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Optical memory is considered a promising solution to overcome the bottlenecks of the traditional 

von Neumann architecture, with its core challenge lying in the search for suitable functional 

materials. Vanadium dioxide (VO₂), as a solid-state phase change material, exhibits great 

potential in optical circuits, neuromorphic computing, and radiative cooling due to its phase 

transition properties near room temperature. Currently, VO₂ based memory devices typically rely 

on the intrinsic hysteresis characteristics of the material, posing significant challenges for large-

scale production and design optimisation. Moreover, the practical application of VO₂ in optical 

memory remains constrained by fabrication techniques. Conventional VO₂ thin film fabrication 

generally requires high-temperature (>400°C) direct deposition or the deposition of amorphous 

VO₂ followed by high-temperature annealing to achieve high-quality crystalline phases. However, 

such high-temperature processes not only limit the compatibility of VO₂ with CMOS integrated 

circuits, particularly post-metallisation processes, but also make it difficult to deposit VO₂ onto 

flexible polyimide substrates, restricting its applications in flexible substrates. 

 

To address these challenges, this thesis explores a low-temperature VO₂ thin film fabrication 

method combining atomic layer deposition (ALD) and low-temperature annealing. Systematic 

material characterisation demonstrates, for the first time, the successful realisation of high-

quality VO₂ thin films on a silicon substrate under a 300°C annealing condition, significantly 

reducing the thermal budget. Further investigations reveal that lowering the annealing 

temperature to 250°C results in insufficient VO₂ crystallisation, whereas increasing it to 400°C 

leads to over-oxidation, forming V₂O₅. Additionally, this method is applied to flexible polyimide 

substrates and verifies that the high-quality phase change characteristics of VO₂ are preserved. 
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Through Raman spectroscopy and X-ray diffraction (XRD) identified that the annealing process 

primarily alters crystal strain, which in turn influences the phase transition temperature and 

refractive index. This insight provides a qualitative understanding of how high-quality VO₂ thin 

films can be obtained for specific applications. Furthermore, the investigation of the annealing 

behaviour of W-doped VO₂ found that tungsten doping affects both the annealing and oxidation 

processes. The results indicate that finely tuned annealing conditions are required to achieve 

W:VO₂ films with high optical contrast. 

 

This thesis also proposed a device-level bistability approach that leverages the refractive index 

contrast between the insulating and metallic phases of VO₂. This method exhibits different 

bistability ranges across various device structures, offering a novel approach to VO₂-based 

optical memory. Unlike conventional VO₂ optical memory that relies on the material’s hysteresis 

properties through globally change of the ambient temperature, this approach enhances the 

robustness of large-scale manufacturing. Furthermore, the bistability characteristics of the 

microring structure enable it to mimic short-term associative learning. By systematically 

optimising the structure through finite element simulations, I achieve an optical contrast of 0.59 

(ER=8.04 dB). The volatile nature of VO₂ allows it to mimic the learning and forgetting mechanisms 

of biological neural systems. Additionally, within the bistability range, only a small input stimulus 

is required to maintain associative memory states. 

 

This work paves the way for low-power on-chip photonic neuromorphic computing based on VO₂, 

expanding its potential applications in CMOS-compatible optical memory application. 
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Chapter 1. Introduction and research 

background 

1.1 Motivation and project aim 

The volume of information stored in data centres and the computational demands of data-

intensive applications, particularly deep learning and artificial intelligence, are growing 

exponentially. One example of this trend comes from deep learning: between 2015 and 2020, the 

computational power required to train state-of-the-art deep neural networks (DNNs) increased 

by more than 300,000 times, doubling approximately every 3.4 months [1, 2], whereas the 

computational efficiency of graphics processing units (GPUs) only improved by a factor of 300 

over the same period  [3, 4]. This explosive growth in computing demands poses a significant 

challenge to the traditional von Neumann architecture, necessitating the development of new 

paradigms in memory and computation to enhance data processing efficiency. Compared with 

traditional memory (e.g., RAM/ROM), optical memory has gained increasing attention as a 

promising storage technology due to its ultra-high-speed data transmission and high parallel 

computing capabilities (e.g., wavelength-division multiplexing, WDM) [5, 6].  

 

Since the first optical memory was reported in 1965 [7], and two decades later, the emergence of 

the first optical set-reset flip-flop (SR-FF) with a response time of less than 1 ns [8]. Integrated 

optical memory leverages the speed and energy advantages of photons, providing a significant 

opportunity to optimise computing architectures. While silicon photonics has become the 

leading platform for information transmission, its intrinsically limited optical properties have led 

researchers to explore hybrid silicon photonic architectures, incorporating III-V compound 

semiconductors [9, 10], two-dimensional materials [11], and phase-change materials (PCMs) 

[12] to enhance optical storage and computing functionalities. 

 

Memory devices are typically classified into volatile and non-volatile memory, with the key 

distinction being whether data can be retained without power consumption. Moreover, they differ 

significantly in terms of access speed, power consumption, and application scenarios. Volatile 

memory, such as DRAM, is commonly used for fast access operations, offering high-speed 

response and high throughput [13]. In contrast, non-volatile memory is suited for long-term data 
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storage, where speed requirements are relatively lower [14]. In recent years, chalcogenide-based 

phase-change materials (PCMs), such as germanium-antimony-tellurium (GST), have been 

extensively explored for non-volatile storage applications. However, these materials still exhibit 

certain limitations when applied to high-speed and highly durable volatile cache storage [15-17]. 

 

Vanadium dioxide (VO₂) is a promising phase-change material, capable of reversibly transitioning 

from a low-temperature monoclinic phase to a high-temperature rutile phase at approximately 

68°C [18, 19]. It exhibits exceptional endurance, maintaining stable performance over 10⁷ 

switching cycles without degradation [20], making it highly attractive for short-term optical 

memory applications [21, 22]. Compared to other phase-change materials, the relatively low 

phase transition temperature of VO₂ means lower energy requirements for triggering transitions, 

potentially leading to significantly reduced overall device power consumption, which is 

particularly beneficial for computational applications. For example, recent work demonstrates 

that state-of-the-art computing architecture is based on coupled VO2 oscillators that can 

effectively solve complex optimisation problems [23]. Recent work also demonstrates the 

potential of using Atomic layer deposition (ALD) to fabricate VO2-based memristors, which is 

important for developing high-density, energy-efficient neuromorphic computing hardware [24]. 

 

Current VO₂ thin-film fabrication methods often require either high-temperature direct deposition 

or high-temperature post-annealing of amorphous VO₂ to achieve high-quality crystalline phases 

[25, 26]. However, these high-temperature processes limit the compatibility of VO₂ with CMOS 

fabrication, particularly in post-metallisation steps [27]. Although some studies have 

successfully achieved annealing temperatures around 400°C for ultra-thin (~10 nm) VO₂ films, 

this approach is not applicable to thicker VO₂ structures and fails to meet the requirements for 

large-scale production [28]. Therefore, realising VO₂-based optical memory devices still presents 

several key challenges. Current research on VO₂ primarily focuses on material-specific 

applications, with less emphasis on its compatibility with existing CMOS technology. In these 

studies, the reported VO₂ growth temperature typically falls within the range of 400 to 700°C, 

which exceeds the thermal budget of CMOS circuits and poses a significant challenge for direct 

integration [29, 30]. Moreover, most research works only demonstrated functional VO2 with phase 

change, but VO2 process conditions have not been investigated to achieve desirable VO2 in terms 

of high optical contrasts, desirable refractive index and tuneable phase transition temperatures. 

On the other hand, as research progresses, further pushing down the VO₂ formation temperature 
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to levels compatible with flexible substrates has a significant academic impact. Compared to 

conventional silicon or glass substrates, flexible substrates (e.g., polyimide) offer advantages 

such as lightweight, flexible, and impact resistant, making them highly attractive for applications 

in healthcare [31], wearable electronic textiles [32] and radiative cooling applications [33].  

 

In terms of optical memory, previous work paid more attention to the electric drive device [34-37], 

with less focus on the optically driven devices [22, 38]. Besides, in the above-mentioned memory 

devices, VO₂ is traditionally utilised for its inherent bistability arising from the hysteresis in its 

phase transition during heating and cooling processes. Therefore, the phase-change VO2 needs 

to be further investigated as devices to enable new functions and new capabilities.  

 

In order to reduce the computation energy, which is an important consideration for device 

efficiency, doping VO₂ with tungsten/Molybdenum is a promising strategy to lower the phase 

transition temperature. However, this advantage comes at the cost of narrowing the hysteresis 

width, which is crucial for devices that depend on material hysteresis-based bistability [39, 40]. 

Additionally, achieving precise control over the hysteresis loop is technically demanding, 

potentially hindering design optimisation and large-scale production. 

 

Therefore, the primary goal of this thesis focuses on tackling these challenges including low-

temperature synthesis of high-quality VO2  and exploring VO₂-based photonic memories, paving 

the way for its integration into optical memory. 

 

1.2 Introduction to VO2  

Vanadium oxides exhibit various crystal structures and oxidation states, with different vanadium 

oxides undergoing insulator-to-metal transitions (IMT) at specific temperatures. As a result, 

precise experimental conditions are required to synthesise the desired oxide. The most 

commonly synthesised vanadium oxides include V2O3, VO2, and V2O5. V2O3 has attracted 

attention due to its well-defined Mott transition properties, while V₂O₅ is the most stable 

compound, representing the highest oxidation state of vanadium oxides. 
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Apart from VO₂, most vanadium oxides (VOx) can be categorised into two types: Wadsley-type 

(VnO2n+1) and Magnéli-type (VnO2n-1). Most Magnéli-type vanadium oxides exhibit IMT, whereas only 

a few Wadsley-type vanadium oxides have a distinct IMT temperature (e.g., V2O5, V6O13) [41]. 

Figure 1.1 illustrates the phase transition temperatures of most known vanadium oxides, showing 

that among them, only VO₂ has a transition temperature near room temperature (68°C), 

accompanied by significant changes in its electronic and optical properties. This unusual feature 

makes VO₂ highly promising for practical applications such as optical switches [42], space 

technology [43] and smart window coatings [44]. 

 

Figure 1.1 Vanadium oxides and their transition temperatures. The blue dashed lines 

are the room and liquid nitrogen temperature, respectively. 

 

1.2.1 VO2 phase change kinetics 

The phase transition of VO₂ is a complex process involving both thermodynamic and kinetic 

factors. The stability of the system and the direction of the phase transition are governed by 

changes in Gibbs free energy, while the transition rate is controlled by the activation energy barrier. 

 

According to the definition of Gibbs free energy, the free energy of VO₂ can be expressed as: 

𝐺 = 𝐻 − 𝑇𝑆  (1.1) 

where H represents the enthalpy of the system, T is the temperature, and S is the entropy, which 

reflects the degree of disorder of the molecules or atoms. The enthalpy (H) is the total energy of 

the system, determined by the internal energy (E) and the work done due to compression (P⋅V), 

as described by: 
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𝐻 = 𝐸 + 𝑃𝑉 (1.2) 

where, E includes the total bonding energy (encompassing chemical bonds and lattice energy), P 

is the pressure, and V is the volume. 

 

At a given temperature and pressure, a phase can be defined as being in a stable equilibrium 

when the Gibbs free energy reaches its minimum value, and no external energy is added to induce 

a state change. This condition can be mathematically expressed as: 

𝑑𝐺 = 0 (1.3) 

However, satisfying this condition does not necessarily mean that the Gibbs free energy is 

minimised globally, as the system may be in a metastable state. 

 

The phase transition of VO₂ can be explained through Fig. 1.2 When the change in Gibbs free 

energy is negative (ΔG<0), as given by Equation 1.4, the transition from state B to state A is a 

spontaneous process, even though the activation energy barrier must still be overcome. This 

indicates that the system's free energy decreases continuously during the transition from the 

high-temperature phase (Fig. 1.2 (b)) to the low-temperature phase (Fig. 1.2 (a)), driving the 

system toward a more stable state: 

Δ𝐺 = 𝐺𝑓𝑖𝑛𝑎𝑙 − 𝐺𝑖𝑛𝑖𝑡𝑖𝑎𝑙 < 0 (1.4) 

Conversely, during heating, the Gibbs free energy of the R phase is higher than that of the M1 

phase, requiring external energy input to overcome the energy barrier from M1 to R. This 

difference manifests as a thermal hysteresis in the phase transition of VO₂, where the width of 

the hysteresis is determined by the magnitude of the activation energy. 
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Figure 1.2. Phase Transition energy schematic. The activation energy required to 

overcome the metastable state potential barrier is defined as ∆𝐺 [45]. Copyright of 

ScienceDirect. 

 

1.2.2 VO2 crystal structure 

VO₂ exhibits multiple crystal structures, whose formation strongly depends on the preparation 

method. These crystal structures include VO2(M1), VO2(R), and a few intermediate and 

metastable phases, such as VO2(M2), VO2(A), and VO2(B). These distinct crystal structures differ 

significantly in their physical properties, including crystal structure, phase transition temperature, 

and density [46].  

 

VO₂ exhibits a reversible metal-insulator transition (MIT) at its critical temperature, transitioning 

from a low-temperature monoclinic phase (M1) to a high-temperature rutile phase (R). Figure 1.3 

illustrates schematic representations of the VO₂ crystal structure below and above the transition 

temperature Tc. When the temperature exceeds 68°C, VO2 exists in the metallic rutile phase, 

characterised by lattice parameters a = b = 0.455 nm，c = 0.288 nm and β=180° within the space 

group P42/mnm (No. 136). The V atoms are aligned parallel to the Cr-axis, occupying the eight 

vertices and the centre of the unit cell. Each V atom is surrounded by an edge-sharing octahedron 

of oxygen atoms (VO6). 

 

Below the transition temperature, the structure becomes distorted, and the V-V bonds at the 

outermost layer tilt into a zigzag pattern. The highly symmetric tetragonal structure transitions to 

a low-symmetry monoclinic structure, corresponding to the insulating M1 phase within the space 

group P21/c (No. 14). The lattice parameters in this phase are a=0.575 nm, b=0.542 nm, c=0.577 

nm, and β=122.6o. The dimerisation in the M1 phase results in two distinct V-V bond lengths: a 

shorter intradimer length of 2.65 Å and a longer interdimer length of 3.12 Å, different from the 

equidistant V-V bonds in the rutile phase [18, 47]. 
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Figure 1.3. Crystal structure change of VO2 between (a) the monoclinic insulating 

phase, M1 and (b) the tetragonal rutile metallic phase, R, during IMT in a three-

dimensional view. The red dots are vanadium atoms, and the blue dots are the oxygen 

atoms [47]. Copyright of American Physical Society. 

 

1.2.3  VO2 band structure 

During the phase transition, in addition to changes in the crystal structure, the band structure of 

VO₂ also undergoes significant transformations. Decades ago, Goodenough proposed a band 

structure model to explain the conductive properties of the rutile phase and the insulating 

properties of the monoclinic phase [48]. When VO₂ is in the high-temperature phase (T>TIMT), the 

d∣∣ orbitals overlap with the π∗ orbitals, and the π∗ orbitals are partially filled with electrons. The 

Fermi level lies at the overlap of the π and d∣∣ bands, giving VO₂ its metallic characteristics (Fig. 

1.4 (a)). In the low-temperature phase (T<TIMT), the V atoms shift along the c-axis, which raises the 

antibonding π∗ energy levels. Simultaneously, the strong interactions within the d∣∣ orbitals of the 

V-V pairs cause the d∣∣ band to split into bonding d∣∣ states and antibonding states. This splitting 

creates a bandgap of approximately 0.7 eV between the π∗ and d∣∣ bands, resulting in the 

insulating phase (Fig. 1.4 (b)). 
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Figure 1.4. The energy-band diagram of the  VO2 between the (a) Metallic phase and 

(b) Insulating phase. The black dashed line in the middle represents the Fermi level 

[49]. Copyright of Nature Portfolio. 

 

1.2.4 Discussion of VO2 phase change mechanism  

The mechanism of the phase transition in VO₂ has three main interpretations: 1. Peierls transition 

driven purely by structural changes (Purely structural). 2. Mott-Hubbard transition driven purely 

by strong electronic correlations (Purely electrical). And 3. A synergistic coupling of Mott-Peierls 

transition mechanisms. 

 

It is widely believed that the appearance of a bandgap in the insulating state of VO₂ results from 

lattice distortions in the monoclinic phase, suggesting that structural changes drive the Peierls 

transition mechanism. This perspective has been supported by theoretical [50] and experimental 

studies [51]. Evidence supporting the Peierls transition includes the observation of V-V bond 

dimerisation in the monoclinic phase, which doubles the lattice constant along the c-axis 

compared to the rutile phase, thus providing a plausible explanation for the bandgap formation. 

Furthermore, the phase transition in VO₂ is accompanied by significant lattice transformation and 

latent heat, consistent with the lattice reconstruction described in Peierls transition theory [10, 

11]. 

 

In contrast, the Mott transition involves the transition and rearrangement of electrons without 

lattice reconstruction [52]. These changes in electronic states can occur on ultrafast timescales. 

A direct piece of evidence supporting the Mott transition in VO₂ is the observed M2 phase, which 
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contains two distinct types of V-V atomic chains: one is a straight chain composed of dimerised 

V-V bonds, while the other is a zigzag chain with equidistant V-V bonds. In comparison, the M1 

phase only features one type of dimerised V-V bond chain. This structural difference indicates 

that the electronic correlation effects in the M2 phase are more pronounced, with electrons 

localised on individual V atoms, forming localised electronic states. This electron correlation 

effect is a key feature of Mott insulators [53, 54]. 

 

Another characteristic supporting the Mott transition in VO₂ is the narrowing of the d ∣∣ orbital. In 

the metallic state, the π∗ band effectively screens the correlation effects of d∣∣ electrons, resulting 

in a broader d∣∣ band. However, in the insulating state, the π∗ band shifts to higher energy, 

weakening its overlap with the d∣∣ band, thereby reducing the screening effect and causing the d∣∣ 

band to narrow [55]. 

 

Table 1.1 summarises the characteristics of the Peierls transition theory and the Mott-Hubbard 

transition theory, highlighting the difficulty of using a single theory to explain all experimental 

phenomena. This has led to long-standing debates about the physical mechanisms underlying 

the phase transition in VO₂. For example, in recent studies, researchers employed Fourier-

transform holography (FTH) and coherent diffraction imaging (CDI) to observe ultrafast structural 

changes in VO₂ induced by laser pulses on the picosecond and femtosecond timescales [56]. 

Recent simulations have also demonstrated that the two-phase transition mechanisms 

decouple and interact on different timescales. Using density functional theory (DFT), researchers 

found that the insulator-to-metal transition (IMT) driven by electronic excitation occurs almost 

instantaneously (<10 fs), consistent with the characteristics of a Mott transition. In contrast, the 

structural phase transition (SPT) takes longer, as it is triggered by V-V bond expansion and 

increased twisting angles, which align with the characteristics of a Peierls transition [57]. 

Experimental studies using broadband time-resolved pump-probe ellipsometry with 35 fs laser 

pulses on 25 nm VO₂ thin films captured distinct optical property changes associated with the 

photo-induced IMT on the picosecond timescale, differing from thermally induced transitions. 

This work identified different thermal and non-thermal dynamics in photo-induced IMT, offering 

new insights into the ultrafast dynamics of VO₂ phase transitions [58]. With continued 

advancements in research, there is growing consensus that the phase transition in VO₂ results 

from the synergistic interplay of Peierls and Mott-Hubbard mechanisms [19, 59]. 
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Table 1.1. Key features that support different VO2 transition mechanisms. 

VO2  Peierls transition features VO2 Mott transition features 

Doubling of unit cell [60, 61] Existence of M2 phase [53, 54] 

Pairing of vanadium atoms [62, 63] Narrowing of dII band [64, 65] 

latent heat induced in transition [66, 67] Ultrafast phase transition [57, 

68] 

 

1.3 VO2 phase transition modulation 

One of the main interests of VO2 research is the regulation of phase transition characteristics, 

e.g., critical temperature (TIMT). Methods for manipulating phase transitions include substrate 

selection, element doping, etc. 

1.3.1 Doping 

Doping is one of the most effective methods for regulating the phase transition temperature of 

VO₂. Table 1.2 summarises most of the dopants studied in the past and their effects on the phase 

transition temperature. Generally, the fundamental mechanism by which doping influences the 

phase transition temperature is through altering the phase transition energy barrier. The selection 

of dopants that reduce the phase transition temperature typically relies on two strategies: A) 

Increasing the carrier concentration to accelerate the electronic transition. B) Introducing 

distortions in the atomic structure to facilitate the structural phase transition. 

 

Doping elements increase the carrier concentration in VO₂. When dopants act as donors or 

acceptors, they inject electrons or holes into the electronic structure of VO₂, thereby increasing 

the carrier concentration. This higher carrier concentration reduces the energy difference 

between the M1 and R phases, leading to a lower phase transition temperature. One approach to 

increasing carrier concentration is doping with small-sized elements such as H, Li, and B, which 

inject electrons into VO₂. Another approach is substituting V sites with high-valence elements 

such as W, Nb, and Mo. Among these, W has been experimentally demonstrated to be the most 

effective dopant for lowering the phase transition temperature, with a rate of approximately 

20 °C/at.%. He et al. showed that increasing the W doping concentration reduces the optical band 

gap from 0.65 eV to 0.54 eV [69]. 
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Doping can also introduce structural distortions in VO₂. Certain dopants modify the equidistant 

V-V bonds in VO₂(R), creating a configuration similar to that in VO₂(M). For instance, Zhang et al. 

found that the V-V chains in B-doped VO₂ exhibit a zigzag pattern resembling the insulating phase. 

Their first-principles calculations predicted that B doping reduces the phase transition 

temperature by 83 °C/at.% [70]. 

 

In fact, these two mechanisms are inherently difficult to completely separate. For example, W 

doping not only increases the carrier concentration in VO₂ but also induces compressive strain, 

causing structural distortions that jointly lower the phase transition temperature.  

 

Compared to the extensive studies on dopants that lower the phase transition temperature, 

research on increasing the transition temperature through doping is relatively limited. Existing 

studies suggest that dopants with valences lower than vanadium, such as Ga, tend to raise the 

MIT temperature. When the doping level of Ga exceeds 1 %, TIMT can be increased by 

approximately 8 °C/at.% [19, 71]. However, some studies have reported inconsistent findings [72, 

73]. 

 

Fundamentally, similar to the mechanism of lowering the phase transition temperature, raising 

the transition temperature through doping also involves modifying the electronic structure and 

lattice arrangement of VO₂ to increase the energy required for the phase transition. For instance, 

Victor et al. demonstrated that Fe doping significantly raises the phase transition temperature of 

VO₂, reaching up to 134°C as the Fe³⁺ doping concentration increases. This is because the 

introduction of Fe³⁺ ions alters the electron density in the V-V chains of VO₂, thereby increasing 

the energy barrier for the phase transition [74].  
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Table 1.2. Effects of most existing dopants on the VO2 thin film transition temperature. 

