consist of two 

spaced parallel surfaces, flat or curved, with identical reflectivity on both facets. Most 

etalons have been used in the visible and near infrared (IR) spectral regions. More 

recently Fabry–Perot etalons have been also realized to manipulate terahertz (THz) 

radiation using silicon and indium-tin-oxide structures, photonic crystals, and 

metastructures on highly resistivity silicon [99-103]. However, all those approaches 

require specific sample preparation or external optical pumping making its practical 

implementation relatively more complex.  

Gires-Tournois Etalon (GTE) is a special case of asymmetric Fabry-Perot etalon 

which operates only in the reflection configuration. Similar to conventional etalons, 

GTEs consist of two spaced parallel surfaces but with distinct facet reflectivity. One of 

the GTE surfaces is a 100% reflectivity mirror. GTEs have been used as reflectors, 

modulators, and filters [104-106]. GTEs have been also used for manipulating optical 

laser pulse that drives the THz generation [107, 108].  To the best of our knowledge, all 

reports to date demonstrated control of the generation mechanism rather than shaping of 

the THz radiation itself by using GTE’s. 

THz GTEs can be particularly important for cavity enhanced spectroscopy 

applications to detect gases, and traces of biological or chemical elements, including 

drugs and explosives, which specific signatures lies within the THz region [109, 110]. 

For those applications, typical broadband THz sources may not be suitable. For instance, 
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using a narrowband THz source, selected vibrational modes of a specific molecule can be 

excited without the influence of other modes. In addition, increased resonator time 

roundtrips (or long effective optical path lengths) are important for efficient nonlinear 

interactions. The multiple pass of the THz radiation inside a GTE significantly increases 

the absorption by the material under investigation and low concentrations can be 

prospectively detected by changes in the resonant frequencies of the resonator. Also, 

GTEs can be potentially used for THz pulse amplification and realization of THz lasers 

[111, 112]. The performance of GTEs strongly depends on the material comprising the 

resonator as well as on the facet reflectivity of the devices.  

In this work, we demonstrate GTE based on vanadium dioxide (VO2) on sapphire 

substrate at grazing incidence reflection geometry to obtain THz pulse trains which 

properties can be dynamically controlled by changing the thickness of the substrate and 

the refractive index of the VO2 film with temperature. The proposed GTE dispenses the 

need of any patterning, external optical pumping, and resonator mechanical alignment. 

GTEs can act as narrow band pass or band stop filters for specific frequencies without the 

need of time consuming alignment procedures. Multiple reflections between the VO2 

layer and gold layers yield a significant change of the transmission in the specific 

frequency windows. We report THz a GTE with Q-factor ~90, finesse ~5 and free 

spectral range FSR=60 GHz in the terahertz frequency region.  

4.2 Experimental Details 

VO2 films ~120 nm thick were prepared on ~450 μm thick c-plane sapphire 

substrates as described above. The optical properties of VO2 vary significantly upon 

phase transition, enabling applications such as tunable optoelectronic materials, 

modulators, and switches at THz frequencies. The ability to control its optical properties 

during the phase transition makes VO2 also an attractive material to be used in GTE 

applications. The GTE comprises a sapphire substrate with VO2 deposited in one side 

while the back side of the substrate was brought into contact with ~100 nm thick gold 

(Au) layer deposited on the top of another sapphire substrate which serves as the bottom 
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mirror. The Au/sapphire substrate can also be substituted by a polished aluminum (Al) 

holder. The schematic illustration of the proposed THz GTE in the reflection 

configuration is shown in Fig. 4.1. The THz beam impinges the GTE at a nearly grazing 

incidence (~85-87° angle with respect to the surface normal), i.e. the reflected beam is 

detected using horizontally polarized THz beam. Due to the large incidence angle, the 

reflectivity of the top surface of the GTE is high (>90%) due to Fresnel reflections, even 

when the VO2 film is at the insulating state. As a result, multiple reflections occur 

between the two parallel surfaces formed by the Au and the VO2 layers within the low 

absorption sapphire substrate. In the experiments described here, only the reflected THz 

beam from the GTE is detected since the direct transmitted beam is either blocked by the 

Al holder or absorbed by inside the sapphire substrate which width and length is ~1-2 cm 

(see Fig. 4.1). The samples were placed over a controlled thermoelectric heater/cooler 

(TEC) stage for varying the temperature. The experimental results were compared with 

simulations using CST Microwave Studio (CST MWS) three-dimensional 

electromagnetic field solver. In all simulations, we used ε=9.9 for the dielectric constant 

of the sapphire substrate and loss tangent tan(δ)= 0.005. All simulations were normalized 

to the THz system response without any sample and in the air. 

 

Figure 4.1 Schematic illustration (not to scale) of the proposed GTE with ~100 

nm thick gold (Au), ~900 μm thick sapphire, and ~150 nm thick VO2. 
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4.3 Results and Discussion 

Figures 4.2(a) shows THz time waveforms reflected by the GTE for 900 μm thick 

sapphire substrates at room temperature. Multiple reflections of the THz beam between 

the Au and VO2 layers lead to well pronounced Fabry–Perot echo pulses in the time 

domain. The time delay (∆) between adjacent pulses in the THz time waveform can be 

varied by changing the thickness (d) of the GTE. ∆=17.0 ps were determined for d=900 

μm thick substrate. This value is in good agreement with calculated pulse delay which 

can be expressed as ∆𝜏 = 2𝑛𝑑 cos(𝜃𝑡)/𝑐, where n is the refractive index of the sapphire 

substrate, θt is the transmitted angle inside the sapphire substrate, and c is the speed of 

light in vacuum. At room temperature, the refractive indexes of the VO2 film and the 

sapphire substrate are essentially identical and the VO2 has almost no influence on the 

resonances of the GTE. The THz transmission spectra of the sapphire substrate and the 

VO2/sapphire are basically identical when the VO2 is at the insulator state [72]. However, 

the electro-optic properties of VO2 vary considerably with increasing temperature (T), 

and in this case the GTE characteristics will be affected by the VO2 film as we will 

discuss in detail later. The corresponding frequency spectra of the time waveform in Fig. 

4.2(a) is shown in Fig. 4.2(b). Similar to the time waveforms, varying the thickness of the 

sapphire substrate will result in changes in the separation between adjacent THz resonant 

frequencies of the GTE. The frequency spectra of the GTE consisted of a series of 

equally spaced resonances, the free-spectral range (FSR), over the measured THz 

frequency span. We determined FSR=0.06 THz for the GTE. This is again in good 

agreement with the calculated value given by FSR=1/. In order to verify the results 

shown in Fig. 4.2 we performed THz reflectivity simulations. Figure 4.3 shows a 

comparison between simulated and measured THz spectra for the GTE at i~85° at T=25o 

C temperature. Excellent overall agreement between measured and simulated THz 

frequency spectra is evident from the figure. Very closed spaced resonance frequency 

dips can be achieved by increasing the sapphire thickness. 
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Figure 4.2 THz time-waveforms (a) and corresponding THz frequency spectra (b) for the 

GTE with with d=900 μm. Measurements were carried out at i~85° and T=25o C. 

In addition to the FSR, two other parameters are frequently used to characterize 

the performance of GTEs: the finesse (F) and the quality factor (Q-factor) [113, 114]. 

The finesse is used as a measure of the resolution of an etalon and it is defined as the 

ratio between the FSR and the width of a band-pass or band-stop resonance, i.e. 

F=FSR/∆f.  The Q-factor is a measure of how quickly energy of an optical beam 

diminishes inside the resonator and it can be defined as Q=f0Trt2π/ where  is the 

fractional power loss per round trip and Trt is the round-trip time [114]. Therefore, high 

Q-factors are associated with low-loss resonators so the oscillations die out slowly. The 

Q-factor of a resonator can be also expressed as Q=f0/∆f where f0 is the resonance center 

frequency and ∆f is the full width at half-maximum (FWHM) bandwidth of the 

resonance. The higher the Q-factor of the GTE the narrower the bandwidth. For instance, 

for the GTE with d=900 μm, T=25 oC, fo= 0.94 THz, f~11 GHz, and FSR= 59 GHz we 
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determined Q-factor=90 and F=5. In comparison, at lower frequencies, for instance at 

0.32 THz at 25 C, the reflection minimum is with a bandwidth of 12 GHz (Q =30). The 

corresponding Q-factor of our filter decreases with increasing frequency from about 90 

(at 940 GHz) to about 30 (at 320 GHz) at room temperature and i~85° grazing angle. 

