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CHAPTER 1 

 

INTRODUCTION 

 

1.1. Optical Modulators 

Light signals have been used to transmit information for centuries, but it was not until 

the 1980s that photons were used to transport massive amounts of data through optical fibers. 

The advantages of optical fibers over conventional metal wires include increased bandwidth 

and decreased signal losses. However, there is still a major disadvantage of optical fibers: 

cost. Despite the lower price of the raw material, glass rather than copper, the complex 

manufacturing process makes optical fibers cost significantly more than copper wire. 

According to Gauss’s law and the Drude model for good conductors, electrical signals carried 

by copper wires are limited to propagating near the surface of the metal, but optical signals 

can be transmitted in the bulk of multi-core fibers [1]. Combined with the ability to encode 

separate streams of data into a single core using separate optical wavelengths, called 

wavelength-division multiplexing, optical fibers can easily make up the cost difference, on a 

per bit basis. However, as more information is packed into a single fiber, the ability to 

separate the different optical channels to be sent to individual users will become vital. The 

current method of performing this task in optical switchyards involves converting the optical 

signal to an electrical signal before re-emitting the data stream as a new optical signal into 

another fiber. This is not only slow, but it also wastes energy. All-optical modulators could 

enable switching streams of data with a decreased loss of energy and time [2], a crucial task 

as it becomes more common to transmit data in optical fibers the entire way to the consumer.  
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Figure 1.1. Time response of a graphene-based device, a schematic of the device, 

and a photograph of the device. Images adapted with permission from reference 

[3]. 

 

Because the nonlinear optical properties of silicon that facilitate optical switching are 

small, one of the most promising approaches to realizing ultrafast all-optical modulation 

compatible with current complementary metal-oxide semiconductor (CMOS) fabrication 

techniques and technologies is to incorporate a material with larger nonlinearities. Numerous 

such all-optical modulators have been proposed based upon materials like WS2 [4], 

phosphorene [5], black phosphorus [6], indium tin oxide [7], and PbS quantum dots [8]. One 

material in particular, graphene, has been extensively explored for all-optical modulation 
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[3,9–12]. In fact, a graphene-wrapped optical fiber currently holds the record for fastest 

switching speed in a waveguide-based all-optical modulator [3]. The device shows a 

switching speed of about 2 ps, but the microfiber-based design cannot be easily integrated 

into the current wafer-based CMOS architecture as one can see in Figure 1.1. However, the 

exceptional temporal response have justified attempts to integrate similar devices into wafer-

based devices despite the fabrication difficulties, as seen in Figure 1.2. In the last chapter of 

this dissertation, similar switching speeds are observed in a CMOS-compatible device based 

on a phase change material, vanadium dioxide. 

 

Figure 1.2. (a) Proposed graphene-based all-optical modulator on a magnesium 

fluoride wafer in a microfiber waveguide. (b) A device in which graphene is 

sandwiched between polyvinyl butyral (PVB) and a polished standard optical 

fiber. Images in (a) and (b) adapted with permission from references [13] and [14], 

respectively. 

 

1.2. Vanadium Dioxide 

Because of its insulator-to-metal transition, vanadium dioxide (VO2) has been studied 

for over a half-century and has many potential applications. The phase transition occurs at 

about 70ºC and is associated with a transition from a monoclinic crystal structure, shown in 

Figure 1.3(b), to a rutile phase, Figure 1.3(a). Across the phase transition, VO2 exhibits a 

large change in conductivity and optical constants that motivate a majority of its potential 

applications.  

(a) (b)
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Figure 1.3. Crystal structures for (a) R and (b) M1 phases of VO2. The larger 

spheres represent the metal atoms whiles the smaller spheres are the oxygens. Note 

that all oxygens are equivalent in R but not in the M1 structure reflecting the 

decrease in symmetry. Image adapted with permission from reference [15]. 

 

The contrast in electrical conductivity between the two phases of VO2, like that seen 

in Figure 1.4 in single crystals, suggests that the material could be readily used for electrical 

switching and memory applications [16–19]. The large change in optical constants, shown 

in Figure 1.5, lends itself to applications like optical limiting [20–23], smart windows [24–

28], and tunable metamaterials [29–31]. In this dissertation, incorporation of VO2 into silicon 

photonics enables a device capable of picosecond all-optical modulation, as discussed in 

Chapter 6. Such hybrid VO2-silicon devices may pave the way for faster optical 

communications. 

(a) (b)
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Figure 1.4. Conductivity change across the phase transition for a single crystal of 

VO2. Reprinted with permission from reference [32]. 

 

 

Figure 1.5. Change in optical constants across the phase transition thin film of VO2. 

Image adapted with permission from reference [33]. 

 

Although the low-temperature monoclinic (M1) and the high-temperature rutile 

phases (R) discussed above are the most commonly discussed phases of VO2, numerous other 

(a) (b)
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phases have been observed. Figure 1.6(a) contains a phase diagram illustrating the effect of 

doping VO2 single crystals with aluminum. At the left of the phase diagram, the M1-to-R 

phase transition is seen at about 70ºC as expected for undoped VO2. When vanadium atoms 

are replaced by aluminum atoms, two other insulating phases, M2 and T, can be stabilized. 

The M2 is another monoclinic phase, while the T phase is triclinic. Figure 1.6(b) contains a 

more general phase diagram for the two different doping regimes. Doping with other trivalent 

ions, like chromium, iron, or gallium yields results similar to aluminum: two additional 

insulating phases, M2 and T, and a minor increase in the transition temperature. In contrast, 

doping VO2 with penta- or hexavalent ions, as seen on the left of Figure 1.6(b), drastically 

decreases the transition temperature without creating new phases.  

The three insets to Figure 1.6(b) represent the crystallographic differences between 

the three insulating phases more clearly than most depictions by only showing the metal 

(mostly vanadium) atoms in blue without showing any oxygen atoms. The M1 phase consists 

of metal atoms that are both paired and canted from the rutile c-axis (represented by the 

dashed black line). In the M2 phase, have of the metallic chains of atoms are dimerized but 

not canted while the other half are canted but not paired. The atomic positions of the T phase 

are about halfway between the positions found in the M1 and M2 phases, resulting in the 

triclinic crystal structure that is less symmetric than the monoclinic structures. 



 

 7 

 

Figure 1.6. (a) Phase diagram for Al-doped single crystals of VO2. (b) Generic 

phase diagram for doped VO2. The insets depict simplified crystal structure for 

three insulating phases, each showing a pair of vanadium-atom chains and their 

relationship with the rutile c-axis (dashed black line). Adapted with permission 

from reference [34]. Copyright 2012 American Chemical Society.  

 

In addition to the thermally-driven phase transition, VO2 can be switched by laser 

pulses. Early experiments with nanosecond [35] and picosecond [36] pulses were unable to 

resolve the time required to photo-induce the phase transition of VO2. However, a more 

recent experiment has made it clear that the mechanism for the photo-induced phase 

transition from femtosecond optical pulses is athermal, since the required energy is less for 

the photo-induced transition than the thermally-driven transformation [37]. The combination 

of the heat capacity of VO2 and the latent heat of the phase transition suggests an energy 

requirement of 2.3 eV/nm3, exceeding the energy requirement measured for a an ultrafast 

800-nm pump of about 2 eV/nm3 [37]. When pumped at 2000 nm instead, the energy 

required, about 1 eV/nm3, is even less than the latent heat alone, 1.5 eV/nm3 [37]. 

(a) (b)
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Figure 1.7. (a) Ultrafast phase diagram for the photo-induced phase transition of 

130 nm thin films of VO2. The inability of various thermal models (dotted and 

dashed lines) to confine the regimes of distinct dynamics suggests that simple 

heating from absorption is not the origin of the photo-induced phase transition. In 

contrast, a model based upon a critical density of 6 THz phonons and a separate 

critical electron density is able to define the boundaries to the dynamical regimes. 

(b) Time-resolved transmission of the VO2 films for a few selected fluences shows 

a regime with a fast off-time (bottom two panels). Reprinted with permission from 

reference [38]. 

 

Although the M1-to-R transition can occur in less than 100 fs [39,40], the return R-

to-M1 transition is much slower, usually on the order of nanoseconds. Although this long 

off-time is not conducive to applications in optical modulation, consideration of the ultrafast 

phase diagram in Figure 1.7(a) suggests a solution. If the femtosecond laser fluence is 

reduced below the critical threshold to fully drive the M1-to-R transition, a transient 

metallization can be observed like in Figure 1.7(b) in the bottom panels.  
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Figure 1.8. (a) Diffracted intensities of ultrafast electron beam for all time-delays 

show small deviations from unpumped measurement (black line) on thin film of 

VO2. (b) Difference between unpumped measurement and all other time delays 

shows a convolution of two signals: (c) short time-delays demonstrate a small 

adjustment in crystal structure attributed to another monoclinic phase while (d) 

longer time-delays yield the diffracted signal corresponding to the rutile phase. (e) 

Time-resolved intensities for individual diffraction peaks indicate two different 

decay constants. (f) Fluence-resolved measurements indicate a low-fluence regime 

in which the full structural transition is not completed, and the infrared 

transmissivity in the inset indicates the metallic nature of this transient phase. 

Reprinted with permission from reference [41]. 

 

The current understanding of the transient response observed in the bottom of Figure 

1.7(b) is that the electronic phase transition has occurred without fully driving the structural 

transition, similar to observations of the thermally-driven transition [42,43]. The justification 

for this claim relies on ultrafast electron diffraction measurements [41] shown in Figure 1.8. 

This conclusion is supported by other recent measurements [44–47].  

(a)

(b)

(c)

(d)

(e)

(f)
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CHAPTER 2 

 

EXPERIMENTAL TOOLS AND TECHNIQUES  

 

2.1.  Introduction 

This chapter gives an overview of the techniques used in this dissertation. An 

overview of these tools will help the reader to understand why each method was used and 

where its use fits into the fabrication recipe or protocol for device characterization. Each of 

the sections in this chapter can be thought of as individual building blocks of the experiments 

to be performed. In contrast, when the technique is developed as a part of the work, like in 

the case of the out-of-plane pump in-waveguide probe measurements or the x-ray holography 

experiments, the technique will be discussed in the relevant chapter. 

 

2.2.  Characterization Techniques 

2.2.1.  Atomic Force Microscopy 

During an atomic force microscopy measurement, a cantilever with a very sharp tip 

is rastered across the sample. The force that the sample surface exerts on the tip is measured 

by detecting the laser light reflected off the back of the cantilever. The measured force 

corresponds to nanoscale height, so a map of the height of the sample is produced as the 

cantilever is moved across the sample.  

2.2.2.  Scanning Electron Microscopy 

To image the surface of a sample, an electron-beam is focused onto the sample with 

magnetic and electrostatic lenses. Secondary electrons, typically from k-shells of the atoms 
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in the sample, are emitted from the top few nanometers of the sample and detected. Atoms 

with higher atomic number emit more secondary electrons and the number of detected 

secondary electrons give the value encoded into a grayscale image called a scanning electron 

micrograph. 

2.2.3.  Confocal Raman Spectroscopy 

Confocal Raman spectroscopy is performed by focusing a monochromatic laser onto 

the surface of a sample and detecting the wavelength of the reflected light. Photons that have 

inelastically scattered with atoms in the sample encode information about the vibrational 

modes of the material by shifting the wavelength of the measured light from the original laser 

wavelength. Numerous material-specific vibrational modes allow for a characteristic Raman 

spectrum for different atomic lattices.  

2.2.4.  Ultrafast Pulse Generation and Wavelength Conversion 

Titanium-doped sapphire (Ti:sapphire) crystals are the standard laser material used 

to generate ultrashort pulses. However, typical Ti:sapphire oscillators produce pulses with 

only nanojoules of energy. When laser pulses with more energy are needed, a Ti:sapphire 

amplifier can be used. If the wavelength output from these laser amplifiers, about 800 nm, is 

unacceptable, an optical parametric amplifier can be utilized. The ultrashort pulses used in 

Chapters 5 and 6 of this dissertation were generated with this three-step process. Each of the 

three stages is outlined in more detail below. 

The femtosecond laser pulses generated in a laser oscillator are generated from 

constructive interference of modes in a cavity containing the Ti:sapphire crystal pumped by 

an intense beam of green, continuous-wave (cw) light from another laser. This constructive 

interference is called mode-locking. The cw light is from a diode-pumped Nd:YAG laser and 
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provides the necessary population inversion in the crystal. As the short pulse oscillates from 

one end of the cavity to another, an acousto-optic or electro-optic crystal is used to select 

only those photons that have a phase proportional to the round-trip time in the cavity, and 

these are transmitted through a partial reflector and used in the experiments. Thus, the length 

of the cavity determines how often a pulse leaves the laser oscillator. Although the 

corresponding repetition rate is typically tens of MHz, any one pulse contains only 

nanojoules of energy.  

If a larger energy per pulse is required, a laser amplifier can be used. In a laser 

amplifier, a small fraction of pulses from a laser oscillator, typically about one out of every 

80,000, is switched out of the stream of pulses from the oscillator and amplified in another 

Ti:sapphire crystal to microjoules or even millijoules per pulse. This second Ti:sapphire 

crystal is pumped by a nanosecond Nd:YLF green laser. The pulse makes numerous passes 

through the crystal and this configuration is referred to as a regenerative amplifier. 

If a wavelength is desired other than the 800 nm provided by a Ti:sapphire amplifier, 

an optical parametric amplifier (OPA) can be used. In the OPA used in Chapters 5 and 6, a 

nonlinear crystal, beta barium borate (β-BaB2O4), is used to generate near infrared signal and 

idler beams in a difference-frequency mixing process. The 800 nm beam from the laser 

amplifier is used to drive the process as seen in Figure 2.1. Although a white-light beam 

generated from optical rectification in an undoped sapphire plate seeds the process, the only 

wavelengths that will be amplified are those that satisfy the phase matching condition 

determined by the indices of refraction of β-BaB2O4 at the signal and idler wavelengths: 

(2.1) !"#$"

%"#$"
= !'()*+,

%'()*+,
+ !(.,/0

%(.,/0
 

Since this is a nonlinear parametric process, light is not absorbed by the β-BaB2O4, no heat 
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is generated, and energy must be conserved: 

(2.2) 1
%"#$"

= 1
%'()*+,

+ 1
%(.,/0

 

When these two relationships are satisfied, energy will be converted from the pump beam to 

the signal and idler beams. In Chapters 5 and 6, the OPA is aligned so the signal beam is at 

1550 nm, making the idler beam at about 1670 nm. 

 

Figure 2.1. Schematic representing optical parametric amplification. From the 

white light, only the wavelength, represented by the thin blue line, that meets the 

phase-matching condition will be amplified. An idler beam will be generated 

according to energy conservation. 

 

2.3.  Fabrication Techniques 

A more thorough discussion of the two VO2 deposition methods used in this 

dissertation can be found in reference [48], but a quick description of each is found below. 

2.3.1.  Pulsed Laser Deposition 

Pulsed laser deposition is a method for depositing thin films. An intense laser pulse 

is focused on a target and causes energetic species to be ejected into a vacuum chamber 

where substrates are placed. The ionic and atomic species deposit onto the substrates with a 

stoichiometry determined by the target composition and gas mixture present in the vacuum 

chamber. While detailed information about the VO2 deposition method can be found 

!-BaB2O4 Pump

Idler

Signal
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elsewhere [49], small deviations from that recipe were necessary for the x-ray holography 

experiments due to the delicate nature of the samples (Chapter 4). 

2.3.2.  Radio-Frequency Magnetron Sputtering 

Another technique for depositing VO2 films is radio-frequency (RF) magnetron 

sputtering. In this method, an AC potential is applied between a cathode and anode. The 

cathode is typically referred to as the target, as it will be at least a component of the deposited 

thin film. The AC potential causes an inert gas contained in the vacuum chamber to be 

ionized and accelerated toward the target. These energetic particles sputter material from the 

target and it is deposited on substrates elsewhere in the chamber. RF magnetron sputtering 

was used to deposit the films on all devices in Chapters 4 and 5. 

2.3.3.  Electron-Beam Lithography 

To create nano- or micro-scale devices, electron-beam lithography (EBL) was 

utilized. The first steps in EBL include coating the sample with a polymer resist; exposing 

portions of the resist to an electron beam, which breaks the polymer into smaller chemical 

species; and selectively removing the exposed resist using a relatively weak organic solvent. 

At this point, a mask of the unexposed polymer covers some of the sample and there are two 

methods to create nano- or micro-scale patterns from this mask. The exposed material can 

either be etched away leaving the inverse pattern, or a new material can be deposited into the 

windows. Finally, a stronger organic solvent dissolves the unexposed polymer, and if the 

latter method is used, any newly deposited material resting on that unexposed resist is 

removed. Both positive and negative EBL methods are used in this dissertation; the former 

is used to define the silicon photonic structures by etching away unwanted silicon, while the 

latter is used to deposit the VO2 on only the desired locations. Note that in this dissertation 
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another etching method – oxygen-plasma cleaning – is used to clean the substrate before 

deposition but should not be confused with the former process, which involves etching 

through the silicon layer. 

2.3.4.  Reactive-Ion Etching 

Reactive-ion etching is a technique for removing material from the surface of a 

sample, in which an intense RF electromagnetic field induces a plasma and the resulting ions 

are accelerated toward the sample surface. The rate at which material is removed depends 

upon the gases allowed into the vacuum chamber during the procedure, the chemical 

properties of the exposed portions of the sample, and the applied RF power. 
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CHAPTER 3 

 

DESCRIPTION OF VO2 PHASES BY DENSITY FUNCTIONAL THEORY 

 

3.1.  Introduction 

Although developing a firm understanding of the origin of the vanadium dioxide 

phase transition is of acute interest in the physics community, the knowledge could also 

inform and improve the next generation of modulators. The description of the mechanism 

driving the VO2 phase transition might provide insight into the response of VO2-based 

devices as well as suggest other phase-change materials that might provide similar properties. 

In particular, an understanding of the transient metallization exploited in the VO2-based 

devices is crucial to their development. 

My contributions to this work included leading the successive revisions of the initial 

draft to turn it into a publishable document. This process required numerous nuanced 

discussions about the interpretation of the results in light of the history of theoretical 

descriptions of VO2, experimental characterization of its rich phase diagram, and its 

importance as a test bed for the continuing development of density functional theory. The 

work in this chapter is published in reference [50]. 

 

3.2.  History of Theoretical Descriptions of VO2 

The understanding of VO2 phases and the complex relationships between them has 

been controversial for half a century. At the core of the debate lies the question of whether 

the insulating phases can be described by single-quasiparticle band theory or if strong 
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correlations must be invoked to predict the band gap from fundamental assumptions [51–

54]. In 1971, Goodenough suggested that the band gap originates from the formation of V-

V pairs [55], but just four years later, Zylbersztejn and Mott proposed that the band gap in 

VO2 follows largely from strong electron correlations [56]. This latter thesis gained support 

from experimental data that showed behavior similar to the generic, non-material-specific 

predictions of correlated-electron model Hamiltonians [53,57]. In 1994, density functional 

theory (DFT) calculations for the M1 phase favored a Peierls-like dimerization of vanadium 

atoms as the root of insulating behavior [58]. However, those single-quasiparticle 

calculations did not yield a true band gap, a failure which strengthened arguments for a Mott-

Hubbard description of the band gap [57,59]. In 2005, Biermann et al. carried out dynamical 

mean-field theory calculations, effectively incorporating electron correlations into DFT 

calculations which previous yielded no band gap [60]. They found a nonzero gap for the M1 

phase, but concluded that the M1 phase is not a conventional Mott insulator. Instead, the 

finite band gap was attributed to a correlation-assisted Peierls transition. The role of strong 

correlations in opening the VO2 band gap was further corroborated in more recent 

calculations by Weber [61]. 

In the last few years, predicting experimental VO2 characteristics has become a test 

bed for single-particle theories. In 2007, Gatti et al. [62] calculated VO2 energy bands using 

the approximation of Hedin [63] for the one-electron Green’s function, which substitutes the 

bare Coulomb potential in the Hartree-Fock approximation by an energy-dependent screened 

Coulomb interaction. These calculations produced an energy gap in the M1 phase and a 

metallic rutile phase as expected. In 2011, Eyert [64] reported energy-band calculations using 

hybrid exchange-correlation functionals, in which a fraction of the local exchange potential 
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is replaced by a Hartree-Fock exchange. He obtained satisfactory energy gaps for the 

insulating phases, duplicating the success of Gatti et al. [62], and addressed the issue of 

magnetic ordering. Although this initial success led to more comprehensive studies [65–67], 

no single exchange-correlation functional has been found that predicts both the observed 

energy gaps and magnetic orderings of VO2 phases. As a result, the role of strong electron 

correlations in the phase transition of VO2 and therefore the applicability of single-particle 

band theory to VO2 remains in dispute.  

 

3.3.  Details of the Density Functional Theory Calculations 

Hybrid density functional theory computations were performed for each VO2 phase 

using a plane-wave basis and the projector-augmented-wave method [68] as implemented in 

the Vienna Ab initio Simulation Package [69]. The unique results of these calculations are 

assumed to follow from two unique choices of parameters for the energy-band calculations 

of the principal phases of VO2: (1) significantly harder pseudopotentials were used for both 

oxygen and vanadium and (2) an optimized mixing parameter in a hybrid functional was 

used for the exchange-correlation potential. For each VO2 phase, several magnetic 

configurations were calculated to determine the lowest energy magnetic ordering. The 

exchange and correlation were described by a tuned PBE0 hybrid functional [70,71] that 

contains 7% Hartree-Fock exchange. The percentage was chosen to yield an energy gap for 

M1 in agreement with experiment.  