Dopant Doping level (%) dtIMT/dx ( oC/at.%) Reference 

H+ 3 -38 [75] * 

Li+ 3 -43 [76] * 

Na+ 3 -49 [76] * 

K+ 3 -94 [76] * 

Be2+ 3 -58 [77] * 

Mg2+ 5 -3 [78] 

B3+ N/A -83 [70] * 

Cr3+ 20  ⬆  [79] 

Ti4+ 2 ⬆ [80] 

Fe3+ 12.6 +5.2 [74] 

Ga3+ 1.3 +8 [81] 

Nb5+ 7 -2 [82] 

W6+ 2 -20 [83] 

Ce3+ 1 -4.5 [72] 

Al3+ 10 -2.7 [73] 

Mo6+ 2 -11 [71] 

 * In the table represent simulation work. ⬆ in the table represents the positive dopant effect but 

no specific data was recorded. 

 

1.3.2 Strain engineering 

Research on the effect of stress on the phase transition temperature of VO₂ dates back to half a 

century ago. Ladd et al. observed that hydrostatic pressure had a slight effect on the phase 

transition temperature, with a rate of 0.6 K/GPa, whereas uniaxial stress applied along the c-axis 

exhibited a significant impact, with a rate of −12 K/GPa [84]. Subsequent studies confirmed that 

the phase transition temperature of VO₂ is closely related to the c-axis length (the distance 

between adjacent vanadium atoms). Stress along the c-axis intensifies the overlap of d-orbitals 

and increases the bandwidth of the d-band, making VO₂ more stable in the rutile phase and thus 
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lowering the phase transition temperature [85]. Similarly, Muraoka et al. found that VO₂ thin films 

grown on TiO₂ (110) substrates exhibited an extended c-axis and an increased TIMT of 369 K [86]. 

The phase transition temperature TIMT can be tuned through uniaxial stress σ, as described by the 

Clausius-Clapeyron equation [78]: 

d𝑇IMT

d𝜎
=

𝜖0𝑇IMT
0

Δ𝐻
 (2.5) 

where TIMT is the phase transition temperature, σ is the externally applied stress, ϵ0 is the initial 

strain of the material, reflecting how the internal structure responds to external stress. T0
IMT the 

initial phase transition temperature under zero stress. ΔH is the latent heat of the phase transition, 

representing the heat absorbed or released during the transition. 

 

The most direct way to apply strain to VO₂ is by depositing VO₂ thin films onto specific substrates, 

introducing interactions between the film and the substrate. Various substrate materials have 

been explored to deposit VO₂, such as silicon (Si), quartz (SiO₂), sapphire (Al₂O₃), titanium dioxide 

(TiO₂), and magnesium fluoride (MgF₂), to control interfacial strain and phase transition 

temperature [87-91]. 

 

Zhang et al. found that VO₂ films deposited on sapphire substrates exhibited near-single-crystal 

characteristics, with phase transition temperatures (TIMT) close to the intrinsic phase transition 

temperature of VO₂ (340 K). In contrast, VO₂ films deposited on silicon (Si) and quartz substrates 

showed slightly reduced phase transition temperatures. They attributed this difference to the 

varying effects of substrate materials on the crystal structure and interfacial 

stress/characteristics of VO₂, which in turn influenced the phase transition temperature [92]. This 

perspective was supported by Choi et al., who observed a 10 K variation in the phase transition 

temperatures of VO₂ films deposited on different alumina substrates. They concluded that the 

variations were due to differences in the VO6 octahedral symmetry induced by the substrate. The 

more symmetric the VO6 octahedral structure, the lower the energy barrier required for the phase 

transition, resulting in a lower IMT temperature [93]. 
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1.3.3 Others 

The properties of VO₂ are highly sensitive to oxygen participation, as oxygen vacancies typically 

act as electron donors. Consequently, the insulating phase of VO₂ becomes more conductive 

under oxygen-deficient conditions. The IMT temperature of VO₂ is also affected by oxygen levels. 

Studies have shown that the TIMT decreases under oxygen-deficient conditions [94] and slightly 

increases under oxygen rich conditions [95]. 

 

In addition, the thickness of VO₂ thin films has been found to influence their phase transition, 

likely due to changes in crystal structure, surface morphology, and the stress between the film 

and substrate. Yang et al. observed that during the heating process, the phase transition speed of 

VO₂ decreases with decreasing thickness, which they attributed to stress between the thin film 

and substrate. Conversely, during cooling, the phase transition speed was found to be inversely 

proportional to film thickness, possibly due to poorer heat dissipation in thicker films [96]. Table 

1.3 lists the findings of various studies on the relationship between VO₂ film thickness and IMT. 

Most studies indicate a positive correlation between the phase transition temperature and film 

thickness, where increasing film thickness leads to a higher phase transition temperature. This is 

because thinner films have stronger interfacial interactions with the substrate, resulting in greater 

interfacial stress. As the film thickens, the surface gradually relaxes, reducing the influence of 

interfacial stress and leading to an increase in the phase transition temperature. The only 

exception is the recent work by Geng et al., who reported a negative correlation between phase 

transition temperature and thickness for VO₂ films grown on quartz substrates. They observed 

that as the film thickness increased from 10 nm to 160 nm, the phase transition temperature 

decreased from 76°C to 68°C. 

Table 1.3. Summary of the study on the correlation between VO₂ thin film thickness and IMT 

temperature. 

Author Positive 

correlation 

Negative 

correlation 

Substrate Deposition 

method 

Date Reference 

Geng et al.  √ Quartz Sputtering 2024 [97] 

Driouach et 

al. 

√  Sapphire Sputtering 2023 [98] 

Han et al. √  Sapphire PLD 2021 [99] 

Shao et al. √  MgF2 Sputtering 2020 [100] 
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Jian et al. √  Sapphire PLD 2017 [101] 

Zhi et al. √  TiO2 PLD 2014 [102] 

Xu et al. √  Sapphire Sputtering 2005 [103] 

 

1.4 Applications of VO2 thin film on silicon photonics 

1.4.1 Optical driven VO2 for optical switch 

Optical switches play a crucial role in photonic integrated circuits (PICs) and are typically 

implemented in the form of optical waveguides or microring resonators. The three main criteria 

for evaluating the performance of optical switches are energy consumption, optical contrast, and 

switching speed. The use of laser-induced phase transition in VO₂ has been extensively studied, 

with early experiments focusing on continuous wave (CW) and nanosecond lasers. In 1991, 

Egorov et al. were the first to demonstrate a photo-induced phase transition in VO₂ using CW light 

(632 nm, 2 mW or 1 mJ/cm²). Later, Chudnovskii et al. triggered the VO₂ phase transition using a 

Nd:YAG laser (neodymium-doped yttrium aluminum garnet, 1064 nm) [104, 105]. In these early 

works, the phase transition time for VO₂ ranged from milliseconds to microseconds. 

 

As research progressed, scientists discovered that femtosecond lasers could significantly 

enhance the speed of VO₂ phase transitions. This is because, under femtosecond pulse 

excitation, the phase transition in VO₂ is primarily driven by the photo-excited carrier transition. 

The ultrafast excitation of electrons from the valence band to the conduction band occurs on the 

femtosecond timescale, while the contribution of the photothermal effect to the phase transition 

is minimal [106]. In a landmark study, Cavalleri et al. demonstrated a VO₂ phase transition time 

of less than 100 fs using high-power femtosecond laser pulses. They concluded that the phase 

transition was driven by the direct excitation of electronic states by photons, rather than by 

thermally induced lattice rearrangement [68]. This finding suggests that, under certain conditions, 

the ultrafast phase transition of VO₂ can be achieved via a Mott transition (primarily driven by 

electronic transitions), without the need for the slower Peierls transition (which requires lattice 

rearrangement). 

 

The phase transition speed of VO₂ is limited by several factors, most notably the thermal effect 

(as seen in CW-induced transitions) and lattice rearrangement. Since the propagation of lattice 
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vibrations is constrained by the speed of sound in the material, thermally driven phase transitions 

that rely on lattice rearrangement are inherently slower, typically limited to the picosecond 

timescale [107]. This constraint underscores the inherent speed limitations of thermal and 

lattice-driven transitions in VO₂. 

 

In practical applications, optically driven thermal effects remain the dominant mechanism for 

VO₂-based optical switches. In 2012, Ryckman et al. demonstrated the photo-thermal induced 

phase transition of VO₂ using a 532 nm pump laser. The optical heating induced by the laser 

triggered the phase transition in VO₂, and the transition from the insulating to metallic state 

caused a significant reduction in the refractive index of the VO₂ layer. This, in turn, resulted in a 

blue shift of the resonance frequency in microring resonators (Fig. 1.5). Furthermore, as the 

radius of the ring increased, the magnitude of the wavelength shift decreased. This effect was 

attributed to the reduced coverage ratio of VO₂ on the resonator. While the response time in this 

study was relatively slow (on the order of seconds), it was found that increasing the pump power 

could reduce the response time to the millisecond range or even faster. This demonstrated that 

pump power intensity is a critical factor in controlling the response time of thermal-driven optical 

switches [108]. 

 

Figure 1.5. All optical hybrid VO2/Si device [108]. (a) SEM image of a Si-VO2 micro-ring 

resonator with 1.5 µm radius. (b) Optical transmission before and after VO2 phase 

transmission. Inset: IR camera images at a fixed probe wavelength, λ = 1568.78 nm 

(dashed line). Copyright of  Optica Publishing Group. 

 

In 2013, Ryckman et al. further investigated the timescales of such devices by exciting the 

insulator-metal transition (IMT) of VO₂ using nanosecond pulsed lasers. They found that by 
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increasing the pump flux by an order of magnitude and extending the length of the VO₂ patch from 

500 nm to 1 μm, the relaxation time increased from approximately 30 ns to 3 μs. This observation 

suggests that the relaxation dynamics are governed by the thermal diffusion of the monoclinic 

phase [109]. 

 

Parra et al. further explored VO₂/Si hybrid photonic switches based on silicon straight waveguides. 

In their design, the phase transition was primarily driven by the thermal effect induced by optical 

absorption in the VO₂ layer. They achieved a switching speed as low as 318 ns with a single-shot 

switching energy of 15.8 nJ [110]. To further improve the switching speed, they proposed reducing 

the size of the VO₂ patch or incorporating heat-dissipation materials to accelerate cooling. 

Building on these concepts, Wang et al. investigated the cumulative thermal effects of VO₂ using 

a high-repetition-rate femtosecond laser. Their findings revealed that the switching speed of 

thermally driven mechanisms is fundamentally limited by thermal diffusion and the lattice 

response time [111]. This limitation highlights the challenge of achieving sub-nanosecond 

switching speeds using a thermally driven mechanism. 

 

An alternative research direction focuses on Mott transition-driven ultrafast switching. In 2021, a 

hybrid VO₂-Si integrated device demonstrated sub-picosecond all-optical switching for the first 

time (Fig. 1.6). By directly exciting electron state transitions and bypassing the constraint of 

lattice rearrangement, they achieved an ultrafast switching speed of 0.55 ps. Moreover, they 

reported a maximum optical transmission contrast of 22 % at telecommunications wavelengths. 

These results underscore the fact that, on ultrafast timescales, the phase transition of VO₂ is 

primarily governed by the Mott transition rather than the Peierls transition [112]. 

 

Figure 1.6. (a) Schematic of the sub-picosecond response VO₂-Si hybrid device, 

where an optical pulse (light blue) propagates from the left to the right (dark blue). 

The VO₂ patch (green section) is positioned in the center and is illuminated by a 1670 
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nm optical pulse (red). (b) False-color scanning electron microscope (SEM) image of 

the embedded VO₂-Si waveguide [112]. Copyright of Wiley. 

 

Although some recent studies, such as those by Chen et al., have revealed the presence of 

significant photostriction during photo-induced phase transitions in VO₂ ceramics using a 655 

nm laser [85]. This phenomenon suggests that photon excitation not only induces changes in 

electronic states but also generates mechanical strain through strong photon-lattice coupling 

(Fig 1.7 (a)). By employing first-principles ab initio molecular dynamics (AIMD) simulations, they 

confirmed the role of photostriction in the IMT process. This indicates that, under certain 

conditions, non-thermal mechanisms induced by photon excitation may play a more critical role 

than conventional thermal effects. 

 

Additionally, Yael et al., conducted an in-depth study of the thermal and non-thermal dynamics 

during the VO₂ phase transition using femtosecond laser pulses. By using ellipsometry to track 

the time-resolved changes in the electronic states and lattice response during the IMT, they found 

that the photo-induced phase transition characteristics are highly dependent on the pump 

wavelength and laser fluence (Fig. 1.7 (b)) [86]. The experimental results showed that short-

wavelength, high-power laser pulses are more effective in directly exciting electronic transitions, 

thereby triggering a Mott transition. In contrast, low-power or long-wavelength laser pulses 

primarily induce a thermally driven Peierls transition. This observation further supports the idea 

that the IMT in VO₂ may involve a complex coupling between the Mott and Peierls mechanisms. 
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Figure 1.7. (a) Potential energy surfaces of VO₂ in the ground state (M-phase) and the 

excited state (R-phase) under photoexcitation. (b) Schematic illustration of 

ellipsometric measurements capturing the pseudo-dielectric function of VO₂ thin 

films during photo-induced and thermally-induced insulator-to-metal transitions 

(IMT) [86]. Copyright of Nature Portfolio. 

 

Against this background, the mechanism of light-driven VO₂ optical switch devices are as 

complex as the phase transition mechanism of VO₂ itself. The Mott transition involves rapid 

transitions in electronic states, with timescales ranging from femtoseconds to picoseconds, 

making it suitable for explaining the ultrafast response of purely optically driven mechanisms. In 

contrast, the Peierls transition involves lattice rearrangement, which is constrained by thermal 

diffusion and the propagation speed of sound, resulting in a much slower timescale—typically on 

the order of nanoseconds or longer. 

 

However, it is experimentally challenging to eliminate the thermal effect. In practical VO₂-based 

optical switches, the thermal effect is inherently coupled with the optical effect. This coupling 
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significantly influences not only the IMT but also prolongs the metal-to-insulator transition (MIT) 

during the relaxation process. This explains why, in most reported opto-thermal driven switch 

devices, the fastest switching speeds achieved are only in the range of hundreds of nanoseconds, 

whereas purely optically driven mechanisms have demonstrated picosecond-level ultrafast 

switching. 

 

Therefore, one promising strategy for the future design of ultrafast, VO₂-based, integrated 

photonic switches is to precisely tune the excitation source to trigger only the electronic IMT of 

VO₂ while avoiding parasitic thermal effects. Additionally, optimal thermal management design 

to facilitate effective heat dissipation can further reduce the IMT relaxation time, minimising 

delays caused by the slower Peierls transition. 

 

1.4.2 VO2 integrated photonic volatile memory 

Current optical memory devices can be classified into bit-level and packet-level configurations 

based on the amount of stored information (see Fig. 1.8). Bit-level optical memory can be further 

divided into volatile and non-volatile memory. Compared to non-volatile optical memory, volatile 

memory typically offers faster access speeds and higher operating speeds, making it well-suited 

for applications that require rapid switching. 

 

Figure 1.8. Classification of optical memory technologies [113]. Copyright of Nature Portfolio. 

 

A key limitation of common chalcogenide-based optical memories is their relatively poor 

durability, with lifetimes typically ranging from 10³ to 2×10⁴ cycles [114, 115]. This makes VO₂ a 

promising candidate for applications that require frequent switching. Moreover, the hysteresis 
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response of VO₂ enables bistability, which supports the design of ultra-compact photonic 

memory devices, offering the potential for fast, low-power optical storage systems. 

 

In 2022, Jung et al. experimentally demonstrated a hybrid optical memory device based on VO₂ 

(Fig. 1.9). The device operates under the combined action of a 1.5 µm optical pulse and a bias 

voltage, achieving a write speed of 100 ns with an energy consumption of only 23.5 pJ. It provides 

an optical contrast of approximately 23%, defined as the difference in transmittance between the 

insulating and metallic states of VO₂. Notably, the device can maintain its memory state for up to 

200 hours under a constant bias voltage, showcasing the feasibility of using VO₂ for hybrid volatile 

memory applications [22]. 

 

Figure 1.9. Schematic diagram of the waveguide-integrated VO2−Si optical memory [22]. 

Copyright of American Chemical Society. 

 

Recent studies have demonstrated a high-durability, ultra-compact VO₂/Si photonic volatile 

memory capable of withstanding up to 10⁷ write/erase cycles, with performance in terms of 

speed and energy consumption surpassing that of chalcogenide-based non-volatile memory. 

This feature makes VO₂ more suitable for short-term storage applications that require frequent 

read/write operations, rather than for long-term data storage [20]. 

 

When designing such memory devices, optical contrast and extinction ratio become critical 

parameters, as they directly determine the number of distinguishable optical states in the device. 
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High optical contrast and extinction ratio ensure stability and accuracy in multi-state storage. The 

potential for VO₂-based multi-state memory was first explored a decade ago, initially realised 

using VO₂/TiO₂ heterostructures [116]. More recently, a fully all-optical multi-state response was 

achieved on silicon waveguides for the first time (Fig. 1.10 (a)) [117]. In this hybrid VO₂/Si 

waveguide device, the insulator-metal transition (IMT) of VO₂ is controlled by thermal excitation, 

which can be achieved either by all-optical methods using optical pulses or by electrical heating, 

enabling multi-level memory responses (Fig. 1.10 (b)). This design allows a 2 µm VO₂/Si 

waveguide device to achieve up to 32 distinct storage states, with a maximum extinction ratio of 

11.22 dB. 

 

To further enhance the stability of the multi-level response, researchers have also integrated 

BaTiO₃ and Si₃N₄ into the platform, along with a highly efficient microheater based on indium tin 

oxide (ITO). This heater enables precise electrical heating to control the phase transition of VO₂, 

significantly improving the stability and accuracy of the multi-level memory response [118]. 

 

Figure 1.10. Hybrid VO2/Si waveguide device based on a VO2 patch deposited on top 

of a silicon waveguide [117]. (b) Multilevel memory response achieved by exploiting 

the hysteretic response of the VO2 with temperature [117]. Copyright of Optica 

Publishing Group. 

 

In previous studies, bistable responses in VO₂-based photonic devices were typically 

achieved by exploiting the material’s intrinsic hysteresis, which was triggered through 

electrical or thermal control of the entire device. Such approaches generally rely on heating 

or cooling the VO₂ globally, or on varying the ambient temperature to traverse the hysteresis 

loop. In contrast, although the overall structure of the VO₂-based photonic memory device 

proposed in Chapter 4 is structurally similar to designs reported in earlier literature, this 
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work focuses on locally tuning the temperature of VO₂ through photothermal effects 

induced by varying the optical input power. While the same thermally driven phase 

transition occurs, the optical response of the device in Chapter 4 arises from the distinct 

absorption characteristics of VO₂ in its insulating and metallic states, which are harnessed 

through structural design within local regions of the waveguide or microring resonator. 

 

1.4.3 VO2 application based on non-volatile characteristic 

In addition to its inherent volatile behaviour, VO₂ can also exhibit non-volatile behaviour under 

certain specific conditions (albeit less commonly). This unusual feature allows VO₂ to retain its 

ON/OFF states without external stimuli, offering significant potential for applications in non-

volatile devices. In 2021, Jung et al. reported the first VO₂-based light-addressable non-volatile 

memory that operates at room temperature [38]. The device uses a low-power laser pulse for 

writing, while the insulating and metallic states are read by monitoring voltage oscillations under 

an applied bias current. The reset operation can be achieved by applying a small bias current. 

This groundbreaking work challenged the traditional notion that VO₂ only exhibits volatile 

properties, providing valuable insights for the future development of VO₂-based non-volatile 

devices. 

 

Table 1.4 summarises most of the research on VO₂-based non-volatile devices over the past four 

years. These works generally achieve non-volatile behaviour by either modifying the electronic 

structure of VO₂ or controlling oxygen vacancies under external conditions. Despite the diversity 

of approaches, including heterojunction structures, multi-field co-excitation, and oxygen 

vacancy control, these methods still face significant limitations and challenges. 

 

For instance, methods relying on complex fabrication processes (such as VO₂/graphene 

heterostructures and VO₂/BiFeO₃ heterostructures) increase the production cost and complexity; 

Approaches requiring high-energy external stimuli (like multi-field co-excitation and UV light 

irradiation) suffer from high power consumption, limiting their practicality in low-power devices; 

The oxygen vacancy control mechanism shows potential for achieving non-volatile phase 

transitions, but the non-uniform distribution of defects can lead to device performance instability, 

especially over long-term operation. 
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Given these challenges, future research on VO₂-based non-volatile devices should prioritise 

efforts to achieve: (a) Process simplification: Develop simple, scalable, and CMOS-compatible 

fabrication methods. (b) Low-power operation: Minimise the energy required for phase transitions 

and device switching. (c) Material stability and reproducibility: Enhance the control of oxygen 

vacancy distribution and develop robust, repeatable device performance. These directions will 

be critical for the successful development of practical VO₂-based non-volatile devices for next-

generation memory and photonic applications. 

 

 

Table 1.4. Summary of recent studies on VO2 non-volatility. 

Author Method Limitation Mechanism of VO2 non-
volatility 

Date Ref 

Yu et al. VO2/graphene 
heterostructure 

Complex 
manufacturing 
process 

The electron exchange 
between VO2 and 
graphene  stabilises the 
phase transition of VO2 

2024 [119] 

Xu et al. Multi-external stimuli 
work synergistically 

Large power 
consumption 
and complex 
thermal 
management 

Photogenerated 
carriers suppress the 
accumulation of oxygen 
vacancies 

2024 [120] 

Basak et 
al. 

Multiple ramp reversal 
protocol sequence 

The 
distribution of 
defects could 
be uneven, 
resulting in 
unstable 
device 
performance 

The lattice structure 
and electron 
distribution change 
during the IMT, 
accompanied by the 
diffusion of point 
defects 

2023 [121] 

Li et al. UV light irradiation UV-light 
dependence 
and complex 
oxygen 
vacancy 
control 

Oxygen vacancies in 
VO2 change the 
electronic structure by 
adding electrons to the 
V-3d orbitals 

2022 [122] 
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Lee et 
al. 

VO2/BiFeO3 

heterostructure 

Complex 

manufacturing 

process 

The polarisation of the 

ferroelectric material 

BFO affects the 

electronic structure of 

VO2 

2022 [123] 

Jung et 
al. 

Combining light-
induced phase change 
and current bias 
control 

Large power 
consumption; 
Slow VO2 
response 
speed 

N/A 
 

2021 [38] 

 

1.4.4 Implementation of VO2 on neuromorphic computing 

Neuromorphic computing is inspired by the human brain, mimicking the ultrafast and energy-

efficient information processing of neural synaptic systems. It is characterised by features such 

as high energy efficiency, parallel processing, and dynamic adaptability. Existing neuromorphic 

computing architectures are still primarily realised using CMOS-based silicon circuits, which 

require a large number of transistors to emulate the integration, biasing, and dynamic weight 

modulation of neurons and synapses. Although significant progress has been made at the 

algorithmic level, issues related to high energy consumption and low efficiency at the hardware 

level remain key bottlenecks, limiting further development of this field. As a result, the search for 

efficient materials and architectures to replace conventional silicon circuits has become a major 

focus of research. 