 

Figure 4.3 Simulated and measured THz reflectivity of the GTE for i ~85° and T=25oC 

In order to further explore the characteristics of the proposed GTE we simulated 

the THz frequency reflectivity at different incident beam angles. Figure 4.4 shows 

simulated reflectivity spectra of GTE with d=900 μm at i=0° (a), 40° (b), and 85° (c). 

The separation between the resonance dips is slightly different for each incident angle 

due to changes in the optical path inside the sapphire substrates. The increase in THz 

beam incident angle results in increased Fresnel reflections at low frequencies and 

therefore into more pronounced resonances. On the other hand, normal incidence yield 

better resonances at higher frequencies. Simulations yield a frequency comb like 

spectrum where you can change the peak of the envelope by changing the angle or 

absorption (i.e. optical path) of the cavity medium. This reconfigurable feature of the 

proposed GTE is particularly important for sensing applications where adjusting the 

resonant frequencies according to need is very desirable. 
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Figure 4.4 Simulated THz reflectivity spectra of the GTE for  i =0o (a), i =40o (b) and 

i =85° (c) at insulator state. 

The electrical and optical properties of the VO2 layer strongly depend on the 

temperature and this is more particularly pronounced during the phase transition [22, 25]. 

We show in Fig. 4.5 measured THz reflectivity spectra of the GTE at temperatures 

below, during, and above the VO2 phase transition. The conductivity of the VO2 film 

increases with the temperature, and therefore it becomes a good reflector when it is in 

metallic state and less light can enter into the cavity. As a result, THz beams dies out 

quickly before making fewer bounces within the cavity compared to room temperature 

and mid-state VO2. So the amplitude of the fringes are at their minimum when VO2 is 

metallic. As it can be seen in the figure, deepest peak point of the resonance envelope 

redshifts with increasing temperature between semiconductor to conducting phase. In 

addition, there is almost no frequency shift of the fringes with increasing temperature 

which indicates that expansion of sapphire is negligible in the frequency resolution that 

our system allows.  Therefore, by using a VO2 film on the top of the structure (no need of 

patterning or alignment), resonant frequencies can be adjusted to fit different applications 

without changing the structure but varying the temperature of the VO2. 
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Figure 4.5 Terahertz frequency-domain spectra of temperature dependent measurements 

of the GTE at ~85° incidence angle. 

Fig. 4.6 shows simulated THz spectra of the GTE for different values of VO2 film 

refractive index. It is also evident from simulations that as the VO2 film becomes 

metallic, it decreases the efficiency of the etalon. Therefore, to improve the efficiency of 

the etalon, we must reduce the Fresnel losses on the input VO2 surface. Furthermore, it is 

also important to increase the reflectivity of both end reflectors in the etalon. To achieve 

that, we can make use of reversible phase transition property of VO2.  We can start when 

the VO2 is in the insulating phase and transparent to THz pulses so that we can 

significantly reduce Fresnel reflection losses. Then, THz pulse propagates inside the 

cavity and arrives to the gold layer where almost all of the THz pulse is reflected back. 

Before the reflected THz pulse arrives at the VO2 layer again, we can trigger the phase 

transition of VO2 to metallic state by optically or electrically, therefore most of the THz 

beam will be reflected back inside the cavity since VO2 becomes more reflective and 

some of it will be transmitted out. We can control switching time of VO2 so that it will be 

longer than the round-trip time of the THz pulse in the etalon. Also, switching frequency 

and THz pulses should be out of phase so that we can increase coupling efficiency and Q-

factor at the same time. Therefore, we can increase the efficiency by trapping more of the 
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THz pulse in the etalon cavity. Moreover, as the reflectivity of the VO2 increase with 

temperature, the reflection peaks show lower amplitudes since less light can enter the 

cavity due to higher reflectivity. 

 

Figure 4.6 Terahertz frequency-domain spectra of conductivity dependent simulations of 

the GTE at ~85° incidence angle. 

4.4 Conclusion 

We presented an easy method to realize high efficiency terahertz Gires-Tournois 

etalon. This etalon can be constructed easily without the need of a sophisticated 

fabrication procedure. Etalon is composed of a gold layer, sapphire cavity and VO2 film. 

Properties of the etalon can be varied by using different thickness of the substrate. 

Because of the multiple reflections inside the etalon, increased interaction of light and 

matter make it possible to realize high resolution sensing applications or THz pulse 

amplification applications. It can be further improved by making use of the phase 

transition property of VO2 which will reduce Fresnel losses and improve Q-factor of the 

etalon cavity.  
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CHAPTER V 

DOUBLE SIDE VO2 FOR SWITCHING APPLICATIONS 

 

5.1 Introduction 

In contrast to analog applications, VO2 MIT digital (or abrupt) modulation for IR 

and THz has important applications in communication, imaging, and spectroscopy. 

Above 50% change in optical transmission during the phase transition has been observed 

at THz and IR frequencies [28, 44-46, 72]. Optical switches operating in the THz region 

has been investigated but modulation performance of bare VO2 films has been relatively 

limited. The fabrication of nanoresonators in thin gold layers or micro-heaters on VO2 

films has been reported to enhance modulation depth. [115-117]. Unlike many other 

optical switches fabricated using materials other than VO2, switching speed is only 

limited by the kinetics of the phase transition. It has been reported that VO2 films has 

reasonably fast switching times of less than a few picoseconds between the 

semiconducting and metallic states when pumped with ultrafast pulsed lasers [26, 45, 

118].  

We investigated the optical transmission of VO2 /sapphire/VO2 structure which 

MIT was thermally triggered at THz frequencies and for both thermally and optically 

triggered by pump–probe technique in the IR range. We also performed finite element 

analysis to solve the heat equation using a commercial simulation package (COMSOL 

MultiphysicsTM - Heat Transfer module). Our results revealed that modulation depth of 

the VO2 /sapphire/VO2 structure during the MIT is significantly enhanced when using 

double side grown films compared to single side film. Abrupt phase transition has also 

been observed especially in the IR range. Our results suggest that double layer structures 

are better choices for switching applications when compared to single-side VO2 layers. 

We achieved modulation depth as large as MD= 92% without the need of any surface 

patterning or external modulation source. 
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5.2 Experimental Details 

IR measurements were carried out by combining a continuous wave c-mount 

diode pump laser emitting at 980 nm wavelength with a ~5 mm spot diameter and a low-

power pulsed fiber laser emitting at 1.56 μm wavelength as the probe beam as shown in 

Figure 5.1. The probe laser was expanded to ~10 mm beam diameter. The pump laser 

beam triggers the VO2 phase transition, i.e. switching from the transmitting 

semiconductor state to the reflecting metallic state.  

 

Figure 5.1 Schematic of IR transmission pump-probe set up. 

5.3 Results and discussion 

5.3.1 THz Measurements 

In order to illustrate the effect of single and double VO2 layers deposited on 

sapphire substrates, in the metallic state, we show in Fig. 5.2 the simulated THz 

transmission, using the transfer matrix method [119], of bare sapphire substrate (250 m 

thick), VO2/sapphire and VO2/sapphire/VO2. In these simulations we neglected the 

absorption in the sapphire substrate. In the case of the single layer we have used 240 nm 

thick for the VO2 film while for the double layer we have used 120 nm thick for each 

VO2 film. There is a significant difference in THz transmission between single side and 
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double side grown films. Average THz transmission is almost 1.5 times larger for single 

side film when compared to the double side film of the same total thickness when 

transmission is normalized with respect to sapphire transmission spectrum. As discussed 

in Chapter IV, the difference in the transmission spectra is due to the etalon effects 

caused by multiple reflections in the substrate. When VO2 is in the metallic state, the 

resonances become sharper for double side grown films since it yields two partial 

reflectors compared to one reflector in the case of single side grown film. Therefore, 

double side grown films yields better extinction ratio between metallic and insulator 

states when compared to single side film. 