These calculations provide a more accurate description of the vanadium and oxygen 

atoms for two reasons. First, thirteen electrons (3s23p63d44s1) were treated as valence 

electrons for vanadium atoms instead of the typical eleven electrons [64,65]. For the oxygen 
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atoms, six electrons (2s22p4) were treated as valence electrons, as is common practice. 

Second, the oxygen pseudopotential utilized in these calculations was harder (i.e., the core 

radius is smaller) than that which is typically used. The AFM-M1 (antiferromagnetic-M1) 

phase was found to be metastable using typical oxygen pseudopotentials but is unstable using 

a hard potential, which implies a delicate balance between competing effects. This result is 

consistent with the complex phase diagram of VO2 involving multiple competing phase 

transitions. The harder pseudopotentials have an effect on the magnetic order because it 

affects bond lengths and angles, which, according to the Goodenough-Kanamori rule 

[33,72,73], indirectly affects whether a certain magnetic order can be stabilized or not. 

As required by the harder oxygen pseudopotential, the plane-wave cutoff energy was 

set at 700 eV, but a cutoff energy of 800 eV caused no appreciable changes. All Brillouin-

zone sampling was based on G-centered k-point grids: 3×3×3 grids were used for the M1 and 

M0 unit cells that each contain 12 atoms, a 4×4×6 grid was chosen for the R unit cell with 6 

atoms, and a 1×2×2 grid was utilized for the M2 unit cell with 24 atoms. The self-consistent 

electronic calculations were converged to 10−4 eV between successive iterations and the 

structural relaxations were converged so that the total-energy difference between two 

successive ionic steps is 10-3 eV. The initial magnetic configuration was set by assigning a 

moment of 0, +1, or -1 Bohr magneton on each vanadium atom, resulting in three possible 

initial configurations: NM (nonmagnetic, all moments set at 0), FM (ferromagnetic, all 

moments set at +1), and AFM (antiferromagnetic, moments alternating between +1 and -1). 

During self-consistent field calculations of the electronic structure, the magnetic moments 

on all atoms were allowed to vary. 
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3.4.  Computation Results 

Density functional theory calculations with hard pseudopotentials and an optimized 

hybrid exchange functional, as described above, correctly predict the energy gaps and 

magnetic orderings of both monoclinic VO2 phases, the metallic nature of the high-

temperature rutile phase, and are consistent with available experimental data. This result 

suggests that it is not necessary to invoke strong electronic correlations to accurately describe 

VO2. Using these calculation parameters, a potential candidate was found for the metallic 

monoclinic phase discussed in recent publications.  

 
Figure 3.1. Optimized crystal structures found with density functional theory 

calculations. (a) Nonmagnetic-M1, (b) ferromagnetic-M0, (c) ferromagnetic-R, 

and (d) antiferromagnetic (A-AFM) M2. Oxygen atoms are shown in red, and 

vanadium atoms are blue. The strongest V-V bonds (defined as <2.50 Å) are 

depicted as solid lines, while the weakest V-V bonds (>3.00 Å) are displayed as 

dotted lines. Bonds between 2.50 and 3.00 Å represented by dashed lines. 

Reprinted with permission from reference [50]. 
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The optimized crystal structures in Figure 3.1 have all expected features of the 

experimentally observed crystal structures: all V-V chains of M1 and M0 are both canted 

and dimerized, R has only undimerized straight V-V chains, and the monoclinic M2 phase 

has both straight dimerized V-V chains and undimerized but canted antiferromagnetic V-V 

chains [52,74–77]. In addition to that qualitative agreement, the calculated lattice constants 

and angles as well as vanadium-vanadium (V-V) bond lengths and V-V angles are in good 

agreement with corresponding experimental values (see Table 3.1). Although our lattice 

constants and V-V bond lengths are somewhat smaller than the corresponding experimental 

values, density functional theory calculations simulate atoms at 0 K, not the finite 

temperatures available to experiments. 

First, we consider the magnetic and electronic properties of the R phase. Experiments 

have shown that the R phase is PM above the transition temperature of 340 K [78,79]. 

According to the present calculations, the total energies of antiferromagnetic R (AFM-R) 

and NM-R are higher than ferromagnetic R (FM-R) by 125 and 140 meV per formula unit, 

respectively. Although the calculations predict FM-R to be the ground state of R, the 

temperature at which DFT calculation must be performed (0 K) is well below any 

hypothetical Curie temperature of R-VO2. However, the crystal structure of VO2 is 

monoclinic at temperatures below 340 K so we cannot directly compare the calculated FM 

ground state to an experimentally observed phase, so we can only state that our FM-R 

prediction is not inconsistent with the experimental observations of PM-R [78,79]. As shown 

in Table 3.2, FM-R is metallic, in agreement with experiment [78,79], dynamical mean field 

theory (DMFT) calculations [60], and a previous hybrid-functional calculation [80], but 

unlike the hybrid calculations in references [65,66]. In Figure 3.2(a), the total density of 
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states (DOS) of FM-R is compared to the experimental x-ray photoelectron spectra [81] and 

with DMFT results [60]. The overall shape of the DOS agrees with the experimental data. In 

particular, a feature at -1.3 eV that is present in the experimental data [81], in previous DMFT 

results [60] (attributed to a lower Hubbard band), and in GW calculations (attributed to a 

plasmon) [62] is reproduced in the DOS computed in the present work.  

 

Table 3.1. Comparison of lattice constants, V-V bond lengths, and V-V bond 

angles found with these DFT calculations and in experimental work (Exp). Note 

that the values for the FM-M0 phase are compared to the values for the monoclinic 

metallic state (mM) determined from x-ray absorption fine structure experiments. 

Table adapted with permission from reference [50]. 

 

 

	 	

M1  NM-M1 mM FM-M0 R M2 

Exp [77] This 
work Exp [76] This 

work Exp [74] This 
work Exp [75] This 

work 

a (Å)  5.75 5.53 5.69 5.59 4.55 4.42 9.07 8.98 

b (Å)  4.54 4.51 4.59 4.50 4.55 4.42 5.80 5.65 

c (Å)  5.38 5.28 5.29 5.29 2.85 2.80 4.53 4.48 

α, γ (°) 90 90 90 90 90 90 90 90 

β (°) 122.65 121.93 122.61 122.05 90 90 91.88 91.88 

V
-V

 b
on

d 
(Å

) short 2.62 2.44 2.72 2.69 

2.85 2.80 

2.54 2.40 

middle 	 	 	 	 	 	 	 	 2.93 2.86 

Long 3.17 3.14 2.98 2.94 3.26 3.25 

V-V angle 
(°) 168 166 	 	 175 90 90 162 161 
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Figure 3.2. (a) The density of states (DOS) for the ferromagnetic rutile phase (FM-

R) calculated in this work (red) is compared with the experimental [81] 

photoemission spectrum (black) and the V-3d (t2g) spectral weights (blue) from 

LDA+DMFT calculations [60]. The 1.3 eV satellite feature is clearly found in this 

work. (b) The total DOS of NM-M1 calculated in this work (red) is compared with 

the experimental [81] photoemission spectrum (black) of the low temperature 

insulating M1 and the DOS (blue) from GW calculations [62]. Each DOS from 

this work was convoluted with a Gaussian function. Reprinted with permission 

from reference [50]. 

 

We next consider the magnetic and electronic properties of the M1 phase. Conflicting 

reports of paramagnetic [78,79] and diamagnetic [82] susceptibilities for M1 suggest that M1 

probably has a negligible magnetic susceptibility, and that experimental values are 

potentially affected by fabrication parameters; we therefore designate it as NM as previous 

authors have done [65]. The optimized AFM-M1 spin configuration relaxes to the more 
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stable NM-M1 in contrast to previous hybrid DFT results [64,65,67,80] but consistent with 

experiment [78,79,83]. As can be seen in Table 3.2, we obtain a band gap of 0.63 eV for 

NM-M1 in good agreement with the experimental value [79,81,84] of about 0.7 eV and the 

values obtained from DMFT [60,61] and GW [62] calculations. In Figure 3.2, the total DOS 

of NM-M1 is compared to the experimental XPS spectra [81] and the GW DOS calculated 

in reference [62]. The shape of the DOS and the positions of peaks from -10 to 0 eV agree 

well with the experimental results [81] and with the GW DOS. This comparison confirms 

that the electronic structure of the insulator phase NM-M1 is correctly reproduced by the 

present hybrid DFT calculations.  

In addition to the NM-M1 and FM-R phases, the present hybrid DFT calculations 

predict a stable ferromagnetic state, FM-M0, with a structure intermediate between NM-M1 

and FM-R. Calculations starting from the FM-M1 configuration converge to FM-M0 during 

geometry optimization. Since the total energy of FM-M0 is lower than the calculated energy 

of the commonly accepted ground state, NM-M1, by 50 meV per formula unit, we suggest 

that VO2 may be ferromagnetic at very low temperatures. A low Curie temperature could 

account for the discrepancy between the predicted ferromagnetism and the finite magnetic 

susceptibility observed in experiments at moderately low temperatures [85,86]. Between 10 

K and the insulator-to-metal transition at about 340 K the magnetic susceptibility is small 

[86], reinforcing the conventional wisdom that NM-M1 is the stable phase above 10 K.  

It is noteworthy that initial configurations of AFM-M0 and NM-M0 both converge 

to NM-M1 when the initial magnetic moments are allowed to change during the calculation. 

Along with the fact that FM-M1 converges to FM-M0, these results hint at the complex 

interplay of magnetic and structural degrees of freedom, and highlight the necessity of more 
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magnetic measurements at low temperatures to confirm experimental results [85,86] and 

these predictions. In other words, the input magnetic ordering of (FM or NM) is a stronger 

determinant of the output crystallographic structure (M0 or M1, respectively) than the input 

crystallographic structure. It is also interesting that both phases of VO2 simulated to be 

ferromagnetic, M0 and R, are half metals similar to CrO2 [76,87] suggesting half metallicity 

and ferromagnetism are correlated in transition-metal oxides.  

Similar to NM-M1, the FM-M0 configuration has a simple monoclinic lattice with 

space group P21/c (C5
2h, No. 14) and dimerized zigzag V-V chains. However, the crystal 

structures of NM-M1 and FM-M0 exhibit subtle differences, as shown in Figures 3.1(a) and 

3.1(b). The short V-V bond of FM-M0 is longer and the long bond is shorter than the 

corresponding bonds in NM-M1. Therefore, the FM-M0 crystal structure can be viewed as 

an intermediate phase between the crystal structures of NM-M1 and FM-R. In fact, both the 

short and long V-V bonds of FM-M0 are closer to the bond length found in FM-R than their 

NM-M1 counterparts, indicating a FM-M0 intermediate state would be structurally closer to 

FM-R than to NM-M1. Furthermore, the 175° bond angle of FM-M0 is also closer to the 

180° angle found in FM-R than the 166° angle of NM-M1. Diffraction measurements and 

optical or electrical measurements below the Curie temperature are needed to verify the 

structure and metallic character of the FM-M0 phase.  
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 Experiment 

Theoretical results 

This 
work 

HSE GW DMFT 

[64] c [65] d [67] [62] [60] g 

Magnetic 
ground 
states 

M0 FM/PM [85,86] a FM      

M1 NM [82,83] b NM  AFM AFM   

M2 AFM [52] A-AFM   FM   

Band 
gap 
(eV) 

M1 0.6-0.7 [79,84] 0.63 1.10 2.23 (AFM) 
0.98 (NM) e  0.65 0.60 

M2 >0.10 [88] 0.56 1.20     

R 0 [79,84] 0 0 1.43 (FM) 
0 (NM) f  0 0 

Table 3.2. Magnetic states and band gaps for various VO2 phases compared to 

experiments and other theoretical calculations. Table adapted with permission 

from reference [50]. 

a Divergence of the magnetic susceptibility below 30 K underlines the 
importance of exploring the unknown low-temperature magnetic 
properties. 

b The disagreement of measurements of small positive [83] susceptibility 
and another publication [82] reporting small negative susceptibility 
justified our designation of M1 as NM as similar to previous authors 
[65]. 

c Band gap of each VO2 phase was calculated by assuming the magnetic 
state found in experiments. 

d Non-spin-polarized calculations similar to those of Eyert [64] were 
reproduced and then spin-polarized calculations for each potential 
magnetic state were performed [65]. 

e The correct magnetic phase, NM-M1, has a calculated band gap close to 
the experimental value. However, AFM-M1 was calculated to be lower 
in energy, and its band gap is more than triple the expected value. 

f A ferromagnetic R phase with a band gap of 1.43 eV was calculated to 
be the ground state. However, a NM state with a correct band gap of 0 
was also obtained, albeit at a higher energy.  

g A stable nonmagnetic structure was obtained with cluster-DMFT, but it 
was not compared to other magnetic states to determine the ground state. 



 

 27 

Recently, a stable metallic monoclinic VO2 phase (mM) has been observed near room 

temperature in thin films [76] and single crystals under high pressure [89]. We found that the 

crystal structures and metallic character of the predicted FM-M0 and the experimental mM 

phases are very similar, which suggest that FM-M0 may be related to this mM phase. In the 

thin films [76], x-ray absorption fine-structure spectroscopy (XAFS) demonstrated that the 

short V-V bond elongates, the long V-V bond shortens, and zigzag V-V chains straighten 

when VO2 metallizes [76], leading to an intermediate crystal structure with lattice constants 

and bond lengths nearly identical with those for FM-M0 shown in Table 3.1. Pressure-

dependent Raman spectroscopy, mid-infrared reflectivity, and optical conductivity 

measurements confirmed an insulator-to-metal transition without an accompanying 

structural transition from monoclinic to the rutile phase [89]. However, although a subtle 

change in structure was attributed to the appearance of the M2 phase, that assignment 

explains neither the metallization nor the fact that intermediate Raman spectra are unlike 

those of either M2 or M1 [89]. Instead, a monoclinic metallic phase, such as M0, with slightly 

different crystal structure than either M1 or M2, would explain both the mM phase in thin 

film samples [76] and the metallic monoclinic VO2 phase that appears under high pressure 

[89]. The similar crystal structures and metallic character of the predicted FM-M0 and the 

experimental mM states suggest that FM-M0 may be related to this mM phase. 

Although most work on VO2 over the past fifty years has focused exclusively on the 

transition between the insulating M1 and metallic R phases, multiple authors 

[52,57,64,90,91] have suggested that the M2 insulating phase may hold the key to a complete 

understanding of the VO2 phase transition. Three possible AFM configurations [92] 

designated as A-AFM, G-AFM, and C-AFM are shown in Figure 3.3(a), 3.3(b), and 3.3(c), 
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respectively. Each configuration represents a unique magnetic ordering of the zigzag chains, 

while the straight chains have no moments. The A-type and G-type exhibit antiparallel 

moments along the canted zigzag V-V chains [52]. For A-AFM, moments on V-atoms in a 

canted zigzag chain are parallel to moments of its nearest V-atom neighbors on the next 

canted chain, while they are antiparallel for G-AFM and C-AFM. However, the moments of 

all vanadium atoms on a single chain are aligned in C-AFM.  

 
Figure 3.3. (a) Schematic of the three possible magnetic structures of AFM-M2: 

A-AFM, G-AFM and C-AFM. The blue solid circles are V atoms and the overlaid 

white arrows represent the orientation of their magnetic moment. The solid red line 

between two adjacent canted chains represents parallel magnetic moments 

between the nearest vanadium neighbors from two separate chains, while the 

dashed green lines represent an antiparallel configuration. The magnetic moment 

orientations along a single V-chain are either alternating (A-AFM and G-AFM) or 

constant (C-AFM). The A-AFM configuration was calculated to have the lowest 

energy. Reprinted with permission from reference [50]. 

 

Our calculations show that the A-AFM is the lowest-energy configuration of M2 and 

the G-AFM, C-AFM, FM, and NM configurations of M2 are higher in energy than A-AFM 
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by 4 meV, 27 meV, 16 meV, and 32 meV per formula unit, respectively. Although 

numerically accurate, the small energy difference (4 meV) between A-AFM and G-AFM 

may not be captured accurately by the approximate functionals. Nevertheless, both A-type 

and G-type AFM-M2 agree with the experimentally derived model in which M2 is 

antiferromagnetic and local magnetic moments are present only on the canted zigzag V-V 

chains [52]. Similarly, the present calculations show that the local magnetic moments of 

AFM configurations are on the canted V-V chains while the straight, dimerized chains have 

negligible moments. The band gap of 0.56 eV calculated for A-AFM-M2 is in agreement 

with photoelectron spectroscopy (PES) of M2 quoting a band gap greater than 0.1 eV [88]. 

Furthermore, our value of 0.56 eV is consistent with the band model proposed by 

Goodenough [93] in which the band gap for M2 is comparable to, but smaller than, the band 

gap of M1 (0.6-0.7 eV).  

 

3.5.  Discussion and Impact of Results 

The kernel of the long-standing debate about VO2 is whether the electronic properties 

of this material are better described by band theory in which electrons are represented by 

non-interacting quasiparticles that experience the same single-particle crystal potential, or by 

a many-body approach in which electron-electron interactions are explicitly incorporated. In 

principle, band theory can always describe any given material: ground-state properties are 

describable by DFT, which is an exact theory, assuming that a satisfactory exchange-

correlation potential Vxc(r) can be constructed; excitations can be described by Hedin’s GW 

expansion of the self-energy S(r,r';E) followed by solving the Bethe-Salpeter equation (BSE) 

[94] to include electron-hole interactions. Both the DFT and Hedin equations look like 
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Schrödinger equations: the Vxc(r) in DFT is replaced by the nonlocal, energy-dependent 

S(r,r';E) in order to describe excitations. Using these equations, one gets quasiparticle energy 

bands, single-particle excitations, excitons (via the BSE), and plasmons (from the zeros of 

the real part of the single-particle dielectric function [95]), but the energy dependence in 

S(r,r';E) is often essential [61]. The standard procedure is to first solve the DFT equation 

with a reasonable choice of Vxc, and then use the solutions to construct S(Ek), which are in 

turn used to correct the DFT energy bands. Ideally, the process should be carried to self-

consistency to eliminate the effect of the initial Vxc choice. Gatti et al. [62] have already 

demonstrated that this process correctly predicts the band gap of insulating monoclinic VO2; 

however, the numerical procedures are quite cumbersome and magnetic calculations require 

separate, self-consistent GW calculations. Hybrid exchange-correlation functionals 

constitute an attempt to construct a Vxc(r) that also serves as a local, energy-independent 

approximation to S(r,r';E), known as the COHSEX (Coulomb hole plus screened exchange) 

approximation [62]. The fact that  S(r,r';E) is material specific justifies tuning the mixing 

parameter in the hybrid functional, as is done in the present paper. In this way, the tuned 

exchange-correlation functional models  S(r,r';E) for each material. Similarly, the Hubbard 

U, which is present in theories that incorporate explicit electron-electron interactions, is also 

often treated as a free parameter. Here we have demonstrated that, by tuning the mixing 

parameter of a hybrid functional and using harder-than-usual pseudopotentials, the single-

particle approach correctly yields both the electronic and magnetic properties of VO2 phases; 

however, the underlying nature of the phase transition is not addressed here. 

DFT and GW calculations serve as rigorous quantitative tests of quasiparticle 

theories. The early conclusions that VO2 is a strongly correlated material were based on 
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model many-body Hamiltonians. Experimental data in the region of the phase transition were 

compared with the corresponding model behavior [54,57]. The appearance of correlated 

behavior at the phase transition, however, does not necessarily imply that strong correlations 

persist at temperatures away from the phase transition. Quantitative theories based on strong 

correlations, such as LDA+U, GGA+U and DMFT, assume at the outset that strong electron-

electron interactions, incorporated via the Hubbard-model on-site parameter U, dominate. In 

the case of VO2, LDA+U yields insulating behavior for both the monoclinic and rutile phases 

[96,97]. The DMFT calculations by Biermann et al. [60] and by Weber et al. [61] are 

anchored on a zero-gap DFT calculation and found that strong correlations are needed to 

reproduce the observed value of a Peierls-induced energy gap. However, these methods have 

not yet been used to study the competing magnetic orderings. Thus, only the present 

calculations, based on band theory, reproduce the observed structural, electronic, and 

magnetic properties of all VO2 phases. The present band theory, DMFT, and GW/COHSEX 

all give a band-gap value in accord with experiment, which raises the following challenge: 

If DMFT and GW/COHSEX calculations were to be anchored on the present hybrid-

functional band structure, which yields a correct energy gap, instead of the zero-gap LDA 

band structure, would they retain this value of the energy gap? If so, the role of correlations 

beyond what is captured by the present hybrid functional would be negligible. Clearly, such 

calculations would be valuable to establish the origin of the agreement between seemingly 

incompatible theories.  