 

One prominent advantage of all-optical neurons is their inherent speed, which is significantly 

faster than optoelectronic methods. This is because the latter relies on carrier drift (the 

movement of electrons or holes under an electric field), which is much slower than purely 

photonic processes. In neuromorphic computing, neurons and synapses serve as key 

components, responsible for nonlinear information processing and dynamic storage, 

respectively. Table 1.5 summarises the core components of all-optical neural networks, 

highlighting the roles and functionalities of different optical elements in neuromorphic systems. 

Table 1.5. Key components in photonic neural networks [124]. 

Components Functions Photonic devices 
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Neuron Summation and thresholding 

(nonlinear node) 

Optical amplifier, optical bistable 

device, Photodetectors 

Synapse Weighting and memory (coding 

scheme) 

MZI, Ring resonators, PCMs 

Axon and dendrite Interconnection (network) Waveguides 

 

Chalcogenides are currently the mainstream phase change materials used in neuromorphic 

computing. While the non-volatile nature of these materials offers significant advantages for 

long-term data storage, they exhibit certain limitations in high-frequency switching scenarios. For 

example, in spiking neural networks (SNNs), GST requires an external RESET signal to switch the 

material from a high-conductivity state (SET) back to a low-conductivity state (RESET). This 

additional reset process not only increases the operational complexity but also negatively 

impacts the energy efficiency of the device [125, 126]. Moreover, because of the need for reset 

pulses, these materials lack the self-regulating dynamic behaviour seen in biological neurons. 

 

In biological neurons, after a spike event, the membrane potential naturally dissipates back to 

the resting state without any additional energy input. In stark contrast, GST-based devices require 

an extra energy driven reset operation. This difference highlights a key challenge for GST materials 

in applications requiring high-frequency spiking and dynamic adjustments, such as real-time 

computation and neural network training. The inability of GST to autonomously recover after a 

spike limits its energy efficiency and speed, making it less suitable for tasks that demand rapid, 

frequent spiking and self-regulated dynamic behaviour [127]. 

 

In contrast, VO₂, as a volatile phase change material, naturally returns to its initial insulating state 

after the input signal is removed, due to thermal dissipation. This behaviour mimics the natural 

reset process of biological neurons, where membrane potentials passively return to a resting 

state without the need for external intervention. For example, Gao et al. utilised sub-hysteresis 

loops in a VO₂ memristor to achieve multi-level storage and spike-timing dynamic modulation. 

This approach enabled continuous operation without the need for external reset pulses, offering 

a significant energy efficiency advantage for the hardware implementation of large-scale neural 

networks [128]. 
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In artificial neural networks (ANNs), the nonlinear dynamic behaviour of VO₂ has been used to 

construct nonlinear activation functions, significantly enhancing the computational efficiency of 

the network [129]. In spiking neural networks (SNNs), the hysteresis window of VO₂ supports 

synaptic weight adjustment, allowing for more efficient spike-driven processing. For instance, in 

a recent study, Morcillo et al. proposed a silicon photonics-based electro-optical spiking device 

built on a VO₂/Si waveguide platform integrated with an ITO (indium tin oxide) microheater. This 

design achieved a leaky integrate-and-fire (LIF) response with inhibitory optical spikes at input 

power levels in the milliwatt range (Fig. 1.11) [130]. This approach demonstrates the potential of 

hybrid VO₂-silicon platforms for photonic neuromorphic computing. 

 

Figure 1.11. (a) Schematic diagram of the spiking device using Si waveguide with a 

small thin patch of VO2 on top. (b) Comparison between a nonfiring and firing 

response under postsynaptic signals with different pulse amplitudes, pulse 

durations, and delays between consecutive pulses [130]. Copyright of Optica 

Publishing Group. 

 

Similarly, Yi et al. utilised a VO₂-based memristor to design a simple circuit that could 

successfully mimic a range of spiking behaviours observed in biological neurons. These included 

all-or-none responses, refractory periods, bistability, and 23 different types of spiking behaviours. 

Their design simplified the hardware architecture and significantly reduced energy consumption, 

paving the way for large-scale neuromorphic integration [131]. 

 

The inherent bistable nature of VO₂ is also being leveraged in the design of hardware synapses 

and neuronal elements. By controlling the hysteresis window width of VO₂, a trade-off can be 

achieved between fast response and state stability. A narrow hysteresis window is well-suited for 
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high-speed switching applications, while a wider hysteresis window enhances the system’s noise 

immunity, making it more effective in multi-state storage [36]. 

 

Moreover, recent research has further explored the use of VO₂ in classical conditioning, also 

known as Pavlovian modulation (Fig1. 12). Classical conditioning simulates the process of 

forming conditioned reflexes in biological neural systems, a critical function for the realisation of 

brain-inspired computing. For example, Wang et al. developed an artificial synapse device based 

on a VO₂/HfS₂ heterostructure. In this device, optical pulses were used to induce a post-synaptic 

current (PSC). 

 

When a single, low-intensity optical pulse (the conditioned stimulus, CS) was applied, only a 

short-term memory (STM) response was observed. However, when the CS was repeatedly applied 

together with a high-intensity optical pulse (the unconditioned stimulus, US), the device 

eventually developed a relatively persistent PSC response under the action of the CS alone. This 

behaviour mirrors the learning process seen in biological neural systems. The mechanism behind 

this effect lies in the phase transition of VO₂, which alters the band structure of the heterojunction, 

promoting carrier separation and carrier trapping. This process allows for the long-term retention 

of the learned response [132]. 
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Figure 1.12. Pavlovian experiment simulation with HfS2/VO2 heterojunction artificial 

photoelectronic synapse. (a) Schematic diagram of Pavlov's dog experiment. 

(b) Training of HfS2/VO2 heterojunction under different intensities of UV light to 

complete associative learning simulations with Vds = 3 V (405 nm, 0.012 and 8.4 

mW·cm−2) [132]. Copyright of Youke Publishing. 

 

However, each technology has its own set of drawbacks, such as energy efficiency, speed, 

thermal crosstalk, and manufacturing complexity [133, 134]. Currently, most research on VO₂-

based neuromorphic computing still focuses on electrical stimulation, possibly because electric 

fields are easier to control and enable higher integration density. In contrast, optical stimulation 

offers unique advantages, especially in all-optical networks, where it provides high bandwidth 

and low crosstalk, opening up new possibilities for future development. The use of optical signals 

allows for faster, parallel processing without the need for electrical-to-optical conversion, 

making it highly suitable for next-generation photonic neuromorphic systems. 
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1.5 Thesis synopsis 

This thesis presents the application of the phase change material vanadium dioxide (VO₂) in all-

optical memory on Si photonic chips. This work represents the first simulated demonstration of 

device-level bistability and photonic associative memory based on VO₂, establishing a novel 

connection between emerging materials research and optical memory. Notably, a key challenge 

remains the high processing temperature required for VO₂ fabrication, particularly the post-

deposition annealing step, which is incompatible with current CMOS technology. This challenge 

underscores the urgent need for low-temperature VO₂ fabrication techniques to facilitate the 

integration of such devices into practical applications, ensuring CMOS compatibility and 

expanding the potential of VO₂ for use on flexible polyimide substrates. Addressing this challenge 

is crucial for fully harnessing VO₂'s capabilities in next-generation electronic and photonic 

devices. 

 

The structure of this thesis is organised as follows: 

Chapter 1: This chapter outlines the research objectives, provides a comprehensive background 

and theoretical foundation for VO₂, detailing its phase transition mechanisms and control 

method. Furthermore, this chapter reviews the mainstream applications of VO₂ thin films in 

silicon photonics, laying the groundwork for the novel photonic applications discussed in the 

results chapter. 

 

Chapter 2: This chapter describes the VO₂ thin-film deposition techniques, characterisation 

methods, and post-deposition annealing processes employed in this study, which serve as the 

experimental basis for Chapter 3. This chapter also introduces the ring-resonator device 

architectures relevant to the project in Chapter 4. 

 

Chapter 3: This chapter presents the experimental optimisation of low-temperature post-

deposition annealing for VO₂ thin films, demonstrating its feasibility for flexible electronics and 

CMOS integration. The study highlights the importance of precise control over annealing 

parameters, including oxygen partial pressure, annealing temperature, and duration in tailoring 

the phase change behaviour and optical properties of VO₂. Through comprehensive 

characterisation, I analyse how different annealing conditions affect the VO₂ phase transition 
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temperature, refractive index, and material quality, offering insights into the fabrication of high-

quality VO₂ thin films. Additionally, this chapter investigates the impact of annealing on the 

surface morphology of VO₂ thin films and establishes a strong correlation between Raman 

spectroscopy and XPS data, providing a simpler and more efficient approach for VO₂ 

characterisation. Finally, I explore the annealing behaviour of W-doped VO₂ (W:VO₂), focusing on 

the influence of tungsten doping on oxidation and phase transition characteristics, which pave 

the way for low-power optical applications. 

 

Chapter 4: This chapter proposes a device-level bistability approach that differs from traditional 

VO₂-based optical memory relying on intrinsic hysteresis. Instead, this method leverages the 

optical contrast between the two phases of VO₂, thereby eliminating operational complexities 

associated with hysteresis. Based on this mechanism, I systematically optimise VO₂-based 

silicon ring resonator devices, achieving a high-contrast photonic associative memory (VPAM) 

capable of short-term associative learning. This work establishes a novel connection between 

VO₂ research and all-optical neuromorphic computing. 

 

Chapter 5: This chapter summarises the main achievement of my PhD research and proposes 

future work that can be derived from this thesis. 
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Chapter 2. Methods 

In recent years, there has been growing interest in thermochromic compounds within the 

scientific community due to their ability to reversibly alter material properties in response to 

changes in temperature. Vanadium dioxide (VO₂) is one such compound and serves as the key 

focus of this study. In the literature, VO₂ is often referred to interchangeably as a phase transition 

material or a phase change material [135-137]. However, strictly speaking, phase change involves 

change between phases, e.g., amorphous between crystalline, whereas phase transition mostly 

refers to the transition between different crystalline structures, which are all subject to the 

crystalline phase. To avoid confusion and inconsistency, VO2 is referred to as phase change 

material in this thesis. 

 

At room temperature, VO₂ exists in its insulating (or dielectric) phase. When heated above its 

critical transition temperature (TIMT or Tc, typically around 68°C), VO₂ undergoes a phase transition 

to its metallic state. During this transformation, both the electrical resistance and optical 

reflectance of the material change significantly [138, 139]. This temperature-dependent 

switching behaviour makes VO₂ a highly promising material for a variety of applications, including 

smart windows [140], sensors [122], and actuators [141]. 

 

Over the years, there has been significant interest in tuning the phase transition temperature of 

VO₂ to meet the needs of different application scenarios. Techniques such as elemental doping 

and strain engineering have been widely used to achieve this goal. By controlling these 

parameters, researchers can modulate the phase transition temperature to fit specific device 

requirements. 

 

This chapter provides an in-depth exploration and comparison of the various deposition 

techniques available for producing VO₂ thin films, such as atomic layer deposition (ALD). 

Additionally, it presents a detailed review of the main materials and optical characterisation 

techniques employed in this work, providing a foundation for the experimental and analytical 

approaches used in subsequent chapters. 
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2.1 Vanadium dioxide thin film deposition method 

There are various methods for the synthesis of VO₂, with different methods suited for different 

application areas. The common methods for VO₂ synthesis can be broadly classified into three 

categories based on the reaction type: 1. gas-phase reactions, such as atomic layer deposition 

(ALD), chemical vapour deposition (CVD), pulsed laser deposition (PLD), and sputtering. 2. 

liquid-phase reactions, such as the sol-gel method and the hydrothermal method. 3. solid-phase 

reactions, such as thermal reduction. 

 

In solid phase reactions, vanadium source materials (such as metallic vanadium or low-valence 

vanadium oxides) are annealed with an oxygen source at high temperatures, leading to the 

formation of VO₂ through a solid-state reaction. This method is typically used for the synthesis of 

VO₂ powders rather than VO₂ thin films [142, 143]. Liquid phase methods, such as the 

hydrothermal method, often require precise control of temperature and atmosphere, making 

large-scale production challenging [144, 145]. Most gas-phase methods, as well as some liquid 

phase methods, are widely used for the deposition of VO₂ thin films. This section will provide a 

detailed discussion of these methods, highlighting their respective advantages and 

disadvantages. 

2.1.1 Atomic layer deposition  

Atomic Layer Deposition (ALD) is an advanced thin-film deposition technique. It is commonly 

applied in depositing alumina (Al2O3) for CMOS and has also gained attention in the synthesis of 

VO2 films. Common precursors for vanadium include Tetrakis ethylmethyl amino vanadium 

(TEMAV) and Vanadium oxy-tri-isopropoxide (VTOP), with typical oxidising agents being H2O and 

O3 [146-148]. Unlike chemical vapour deposition (introduced later), as a self-limiting growth 

technique, ALD technique only introduces one precursor at a time [149] and thus is also referred 

as surface reaction with precursor only reacting with the surface groups. Figure 2.1 shows a 

schematic diagram of the ALD process using TEMAV as the vanadium precursor. This process 

starts with the TEMAV dosing, proceeds with the purging step, followed by the introduction of 

oxidising agents (ozone and deionised water), and a final purge step to remove any residual 

byproducts. 
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Figure 2.1. Schematic diagram of the atomic layer deposition (ALD) process cycles 

for VO2 film growth. 

 

The ALD procedure for VO2 typically consists of sequentially exposing the substrate to vanadium 

precursors and oxidising agents. This method ensures a controlled and uniform growth of VO2 

films. The benefit of ALD lies in its capacity to generate extremely thin films, which is significant 

for applications where precise control over thickness is necessary for the material’s phase 

transition features [150]. Another key advantage of ALD in VO2 film fabrication is the uniformity of 

the film across a large substrate area, which is often a challenge with other deposition techniques 

[151, 152]. This uniformity is critical in applications requiring consistent phase transition 

behaviour across the entire thin film.  However, one of the challenges in ALD of VO2 is the long 

formation time. 

 

In the ALD process, doping is achieved by alternating the introduction of a precursor and a doping 

agent within the deposition cycles. ALD offers significant flexibility in doping, which is a crucial 

aspect in modifying the intrinsic properties of VO2. Doping involves the specific elements in the 

VO2 structure, which allow for precise control and alter its phase transition characteristics. By 

precisely introducing dopants at certain concentrations during the atomic layer deposition (ALD) 

process, it is possible to adjust the electrical, optical, and thermal characteristics of VO2 to meet 

different application requirements [153]. 

 

One important instance is doping tungsten atoms into the VO2 lattice (W:VO2). This doping has 

been found to effectively reduce the phase transition temperature of VO2 closer to room 

temperature, which is particularly beneficial for applications in environments where temperature 

control is critical. This doping enhances the functionality of VO2, especially in memory 
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applications, which is important in minimising energy consumption [154]. The lower transition 

temperature can lead to lower operating temperatures, reducing the energy required for thermal 

management of the computing devices. 

 

In addition to altering the transition temperature, doping can also be used to control the 

hysteresis width of the VO2 phase transition. For example, the W-doped VO2 is reported to shrink 

the hysteresis, and the Al-doped VO2 is reported to broaden the hysteresis width [154, 155]. This 

is an important aspect in applications where varying responses to temperature changes are 

required, such as in smart energy-saving devices or ultrafast sensors [156, 157]. By adjusting the 

doping level, it is possible to deposit VO2 films with tailored hysteresis properties, optimising 

them for specific applications. 

 

The working principle of the ALD process is shown in Fig. 2.2. It involves the alternate exposure of 

the substrate to a vanadium precursor and oxidising agent, followed by respective purge steps. 

The thickness of the ALD films can be precisely controlled by changing the number of ALD cycles. 

Precise control of deposition parameters, such as temperature, precursor pulse time, and purge 

time, is essential to ensure the desired phase and properties of VO2. 

 

Figure 2.2. Schematic diagram of VO2 thin film formation using atomic layer 

deposition (ALD). The vanadium and oxidising precursors are TEMAV and H2O, 

respectively. The ALD process consists of four steps in a single cycle, from t1 to t4, 

where t1 is the TEMAV pulse stage, followed by the corresponding TEMAV purge step, 

t2. The H2O pulse stage is represented as t3, followed by the H2O purge stage (t4). 

From cycle 1 to cycle n, the VO2 thin film grows in cycles, starting from the bottom to 

the top. 
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Figure 2.3 shows the common trend of the ALD process with different step process durations, 

which also stands for precursor dosing and precursor purging. As a self-limiting process, the 

growth rate increases with precursor dosing time (t1) (e.g., TEMAV) and achieves saturation when 

sufficient precursor is applied to fully cover the surface (Fig. 2.3a). At the precursor purge step 

(Fig. 2.3b), the inertia gas is applied to remove extra precursor from the surface. With insufficient 

purging (t2), the growth rate is high as the extra precursor on the film would react with the other 

precursor, referred to as a CVD growth. With sufficient purging (t2), the growth rate decreases and 

reaches a stable rate. Similar independences are also on the other precursor (e.g., H2O) dosing 

(t3) (Fig. 2.3c) and purging (t4) (Fig. 2.3d). The saturation and stabilisation time are referred to as 

‘threshold’. Here, it is worth mentioning that the four steps have cross-interactions. For example, 

the deficiency of one precursor dosing can affect the sufficiency of purging and in turn affect the 

saturation point of the dosage of another precursor.  

 

Figure 2.3. Schematic diagram of VO2 growth rate against (a) Pulse of vanadium 

precursor. (b) Purge of vanadium precursor. (c) Pulse of oxidising precursor. And (d) 

Purge of oxidising precursor in a single ALD cycle. Note that all lines are indicative of 

trends only. 
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Understanding the principle of these trends is important in developing and optimising the ALD 

process. The objective is to determine the ‘threshold’ point for each stage. For instance, 

continuously feeding the vanadium precursor beyond its growth rate limit not only increases the 

deposition time but also leads to waste of precursor. This principle holds true for other steps in 

the process as well. 

2.1.2 Chemical vapor deposition  

Chemical Vapor Deposition (CVD) is another widely used technique to fabricate thin film, 

including VO2 thin film. Unlike ALD with its self-limiting and sequential reaction steps, CVD is a 

continuous process that generally results in thicker films and is widely utilised for its operational 

simplicity and scalability.  

 

During the CVD process, the substrate is exposed to one or more volatile precursors, which react 

on the substrate surface and produce the desired thin film. For the deposition of VO2 films, 

precursors such as vanadyl (V) triisopropoxide (VO(OC3H7)3) and Vanadyl acetylacetonate 

(VO(acac)2) can be used [158, 159]. The reaction is often excited by applying heat, which led the 

decomposition of precursors and the subsequent formation of the VO2 layer. 

 

The growth rate of films in a CVD process is influenced by a number of factors, including the 

concentration of precursors [160], reaction temperature [158], and the flow rate of gases in the 

reaction chamber [161]. The schematic diagram of CVD process for VO2 growth is shown in Fig. 

2.4. Unlike ALD, where the film formation is per cycle and in atomic-scale which can be precisely 

controlled, CVD growth is continuous and often requires real-time monitoring and adjustment to 

maintain the desired film characteristics. 
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Figure 2.4. Schematic diagram illustrating the Chemical Vapor Deposition (CVD) 

process for the growth of VO2. The setup includes gas inlets for the vanadium 

precursor and oxygen source, a reaction chamber with a substrate holder, and a gas 

outlet for evacuating byproducts.  

 

One advantage of CVD is that it is a non-line-of-sight process with good throwing power, which 

makes it able to coat films on large substrates with complex shapes. The low toxicity, explosivity 

and inflammability also make it suitable for industrial-scale fabrication [162]. Nevertheless, the 

challenge of achieving ultra-thin film is a notable problem in CVD, particularly when compared to 

ALD. Furthermore, CVD often requires higher temperatures, which can influence the crystallinity 

of the VO2 films. Precisely controlling these conditions is important for ensuring the functional 

properties of the VO2, especially its phase transition behaviour. 

 

2.1.3 Sputtering 

Sputtering is a physical vapour deposition (PVD) method, it involves the erosion of a target 

material, which is then deposited onto a substrate to form a thin film. This process is driven by 

the bombardment of the target with high-energy particles, typically ions of an inert gas like argon 

[163]. The schematic diagram of a reactive magnetron sputtering system is shown in Fig. 2.5 [164]. 

 

In the deposition of VO2 films through the sputtering process, the target material and chamber 

atmosphere are important. One instance is employing a V2O5 target, without the use of plasma. 

The inert gas in the vacuum chamber is ionised and accelerated towards the V2O5 target. Upon 

impact, the energy transfer causes atoms from the target to be ejected and subsequently 

deposited on the substrate, forming the VO2 film [165]. The growth rate of the film during 

sputtering is influenced by the power applied to the target [166], the pressure of the chamber 

[167], and the distance between the target and the substrate [168]. 
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Figure 2.5. Schematic diagram of the reactive magnetron sputtering system, 

illustrating the key components [164]: (1) Substrate, where the thin film is deposited. 

(2) Magnetron Sources, responsible for the sputtering of target material. (3) Quartz 

Microbalance, for measuring thin film thickness in real time. (4) Resistive Heater, to 

control the substrate temperature. (5) Gas Supply, for introducing reactive gases into 

the chamber. (6) Rotating Controller, to adjust the substrate position. (7) Small Angle 

Valves, for precise control of gas flow. (8) Turbo Pump, for achieving high vacuum 

levels. (9) Rotary Pump, for initial chamber evacuation; (10) Frequency Meter, to 

monitor the oscillation frequency of the quartz microbalance. (11) Slide Valve, for 

isolating the vacuum pumps. Copyright of IOP Publishing. 

 

Sputtering offers several advantages. It can generate a high-energy flow that exhibits high surface 

mobility, allowing the formation of smooth, dense, and continuous films with more ease. 

Additionally, sputtering allows for the deposition of films at lower temperatures compared to CVD, 

which is beneficial for substrates that are sensitive to high temperatures. The uniformity of the 

VO2 film is another significant consideration. Sputtering is known for providing excellent 

uniformity across the substrate, which is crucial for applications requiring consistent 

performance, such as energy-efficient window fabrication [169]. However, sputtering cannot 

offer exceptional control over film thickness especially for the very thin films, which may not be 

suitable for applications that rely on the film thickness. 

2.1.4 Pulsed laser deposition 

Pulsed Laser Deposition (PLD) is a physical vapour deposition (PVD) process characterised by its 

fast deposition rate, contamination-free environment, high crystalline quality, and smooth film 

surfaces. Compared to other thin-film deposition techniques, PLD offers several advantages, 
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such as flexibility in target size and composition (which can be either solid or liquid), making it a 

versatile method for synthesising VO₂ thin films. A schematic diagram of a typical PLD system is 

shown in Fig.  2.6 [170]. 