 

Figure 5.2 Simulated THz transmission in the range between 0.1-2 THz using transfer 

matrix for VO2 films on each side of the sapphire substrate, VO2 film only on single side 

of the substrate and substrate only. 

To verify this claim, THz transmission measurements were performed. Figure 5.3 

(a) and (d) shows time domain THz transmission pulses of single side and  double side 

through at temperatures below, within and above the MIT and in Figure 5.3 (b) and (e) 

shows corresponding frequency domain spectra that are obtained from Fourier 

transformation of time domain spectra. It can be seen from the time domain spectra that 

the signal amplitudes decrease as the VO2 films undergo a phase transition from insulator 
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to metallic state at different temperatures for all samples. Time domain spectra include 

both transmitted main pulse and the reflected pulse from the VO2/sapphire interface. 

Furthermore, we observe π phase shift of the reflected pulse in the time domain for single 

side VO2 films with respect to the main pulse above transition temperature, which is a 

characteristic of a reflection from an interface to an optically denser medium than the 

incident medium. However, no phase shift of the reflected pulse in the time domain is 

observed for double side VO2 films with respect to the main pulse above transition 

temperature since the pulse is reflected two times from the VO2/sapphire interface and 

yield 2π phase shift. 

 

Figure 5.3 THz transmission responses of VO2 films with different growth 

temperatures at low temperature (insulator), high temperature (conductor) and at a 

temperature close to calculated transition temperatures. (a) THz time domain spectra of 

single side VO2 film and (b) corresponding frequency domain spectra (c) Dots are THz 

field amplitude transmission normalized to sapphire substrate for single side VO2 film as 

a function of temperature and solid lines are to guide the eyes (d) THz time domain 

spectra of double side VO2 film and (e) corresponding frequency domain spectra (f) Dots 

are THz field amplitude transmission normalized to sapphire substrate for double side 

VO2 film as a function of temperature and solid lines are to guide the eyes 
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 Fabry–Perot resonances due to the reflection from VO2/sapphire interface are 

present in the frequency domain spectra at low (<TMIT) temperature and at high (>TMIT) 

temperatures for all samples. Moreover, for single side grown sample, maxima and 

minima interference peaks are shifted by π radians as the film goes into transition, 

however, for double side grown sample the peak shift is not observed. THz transmission 

peak to peak amplitudes through the samples in their temperature range from insulator to 

metallic state can be seen in Fig.5.3 (c) for single side and in (f) for double side, 

respectively. The beam is transmitted when the film is in its semiconducting state and 

reflected when it is switched to its metallic state. Typical thermal hysteresis loop has 

been observed for both single side and double side samples. Transition temperatures TMIT 

= 84 ˚C for single side film and TMIT = 82 ˚C for double side film for heating cycles are 

obtained on the temperature up-stroke. Hysteresis loop for both samples shows that the 

transition is abrupt, spanning only a few degrees. Field modulation depths (MD) are 

calculated by using the following equation  𝑀𝐷(%) =
𝐸𝑙𝑜𝑤−𝐸ℎ𝑖𝑔ℎ

𝐸𝑙𝑜𝑤
. 100 where Ehigh and 

Elow are the THz field amplitudes at high and low temperatures, respectively. The 

modulation depths between the semiconducting and the metallic state are 73% for single 

side VO2 film and 93% for double side VO2 film in the transmission mode, respectively.  

5.3.2 IR Measurements 

The switching properties of VO2 films in the IR region have been investigated 

with both optically and thermally triggered phase transition with large modulation 

amplitudes [43, 45, 46, 48, 120, 121]. Figure 5.4 shows IR transmission normalized to 

sapphire substrate when the phase transition is thermally initiated. Extinction in 

transmission from insulator to metallic state is 95% for thicker double side grown VO2 

film compared to 77% for thinner single side film. Using the hysteresis curve, we 

determined transition temperatures of thermally initiated phase transition for heating 

cycles TMIT = 78 oC, and 75 oC for single side film and double side film, respectively. 

The results are very similar to the findings from THz transmission measurements. 
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Figure 5.4. Dots are IR transmission at 1560 nm normalized to sapphire substrate as a 

function of temperature and solid lines are to guide the eyes (a) through single side film 

and (b) through double side film  

We have also investigated the transmission transient response of single and 

double VO2 samples under pump-probe conditions. Figure 5.5 shows the transient IR 

transmission at =1560 nm normalized to the transmission in the insulator state as a 

function of time during insulator-to-metallic and metallic-to-insulator states when the 

samples were pumped with the CW =980 nm laser from one side of the sample at room 

temperature. Similarly to the results shown in Fig. 5.4, the modulation depth in Fig.5.5 is 

larger for double side with a total 240 nm thick film is 95% when compared to 78% 

determined for the single side sample with 120 nm thick film. For a given laser intensity, 

the double side sample exhibits slower switching time but enhanced switching contrast 

compared to the single side VO2 film. It is evident from Fig. 5.5 that the transient times 

for insulator-to-metallic state for both samples are shorter than those observed during the 

metallic-to-insulator state for both samples.  We propose that the slower phase transition 

can be assigned to the photogenerated heat propagation into the interior of the sample 

which will naturally delay the phase transition of the second film on the other side of the 

substrate. On the other hand, the cooling transient times are approximately the same for 

both samples due to the presence of the thick Cu layer holder where the samples were 

placed into. The difference in transient time appears to be due to heat convection to air 

via the VO2 surfaces.   
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Figure 5.5. Transient IR transmission at 1550 nm as a function of time in their range 

from insulator to metallic state when pumped with 980 nm CW laser at room 

temperature. Dots are IR transmission data and solid lines are to guide the eyes. 

5.3.3 Finite Element Analysis by COMSOL Multiphysics  

To further investigate the effect of heating due to the pump laser, numerical 

simulations were performed using the COMSOL Multiphysics Heat Transfer module, 

which uses finite element analysis to solve the heat equation. The time required to 

increase the sample temperature beyond the phase transition was simulated. Fig 5.6 

shows the simulated surface temperature distribution for double side VO2 sample in the 

metallic state. A temperature gradient near the laser center spot is observed. Single side 

sample, not shown here, exhibits similar temperature gradient. The substrate was defined 

as a 6 X 6 mm square of 250 μm thick sapphire, with material properties from COMSOL 

Material Library. On top and below of the substrate, 120 nm thick VO2 films were 

introduced to represent double side sample and only one layer VO2 is introduced on the 

top to represent single layer sample.  
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Figure 5.6. Finite-element simulations showing the surface temperature distribution of 

the double side sample 

The sample was placed on a copper holder (with a 5 X5 mm hole at the center) 

with properties from COMSOL Library. VO2 is not included in the COMSOL Material 

Library so its thermal and optical properties were taken from literature [122-127]. At the 

center of the sample, an ellipse is defined to represent elliptical pump laser spot. In this 

region, the Gaussian heat source is given by  

𝑄(𝑟, 𝑧) = (1 − 𝑅)𝛾𝐼0exp{−2 (
𝑟

𝑅𝑠
)
2

}exp{−𝛾|𝑧|}   (5.1) 

where R is the reflectivity on the surface of the VO2 film, I0 is the intensity incident laser, 

Rs is the spot radius, and γ is the absorption coefficient of the film. In order to model 

thermal boundary resistance (TBR) between the VO2 film and the sapphire substrate, a 

2D thermally resistive layer with a thermal resistance of 0.4 K.cm2/W was introduced at 

the interface of the two domains [125]. After comparing simulations with and without the 

thin resistive layer by varying resistance value, it was shown that the TBR has a 

negligible effect on the response of the system. The initial temperature in each domain 

was set to 25 C. Convective cooling was added at air boundaries with heat transfer 
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coefficient of 10 W/m2.K. COMSOL's Free Triangular, Free Tetrahedral and Swept 

meshing sequence was implemented to overcome issues related to orders of magnitude 

difference in dimensions of the system. The temperature distribution of the sample was 

then calculated every 0.025 s for 100 s. After studying the effects of the various 

simulation parameters by using parametric sweep option on the software, it was 

concluded that the parameters incident laser power, reflectivity of VO2 film surface, 

absorption coefficient of VO2, thickness of the sapphire substrate, thickness of the VO2 

film makes significant differences on the maximum temperature reached and how fast the 

sample heats up. On the other hand, thermal conductivity and heat capacity of VO2 

doesn’t cause any significant variations on the maximum sample temperature and heating 

time. Therefore, the phase transition of the VO2 was not taken into account and the 

parameters were assumed to be constant during phase transition. 
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Figure 5.7. (a) Simulated spatial temperature gradient of the sample along the y-axis 

after the thermal equilibrium is reached. (b) Temperature at the center of the sample as a 

function of time. Figure inset shows the zoomed view of the first 5 seconds. Blue line 

corresponds to the phase transition temperature of VO2 film. 