In conclusion, our study underlines the power of the hybrid DFT approach to produce 

a comprehensive theoretical picture of all the major VO2 phases and their magnetic 

properties. We have successfully reproduced the electronic and magnetic properties of M1, 
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M2, and R phases of VO2 using DFT calculations with a hybrid functional and accurate 

pseudopotentials. The success of these hybrid DFT calculations suggests that band theory 

can provide an adequate description of VO2 phases despite the unusually large coupling 

between magnetic and structural degrees of freedom in VO2. The strength of that coupling is 

perhaps displayed more clearly in this work than ever before given the strong influence that 

the initial magnetic state has on the optimized crystal structure. Moreover, the present 

calculations predict a new monoclinic ferromagnetic metal state of VO2, which accounts for 

the magnetic data at low temperature and is also a candidate for the recently observed 

metallic monoclinic mM phase that appears in thin films or under high pressure. In addition, 

the antiferromagnetic structure of M2 was predicted to be A-type. Experimental verification 

of ferromagnetism in room-temperature VO2 under high pressure, as well as structural and 

electronic measurements at low temperatures in unstrained VO2, clearly set important 

priorities for future research to test the validity of these particular findings.
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CHAPTER 4 

 

NANOSCALE HOLOGRAPHIC IMAGING OF VANADIUM 

DIOXIDE THIN FILMS WITH X-RAYS 

 

4.1.  Introduction 

Although the phase transition of vanadium dioxide was discovered [98] as early as 

1959, the nature of the VO2 phase transition holds mysteries to this day. One mystery of 

particular importance to a VO2-based optical modulator is the transient behavior when 

pumped by ultrafast pulses at low-fluence. Understanding the short-lived monoclinic metal 

phase could improve device performance. For example, stabilizing the crystallographic 

configuration of the transient state could enable lower switching fluences of the film and thus 

lower energy consumption of the device. 

In this chapter, the crystal structure and electronic state of the VO2 are simultaneously 

probed with 50 nm spatial resolution to gain insight into the role of defects in the phase 

transition. These x-ray holography measurements suggest that the M2 phase plays a pivotal 

role in the phase transition, perhaps nucleating the transformation at temperatures slightly 

below the transition temperature. Although I played only minor roles in the interpretation of 

results and preparation of the manuscript, published in reference [99], my main contribution 

to this work, discussed more thoroughly in section 4.3, was developing a pulsed laser 

deposition recipe that would not damage gold apertures on the opposite size of the Si3N4 

membranes necessary for the experimental configuration. This represented a major step 

forward in the deposition processes available in our laboratory. 
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4.2.  Overview of X-Ray Holography 

The diffraction limit suggests that electron or x-ray beams, with wavelengths of only 

a few nanometers, are a prerequisite for nanoscale imaging. Electron beams, unlike x-ray 

beams, suffer from space-charge spreading [100] due to Coulombic repulsion. However, 

manipulating light in the x-ray region, as when focusing on the sample, is challenging. 

Furthermore, obtaining nanoscale resolution with a focused x-ray beam spot would require 

rastering the beam spot and time-consuming measurements.  

As an alternative to direct real-space imaging, x-ray holographic imaging can be used 

to reconstruct a real-space image from a momentum-space image. In these experiments, an 

x-ray beam, which is approximately collimated, is split into two beams; one of the beams 

passes through the sample, while the reference beam does not. A Fourier transform can be 

performed on the interference of the two beams to obtain a real-space image with nanoscale 

spatial resolution. This method, using a collimated x-ray beam, does not require focusing of 

the x-rays and no need for rastering.  

 
Figure 4.1. (a) Experimental configuration for the Eisebitt experiment. Inset shows 

scanning transmission x-ray micrograph of the Co/Pt multilayer film used in the 

experiment. (b) Holographic image of the Co/Pt multilayer film computed in the 

Eisebitt experiment. Images adapted with permission from reference [101]. 

(a) (b)
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Figure 4.1(a) illustrates an experimental configuration for x-ray holography [101]. A 

20-µm pinhole acts as a coherence filter for the monochromatic synchrotron x-rays. The 

mask is far enough away (7.23 meters in the Eisebitt experiment) from the 20-µm pinhole 

that the center Airy disk diffracted from the circular aperture illuminates both holes in the 

gold mask with high enough coherence to enable holography. The smaller hole in the gold 

mask, extending the entire way through the sample, acts as the reference beam. The larger 

hole contains the area of interest. In the Eisebitt experiment, the sample is a stack of 

alternating cobalt and platinum films and it is imaged directly with scanning transmission x-

ray microscopy (STXM), similar to SEM, and shown in the greyscale image in Figure 4.1(a). 

The interference of the reference and sample beams, referred to as a hologram, is collected 

by the CCD camera; an example for the Eisebitt experiment is found in color in Figure 4.1(a). 

A holographic image that reproduces the real space image can be obtained by computing the 

Fourier transform of the hologram, seen in Figure 4.1(b) for the Eisebitt experiment. The 

STXM image in Figure 4.1(a) is in good agreement with the holographic image, Figure 

4.1(b), demonstrating the ability of this lens-less imaging technique to produce a real-space 

image. Note that by tuning the electric-field polarization and x-ray wavelength of 

synchrotron, this holographic imaging technique can provide element- and polarization-

specificity of the x-ray absorption spectrum. Furthermore, since holography is an 

interference-based imaging technique, it is sensitive to the relative shifts of the amplitude 

and phase of the transmitted light across the sample. Thus, it is particularly well-suited for 

measuring phase-separated materials, which modulate the local transmission, even on the 

nanoscale [101]. 
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Figure 4.2. Raman spectrum of film near Si3N4 window demonstrates that the VO2 

is in the M1 phase at room temperature. The saturated peak at about 520 cm-1 

corresponds to the silicon substrate. Reprinted with permission from reference 

[99]. 

 

4.3.  Sample Fabrication and Characterization 

Samples were fabricated by pulsed laser deposition on Si3N4 membranes and were 

shown to be in the M1 phase by Raman scattering as seen in Figure 4.2. In addition, the VO2 

is confirmed to undergo the phase transition by measuring the transmission of light through 

the VO2 as a function of temperature, as shown in Figure 4.3. For these measurements, the 

emission from a tungsten-halogen lamp was filtered to give light only with wavelengths 

longer than 1310 nm and focused onto the VO2 film on the Si3N4 window with a microscope 

objective. The transmitted infrared light was collected with a second microscope objective 

and measured with an InGaAs photodiode. The sample was mounted on a copper plate with 

a hole to allow transmission of the light, and the copper plate was heated by a Peltier thermo-

electric device.  
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The fabrication of these devices required depositing VO2 thin films on 40-nm Si3N4 

membranes with gold apertures on the backside. Typically, a laser power of 325 mJ/pulse, 

corresponding to fluence of about 2 J/cm2 on the vanadium metal target, has been used during 

the pulsed laser deposition of VO2 in our group [49]. However, this recipe was found to 

destroy the gold apertures. This damage was ascribed to local melting of the gold as a result 

of the heat generated in the sample by the energy VO2 species, a lack of a good thermal sink 

in the form of a thick substrate, and the inability of the atmosphere to wick heat away from 

the sample in the form of convection since the deposition was done under vacuum. Instead, 

a laser power of about 260 mJ/pulse, or about 1.6 J/cm2 on the target, was used. Although 

this was a reduction in laser power of about 20%, it doubled the deposition time for the VO2 

films. More importantly, it decreased the number of gold apertures destroyed during the 

deposition from greater than 90% to about 25%. 

 
Figure 4.3. Transmission of white light through the VO2 film as a function of 

temperature shows a hysteresis width of about 6 K. The measurement is taken 

through the Si3N4 window. Reprinted with permission from reference [99]. 
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4.4.  X-Ray Absorption Spectroscopy and Band Diagram of the VO2 Film 

Recently, Gray et al. suggested that soft x-ray absorption spectroscopy (XAS) could 

be used to measure the strength of electronic correlations independent from the structural 

phase transition. Furthermore, the temperature dependence of the XAS signal observed by 

Gray et al. suggested that the correlations weaken before the structural changes occur. 

However, until this work, no measurements successfully probed both the structural and 

electronic aspects of the phase transition while simultaneously maintaining sufficient spatial 

resolution to ensure homogeneous probing. Using polarization- and wavelength-resolved x-

ray holography, both the structural and the electronic degrees of freedom were imaged during 

the insulator-to-metal phase transition in thin films of VO2 with 50 nm spatial resolution. 

Depending on the local environment, the phase transition can take two pathways: directly 

from the M1 phase to the R phase or an indirect transition through an intermediate phase. 

While this phase has been ascribed to the monoclinic metallic phase [37,41,42,76,102], the 

XAS signature suggests it is the insulating (but electronically excited) M2 phase. Nanoscale 

defects that affect the local strain within the sample seem to determine whether a region takes 

the direct or indirect pathway. These results highlight the key role played by defects in the 

phase transition in VO2 and the ability of resonant x-ray holography for studying phase 

separation in correlated materials.  

A schematic band diagram for the M1 and R phases, based on the Goodenough [55] 

model, is shown in Figure 4.4(a). In this simplified picture, which does not include 

correlations, the rutile π/π* levels are bonding/anti-bonding states formed by a hybridization 

of the vanadium 3d and oxygen 2p orbitals, and the d|| states result from the overlap between 
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vanadium ions along the rutile c-axis. The monoclinic distortion of the M1 phase splits the 

d|| band into two (d|| and d||
*) bands and moves the π* orbital above the Fermi level.  

 
Figure 4.4. (a) Band structure of VO2 as proposed by Goodenough [55]. (b) X-ray 

transmission at the oxygen edge shows absorptions corresponding to the 

transitions to the dπ* and d|| states. The inset shows normalized spectra at room 

temperature, in the M1 phase, for x-rays parallel and perpendicular to the rutile c-

axis. The polarization-dependent edge shift, labeled 𝑑||
4 , corresponds to the 

contribution from the d|| state due to the formation of correlated dimers [60,81]. 

Reprinted with permission from reference [99]. 

 

Despite its simplicity, this model can qualitatively explain most of the XAS features. 

Spatially integrated XAS measurements on the VO2 thin films on freestanding Si3N4 

membranes are shown in Figure 4.4(b). Due to the strong hybridization between the oxygen 

2p and vanadium 3d levels, XAS spectra at the oxygen K-edge also probe the 3d orbitals of 

the vanadium ions. In the Goodenough picture, the bottom of the conduction band is the π* 

band, which is derived from the isotropic vanadium dxy and dyz orbitals [55]. In the R phase, 

the π* band moves below the Fermi level, resulting in an increase in absorption at lower 

energies, as observed. The d|| bands are derived from the vanadium 𝑑56786 orbitals, which 
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are strongly anisotropic. Transitions into the d|| states are only observed when the electric 

field vector is parallel to the rutile c-axis. When the d|| band is split due to the structural 

distortion in the low temperature phase, an additional higher-energy absorption process is 

observed as indicated in Figure 4.4(b). This polarization-sensitive d||-peak allows the 

measurement of both the structural transition and the orientation of the sample c-axis. 

Although the Goodenough model [55] predicts an isotropic π* conduction band, the 

XAS shows a small, polarization-dependent shift [81] indicated as d||
c in the insert of Figure 

4.4(b) in the monoclinic phase. This feature is often ascribed to effects resulting from 

electronic correlations [81,103], as it is found in cluster dynamical mean field theory 

calculations [60], where electronic correlations provide an additional contribution from the 

d|| states to the bottom of the conduction band due to the formation of a correlated vanadium 

singlet state in the monoclinic phase.  

Based on the temperature dependence of the XAS dichroism of the d|| and d||
c states, 

Gray et al. argued that the singlet state is lost 7 K below the temperature of the conventional 

structural phase transition, and interpreted this as a sign of weakening electronic correlations 

prior to the structural transition [103]. This may explain the monoclinic-like metallic phases 

that have been observed [42,102,104], which also occur near the conventional structural 

transition temperature. However, in this temperature range, both the metallic and insulating 

phases have been observed to coexist. Furthermore, from area-integrated XAS 

measurements, it is unclear if the loss of correlations is homogeneous or heterogeneous 

across the sample, or if nanoscale phase coexistence may affect the interpretation of the 

spectra. Resonant soft x-ray holographic imaging can directly address this issue. 
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4.5.  Comparison of Electron Microscopy and X-Ray Holography 

Although the Si3N4 substrate is amorphous, regions of the sample with micron-sized 

single crystals of VO2 can be found among smaller crystallites; those larger crystals are the 

focus of this study as indicated in Figure 4.5. Figure 4.5(a) shows an SEM image of a VO2 

thin film. On the perimeter of these single crystals, several defects can be observed, with 

features as small as 50 nm. In Figure 4.5(b), the same region of the thin film is reconstructed 

by x-ray holography. For these measurements, the x-rays were tuned to the d|| peak, providing 

maximum contrast for the insulator-metal transition. There is good agreement between the 

SEM image in Figure 4.5(a) and the holographic image at room temperature, shown in Figure 

4.5(b), considering the difference in the origin of the contrast in the two imaging techniques.  

When the sample is heated to 330 K, near the phase transition temperature, bright 

stripes can be observed across the crystallite as seen in Figure 4.5(c). These stripes are 

metallic filaments that are observed because the sample has a higher transmissivity when 

metallic at the photon energy corresponding to the d|| x-ray absorption feature. These 

domains, while long, can be as narrow as 50 nm at 330 K and grow in width as the 

temperature is further increased, as demonstrated in Figure 4.5(d). Further heating eventually 

merges the light gray filaments (not shown) indicating a fully metallic crystal. Defects, 

denoted by black arrows in Figure 4.5, appear dark in the SEM but bright in holography 

indicating x-ray high transmission. We associate these defects with grain boundaries between 

VO2 crystallites. It can be seen from Figure 4.5 that the nanoscale defects nucleate the growth 

of metallic areas, which then connect to form the metallic filaments, demonstrating the role 

of local strain in lowering the transition temperature in the vicinity of the defects. 
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Figure 4.5. (a) SEM images of the VO2 sample show that large single crystals grow 

together with nanoscale crystallites. The dotted white line indicates the perimeter 

of a single crystal. On the edges of the crystal, several defects are observed (some 

indicated with black arrows). (b) Holographic image of the same sample imaged 

at 530.5 eV at room temperature, showing good agreement with the SEM image. 

(c) Same sample heated to 330 K, close to the transition temperature (Tc ≈ 340 K). 

Thin stripes appear spanning the single crystal corresponding to the metallic phase. 

(d) At a higher temperature, after Tc, the metallic domains grow bigger until the 

whole sample becomes metallic. Reprinted with permission from reference [99]. 

 

 4.6.  Spectroscopic X-Ray Holographic Response and Local Phase Determination 

This x-ray holographic technique was also used to investigate the role of electronic 

correlations and the presence of other phases in the growth of the metallic phase during the 

insulator-metal transition. To accomplish this, spectrally-resolved imaging was performed at 

multiple x-ray wavelengths. This imaging is performed in a different sample than that shown 

in Figure 4.5, with the x-rays polarized along the rutile c-axis. We collect x-ray holograms 

at 518 eV incident photon energy on the vanadium L2-edge, which is also sensitive to the d|| 

states [105], at 529 eV to be sensitive to the π* and d||
c levels and at 530.5 eV to be resonant 
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to transitions into the d|| states. We then use the images obtained at these three photon 

energies to encode the red (518 eV), blue (529 eV), and green (530.5 eV) channels of a false-

color image. In this spectral fingerprinting approach, we can observe if changes occur in 

different regions of the sample and at different temperatures. For example, if electronic 

correlations precede the structural transition as observed by Gray et al. [103], then the d||
c 

(blue channel) will change before the d|| (green channel), resulting in a color change. 

 

Figure 4.6. Spectrally resolved images at the vanadium and oxygen edges. The 

images are recorded at 518, 529 and 530.5 eV and are used to encode the intensities 

of the three color channels of an RGB image. At 330 K, an increase in intensity of 

the green channel, which probes the rutile phase through the d|| state, is observed 

in small regions similar to that observed in Figure 4.5. As the sample is heated 

further, it becomes clear that the blue channel, which probes the d||
c/dπ* state, also 

changes but in different regions. At 334 K, three distinct regions can be observed 

corresponding to the M1, M2, and R phases. As the temperature increases, the R 

phase dominates. Dashed line corresponds to the ROI shown in Figure 4.7. The 

circular field of view is 2 µm in diameter. 
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Figure 4.6 shows the spectrally resolved changes as a function of temperature. Again, 

we see the formation of nanoscale domains that span the small single crystals, starting at 

defects. However, now we can see that in different regions of the sample the x-ray 

transmission changes differently. At 334 K, we can discern at least three different phases as 

indicated: the original M1 phase and two new phases, one with a subtle change in the d||
c 

(blue) channel and a second one with the greater change in the d|| (green) channel. 

To understand how these phases grow, we perform a finer temperature scan and focus 

on one of the small single crystals indicated in Figure 4.6. In addition, to amplify the changes 

we threshold each channel and show images at key temperatures in Figure 4.7(a). At low 

temperature, the sample is predominantly black within this color-coding scheme, indicating 

the presence of the initial M1 phase, together with some defects (red). As the sample is 

heated, the new phases (blue, green) nucleate at the boundaries and defects of the single 

crystals. At intermediate temperatures (334 K), a striped state is present between regions with 

changes primarily in the d||
c channel and in the d|| channel, before the changes tracked by the 

d|| feature dominate the region. This phase growth is captured in Figure 4.7(b), which shows 

the volume fraction of the blue and green regions as a function of temperature within the 

region of interest (ROI). Both phases start to nucleate at similar temperatures and grow, 

before the green area dominates, as indicated in the extracted volume fraction of each phase 

shown in Figure 4.7(b). 
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Figure 4.7. (a) Threshold images of domain growth in VO2 of the single crystal 

outlined in Figure 4.6 at selected temperatures. Growth starts from defects (red) 

and consists of two phases M2 (blue) and R (green). The diamond and cross 

markers correspond to the ROIs used in part (c). (b) Temperature dependent 

growth of the two phases. The volume fraction of the M2 phase peaks at about 335 

K before the whole sample becomes metallic. The growth of the R phase is in good 

agreement with the change of the optical transmission measured on a witness 

sample. (c) Temperature dependence of the local transition pathway of the two 

regions marked in (a). The area marked by a red cross transitions directly from M1 

to R, while the region marked by a diamond transitions via the blue M2 phase.  
 

The green, d|| domains can be easily interpreted as the metallic R phase, that 

dominates at high temperatures. If changes in electronic correlations precede the structural 

transition, we would expect any green region to first turn blue as changes at d||
c should occur 

before those at d|| [103]. However, we note that most regions show a direct transition from 

M1 to R without weakening of correlations. Only in some spatially distinct regions do we 
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observe the intermediate blue regions. This is highlighted in Figure 4.7(c), which shows the 

phase as a function of temperature for two nanoscale (about 50 nm) regions of the sample. 

This indicates that the loss of correlations is not the driving mechanism for the insulator-

metal phase transition as previously reported [103]. Instead, as strain is responsible for 

nucleating the phase transition, we suggest that these blue regions can be assigned to the 

insulating M2 phase, which is frequently observed in macroscopically strained samples. This 

assignment is further justified by recent calculations of the M2 phase density of states, which 

show anisotropic changes in the dyz/dxz orbitals [106], which would result in polarization 

sensitive changes in the XAS in the same vicinity of d||
c. However, we cannot exclude that 

the blue regions correspond to the triclinic insulating phase and further calculations of the 

XAS spectral differences for these phases are needed before a conclusive assignment can be 

made.  

These spatially resolved measurements allow us to draw a new interpretation of the 

phase transition in thin films. Nanoscale defects in the thin film modify the local strain 

environment, locally reducing the phase transition temperature for the M1-to-R transition. 

Due to the large volume difference of the R phase, a new strain field is generated which can 

also nucleate the M2 phase. Both phases continue to grow and form a striped phase due to 

the interaction of the strain fields. As the temperature is further raised, a complete 

transformation of the M2 to the R phase occurs. The temperature separation between the 

formation of M2 and R domains for the ROI considered is approximately 5 K, in agreement 

with the shift in temperature observed by Gray et al. [103]. This interpretation can also 

explain the usual temperature dependence of the XAS signal in the vicinity of d||
c during a 

thermal cycling previously reported [107], as the M2 phase can be stabilized back to room 
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temperature, although the transition temperatures and growth pattern will depend on the local 

distribution of strain, which will be sample specific. In our measurements, the domain 

patterns observed were repeatable on thermal cycling, again suggesting that strain from 

extrinsic defects is the dominant mechanism in these samples [108]. In the future, the role of 

doping impurities could potentially be examined by tuning the photon energy to be resonant 

to the dopant ion in order to image the homogeneity of the doping process. 

 

4.7.  The Potential for Similar Measurements with Femtosecond Resolution 

While the x-ray holography measurements discussed above give some insight into 

the nature of VO2, it must be noted that the phase transition in these experiments was driven 

thermally. Applying the conclusions and observations from the x-ray measurements to an 

all-optical modulator based upon VO2 should be approached with caution. This difference 

between the thermal transition and the photo-induced transition is underscored by recent 

ultrafast measurements in which both the metallic and insulating phases of VO2 were probed 

by extreme ultraviolet (XUV) light [40]. Jager et al. observed that ultrafast excitation of the 

insulating and the metallic phases with a NIR pump yielded a similar excited state after about 

100 fs [40]. However, this excited phase was not the same as the metallic phase and it 

persisted for more than 60 ps. Although an all-optical modulator with a 60 ps response time 

would be too slow to compete with state-of-the-art devices, these XUV measurements [40] 

demonstrate that the thermal phase transition of VO2 cannot reliably predict the ultrafast 

dynamics of the photo-induced transformation.  