 

During deposition, a pulsed laser emits a high-energy beam onto the target material, causing the 

target to evaporate in a vacuum chamber filled with an inert (argon) or reactive (oxygen) 

atmosphere. The evaporated species then deposit on the substrate, forming the desired thin film. 

The target material is typically vanadium (V), VO₂, or V₂O₅, and by adjusting the oxygen partial 

pressure, vanadium oxide films with different oxygen contents can be deposited [171]. 

 

Since the laser energy is directly focused on the target surface, PLD enables precise control over 

the growth orientation and chemical composition of the thin film. This feature is especially useful 

for synthesising thin films with complex compositions. Because the laser-induced evaporation 

occurs within a nanosecond to femtosecond range, PLD effectively avoids decomposition or 

compositional deviation that may occur during prolonged heating, allowing the stoichiometry of 

the target material to be well preserved in the film [172]. 

 

However, PLD also has notable limitations. Due to the localised nature of the laser beam, 

compositional uniformity can only be maintained within a small area, making it challenging to 

achieve large-area uniform deposition. As a result, PLD is primarily suitable for the preparation of 

small-area samples rather than large-scale production. 
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Figure 2.6. Schematic diagram of a classic pulse laser deposition system. 

 

2.1.5 Molecular beam epitaxy 

Molecular Beam Epitaxy (MBE) is one of the most suitable techniques for growing ultra-thin VO₂ 

films, as it allows for atomic-level control of film thickness and composition with high 

reproducibility. Recently, Alyson et al. deposited a 12 nm ultra-thin VO₂ film on TiO₂ and Al₂O₃ 

substrates using MBE and observed a two-orders-of-magnitude resistivity transition [173]. 

 

To overcome the inherent limitations of high deposition temperatures associated with MBE, Liu 

et al. utilised reactive magnetron sputtering to reduce the growth temperature to 450°C, 

successfully producing stoichiometric epitaxial VO₂ thin films. This approach achieved a three-

orders-of-magnitude resistivity change, significantly lowering the cost associated with the MBE 

method for VO₂ thin-film synthesis [174]. 

 

However, due to its extremely low deposition rate, MBE is generally only suitable for small-scale 

experimental growth rather than large-scale production. While some studies have reported low-

temperature growth of VO₂ films at around 400°C, these efforts mostly involve the fabrication of 

ultra-thin films (~10 nm) [28]. For thicker films, most MBE based VO₂ growth still requires high-

temperature conditions to ensure precise atomic deposition [175]. These challenges make it 

difficult for MBE to be compatible with modern CMOS manufacturing processes. 

 

2.1.6 Sol-Gel Method 

The sol-gel method is one of the earliest chemical wet-chemical techniques proposed for the 

synthesis of VO₂ thin films [176]. The main advantage of the sol-gel method lies in its low cost and 

suitability for large-area thin-film fabrication. By adjusting parameters such as precursor 

concentration, annealing temperature, and annealing time, the phase composition and thickness 

of VO₂ films can be effectively controlled. The sol-gel process typically involves three stages: sol 

preparation, gel formation, and post-annealing to achieve the crystallisation of VO₂. 
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During the sol preparation stage, a vanadium-containing precursor (most commonly tetravalent 

vanadium alkoxide) is dissolved in a solvent [177]. By controlling the concentration of the 

precursor solution and the chemical reaction conditions, a stable VO₂ sol is formed. The sol is 

then uniformly coated onto the substrate surface, and after drying to remove the solvent, it 

transitions to a gel state. Following gel formation, the film is subjected to high-temperature 

annealing in an inert gas environment to form a crystalline VO₂ thin film. 

 

Traditional sol-gel preparation of VO₂ thin films typically relies on high-temperature post-

treatment (~600°C) [178, 179]. To address this limitation, Basso et al. recently introduced laser 

annealing, significantly reducing the thermal impact on the substrate compared to conventional 

high-temperature annealing. However, laser annealing presents certain unavoidable challenges, 

such as limited treatment area and poor film uniformity [180]. 

 

2.1.7 Discussion of VO2 thin film synthesis method 

The fabrication methods for VO₂ thin films have their respective advantages and limitations, 

making them suitable for different application needs. Table 2.1 summarises the constraints of 

various fabrication methods in terms of key parameters such as deposition temperature, 

conformality, and uniformity. 

 

For high-temperature gas-phase deposition processes, CVD and sputtering offer high deposition 

uniformity but only moderate conformality. Additionally, CVD faces certain challenges in 

controlling the thickness of the thin film. PLD operates at moderate temperatures and allows for 

precise stoichiometric control, but its film uniformity and conformality are relatively poor, making 

it more suitable for experimental studies of small-area, high-purity films. MBE provides high 

uniformity but low conformality and slow deposition rates. Moreover, due to crystal matching 

requirements, MBE is limited to deposition on crystalline substrates and cannot be used on 

amorphous substrates. This makes MBE great for producing ultra-thin, high-quality films, but its 

slow growth rate and substrate restrictions hinder its use in large-scale production. 

 

The sol-gel method, a liquid-phase synthesis technique, is widely adopted due to its low cost and 

suitability for large-area thin-film fabrication. However, the uniformity of sol-gel-derived films is 
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relatively poor, and shrinkage during the drying process often affects the film’s reliability and 

durability. 

 

Among these methods, ALD stands out as a low-temperature gas-phase deposition process 

(150–200°C) that is compatible with modern CMOS processes. It is especially advantageous for 

thermally sensitive substrates, offering high film uniformity and excellent conformality. ALD is 

particularly suitable for applications requiring the deposition of uniform, conformal thin films 

(e.g., uniform conformal deposition on waveguides in Chapter 4) as well as for the deposition of 

thin films on low thermal budget flexible substrates presented in Chapter 3. 

 

Table 2.1. Summary of the preparation methods of VO2 thin films. 

Reaction 

environment 

Method Temperature 

(oC) 

Uniformity Conformalit

y 

Other Cons 

 ALD ~ 175 High High Relative low 

deposition speed 

 CVD ~ 700 High Moderate Difficult to achieve 

thin film 

Gas phase 

synthesis 

Sputterin

g 

~ 700 High Low Thickness control 

 PLD ~ 500 Low Low Small scale 

deposition 

 MBE > 500 High Low Low speed, critical 

requirement in the 

underneath layer 

Solution phase 

synthesis 

Sol-gel ~ 600 Low High Shrinkage upon 

drying    

 

2.2 Annealing treatments in atomic layer deposition 

Among the various ALD precursors that have been developed for VO2, tetrakis(ethylmethylamino) 

vanadium (TEMAV) has been increasingly used since it is a liquid precursor and the synthesised 

films mainly consist of +4 valency, leading to the growth of pure phase VO2. Using this precursor, 
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the maximum deposition temperatures for VO2 have been reported to be up to 200°C without 

triggering precursor decomposition [30, 154].  

 

Given that VO2 films deposited at temperatures below 200°C remain amorphous and 

consequently do not exhibit insulator-to-metal transition (IMT) behaviour, the introduction of a 

post-annealing process becomes essential [181-183]. The post annealing process serves two 

main proposes: Transformation from amorphous to crystalline VO2; Formation of correct 

stoichiometry as VO2. Figure 2.7 illustrates the schematic representation of the initial amorphous 

state before annealing and the crystalline state achieved post-annealing. This schematic clarifies 

the structural transformation that VO2 undergoes during the post-annealing process. 

 

Figure 2.7. Schematic diagram of the VO2 thin film in its amorphous state (before 

annealing) and its crystalline state (after the annealing process), where the blue and 

red bubbles represent vanadium and oxygen atoms, respectively. 

 

Previous works have reported that the precise formation of the desired VO2 phase during the 

annealing was dependent on the synergistic impact between the oxygen partial pressure, anneal 

temperature, and annealing duration in the annealing furnace [184-189]. Table 2.2 presents a 

summary of annealing conditions that have been designed for the ALD process in recent years. 

From Table 2.2, there is a trend where higher annealing temperatures are often paired with lower 

oxygen partial pressures. For instance, Marko et al. and Prasadam et al. used relatively high 

temperatures (660-670°C and 550-700°C, respectively) with low oxygen partial pressures (10−5 to 

10−4 Torr and 8 × 10−6 Torr, respectively). This indicates that at higher temperatures, the formation 

of VO2 phase requires less oxygen due to increased reaction rates or more efficient oxygen 

incorporation into the film. For higher oxygen partial pressure and longer duration, such as 
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studies by Sun et al. and Bai et al., requires lower annealing temperature. The higher oxygen 

partial pressure and longer duration could be attributed to compensate for the reduced reaction 

at lower temperatures. The insight of the annealing processes described here are applied in 

Chapter 3 to get the high quality and low temperature VO2. 

 
Table 2.2. Summary of annealing conditions in recent research works. 

Author precursor Anneal 
Temperature 
(oC) 

Oxygen partial 
pressure (Torr) 

Anneal 
duration 
(hour) 

Year Ref 

Kozen et 
al. 

TEMAV+O3 585 1 × 10–5 2 2017 [190] 

Park et al. TEMAV+H2O 480 ∼0.008 1 2017 [191] 
Lv et al. TDMAV+H2O 475 N/A 1.5 2017 [192] 
Tadjer et 
al. 

TEMAV+O3 660 and 670 10−5 to 10−4 1 and 2 2017 [193] 

Currie et 
al. 

TEMAV+O3 560 8 × 10−7 to 5 × 10−6 2 2018 [187] 

Prasadam 
et al. 

VTOP+H2O 
 

550 and 700 
 

8 × 10−6 4 2019 [146] 

Bai et al. TEMAV+H2O 450 and 500 0.06 to 1.13 2 and 0.5 2020 [194] 
Li et al. VO(OC3H7)3+H2O 

 
500 113 2 2020 [195] 

Ganesan 
et al. 

VCl4 +H2O 550 ∼0.01 1 2021 [29] 

Muller et 
al. 

TEMAV+H2O 450 0.1 0.5 2021 [156] 

Sun et al. TEMAV+H2O 375 1 2 2022 [154] 
Boyce et 
al. 

TEMAV+O3 400 3 × 10–5 1 2022 [196] 

Baji et al.  TEMAV+H2O 500 ∼210 3 to 6 2023 [30] 
  

Meanwhile, most annealing temperatures typically require temperatures above 400°C to 

optimise the VO2 crystal quality and to obtain its phase transition characteristics effectively. 

However, such high temperatures make it incompatible with integration with CMOS devices, 

which restricts the thermal budget after the first aluminium alloy metal layer deposition. 

Furthermore, the use of VO2 on flexible substrates such as DuPont Kapton, which is popular in 

wearable electronics due to its durability and mechanical flexibility, requires an even more 

conservative annealing temperature [197, 198]. Exceeding the thermal tolerance could 

compromise their structural integrity and limit their functional performance which presents a 

critical limitation to their application. The thermal budgets of various substrates, including silicon, 

neuromorphic chips, and flexible polyimide are schematically shown in Fig. 2.8, highlighting the 

substantial limitations that must be considered when integrating VO2 with other fabrication 
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processes. Therefore, addressing this challenge will be critical in fully exploiting the properties of 

VO2 in the next generation of electronic devices. 

 

Figure 2.8. Schematic diagram of the temperature tolerance of different materials: (a) 

Si substrate (1400°C), (b) Si-based neuromorphic chip (400°C) and (c) flexible 

polyimide (Kapton, 350°C) film are compared here. 

 

2.3 VO2 characterisation technology 

In this subsection, common characterisation techniques are introduced for VO2 investigation, 

including Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), ellipsometer and 

Fourier transformation infrared spectroscopy (FTIR). All these described techniques are used in 

the next chapter for VO2 material and optical characterisation. 

2.3.1 Raman Spectroscopy 

Raman spectroscopy is a common tool used in material science to investigate vibrational 

information about the symmetry of molecules. When monochromatic light, typically a laser beam 

denoted by v0, interacts with the electron cloud of a sample, it induces scattering processes. 

These processes, as illustrated in Fig. 2.9, can be categorised into three cases based on the 

frequency of the emitted light. If the emitted light retains the same frequency as the incident light, 

the process is termed elastic scattering, or a Rayleigh process, which is the most probable 

scenario [199]. Conversely, when the emitted light frequency is lower (v0>v), the process is 

identified as inelastic scattering, known as Stokes-Raman scattering. If the emitted light 

frequency is higher (v0<v), it represents another form of inelastic scattering, referred to as anti-
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Stokes Raman scattering. The frequency shift of the emitted light, or the Raman shift, is 

quantified in wavenumbers (cm−1), a unit of inverse length. The Raman spectrum is constructed 

by plotting the intensity of light measured against the Raman shift. 

 

Figure 2.9. Schematic diagram of various scattering mechanisms triggered by the 

interaction of incident light with a sample. 

 

The peaks of Raman spectra are highly sensitive to the structure and stress of the crystal, which 

makes Raman spectroscopy one of the most utilised tools for characterising VO2 films. At room 

temperature, VO2 exhibits distinct Raman spectral lines in the range of 100-1000 cm-1. The 

reference Raman spectrum of commonly produced monoclinic VO2 (M1) is shown in Fig. 2.10, it 

is associated with 18 Raman-active vibrations, including 9 Ag (symmetric) and 9 Bg (asymmetric) 

modes, the Ag mode means symmetric vibrations of atoms along the symmetry axis of the crystal, 

whereas the Bg mode involves antisymmetric vibrations [200, 201]. Recent polarised Raman 

measurements on epitaxial VO2 (M1) films have determined the symmetry of all experimentally 

observed Raman modes [202]. Ag phonons have been identified at 137, 194, 224, 310, 340, 393, 

499, 612, and 663 cm-1, while Bg phonons are located at 143, 224, 262, 393, 442, 484, 582, and 

820 cm-1. Notably, the red dash lines located at 194 cm-1, 224 cm-1 and 612 cm-1 represent the 

highest intensity of VO2 (M1) Raman scattering peaks [154]. This detailed understanding of 

Raman spectra in VO2 greatly enhances the knowledge about its structural properties and phase 

transition behaviour. 
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Figure 2.10. Raman spectra of VO2 reference was measured at the room, utilising a 

532 nm laser with 1 mW output power. The highest intensity of VO2 (M1) Raman 

scattering peaks, marked by red dash lines, are located at 194 cm-1, 224 cm-1, and 

612 cm-1. These well-defined peaks include the characteristic Ag peaks of the V-V 

vibrations at 194 cm-1 and 224 cm-1, as well as the V-O Ag vibrational peak at 612 cm-

1, highlighting key aspects of VO2 molecular structure. 

 

A lot of information on the properties of a VO2 thin film can be obtained from its Raman spectrum. 

By comparing its Raman spectrum against the standard spectrum, we can identify the phase 

composition of VO2. 

 

2.3.2 X-ray Photoelectron Spectroscopy  

XPS uses X-ray beams to excite photoelectrons on the solid surface and measure the energy and 

number of electrons that escape from the top 10 nm of the material surface [203]. It measures 

the kinetic energy of the photoelectrons to ascertain their binding energies, which in turn 

generate distinctive spectral lines. The spectra produced offer peaks that correspond to specific 

elements and enable the distinction among various oxidation states or chemical bonds, thereby 

providing an understanding of surface chemistry. 

 

As shown in Fig. 2.11, there are a variety of stable vanadium oxides with non +4 valence in the 

area close to VO2 in the V-O phase diagram. Therefore, it is of great significance to detect the 

valence state of V when researching growing high quality VO2 films. Among various valence state 
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detection methods, X-ray Photoelectron Spectroscopy is an easy to obtain and reliable method 

for thin film samples.  

 

Figure 2.11. Phase diagram of vanadium oxide (VOx) for x ranging from 1 to 2.5, across 

various deposition temperatures [204]. Copyright of American Physical Society. 

 

2.3.3 Fourier Transform Infrared Spectroscopy  

Fourier Transform Infrared Spectroscopy (FTIR) is a commonly used non-destructive technique 

for identifying the chemical composition of solid, liquid, or gas from their chemical bonding by 

the spectrum of absorption. Unlike other techniques, scanning wavelength one by one using 

monochromic light, FTIR offers wavelength spectra converted from a broad frequency source and 

duration measurement. Here, FTIR is an effective tool to get transmission or reflection spectra of 

a sample in the near-infrared and infrared. This technique is especially effective for studying VO2, 

as it exhibits significant optical contrasts between insulating and metallic phases in the NIR and 

IR ranges [205, 206].  In the FTIR setup, the beam splitter is essential as any material has a limited 

range of optical transmittance. Thus, several beam splitters may be used interchangeably to 

cover a wide spectral range.  Here, KBr beam splitters are highly effective across a wide spectral 

range, especially suitable for the mid-IR range, making them a popular choice for general 

applications [207]. On the other hand, CaF2 beam splitters offer excellent transmission in the NIR 

but the transmission cuts off at about 8 μm [208]. 

 

2.3.4  Ellipsometry 

Ellipsometry is a technique based on the analysis of changes in the polarisation of light, used to 

characterise the optical properties and thickness of materials. By measuring the amplitude ratio 
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(Ψ) and phase difference (Δ) of the reflected light's p-polarised and s-polarised components and 

combining this with Fresnel reflection coefficients, the complex refractive index (n+ik) and the 

thin-film thickness can be extracted [209]. The relationship between Ψ and the reflection 

coefficients is defined as: 

 

tan Ψ =
|𝑅𝑝|

|𝑅𝑠|
(2.1) 

where |𝑅𝑝|  and |𝑅𝑠|  represent the amplitude of the reflected p-polarised and s-polarised light, 

respectively. This formula only involves relative changes in the reflected light, making the 

measurement robust against variations in the light source intensity. 

 

To extract the optical constants (n,k) and thickness (d) of VO₂ films from ellipsometry data, 

experimental results are typically fitted to physical models. Commonly used optical models 

include the Tauc-Lorentz model, the Drude-Lorentz model, and the Effective Medium 

Approximation (EMA). The choice of the model depends on the phase and transition state of VO₂. 

 

In the monoclinic phase (insulating state) of VO₂, the Tauc-Lorentz model is typically employed 

[210]. This model combines the Tauc bandgap model and the Lorentz oscillator model to describe 

the optical response of semiconductors and dielectric materials with bandgaps. The Tauc 

component characterises the absorption edge, while the Lorentz oscillators describe the optical 

absorption and resonances in the higher energy regions. This approach effectively captures the 

optical absorption edge, valence-to-conduction band transitions, and the dispersion of optical 

constants in the insulating phase. In the rutile phase (metallic state), VO₂ exhibits behaviour 

characteristic of metals. The Drude-Lorentz model is commonly applied to describe its optical 

response in this state [91]. The Drude model accounts for free carrier behaviour, which dominates 

the low-frequency response and is responsible for the high reflectivity observed in the infrared 

region. The Lorentz oscillators, on the other hand, describe high-frequency optical excitations, 

particularly in the visible and ultraviolet regions. The combination of these models provides a 

comprehensive description of the optical properties of VO₂ in its metallic state, including both 

low-frequency free carrier effects and high-frequency interband transitions. 
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During the metal-insulator transition (MIT), VO₂ films may exhibit a coexistence of metallic and 

insulating phases. In such cases, the Effective Medium Approximation (EMA) model is used to 

characterise the optical properties of VO₂ [211]. The EMA model treats the VO₂ film as a 

composite material, consisting of metallic and insulating phases. The relative volume fraction of 

the metallic phase, known as the "filling factor," is adjusted to fit the experimental data. The filling 

factor represents the fraction of the metallic phase, and the overall optical response is modelled 

as a weighted average of the optical constants of the two phases. This model is particularly 

effective in describing the optical behaviour of VO₂ during its phase transition, capturing the 

mixed-state characteristics. 

 

For data analysis, the CompleteEASE software is employed to process the ellipsometry 

measurements. This software includes a comprehensive library of optical constants for various 

materials, including metals, dielectrics, and semiconductors. Users can customise models by 

incorporating Tauc-Lorentz oscillators, Drude-Lorentz components, and EMA approximations, 

allowing flexible and accurate fitting of VO₂'s optical data .  

 

In this work, the primary focus was on evaluating the effects of annealing on the optical properties 

of VO₂. As such, the analysis prioritised the relative changes in n and k rather than their absolute 

values, providing insights into how annealing conditions influence VO₂'s optical characteristics. 

 

2.4 Silicon waveguide and microring resonator 

2.4.1 Silicon waveguide 

Silicon is a versatile semiconductor material that can act as both a conductor and an insulator 

by controlling the activation and concentration of carriers during the doping process. This 

property makes silicon a great material for constructing memory chips and other electronic 

devices. Furthermore, as the second most abundant element in the Earth's crust, silicon is cost-

effective and suitable for large-scale production. 

 

From an optical perspective, silicon exhibits a high refractive index of 3.47 at 1550 nm [212], and 

it is transparent to light in the 1.1 µm to 8 µm wavelength range, covering both the SWIR and parts 
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of the MWIR spectrum, which covered the main target wavelengths in this study [213]. 

Additionally, for an input wavelength of 1.55 µm, silicon rib waveguides exhibit an average 

propagation loss of approximately 3.34 dB/cm for the commonly used TE mode. For the small-

scale devices used in this study (on the order of tens of micrometres), this loss is negligible [214]. 

(a) Waveguide structure and mode analysis 

A waveguide is a structure designed to guide optical waves along a specific path while minimising 

loss. At the 1550 nm wavelength, common waveguide structures include strip waveguides and 

rib waveguides. In this study, the rib waveguide was selected due to its superior properties, 

particularly for use in microring resonators. The rib waveguide features a flat slab at the base of 

the waveguide, in contrast to the fully etched structure of strip waveguides. By selecting a smaller 

slab thickness, the cutoff width for higher-order modes (e.g., TE₁, TM₁) is significantly reduced, 

ensuring that the waveguide supports only the fundamental mode over the designed size range 

[215]. 

 

Depending on the polarisation direction of the propagating light, the modes in a waveguide can 

be classified as: a) Transverse Electric (TE) Mode: The electric field vector (E) is perpendicular to 

the direction of propagation, while the magnetic field (H) has both longitudinal and transverse 

components. b) Transverse Magnetic (TM) Mode: The magnetic field vector (H) is perpendicular 

to the propagation direction, while the electric field (E) has both longitudinal and transverse 

components. c) Transverse Electromagnetic (TEM) Mode: Both the electric (E) and magnetic (H) 

vectors are perpendicular to the propagation direction, but this mode requires a closed-loop path 

for the magnetic field lines. 

 

In rectangular or rib waveguides, the magnetic field lines cannot form a closed loop, making it 

impossible for the TEM mode to propagate in these waveguide structures. Therefore, in this work, 

only the TE and TM modes are considered. For practical applications, the TE mode is most 

commonly used in photonic devices, as it can be more easily confined in the waveguide and 

supports a more stable mode profile. 