Simulated temperature gradient along y-axis and temperature rise over time for 

double side sample due to the continuous pumping with a 980 nm CW laser can be seen 

in Figure 5.7. Temperature variation along y-axis (Fig. 5.7 (a)) is over 30 ˚C after the 

system reaches the thermal equilibrium. However, the minimum temperature on the film 

at the equilibrium state is well above the critical phase transition temperature of VO2. 

Therefore, the whole film is in the metallic state. To analyze the temperature rise of the 

system, we took the point at the center of the film and plotted its temperature as a 
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function of time Fig. 5.7 (b). It takes almost 40 seconds for the film to reach the 

equilibrium state as shown in this figure. Single side film (not shown here) exhibits 

similar characteristics. The figure inset illustrates the first 5 seconds of the heating 

process. It takes around 3 seconds for the double side film to reach the metallic state. On 

the other hand, for the same laser power, single side film transforms to metallic state in 

1.8 seconds.  

 

Figure 5.8. VO2 transient time at 1560 nm as a function of pump power density. Dots are 

experimental IR transmission normalized to sapphire substrate and solid lines are 

simulation results from COMSOL. 

To understand the difference between single side and double side transient time 

difference, we investigate pump power density dependence of transient time theoretically 

and experimentally. In Fig.5.8, the simulated phase transition time of the VO2 film is 

compared with the experimental values. Simulations and experiment yields close 

transient time values with changing pump power. As expected, transient time decreases 

with increasing pump power since we deliver more energy to the sample. The dynamics 

of the light-induced phase transition in VO2 thin films can be explained by heat 

propagation into the substrate which will naturally delay the phase transition of the 

second film on the other side of the substrate. Therefore, it takes longer for double side 
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film to reach the metallic state. Relaxation times back to insulator state are found to be 

almost the same and independent of the pump power that initiated the phase transition 

due to the heat convection to air from both sides of the sample.  

5.4 Conclusion 

We report optical switches based on VO2 films on sapphire substrate that can 

perform modulation of 96% in IR and 92% in THz region. To our knowledge, 92% 

modulation in THz region for bare unpatterned VO2 films is the maximum that has been 

reported so far. We have successfully showed that growing double side films has 

improved the modulation depth both in THz and IR range. Double side grown films can 

be used for better performing devices especially filters. 
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CHAPTER VI 

CONCLUSIONS 

 

We studied the optical and electrical properties of doped and undoped vanadium 

dioxide thin films on sapphire substrate at near-infrared and THz frequencies. First, we 

studied the THz transmission properties at different temperatures for W-doped VO2 films 

grown on sapphire substrates. Varying the W concentration, THz modulation depth 

of~65%, characteristic phase transition temperature of ~40 oC and tuning range larger 

than 35 oC can be obtained. Over the temperature range from 35 to 80 oC, both real and 

imaginary parts of the refractive index varied from ~20-50. This shows the possibility of 

realizing future active THz optical devices for analog applications by using precise 

control of the transmission properties of the W-doped VO2 films. Secondly, we presented 

the results of post-growth hydrogen spillover method to tune the electrical resistivity and 

THz transmission properties of VO2 thin films that grown on c-plane sapphire. We 

successfully reduce phase transition temperature of VO2 by doping with hydrogen, which 

yields a stabilized metallic phase at room temperature. THz antireflection condition at 

room temperature was achieved by controlling the doping concentration. Hydrogen 

processing at 135 °C yields the critical resistivity of 2.50 × 10−3 Ω cm to get AR condition 

at RT. Optical components for THz applications such as ultrafast switches, filters, 

modulators and beam splitters can be realized by hydrogen doping method. Thirdly, we 

demonstrated an easy method to realize high efficiency terahertz Gires-Tournois etalon at 

terahertz frequencies. The etalon displays Q values around 90, finesse around 5 and free 

spectral range 60 GHz without the need of a sophisticated fabrication procedure. Etalon is 

based on multiple reflections within a sapphire cavity between gold and vanadium 

dioxide. These multiple reflections inside the etalon make it possible to realize high 

resolution sensing applications at THZ frequencies. Fourthly, we investigated thermo-

optic and all-optic insulator-to-metallic phase transition switching of single side grown 

and double side grown VO2 thin films at near IR and THz frequencies. We presented that 

growing double side films has improved the modulation depth both in THz and IR range. 



Texas Tech University, Gülten Karaoğlan-Bebek, May 2016 
 
 

56 
 

We reported ~ 95% modulation depth for the switches operating at 1.55 μm and 92% 

modulation depth in THz region. 

6.1 List of Publications  

1. G. Karaoglan-Bebek, M. N. F. Hoque, M. Holtz, Z. Fan, and A. A. Bernussi, "Continuous 

tuning of W-doped VO2 optical properties for terahertz analog applications," Appl. Phys. 

Lett., vol. 105, 2014. 

2. Y. Zhao, G. Karaoglan-Bebek, X. Pan, M. Holtz, A. A. Bernussi, and Z. Fan, "Hydrogen-doping 

stabilized metallic VO2 (R) thin films and their application to suppress Fabry-Perot 

resonances in the terahertz regime," Appl. Phys. Lett., vol. 104, 2014. 

3. M. N. Ferdous Hoque, G. Karaoglan-Bebek, M. Holtz, A. A. Bernussi, and Z. Fan, "High 

performance spatial light modulators for terahertz applications," Opt. Commun., vol. 350, 

2015. 

4. G. Karaoglan-Bebek, Jianbo Wang, M.N.F. Hoque, M. Holtz, Z. Fan, and A.A. Bernussi, 

“Gires-Tournois Etalon at Terahertz Frequencies,” in preparation 

5. G. Karaoglan-Bebek, M.N.F. Hoque, M. Holtz, Z. Fan, and A.A. Bernussi, “Terahertz and 

Infrared Studies of double side grown VO2,” in preparartion  

  



Texas Tech University, Gülten Karaoğlan-Bebek, May 2016 
 
 

57 
 

REFERENCES 

 

[1] K. Sakai and M. Tani, "Terahertz optoelectronics," 2005. 
[2] Y.-S. Lee, Principles of terahertz science and technology vol. 170: Springer Science & 

Business Media, 2009. 
[3] W. Zouaghi, M. D. Thomson, K. Rabia, R. Hahn, V. Blank, and H. G. Roskos, "Broadband 

terahertz spectroscopy: principles, fundamental research and potential for industrial 
applications," Eur. J. Phys., vol. 34, p. S179, 2013. 

[4] D. M. Mittleman, R. H. Jacobsen, R. Neelamani, R. G. Baraniuk, and M. C. Nuss, "Gas 
sensing using terahertz time-domain spectroscopy," Appl. Phys. B, vol. 67, pp. 379-390, 
1998. 

[5] D. W. Van der Weide, J. Murakowski, and F. Keilmann, "Gas-absorption spectroscopy 
with electronic terahertz techniques," Microwave Theory and Techniques, IEEE 
Transactions on, vol. 48, pp. 740-743, 2000. 