However, these x-ray holography experiments, based upon the thermally driven 

phase transition, do indicate the utility of Fourier transform x-ray holography for 
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simultaneous nanoscale imaging of the electronic and structural degrees of freedom in VO2. 

The success of these measurements indicate that similar experiments could be performed 

with a NIR pump and and x-ray probe. There are few femtosecond x-ray lasers capable of 

generating the necessary x-ray fluence, but the Linac Coherent Light Source (LCLS) at the 

SLAC National Accelerator Laboratory can achieve the needed x-ray flux. A proposal to 

perform this work was accepted and two separate beam-times at LCLS have been conducted, 

and analysis of the collected data is underway.  
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CHAPTER 5 

 

NANOSECOND MODULATION OF VO2-ON-SILICON HYBRID DEVICES 

 

5.1.  Introduction 

This chapter discusses the fabrication, static characterization, and nanosecond optical 

modulation of hybrid VO2-silicon devices. Absorption modulators consisting of VO2 patches 

on silicon and phase modulators comprising VO2 patches on silicon ring resonators coupled 

to a bus waveguide show record-setting modulation of the light transmitted through the 

waveguides when the phase transition of the VO2 is driven by a nanosecond infrared laser. 

A portion of the work discussed in this chapter is published in reference [109]. My 

contributions to this work included assisting Judson Ryckman with the nanosecond 

measurements, reconfiguring the setup used for nanosecond modulation for excitation by a 

femtosecond laser, and carrying out those femtosecond measurements.  

 

5.2. Fabrication and Description of VO2-On-Silicon Devices 

To prepare the Si-VO2 hybrid devices, silicon-on-insulator wafers with a 220-nm p-

type Si(100) device layer and a 1 µm buried oxide layer were purchased from SOITEC, 

excess silicon was etched away, and VO2 was deposited. Electron-beam lithography (JEOL 

JBX-9300-100kV) was used to pattern the reverse-image of the silicon photonic structures 

and the silicon device layer was created by anisotropic reactive ion etching (Oxford 

PlasmaLab 100) of the silicon layer with C4F8/SF6/Ar process gases. A second round of 

electron-beam lithography (Raith eLine) was used to open windows for the VO2 patches. 
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After amorphous sub-stoichiometric VOx was deposited by electron-beam vaporization of 

VO2 powder (100-mesh, 99.5% purity) over the entire wafer, lift-off in acetone was 

performed prior to final annealing. The VOx patches were annealed in a vacuum chamber 

under 250 mTorr of oxygen at 450°C for ten minutes to form stoichiometric and 

polycrystalline VO2 in accordance to our prior work [110]. Note that this process temperature 

is within the regime required for CMOS-compatible processing (T ≤ 450°C). 

In Figure 5.1, a schematic (left) and scanning electron micrograph (right) are shown 

for each of two device geometries utilized in this work: absorption modulators (a) and phase 

modulators (b) discussed in more detail in the following paragraphs. Note that ‘phase’ can 

refer to the electromagnetic phase in the waveguide (like in the previous paragraph) or the 

crystallographic phase of the VO2 patch (like in the text of Figure 5.1). 

 
Figure 5.1. (a) Illustration of a phase-change absorber where the SMT induces a 

broadband change in absorption Δα. SEM image of a typical ultra-compact Si-VO2 

absorber with a 1 µm VO2 patch length. (b) Illustration of a phase-change ring 

resonator where the SMT induces an intracavity phase modulation Δϕ. Scanning 

electron micrograph of an ultra-compact Si-VO2 micro-ring resonator with radius 

of 1.5 µm and a 500 nm VO2 patch length. Scale bars in both SEM images 

correspond to 1.5 µm, approximately the probe wavelength in free space. 

Reprinted with permission from reference [109]. 
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By integrating a phase-change material, VO2, onto the single-mode silicon 

waveguides, seen in light gray in Figure 5.1, the SMT can be harnessed to introduce a change 

in absorption, Δα, of the hybrid Si-VO2 waveguide mode. This non-resonant configuration 

capitalizes on the large contrast in the imaginary portion of the VO2 refractive index, 

ΔIm(nVO2) = Im(nMetal) - Im(nSemi), on the order of +2.6i at 1550nm [111]. The absorption of 

the waveguide mode can be engineered by controlling the evanescent field overlap with the 

VO2 patch, by tuning device properties such as waveguide dimensions, patch thickness, and 

by tuning the VO2 patch length. Near telecommunication frequencies, the optical properties 

of VO2 are relatively constant with respect to wavelength, so device operation is broadband. 

However, the high optical contrast necessary to generate large modulation depths for the 

devices requires substantial volumes of VO2 that will be detrimental to overall system 

performance. Since the imaginary portion of the VO2 refractive index is nonzero for both 

phases of VO2, insertion loss for the absorption modulators will not be negligible and will 

increase with additional VO2. 

Alternatively, the large contrast in the real part of the VO2 refractive index, ΔRe(nVO2) 

= Re(nMetal) - Re(nSemi), approximately -1.06 at 1550 nm, can be used to introduce a 

significant change in effective index, or phase Δf. When placed inside an optical cavity, such 

as an ultra-compact micro-ring resonator (R = 1.5 µm, Figure 5.1(b)), a short 500 nm-long 

patch is sufficient to promote large changes in resonant wavelength without significantly 

affecting Q-factor [30]. In principle, this configuration could serve as a wavelength-selective 

reconfigurable filter or modulator, or combined with a drop port for use as a router. With 

longer patch lengths, intracavity absorption modulation could also effectively extinguish 

resonances [112]. However, given the disadvantages of this approach in realistic device 
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structures, resonant frequency modulation is emphasized below. 

 
Figure 5.2. Schematic of the experimental pump-probe configuration utilized in 

this work. Tunable probe laser transmission is monitored with a photo-detector and 

oscilloscope, while nanosecond-pulsed pump light is delivered to the device 

through a microscope objective (MO) and two beam-splitters (B1 and B2) with 

power controlled by a linear polarizer (P). Reprinted with permission from 

reference [109]. 

 

5.3. Nanosecond All-Optical Modulation Setup Description 

Figure 5.2 illustrates the measurement scheme used to measure the nanosecond 

response of the VO2-on-silicon devices. Continuous-wave (cw, not pulsed) probe light from 

a tunable infrared laser (Santec TSL-510) was coupled into and out of millimeter-length bus 

waveguides using polarization maintaining lensed fibers (OZ Optics). Each lensed fiber was 

mounted on piezo-controlled XYZ stages to aid alignment to the bus waveguides with end 

facets with cross sections less than five square microns. Detection of the probe light 

transmitted through the waveguide devices was performed using a fiber coupled avalanche 

photodiode photoreceiver (Newport 1647), with differential outputs monitored by an 

oscilloscope (Tektronix TDS 2024C). The oscilloscope was triggered directly from the 
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nanosecond pump laser, which consisted of a Q-switched Nd:YAG laser operating at 1064 

nm with a 10 Hz repetition rate (Continuum Minilite). The pump intensity was controlled by 

a polarizer (P) and delivered to the sample through two beamsplitters (BS1 and BS2) and a 

Mitutoyo near-infrared, apochromatic, infinity-corrected, long-working-distance, 5x 

microscope objective (MO). A power meter (Newport 2936 C) and IR camera (Sensors 

Unlimited 320M) facilitated the calibration and measurement of the pump fluence and 

positioning of the pump beam spot onto the device to be measured. 

 
Figure 5.3. Normalized probe transmission through Si-VO2 absorption modulators 

with (a) 1000 nm and (b) 500 nm VO2 patch lengths. The pump fluence is 

incrementally increased in the range 0.5 to 8 mJ/cm2. The pump pulse is shown 

above (a) on the same timescale for comparison. (c) Transmission through a 500-

nm VO2 device for probe wavelengths between 1500 and 1600 nm, demonstrating 

broadband modulation. The pump fluence was ~5 mJ/cm2, above the threshold 

fluence. Transmission plots are vertically offset by 0.25 a.u. for clarity. Reprinted 

with permission from reference [109]. 
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5.4. Nanosecond Characterization of All-Optical Absorption Modulator 

Figure 5.3(a) shows the time-dependent optical transmission of the Si-VO2 

absorption modulators, similar to the devices depicted in Figure 5.1(a), for varying pump 

fluence and patch lengths of 1000 nm and 500 nm. Both devices exhibit an abrupt reduction 

in optical transmission consistent with the time scale of the pump pulse (FWHM of about 

25ns) which is shown by the black dashed line above Figure 5.3(a) on the same time scale. 

This tracking of the pump pulse aligns with reports using 10-8 to 10-14 second laser pulses to 

optically trigger the SMT in VO2 thin films [39]. For both absorption modulators devices, 

designated as absorber1 (1000 nm) and absorber2 (500 nm), the modulation depth increases 

approximately linearly with pump intensity and saturates near a threshold fluence of 

1.27 mJ/cm2 in Figure 5.4(a). This saturation is indicative of a completed SMT occurring 

throughout the VO2 patch and is a hallmark of the SPT [113]. The observed threshold of 

about 1.27 mJ/cm2 is comparable to other reports spanning both nanosecond and 

femtosecond measurements [42,46]. At threshold, we estimate the modulation depth of the 

Si-VO2 absorption modulators to be 4±0.3 dB/µm, which is approximately 40 times larger 

than monolayer graphene-on-silicon absorbers [114] (about 0.1 dB/µm) and more than three 

orders of magnitude larger than silicon-based two-photon cross-absorption modulation 

(about 0.001 dB/µm) [115]. The insertion loss of the 1000-nm Si-VO2 device was within 

fiber-to-chip coupling variations, between about 0.5 and 2 dB. Broadband device operation 

was verified from 1500 to 1600 nm, as shown in Figure 5.3(b) and in agreement with the 

relatively constant complex refractive index of VO2 over this spectral range [33].  



 

 55 

 
Figure 5.4. (a) Transmission modulation saturates for all devices beyond a fluence 

of ~1.27 mJ/cm2. (b) Time required for the VO2 in the devices to return to the 

initial insulating phase from the metallic state as a function of fluence. Reprinted 

with permission from reference [109]. 

 

The SMT is limited by the duration of the nanosecond laser pulse for all fluences 

while the reverse transition is only limited by the pulse at lower fluences, as seen in Figure 

5.3(b). However, the reverse transition to the semiconducting phase of VO2 can be 

significantly slower than the SMT and depend strongly on both pump fluence and VO2 patch 

length, demonstrated with a comparison of Figure 5.3(a) and 5.3(b). The photo-induced SMT 

is an abrupt and potentially ultrafast athermal process, driven by photo-generation of 

electron-hole pairs and an electronically-controlled lattice transformation into the higher 

symmetry rutile structure [46,116]. The ensuing thermalization transiently increases the 

internal temperature of the VO2 patch [39], so undoing the SPT is a thermally mediated 

relaxation process dependent on thermal diffusion and nucleation of the monoclinic phase 

[113,117]. As discussed later, faster device relaxation might be achieved by pumping below 

the threshold fluence to drive the electronic SMT without causing a complete SPT. As shown 

in Figure 5.4(b) or by comparing Figure 5.3(a) to 5.3(b), simply changing the patch length 
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of VO2 on the waveguides to sub-micron dimensions, from 1 µm to 500 nm, reduces the 

relaxation decay time τM-S by approximately one order of magnitude. All Si-VO2 hybrid ring 

resonators discussed in the next section utilize the shorter 500 nm VO2 patch length and show 

similarly reduced relaxation times. 

 
Figure 5.5. (a) Typical transmission spectrum for 1.5 µm VO2-Si ring resonator. 

(b) Corresponding time-dependent device transmission for a ring resonator with a 

1.5 µm radius with the probe wavelength tuned to the ring resonance at 1588.5 nm. 

The time-signature of the pump is shown for comparison. Reprinted with 

permission from reference [109]. 

 

5.5. Nanosecond Characterization of All-Optical Phase Modulator 

In addition to the Si-VO2 absorption modulators, we also tested Si-VO2 hybrid micro-

ring resonators, like the one shown in Figure 5.1(b). The transmission spectra in Figure 5.5(a) 

is for an ultra-compact device with a radius of 1.5 µm and a VO2 patch coating a portion of 

the ring waveguide. The patch extends about 500 nm along the length of waveguide it is 

about 70 nm thick. As a result of the small ring radius, the device shows a modest Q-factor 

of about 103, corresponding to an optical bandwidth exceeding 100 GHz. The time-dependent 
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optical transmission for the pump-probe experiment is shown in Figure 5.5(b) for a variety 

of pump fluences, where the probe wavelength of the cw light is tuned to match the resonance 

minimum at 1588.5 nm. Photo-inducing the SMT causes an abrupt increase in transmission, 

estimated in this case to peak at about 7.2 dB, followed by a slower relaxation to the low 

initial value. The observed modulation contrast for the 1588.5 nm probe light is several times 

larger than what can be achieved for the absorption modulator with the same active VO2 area. 

For this device, with bandwidth greater than 0.8 nm, the large increase in transmission 

suggests that the resonance wavelength is significantly modified by the photo-induced SMT. 

This is in stark contrast to conventional silicon-only ring resonators, where relatively weak 

electro-optic or nonlinear effects necessitate the use of high Q-factor resonators, with less 

than 0.05 nm bandwidth, to observe significant modulation [118]. 

 
Figure 5.6. At the left is a time-dependent spectrum for a ring resonator of radius 

1.5 µm slightly above the threshold fluence at 1.9 mJ/cm2. On the right-hand side, 

a zoomed-in spectrum for the VO2-Si hybrid device is compared to the 

transmission from a silicon-only device. At 1.9 mJ/cm2, the silicon-only device has 

a negligible modulation and a fluence of 11.5 mJ/cm2 is required to detect even a 

small modulation. Reprinted with permission from reference [109]. 
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To confirm this larger resonance shift, the time-dependent spectrum of this Si-VO2 

hybrid ring resonator of radius 1.5 µm is needed. Measurements similar to each of those in 

Figure 5.3(a,b) were performed at varying probe wavelengths. The result is shown in Figure 

5.6 and further analyzed in Figure 5.7(a). For this measurement, the device is pumped at 

1.9 mJ/cm2, above the threshold required to complete the SMT by forming the rutile 

crystalline phase in VO2. The rapid shift in resonant wavelength of about -3.07 nm, seen in 

Figure 5.7(a), was extracted by fitting the data to a Lorentzian line shape. The same 

measurement, at the same fluence, performed on a control silicon-only resonator reveals a 

wavelength shift of -0.057 nm, nearly sixty times smaller (Figure 5.6, right-bottom). Even at 

when pumped at 11.5 mJ/cm2, the resonance shift was measured to be only -0.325 nm, as 

shown in the right-middle plot of Figure 5.6. This is unsurprising, since the resonance shift 

of the Si-VO2 hybrid device arises from the substantial modification of VO2 refractive index, 

ΔRe(nVO2) = -1.06, and the resonance shift of the control device is dependent upon the silicon 

refractive index modulation due to the change in free-carrier concentration, estimated in this 

case to change by ΔRe(nSi) = -1.6×10-4. At the higher fluence of 11.5 mJ/cm2, phonon 

excitations in the silicon lattice produce a residual thermo-optic redshift as high as +0.13 nm 

in addition to the free-carrier effect, visible in Figure 5.7(a) beyond about 30 ns. This 

corresponds to a transient temperature increase of the silicon waveguide less than 2°C [119]. 

No such effect is observed at 1.9 mJ/cm2 fluence, indicating that the silicon waveguide 

temperature is not affected by the pump pulse near, but just above, threshold. With a 

negligible thermo-optic contribution of the silicon waveguide at the low pump fluence, the 

optical response of the Si-VO2 device is entirely controlled by the SMT in the VO2 patch. 

This maximizes the achievable optical response, since the SMT in VO2 and the thermo-optic 
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effect in silicon generally provide opposing contributions to refractive index. Furthermore, 

the timescale for device operation is dictated solely by the switching time of the VO2.  

 
Figure 5.7. Analysis of phase modulation of Si-VO2 micro-ring resonator 

configuration. (a) Resonant wavelength as a function of time, extracted from the 

time-dependent spectra found in Figure 5.6. The pump signal is above (a) for 

comparison purposes. (b) FDTD mode simulation for a hybrid Si-VO2 waveguide. 

In semiconductor phase (top), more of the mode passes through the VO2 than in 

the metallic state (bottom). Silicon waveguide dimensions are 220 x 500 nm with 

a 70 nm thick VO2 patch on top. (c) Magnitude of resonance blue-shift as a 

function of ring radius for Si-VO2 micro-ring resonators with a fixed 500 nm VO2 

patch length. Dashed line is fit with R-1, while the shaded region indicates the 

regime where resonance change is less than 0.3 nm. Reprinted with permission 

from reference [109]. 

 

As shown in Figure 5.7(a), the SMT-induced resonance shift and the SPT are 

completed in about 30 ns. At threshold, this timescale is primarily controlled by the pump 

pulse. Based on the reported response times of VO2 thin films optically excited by shorter 

pulses [21,39,116], it should be possible to extend device operation to ultrafast all-optical 

modulation with a switch-on time of about 26 fs [40]. Although the reverse SMT to its higher-

index semiconducting phase takes over 50 ns, this relaxation time scale is not intrinsic to the 

phase-transition of VO2 and can be controlled by a variety of factors. If the full SPT is driven, 
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possibilities for improving the return time could include a more sophisticated thermal design, 

such as reducing the VO2 thickness, depositing a top-cladding, or tailoring the SOI substrate 

geometry. Alternatively, THz conductivity experiments indicate lattice-relaxation times of 

less than 3 ps are possible when the fluence for ultrafast pump pulses (15 fs) is below the 

threshold to drive the SPT [120]. In this low-fluence regime, it is hypothesized that photo-

generated carriers may excite the electronic transition and rapidly decay through a fast 

trapping or other relaxation pathways without driving a complete SPT. There is additional 

evidence for the existence of a monoclinic metallic phase after ultrafast excitation of VO2 

that suggests fast relaxation of the metallic phase is possible [38,43,117]. Rapidly sweeping 

out photo-generated carriers with a voltage bias may be another via option to increase 

modulation speed [121]. Thus, there are several strategies through which Si-VO2 hybrids 

could be a practical platform for ultrafast all-optical devices. 

The observed resonance shift of more than 3 nm for the Si-VO2 hybrid ring resonator 

is achieved with a small active area (0.275 µm2) of 70 nm thick VO2, corresponding to a 

5.3% coverage of the micro-ring. By controlling the surface coverage, VO2 thickness, or 

modal overlap with the VO2 patch, the resonant change induced by the SMT could be tuned 

and optimized. For a hybrid Si-VO2 waveguide, with silicon dimensions of 220 nm by 500 

nm and a 70 nm thick VO2 layer, the SMT is expected to produce a large change in the 

effective index of the hybrid waveguide, ΔNhybrid, of about -0.14, as indicated by finite 

difference time domain (FDTD) modal simulations shown in Figure 5.7(b). To demonstrate 

that adjusting the fractional coverage of the ring can probe large and highly tunable effects, 

variable-wavelength pump probe measurements were performed on devices with the same 

0.275 µm2 VO2 patch area but ring radii, R, ranging from 1.5 to 10 µm. As shown in Figure 
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5.7(c), the magnitude of the resonant response, |Δλmax|, follows an R-1 dependence. This 

agrees with calculations where the average effective index change in the ring resonator, 

ΔNavg, can be modeled as: 

(5.1)          ∆𝑁;<= =
∆>?@A0(.∙CDE6

FGH
 

Using a fit based upon the R-1 dependence, shown as a dashed line in Figure 5.7(c), and the 

assumption that Δλmax /λ0 = ΔNavg /Ng, we estimate ΔNhybrid to be -0.164±0.033, where Ng is 

the group index of the ring waveguide (~4.4) and λ0 is the initial resonant wavelength. The 

experimental ΔNhybrid is within the experimental error of the value found with FDTD 

simulations. The intracavity phase modulation ΔfSMT / LVO2 = 2π/λ0 ΔNSMT induced by the 

SMT is then about π/5 rad/µm, while that of the silicon-only device is estimated to be three 

orders of magnitude lower, about π/5000 rad/µm. This large difference in the modulated 

phase is the reason that such a small (~0.275µm2) active area of VO2 can provide ~60 times 

larger resonance shift than the silicon-only device.  

One important advantage of a large resonant response is that ambient effects, such as 

thermal fluctuations, are minimized. The shaded gray region in Figure 5.7(c) covers for 

which the resonance shift is less than 0.3 nm corresponds to a temperature tolerance of ±3°C 

for silicon resonators with a typical thermo-optic sensitivity of about 0.1 nm/°C. This region 

also corresponds to roughly two linewidths for a cavity with Q-factors of about 104 so devices 

that operate in this regime are highly susceptible to noise or error. Furthermore, the longer 

cavity lifetime of these high-Q resonators also limits their modulation speed. By providing 

larger enhancements for larger fractional VO2 surface coverage, the Si-VO2 platform further 

favors ultra-compact device geometries.  