(b) Effect of waveguide dimensions on the mode 

The dimensions of a waveguide determine the types of modes it supports. Most waveguides 

support two independent polarisation modes: quasi-TM mode, where the primary magnetic field 
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component is along the transverse (horizontal) direction, and quasi-TE mode, where the primary 

electric field component is along the transverse direction. To avoid mode interference or the 

instability caused by higher-order modes, such as unpredictable free spectral range (FSR) shifts 

in microring resonators, it is generally preferred to operate the waveguide in a single-mode regime 

for each polarisation. This is achieved by modulating the waveguide dimensions to ensure that 

all higher-order modes become radiation modes, meaning they cannot propagate inside the 

waveguide. 

 

The effective refractive index (Neff) represents the equivalent refractive index of an optical mode 

within a waveguide. A higher Neff typically indicates stronger confinement of the optical field, 

which reduces boundary leakage loss. Figure 2.12 illustrates the relationship between the rib 

waveguide width and the Neff for a waveguide with a height of 220 nm, which is a standard 

thickness for silicon-on-insulator (SOI) wafers. It can be observed that when the waveguide width 

is 500 nm, only the fundamental TE mode is supported, while higher-order modes are cut off. 

 

This design choice serves two key purposes. First, it achieves a higher effective refractive index, 

which enhances optical confinement and reduces propagation loss by limiting boundary leakage. 

Second, it ensures single-mode propagation, avoiding the interference and unpredictability 

caused by the presence of multiple modes. This is particularly important in photonic integrated 

circuits (PICs), where stable and predictable optical paths are essential for reliable operation.  

 

Figure 2.12. Effective refractive index (Neff) as a function of rib waveguide width for a 

silicon-on-insulator (SOI) rib waveguide with a height of 220 nm. The plot shows the 

fundamental TE0 and TM0 modes, as well as higher-order modes (TE1, TM1). The 

dashed line indicates the cutoff width for higher-order modes, ensuring single-mode 



68 

 

propagation. Insets illustrate the electric field distributions of the corresponding 

modes. At a waveguide width of 500 nm, the waveguide supports only the 

fundamental TE mode, making it suitable for applications requiring low loss and high 

mode confinement. 

 

2.4.2 Silicon microring resonator 

The primary device discusses in later section 4.4 is the add-drop microring resonator (MRR), 

which consists of two straight waveguides and a circular ring-shaped waveguide. The schematic 

diagram of this structure is shown in Fig. 2.13.  

 

Figure 2.13. Schematic of an Add-Drop optical ring resonator configuration [216]. Copyright of 

Wiley. 

 

In this structure, r represents the self-coupling coefficient, which indicates the proportion of light 

that remains in the same path, while k represents the cross-coupling coefficient, which indicates 

the proportion of light transferred to the other path. The coupling coefficients are influenced by 

the coupling gap between the ring and the straight waveguide. A larger coupling gap increases r 

and decreases k, while a smaller coupling gap increases k and decreases r. Under the 

assumption of lossless coupling, the relationship between the two coefficients is governed by the 

following equation: 

𝑟2 +  𝑘2  =  1 (2.2) 

When the following resonance condition is satisfied, a portion of the light from the input port is 

coupled into the ring waveguide, where it undergoes interference [216]: 

2𝜋𝑅𝑁𝑒𝑓𝑓 = 𝑚𝜆𝑟𝑒𝑠 (2.3) 
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Here, neff is the effective refractive index of the propagating mode, λres is the resonant wavelength, 

and m is the mode number of the resonance. From Equation 2.8, it is clear that a change in neff 

will directly influence λres. 

 

Figure 2.14 illustrates some of the key parameters used to evaluate the output spectrum of an 

MRR. One critical parameter is the full width at half maximum (FWHM), which represents the 

width of the resonance peak at half of its maximum intensity. FWHM is inversely proportional to 

the quality factor (Q) of the resonator (Equation 2.7). A narrower FWHM corresponds to a higher 

Q-factor, indicating sharper resonance and higher selectivity for specific wavelengths. 

 

The pass band refers to the portion of light that couples into the MRR output port under non-

resonant conditions. Since the MRR cannot completely suppress wavelengths outside of the 

resonance conditions, some of the non-resonant light can bypass the ring and enter the output 

port. Another essential performance metric is the insertion loss (IL), which represents the total 

power loss experienced by the light as it passes through the MRR. The loss is caused by a 

combination of round-trip loss, bending loss, and coupling efficiency. The insertion loss is 

calculated as: 

𝐼𝐿(𝑑𝐵) = −10𝑙𝑜𝑔10 (
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
) (2.4) 

where Pout is the output power and Pin is the input power. 

 

Table 2.3 summarises the key characteristics of round-trip loss and bending loss, as well as their 

influence on the overall performance of the MRR. Reducing bending loss is particularly important 

in compact devices, as the tighter bending radius increases the likelihood of radiation loss. 

Similarly, waveguide roughness and fabrication imperfections contribute to the additional loss, 

which affects the overall insertion loss of the system. 

 

Table 2.3. Comparison of characteristics between round-trip loss and bending loss in a microring 
resonator. 

Characteristic Round-Trip Loss Bending Loss 
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Mechanism of 

Influence 

Total loss during each round trip Mode leakage caused by 

waveguide bending 

Effect on Spectrum Reduced resonance peak intensity Reduced resonance peak 

intensity 

Relation to Size Proportional to ring diameter Inversely proportional to 

ring diameter 

Extreme Case Result Weak resonance traces may still be 

seen in the remaining spectrum 

The spectrum becomes flat 

and the resonance 

characteristics are 

completely lost 

 

 

 

Figure 2.14. Depiction of MRR key parameters. 

 

The Free Spectral Range (FSR) describes the spacing between adjacent resonance frequencies 

in a MRR. The FSR is a critical parameter that determines the number of channels that can be 

accommodated within a specific wavelength range. The mathematical expression for FSR is given 

as [216]: 

FSR =
𝜆2

𝑛𝑔𝐿
(2.5) 
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Where λ is the wavelength of the propagating light. L is the optical path length, which is typically 

related to the circumference of the ring, ng is the group index, which is related to the effective 

refractive index (neff) and its variation with respect to wavelength, as given by: 

𝑛𝑔 = 𝑛eff − 𝜆0

𝑑𝑛eff

𝑑𝜆
(2.6) 

From the above equation, it is clear that FSR is primarily affected by nₑff and the ring radius. If Neff 

remains constant, a larger ring radius (which increases the optical path L) leads to a smaller FSR, 

allowing more optical channels to be accommodated within a given wavelength range.  

 

The Quality Factor (Q-Factor) is another crucial parameter used to evaluate the performance of 

an optical resonator. It indicates the amount of energy loss per cycle of oscillation. A higher Q-

factor signifies lower energy loss and thus a more efficient resonator. For an add-drop microring 

resonator, the Q-factor is calculated as [216]: 

Q-factor =
𝜋𝑛𝑔𝐿√𝑟1𝑟2𝑎

𝜆res (1 − 𝑟1𝑟2𝑎)
=

𝜆𝑟𝑒𝑠

𝐹𝑊𝐻𝑀
(2.7) 

where α is the single-pass amplitude transmission coefficient, which accounts for propagation 

loss in the ring and coupling losses. r1 and r2 are the self-coupling coefficients of the two bus 

waveguides connected to the ring. L is the optical path length. 

 

From the Q-factor formula, it is clear that a larger ring radius results in a higher Q-factor. This is 

because a larger radius increases the optical path length L, which allows the light to circulate 

longer before being coupled out, reducing the energy loss per cycle. Additionally, higher values of 

r₁, r₂ also lead to a higher Q-factor. As a result, the Q-factor can be controlled by optimising the 

design of the ring radius and the coupling coefficients within the ring. 

 

In a microring resonator, there are three primary coupling regimes used to describe the coupling 

efficiency between the input waveguide and the ring waveguide: overcoupling, critical coupling, 

and undercoupling, as shown in Fig. 2.15. These regimes are determined by the gap distance (d) 

between the input waveguide and the ring waveguide, which controls the fraction of light coupled 

into the ring. For a given ring waveguide structure, there exists a critical gap dcrit at which the 

transmission at the resonance wavelength approaches zero. This means that at resonance, most 
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of the input light is coupled into the ring, while at non-resonant wavelengths, most of the input 

light remains in the through port, resulting in a transmission close to 1. 

 

In the case of over-coupling and under-coupling, the intensity of the resonance trough is not as 

deep as the critical coupling point. When the coupling gap is smaller than the critical gap, the ring 

resonator is in an over-coupling state, the passband is wide, and at the non-resonant wavelength, 

a portion of the light is still coupled into the micro-ring, resulting in a transmission value of the 

output port at the non-resonant wavelength less than 1. On the contrary, when the coupling gap 

is larger than the critical gap, the ring resonator is in an under-coupling state. At this time, the 

passband is narrow, but the light at the resonant wavelength is not fully coupled into the ring 

resonator, resulting in a decrease in the power intensity of the circulating light in the ring. 

 

Figure 2.15. Three different coupling regimes and respective spectrum behaviour 

around the resonance wavelength [217]. Copyright of Optica Publishing Group. 

 

2.5 Conclusion to Chapter 2 

Vanadium dioxide exhibits a first-order solid-solid insulator-to-metal transition (IMT) near 68°C. 

This transition is governed by the Gibbs free energy landscape of the system, requiring either 

external energy input or an energetically favourable transformation where the final state 

possesses lower free energy. The sharp, reversible changes in electrical and optical properties 

accompanying this transition make VO₂ highly attractive for optical memory application. 
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However, the practical realisation of high-quality VO₂(M1) is complicated by vanadium’s ability to 

exist in multiple stable oxidation states, with a natural tendency to form V₂O₅ under ambient 

conditions. This makes precise control over both stoichiometry and crystalline phase formation 

critical, especially when targeting the monoclinic VO₂ phase. To meet these stringent 

requirements, a fabrication method with nanometre-level precision and excellent uniformity is 

imperative. Among the reviewed techniques, atomic layer deposition (ALD) emerges as the 

suitable for large-scale and CMOS-compatible VO₂ film fabrication, owing to its layer-by-layer 

growth, high conformality, and low temperature deposition. Despite its advantages, ALD-

deposited VO₂ typically requires post-deposition annealing to achieve the desired crystalline 

phase and stoichiometry. Finally, this chapter reviewed key characterisation methods such as X-

ray photoelectron spectroscopy (XPS), Raman spectroscopy, ellipsometry, and FTIR, all of which 

are essential for accurately assessing phase purity, oxidation states, optical constants. These 

techniques will be used throughout the experimental sections of this thesis (especially in Chapter 

3) to evaluate and optimise material properties. 

 

The next chapter builds upon these foundations by experimentally exploring how post-deposition 

annealing conditions including temperature, oxygen partial pressure, and duration affect the 

crystallinity, optical response, and phase transition properties of VO₂ thin films deposited via ALD. 

These findings are critical to developing CMOS-compatible optical memory elements. 
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Chapter 3. Low-temperature vanadium 

dioxide for CMOS integration and flexible 

polyimide applications 

3.1 Introduction 

Vanadium dioxide (VO2) is a phase-change material that has attracted interest for its broad 

applications in various areas including smart windows [44, 218], thermal management coatings 

for spacecraft and terrestrial applications [148, 219-221], optical switching [112, 222], novel 

memories [22, 121], neuromorphic computing, and infrared camouflage [223, 224]. The research 

interest in VO2 originates from its thermochromic response, which involves a structural transition 

from an insulating/dielectric monoclinic structure (VO2(M1)) at low temperatures to a 

semiconducting/metallic rutile structure (VO2(R)) at high temperatures. The transition 

temperature is usually around 68oC [64, 225], but it can be lowered to room temperature by 

introducing dopants, e.g. W [226, 227].  

 

To synthesise high-quality VO2 thin films, several deposition techniques have been explored, 

including reactive sputtering [92, 228], sputtering and oxidation [229], Pulsed Laser Deposition 

(PLD) [206, 230], Chemical Vapor Deposition (CVD) [158, 161], Atomic Layer Deposition (ALD) [29, 

30], and sol-gel processing [231, 232]. Among these techniques, sputtering and ALD are 

considered the two most compatible routes for scale-up manufacture, the latter of which is the 

topic of this work.  

 

To possess the phase transition capability, a VO2 thin film has to be crystalline in the monoclinic 

phase (VO2(M1)), and this requirement represents a significant challenge in VO2 formation. In 

terms of sputtering, a vanadium film is normally formed and then oxidised into VO2(VO2(M1)) 

through an oxidation process at 400oC or above [174]. This temperature is high for integration with 

CMOS devices and polyimide substrates. ALD deposition can be at a low temperature of 150oC, 

but the as-deposited film is amorphous and lacks the phase transition capability. A post-

deposition anneal is therefore required to crystallise amorphous VO2 into VO2(M1) [187, 194]. 
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This anneal also ensures the correct stoichiometry of VO2 from various vanadium oxides. 

However, the post-deposition annealing temperature has not been well studied, with anneal 

temperatures varying between 400 and 700°C [29, 30, 146, 154, 187, 190-196, 233]. Like 

sputtering, this temperature is incompatible with the integration with CMOS devices [27] and 

flexible polyimide substrates (e.g. Kapton 350oC) [220]. To fully unlock the potential of VO2 in 

photonic, electronic, and optoelectronic applications, a low-temperature VO2 formation 

approach is therefore highly desirable. Recently, we have demonstrated W-doped VO2 formation 

through a novel ALD process and a post-deposition anneal at a temperature of 400oC and the 

oxygen pressure of 1 Torr [154], but this anneal condition is still above those required for 

polyimide substrates and CMOS integration. In this work, we have investigated VO2 post-

deposition anneals at an increased oxygen partial pressure. Through annealing optimisation, we 

demonstrate that VO2 can be formed with an excellent optical contrast at the thermal budget of 

300oC. We have also identified that a lower anneal at 250oC results in no crystalline structure, 

indicating the existence of the lowest anneal condition to ensure VO2 crystallisation. We further 

demonstrate the fabrication of VO2 films on polyimide substrates that possess a high infrared 

emissivity contrast of 0.30. 

3.2  Experimental Procedure 

3.2.1 VO2 growth through atomic layer deposition 

A series of VO2 thin films were grown on silicon substrates and polyimide (DuPont Kapton FPC). 

For the Si substrates, an SiO2/Al initial stack was formed in a Bühler Helios reactive sputtering 

system before VO2 deposition. For the polyimide substrates, a similar initial stack was provided 

by Consorzio CREO (Italy), including a 100 nm Al layer and then a 900 nm SiO2 layer. Compared 

with other underlying layers, e.g. sapphire, SiO2 was chosen for its more representative nature in 

CMOS integration and radiative cooling applications, as sapphire has a high cost and high-

temperature budget for formation [92]. The VO2/SiO2/Al stack layer formed a Salisbury screen with 

a high and broad reflection contrast between VO2 at high and low-temperature states. In addition, 

this reflective nature allows for easy optical characterisation without the need for transmission 

and can also be compared with VO2 works in radiative cooling.  
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Figure 3.1 (a) shows the designed VO2 thin film as a stack on a Si substrate. The stack is formed 

from top to bottom, a 60 nm VO2, 1000 nm SiO2, and 100 nm Al. Figure 3.1 (b) shows a cross-

sectional SEM of an ALD-fabricated VO2 film before any anneal. The thicknesses of the stack are 

measured to be 63, 996 and 108 nm for the VO2, SiO2 and Al layers, respectively, which are 

consistent with the design. Only the top three layers (i.e., VO2, SiO2 and Al) are optically functional 

in this work, as the incident light cannot penetrate the 100 nm thick Al layer. 

 

Figure 3.1. Stack diagram and SEM image of VO2-Si thin film deposited using atomic 

layer deposition (ALD) (a) Stack of VO2-Si thin film, the 60 nm VO2 growth on the 

1000 nm SiO2 with 100 nm Aluminium underneath as an optical back-reflector. (b) 

cross-sectional SEM image of as-deposited VO2 thin film in a stack of VO2/SiO2/Al. 

 

For the VO2 film growth, Tetrakis(ethylmethylamino)vanadium (IV) (TEMAV) was used as a 

vanadium precursor with a purity of 98 % from Strem Chemicals, alongside deionised (DI) water 

as the oxidiser. The ALD process was carried out in a Veeco Savannah S200 ALD system, with the 

reaction chamber stabilised at 200°C. The TEMAV precursor was heated to 85°C to ensure 

sufficient vapour pressure, and the carrier/purge nitrogen gas flow was set at 20 sccm. The ALD 

growth cycle consists of the four steps of TEMAV dose, TEMAV purge, water dose, and water purge, 

and the duration of each step is listed in Table 3.1. The VO2 ALD process was developed and 

reported in our previous work [154]. The growth rate was measured to be 0.05 nm/cycle, and 1200 

cycles were used for a VO2 film thickness of about 60 nm.  

 

Table 3.1. ALD Cycle Parameters for VO2 Deposition. 
Step Sequence Duration (Sec) 
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TEMAV Dose 0.4 

TEMAV Purge 9 

H2O Dose 0.03 

H2O Purge 12 

3.2.2 Post-deposition anneal 

In this work, the annealing process was conducted in an Oxford Instruments Agile NanoFab CVD 

system. This advanced system is equipped with oxygen flow, pressure control (up to 5 Torr), and 

lifted temperatures (up to 800oC), making it great for the investigation of various annealing 

conditions.  

 

A total of 11 anneal conditions were set by varying oxygen partial pressure, annealing duration, 

and annealing temperature. The oxygen partial pressure was varied within a range of 1 to 2.5 Torr, 

which is the maximum pressure that the maximal 100 sccm O2 can provide in this system. The 

anneal duration was set between 1 to 4 hours, increasing in increments of 1 hour. Lastly, the 

annealing temperature was set over a range from 250°C to 400°C, with adjustments made in 50oC 

steps. 

3.2.3 Selection of annealing parameters 

According to Section 2.2, oxygen partial pressure, annealing duration, and annealing temperature 

have been identified as the three primary factors influencing the annealing process. Theoretically, 

if each factor has four sub-conditions, a full factorial design (4 × 4 × 4 = 64) would be the ideal 

approach for systematically investigating the effects of annealing. However, due to constraints of 

research resources, conducting a comprehensive and systematic study presents challenges. 

Therefore, in this work, 12 representative conditions were selected from the three parameters. By 

fixing two factors and varying the third in the following three sections, we aim to isolate and 

analyse the impact of each variable on the annealing process. 

 

As shown in Fig. 3.2, previous studies on VO₂ annealing based on ALD fabrication have already 

demonstrated a clear trend: lowering the annealing temperature inevitably requires an increased 

oxygen partial pressure to compensate. To date, the lowest annealing temperature reported for 
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ALD-based VO₂ is 400°C, with the highest oxygen partial pressure used being 1 Torr. Since further 

lowering the VO₂ fabrication temperature would necessitate a higher oxygen pressure, this work 

sets the starting oxygen partial pressure at 1 Torr, with a maximum of 2.5 Torr. This upper limit is 

determined by the mass flow controller (MFC) of the used annealing system’s oxygen gas line, 

which is restricted to 100 sccm. With this 100 sccm O₂ flow rate, achieving a chamber pressure 

higher than 2.5 Torr would be challenging. Although additional gas flow (e.g., Ar) could increase 

the chamber pressure to 5 Torr, this would dilute the oxygen concentration. Since the oxygen 

partial pressure directly determines VO₂ oxidation and annealing, the actual oxygen partial 

pressure would still not exceed 2.5 Torr. 

 

Figure 3.2. Potential trend between annealing temperature and oxygen partial 

pressure based on previous work. The red dashed arrow is intended to show the trend 

only. 

 

3.2.4 Material characterisations 

(a) Raman microscopy measurement 

Raman spectroscopy measurements were conducted using the Renishaw inVia Laser Raman 

Spectrometer equipped with a 532 nm laser. A critical aspect of these measurements was the 

exposure power of the laser, which was set at 1 mW. This low-power setting was chosen to 

prevent the heating from triggering the VO2 transition during the measurement, thereby avoiding 

any potential alteration in the film properties due to thermal effects. All samples were placed on 

the stage of the spectrometer and exposed to the air at room temperature. This setup ensured 

that the samples were in a stable environment, providing consistent and reliable measurement 
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conditions. A detailed discussion of the Raman scattering mechanisms and the characteristic 

Raman peaks of monoclinic VO₂ (M1) can be found in Section 2.3.1. 

(b) X-ray photoelectron spectroscopy (XPS) 

The VO2 compositional data was collected using a Thermo Scientific Theta Probe X-ray 

photoelectron spectroscopy (XPS) system in vacuum, with a base pressure approximately equal 

to 5.0 × 10-8 Pa. Notably, no argon ion etch was performed on the samples immediately before 

measurements. This precaution was taken because such sputter can preferentially remove 

oxygen atoms from the target, which would subsequently affect the material's stoichiometry 

[234]. To mitigate surface charging effects caused by photoelectron emission, a flood gun was 

employed, with an incident X-ray spot size of about 400 µm when focused onto the sample's 

surface. The XPS measurement and subsequent data analysis were helped by my colleague 

Callum Wheeler. A general introduction to the principles of XPS and the relevance of vanadium 

oxidation states in VOₓ systems can be found in Section 2.3.2, along with the VOx phase diagram 

shown in Fig. 2.11. 

Fitting procedure 

All XPS data was analysed using Thermo Advantage (v5.9931) software. An extended binding 

energy spectral range (510 – 547 eV) was collected covering the O1s and V2p peaks 

simultaneously to ease analysis, as well as a survey for each sample to identify any unexpected 

materials if any were present. A ‘smart’ background was applied to all spectra and charge 

corrected to the dominant O1s peak at 530.0 eV, as a common practice for accurate fitting of the 

V2p peaks. All V2p spectra were fitted using the same constraints to provide consistency for 

compositional analysis.  

 

The fitting of vanadium oxides from XPS spectra is a complex task as many stable VOx compounds 

can coexist based on deposition and annealing conditions. Depending on the material 

stoichiometry, the spectra could be a convolution of many V2p ionisation energies, including V2p 

(5+, 4+…0). An example of the devolved XPS spectra for one typical sample is shown in Fig. 3.3. 

The spectra consist of two O1s peaks, the main peak at 530.0 eV for charge correction in addition 

to a secondary O1s shoulder centred around 530.8 (±0.1) eV, assigned to hydroxyl (OH) bonds 

present on the sample due surface contamination commonly seen in un-etched samples. The 

lower energy peaks can be fully described by devolving into two V2p doublets, V2p (5+) and V2p 

(4+), characteristic of V2O5 and VO2, respectively. Certain mathematical relations must be 
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adhered to ensure the fitting remains physical. These include a peak separation of ≈7.20 eV and 

area ratio of 2:1 between the 3/2 and 1/2 angular momentum states. The Lorentz/Gaussian mix 

product was freely fitted for all peaks. 