[6] D. D. Arnone, C. M. Ciesla, A. Corchia, S. Egusa, M. Pepper, J. Chamberlain, et al., 
"Applications of terahertz (THz) technology to medical imaging," in Industrial Lasers and 
Inspection (EUROPTO Series), 1999, pp. 209-219. 

[7] A. J. Fitzgerald, E. Berry, N. N. Zinovev, G. C. Walker, M. A. Smith, and J. M. Chamberlain, 
"An introduction to medical imaging with coherent terahertz frequency radiation," Phys. 
Med Biol., vol. 47, p. R67, 2002. 

[8] R. M. Woodward, B. E. Cole, V. P. Wallace, R. J. Pye, D. D. Arnone, E. H. Linfield, et al., 
"Terahertz pulse imaging in reflection geometry of human skin cancer and skin tissue," 
Phys. Med Biol., vol. 47, p. 3853, 2002. 

[9] A. G. Davies, A. D. Burnett, W. Fan, E. H. Linfield, and J. E. Cunningham, "Terahertz 
spectroscopy of explosives and drugs," Mater. Today, vol. 11, pp. 18-26, 2008. 

[10] M. C. Kemp, P. F. Taday, B. E. Cole, J. A. Cluff, A. J. Fitzgerald, and W. R. Tribe, "Security 
applications of terahertz technology," in AeroSense 2003, 2003, pp. 44-52. 

[11] Y. C. Shen, T. Lo, P. F. Taday, B. E. Cole, W. R. Tribe, and M. C. Kemp, "Detection and 
identification of explosives using terahertz pulsed spectroscopic imaging," Appl. Phys. 
Lett., vol. 86, p. 241116, 2005. 

[12] W. R. Tribe, D. A. Newnham, P. F. Taday, and M. C. Kemp, "Hidden object detection: 
security applications of terahertz technology," in Integrated Optoelectronic Devices 
2004, 2004, pp. 168-176. 

[13] M. Tonouchi, "Cutting-edge terahertz technology," Nat. Photonics, vol. 1, pp. 97-105, 
2007. 

[14] T. Kleine-Ostmann and T. Nagatsuma, "A review on terahertz communications 
research," J. Infrared, Millim and Terahertz Waves, vol. 32, pp. 143-171, 2011. 

[15] N. Krumbholz, K. Gerlach, F. Rutz, M. Koch, R. Piesiewicz, T. Kürner, et al., 
"Omnidirectional terahertz mirrors: A key element for future terahertz communication 
systems," Appl. Phys. Lett., vol. 88, p. 202905, 2006. 

[16] N. J. Karl, R. W. McKinney, Y. Monnai, R. Mendis, and D. M. Mittleman, "Frequency-
division multiplexing in the terahertz range using a leaky-wave antenna," Nat. Photonics, 
2015. 



Texas Tech University, Gülten Karaoğlan-Bebek, May 2016 
 
 

58 
 

[17] B. Sensale-Rodriguez, R. Yan, M. M. Kelly, T. Fang, K. Tahy, W. S. Hwang, et al., 
"Broadband graphene terahertz modulators enabled by intraband transitions," Nat. 
Commun., vol. 3, p. 780, 2012. 

[18] M. Liu, H. Y. Hwang, H. Tao, A. C. Strikwerda, K. Fan, G. R. Keiser, et al., "Terahertz-field-
induced insulator-to-metal transition in vanadium dioxide metamaterial," Nat., vol. 487, 
pp. 345-348, 2012. 

[19] Y. Zhu, S. Vegesna, V. Kuryatkov, M. Holtz, M. Saed, and A. A. Bernussi, "Terahertz 
bandpass filters using double-stacked metamaterial layers," Opt. Lett., vol. 37, pp. 296-
298, 2012. 

[20] S. B. Choi, J. S. Kyoung, H. S. Kim, H. R. Park, D. J. Park, B.-J. Kim, et al., "Nanopattern 
enabled terahertz all-optical switching on vanadium dioxide thin film," Appl. Phys. Lett., 
vol. 98, p. 071105, 2011. 

[21] M. N. Ferdous Hoque, G. Karaoglan-Bebek, M. Holtz, A. A. Bernussi, and Z. Fan, "High 
performance spatial light modulators for terahertz applications," Opt. Commun., vol. 
350, pp. 309-314, 9/1/ 2015. 

[22] F. J. Morin, "Oxides which show a metal-to-insulator transition at the Neel 
temperature," Phys. Rev. Lett., vol. 3, pp. 34-36, 1959. 

[23] J. Lappalainen, S. Heinilehto, S. Saukko, V. Lantto, and H. Jantunen, "Microstructure 
dependent switching properties of VO2 thin films," Sens. Actuators, A, vol. 142, pp. 250-
255, 2008. 

[24] S. Chen, H. Ma, X. Yi, T. Xiong, H. Wang, and C. Ke, "Smart VO2 thin film for protection of 
sensitive infrared detectors from strong laser radiation," Sens. Actuators, A, vol. 115, pp. 
28-31, 2004. 

[25] J. Rozen, R. Lopez, R. F. Haglund Jr, and L. C. Feldman, "Two-dimensional current 
percolation in nanocrystalline vanadium dioxide films," Appl. Phys. Lett., vol. 88, p. 
081902, 2006. 

[26] A. Cavalleri, C. Tóth, C. W. Siders, J. Squier, F. Ráksi, P. Forget, et al., "Femtosecond 
structural dynamics in VO2 during an ultrafast solid-solid phase transition," Phys. Rev. 
Lett., vol. 87, p. 237401, 2001. 

[27] A. Cavalleri, T. Dekorsy, H. W. Chong, J.-C. Kieffer, and R. W. Schoenlein, "Evidence for a 
structurally-driven insulator-to-metal transition in VO2: A view from the ultrafast 
timescale," Phys. Rev. B: Condens. Matter, vol. 70, p. 161102, 2004. 

[28] G. Stefanovich, A. Pergament, and D. Stefanovich, "Electrical switching and Mott 
transition in VO2," J. Phys.: Condens. Matter, vol. 12, p. 8837, 2000. 

[29] H.-T. Kim, B.-G. Chae, D.-H. Youn, S.-L. Maeng, G. Kim, K.-Y. Kang, et al., "Mechanism and 
observation of Mott transition in VO2-based two-and three-terminal devices," New 
J.  Phys., vol. 6, p. 52, 2004. 

[30] X.-C. Zhang and J. Xu, Introduction to THz wave photonics vol. 29: Springer, 2010. 
[31] T. D. Dorney, R. G. Baraniuk, and D. M. Mittleman, "Material parameter estimation with 

terahertz time-domain spectroscopy," JOSA A, vol. 18, pp. 1562-1571, 2001. 
[32] L. Duvillaret, F. Garet, and J.-L. Coutaz, "A reliable method for extraction of material 

parameters in terahertz time-domain spectroscopy," IEEE J. Sel. Top. Quantum Electron., 
vol. 2, pp. 739-746, 1996. 

[33] J. D. Jackson, Classical electrodynamics, 3 ed.: Wiley, 1999. 
[34] O. S. Heavens, Optical properties of thin solid films: Courier Corporation, 1991. 



Texas Tech University, Gülten Karaoğlan-Bebek, May 2016 
 
 

59 
 

[35] A. Thoman, A. Kern, H. Helm, and M. Walther, "Nanostructured gold films as broadband 
terahertz antireflection coatings," Phys. Rev. B: Condens. Matter, vol. 77, p. 195405, 
2008. 

[36] M. Dressel and G. Gruner, "Electrodynamics of Solids: Optical Properties of Electrons in 
Matter," ed: Cambridge University Press: Cambridge, 2002. 

[37] M. Walther, D. G. Cooke, C. Sherstan, M. Hajar, M. R. Freeman, and F. A. Hegmann, 
"Terahertz conductivity of thin gold films at the metal-insulator percolation transition," 
Phys. Rev. B: Condens. Matter, vol. 76, p. 125408, 2007. 