In conclusion, all-optical operation of Si-VO2 broadband absorption modulators 
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consisting of patches of VO2 on silicon waveguide yielded record values of modulation (~4 

dB/µm) upon excitation with a nanosecond laser pulse. Phase modulators were realized by 

depositing VO2 patches on silicon ring resonators. These resonant devices exhibit large 

bandwidth, reduced ambient sensitivity, ultra-compact geometries, and record-setting 

intracavity phase modulation (~π/5 rad/µm). Given the ability to optically trigger the SMT 

in less about 25 fs and evidence for a switching time below 3 ps if the full SPT can be 

avoided, the hybrid Si-VO2 platform could lead to a new class of ultrafast photonic devices. 

 

5.6. All-Optical Phase Modulation After Femtosecond Excitation 

To characterize the temporal response of the devices after femtosecond irradiation, 

an optical setup, diagrammed in Figure 5.8, was built that allows the devices to be pumped 

from above (out-of-plane) while a tunable cw-probe beam propagates along the bus 

waveguide of the device. A titanium-sapphire oscillator (Spectra-Physics Mai Tai SP) seeded 

a Ti:sapphire amplifier (Spectra-Physics Spitfire Ace) which in turn pumped an optical 

parametric amplifier (Light Conversion TOPAS) at 1 kHz to yield signal and idler beams. 

The signal beam at 1550 nm was used as the pump beam for these experiments, while the 

idler beam (1670 nm) was removed from the OPA output beam with a polarizing 

beamsplitter. The bandwidth of the signal beam was measured to be about 40 nm, which is 

consistent with the manufacturer specifications and pulse durations of less than 200 fs; those 

measurements are discussed further in Chapter 6. A silver-coated parabolic mirror (focal 

length of 2 inches) was used to focus the beam before the sample, so that the sample was 

placed beyond the focus. The purpose of this choice was two-fold. First, the large beam spot 

(~100 µm) kept the beam from drifting off the devices. Second, with the 1 kHz repetition 
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rate, the average pump beam power necessary to switch the VO2 at the focus was below the 

noise floor of the power meter, but measureable with the de-focused beam spot. The power 

meter was on a flip mount right before the parabolic mirror (not shown in Figure 5.8).  

 

Figure 5.8. Out-of-plane pump, in-waveguide cw-probe setup. The probe laser can 

be tuned independently from the fs-pump laser with 0.001 nm resolution. The 

polarizing beamsplitter removes the idler beam, and the remaining light (signal 

beam) at 1550 nm is focused onto the devices at normal incidence with the 

parabolic mirror. Although the pulselength is less than 200 fs, the time resolution 

of this setup is limited by the oscilloscope and the detector. 

 

A tunable cw laser (Santec TSL-510) with a wavelength tunable from 1500 to 1630 

nm was used as the probe beam, and a lensed fiber focused the beam down to a spot of about 

3 µm on the end-facet of the silicon waveguide. Another lensed fiber collected the output 

and delivered it to a fast photodiode detector (Newport 1647) and a fast oscilloscope 

(Tektronix DPO7254C; 2.5 GHz bandwidth).  

The device shown in Figure 5.9(a,b) was characterized using the out-of-plane pump, 

in-waveguide cw-probe setup. The VO2 patch on the device is 550 nm wide (same as the 

silicon waveguide) and 500 nm long and about 80 nm thick. Typical responses when only 

the pump is unblocked (black) and both the probe and pump are unblocked (red) are shown 
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in Figure 5.9(c). By subtracting the former from the latter, the response of the probe to the 

pump is obtained; it is shown in gold in Figure 5.9(c). 

 

Figure 5.9. (a) SEM image of typical device with 550x500x80 nm patch of VO2 

and (b) enlarged image of VO2 patch. (c,d) Typical probe signal (gold, blue) 

extracted from the pump-and-probe signal (red, purple) and the pump-only signal 

(black, black). The extracted signal is magnified by a factor of 10 for clarity. 

 

By varying the probe wavelength using a tunable cw laser and holding the pump 

fluence constant, the time-dependent spectral response of the devices was obtained as in 

Figure 5.10. The probe wavelength was varied over the measured bandwidth of the ring 

resonator. Comparing similar time-dependent spectral responses for the VO2-device in 

Figure 5.10(a) and Si-only device in Figure 5.10(b) one can see that the resonance shifts are 

significantly larger for the VO2 device. Furthermore, the bandwidth of the hybrid ring 

resonator is larger (~1 nm) than that of the Si-only device (~0.6 nm), as expected due to the 

decrease in Q-factor caused by the presence of the VO2. Unlike similar experiments [109] 

with nanosecond laser pulses, both the Si-only and the VO2 devices show a blueshift after 

excitation. Because the net redshift in the nanosecond experiments was attributable to the 

thermo-optic effect in the silicon, this suggests that the thermo-optic effect can be neglected 

for femtosecond excitation. The lack of thermo-optic signal is consistent with the fact that 
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the energy of the pump pulse is deposited on a time scale that is much faster than the thermal 

diffusivity. 

 

Figure 5.10. Time-dependent spectra for the (a) VO2-Si device at ~0.6 mJ/cm2 

and the (b) Si-only device at ~0.9 mJ/cm2. 

 

In order to compare the magnitude of the VO2 and the Si-only devices, the probe 

wavelength was held constant and the pump laser fluence was adjusted with a pair of 

polarizers. Probe wavelengths slightly blueshifted (0.1 nm) from the resonance were chosen 

to maximize each device response. A few time-spectra taken during the fluence sweeps for 

the hybrid and Si-only devices are shown in Figure 5.11(a). The fluences (in mJ/cm2) are 

listed on the left of each pair (VO2 in gold and Si-only in blue) of the time plots. Note that 

the y-scale was decreased with decreasing fluence, as noted by the multipliers on the right. 

However, the Si-only and VO2 plots for a given fluence are plotted on the same scale, which 
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makes it obvious that the response of the VO2 device is larger than that of the Si-only device 

for any fluence. 

Above 0.24 mJ/cm2, the transient responses in both the hybrid and Si-only devices 

are positive, with a long relaxation time that is typical of thermal relaxation processes. The 

transient response of the hybrid device is larger than that of the Si-only device in both cases 

(Figure 5.11) consistent with a larger absorbed fraction of the pump light. The increase in 

transmission in this fluence regime is similar to what was previously observed for 

nanosecond pumping at 1.06 µm wavelength, substantially above the band edge of the VO2. 

The long relaxation time is consistent with substantial (but not complete) metallization of the 

VO2 patch, as previously seen in nanosecond switching of similar ring resonators [109]. 

Right at 0.24 mJ/cm2, it appears that the behavior of the ring-waveguide system is switching 

from one regime to the other.  

In Figure 5.11(b), the maximum (or minimum) device responsivities are plotted with 

respect to the incident fluence as circles (or triangles). The responsivities for the hybrid VO2 

devices are only about a factor of two larger than the silicon-only devices above the threshold 

fluence. However, below the threshold fluence, the VO2-enhanced devices exhibit about 10 

dB higher responsivities than the silicon-only ones, until the noise floor of the measurements 

at about 0.03 mV/W. For 175-fs pulses (see section 6.3.1) like the ones used in these 

experiments, the appearance of a signal at between 0.15 and 0.20 mJ/cm2 is in excellent 

agreement with commonly accepted value of the onset for two-photon absorption in silicon, 

1 GW/cm2 [122]. Note that the threshold fluence of 0.24 mJ/cm2 for the VO2-device is 

consistent with the onset of a measurable signal in the nanosecond-pumped experiments in 

Section 5.5 and Rini et. al [123]. At this fluence, the VO2 is probably in the very short-lived 
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monoclinic metallic phase identified by several experiments [41,44–46]. 

 

Figure 5.11. (a) Comparison of extracted probe signals from a silicon-only device 

(blue) and a VO2 device (gold) at various fluences. The smaller signals at lower 

fluences were multiplied by the factors listed at the right, and the fluences are listed 

in units of mJ/cm2 at the left. (b) Device responsivity extrema for modulators with 

VO2 show enhanced modulation. The probe wavelength was 0.1 nm above the 

resonance wavelength for all measurements. 

 

Note that below 0.24 mJ/cm2, the detector response is negative, indicating that the 

power transmitted through the waveguide is diminished. Since the probe for these 

measurements is basically on-resonance, we would expect an increase in probe transmission, 

like we see at the higher fluences. This surprising result was explored further in Figure 5.12. 

When the pump is above the threshold fluence and the probe wavelength is far above, slightly 

above, and below the resonance wavelength, a small positive, large positive, and large 

negative response, respectively, as expected and as can be seen in Figure 5.12(a). However, 

when the pump is below the threshold fluence, the device shows a negative response for all 
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three wavelengths.  

 

Figure 5.12. (a) Above the device threshold, device responsivities when the probe 

wavelength is far from (black), shorter than (blue), and longer than (red) the 

resonance wavelength are zero, negative, and positive, as expected. (b) Below 

threshold, all responses are negative and of a similar magnitude. For all three 

measurements, the pump fluence was (a) 0.40 mJ/cm2 (b) 0.058 mJ/cm2. 

 

At this time it is unclear why the signal is always negative below the threshold pump 

fluence, but the effect is not observed in the Si-only control sample as seen in Figure 5.11(a). 

This consistently negative response would suggest that the VO2-silicon ring system causes a 

decrease in probe transmission through the bus waveguide that is slightly larger near the 

resonance (blue and red) than further from it (black). This puzzling result is inconsistent with 

the shift of the resonance from one wavelength to another, despite the ability of that 

resonance shift to explain the observations from the nanosecond experiments and these 

femtosecond measurements when above the threshold fluence of 0.24 mJ/cm2. If the 

resonance were to be destroyed, rather than simply shifted, one would expect a larger 
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transmission through the bus wavelength when the cw probe is set to the resonance 

wavelength. The constant negative result in Figure 5.12(b) would suggest that the VO2-ring 

system is suddenly lossy at all wavelengths traversing the bus waveguide and only slightly 

more absorptive, less than a factor of two, on resonance than far from it (+1.6 nm). 

Despite these unexplained results, two conclusions are clear. First, the VO2-based 

device has a time response limited by the resolution of the detector, which is about 250 ps. 

This result bodes well for the prospect of all-optical modulation in VO2-based devices, and 

drove the development of a measurement system with a faster response time, as will be 

discussed in the next.  

The second item to keep in mind is that these measurements involving the 

femtosecond excitation of VO2 should not be expected to track too closely with the 

nanosecond results. Although the exact mechanism of the photo-induced and thermally 

driven phase changes have been thoroughly debated, it is widely accepted that the two 

mechanisms are not equivalent. The origin of the thermal transition from the M1 to R phase 

has been discussed for decades, the debate has largely centered on whether the Peierls or 

Mott interpretation is a better model for the transition. Although the debate has probably not 

concluded, most researchers have come to agree the thermal phase transition involves a 

complex interplay between the Mott and Peierls effects, as discussed more thoroughly in 

Chapter 3 and references [50–67]. The ultrafast transition is similarly complicated, but the 

debate focuses on the relationship between two critical threshold densities: one of carriers 

and one of 6-THz phonons. The photoinduced involves both 1) interband transitions which 

generates free carriers and cause an orbital reconfiguration and 2) a catastrophic collapse of 

the oxygen-cage vibration with a frequency of about 6 THz [38,39,44–46,113,116,120,124]. 
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Furthermore, wavelength dependent ultrafast measure-ments have more explicitly shown 

that the threshold energy density necessary for the ultrafast structural transition is 

incongruous with the thermal transition as discussed more thoroughly in Chapter 1 [37].
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CHAPTER 6 

 

ULTRAFAST MODULATION OF EMBEDDED VO2-SILICON 

WAVEGUIDE HYBRID DEVICES 

 

6.1.  Introduction 

In the last chapter, a resonant VO2-on-silicon device demonstrated a detector-limited 

signal with a FWHM of about 500 ps. However, the negative polarity of the low pump-

fluence signal did not seem at the time to be consistent with expectations or results on the 

same device at higher pump fluences. An ultrafast pump-probe experiment would enable 

characterization of this fast response. In this chapter, such as setup is built but with the probe 

beam confined in a waveguide.  

Typically, a control sample, or standard with a large signal facilitates alignment and 

data acquisition before the test sample is characterized by a pump-probe measurement. 

However, for an in-waveguide probe, it was difficult to conceive of a relevant control or 

calibration device. Therefore the device used in the first measurements with this out-of-plane 

pump, in-waveguide probe setup was carefully chosen, and the rationale for the choice was 

twofold. First, spectrally resolving a signal results in a lower signal-to-noise ratio since the 

signal is divided by the number of channels in the detector. Combined with the wavelength-

dependent uncertainties associated with the hybrid ring resonator device outlined at the end 

of the last chapter and the fact that an ultrafast pulse necessarily has a finite bandwidth, a 

non-resonant device was chosen. Second, the device geometry was chosen to maximize the 

device modulation without concern for the fabrication difficulty or insertion loss of the 
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device. As a result, a device was chosen in which the probe beam passes fully through the 

VO2 rather than through a silicon bus waveguide with VO2 on top of it. This chapter is 

organized as follows: first, the device is discussed and characterized by cw laser light, 

simulations, scanning electron microscopy, and atomic force microscopy [125]. Next, the 

optical setup is described, and finally, the chosen device was characterized.  

 
Figure 6.1. (a) Schematic for simulation of VO2-embedded silicon waveguide 

modulator. The VO2-embedded silicon waveguide modulator is shown in gray (Si) 

and green (VO2). The purple arrow surrounded by the gray box and yellow box 

represent the optical source and monitor, respectively. (b) Simulated transmission 

as a function of trench length through VO2-embedded silicon waveguide 

modulator with VO2 in its semiconducting (blue circles) and metallic (red squares). 

Optical properties of VO2 are taken from reference [33]. (c) Insertion loss and (d) 

modulation depth of VO2-embedded silicon waveguide modulator as a function of 

LVO2, calculated from transmission data shown in (b). The corresponding curve fits 

in (b), (c), and (d) serve as guides to the eye. Reprinted with permission from 

reference [125]. 
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6.2.  Description of Embedded VO2-Silicon Hybrid Devices 

Figure 5.7 underscores how little interaction there is between the guided mode and 

the VO2 on the waveguide in the VO2-on-silicon devices. Only the evanescent halo of the 

mode interacts with the VO2. One approach to more efficiently capitalize on the optical 

properties change in VO2 could involve embedding a portion of a VO2 waveguide in a silicon 

waveguides, as shown in Figure 4.8(a). This section discusses the fabrication and static 

characterization of these VO2-embedded devices. 

6.2.1.  Design and Simulations  

The image from the Lumerical FDTD Solutions simulation package shown in Figure 

6.1(a) shows an ideal device in which VO2 is embedded in a trench between two silicon 

waveguides on a SiO2 substrate. All simulations were performed using three-dimensional 

finite-difference time-domain (FDTD) analysis. The width of the waveguide and VO2 patch 

was 700 nm and the depth was 220 nm. The length of the VO2 patch in the direction of 

propagation (LVO2) was varied from 0 to 1000 nm in steps of 100 nm. Transmission through 

each waveguide was calculated using frequency-domain field and power monitors; both the 

semiconducting and metallic states of VO2 were considered. Optical constants for VO2 were 

taken from [33] and imported into Lumerical for the simulations. Figure 6.1(b) shows 

transmission as a function of trench length for both semiconducting and metallic VO2 at 1550 

nm, presenting individual simulation results using blue circles (semiconducting VO2) and 

red squares (metallic VO2). Due to the nearly perfect refractive index match between 

semiconducting VO2 and silicon, reflection is simulated to be less than 1% for all VO2 patch 

lengths when in the semiconducting phase. Therefore, for semiconducting VO2, transmission 

is dictated by absorption in VO2 and the curve fit for the transmission data is a single 
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exponential function obeying Beer’s law for an extinction coefficient of about 0.3, which is 

in good agreement with the optical properties of semiconducting VO2 films at 1550 nm [33]. 

The curve fit for the transmission data with metallic VO2 patches does not simply follow 

Beer’s law for light transmitted through an equivalent thickness VO2 thin film. This may be 

related to the spread in the optical mode profile as light passes through the low refractive 

index metallic VO2 section of the waveguide causes a significant portion of the mode to 

propagate in the cladding region outside the lossy VO2 patch.  

Insertion loss and extinction ratio of the VO2 embedded silicon waveguide switch are 

calculated from the transmission data in Figure 6.1(b). Insertion loss, Figure 6.1(c), is 

reported based on the transmission of the VO2-embedded silicon waveguide switch when the 

VO2 patch is in the semiconducting state relative to the transmission of a control silicon ridge 

waveguide with no trench and no VO2. Extinction ratio, in Figure 6.1(d) is the ratio of 

transmission through the VO2 embedded silicon waveguide switch for VO2 in the 

semiconducting and metallic states. The trend in extinction ratio as a function of VO2 length 

that shows a maximum extinction ratio for a VO2 patch length of 400 nm can be explained 

by considering the saturation in the transmission intensity of light through the VO2 embedded 

silicon waveguide switch for metallic VO2 patch lengths greater than about 400 nm. Taking 

into account both extinction ratio and insertion loss, Figure 6.1 suggests that a favorable 

geometry is a 200 nm embedded VO2 patch, which enables nearly 14 dB extinction ratio with 

approximately 2 dB insertion loss. 

6.2.2.  Device Fabrication 

The VO2-embedded silicon waveguide modulators were fabricated with silicon-on-

insulator wafers (220 nm device layer, 3 µm buried oxide layer, purchased from SOITEC) 
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using standard lithographic procedures. Silicon waveguides with and without trenches were 

defined by electron beam lithography (JEOL 9300FS-100kV) and subsequent reactive ion 

etching using a C4F8/SF6/Ar gas mixture (Oxford Plasmalab 100). A second round of 

electron-beam lithography (Raith eLine) was used to open windows in the trenches for the 

VO2 deposition. Then, VOx was deposited by RF magnetron sputtering of vanadium metal 

at 6 mTorr total pressure with 20 sccm Ar and 1 sccm O2. After lift-off, the devices were 

annealed for 7 minutes at 450°C at 250 mTorr of O2 to form polycrystalline VO2. The 

lithography and VO2 deposition process was performed in two identical iterations to ensure 

complete O2 diffusion during the anneal step. Stylus profilometry on a 100 µm × 100 µm 

square of VO2 patterned on a separate region of the wafer revealed a cumulative VO2 

thickness of 250 nm. The thickness of the deposited VO2 films embedded in waveguides 

with differing trench lengths is discussed in Section 5.2.2. Resistive heaters (false colored 

gold in Figure 6.2) were fabricated adjacent to the waveguides using electron beam 

lithographic patterning (Raith eLine), thermal evaporation of a 5-nm chromium adhesion 

layer and a 120-nm gold layer, and lift-off. Additionally, another set of bifurcated silicon 

waveguides was fabricated with VO2 deposited on top of the control waveguides in order to 

compare their performance with the silicon waveguides having embedded VO2 films. 

Figure 6.2 shows a plan-view schematic of a set of devices. Each waveguide on the 

right side of the image is bifurcated with a Y-shaped splitter into two waveguides on the left. 

The lower waveguide of each pair on the left side is a standard ridge waveguide for control 

measurements as seen in the top right inset of Figure 6.2 outlined in blue. The upper 

waveguide in each pair includes the short VO2 waveguide. A typical device before and after 

VO2 deposition is in the top-left and bottom-left insets outlined in orange, respectively.  
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Figure 6.2. SEM image of bifurcated silicon waveguides (false colored navy) 

including integrated heaters (false colored gold). In the center of the Figure, the 

small boxes highlight VO2-embedded silicon waveguide modulators (small orange 

boxes) and control waveguides (small light blue boxes). The left insets with orange 

outline show SEM images after the patterning of the silicon waveguide and trench 

(top) and backfilling with VO2 (bottom), which is shown in false colored green. 

The right inset outlined in light blue shows the control silicon waveguide. 

Reprinted with permission from reference [125]. 

 

6.2.3.  Static Characterization 

Tilted scanning electron microscopy (SEM) images of VO2-embedded silicon 

waveguide modulators with three different trench lengths are shown in Figure 6.3(a). Even 

the two consecutive VO2 depositions were not sufficient to completely fill the trenches, and 

the shorter trenches with higher aspect ratio (ratio of depth to width) had thinner VO2 films 

compared to the longer trenches. This issue is most likely due to known challenges with 

depositing material into high aspect-ratio holes, commonly referred to as shadowing. Atomic 

force microscopy for a waveguide with trench length (LVO2) of 1000 nm suggest that the VO2 

film thickness in the lowest aspect ratio trench is less than the 220 nm silicon waveguide 

height and peaks at about 180 nm, as seen in Figure 6.3(c). Note that the deposition of VO2 

on top of the silicon waveguide at one end of the trench, visible in both tilted SEM 

measurements (Figure 6.3(a)) and the atomic force micrographs (Figure 6.3(b)), was due to 
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a slight misalignment of the resist window during VO2 deposition. Atomic force microscopy 

measurements also show the VO2 patches on top of the control waveguides (not shown) have 

a thickness of approximately 210 nm, which is slightly less than the thickness measured with 

the stylus profilometer of the 100 µm × 100 µm square VO2 film due to shadowing effects 

of the resist. 