 

Figure 3.3. X-ray photoelectron spectroscopy (XPS) spectrum showing the intensity 

of emitted electrons as a function of binding energy (in eV). Data points (red circles) 

are fitted with peak curves corresponding to oxygen O1s and vanadium V2p states, 

with separate components for V2p in different oxidation states (V2p3 and V2p1 for 5+ 

and 4+ respectively). The sum of the fitted peaks is represented by the black line, 

demonstrating the deconvolution of spectral features attributed to different 

chemical states of the elements present 

 

(c) Spectroscopic ellipsometry (SE) characterisation 

The refractive index (n) and extinction coefficient (k) of the VO₂ samples were extracted through 

measurements using a Woollam M2000 spectroscopic ellipsometer over a wavelength range of 

0.35 to 1.7 µm, with the measurement focused on the central region of the sample. The 

measurement setup was configured as described in Section 2.3.4. A detailed explanation of the 

oscillator models used to extract optical constants such as the Tauc–Lorentz, Drude, Lorentz, 

and Gaussian oscillators can also be found there. The incident angle was set to 65°. To determine 

the optical constants of the high-temperature phase, the sample was placed on a custom-built 

heating stage and heated to 90°C. A thermocouple was used to monitor the temperature, 

ensuring uniform heating across the sample. The sample was then held at this temperature for 

three minutes to reach thermal equilibrium before measurement. 
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The raw ellipsometry data (Ψ and Δ) were analysed using a three-layer model (Al, SiO₂, and VO₂). 

The dielectric function of VO₂ was extracted by fitting the measured spectroscopic ellipsometry 

(SE) data using the GenOsc framework in CompleteEASE software. This framework enables the 

simultaneous fitting of multiple oscillator models, including Drude, Lorentz, Gaussian, and Tauc-

Lorentz oscillators, to accurately capture the optical response. The fitting process involved 

optimising oscillator parameters across multiple initial values to ensure the identification of a 

global minimum, thereby achieving the most accurate results. 

 

In line with previous studies on similar multilayer stacks, different oscillator models were 

selected to characterise VO₂ in both insulating and metallic phases [91, 210, 235]: In the 

insulating phase, VO₂ behaves as a bandgap semiconductor, requiring the Tauc-Lorentz oscillator 

to describe interband electronic transitions. This model includes a bandgap energy parameter 

(Eg), which represents the minimum energy required for electron excitation from the valence band 

to the conduction band. In the metallic phase, due to the presence of free carriers, the Drude 

oscillator was introduced to model low-frequency optical absorption, which is characteristic of 

metals. The Lorentz oscillator was applied in both phases within the mid-to-high frequency range 

to capture bound electron resonance. The Gaussian oscillator was used in the insulating phase 

to describe localised absorption features or broad absorption peaks, while in the metallic phase, 

it primarily accounted for high-frequency localised absorption. 

 

During the fitting process, key oscillator parameters included: 1. Amplitude (Amp): Represents 

oscillator strength, related to absorption intensity. 2. Broadening (Br): Defines the full width at half 

maximum (FWHM), describing the spectral width of the absorption peak. 3. Center energy (En): 

Corresponds to the resonance energy, determining the peak absorption position. 4. Bandgap 

energy (Eg): Specific to the Tauc-Lorentz model, representing the minimum energy required for 

interband transitions. 

 

Figure 3.4 presents the experimental refractive index (n) (Fig. 3.4(a)) and extinction coefficient (k) 

(Fig. 3.4(b)) of a 60 nm-thick VO₂ film in both insulating and metallic states. The results are 

compared with previously reported typical values for VO₂ films of similar thickness [236, 237]. 

The overall agreement between the ALD-deposited VO₂ in this study and prior representative 

works demonstrates a high consistency in refractive index behaviour. 
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Figure 3.4. (a) Real and (b) imaginary parts of VO2 refractive index in insulating and 

metallic phases compared with the literature value. The red and black solid lines 

represent the experimental measurements in this thesis. 

 

(d) X-ray diffraction (XRD) 

X-ray diffraction measurements were conducted at room temperature under grazing-incidence 

geometry using a Rigaku SmartLab thin-film diffractometer. The length-limiting slit was set to 2 

mm. Data were collected over a 2θ range from 10° to 90° with a step size of 0.01° and a scanning 

speed of 5.0. Due to the budget limitation, only two samples can be measured among the 

fabricated samples. All measurements and subsequent data analysis were performed by my 

colleague, Bohao Ding. 

 

3.2.5 Optical characterisations 
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Figure 3.5. Picture of the Thermo-Nicolet Nexus 670 FTIR system with a Linkam THMS 

600 heating/cooling stage. 

 

The annealed VO2 films were optically characterised using a Fourier transform infrared 

microscopy (FTIR) system (Thermo-Nicolet Nexus 670 with a continuum microscope) as 

shown in Fig. 3.5. To accurately measure the infrared spectrum, noise from surrounding 

sources of blackbody radiation must be eliminated. To reduce these, liquid nitrogen with a 

temperature of ≈63 K is used to stabilise the detector. A general introduction to FTIR 

spectroscopy, its measurement principles, the selection of the beam splitter can be found 

in Section 2.3.3. The measurements were taken using a × 15 optical objective and an MCT-

A detector, and with a measurement area of 100 × 100 µm2. The experiment used a KBr 

beam splitter and an IR source. The reflection was normalised using a gold mirror as a 

reference. The VO2 sample temperature was regulated by placing the sample on a Linkam 

THMS 600 stage equipped with a cap with a ZnSe window. Due to the ZnSe infrared 

transmission windows, the setup has a reflection measurement range from 1.6 to 18 µm. 

The temperature sweep was conducted by first heating up and then cooling down. The 

measurement was performed 1 minute after the temperature stabilisation for each set 

temperature. 

 

Infrared emissivity has been chosen as the parameter for evaluating the infrared optical 

contrast of the VO2 films. This choice follows our recent work [154], where we have shown 
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that this parameter is an effective benchmark in assessing the film quality for thermal 

management. Based on Kirchhoff’s law, the spectral emissivity is equal to its spectral 

absorptance when at thermal equilibrium conditions. For an IR opaque reflector without 

transmission, the emissivity, ε(λ), can be described using the relation: ε(λ) = 1 − R(λ), 

where R(λ) is the reflectivity at wavelength λ. The infrared emissivity (shortened as 

emissivity in the following discussions) is calculated by integrating absorption over a range 

of wavelengths, weighted by the theoretical blackbody spectrum at a given operating 

temperature (T) in Kelvin. This is mathematically represented as  [238]: 

𝜀 =
∫ (1 − 𝑅(𝜆))𝐵(𝜆, 𝑇)𝑑𝜆

∫ 𝐵(𝜆, 𝑇)𝑑𝜆
(5.1) 

where B (λ, T) denotes the blackbody spectral distribution at the absolute temperature T. 

The integration range is defined by the measurable range of the FTIR system, which spans 

from 1.6 to 18 µm. The emissivity contrast (Δε) is defined as the difference between the 

emissivity of VO2 in its high-temperature state and its low-temperature state. 

 

Figure 3.6 (a) shows the temperature-dependent IR emissivity as a function of temperature for a 

VO2 sample at heating and cooling, noted in red and black, respectively. The emissivity increases 

sharply at the temperature of around 70oC for heating and decreases temperature at around 60oC 

for cooling, leaving a hysteresis. The temperatures are referred to as transition temperatures. To 

accurately extract these transition temperatures, emissivity from Fig. 3.6(a) is derived against T 

and then given a Lorentz-fitting as shown in Fig. 3.6(b). The peaks are defined as the phase 

transition temperature during heating (Th) and cooling (Tc) and the hysteresis width is defined by 

the temperature distance between these two peaks.  
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Figure 3.6. Hysteresis in the VO2 Phase Transition. (a) Infrared (IR) emissivity (ε) as a 

function of temperature, during heating (red line) and cooling (black line). (b) The 

differential of emissivity (ɛ) as a function of T (dε/dT) with the hysteresis width plotted 

by dashed lines. 

3.2.6 Scanning electron microscopy measurement 

The scanning electron microscopy (SEM) measurements were conducted with the assistance of 

my colleague, Jianzhi Huang. The measurements were performed utilising the NVision 40 FIB as 

an SEM with an electron acceleration voltage of 2 kV. To avoid electron charging and thus obtain 

optimal imaging clarity, all samples were coated with E-spacer. 

3.3 Results and discussion 

3.3.1 VO2 film morphology before annealing  

Figure 3.7 (a) shows a top view of an unannealed as deposited VO2 film. No clear crystalline grain 

can be identified but large defects are present. It is worth noting that no defect was found on 

VO2 directly grown on SiO2-coated Si substrate as shown in Fig. 3.7 (b). The absence of visible 

defects in Fig. 3.7 (b) refers specifically to the lack of observable ‘black dots’. We might attribute 

these defects to the non-smooth surface due to the Al underlying layer.  

 

Figure 3.7. Top-view SEM images of ALD deposited unannealed VO2-Si films on (a) Al 

and (b) directly on SiO2. The scale bar is 200 nm. 

 

3.3.2 Effect of oxygen partial pressure on VO2 anneal 

Figure 3.8 presents the FTIR reflection spectra (measured from 20°C to 100°C) of VO₂ samples 

annealed at 400°C for 2 hours under different oxygen partial pressures. The measurement 



86 

 

temperatures of 20°C and 100°C were chosen to ensure that VO₂ can fully cover both the 

dielectric phase and metallic phase, as these temperatures lie sufficiently below and above its 

known phase transition temperature (~68°C). 

 

By calculating the mean difference in reflectance across the full measurement wavelength range 

(1.6 to 18 µm) at 20°C and 100°C, it is found that at an oxygen partial pressure of 1 Torr (Fig. 3.8(a)), 

the average reflectance difference is 39.8 %, accompanied by a redshift of the reflectance valley 

from 10.2 µm to 10.7 µm. This infrared reflectance contrast is attributed to the phase transition 

of VO₂ between its dielectric and metallic states. When O2 pressure increases to 1.5 Torr, the 

average reflectance difference rises from 39.8 % to 47.7 %, indicating a more pronounced IR 

contrast; the reflectance minimum still shifts from 10.2 µm to 10.7 µm (Fig. 3.8 (b)). Further 

increasing oxygen pressure to 2 Torr slightly reduces the average reflectance contrast to 46.8 %, 

while the same redshift of the reflectance minimum persists (Fig. 3.8 (c)). Compared to the 

∆R = 47.7 % observed at 1.5 Torr, the decrease in ∆R at 2 Torr suggests that the oxygen partial 

pressure may approach a saturation point. When oxygen pressure is further increased to 2.5 Torr, 

the average reflectance difference sharply drops to 0.2 %, and no additional redshift of the 

reflectance minimum near 10.5 µm is observed (Fig. 3.8 (d)). This behaviour likely arises from 

excessive oxidation at higher oxygen partial pressure, leading to the formation of V₂O₅, which will 

be investigated in more detail using Raman spectroscopy. 
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Figure 3.8. FTIR reflection spectra of the VO2 thin films between the insulating phase 

(20oC) and the metallic phase (100oC) after annealing at the oxygen partial pressure 

of (a) 1 Torr, (b) 1.5 Torr, (c) 2 Torr and (d) 2.5 Torr. 

 

By analysing the temperature-dependent infrared spectra, the emissivity can be determined. 

Specifically, the emissivity is calculated by averaging the absorption weighted by the theoretical 

blackbody spectrum at a given temperature. Details on the emissivity calculation method are 

provided in Section 3.2.4. Figure 3.7 presents the infrared emissivity hysteresis curves obtained 

under different annealing oxygen partial pressures. In these measurements, the sample 

temperature was first raised from 20°C to 100°C, then lowered back to 20°C in steps of 5°C 

(excluding the very end at low temperature). 

 

Under an oxygen partial pressure of 1 Torr (Fig. 3.7 (a)), the transition temperatures during heating 

and cooling are 45°C (Th) and 35°C (Tc), respectively. This yields an emissivity contrast (∆ε) of 0.44 

and a hysteresis width of 10 °C. At higher oxygen partial pressure (Fig. 3.7 (b)), the heating and 

cooling transition temperatures increase to 72°C (Th) and 54°C (Tc), respectively, raising the 
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emissivity contrast (∆ε) to 0.48 and widening the hysteresis to 18°C. When the oxygen partial 

pressure is further increased to 2 Torr (Fig. 3.7 (c)), the transition temperatures rise to 73°C 

(heating) and 58°C (cooling), with an emissivity contrast (∆ε) of 0.50. However, the hysteresis 

width narrows to 15°C. Under 2.5 Torr of oxygen (Fig. 3.7 (d)), no apparent hysteresis is observed. 

Thus, before the contrast fully disappears, increasing the oxygen partial pressure leads to higher 

transition temperatures and increased emissivity. The behaviour at 1.5 and 2 Torr suggests a 

similar trend, implying that 1 Torr is insufficient for proper annealing, whereas 2.5 Torr results in 

over-oxidation. Meanwhile, no obvious trend is observed in the hysteresis width. It is worth noting 

that even though “68°C” is commonly cited as the transition temperature of VO₂, in practice, this 

transition temperature depends strongly on annealing conditions. 

 

Furthermore, at an annealing temperature of 400°C, the slight increase in emissivity contrast 

when raising the oxygen partial pressure from 1.5 Torr to 2 Torr, followed by a decrease when going 

from 2 Torr to 2.5 Torr, indicates that at least 2 Torr is required to maximise the emissivity contrast 

under these conditions. From Fig. 3.5, we also see that lowering the annealing temperature 

demands a higher oxygen partial pressure. Consequently, using an annealing temperature below 

400°C likely requires exceeding 2 Torr of oxygen partial pressure. This finding provides important 

guidance for the work described in the subsequent section. 
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Figure 3.7. Full IR emissivity hysteresis curves (5oC step temperature for both heating 

and cooling) after the 1 Torr (a), 1.5 Torr (b), 2 Torr (c) and 2.5 Torr (d) oxygen pressure. 

 

The room-temperature Raman spectroscopy was performed to investigate the sample 

composition and the quality of the films, as shown in Fig. 3.8. All of the peaks observed in Fig. 3.8 

for each sample can be matched to the reference data reported in Table 3.2, and a 

comprehensive VOx Raman table is provided in Appendix H. It is worth noting that although there 

are many known VOx phases besides VO₂ and V₂O₅, no peaks corresponding to other VOx phases 

were observed in the samples prepared under these four annealing conditions. 

 

It is clear to see that Raman spectra for 1, 1.5 and 2 Torr are consistent with known VO2 showing 

peaks at 194 cm-1, 224 cm-1 and 614 cm-1. Here, 194 cm-1 and 224 cm-1 correspond to Ag peaks of 

the V–V vibrations and 614 cm-1 corresponds to the V–O Ag vibrational peak. These peaks are 

accompanied by other minor features consistent with the insulating monoclinic phase of VO2. 

Contrastingly, when the sample is annealed at 2.5 Torr oxygen partial pressure, the main VO2 

peaks become less pronounced and shift to 146 cm-1, 285 cm-1, and 996 cm-1, indicating a 
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transition towards the pentoxide form, V2O5. Therefore, Raman spectra confirm that VO2 (M1) is 

formed with oxygen partial pressures 1, 1.5 and 2 Torr and further oxygen pressure leads to the 

formation of V2O5 and thus the loss of phase transition around 70oC.   

 

 

Figure. 3.8. Room temperature measured Raman spectra of VO2 on Si substrate with 

1 mW output power under different oxygen partial pressure, the black dash lines 

located at 194 cm-1, 224 cm-1 and 612 cm-1 represent the highest intensity of VO2(M1) 

Raman scattering peak, the red dot lines located at 146 cm-1, 285 cm-1 and 996 cm-1 

represent the highest intensity of V2O5 Raman scattering peak. 

 

Table 3.2. Comparison of the Raman peak positions identified in this work with the literature. 

Material 
Raman shift in this 

work (cm⁻¹)  
Raman shift  

from literature (cm⁻¹)  Reference 

α-V₂O₅ 145 143–147 [239, 240] 
VO₂ (M1) 194 194–195 [239, 241] 
VO₂ (M1) 224 223–224 [239, 241] 
VO₂ (M1) 260 261 [241] 

α-V₂O₅ 285 284–285 [239, 240] 
α-V₂O₅ 304 305 [239, 240] 

VO₂ (M1) 390 391 [241] 
α-V₂O₅ 404 404–406 [239, 240] 
α-V₂O₅ 530 528–531 [240] 

VO₂ (M1) 612 612-613 [239, 241, 
242] 

α-V₂O₅ 992 992 [239] 
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The full XPS binding energy spectra for these samples are presented in Fig. 3.9. All spectra were 

fitted using the same procedure to ensure compositional analysis is comparable between 

samples, with all samples charge corrected to the well-defined O1s peak at 530.0 eV [243]. For 1 

Torr oxygen anneal (Fig. 3.9(a)), clear V4+ doublet peaks can be identified at 516.0 eV and 523.0 eV. 

The V5+ peaks are also identified at 517.4 eV and 524.5 eV. For 1.5 Torr oxygen anneal (Fig. 3.9(b)), 

similar spectra are seen for V4+ and V5+ existence, but the V5+ peak is larger. A similar trend is also 

seen for 2 Torr oxygen anneal in Fig. 3.9(c). With further oxygen increase, V5+ becomes more 

dominant, indicating a larger formation of V2O5.  

 

Figure 3.9. The XPS binding energy spectra covering the O1s and V2p energy ranges 

for samples annealed at 400°C for 2 hours at varying chamber pressures: (a) 1 Torr, 

(b) 1.5 Torr, (c) 2 Torr and (d) 2.5 Torr.  

 

Since no other vanadium state had been identified in Fig. 3.9 (e.g., V3+), it is possible to calculate 

the composition at. % of V4+ to V5+ and presented in Table 3.3. Since no other VOX components 

have been read in the Raman spectrum in Fig. 3.8, the 5+ here is likely to come from V2O5, while 

the 4+ vanadium is likely to come from VO2. By increasing the chamber pressure during annealing, 

the relative V2O5 composition also increases. This indicates that the samples are over-oxidising 

from the desired VO2 into higher oxidation VOx compounds with increasing pressure.  
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Table 3.3. Variations in atomic percentages of V4+ over (V4+ + V5+) under different annealing 

pressures. 

Vanadium state Atomic percentage (%) 

1 Torr 1.5 Torr 2 Torr 2.5 Torr 

V4+ 64.5 43.6 46.0 39.6 

V5+ 35.5 56.4 54.0 60.4 

 

The complex refractive index of VO₂ thin films grown on Si substrates was measured using a 

spectroscopic ellipsometer at both room temperature (solid lines) and 90°C (dashed lines), as 

shown in Fig. 3.10. The results indicate that for samples annealed at 1 Torr (black), 1.5 Torr (red) 

and 2 Torr (blue), a clear phase transition was observed before and after heating. Furthermore, 

these three annealing conditions exhibited highly similar optical properties, suggesting that 

within the VO₂ formation temperature window, slight increases or decreases in annealing oxygen 

pressure do not significantly affect the refractive index of the samples. 

 

Upon heating, at lower frequency, the increase in free electrons results in a reduction in the real 

part of the refractive index (n). Regarding the extinction coefficient (k), in the insulating phase, k 

approaches zero in the near-infrared (NIR) region. However, in the high-temperature metallic 

phase, the contribution of free carriers to the dielectric function primarily affects the infrared 

optical response, causing k to increase significantly with wavelength. This behaviour is typically 

modelled using the Drude term, which accounts for free electron absorption. 

 

Previous studies on bulk and thin-film VO₂ have reported that Drude effects become noticeable 

at wavelengths starting around 800–900 nm [244, 245]. As the wavelength increases further into 

the infrared region, this contribution becomes more pronounced. Specifically, at the 

telecommunication wavelength of 1550 nm, the change in k before and after the phase transition 

was 1.54 for the 1 Torr annealed sample and decreased to 1.44 for the 1.5 Torr sample and 1.36 

for the 2 Torr sample. Further increasing the O2 pressure to 2.5 Torr can barely see the change 
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(0.08). This observation is self-consistent with the other characterisation results performed 

previously. 

 

Figure 3.10. (a) Refractive index and (b) extinction coefficient at different oxygen 

pressures. The dotted line is measured at 90oC, and the solid line is measured at 

room temperature.  

 

3.3.3 Effect of annealing temperature on VO2 thin film 

Following the investigation of the effects of oxygen partial pressures on the phase transition 

behaviour and optical properties of VO2 films in the previous section, this section shifts toward 

the impact of annealing temperatures, which is also our main focus in this chapter. This section 

explores how annealing temperature influences the material characteristics of VO2 thin films 

under a constant oxygen pressure of 2.5 Torr for 3 hours. 

 

Figure 3.11 shows infrared reflection spectra of the annealed samples measured at temperatures 

from 20oC to 100oC. For the sample annealed at 250oC, no reflection change can be identified 

with the temperature change (Fig. 3.11(a)). The reflection is consistently above 90 % with several 

dips between 7 and 14 µm, which are attributed to SiO2 absorption as seen in our previous work 

[246]. The lack of temperature response is consistent with the absence of VO2 Raman peaks (Fig. 

3.13, shown later), indicating that the 250oC anneal is insufficient for film crystallisation. At a 

higher annealing temperature of 300oC (Fig. 3.11(b)), the reflection decreases considerably with 

increasing temperature, showing the film transitioning from dielectric to metallic. This significant 

reflection change is consistent with the VO2 composition verified by Raman and XPS, which will 

be presented later. It is also worth pointing out that the reflection dips at 10 µm redshifts at a 
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higher temperature, indicating its correlation with metallic VO2 [247]. We can therefore confirm 

that the VO2 film with phase transition capability is achieved through the 300oC anneal. At 350oC 

anneal (Fig. 3.11(c)), a similar trend is seen that the reflection decreases significantly over a broad 

spectrum as the temperature increases, confirming that a high-quality VO2 film is formed. For the 

400oC anneal, some reflectance reductions are seen with the temperature increase at 

approximately 2 µm and around 6 µm, indicating that minimum phase-transition (Fig. 3.11(d)) 

typical of V2O5, which has no phase transition at this temperature range.  

 

Figure 3.11. Reflection spectra of the VO2 stacks annealed at (a) 250oC, (b) 300oC, (c)  

350oC and (d) 400oC. 

 

To further visualise the phase transition of the two anneals at 300oC and 350oC, IR emissivity 

hysteresis is calculated and presented against the measurement temperature in Fig. 3.12. At a 

relatively low annealing temperature of 250°C, the hysteresis appears indistinct, likely due to the 

absence of crystallinity in the sample (Fig. 3.12 (a)). For the 300oC VO2 sample, the transition 

temperatures (Th and Tc) are extracted to be 50°C and 38°C, respectively, and an IR emissivity 

contrast of 0.47. The 350oC VO2 sample has transition temperatures (Th and Tc) of 68°C and 53°C 
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for the heating and cooling cycles, respectively, and an IR emissivity contrast of 0.46. Here, we 

can see both anneals provide high-quality VO2 with a consistent and excellent emissivity contrast, 

well agreeing with VO2 films from higher thermal budgets in our previous works. Here, we also 

identify some variations in phase transition temperatures and this variation is also found for VO2 

reported in the literature. One possible cause could be the strain induced by the composition of 

different VOx phases, which in turn affects the crystalline transition between VO2(M1) and VO2(R). 