[38] G. Ma, D. Li, H. Ma, J. Shen, C. Wu, J. Ge, et al., "Carrier concentration dependence of 
terahertz transmission on conducting ZnO films," Appl. Phys. Lett., vol. 93, p. 211101, 
2008. 

[39] C. Marini, E. Arcangeletti, D. Di Castro, L. Baldassare, A. Perucchi, S. Lupi, et al., "Optical 
properties of V1− x Crx O2 compounds under high pressure," Phys. Rev. B: Condens. 
Matter, vol. 77, p. 235111, 2008. 

[40] T. Kikuzuki and M. Lippmaa, "Characterizing a strain-driven phase transition in VO2," 
Appl. Phys. Lett., vol. 96, p. 2107, 2010. 

[41] J. Nag, "The solid-solid phase transition in vanadium dioxide thin films: synthesis, physics 
and application," Vanderbilt University, 2011. 

[42] Y. Wu, L. Fan, W. Huang, S. Chen, S. Chen, F. Chen, et al., "Depressed transition 
temperature of WxV1− xO2: mechanistic insights from the X-ray absorption fine structure 
(XAFS) spectroscopy," PCCP, vol. 16, pp. 17705-17714, 2014. 

[43] H. Wang, X. Yi, and Y. Li, "Fabrication of VO2 films with low transition temperature for 
optical switching applications," Opt. Commun., vol. 256, pp. 305-309, 2005. 

[44] Y. Zhao, C. Chen, X. Pan, Y. Zhu, M. Holtz, A. Bernussi, et al., "Tuning the properties of 
VO2 thin films through growth temperature for infrared and terahertz modulation 
applications," J. Appl. Phys, vol. 114, p. 113509, 2013. 

[45] M. Soltani, M. Chaker, E. Haddad, and R. Kruzelesky, "1× 2 optical switch devices based 
on semiconductor-to-metallic phase transition characteristics of VO2 smart coatings," 
Meas. Sci. Technol., vol. 17, p. 1052, 2006. 

[46] R. Balu and P. Ashrit, "Near-zero IR transmission in the metal-insulator transition of VO2 
thin films," Appl. Phys. Lett., vol. 92, p. 1904, 2008. 

[47] T. Ben-Messaoud, G. Landry, J. P. Gariépy, B. Ramamoorthy, P. V. Ashrit, and A. Haché, 
"High contrast optical switching in vanadium dioxide thin films," Opt. Commun., vol. 
281, pp. 6024-6027, 2008. 

[48] S. Chen, H. Ma, X. Yi, H. Wang, X. Tao, M. Chen, et al., "Optical switch based on 
vanadium dioxide thin films," Infrared Phys. Technol., vol. 45, pp. 239-242, 2004. 

[49] J. Narayan and V. M. Bhosle, "Phase transition and critical issues in structure-property 
correlations of vanadium oxide," J. Appl. Phys., vol. 100, p. 103524, 2006. 

[50] B. Lazarovits, K. Kim, K. Haule, and G. Kotliar, "Effects of strain on the electronic 
structure of VO2," Phys. Rev. B: Condens. Matter, vol. 81, p. 115117, 03/12/ 2010. 

[51] M. Nazari, Y. Zhao, V. Kuryatkov, Z. Fan, A. Bernussi, and M. Holtz, "Temperature 
dependence of the optical properties of VO 2 deposited on sapphire with different 
orientations," Physical Review B, vol. 87, p. 035142, 2013. 



Texas Tech University, Gülten Karaoğlan-Bebek, May 2016 
 
 

60 
 

[52] Y. Zhao, J. H. Lee, Y. Zhu, M. Nazari, C. Chen, H. Wang, et al., "Structural, electrical, and 
terahertz transmission properties of VO2 thin films grown on c-, r-, and m-plane sapphire 
substrates," J. Appl. Phys., vol. 111, p. 053533, 2012. 

[53] M. Mao, W.-X. Huang, Y.-X. Zhang, J.-Z. Yan, Y. Luo, Q.-W. Shi, et al., "A Study of Phase 
Transition Property of Tungsten-doped Vanadium Dioxide Thin Film at Terahertz Range," 
J. Inorg. Mater., vol. 27, 2012. 

[54] B. G. Chae, H. T. Kim, and S. J. Yun, "Characteristics of W-and Ti-doped VO2 thin films 
prepared by sol-gel method," Electrochem. Solid-State Lett., vol. 11, pp. D53-D55, 2008. 

[55] J. B. Goodenough, "The two components of the crystallographic transition in VO2," J. 
Solid State Chem., vol. 3, pp. 490-500, 1971. 

[56] S. Shin, S. Suga, M. Taniguchi, M. Fujisawa, H. Kanzaki, A. Fujimori, et al., "Vacuum-
ultraviolet reflectance and photoemission study of the metal-insulator phase transitions 
in VO2, V6O13, and V2O3," Phys. Rev. B: Condens. Matter, vol. 41, p. 4993, 1990. 

[57] D. Fu, K. Liu, T. Tao, K. Lo, C. Cheng, B. Liu, et al., "Comprehensive study of the metal-
insulator transition in pulsed laser deposited epitaxial VO2 thin films," J. Appl. Phys., vol. 
113, p. 043707, 2013. 

[58] T. C. Koethe, Z. Hu, M. W. Haverkort, C. Schüßler-Langeheine, F. Venturini, N. B. 
Brookes, et al., "Transfer of spectral weight and symmetry across the metal-insulator 
transition in VO2," Phys. Rev. Lett., vol. 97, p. 116402, 2006. 

[59] A. V. Räisänen, D. Lioubtchenko, A. Generalov, J. A. Murphy, C. O'Sullivan, M. L. Gradziel, 
et al., "Propagation at THz Frequencies," in Semiconductor Terahertz Technology, ed: 
John Wiley & Sons, Ltd, 2015, pp. 160-211. 

[60] M. Wegener, Extreme nonlinear optics: an introduction: Springer Science & Business 
Media, 2005. 

[61] H. W. Verleur, A. S. Barker Jr, and C. N. Berglund, "Optical Properties of VO2 between 
0.25 and 5 eV," Phys. Rev., vol. 172, p. 788, 1968. 

[62] H. Kakiuchida, P. Jin, S. Nakao, and M. Tazawa, "Optical properties of vanadium dioxide 
film during semiconductive–metallic phase transition," Jpn. J. Appl. Phys, vol. 46, p. 
L113, 2007. 

[63] M. Nagashima and H. Wada, "Near infrared optical properties of laser ablated VO2 thin 
films by ellipsometry," Thin Solid Films, vol. 312, pp. 61-65, 1998. 

[64] J. B. Kana Kana, J. M. Ndjaka, G. Vignaud, A. Gibaud, and M. Maaza, "Thermally tunable 
optical constants of vanadium dioxide thin films measured by spectroscopic 
ellipsometry," Optics Communications, vol. 284, pp. 807-812, 2/1/ 2011. 

[65] M. M. Qazilbash, A. A. Schafgans, K. S. Burch, S. J. Yun, B. G. Chae, B. J. Kim, et al., 
"Electrodynamics of the vanadium oxides VO2 and V2O3," Phys. Rev. B: Condens. Matter, 
vol. 77, p. 115121, 2008. 

[66] A. Gentle, A. I. Maaroof, and G. B. Smith, "Nanograin VO2 in the metal phase: a 
plasmonic system with falling dc resistivity as temperature rises," Nanotech., vol. 18, p. 
025202, 2006. 

[67] P. U. Jepsen, B. M. Fischer, A. Thoman, H. Helm, J. Y. Suh, R. Lopez, et al., "Metal-
insulator phase transition in a VO2 thin film observed with terahertz spectroscopy," 
Phys. Rev. B: Condens. Matter, vol. 74, p. 205103, 2006. 



Texas Tech University, Gülten Karaoğlan-Bebek, May 2016 
 
 

61 
 

[68] M. M. Qazilbash, M. Brehm, G. O. Andreev, A. Frenzel, P.-C. Ho, B.-G. Chae, et al., 
"Infrared spectroscopy and nano-imaging of the insulator-to-metal transition in 
vanadium dioxide," Phys. Rev. B: Condens. Matter, vol. 79, p. 075107, 2009. 