 
Figure 6.3. (a) Tilted SEM images of VO2-embedded silicon waveguide 

modulators with trench lengths of 300, 600, and 900 nm. VO2 is shown in false 

colored green. (b) Atomic force micrograph of VO2 embedded silicon waveguide 

modulator with a trench length 1000 nm. Vertical profile of line cut (black line 

outlined in white) is presented in (c), showing a VO2 thickness of ~ 180 nm within 

the trench. (d) Temperature dependent transmission measurements on a thin film 

VO2 witness sample. The red and blue curves show transmission with increasing 

and decreasing temperature, respectively. Reprinted with permission from 

reference [125]. 

 

Waveguide transmission measurements were carried out using the Santec Swept Test 

System STS-510 software package with a tunable laser (Santec TSL-510) and power meter 

(Newport 2936-C). The polarization of the input light was controlled by pulling the beam 

from the polarization-maintaining fiber into free-space where a linear polarizer and half wave 
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plate were used to obtain transverse electric (TE) polarization. This near-infrared (NIR) light 

(1500-1630 nm) was coupled into and out of the waveguides using lensed tapered fibers (OZ 

Optics). Laser light scattered from the sample was coupled into an infrared camera (Sensors 

Unlimited SU320M) by an infinity-corrected NIR apochromatic microscope objective 

(Mitutoyo Plan Apo NIR). In addition, a fiber-optic illuminator was used to scatter light from 

the sample into the camera to aid in alignment. 

 
Figure 6.4. (a) Raw (thin lines) and smoothed (thick lines) transmission data 

through a VO2-embedded silicon waveguide modulator with 600 nm trench length. 

Blue curves correspond to an applied potential of 0V (VO2 in semiconducting 

phase) and red curves correspond to 12V (VO2 in metallic state). (b) Modulation 

depth, referenced to the 0V measurement, of the same sample for various applied 

voltages, calculated from the smoothed spectra. Reprinted with permission from 

reference [125]. 

 

High contrast Fabry-Perot fringes observed in the raw transmission spectra, shown 

as thin lines in Figure 6.4(a), were attributed to reflections or scattering from stitching errors 

in the waveguides, roughness at the Si-VO2 and Si-air interfaces, and the bifurcated 

waveguide splitter. To minimize the effect of the Fabry-Perot fringes, the data were 

smoothed with a moving average across 10 nm for each data point (5 nm to each side of the 

data point). Examples of this smoothed data are represented by the thick lines in Figure 
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6.4(a), and they were used for all insertion loss and modulation depth calculations. To test 

the phase transition of the VO2, temperature-dependent transmission measurements were 

carried out by varying the potential across the gold resistive heaters. Figure 6.4(b) shows the 

modulation depth for a number of applied voltages, which is reported based on the ratio of 

transmission through the VO2-embedded silicon waveguide modulator with and without an 

applied voltage. As indicated by the change in modulation depth, the phase transition of VO2 

was initiated with approximately 8 V applied to the gold heaters and was completed at a 

potential of about 12 V. For all calculations, we assume that VO2 is in the semiconducting 

phase at 0 V and VO2 is fully in the metallic phase at 13 V. The relatively small variation in 

optical constants of VO2 from 1510 to 1620 nm result in a broadband response for the device, 

as shown by the bandwidth of over 100 nm in Figure 6.4(b). 

Trends in the transmitted intensity, insertion loss, and modulation depth were 

measured as a function of trench length for ten devices were measured at a wavelength of 

1550 nm, as shown in Figure 6.5. The error bars in Figure 6.5 are the standard deviation of 

multiple measurements for each trench length. Note that both the experimental and 

simulation results in Figure 6.5 deviate from the simulation data presented in Figure 

6.1(b,c,d) that assume complete filling of VO2 in the trench because the fabricated structures 

have only partially filled VO2 trenches. The simulation results presented in Figure 6.5 

alongside the experimental data assume VO2 thicknesses from 90 nm for LVO2 = 100 nm to 

180 nm for LVO2 = 1000 nm, with a linear interpolation between these values. In other words, 

the VO2 thickness in the trench was increased 10 nm in height for each 100-nm increase in 

LVO2. As in Figure 6.1, for all simulation results shown in Figure 6.5, the optical properties 

of VO2 were taken from literature [33] and imported into Lumerical. 
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Figure 6.5. Transmission through VO2-embedded silicon waveguide modulator as 

a function of trench length, normalized to the reference silicon waveguide, for VO2 

in its (a) semiconducting and (b) metallic phases. (c) Insertion loss and (d) 

modulation depth of VO2-embedded silicon waveguide modulators as a function 

of trench length based on measured data in (a) and (b). In all 4 panels, the solid 

curves present Lumerical simulation results that assume partial VO2 filling of the 

trench. Reprinted with permission from reference [125]. 

 

The simulations performed with partially filled VO2 trenches shown in Figure 6.5 are 

in good agreement with the experimental data. As seen in Figure 6.5(b), when the VO2 patch 

is in the metallic phase, the measured transmission is consistently measured slightly higher 

than the simulated transmission; this difference results in the deviation between experiment 

and simulation for modulation depth seen in Figure 6.5(d). The data in Figure 6.5 reveal a 

clear tradeoff between insertion loss and modulation depth as is expected for a waveguide 

made of a lossy material like VO2. Due to the absorption of VO2 in the semiconductor phase, 

longer VO2 filled trenches lead to higher insertion losses. At the same time, the longer VO2 
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filled trenches allow more absorption of light when VO2 is in the metallic phase, leading to 

a larger modulation depth. For the partially filled VO2-embedded silicon waveguide 

modulator with a trench length of 500 nm, a modulation of 9.7 ± 0.8 dB with a corresponding 

insertion loss of 6.5 ± 0.9 dB is demonstrated. 

 
Figure 6.6. Measured modulation depth for Si-VO2 waveguide modulators with VO2 on 

top of (red data points and upper right SEM image) and embedded within (blue data points 

and lower right SEM image) the silicon waveguide. Reprinted with permission from 

reference [125]. 

 

In order to demonstrate the advantage of placing the VO2 patch within the silicon 

waveguide rather than on the waveguide, we carried out a direct experimental comparison, 

shown in Figure 6.6. As expected, the integrated geometry provides a larger modulation 

depth because of the improved modal overlap of the guided mode with the phase change 

material (PCM). Note that although the on-waveguide devices were processed in a manner 

identical to the embedded devices, the resulting VO2 thicknesses were slightly different as 

discussed with the atomic force microscopy results. As seen in Figure 6.1, simulations, which 

assumes complete filling of VO2, for the 200-nm trench length demonstrate a modulation 

depth and insertion loss of 13.8 dB and 2.2 dB, respectively. Therefore, with improved 
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fabrication procedures that allow more complete filling of VO2 in the trench, it should be 

possible to achieve even larger modulation depths with lower insertion losses using the VO2-

embedded silicon waveguide modulator platform. 

In conclusion, we demonstrate a compact and broadband hybrid Si-VO2 integrated 

waveguide modulator. While integration of PCMs into a silicon waveguide in order to 

improve modal overlap with the PCM has been proposed in the past [126,127], this work is 

probably the first experimental realization of such a device. Simulations suggest that 

improved fabrication of these devices could produce modulation depths greater than 12 dB 

with less than 3 dB insertion loss. 

 

6.3.  Ultrafast Response of Embedded VO2-Silicon Hybrid Devices 

6.3.1. Out-of-Plane Pump, In-Waveguide Probe Configuration 

Figure 6.7 shows the experimental setup used to measure the dynamical response of 

the waveguide device. An amplified titanium-sapphire laser system (not shown) pumps an 

optical parametric amplifier (OPA) at 1 kHz, as discussed more thoroughly in sections 2.2.4 

and 5.6. The signal beam at 1550 nm is used as the probe beam that propagates through the 

waveguide; while the idler beam, with a wavelength of 1670 nm, is used as the free-space 

pump beam. A polarizing beam splitter is used to separate the orthogonally polarized signal 

and idler beams.  
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Figure 6.7. Out-of-plane pump, in-waveguide probe optical setup used to measure 

the time-response of the embedded-VO2 silicon photonic device.  

 

The pump beam (red, Figure 6.7) is delayed with respect to the probe beam by a 

corner cube on a translation stage and then focused onto the sample by a parabolic mirror. A 

pair of crossed polarizers controls the fluence of the pump beam. To prevent the polarization 

from drifting as the power is changed, only the first (upstream) polarizer is adjusted. The 

first polarizer is mounted on an automated rotation mount and controlled by the same 

computer that controls the delay stage and reads data from the lock-in amplifier (LIA). A 

pyroelectric power meter (not shown in Figure 6.7) on a flip mount in front of the parabolic 

mirror measures the pump power.  
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The probe beam is chopped at 500 Hz by an optical chopper synchronized to half the 

laser repetition rate, and this frequency is used as the reference for the lock-in amplifier. The 

average power coupled into the probe lensed fiber-tip can be estimated by switching the 

fiber-tip for an ordinary patch fiber connected to a fiber-coupled power meter. This is used 

to confirm that the optical chopper is removing half of the average power of the probe beam 

(half the probe pulses). The input lensed fiber-tip focuses the beam to a 2.5 µm spot and the 

XYZ piezoelectric actuators on which the fiber-tip is mounted enables coupling that light 

into the end-facet of the silicon waveguide (220 x 700 nm). The VO2 device sits in the middle 

of a silicon waveguide about 2 mm long. However, the VO2 only extends about 900 nm along 

the waveguide axis, as shown by the scanning electron micrograph of the device used in these 

measurements, seen in the inset of Figure 6.7 with the VO2 in false-color green. The light 

transmitted from the other silicon waveguide facet is collected by the output fiber-tip, 

enabled with similar piezoelectric actuators. Without further optical filtering, the fiber-tip 

delivers the transmitted light to a fiber-coupled indium gallium arsenide (InGaAs) detector. 

Electrical filtering of the resulting signal is accomplished with a lock-in amplifier locked to 

the frequency of the probe-chopper. A computer (not shown) controls the delay stage, the 

delay stage, and the first pump-polarizer (indicated with a curved black arrow in Figure 6.7). 

The beam waist of the pump beam spot was measured by blocking the probe beam, 

changing the LIA reference frequency to 1000 Hz, and translating the parabolic mirror so the 

beam spot is swept across the device. In this configuration, pump light is scattered from the 

device and coupled into the waveguide. The magnitude of the scattered light was measured 

by the LIA as a function of beam spot (parabolic mirror) position and then fit with a Gaussian 

distribution. Negligible differences between measurements in which the parabolic mirror is 
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swept parallel and perpendicular to the waveguide axis justify the claim that the axis of the 

parabolic mirror is aligned to the incoming pump beam axis. Both measurements fit a 

Gaussian distribution; the beam waist was found to be 35.5 and 34.0 µm for the 

measurements perpendicular and parallel to the waveguide, respectively.  

Note that the pump beam and parabolic mirror axes must be parallel in order to 

assume that translating the parabolic mirror does not distort the beam spot shape on the 

sample. This, along with the lack of dispersion and chromatic aberrations in the reflective 

parabolic mirror, is one advantage of the optical configurations of Figures 6.7 and 5.8 over 

the setup in Figure 5.2, which uses a refractive microscope objective to focus the pump beam. 

In order to adjust the pump beam spot position in the setup in Figure 5.2, the microscope 

objective, along with the two beam splitters, was translated changing the relationship 

between the microscope objective and pump beam axes. Since it was an apochromatic 

microscope objective, this was negligible for the nanosecond laser, with a bandwidth less 

than 1 nm. However, the dispersion and chromatic aberrations would probably not be 

negligible for a bandwidth of about 40 nm like the femtosecond beam used in the setups in 

Figures 6.7 and 5.8. 

The spectra of the signal and idler beams are shown in Figure 6.8(b), while the raw 

spectra used to derive them are shown in Figure 6.8(a). To collect the raw spectra, a beam 

block, which is not shown in Figure 6.7, was placed before the polarizing beam splitter. The 

scattered OPA light was collected by an optical spectrum analyzer (Agilent 86140B, 100 

second integration), and the background was obtained by blocking the amplified Ti:sapphire 

laser beam before the OPA. Note that the optical spectrum analyzer has a wavelength cutoff 

of 1700 nm, close to the idler wavelength of about 1670 nm. Near this upper wavelength 
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limit, a large signal is seen even in the background spectrum, as seen in Figure 6.8(a). 

Although subtraction of the two raw spectra yields a baseline approximately zero, the noise 

is large at the detector upper limit and interpretation of the pump-beam peak is difficult. 

Assuming a transform-limited pulse with a Gaussian temporal distribution, the FWHM of 

the signal beam of about 40 nm is consistent with a pulse duration of about 175 fs, consistent 

with the manufacturer specification of 150 to 200 fs.  

 
Figure 6.8. (a) Raw measurement before background subtraction and the 

background spectrum. (b) Pump and probe spectra, extracted from data in (a), 

scattered from a beam block placed before the polarizing beam splitter. 

 

It should be noted that there are a few differences between this optical setup and a 

typical pump-probe setup. First, the probe intensity needs to be low enough to avoid 

nonlinear effects in the lensed fiber tips and silicon waveguide. Second, the probe beam 

propagates perpendicular to the pump beam. Although one might expect this perpendicular 

configuration to avoid measuring the pump beam with the detector, significant scattering of 

the pump beam from the VO2 device is observed. This scattered pump light can be 

conveniently used to fine-tune the position of pump beam spot onto the device, as discussed 

above. Coarse alignment is achieved with an infrared CCD camera with a 5x Mitutoyo 

microscope objective with a long working distance mounted at 45º to the sample surface. 

Signal Beam
(Probe)

Idler Beam
(Pump)

(a) (b)
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Alignment is discussed in much more detail in Appendix B.  

The third difference between the out-of-plane pump, in-waveguide probe optical 

setup and a typical pump-probe setup is that the probe beam is modulated to provide the 

reference frequency to the lock-in amplifier. Typically, the pump beam is modulated but then 

optically filtered out before the detector so the probe light is measured but at the frequency 

of the pump. This yields a signal in the lock-in amplifier that does not correspond to the 

pump or probe, but to the effect of the pump on the probe. Capitalizing on the ability of a 

lock-in amplifier to turn small AC voltage into a measurable signal, this configuration can 

routinely measure pump-induced modulations of the probe beam between 10-4 and 10-6 of 

the total probe beam power [128]. For our purposes, this is unnecessary because any device 

with a modulation depth this small would not be technologically useful. The advantage of 

modulating the probe beam, like in Figure 6.7, is that the optical signal does not need to be 

coupled from the lensed fiber-tip back into free-beam optics where an additional optic can 

be used to filter out the pump beam. Although a typical pump-probe configuration for the 

chopper was utilized at first, it was found that by chopping the pump beam and filtering it 

out later, the losses associated with the additional optic (the filter) and coupling back into 

free-beam reduced the signal-to-noise ratio below that of the configuration shown in Figure 

6.7 where the probe beam is modulated. Instead, the scattered pump light (at 1000 Hz) was 

sufficiently small that the band-pass filter in the lock-in amplifier (set at 500 Hz) removed it. 

6.3.2. Femtosecond Excitation of the Embedded-VO2 Waveguide Device 

Figure 6.9(a) shows the change in probe transmission as a function of the time delay 

between the pump and probe pulses for an embedded-VO2 device with a 700-nm trench 

similar to those in Figure 6.3(a). The legend gives the incident pump fluence for each 
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measurement. For clarity, the raw data from Figure 6.9(a) were smoothed with a 5-point 

running average and re-plotted in Figure 6.9(b). Also note that the axis has been inverted to 

correspond with typical pump-probe measurements. For example, the transmission of the 

device with an incident pump fluence of 7.8 mJ/cm2 was measured to drop from 100% to 

about 82%, while -∆T/T, which is typically measured in a pump-probe experiment, rises 

from a background of about 0% to about 18%.  

 
Figure 6.9. (a) Raw lock-in amplifier voltage corresponding to probe transmission 

through the VO2-embedded device. (b) Data from (a) converted to percent 

transmission with 5-point smoothing. The legend, which applies to both plots, 

gives the incident pump fluence for each measurement. The delay stage 

acceleration was set at 100 mm/s2. 

 

At the highest fluence of 13 mJ/cm2, it appears that the VO2 has absorbed enough 

light to fully undergo the structural phase transition. Below about 7.8 mJ/cm2, the VO2 is 

undergoing the transient metallization discussed in chapter 1 and observed in other work 

[41,44–47].  

In addition to those discussed in the last section, another advantage to this unusual 

pump-probe configuration, in which the probe beam is modulated rather than the pump beam, 

(a) (b)
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can be understood by comparing Figure 6.9(a) to 6.9(b). During a typical pump-probe 

measurement, the baseline LIA voltage is zero, like in Figure 6.9(b), so if the probe beam 

drifts so that it is no longer fully on the detector, the issue will probably not be identified 

until fitting or comparing with other measurements. However, when the probe is chopped, a 

drift in the probe beam alignment will manifest itself as a decrease in the raw LIA voltage 

from the background voltage. For example, in Figure 6.9(a), this background voltage is about 

43 µV, and it can be monitored during to confirm probe alignment is maintained. The probe 

alignment for these experiments is dependent on the fiber tips staying aligned with the facets 

of the silicon waveguide, so drift is more common than typical for pump-probe 

measurements.  

 
Figure 6.10. Time-response of the embedded VO2-silicon device for a two pump 

fluences in the mid-fluence regime taken with lower delay stage velocity. Time 

step size is 134 fs for the 4.5 mJ/cm2 measurement and 67 fs for the 2.7 mJ/cm2, 

and the delay stage acceleration was set at 10 mm/s2. 

 

Even if the fiber-tips that launch and extract the probe signal from the silicon 

waveguide do not permanently drift as discussed above, we believe small oscillations of the 
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fiber tips from their equilibrium position can cause issues with these pump-probe 

measurements. In Figure 6.10, measurements similar to those in Figure 6.9 were performed 

with the acceleration of the delay stage set to 10 mm/s2. The measurements in Figure 6.9 

were taken with an acceleration of 100 mm/s2. At 100 mm/s2, the light scattered from the 

surface of the silicon waveguide flashed with each stage movement. To observe this, the cw 

light used to align the setup was necessary because the average power of the femtosecond 

laser beam is too low to observe the light scattered from the surface of the waveguide with 

the CCD camera. The removal of these oscillations is responsible for the decreased noise in 

Figure 6.10 in comparison to Figure 6.9(a); the data in Figure 6.10 has not been smoothed 

like the data in Figure 6.9(b). It is unclear at this time, however, why the data in Figure 6.10 

exhibit an increased contrast and a decreased response time for similar incident pump 

fluences. All measurements in Figure 6.9 and the 4.5 mJ/cm2 measurement in Figure 10 had 

a 67 fs step size, while the 2.7 mJ/cm2 measurement was performed with a 33 fs step size. 

The response of the embedded-VO2 device is the fastest ever reported for a 

waveguide device with a FWHM of less than 1 ps, corresponding to modulation just over 1 

THz – a factor of about 3 faster than the current record held by a graphene-based all-optical 

modulator discussed more thoroughly in Chapter 1 [3]. The modulation depth of about 20%, 

or about 1 dB, is about half of that graphene-based modulator. However, the active portion 

of the modulator (graphene or VO2) is about 25 times shorter for the embedded-VO2 device, 

yielding about 1.4 dB/µm, over an order of magnitude larger than the graphene-based device. 

Finally, unlike the graphene-based microfiber device in reference [3], this VO2-based 

embedded in a silicon waveguide is compatible with conventional CMOS fabrication 

techniques. 
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At a the threshold fluence for observing modulation, 1.4 mJ/cm2 in Figure 6.9(b), the 

pump energy absorbed by the device was estimated to be about 1.7 pJ by using: 

(6.1)          𝐸;JK = 1 − 𝑅 ∙ 1 − 𝑒7Pℓ ∙ 𝑉 ∙ 𝐹T!4 

In this equation, V is the volume of the VO2 embedded waveguide, Finc is the incident fluence, 

𝛼 is the absorption coefficient derived from the extinction coefficient in reference [33], and 

ℓ is the VO2 thickness assumed to be 220 nm. The reflection at the air-VO2 interface was 

calculated using the complex refractive index, again from reference [33], and the equation: 

(6.2)       𝑅 = !DE671
!DE6V1

F
 

The switching energy of 1.7 pJ corresponds to 0.83 pJ/bit since, on average, only half 

of bits in a stream of data requires operating a modulator. This is over eight times larger than 

a commonly quoted industry target of 100 fJ/bit [2]. The threshold for modulating the device 

in the nanosecond experiments was also estimated using equations 6.1 and 6.2. With the 

optical constants and reflectivity appropriate for VO2 at the pump wavelength of 1064 nm 

and the threshold incident fluence of 0.63 mJ/cm2, a threshold switching energy of 0.25 pJ/bit 

was calculated, about 3.3 times smaller than measured in these femtosecond experiments. 