Further XRD investigations will be performed later. Upon further increasing the annealing 

temperature to 400°C, the sample becomes over-oxidized, and as a result, the hysteresis 

behavior is nearly extinguished (Fig. 3.12 (d)). 

 

Figure 3.12. Full IR emissivity hysteresis curves (5oC step temperature for both 

heating and cooling) after the 250oC (a), 300oC (b), 350oC (c) and 400oC (d) annealing 

temperatures treatment. 

 

To further investigate the crystallinity of the annealed samples, Raman spectroscopy was 

performed at room temperature and the spectra are presented in Fig. 3.13 for VO2 films annealed 

at different temperatures, together with an unannealed VO2 film. Two spectra of VO2 from 

previous work [148] and V2O5 from a sputter target are also presented as references. For the 
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unannealed VO2 film, no Raman peak can be identified which indicates, consistent with the 

literature, that the film is amorphous. For the anneal at 250°C (the purple line), is similar to the 

unannealed film in that no Raman peak can be identified except for that around 490 cm-1 (SiO2) 

[248], indicating that the film remains amorphous and 250oC is not sufficient for the film 

crystallisation.  At a higher annealing temperature of 300°C (the yellow line), several peaks can 

be clearly identified, including the characteristic Ag peaks of the V–V vibrations at 194 cm-1 and 

224 cm-1, along with the V–O Ag vibrational peak at 614 cm-1. These peaks reveal the monoclinic 

phase of VO2, indicating that the anneal condition forms VO2 (M1). At 350oC, Raman peaks are 

similar to those at 300oC, indicating that a similar VO2 (M1) film is formed at this temperature. For 

the sample annealed at 400°C, the main peaks are at 146 cm-1, 285 cm- 1, and 996 cm-1, which 

correspond to the V2O5 reference. There are also minor peaks at 194 cm-1 and 224 cm-1
. These 

indicate the 400oC anneal predominantly forms crystalline V2O5 through an overoxidation from 

the amorphous VO2, with little presence of VO2. The smaller peak at 166 cm-1 and another three 

peaks at 840 cm-1, 880 cm-1  and 930 cm-1 are attributed to the characteristic peak of V4+/V5+ mixed 

valence states [249], and V3O7, respectively. Therefore, Raman spectra clearly show that 

annealing at 350oC and 300oC results in the phase-change material VO2 (M1). An anneal of 400oC 

is too high and results in V2O5, and an annealing temperature of 250oC is too low for crystallisation.  

 

Figure 3.13. Raman spectra of VO2 thin films formed on Si substrates after anneals at 

different temperatures as well as one as-deposited (unannealed).  

 

The quality of the films was further characterised using X-ray photoelectron spectroscopy (XPS). 

Figure 3.14 shows XPS spectra of (a) unannealed sample and samples annealed at (b) 250°C, (c) 

300°C, (d) 350°C, and (e) 400°C. The spectra feature prominent peaks corresponding to oxygen 

O1s and vanadium V2p orbitals. For each temperature, the spectra are deconvoluted into 

component peaks representing different oxidation states of vanadium (green and purple lines for 
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5+ and 4+ states, respectively). The black line in each plot represents the sum of fitted peaks, 

indicating the combined contribution of each state to the overall spectrum. For all annealing 

temperatures, both V4+ and V5+ appear as two sets of doublet peaks at approximately 516.0 eV, 

523.0 eV and 517.0 eV, 524.3 eV, respectively [250]. For the unannealed film, it shows the 

presence of both V4+ and V5+ peaks with similar area contributions of both peaks. The 250oC 

annealed film shows an increased peak height of V5+ over V4+ in peak, indicating oxidation at the 

surface of the film from the anneal. At a higher annealing temperature of 300oC both V4+ and V5+ 

peaks present with roughly equal area size, indicating an increase of VO2 composition. Compared 

with the VO2 dominance seen in the Raman spectra, XPS shows the film as a mixture of VO2 and 

V2O5 and this could be attributed to the shallow XPS measurement depth giving a count of the 

film top surface, which is potentially overoxidized as V2O5. For the 350oC sample, the XPS spectra 

is similar to that of the 300oC sample, with a presence of V4+ peak together with V5+ peak. For the 

higher anneal at 400oC, V5+ peak becomes dominant over V4+ peak, indicating the film is mainly 

V2O5. This is consistent with the V2O5 identification in the Raman spectra. Therefore, XPS analysis 

confirms that 300oC and 350oC result in presence of VO2 and the higher 400oC leads to 

predominantly V2O5. Regarding the increased V2O5 presence in 250oC annealed sample, we 

attribute this to the potential influence of temperature on oxygen migration deeper into the film. 

From XPS results (Figs. 3.14(b) and (e)), 250°C and 400°C have a high presence of V2O5. However, 

the corresponding FTIR spectra (Figs. 3.11 (a) and (d)) indicate that the V2O5 behaves as dielectric 

with little absorption and thus small V2O5 presence is expected little impact on IR emissivity.  
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Figure 3.14 XPS Spectra of VO2 thin films with (a) no anneal, and anneals at (b) 250°C, 

(c) 300°C, (d) 350°C, and (e) 400°C. 

 

Figure 3.15 presents the XRD results for two VO₂ thin films annealed at 300°C and 350°C. As seen 

from the figure, both samples exhibit strong diffraction peaks at approximately 27.8°, 37.1°, 42.4°, 

44.6°, and 55.6°, which aligns well with previous reports for VO₂(M1) [251-253]. Furthermore, the 

diffraction peaks of both films match closely with the standard JCPDS No. 43-1051 for VO₂(M), 

confirming that the prepared samples are indeed VO₂(M1). Other peaks correspond to the Si 
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substrate (including a grazing incidence reflection on the shoulder of the Si (311) plane) and the 

Al layer in the stack. 

 

No additional vanadium oxide phases (such as V₂O₅) are observed in Fig. 3.15, indicating that the 

obtained VO₂(M1) films possess high purity. This finding is also consistent with the Raman 

characterisation results. Notably, in the film annealed at 300°C, a relatively weak VO₂(M2)(201) 

spike appears at around 47° [252, 254], accompanied by a shift in the Raman peaks and a 

decrease in the phase transition temperature (later section 3.3.7). Previous representative 

studies have reported that applying compressive strain at room temperature can induce the 

formation of the M2 phase [255, 256], and such strain can lower the required annealing 

temperature. Therefore, in this work, we attribute the slight compressive strain introduced by 

annealing as the primary reason for the reduced phase transition temperature. 

 

Figure 3.15. Grazing incidence X-ray diffraction of VO2 film annealed under 300oC and 

350oC. 

 

The complex refractive index of VO₂ thin films grown on Si substrates was measured using a 

spectroscopic ellipsometer at both room temperature (solid lines) and 90°C (dashed lines), as 

shown in Fig. 3.16. The results indicate that for samples annealed at 300°C (red) and 350°C (blue), 

a clear phase transition was observed before and after heating. Furthermore, these two annealing 

conditions exhibited highly similar optical properties, suggesting that within the VO₂ formation 

temperature window, slight increases or decreases in annealing temperature do not significantly 

affect the refractive index of the samples. 
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Specifically, at the telecommunication wavelength of 1550 nm, the change in k before and after 

the phase transition was 1.50 for the 300°C annealed sample and 1.45 for the 350°C annealed 

sample [257]. In contrast, for samples annealed at 250°C (black) and 400°C (green), the 

measurements exhibit trends similar to those reported in previous studies. As with other 

characterisation methods presented previously, no significant phase transition was observed for 

these samples [258]. This indicates that annealing at temperatures too low (250°C) or too high 

(400°C) prevents the crystallisation and formation of stoichiometric, respectively, thereby 

suppressing its phase transition capability. 

 

Figure 3.16. (a) Refractive index and (b) extinction coefficient at different annealing 

temperatures. The dashed line is the measured value at 90 degrees Celsius, and the 

solid line is the measured value at room temperature. 

 

To demonstrate the developed low-temperature VO2 thin film, a VO2 film was also formed on 

flexible polyimide substrates. In this demonstration, the post-deposition annealing temperature 

was 300oC. Figure 3.17(a) presents a photo of a Kapton strip coated by a stack of VO2/SiO2/Al 

ordered from the top down. Figure 3.17(b) presents the room temperature Raman spectrum with 

two references of the VO2 and V2O5. The Raman spectrum shows pronounced VO2 peaks and 

therefore confirms the dominant presence of the VO2(M1) phase. The infrared response of the 

sample is presented in Fig. 3.17(c) in the form of FTIR reflection spectra measured at various 

temperatures. A similar reflection contrast is seen to those on Si substrates. The IR emissivity 

hysteresis is presented in Fig. 3.17(d) and the VO2 stack gives transition temperatures of 70°C and 

50°C for heating and cooling, respectively. The IR emissivity contrast (Δε) is extracted to be 0.30, 

lower than that of 0.47 on Si substrate under the same 300oC annealing temperature.  
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Figure 3.17. VO2 thin film deposited, and post-deposition annealed on a flexible 

polyimide substrate by ALD. (a) Photograph of VO2 grown on a polyimide. (b) Raman 

spectra of VO2 grown on the polyimide (black line), with references of VO2(blue line) 

and V2O5 (red). (c) FTIR reflectance spectra of the VO2 thin film on polyimide 

measured at from 20oC to 100oC, and (d) IR emissivity hysteresis of the VO2 on 

polyimide under heating (red line) and cooling (black line). 

 

The SiO2 thickness impact on the spectra is presented in Fig. 3.18. The simulation was conducted 

using the finite element method-based numerical simulation tool COMSOL Multiphysics, which 

was employed to investigate SiO2 thickness influence. This simulation used the 2D 

Electromagnetic Waves, Frequency Domain module, with periodic boundary conditions applied 

along the lateral boundaries to simulate an infinite structure and scattering boundary conditions 

at the outer boundaries to prevent unphysical reflections. Incident light was introduced via a 

periodic port, set to enter perpendicularly to the VO₂ thin film from above, with a wavelength 

range from 1.6 µm to 18 µm. The computational domain was meshed with an extremely fine 

setting to accurately resolve field variations within this spectral range. The refractive index for SiO₂ 

was experimentally extracted by an IR ellipsometer, from a sputtered SiO₂ film grown by a Buhler 
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Helios reactive sputtering system using a Si target and O₂ plasma. The refractive index of VO₂ at 

both low and high temperatures is from our previous work and is the same as the next chapter. 

The simulated spectra closely match the experimental spectra (Figs. 3.11(b) and 3.11(c)) on Si 

substrates, but show less agreement with those on the polyimide substrate. Therefore, the 

reduction in emissivity contrast is unlikely to be caused by the SiO2 thickness variation, 

suggesting that the substrate plays a significant role in the film quality. For example, the thermal 

transfer to rigid Si substrate is expected to be different from that to flexible polyimide, Thus, a 

further optimisation of the anneal conditions is necessary to achieve the highest film quality. 

Despite these challenges, our works clearly demonstrate the successful VO2 formation on 

polyimide substrate with a remarkable phase transition capability.  

 

Figure 3.18. Reflection spectra as a function of wavelength for SiO₂ thicknesses of 

800, 900, 1000, and 1100 nm. Solid lines represent the metallic state of VO₂, and 

dashed lines represent the insulating state. Arrows indicate the direction of 

increasing SiO₂ thickness. 

 

Table 3.4 lists the process information of ALD VO2 films in the literature. Most ALD VO2 films based 

on TEMAV precursors were grown at temperatures of 150oC whilst those by VCl3 require high 

growth temperatures at 275oC and 300oC. In all cases, the post annealing temperatures are higher 

than the film deposition temperatures, ranging from 400-700oC. Thus, the thermal budget for the 

VO2 formation is limited by the anneal condition. Compared with ALD VO2 films reported in the 

literature (Table 3.4), the VO2 formation (including post-deposition anneal) in this work 

demonstrates a significantly lower thermal budget of 300oC, which makes the VO2 formation fully 

compatible with integration on CMOS devices and polyimide substrates.  
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By correlating the annealing temperature with the oxygen partial pressure, there is a clear trend 

that high partial oxygen pressure corresponds to a low annealing temperature. This trend is 

attributed to the thermodynamic chemical equilibrium condition of the correct VO2 stoichiometry. 

Two previous works [259] and [189] provided some insightful phase formation diagrams between 

temperature and oxygen partial pressure through in situ XRD measurements. Unfortunately, 

these in situ XRD measurements were not done at the film equilibrium state. Thus, a further 

increase in oxygen partial pressure is expected to achieve correct VO2 stoichiometry at a lower 

temperature. However, on the other hand, this work has identified that no crystalline structure is 

formed from Raman spectra after 250oC anneal. For VO2 crystallisation, the process typically 

starts with nucleation during annealing, followed by the formation of grain structures. There is 

limited research on VO2 nucleation, and we therefore draw insights from the extensively studied 

silicon crystallisation. The nucleation rate for silicon follows an Arrhenius relationship, 

significantly decreasing with annealing temperature [260]. Similarly, VO2 nucleation at 250oC is 

expected to take considerably longer. The trend seen in this work suggests that the lowest 

achievable temperature for VO2 formation could be limited by the VO2 crystallisation process 

even if the desired stoichiometry is obtained.  

 

Table 3.4. Summary of ALD VO2 annealing conditions in recent research works. 

Ref Anneal 

temp. (oC) 

O2 partial pressure 

(mTorr) 

Anneal 

duration 

(hour) 

Growth 

temp. (oC) 

Precursor 

[146] 550 and 700 0.008 4 80 VTOP+H2O 

[193] 660 and 670 0.01 - 0.1 1 and 2 150 TEMAV+O3 

[190] 585 0.01 2 150 TEMAV+O3 

[187] 560 0.0008 - 0.005 2 150 TEMAV+O3 

[29] 550 ∼0.01 1 350 VCl4 +H2O 

[30] 500 ∼210 3 - 6 150 - 250 TEMAV+H2O 

[195] 500 113 2 150 VO(OC3H7)3+H2O 

[191] 480 ∼8 1 150 TEMAV+H2O 

[192] 475 N/A 1.5 150 - 200 TDMAV+H2O 

[194] 450 and 500 60 - 1130 2 and 0.5 150 TEMAV+H2O 

[233] 450 13100 0.08 275 - 300 VCl4+H2O 

[154] 400 1000 2 200 TEMAV+H2O 
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This 

work 

300 2500 3 200 TEMAV+H2O 

 

3.3.4 Effect of annealing duration on VO2 anneal 

Since the previous section successfully demonstrated the phase transition behaviour of ALD-

fabricated VO₂ thin films under low-temperature annealing conditions (300°C, 2.5 Torr) and on 

flexible substrates, this section will build upon that foundation by further investigating the impact 

of different annealing durations on the film's performance. In this study, the annealing time is 

varied between 1 and 4 hours. 

 

Figure 3.19 presents the FTIR reflectance spectra of VO₂ films annealed for different durations. 

For a 1-hour annealing duration (Fig.3.19 (a)), the average reflectance difference between room 

temperature (20°C) and high temperature (100°C) across the full wavelength range is 14.7 %. 

Notably, compared to previously studied VO₂ samples that exhibited distinct phase transition 

characteristics, the reflectance dip at 10.5 µm in the 1-hour sample remains nearly unchanged. 

Since the 10.5 µm wavelength is attributed to SiO₂ absorption, this lack of variation suggests that 

the metallic like reflectance of VO₂ is relatively weak under this annealing condition. This implies 

that a 1 hour annealing duration may not be sufficient to fully induce the characteristic phase 

transition of VO₂. 

 

Extending the annealing time to 2 hours results in an increased average reflectance difference of 

22.21 %, as shown in Fig. 3.19 (b). Although the reflectance contrast between high and low 

temperatures becomes more pronounced, the reflectance dip at 10.5 µm remains unchanged, 

indicating that a 2 hour annealing duration may still be insufficient for a complete phase transition. 

 

Further increasing the annealing duration to 3 hours leads to a significant rise in the average 

reflectance difference, reaching 43.2 %, accompanied by a noticeable shift in the reflectance dip 

from 10.2 µm to 10.7 µm, as illustrated in Fig. 3.19 (c). This observation suggests a more distinct 

phase transition, evidenced by both the enhanced infrared contrast and the shift in the 

reflectance dip. 
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However, when the annealing time is further extended to 4 hours (Fig. 3.19 (d)), the reflectance 

variation becomes minimal (only 4.13 %), and the reflectance dip at 10.5 µm remains unchanged. 

This indicates that excessive annealing leads to overoxidation, which may hinder the optimal 

phase transition of VO₂. Additionally, a minor reflectance dip is observed around 11.5 µm, which 

will be further examined in the subsequent Raman analysis. 

 

 

Figure 3.19. Reflection spectra of the VO2 stacks annealed at (a) 1 hour, (b) 2 hour, (c)  

3 hour and (d) 4 hour. 

 

Figure 3.20 shows the hysteresis curves under various annealing durations. For 1 hour anneal, 

the hysteresis can hardly be identified from Fig. 3.20 (a). Increasing the annealing duration to 2 

hours results in a slight enhancement of the transition behaviour (Fig. 3.20 (b)), but the emissivity 

contrast (Δε) remains relatively low. However, the sample annealed for 3 hours clearly 

demonstrates a well-defined transition (Fig. 3.20 (c)). During the heating cycle, the transition 

temperature (Th) is observed at 50°C, while the cooling cycle reveals a transition temperature (Tc) 

of 40°C. This is accompanied by a dramatic increase in emissivity contrast, with Δε rising from 
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0.04 to 0.47. Here, it is worth pointing out that the transition temperature for this undoped VO2 is 

about 18°C below the known VO2 transition temperature at 68oC, indicating a certain factor 

affects the phase transition. The cause of this phase transition temperature reduction will be 

further discussed in the later discussion section. However, further increasing the annealing 

duration to 4 hours leads to over-oxidation of the sample, as shown in Fig. 3.20 (d). This over-

oxidation results in the near disappearance of the hysteresis behaviour. Therefore, the VO2 with 

great infrared optical contrast can be achieved with an optimisation anneal time at 3 hours at 

300oC (2.5 Torr O2 pressure).  

 

 

Figure 3.20. Full IR emissivity hysteresis after anneal durations of (a) 1 hour, (b) 2 

hours, (c) 3 hours and (d) 4 hours. 

 

Figure 3.21 shows the Raman spectra of VO2 samples with varying annealing durations. For 

samples annealed for 1 hour and 2 hours, represented by dark blue and red lines, respectively, 

the main VO2 peaks at 194 cm-1, 224 cm-1, and 614 cm-1 are tiny, indicating inadequate 

crystallisation of VO2 film. This observation is consistent with the results presented in Figs. 3.20 

(a) and 3.20 (b). However, an increase in annealing duration to 3 hours, as indicated by the yellow 
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line, reveals well-defined VO2 Raman peaks. The Raman spectra suggest a significant 

improvement in the crystalline quality of the VO2 film under 3 hours of annealing duration. In 

contrast, the sample annealed for 4 hours, as shown by the purple line, exhibits a noticeable 

disappearance in the primary VO2 peaks. This spectral shift is indicative of over-oxidation, 

resulting in the formation of V2O5 at 146 cm-1, 285 cm-1 and V3O7
 at 840 cm-1, 880 cm-1, and 930 

cm-1. The formation of V3O7 under 4 hours of anneal duration also corresponds to the small valley 

at about 11.5 µm in Fig. 3.19 (d). 

 

Figure 3.21. Room temperature measured Raman spectra of VO2 on Si substrate with 

1 mW output power under different annealing duration, the black dash lines located 

at 194 cm-1, 224 cm-1 and 612 cm-1 represent the highest intensity of VO2 (M1) Raman 

scattering peak, the red dot lines located at 146 cm-1, 285 cm-1 and 996 cm-1 represent 

the highest intensity of V2O5 Raman scattering peak. 

 

Figure 3.22 shows a series of X-ray photoelectron spectroscopy (XPS) spectra illustrating the 

effect of annealing duration on the composition of samples, with panels (a) 1 hour, (b) 2 hours, (c) 

3 hours, and (d) 4 hours. Each panel shows the intensity of photoemitted electrons as a function 

of binding energy (eV). The spectra feature prominent peaks corresponding to oxygen O1s and 

vanadium V2p states. For each temperature, the spectra are deconvoluted into component 

peaks representing different oxidation states of vanadium (green and purple lines for 5+ and 4+ 

states, respectively). The black line in each plot represents the sum of fitted peaks, indicating the 

combined contribution of each state to the overall spectrum. Through the comparison of V4+ and 

V5+ peaks around 517 eV, it can be concluded that a co-existence of VO2 and V2O5 for anneals of 

1, 2 and 3 hours, with most V4+ peak for 3 hours. For further anneal duration of 4 hours, it is clear 

that V5+ becomes dominant and this is highly consistent with the FTIR results and Raman spectra.  
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Figure 3.22. The XPS binding energy spectra covering the O1s and V2p energy ranges 

for samples annealed at 300oC for 2.5 Torr O2 pressure at varying anneal duration: (a) 

1 hour, (b) 2 hours, (c) 3 hours and (d) 4 hours.  

 

Upon analysis of the XPS spectra across varying annealing temperatures, a quantitative 

assessment of the composition was performed by comparing the areas under the V2p peaks. 

After adjusting for the sensitivity factors corresponding to each state, the atomic percent (at. %) 

ratio of V4+ over all vanadium was determined, with detailed results presented in Table 3.5. This 

trend suggests that there is a propensity for the samples to undergo over-oxidation, transitioning 

from the desired V4+ to higher order V5+ as the duration increases.  

Table 3.5. Variations in atomic percentages of V4+ over (V4+ + V5+) under different annealing 

durations. 

Vanadium state Atomic percentage (%) 

1 hour 2 hours 3 hours 4 hours 

V4+ 51.1 46.5 48.9 29.6 

V5+ 48.9 53.6 51.1 70.4 
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The SE analysis of annealing duration shown in Fig. 3.23 reveals that for samples with either a too 

short (1h, black) or too long (4h, green) annealing time, there is no significant change in the 

refractive index n and extinction coefficient k before and after transition. In contrast, the 2-hour 

annealed sample (red) exhibits a slight phase transition capability, with the extinction coefficient 

k at 1550 nm increasing by 0.36 upon heating. This result is consistent with the previously 

observed mild phase transition in FTIR and Raman spectroscopy. When the annealing time is 

extended to 3 hours, the change in the extinction coefficient at 1550 nm increases significantly 

from 0.36 to 1.50. This suggests that under low-temperature and high-oxygen-pressure 

conditions, the formation of VO₂ is highly sensitive to annealing duration. 

 

Figure 3.23. (a) Refractive index and (b) extinction coefficient at different annealing 

durations. The solid line is the measured value at 90oC, and the dotted line is the 

measured value at room temperature. 