[69] C. Chen and Z. Fan, "Changes in VO2 band structure induced by charge localization and 
surface segregation," Appl. Phys. Lett., vol. 95, p. 262106, 2009. 

[70] C. Chen, Y. Zhao, X. Pan, V. Kuryatkov, A. Bernussi, M. Holtz, et al., "Influence of defects 
on structural and electrical properties of VO2 thin films," J. Appl. Phys., vol. 110, p. 
023707, 2011. 

[71] M. D. Goldflam, T. Driscoll, B. Chapler, O. Khatib, N. Marie Jokerst, S. Palit, et al., 
"Reconfigurable gradient index using VO2 memory metamaterials," Appl. Phys. Lett., vol. 
99, pp. 044103-044103-3, 2011. 

[72] Y. Zhu, Y. Zhao, M. Holtz, Z. Fan, and A. A. Bernussi, "Effect of substrate orientation on 
terahertz optical transmission through VO2 thin films and application to functional 
antireflection coatings," J. Opt. Soc. Am. B, vol. 29, pp. 2373-2378, 2012. 

[73] Q.-Y. Wen, H.-W. Zhang, Q.-H. Yang, Y.-S. Xie, K. Chen, and Y.-L. Liu, "Terahertz 
metamaterials with VO2 cut-wires for thermal tunability," Appl. Phys. Lett., vol. 97, pp. 
021111-021111-3, 2010. 

[74] Y.-G. Jeong, H. Bernien, J.-S. Kyoung, H.-R. Park, H. S. Kim, J.-W. Choi, et al., "Electrical 
control of terahertz nano antennas on VO2 thin film," Opt. Express, vol. 19, pp. 21211-
21215, 2011. 

[75] J. S. Kyoung, M. A. Seo, S. M. Koo, H. R. Park, H. S. Kim, B. J. Kim, et al., "Active terahertz 
metamaterials: Nano‐slot antennas on VO2 thin films," Phys. Status Solidi C, vol. 8, pp. 
1227-1230, 2011. 

[76] S. Lysenko, V. Vikhnin, F. Fernandez, A. Rua, and H. Liu, "Photoinduced insulator-to-
metal phase transition in VO2 crystalline films and model of dielectric susceptibility," 
Phys. Rev. B: Condens. Matter, vol. 75, p. 075109, 2007. 

[77] J. V. Ryckman, J. Nag, R. E. Marvel, B. K. Choi, R. F. Haglund, and S. M. Weiss, 
"Photothermal optical modulation of ultra-compact hybrid Si-VO2 ring resonators," Opt. 
Express, vol. 20, pp. 13215-13225, 2012. 

[78] M. A. Sobhan, R. T. Kivaisi, B. A. Stjerna, and C.-G. Granqvist, "Reactively sputtered 
thermochromic tungsten-doped VO2 films," in Optical Materials Technology for Energy 
Efficiency and Solar Energy Conversion XIII, Freiburg, Germany, 1994, pp. 423-434. 

[79] T. D. Manning, I. P. Parkin, M. E. Pemble, D. Sheel, and D. Vernardou, "Intelligent 
window coatings: Atmospheric pressure chemical vapor deposition of tungsten-doped 
vanadium dioxide," Chem. Mater., vol. 16, pp. 744-749, 2004. 

[80] A. Romanyuk, R. Steiner, L. Marot, and P. Oelhafen, "Temperature-induced metal–
semiconductor transition in W-doped VO2 films studied by photoelectron spectroscopy," 
Sol. Energy Mater. Sol. Cells, vol. 91, pp. 1831-1835, 2007. 

[81] P. Jin and S. Tanemura, "Relationship between transition temperature and x in V1− xWxO2 
films deposited by dual-target magnetron sputtering," Jpn. J. Appl. Phys, vol. 34, pp. 
2459-2460, 1995. 

[82] C. Si, W. Xu, H. Wang, J. Zhou, A. Ablat, L. Zhang, et al., "Metal–insulator transition in V1− 

xWxO2: structural and electronic origin," PCCP, vol. 14, pp. 15021-15028, 2012. 



Texas Tech University, Gülten Karaoğlan-Bebek, May 2016 
 
 

62 
 

[83] D. Vernardou, M. E. Pemble, and D. W. Sheel, "Tungsten‐Doped Vanadium Oxides 
Prepared by Direct Liquid Injection MOCVD," Chem. Vap. Deposition, vol. 13, pp. 158-
162, 2007. 

[84] W. Xue-Jin, L. Yu-Ying, L. De-Hua, F. Bao-Hua, H. Zhi-Wei, and Q. Zheng, "Structural and 
optical properties of tungsten-doped vanadium dioxide films," Chinese Physics B, vol. 22, 
p. 066803, 2013. 

[85] C. Tang, P. Georgopoulos, M. E. Fine, J. B. Cohen, M. Nygren, G. S. Knapp, et al., "Local 
atomic and electronic arrangements in WxV1-xO2," Phys. Rev. B: Condens. Matter, vol. 31, 
pp. 1000-1011, 01/15/ 1985. 

[86] S. Lu, L. Hou, and F. Gan, "Synthesis and phase transition of Cu 2+ ion doped VO2 thin 
films," J. Mater. Sci. Lett., vol. 15, pp. 856-857, 1996. 

[87] S. Xu, H. Ma, S. Dai, and Z. Jiang, "Study on optical and electrical switching properties 
and phase transition mechanism of Mo 6+-doped vanadium dioxide thin films," J. Mater. 
Sci, vol. 39, pp. 489-493, 2004. 

[88] C. Piccirillo, R. Binions, and I. P. Parkin, "Nb‐Doped VO2 Thin Films Prepared by 
Aerosol‐Assisted Chemical Vapour Deposition," Eur. J. Inorg. Chem., vol. 2007, pp. 4050-
4055, 2007. 

[89] T. E. Phillips, R. A. Murphy, and T. O. Poehler, "Electrical studies of reactively sputtered 
Fe-doped VO2 thin films," Mater. Res. Bull., vol. 22, pp. 1113-1123, 1987. 

[90] J. Du, Y. Gao, H. Luo, L. Kang, Z. Zhang, Z. Chen, et al., "Significant changes in phase-
transition hysteresis for Ti-doped VO2 films prepared by polymer-assisted deposition," 
Sol. Energy Mater. Sol. Cells, vol. 95, pp. 469-475, 2011. 

[91] H. W. Hübers, J. Schubert, A. Krabbe, M. Birk, G. Wagner, A. Semenov, et al., "Parylene 
anti-reflection coating of a quasi-optical hot-electron-bolometric mixer at terahertz 
frequencies," Infrared Phys. Technol., vol. 42, pp. 41-47, 2// 2001. 

[92] A. J. Gatesman, J. Waldman, M. Ji, C. Musante, and S. Yagvesson, "An anti-reflection 
coating for silicon optics at terahertz frequencies," IEEE Microw. Guided Wave Lett., vol. 
10, pp. 264-266, 2000. 

[93] J. Kröll, J. Darmo, and K. Unterrainer, "Metallic wave-impedance matching layers for 
broadband terahertz optical systems," Opt. Express, vol. 15, pp. 6552-6560, 2007/05/28 
2007. 

[94] S. S. N. Bharadwaja, C. Venkatasubramanian, N. Fieldhouse, S. Ashok, M. W. Horn, and 
T. N. Jackson, "Low temperature charge carrier hopping transport mechanism in 
vanadium oxide thin films grown using pulsed dc sputtering," Appl. Phys. Lett., vol. 94, p. 
222110, 2009. 

[95] K. M. Park, S. Yi, S. Moon, and S. Im, "Optimum oxygen concentration for the 
optoelectronic properties of IR sensitive VOx thin films," Opt. Mater., vol. 17, pp. 311-
314, 6// 2001. 