The discrepancy between the switching energy for the nanosecond and femtosecond 

experiments on VO2-based devices could be related to the difference in device geometries or 

the fundamental difference in the thermally- and photo-induced phase transitions, as 

discussed near the end of Chapter 5.  

Although there is a discrepancy between the switching energy in the nanosecond and 

femtosecond experiments on VO2-based devices, Table 6.1 illustrates that the threshold 

absorbed energy density measured in these femtosecond experiments is consistent with 
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literature. Details of the table contents are in the next paragraph, but a few important facts 

can be gleaned from its examination. When the pump wavelength and film thickness are 

accounted for, the result, which has units of energy density, is much more consistent between 

the literature: the lower bounds on the threshold incident fluence (the first number in each 

range) vary by over a factor of almost eight, while the lower bounds for the threshold 

absorbed energy density range by a factor of less than five. Since the thickness may differ 

between experiments, so an independent variable with units of energy density is more 

appropriate than what it typically quoted in ultrafast experiments: mJ/cm2. It is not surprising 

that correcting for the pump wavelength brings our work in line with literature, since the 

wavelength-independence of the pump beam has been demonstrated by Rini, et al. [46]. They 

found that as long as the photon energy is higher than the band gap energy for VO2 thin films, 

the threshold fluence was the same, as shown in the 2nd-to-last entry in the table. This work, 

along with the last entry in the table, are included because they are the only two works in 

which the effect of the pump wavelength was examined for VO2 thin films. The third 

takeaway from Table 6.1 is that even with the wavelength and thickness corrections, the 

threshold absorbed energy density varies greatly – over a factor of four between the first four 

entries. In fact, it should be noted that the last two entries measured diametrically opposed 

trends in the threshold with respect to pump wavelength. 
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Source Time Delay 
(ps) 

Threshold 
Finc 

(mJ/cm2) 

Threshold Absorbed 
Energy Density 

(mJ/mm3) 

Brady, et 
al. [47] 4 0.62-1.12 30-50 

This 
Work 4 5.9-7.8 65-85 (1.67 µm) 

Cocker, 
et al.[38] 4 3.7-4.9 130-180 

Wall, et 
al. [46] 4 4.8-6.1 140-180 

 

Rini, et 
al. [33] 0.3  

120 (1.24, 1.41, 1.63, or 1.91 µm) 
200 (2.30 µm) 
500 (3.35 µm) 

Tao, et 
al. [37] 150  290 (0.80 µm) 

160 (2.00 µm) 

Table 6.1. Threshold absorbed energy densities from literature are comparable to 

that measured in this work. Wavelength of the ultrafast pump beam is 0.80 µm 

unless otherwise specified. See text above for more details. 

 

The first four entries in this table were constructed by examining plots from each 

reference with pump-probe sweeps for multiple incident fluences, similar to Figure 6.9. For 

the purpose of this table, the threshold is defined as the incident fluence at which |∆T/T| 

(|∆R/R| for Wall et al.) drops to one third of its maximum value after 4 ps. Thus, the highest 

(or lowest) fluence at which |∆T/T| had (or had not) dropped by one third at 4 ps was used as 
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the lower (or higher) limit in the threshold Finc column. Both the lower and upper limits on 

the value were converted to threshold absorbed energy density using equations 6.1 and 6.2 

and optical constants from literature [33]. Since plots similar to Figure 6.9 were not available 

for Rini et al. and Tao et al., a similar analysis was not possible. As a result, the last entries 

were not included in the main part of the table. For Rini et al., a similar analysis to the ones 

above was used with three exceptions; the measure quantity was |∆𝛼/𝛼| rather than |∆T/T|, 

the only values available were at time delays of 300 fs, and they used their own optical 

constants in order to quote absorbed fluence. Note that the above definition of threshold 

fluence does not align with the choice made by Rini et al., so the 0.25 mJ/cm2 absorbed 

fluence threshold that they quote was not used; although even that threshold value yields an 

absorbed energy density similar to Brady, et al. For Tao et al., the absorbed energy densities 

were given directly in the text for time delays of 150 ps. With such a long time delay, it is 

not surprising that their value for the 800 nm pump is larger than in all the other works. 
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Figure 6.11. (a) Maximum transmission contrast for smoothed curve in Figure 

6.9(b) immediately after excitation (0 ps, circles, solid black fit) and after thermal 

dynamics dominate (7 ps, diamonds, dashed black fit). (b) Transmission contrast 

at a constant time delay (time-zero) as a function of fluence. The three fits only 

used the data of the corresponding color. Data points between regime-defining 

fluences from Figure 6.9 are black and were not included in the fits. 

 

In addition to the fluence threshold discussed in the last few paragraphs, which is 

readily apparent between 5.9 mJ/cm2 and 7.8 mJ/cm2 in Figure 6.9, there appears to be 

another discontinuity in the dynamical response between about 0.77 and 1.4 mJ/cm2. While 

the former discontinuity is obvious, further analysis is necessary to determine if the 

seemingly apparent transition at about 1 mJ/cm2; this topic is a majority of the remainder of 

this chapter. For clarity, the three proposed fluence regimes separated by these two 

discontinuities are highlighted by the color scheme in Figure 6.9: low fluences with cold-

colors, moderate fluences with earth-tones, and high fluences with hot-colors. This color 

scheme is maintained in Figure 6.10 (only contains two fluences in the middle region) and 
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Figure 6.11. 

In Figure 6.11(a), the upper data points (circles) and fit (solid black line) are the 

maximum transmission contrast from the smoothed data in Figure 6.9(b) at 0 ps, while the 

lower data points (diamonds) and fit (dashed black line) are the transmission contrast at 7 ps, 

after thermal effects dominate the device response. At 0 ps, the power law fit, with an R2 of 

0.95, fits the data nicely, while the response is more complex at 7 ps, as evidenced by the R2 

of less than 0.88 and the obvious systematic error of the fit in the highest fluence regime. 

This simplistic method of analysis leaves it unclear whether the errors in the low fluence 

regime are random or systematic and thus it unclear whether the low fluence regime is in fact 

distinct from the middle fluence regime.  

To be certain about this three-region model, a measurement with a constant time 

delay (0 ps) but finer fluence steps was accomplished by rotating the upstream polarizer (see 

curved black arrow in Figure 6.7). As can be seen in Figure 6.11(b), similar, though not 

identical, power law fits for this finer data in the middle and high fluence regimes were 

obtained. The low fluence data had a power law fit with almost twice the slope of the other 

two regions. However, the R2 value for the lowest fluence regime, below 0.66, is quite poor. 

Furthermore, there is an additional reason to be skeptical of this larger slope for the low 

fluence regime. In Figure 6.12, the data from 6.9(a) has been re-plotted, and the region near 

time-zero has been enlarged. Plotted this way, it is more apparent that the peak response 

shifts with fluence, as denoted by the dashed black arrow. Since the setup was aligned at high 

fluence, this time-zero shift would accelerate the decrease in transmission as the pump 

fluence is decreased. 
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Figure 6.12. Transmission, as raw lock-in amplifier voltage, plotted against time 

delay. Same data as Figure 6.9(a), but the increased time-resolution of the time 

axis makes the fluence-dependence of the position of the maximum transmission 

more obvious.  

 

With potential for modulation speeds in the THz range, these findings suggest all-

optical modulation devices based upon this VO2-silicon hybrid platform could play a role in 

the future of optical communications. However, the energy required to switch the device and 

the modulation depth require improved device geometry. Based upon the low modulation 

contrasts in comparison to the VO2-on-waveguide structures presented in Chapter 5, the 

embedded-VO2 design may not be worth the additional fabrication difficulty. Potential 

improvements to the transmission contrast could come from resonant structures, while 

electric field enhancement from plasmonic structures or photonic crystals could decrease the 

switching fluence. 

(a) (b)
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CHAPTER 7 

 

CONCLUSIONS 

 

6.1.  Summary 

The work in this dissertation first expanded the knowledge of the phase transition of 

vanadium dioxide and then explored the possibility of utilizing the associated transformation 

in optical properties in all-optical modulation devices.  

In Chapter 3, density functional theory calculations predicted the electronic and 

magnetic structure of the M1, R, and M2 phases of VO2 with a single set of hybrid 

functionals. This unprecedented success suggests that single-particle theories are sufficient 

to describe the individual phases of VO2; electron correlations are not needed. An additional 

phase of VO2 is predicted, called the M0 phase, and is found to be ferromagnetic. It may be 

related to reports of ferromagnetic VO2 [82,129–132]. 

In Chapter 4, x-ray holography experiments, with nanoscale spatial resolution, 

demonstrate that defects can cause local fluctuations in the activation energy for the 

thermally-induced phase transition, nucleating the transformation. Spectrally-resolved x-ray 

holographic measurements suggest that the can be more than one pathway from the M1 phase 

to the R phase. While a direction transition from M1 to R is observed, other positions in the 

crystal pass through an intermediate phase, most similar to the M2 phase. These observations, 

gathered from the thermally-driven phase transition, have limited implications for all-optical 

modulation applications requiring the ultrafast photo-induced transition. However, the 

success of these thermal x-ray holography measurements suggest that analogous 
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femtosecond measurements can be performed with a combination of near-infrared and x-ray 

pulses and inform future design of VO2-based all-optical modulators. 

In Chapter 5, the ability of VO2-on-silicon waveguide devices to modulate cw light 

was characterized. First, nanosecond laser pulses were used to modulate both resonant (VO2 

on a silicon ring resonator) and non-resonant (VO2-on-silicon absorption modulator). Both 

sets of devices were able to modulate the cw on a timescale faster than the nanosecond laser 

pulse could resolve. As a result, femtosecond pulses were employed on the ring resonators. 

Above a threshold fluence of about 0.24 mJ/cm2, the results aligned with expectations and 

the nanosecond modulation results. Below the threshold fluence, a fast signal, with a 

response time of about 500 ps, was observed. However, the response did not have the 

expected spectral features and the temporal resolution of the detector, about 250 ps, made 

characterization difficult.  

In Chapter 6, a pump-probe experimental configuration was employed to obtain a 

higher temporal resolution. A non-resonant device geometry was chosen to eliminate the 

need for spectrally-resolved detection and the unexpected spectral feature found with the ring 

resonators at low fluence in Chapter 5. To maximize the signal, the VO2-on-waveguide 

device geometry used in Chapter 5 was not employed; instead, an embedded-VO2 device was 

used. Chapter 6 begins with the fabrication and characterization details of that device. Then, 

the out-of-plane pump, in-waveguide probe optical setup built for the project was overviewed 

before the measurement results for the embedded-VO2 device were presented. A modulation 

of about 15% in the device transmission was observed with a FWHM of about 500 fs. To 

date, this modulation speed of about 2 THz is the fastest reported for a waveguide-device. 

These results suggest that a VO2-based all-optical modulation platform could be a viable 
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method of directing the flow of optical information.   

 

6.2.  Impact and Outlook 

In the quest for a VO2 all-optical modulator, a firm understanding of all aspects of 

VO2 and its phase transition are crucial. From the density functional theory calculations in 

Chapter 3, two principal outcomes could be relevant for a VO2 all-optical modulator. First, 

the ability of band theory to predict the VO2 phases suggests that future modeling of the 

material does not need to invoke strong correlation far from its phase transition temperature. 

Secondly, the prediction of a non-transient monoclinic metallic state, M0, suggests that the 

complex phase space of VO2 has yet to be fully explored and that there may be a way of 

stabilizing the transient monoclinic metallic state and thus reducing the switching threshold. 

The relationship between this monoclinic metallic state and the phase transition was further 

underscored in Chapter 4 by x-ray holography experiments. This work suggested not only 

corroborates the thermally-induced monoclinic metallic state, but also suggests the phase 

transition nucleates at defects and passes through an M2-like monoclinic metallic phase. It 

remains to be seen whether this observation of the thermally-induced transition has 

implications for the photo-induced transition. However, these measurements, which do not 

require rastering an x-ray beam to obtain the nanoscale spatial resolution, paves the way for 

a similar femtosecond experiment. Such a femtosecond stop-action movie could provide 

invaluable information about the nanoscale evolution of the ultrafast VO2 phase transition. 

The demonstration of nanosecond experiments in Chapter 5 underscores the claim 

that the large change in optical properties across the phase transition of VO2 can be harnessed 

in an all-optical modulator device. Although modulating a resonant device, a VO2-enhanced 
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silicon ring resonator, with a femtosecond laser beam yielded results which were difficult to 

interpret, a response faster than the resolution of the detector, about 250 ps, was discernable 

for the VO2-based device. This justified developing a pump-probe measurement in which the 

probe propagated along a silicon waveguide.  

Using this pump-probe optical setup, the response of an embedded-VO2 device was 

demonstrated to be the fastest all-optical modulator reported for a waveguide device. With a 

FWHM of less than 1 ps, the response corresponds to modulation just over 1 THz, a factor 

of about 3 faster than the current record held by the previous record holder, a graphene-based 

all-optical modulator [3]. The modulation depth of about 20%, or about 1 dB, is about half 

that of the graphene-based modulator. However, the active portion of the modulator 

(graphene or VO2) is about 25 times shorter for the embedded-VO2 device, yielding about 

1.4 dB/µm, over an order of magnitude larger than the graphene-based device. Finally, unlike 

the graphene-based microfiber device in reference [3], this VO2-based embedded in a silicon 

waveguide is compatible with conventional CMOS fabrication techniques.  

These results represent significant progress in the field of optical communications 

and perhaps a small step toward the distant goal of all-optical computing. To realize even the 

former goals, progress must include pumping the VO2 device on the chip and reducing the 

energy required to switch the device while increasing the modulation depth. Possible ways 

to facilitate these improvements could involve enhancing the electric field in the vicinity of 

the VO2, perhaps by incorporating the VO2 into a resonant photonic crystal or bringing 

plasmonic structures in close contact with the VO2. Increasing the modulation depth could 

involve optimizing a device geometry to simultaneously take advantage of both the 

refractive index and absorption coefficient change across the phase transition. This would be 
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in contrast to the device contained in this dissertation, which only leveraged one of the two 

at a time. For example, the ring resonators drew their modulation characteristics from the 

change in refractive index, while the on-waveguide and embedded devices leveraged the 

difference in absorption in the two VO2 phases.  

Although the work in this dissertation accomplishes a few necessary steps to realizing 

all-optical modulator based on VO2, many crucial questions remain unanswered. One 

necessary but illusive explanation is the origin of the decrease in cw-transmission upon 

femtosecond excitation below about 0.24 mJ/cm2. In addition, the factor of 3.3 higher 

threshold for observing device modulation in the femtosecond experiments, when compared 

to the nanosecond measurements, needs to be understood. The nanosecond experiments 

demonstrated that resonant devices and non-resonant (Figure 5.4(a)) have the same fluence 

threshold for switching, but it remains to be seen whether a resonant device can be designed 

to increase the modulation contrast. Decreasing the threshold fluence could involve device 

configurations like photonic crystals, or the addition of plasmonic particles, that enhance the 

electric field from the pump beam. Finally, attempts to compare these device-based 

measurements to traditional pump-probe experiments has revealed a dearth of information 

on the near-infrared pumping of VO2, especially at low fluences. Since the optical 

communications bands lie at 1.31 µm and 1.55 µm, this information is vital to realize, and 

even consider further, commercialization of products harnessing the phase transition of VO2 

for optical communication applications. Although this dissertation has made small steps 

toward a VO2-based all-optical communications, there is still much work to be done.
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APPENDIX A 

 

ALIGNMENT PROCEDURE FOR OUT-OF-PLANE 

PUMP, IN-WAVEGUIDE PROBE OPTICAL SETUP 

 

A.1.  Introduction 

Below is the simplest process for aligning the out-of-plane pump, in-waveguide probe setup 

in order to take a measurement. The details of the process assume that the pump is the OPA 

idler beam at about 1670 nm and the probe is the signal beam at roughly 1550 nm. It is 

presented in the order that I believe to be clearest, although doing a set of numerous 

measurements in this order would be impractical. I will explain why it is impractical and how 

I compensate for that in more detail in paragraphs before or after a list of steps; each 

Procedure has a list of steps. I will give one such example after I quickly define the 

Procedures of the alignment process: 

Procedure #1 (Section A.2): Align free-beam optics for the pump arm. This process 

includes making sure the beam entering the corner cube is parallel to the axis of translation 

of the delay stage so there is no drift of the beam spot position on the sample surface. 

Procedure #2 (Section A.3): Align free-beam optics for the probe arm. This must be 

done after the pump arm since the pump arm only has the minimum number of degrees of 

freedom (mirrors). But there are extra degrees of freedom in the probe optics that can then 

be used to adjust for any mis-alignment of the probe arm introduced during alignment of the 

pump arm. 

Procedure #3 (Section A.4): Align probe fiber-tips to the waveguide device. Just 
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like for the fiber-tip setup in the Weiss laboratory, scattering from the waveguide imaged in 

the CCD camera can aid alignment. However, the scattering from the femtosecond laser is 

near impossible to use because of the low average power of the beam. Instead, use the cw 

laser and the Thorlabs power meter. After it is aligned, drift can be compensated using the 

femtosecond beam, the fast photodiode, and the LIA.  

Procedure #4 (Section A.5): Align pump beam spot on device. You will move the 

parabolic mirror around parallel to the surface of the optics table to move the beam spot 

around the surface of the sample until you find your device. In the embedded-VO2 devices, 

the easiest way to do this is by blocking the probe beam and measuring  

Procedure #5 (Section A.6): Measurement. During a measurement, a Labview 

program will move the delay stage a number of equally spaced increments, taking reading 

from the LIA at each position. 

 

I will give one example of a useful modification to the above order of the Procedures here: 

The Poynting vector drift of the OPA-output is most severe in the first hour after it is turned 

on. So, if the OPA was turned on recently and I am loading a new sample, I will jump to 

Procedure #3, since this might take up to an hour with a new sample. Then I will go back to 

Procedure #1 to reduce the probability that the pump beam and probe beam alignments will 

become misaligned right after my careful alignment. After Procedure #2, I will re-perform a 

simplified variant of Procedure #3, with only the piezo-controllers, that usually takes less 

than a minute. 
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Figure A.1. Plan view schematic of out-of-plane pump, in-waveguide probe optical 

setup. Abbreviations are defined in the text. Dotted blue line represents idler beam 

only during alignment Steps 6-8. Fluorescent target and iris indicators represent 

the mounts where the fluorescent object should be place during the appropriate 

alignment step. The sample and fiber-tips near the sample are not shown for clarity; 

they would be beneath the parabolic mirror. Not drawn to scale. 

 

A.2.  Align Pump Beam 

1. Measure power right after OPA using the purple Coherent power meter. 

Should be >200 mW. If not, bug the OPA-operator. 

2. Measure power after all the filters on the Tolk optics table. Should be at least 

50% of what you measured in Step 1. 
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3. Block sample by flipping the pyroelectric power meter up. 

4. Acquire collimate-able flashlight (this procedure works best when the 

batteries are a little on the dead side). Turn off room lights completely. Turn 

off Squid-light, computer monitors, and CCD camera monitor. 

5. Using fluorescent card (Thorlabs VRC2), confirm: 

a. Beam is hitting center of mirror #1 (M1). On the rare occasion that it 

is not hitting M1 centered, block the OPA and move the mirror-mount 

of M1 around on the optics table while keeping the angle of the mirror 

at roughly 45° (easiest way to do this accurately is look down from 

above and compare to the line of screw holes that should be roughly 

45° to the beam path and parallel to the mirror surface). 

b. Beam is hitting center of mirror #2 (M2). If not, adjust M1 knobs. 

c. Beam is hitting center of mirror #3 (M3). If not, adjust M2 knobs. 

d. Both pump and probe beams are passing through opening in the 

polarized beam splitter (PBS). They will almost certainly not be 

centered but that is okay. Check that the beam transmitted from the 

PBS is the pump beam by watching the beam disappear when you 

switch from the VRC2 card to the VRC4 card. 

e. Pump beam is hitting center of mirror #4 (M4). If not, adjust M3 

knobs. 

Note that it is rare to need to make any of the adjustments in Steps 3a-3e. If the setup has 

been used in the past month, it is probably not necessary. But check anyway or it may make 

your life much more difficult later in this procedure.  
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Below, a fluorescent target (FT) or fluorescent iris (FI) is the small object about the size of a 

quarter, but when given a number (e.g. FT1), it indicates a position on the optics table where 

you should find an optics mount to hold the object. The height of these are pre-defined, so 

you should only unscrew (screw) in the object about the size of a quarter. 

6. Install fluorescent iris #1 (FI1) without unscrewing anything. Install a FT into 

one into fluorescent target #1 (FT1) by screwing it into the mount label ‘DO 

NOT TOUCH’ near the SLM without moving the mount or lens tube. Remove 

corner cube from delay stage by rocking it toward you in the way Kent will 

taught you.  

7. Using M3 and M4, align the beam to FI1 and FT1: 

a. Adjust knobs of M3 to get beam centered on FI1. 

b. Adjust knobs of M4 to get beam centered on FT1. This will probably 

mess up what you did in Step 5a.  

c. Repeat Step 5a + 5b until the beam is aligned to both FI1 and FT1. 

8. Replace corner cube from delay stage in the way Kent will taught you. The 

motion is the reverse of Step 6. Do not touch it if Kent has not yet taught you 

how to do this smoothly by preventing the magnet mount from slamming. 