[96] C. Wu, F. Feng, J. Feng, J. Dai, L. Peng, J. Zhao, et al., "Hydrogen-Incorporation 
Stabilization of Metallic VO2 (R) Phase to Room Temperature, Displaying Promising Low-
Temperature Thermoelectric Effect," J. Am. Chem. Soc., vol. 133, pp. 13798-13801, 
2011/09/07 2011. 

[97] A. M. Chippindale, P. G. Dickens, and A. V. Powell, "Synthesis, characterization, and 
inelastic neutron scattering study of hydrogen insertion compounds of VO2(rutile)," J. 
Solid State Chem., vol. 93, pp. 526-533, 8// 1991. 



Texas Tech University, Gülten Karaoğlan-Bebek, May 2016 
 
 

63 
 

[98] J. Wei, H. Ji, W. Guo, A. H. Nevidomskyy, and D. Natelson, "Hydrogen stabilization of 
metallic vanadium dioxide in single-crystal nanobeams," Nat. Nano, vol. 7, pp. 357-362, 
06//print 2012. 

[99] M. Tsubouchi and T. Kumada, "Development of high-efficiency etalons with an optical 
shutter for terahertz laser pulses," Opt. express, vol. 20, pp. 28500-28506, 2012. 

[100] S. A. Jewell, E. Hendry, T. H. Isaac, and J. R. Sambles, "Tuneable Fabry–Perot etalon for 
terahertz radiation," New J. Phys., vol. 10, p. 033012, 2008. 

[101] N. Born, M. Reuter, M. Koch, and M. Scheller, "High-Q terahertz bandpass filters based 
on coherently interfering metasurface reflections," Opt. Lett., vol. 38, pp. 908-910, 2013. 

[102] T. Chen, P. Liu, J. Liu, and Z. Hong, "A terahertz photonic crystal cavity with high Q-
factors," Appl. Phys. B, vol. 115, pp. 105-109, 2014. 

[103] N. Born, M. Scheller, M. Koch, and J. Moloney, "Cavity enhanced terahertz modulation," 
Appl. Phys. Lett., vol. 104, p. 103508, 2014. 

[104] M. A. Kats, R. Blanchard, P. Genevet, and F. Capasso, "Nanometre optical coatings based 
on strong interference effects in highly absorbing media," Nat Mater, vol. 12, pp. 20-24, 
01//print 2013. 

[105] M. Yang, C. Gu, and J. Hong, "Electro-optic Michelson Gires Tournois modulator for 
optical information processing and optical fiber communications," Opt. Lett., vol. 24, pp. 
1239-1241, 1999. 

[106] D. S. Bulgarevich, M. Watanabe, and M. Shiwa, "Aperture array Fabry–Perot 
interference filter," Opt. Commun., vol. 285, pp. 4861-4865, 2012. 

[107] S. Adipa, A. L. Lytle, and E. Gagnon, "High efficiency, modular, optical pulse shaping 
technique for tunable terahertz generation from InAs," Appl. Phys. Lett., vol. 102, p. 
081106, 2013. 

[108] Z. Chen, X. Zhou, C. A. Werley, and K. A. Nelson, "Generation of high power tunable 
multicycle teraherz pulses," Appl. Phys. Lett., vol. 99, p. 071102, 2011. 

[109] R. Schiwon, G. Schwaab, E. Bründermann, and M. Havenith, "Terahertz cavity-enhanced 
attenuated total reflection spectroscopy," Appl. Phys. Lett., vol. 86, p. 201116, 2005. 

[110] S. A. Harmon and R. A. Cheville, "Part-per-million gas detection from long-baseline THz 
spectroscopy," Appl. Phys. Lett., vol. 85, pp. 2128-2130, 2004. 

[111] A. A. Dubinov, V. Y. Aleshkin, M. Ryzhii, T. Otsuji, and V. Ryzhii, "Terahertz laser with 
optically pumped graphene layers and Fabri–Perot resonator," Appl. Phys. Express, vol. 
2, p. 092301, 2009. 

[112] Y. Takatsuka, K. Takahagi, E. Sano, V. Ryzhii, and T. Otsuji, "Gain enhancement in 
graphene terahertz amplifiers with resonant structures," J. Appl. Phys., vol. 112, p. 
033103, 2012. 

[113] Q. B. He, H. K. Liu, and P. Yeh, "Asymmetric photorefractive Fabry-Perot etalons," Appl. 
Phys. B, vol. 59, pp. 467-470, 1994. 

[114] A. Yariv and P. Yeh, Photonics: optical electronics in modern communications, 6 ed. New 
York: Oxford University Press, Inc., 2007. 

[115] S. Choi, J. Kyoung, H. Kim, H. Park, D. Park, B.-J. Kim, et al., "Nanopattern enabled 
terahertz all-optical switching on vanadium dioxide thin film," Appl. Phys. Lett., vol. 98, 
p. 071105, 2011. 



Texas Tech University, Gülten Karaoğlan-Bebek, May 2016 
 
 

64 
 

[116] J. Kyoung, M. Seo, H. Park, S. Koo, H.-s. Kim, Y. Park, et al., "Giant nonlinear response of 
terahertz nanoresonators on VO< sub> 2</sub> thin film," Optics express, vol. 18, pp. 
16452-16459, 2010. 

[117] M. Seo, J. Kyoung, H. Park, S. Koo, H.-s. Kim, H. Bernien, et al., "Active terahertz 
nanoantennas based on VO2 phase transition," Nano letters, vol. 10, pp. 2064-2068, 
2010. 

[118] M. F. Becker, A. B. Buckman, R. M. Walser, T. Lépine, P. Georges, and A. Brun, 
"Femtosecond laser excitation of the semiconductor‐metal phase transition in VO2," 
Appl. Phys. Lett., vol. 65, pp. 1507-1509, 1994. 

[119] D. Lusk, I. Abdulhalim, and F. Placido, "Omnidirectional reflection from Fibonacci quasi-
periodic one-dimensional photonic crystal," Optics Communications, vol. 198, pp. 273-
279, 2001. 

[120] T. Ben-Messaoud, G. Landry, J. Gariépy, B. Ramamoorthy, P. Ashrit, and A. Haché, "High 
contrast optical switching in vanadium dioxide thin films," Opt. Commun., vol. 281, pp. 
6024-6027, 2008. 

[121] H. Wang, X. Yi, S. Chen, and X. Fu, "Fabrication of vanadium oxide micro-optical 
switches," Sens. and Actuators, A, vol. 122, pp. 108-112, 2005. 

[122] E. Freeman, A. Kar, N. Shukla, R. Misra, R. Engel-Herbert, D. Schlom, et al., 
"Characterization and modeling of metal-insulator transition (MIT) based tunnel 
junctions," in Device Research Conference (DRC), 2012 70th Annual, 2012, pp. 243-244. 

[123] D.-W. Oh, C. Ko, S. Ramanathan, and D. G. Cahill, "Thermal conductivity and dynamic 
heat capacity across the metal-insulator transition in thin film VO2," Appl. Phys. Lett., 
vol. 96, p. 151906, 2010. 

[124] J. Chen, X. Liu, X. Yuan, Y. Zhang, Y. Gao, Y. Zhou, et al., "Investigation of the thermal 
conductivities across metal-insulator transition in polycrystalline VO2," Chinese Science 
Bulletin, vol. 57, pp. 3393-3396, 2012. 

[125] S. Lysenko, A. Rúa, V. Vikhnin, F. Fernández, and H. Liu, "Insulator-to-metal phase 
transition and recovery processes in V O 2 thin films after femtosecond laser excitation," 
Physical Review B, vol. 76, p. 035104, 2007. 

[126] C. N. Berglund and H. J. Guggenheim, "Electronic Properties of VO2 near the 
Semiconductor-Metal Transition," Phys. Rev., vol. 185, p. 1022, 1969. 

[127] D. W. Ferrara, E. R. MacQuarrie, V. Diez-Blanco, J. Nag, A. B. Kaye, and R. F. Haglund Jr, 
"Plasmonic enhancement of the vanadium dioxide phase transition induced by low-
power laser irradiation," Appl. Phys. A, vol. 108, pp. 255-261, 2012. 

 

 