9. Confirm that beam is hitting the corner cube and the pickoff mirror (M5). If 

it is not, DO NOT ADJUST THEM. Instead check that Step 5 was done 

correctly. Consult with Kent before adjusting corner cube or pickoff mirror. 

10. Move fluorescent target from FT1 to FT2. If FI2 does not have a fluorescent 

iris in it, go get it from FI3. Install both FI2 and FT2. Although you can 

uninstall FI1 at this point, I prefer to leave it in place in order to better define 
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the beam path in the next Step. If you do remove it, do so without unscrewing 

anything. 

11. Using M6 and M7, align the beam to FI2 and FT2. See Steps 7a-7c for an 

analogous discussion on how to do this. 

12. Repeat/confirm Step 3 before you uninstall FI2 and FT2. Do not unscrew 

anything with a hex-key when you uninstall them. If you have not removed 

FI1 yet, do so now. 

13. Confirm that beam is centered on M8, both telescope mirrors (M9/M10), 

beam block, Pump Polarizer #1 (PuPol1), and M11. If it is not, revisit Steps 

10-11. 

14. Optional. Check alignment of PuPol1. This Step is optional if the automated 

rotation mount (mount for PuPol1) has not been borrowed recently. Note that 

this is probably the most difficult part of the alignment and it is unnecessary 

for most measurements, so skipping it is advisable in most situations.  

a. Move fluorescent iris from FI2 to FI3. 

b. Turn off all sources of light. 

c. Make sure beam is aligned on hole of FI3 and look for the back 

reflection from PuPol1 on FI3. If alignment is good it will be in the 

aperture and you won’t be able to see it. If alignment is terrible, it will 

be off the target and you won’t be able to see it on FI3. You’ll either 

need to move FI3 closer (do not unscrew the mount from the table 

though) or use a fluorescent card to find the back reflection. To aid in 

identifying the back reflection, you may rotate PuPol1 and look for a 
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dot that moves in a circular pattern. You make also block/unblock the 

beam block and look for the appearance/disappearance of a dot. You 

may also move the tip-tilt knobs of the PuPol1 mount to see if it is in 

the aperture already. 

d. Once you have found the back reflection from PuPol1, use the tip-tilt 

knobs to put the back reflection into the aperture so you cannot see it. 

Now the beam is perpendicular to the PuPol1 surface and rotating it 

should not move it off the device. 

15. REPEAT/CONFIRM STEP 3. If you don’t confirm Step 3, you might blow 

the devices to bits, so MAKE SURE YOU HAVE BLOCKED THE SAMPLE 

before doing this. Unflip pump power-meter and confirm that beam is hitting 

centered on the parabolic mirror (M12). If it is not, adjust M11 knobs. If you 

cannot see it, you may rotate PuPol1 to obtain more power.  

16. Make sure you do this Step after Step 11. Confirm that beam is hitting 

centered on Pump Polarizer #2 (PuPol2) and the pump power-meter (you’ll 

have to flip it up). If it is not, revisit Steps 11-15. 

17. If you turned up power using PuPol1 in Step 14, turn it back down to 200 

nJ/pulse. 

18. Turn on room lights, monitors, and Squid-light.  

Procedure #1 will need to be repeated if the OPA Poynting vector drifts. This is could be 

indicated by a linear background at negative time delays (probe before pump, usually +30 to 

+50 mm as defined by Labview and the SMC software) as the corner cube is translated. Note 

that this background should not simply be subtracted since it occurs as a result of pump beam 
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spot movement on the sample surface, and thus a fluence on your device that is dependent 

on the position of the delay stage.  

A.3. Align Probe Beam 

Now that the pump optics are aligned, the probe optics can be aligned. The pump alignment 

(Steps 1-18) should be done before the probe alignment (Steps 19-28) because there are more 

degrees of freedom to play with in the probe optics so you can compensate for any mis-

alignment you caused in Steps 1-18. 

19. If the blue patch-fiber or fiber-tip is still connected to the probe coupler, 

remove it now. 

20. Re-confirm that both pump and probe beams are passing through opening in 

the polarized beam splitter (PBS) using a fluorescent card (VRC2). Check 

that the beam reflected from the PBS is the probe beam by seeing the beam 

stay when you switch to the VRC4 card. In contrast, the pump beam, which 

is transmitted through the PBS, should not appear on the VRC2 card, as you 

should have confirmed in Step 5d. 

21. Confirm that the beam is sufficiently centered on M13, the first mirror after 

the PBS. If it is not, you should first check that the pump beam is still aligned 

(see Procedure #1), since this is exceedingly rare.  

22. Confirm that the beam is centered on the next three mirrors: M14, M15, and 

M16. You may need to move the chopper blade to unblock the beam. If it is 

not sufficiently centered on M14, adjust the knobs of M13. If it is not centered 

on M15, adjust the knobs of M14. If it is not centered on M16, adjust the 

knobs of M15. Do not make changes if it is not necessary since this will make 
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the next couple steps more difficult. You may need to turn down the room 

lights and rotate the first Probe Polarizer (PrPol1) so that you can see the 

signal beam (at 1550 nm) on the fluorescent card. But take note of the 

polarizer setting before you do this. Note that you should never have to adjust 

the second probe polarizer (PrPol2) since that one defines the polarization 

entering the fiber-tip.  

23. Using the blue patch-fiber, connect the probe coupler to the probe power 

meter (Thorlabs readout with very small InGaAs detector directly attached, 

called PrPM for the rest of these instructions). If you can measure the power, 

then you may skip the next Step. If not, try turning the PrPol1 to increase the 

power. However, if you cannot read a power, precede to the next step so you 

do not damage the patch fiber.  

24. Optional – only necessary if you cannot read probe power in Step 23. Remove 

the blue patch-fiber so it is not damaged in this process. Turn out the room 

lights. Install a fluorescent iris or aperture onto the input side of the probe 

coupler. Using the knobs of M16, center the beam on the iris. Turn the PrPol1 

back down to the value you found in Step 22, re-connect the blue patch fiber 

to the coupler, and then open the iris. You should be able to measure a value 

in the PrPM now.  

25. Open the iris and optimize the power using the knobs on M16. 

26. Close the iris until the power drops by about half. Re-optimize the power 

using the knobs on M15, making sure to make large sweeps (large turns with 

the knobs) and ignore spikes as you cross the edge of the iris. 
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27. Repeat Steps 25 + 26 until there is little change between the two. Make sure 

to end after an iteration of Step 25. Note that this is similar to the procedures 

in Step 7 and Step 11 (two mirrors-two irises technique) except that the 

second iris is the detector and you measure whether it is hitting the irises by 

looking at the value on the PrPM readout rather than looking at fluorescence 

from the iris or target. Do not be too careful on this step, since the main reason 

for this optimization process (rather than just performing Step 23 alone) is to 

make sure that the beam is hitting centered on the lens behind the iris 

relatively. The main purpose for hitting the lens centered is to reduce 

aberrations. This will prevent spatial and spectral chirp in the fiber. 

28. Watching the PrPM, adjust the PrPol1 until you obtain the desired probe 

power. Remember that you will lose about 90% of that power when the light 

is coupled into the waveguide from the fiber tip (and another 90% from 

waveguide back to fiber tips). 

 

A.4. Align Probe Fiber-tips 

Even if you have learned how told couple fiber-tips to waveguides in Weiss lab, I would 

suggest at least skimming this section because it is trickier in this setup since the older CCD 

camera and 5x microscope object lead to a much lower resolution image of the sample and 

fiber-tips. Perhaps more importantly, the CCD camera is at about 45° to the sample, not 

normal like in the Weiss lab. This not only means that only one or two waveguide devices 

will be in focus at one time, but moving the fiber-tips in the x- or z-directions (see below for 

coordinate definitions) will result in the fiber-tip moving toward or away from the ceiling on 
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the monitor. Consequently, you cannot simply align the fiber-tips in the x-direction (or z-

direction) by making it collinear (or simultaneously in-focus) with the waveguide of interest 

like you can in the Weiss lab. 

The coordinates I will use in these Procedure details will be defined as follows:  

- The x-direction is axis of the waveguide, or the direction of propagation of the light 

while in the waveguide. 

- The y-direction is perpendicular to the x-direction but still parallel to the table (or 

sample) surface. You will move the sample in the y-direction to change waveguides 

on the same sample. 

- The z-direction is perpendicular to the x-direction but parallel to the normal-vector of 

the table surface (or sample surface). This should not be changed much, since that 

would change the distance between the sample and the parabolic mirror (M12). That 

would change the spot size, and in turn, the fluence on the device. That having been 

said, as long as the z-micrometer of the sample stage holder stays the same (8.0 mm), 

the thickness of the sample stays at 0.5 mm, and the sample is one carbon-tape-

thickness (negligible) off of the brass sample stage, the z-position of the sample 

surface should have a negligible effect on the fluence at the device since the parabolic 

mirror has a focal length of 2 inches. 

Note that I will refer to similar coordinates for both fiber-tips, the CCD camera, and the 

parabolic mirror (M12). However, the right fiber-tip is has a different x and z definition (they 

are flipped) so I will use x’ and z’ for those (primed coordinates are the coordinates defined 

above, un-primed are the manufacturer’s coordinates). Once you no longer need these 

instructions, I would use the manufacturer’s definitions, but for now, I thought it would be 
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clearest if x’ mirrored x and z’ mirrored z. 

29. Turn on the piezo-controllers. Wait a moment and confirm that they ‘jump’ 

to their previous positions. Turn them all to 50 so you are near the center of 

their range. 

30. Remove the front cover for the setup, and then put the top cover back in place. 

Mount the sample on a single-layer of carbon tape on the brass sample holder 

and slide it into the slot on the sample holder mount making sure that your 

sample will not hit the tips. Looking from above (consider un-flipping the 

parabolic mirror to see better), continue sliding the brass sample holder back 

until the fiber-tips are approximately aligned with the location of your 

waveguide-of-interest (WOI). This will require knowing approximately 

where on the sample your WOI is located. 

31. Turn the SQUID light on. Find your device on the monitor by moving the 

camera micrometers. Since it is at an angle to the sample surface, you may 

need to move both the y and z micrometer simultaneously to move the area 

of the sample that is in focus without moving the sample’s position in the 

image. 

32. Turn on the Velocity laser. Note that the wavelength-tuning capability of this 

laser is gone, but it still serves as a fiber-coupled cw laser that can put enough 

IR light through these waveguides to be measured with the PrPM. 

a. Flick the switch on the back-left of the Velocity Laser controller.  

b. Wait about a minute for the temperature to reach about 20°C (read the 

temperature on the right). 
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c. Turn the key. 

d. Click the Laser-On button. 

e. On the right, click on ‘Display’ button until ‘Power’ is selected. 

f. Make sure ‘Constant Power’ is selected. If not, click the ‘Mode’ 

button once.  

33. Move the left fiber-tip toward the sample until you can see it in the CCD 

camera. Do not move the fiber-tip in the x- or z-directions yet, only toward 

the sample (y-direction). Make sure not to crash the tip if it does not come 

into view, but as long as you have done Steps 30 and 31 correctly, this will 

not be a problem. Move it close to the sample but far enough away that it will 

not touch it even if it is below the sample surface, while following the fiber-

tip to the sample with the CCD camera. Note that if you are too far from the 

sample, Step 35 will be impossible. 

34. Connect the left fiber-tip to the Velocity laser. If you do not see light in the 

fiber-tip, re-visit Step 32. 

35. Move the z-micrometer for the left fiber-tip up and down a couple times. You 

should see a flash as it passes the surface of the sample. Stop the z-micrometer 

mid-flash to the best of your ability. Now move the z-micrometer of the CCD 

until the fiber is in focus. If necessary, move the y-micrometer of the CCD 

camera in tandem to get the focal position on the monitor. Now the fiber-tip 

should be in focus as well as a portion of the sample that is right beside it. 

These are in the same plane. For the safety of the fiber-tip, back it away from 

the sample a little during Step 36. 
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36. Move the y-micrometer of the sample holder stage until your WOI is in 

aligned with the fiber-tip and in focus on the CCD (these should happen 

simultaneously). Moving this y-micrometer (rather than moving the one for 

the fiber-tip) will keep the two fiber-tips in line and make aligning the right-

hand fiber-tip much easier than the left. 

37. If you moved the sample a lot in Step 36, you may need to redo Step 35 since 

the surface of the sample may not be perfectly parallel to the table surface.  

38. Since the left fiber-tip is aligned in z (Steps 34 and 36) and aligned in y (Step 

35), now the only thing left to do is x. Since this is the most dangerous because 

you can crash the tip, only get as close to the sample as you feel comfortable 

right now. Hopefully, you will see a line of scattered light along the 

waveguide as you do this indicating you are properly coupled into the 

waveguide. If not, turn off the SQUID light and perhaps look at the right side 

of the sample and make small movements with the z and y micrometers. Look 

for flashes of light at the device, on the right-edge of the waveguide, at the 

lithography alignment markers, and along the first part of the waveguide 

(closest to the left fiber-tip). 

39. Repeat Steps 33-35 for the right fiber-tip. You will need the blue patch-fiber 

and the butt-coupler for Step 34.  

40. Repeat Step 36 for the right fiber-tip, except use the y-micrometer for the right 

fiber-tip, not the y-micrometer for the sample. However, you should not need 

to move the y-micrometer very much unless the waveguides are not very 

parallel to the fiber-tips (or they weren’t the last time).  
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41. Repeat 37 and 38 for the right fiber-tip. 

42. Connect the right fiber-tip to the PrPM and the left one to the Velocity laser. 

If you do not read any power, check Steps 32-41, making sure you can see 

scatter light from both configurations (left and right fiber-tips connected to 

Velocity laser). You can also turn up the power of the Velocity laser if 

necessary. 

43. Optimize the power by moving the y and z piezo knobs for the left fiber-tip 

and the y’ and z’ knobs for the right fiber-tip (remember these are my 

coordinate definitions, not the manufacturers). You should not be reaching 

under a Post-It note yet. 

44. Optimize the power for the x piezo knob for the right fiber-tip; now you 

should be reaching under a Post-It note. You will probably peg the knob, so 

be gentle. Once you peg it, note the power value and then return the knob to 

50. Now you know that you are probably safe to move the x-micrometer until 

you see that power value again. If you jar the fiber-tip too much while moving 

it, this may not be true. 

45. Re-optimize the y and z piezo knobs. 

46. Repeat Steps 44 and 45 until you see a decrease in the power as you move the 

x piezo knob. The end-facet of the waveguide is now at the focal position of 

the lensed fiber-tip. 

47. Repeat 44-46 for the right fiber-tip. Note this power maximum in your 

notebook. 
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48. Use a Sharpie to draw a circle on the monitor around the device. This will be 

used later, so try not to move the CCD camera after you have done this. These 

marks can be removed with the methanol near the KML laser. 

49. Connect the left fiber-tip to the probe-coupler in the pump-probe portion of 

this setup and then the right fiber-tip to the detector on the lock-in amplifier 

(LIA). If necessary, hit the ‘Auto-phase’ button. Note this probe voltage value 

in your notebook.  

 

A.5. Align Pump Beam Spot on the Device 

50. Assuming everything is connected as it would be at the end of Procedure #3, 

change the ‘Harmonic’ to 2 on the LIA (under ‘Ref Phase’). 

51. Rotate PuPol1 to get about 600 nJ/pulse of pump power in the PuPM. This 

should be enough to get a signal without damaging the device. 

52. Block the probe and unblock the pump by flipping down the PuPM.  

53. The beam should look closer to a tear-drop than a circle. Using the x- and y-

micrometers of the parabolic mirror (M12) move the center of the beam spot 

to your Sharpie dot (see Step 46). Since it is tear-drop shaped, this needs a bit 

more explanation: the WOI should intersect the fattest part of the beam spot.  

54. Using smaller movements of the M12 micrometers, maximize the LIA signal 

(the LIA needs to be set to readout the 2nd Harmonic of the reference 

frequency for this to work). Note that since you are using the chopper 

frequency as your LIA reference, the 2nd Harmonic frequency is actually the 
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laser repetition rate. You will probably want to re-press the ‘Auto-phase’ 

button once you get enough signal that the Auto-phase will work.  

55. After you think you have found the device location with the beam spot, make 

sure you are still approximately near your Sharpie mark. Since you are only 

measuring the scattering of the pump beam into the waveguide, it is easy to 

accidently align to another feature, light a defect in the waveguide or an 

alignment mark. 

56. To make extra sure your pump beam is on the device check the contrast with 

a delay time greater than zero.  

a. Turn the ‘Harmonic’ back to 1 and move the translation stage to a 

position of about +10 mm. 

b. Unblock the probe, block the pump and ‘Auto-phase’. This should be 

the value you noted at the end of Procedure #3. 

c. Now unblock/block the pump numerous times and see if the voltage 

is reduced whenever the pump is unblocked. If your device has a very 

transient signal, you may not notice a difference. 

Note that sometimes, the device does not scatter much, and a process like Step 56 should be 

used to ‘find’ the device rather than the process described in Step 53-55. However, as noted 

in Step 56c, if you do not know where time-zero is, this will be difficult if not impossible. If 

that is the case, you might consider finding time-zero with an embedded-VO2 device and 

assume it is the same for your device that does not scatter very much. 
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A.6. Measurement 

Depending upon which of the two measurement types is desired, there is a slightly different 

method to follow. For a pump-probe measurement perform Step 57 and all its substeps after 

setting the polarization angle manually. Since there is no method for setting the delay stage 

manually, that must be done with a short Labview program before using the fluenceSweep.vi 

program as outlined in Step 58 and 59 and their substeps. All of the Labview programs 

described here are to be run on the same laptop, the one on a stand above the piezo-

controllers. Note that the Labview program used for a pump-probe measurement is found in 

Appendix B. All other Labview programs are simple enough that they can be examined on 

the laboratory laptop, with the except of the fluenceSweep.vi. However, that Labview 

program is basically a duplicate of the pumpProbeMeasurement.vi but with the delay stage 

replaced with a rotational stage, so its reproduction here seemed unnecessary. 

 

57. To make a pump probe sweep follow these procedures. 

a. Ensure that the LIA has the settings you want. A common mistake is 

to forget to change the time constant from 100 ms, used for alignment, 

back to about 1 second for measurements. Another common mistake 

is to leave the Harmonic Setting on the 2nd harmonic of the reference 

frequency, which will record the pump signal rather than the probe. 

b. Open the Labview program setDelayStageParams.vi and use the 

default settings. This tells the delay stage not to move in such a jarring 

manner, prevents the fiber-tips from shaking. Close this program as 

you only need it when reinitializing the setup. 
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c. Open the Labview program pumpProbeMeasurement.vi and set your 

desired parameters. Note that there are a number of features that you 

may not want to use. For example, for a simple measurement, you 

probably only want 1 sweep of the delay stage. Since there two stages 

of movement, you can use two different step sizes, such as 0.01 mm 

near time-zero and 0.5 mm to see longer dynamics.  

d. Press the arrow key in the upper left-hand corner and wait for it to run. 

If you need to stop it early, press the both of the two Stop buttons and 

wait for two more measurements to run. Using this method, rather than 

the red X in the upper left-hand corner, prevents a loss of 

communications between the equipment and the laptop. 

58. After setting the desired parameters in the fluenceSweep.vi Front Panel, click 

the ‘Prompt At Each Position Boolean’ to True. Then run the measurement 

once, with the pump beam blocked by the PuPM. At each position, measure 

the pump pulse energy and record it in a data file before clicking ‘Move Onto 

Next Position’ in the message box. The message box will prevent the Labview 

program from proceeding while you collect this pump power calibration data. 

59. Re-run the program with the pump unblocked. After it is finished, a pump 

power and a device response are correlated to each polarizer angle, 

eliminating the need for that variable. 

60. To perform a scattering knife-edge measurement, like the one discussed in  

section 6.3.1, use the ‘Prompt At Each Position Boolean’ in the 

pumpProbeMeasurement.vi to allow yourself time to move one of the two 
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micrometers for the parabolic mirror. Unlike in Steps 58, the record LIA value 

will be your data, but you must keep track of the micrometer positions on your 

own. Note that those micrometers positions are in inches.
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APPENDIX B 

 

LABVIEW PROGRAM FOR OUT-OF-PLANE, IN-WAVEGUIDE 

PUMP-PROBE OPTICAL SETUP 

 

This appendix contains the Labview program used to run the pump-probe setup 

shown in Figure 6.7 and Figure A.1. All other Labview programs are simple enough that 

they can be examined on the laboratory laptop, with the except of the fluenceSweep.vi. 

However, that Labview program is basically a duplicate of the pumpProbeMeasurement.vi 

outlined below, but with the delay stage replaced with a rotational stage, so its reproduction 

here seemed unnecessary. 
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Figure B.1. Front Panel for the Labview program used to run the pump-

probe setup shown in Figure 6.7 and A.1. 



 

 125 

  
Figure B.2. Left half of the Block Diagram for the Labview program used to run 

the pump-probe setup shown in Figure 6.7 and A.1.  
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Figure B.3. Right half of the Block Diagram for the Labview program used to run 

the pump-probe setup shown in Figure 6.7 and A.1. There is slight overlap of the 

right and left-hand images for clarity. 
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