 

3.3.5 Quantification of VO2 thin films using Raman 

Compared with the time-consuming X-ray Photoelectron Spectroscopy process, Raman 

spectroscopy offers a simpler and more accessible way of characterising VO2. While Raman 

analysis typically offers qualitative information, unlike XPS, it has not been extensively used to 

provide quantitative information, such as the composition of vanadium oxide [239, 261]. However, 

there is evidence that quantitative Raman analysis has been effectively applied to other materials, 

like silicon crystallinity (amorphous/crystalline) [262]. The objective of this section is to develop 

the VO2 quantitate Raman analysis through calibration with XPS data. 

 

Although there are many compounds in the VOx family, our analysis of all samples in this section 

found no evidence of other VOx phases, except for a small amount of V3O7 detected in the Raman 
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spectra of a few over-oxidised samples. Among the five samples exhibiting clear phase transition 

behaviour, neither XRD nor Raman spectroscopy revealed any traces of other crystalline VOx 

phases. Furthermore, XPS analysis of all samples in this study did not show any binding energy 

reference corresponding to V3+ at 515.7 eV. A very recent study on ALD-deposited VOx thin films 

provides insight into this observation, suggesting that the final oxidation state of VOx after 

annealing is directly influenced by the annealing atmosphere. Their findings indicate that 

amorphous VOx annealed in an oxygen-rich environment tends to form VO2 films, whereas 

samples annealed in vacuum and  air are more likely to produce V2O3 and V2O5, respectively [263]. 

Based on this, I infer that the detected V5+ in my samples most likely originates from surface 

oxidation leading to the formation of V2O5, while the observed V4+ is primarily attributed to the 

desired VO2. 

 

Figure 3.24 shows the peak-fitting approach that is applied to analyse the VO2 and V2O5 fractions 

within the Raman spectra. This method utilises Lorentzian curve fitting to identify and quantify 

the contributions of VO2 and V2O5. Specifically, the 194 cm-1 peak is identified as the main peak 

for VO2, while the 146 cm-1 peak serves as the main Raman peak for V2O5. The contributions of 

VO2 and V2O5 are expressed in the areas of the fitted Lorentzian curves for these two dominant 

peaks, which can be defined as [264]: 

𝑦 = 𝑦0 +
2𝐴

𝜋
×

𝑤

4(𝑥 − 𝑥𝑐)2 + 𝑤2
(3.2) 

where y0 is the offset, A is the area of the peak, w is full width at half maximum (FWHM), and xc is 

the centre of the peak. 

 

Figure 3.24. Lorentzian fitted Raman peaks of (a) VO2 (M1) main peak at 194 cm−1, and 

(b) V2O5 main peak at 146 cm−1. 
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The film elemental composition can be quantitatively assessed from the area integration of the 

VO2 (M1) main peak at 194 cm−1 and V2O5 main peak at 146 cm−1 and then compared with the XPS 

results. The VO2 composition is calculated through the equation below. 

𝑉4+

𝑉4+ + 𝑉5+
=

𝐴(𝑉𝑂2)

𝐴(𝑉𝑂2) + 𝛽 × 𝐴(𝑉2𝑂5)
 (3.3) 

where 𝛽 is the factor of area contribution of V2O5 over VO2. 

 

Figure 3.25 compares V4+ composition in terms of atomic ratio extracted from Raman 

spectroscopy and XPS measurements for all the samples in this chapter (except the sample 

annealed under 250oC). In Fig. 3.25 (a), the atomic ratio of V4+ to the sum of V4+ and V5+ from XPS 

measurements is plotted in black dash-dot line, alongside several solid lines representing Raman 

spectroscopy data that have been scaled by different β factors. Here, the β factor serves as a 

calibration coefficient to align the Raman data with the XPS reference. Each line corresponds to 

a different β value, indicating the variation in Raman data alignment with the XPS background as 

β changes. Fig. 3.25 (b) shows the mean square error (MSE) between the calibrated Raman data 

and the XPS data across different β values. This plot identifies the optimal β value that minimises 

the error, indicating the most accurate scaling factor for Raman data to quantitatively match the 

XPS results. The turning point on the graph where the error reaches its minimum suggests the 

best β value of 2.5 for the most accurate Raman data calibration. 

 

Figure 3.25. Comparison of V4+ atomic ratio from Raman Spectroscopy with XPS for 

quantitative analysis of vanadium oxides. (a) The atomic ratio of V4+ to the sum of V4+ 

and V5+ obtained from XPS data is plotted against the Raman peak area ratio for 

different β values in step of 0.5. (b) The mean square error between the XPS data and 
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the scaled Raman data is plotted as a function of β in step of 0.5, indicating the 

optimisation of the Raman data scaling for improved quantitative analysis. The 

minimum mean square error suggests the optimal β value for accurate 

representation of the vanadium oxide composition. 

 

Figure 3.26 shows a calibrated analysis of 11 distinct samples utilising the previously established 

optimal β value. In Fig.3.26 (a), the atomic ratio of V4+ to the total of V4+ and V5+ is plotted against 

various oxygen partial pressures, XPS data and Raman fitted results are displayed as a 

comparison. Figure 3.26 (b) exhibits how this ratio is influenced by different annealing 

temperatures, and panel (c) shows the effects of various annealing times on the ratio, comparing 

XPS data to Raman fitted results. With optimal β value, the consistency between Raman and XPS 

data is less than 10 % variation for those VO2 with good transition capability.  

 

Conversely, samples that are over-oxidised or exhibit ambiguous phase transitions show poorer 

alignment between Raman and XPS measurements. Overall, Fig. 3.26 validates the quantitative 

Raman spectra analysis can offer a reliable insight into the vanadium oxide composition using 

the empirically fitted beta of 2.5.  
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Figure 3.26. Comparative analysis of the vanadium oxide fraction using Raman fitted 

results and XPS data. (a) V4+/ (V4+ + V5+) atomic ratio as the function of oxygen partial 

pressure. (b) The effect of annealing temperature on the V4+/ (V4+ + V5+) atomic ratio (c) 

The influence of annealing time on the V4+/ (V4+ + V5+) atomic ratio. 

 

3.3.6 Further investigation of crystal strain through Raman peak 

shifts 

In previous studies, VO2 transition temperatures are found to be below the well-known value of 

68oC for heating. To further investigate it, Raman peak shifts around 194 cm-1 are investigated to 

elaborate VO2 crystallinity information, particularly strain, for the five samples with clear 

transition behaviours. Figure 5.27 shows how annealing pressures (1 Torr, 1.5 Torr, and 2 Torr) and 

temperatures (300°C and 350°C) influence Raman peak positions. In Fig. 3.27, the dots represent 

the original Raman data, and the solid lines are fitted curves through Lorentz fits. The fitting 

method is described in the previous section. Figure 3.27 (a) shows three separate Raman spectra 

annealed under oxygen partial pressures of 1 Torr, 1.5 Torr, and 2 Torr. The vertical black dashed 
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marks the central peak position of fitted 1 Torr curve (red line) at about 194 cm-1 as a reference. It 

can be seen that the central position of the peak has a tiny right shift with the increase of oxygen 

pressure. A similar trend is also observed in Fig. 3.27 (b), where the central peak position shifts 

right with increasing annealing temperature. 

 

Figure 3.27. Room temperature measured Raman spectra of VO2 after different 

annealing conditions. (a) spectra at various pressures: 1 Torr (red), 1.5 Torr (green), 

and 2 Torr (yellow). (b) spectra at different temperatures: 300°C (red) and 350°C 

(green). The black dashed lines indicate the central position of Lorentz fitted 1 Torr 

and 300oC. All the dots represent the original Raman data, all the solid lines represent 

the Lorentz fitted curve. 

 

By extracting the peak position from Fig. 3.27 and correlating it to its transition temperatures, 

Table 3.6 provides an analysis of how annealing pressures (1 Torr, 1.5 Torr, and 2 Torr) and 

temperatures (300°C and 350°C) influence Raman peak positions and phase transition 

temperatures (Th and Tc) of VO2 thin films. For the pressure group samples at the same annealing 

temperature, the Raman peak shifts to a lower frequency as red shift with O2 pressure decreasing 

from 1.5 Torr to 2 Torr, and this results in a reduced transition temperature of around 45oC for 

heating. For temperature studies, it shows that a lower temperature at 300oC gives the Raman 

peak shifting to a lower frequency, which matches the reduced transition temperature at 50oC 

(heating). These trends between Raman peak shifts and transition temperatures are consistent 

with those reported in the literature [24], induced through different substrates. The work in [24] 

reported that compressive strain in the VO2 film can lead to a decrease in transition temperature. 

Thus, the discovery in this work provides an insight that certain fine anneal condition optimisation 

is required to get the desired transition temperature, even if excellent optical contrast is achieved.     
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Table 3.6. Correlation between Raman peak position and phase transition characteristics of VO2 
thin films under various annealing conditions. 

 Group (pressure) Group (Temperature) 

1 Torr 1.5 Torr 2 Torr 300oC 350oC 

Raman peak position 

(cm-1) 

193.6 193.7 193.9 192.9 194.9 

Transition 

temperature Th (oC) 

45 72 73 50 68 

Transition 

temperature Tc (oC) 

35 54 58 38 53 

 

Figure 3.28 visually illustrates the relationship between Raman shift and phase transition 

temperature for the five good VO2 samples listed in Table 3.6. Here, the phase transition 

temperature is defined as the average of the transition temperatures during heating and cooling, 

as recorded in Table 3.6. The results indicate that as increases of the anneal condition, will red 

shift in the  Raman peak of VO2. Furthermore, this redshift exhibits a proportional relationship 

with the phase transition temperature. 

 

 

 

 

Figure 3.28. Relationship between Raman shift and average phase transition 

temperature of VO2 thin film. The stars represent the temperature group and the 

circles represent the oxygen pressure group. The blue, yellow, and red gradients 
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represent the conditions between groups from small to large. The dashed arrows are 

only used to indicate the increase in annealing conditions between groups. 

 

3.3.7 Discussion of tuneable refractive index via strain 

Since previous sections have presented the wavelength-dependent refractive index of VO2 thin 

films deposited on silicon wafers. In applications such as integrated photonics and silicon-based 

compatibility, the refractive index at 1550 nm is often of particular interest. Therefore, it is 

highlighted in Fig. 3.29 as a function of annealing conditions. 

 

The results indicate that all three sample groups annealed at 400°C exhibit a high refractive index 

contrast, which may be attributed to the formation of a more densely packed crystalline phase at 

elevated temperatures. Notably, under the 1 Torr oxygen pressure annealing condition (blue 

circles), the refractive index and extinction coefficient at 1550 nm show the highest contrast, 

reaching 0.76 and 1.53, respectively. 

 

Although the samples annealed at 300°C (red triangles/stars) do not exhibit the highest refractive 

index contrast at 1550 nm, they still achieve the second-highest extinction coefficient contrast of 

1.50. This suggests that the 300°C annealing condition, while maintaining CMOS compatibility 

due to its lower processing temperature, also offers a competitive refractive index contrast. This 

finding highlights its potential for applications in VO2 based optical switches and dynamic 

computing devices that rely on this property. Additionally, Fig. 3.29 reveals that the 12 samples 

distinctly cluster into two groups (lower-left and upper-right regions), suggesting that the effective 

phase transition window for VO2 formation under different conditions is relatively narrow. 

Furthermore, within this phase transition window, fine-tuning the annealing conditions does not 

significantly alter the refractive index properties of the material. 
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Figure 3.29. Effect of annealing conditions on the refractive index of VO2 thin films at 

1550 nm. The stars represent the temperature group, the circles represent the oxygen 

pressure group, and the triangles represent the time group. The progressive order of 

blue, yellow, red, and black represents the conditions between groups from small to 

large. 

 

Figure 3.30 visually illustrates the relationship between Raman shift and refractive index for 

the five VO2 samples exhibiting clear phase transition behaviour in Fig. 3.29. The results 

indicate that different annealing conditions influence the slopes of the relationships 

among n and k with oxygen pressure exhibiting the most pronounced slope. In Fig. 3.30, a 

clear inverse relationship between the Raman peak redshift and the refractive index 

contrast of VO2 can be observed. 

 

Although previous studies have rarely directly investigated the correlation between VO2 

refractive index and Raman shift, recent research reported a co-relation between TiO2 

strain and refractive and thus we investigate whether a similar correlation exists between 

refractive index and VO2 strain. Or the strain effect on VO2 refractive index [265]. As 

discussed in Section 2.2.2, compressive strain along the c-axis can lower the metal-

insulator transition (MIT) temperature, whereas tensile strain can raise it. By correlating the 

XRD results with Raman shift, in this study, the strain induced by tuning the annealing 

condition is very likely to be a direct factor contributing to the increased variation in the 

complex refractive index of VO2. 
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Figure 3.30. Relationship between Raman shift and (a) real part of refractive index (b) 

imaginary part of refractive index. The stars represent the temperature groups and 

the circles represent the oxygen pressure groups. The blue, yellow, and red 

progressive sequence represents the conditions between groups from small to large. 

The dotted arrows are only to indicate the increase of annealing conditions between 

groups. 

 

3.3.8 Discussion of the annealing effect on the VO2 surface 

topography 

The VO2 film quality was investigated through an SEM. Figure 3.31 shows top-view SEM images of 

VO2 films annealed at 400°C for 2 hours under varying oxygen partial pressures. For 1 Torr oxygen 

partial pressure (Fig. 3.31a), numerous defects are evident on the surface and similar to an 

unannealed VO2 (Fig. 3.31e). Concurrently, there is a noticeable reduction in defects at a higher 

oxygen pressure of 1.5 Torr and 2 Torr. At 2.5 Torr, a distinctive grain shape is seen as needle-like, 

corresponding to the transformation of VO2 to V2O5, as previously verified by Raman spectroscopy 

and X-ray photoelectron spectroscopy (XPS) analyses. Therefore, defects are cured during the 

post-deposition anneal process and grain morphology can give an indication of VO2 or V2O5 after 

annealing. 
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Figure 3.31. Top-view SEM images of VO2 samples annealed at 400°C for 2 hours with 

different oxygen partial pressures with a 200 nm scale bar. The oxygen pressures are 

(a) 1 Torr, (b) 1.5 Torr, (c) 2 Torr, (d) 2.5 Torr and (e) an unannealed VO2 sample as 

reference. 

 

Figure 3.32 presents the SEM images for annealed VO2 at various temperatures of the annealed 

samples. For the film annealed at 250oC (Fig. 3.32 (a)), the sample morphology is close to that of 

the unannealed VO2 film, with defects clearly identified. With the annealing temperature 
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increased to 300oC (Fig.3.32 (b)), the film shows a pattern of small grains and the defects have 

disappeared. With the annealing temperature further increasing to 350oC (Fig. 3.32(c)), the film 

shows similar patterns to those of 300oC. For the film annealed at 400oC (Fig. 3.32(d)), a 

significantly different pattern is seen with large needle-like grains, indicating that the film is 

distinctive from the other anneals. By comparing these four films, we can conclude that the 

morphology of ALD-deposited VO2 thin films can change with annealing temperature and those 

defects due to underlying layers can be cured under certain anneal conditions.  

 

Figure 3.32. Top view SEM images of VO2 samples annealed under 2.5 Torr oxygen 

partial pressure for 3 hours at different anneal temperatures with a 200 nm scale bar. 

The anneal temperatures are (a) 250oC, (b) 300oC, (c) 350oC, and (d) 400oC. 

 

Now, extra focuses are given on the optimised low anneal temperature at 2.5 Torr O2 pressure with 

SEM image in Fig. 3.33. For anneal durations from 1 to 3 hours, VO2 films show similar patterns 

and all with no defects identified. However, 4 hours anneal shows a bit different film morphology 

that with little cracks in the film. This distinctive pattern indicates a different composition of the 

film, which well matches the little optical contrast and V2O5 like Raman peaks. The lack of needle-
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like grains here could be attributed to its lower anneal temperature and also likely formation of 

V3O7. In summary, VO2 film under the optimised anneal condition has demonstrated a good film 

quality and free from defect, which can be very critical in electronic applications.  

 

Figure 3.33. SEM top view images of VO2 samples annealed at 300°C under 2.5 Torr 

oxygen partial pressure with various annealing duration with a 200 nm scale bar.  The 

annealing duration of these samples is: (a) 1 hour, (b) 2 hour, (c) 3 hour, and (d) 4 hour. 

 

3.4 Conclusion to Chapter 3 

This chapter systematically investigates low-temperature annealing strategies for VO₂ thin films 

grown by atomic layer deposition, aiming to achieve high-quality phase transition properties 

while minimising the thermal budget. By systematically controlling the annealing temperature, 

oxygen partial pressure, and annealing time, a causal relationship between process parameters, 

material structure, and optical properties is established, providing a reliable process window for 

the production of VO₂ thin films compatible with CMOS processes and flexible substrates. 
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The study demonstrates that at a low temperature of 300°C in an oxygen atmosphere of 2.5 Torr, 

well-crystalline VO₂ films can be successfully induced, exhibiting a clear metal-insulator phase 

transition behavior and good optical constant contrast. Further reductions in the annealing 

temperature (e.g., 250°C) result in insufficient crystallization, while excessively high 

temperatures (e.g., ≥400°C) can easily induce excessive oxidation, resulting in the formation of 

V₂O₅, which destroys the material's reversible phase transition properties. This finding 

demonstrates that, with appropriate control of oxygen and annealing time, VO₂ crystallisation can 

be achieved even under conditions traditionally considered ‘inadequate temperature’, providing 

a viable path for subsequent integrated devices. 

 

This chapter uses a combination of Raman spectroscopy and XPS to effectively determine the 

phase composition and oxidation state distribution of the thin film. The experiment also uses 

Raman peak shifts for the first time to analyse changes in lattice strain, further revealing the 

central role of strain in annealing and its regulation of the refractive index and phase transition 

temperature of VO₂. This provides new approaches for optically tenable design in subsequent 

devices. Scanning electron microscopy results show that prolonged annealing or high-

temperature conditions tend to form large, coarse grains on the film surface, unlike those of VO₂. 

This is consistent with the overoxidation results obtained from other characterizations, 

suggesting that annealing time must be optimized in conjunction with temperature and oxygen 

partial pressure. 

 

In summary, this chapter present the low-temperature annealing/crystallisation process for VO₂ 

and demonstrates its applicability on both silicon and flexible substrates. These material 

optimisation results provide a critical foundation for the design of optical bistable devices and 

the realization of all optical short-term memory, proposed in the next chapter.  
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Chapter 4. Device-level bistability in VO2 

microring resonator for optical memory 

4.1 Introduction 

For decades, electronic logic gates and the classical von Neumann architecture have been the 

foundation of modern computing systems. However, with the rapid advancement of artificial 

intelligence and machine learning, the demand for computing power has increased exponentially, 

pushing the energy efficiency and processing speed of electronic systems toward their physical 

limits [266-268]. This challenge has spurred interest in alternative computing paradigms, among 

which all-optical neuromorphic computing has emerged as a promising approach [269, 270]. By 

replacing electronic logic gates with optical data processing and storage units and adopting bio-

inspired, non-von Neumann architectures, all-optical neuromorphic computing offers the 

potential for ultra-fast, energy-efficient computation. A critical aspect of advancing this field is 

the exploration of suitable functional materials that can effectively mimic neural functionalities 

[271-274]. 

 

Vanadium dioxide (VO₂), a transition metal oxide, has attracted significant attention due to its 

unusual phase transition properties. At around 68°C, VO₂ undergoes a reversible solid-state 

phase transition between an insulating monoclinic phase and a metallic rutile phase, 

accompanied by dramatic changes in its electrical and optical properties [19]. These 

characteristics make VO₂ an attractive material for a variety of applications, including smart 

windows [275, 276], photodetectors [122, 277], space solar reflectors [219], and more recently, 

data processing and computing devices [38, 278, 279]. In optical memory devices, VO₂ is 

traditionally utilised for its inherent optical bistability arising from the hysteresis in its phase 

transition during heating and cooling processes [22, 36, 280, 281]. 
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However, relying on the material's hysteresis characteristics presents several challenges. For 

example, doping VO₂ with tungsten is a promising strategy to lower the phase transition 

temperature, which in turn reduces power consumption which is an important consideration for 

device efficiency [39]. However, this advantage comes at the cost of narrowing the hysteresis 

width, which is crucial for devices that depend on hysteresis-based bistability. Consequently, 

despite tungsten doping being a good approach, it may have to be abandoned due to the 

limitations imposed by the reduced hysteresis width. Additionally, achieving precise control over 

the hysteresis loop is technically demanding, potentially hindering design optimisation and large-

scale production. 

 

To overcome these limitations, we propose and numerically analyse a photothermal induced that 

achieves bistability at the device level without relying on globally heating the device. Our design 

exploits the absorption contrast between the metallic and insulating phases of VO₂ to modulate 

the effective refractive index thereby influencing the optical properties of the device. This 

approach simplifies the implementation process and is conducive to future design optimisation 

and mass production. 

 

Moreover, our device is capable of simulating the short-term memory and natural forgetting 

processes observed in biological systems. Unlike non-volatile devices, which require additional 

stimuli or regulatory elements to realise forgetting, our volatile memory device naturally emulates 

the biological forgetting mechanism, thereby avoiding information overload and system 

congestion. The underlying bistability of our device plays an essential role in achieving 

associative learning, as it provides the system with the ability to maintain different stable states 
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under identical input conditions, which is an essential feature for mimicking biological 

conditioning and memory processes. This bistable characteristic is particularly crucial in optical 

and neuromorphic computing, as it allows the device to reliably store and switch between the 

states necessary for associative learning, ensuring effective memory formation and response. In 

this work, we demonstrate the feasibility of the proposed device through numerical simulations, 

highlighting its potential for use in photonic associative learning and optical memory. 

4.2 Methodology 

4.2.1 Device structures 

This chapter investigates the optical behaviour and bistable characteristics of VO₂-integrated 

photonic structures through finite-element simulations. Two geometries are considered: a 

straight waveguide configuration and a microring resonator (MRR) configuration. These designs 

are selected to evaluate bistability in two commonly used integrated photonic elements. Before 

discussing the VO₂ refractive index modelling and simulation methodology, the device structures 

are first introduced. 

 

Figures. 4.1(a) show schematic views of the straight waveguide device with the VO₂ patch. The 

silicon rib waveguide is situated on a SiO₂ substrate and has a width of 500 nm and a height of 

220 nm, this dimensions is commonly used in photonic integrated circuits. A discussion of 

waveguide geometry can be found in Section 2.4.1. This Chapter focuses primarily on the 

influence of the VO₂ patch dimensions.  

 

Figure. 4.1(b) schematically depicts the layout of the VO₂-integrated dual waveguide microring 

resonator. It consists of two straight silicon waveguides and a silicon microring, with the ring 

partially covered by a VO₂ patch. The waveguide geometry is identical to Fig. 4.1(a). The microring 

is evanescently coupled to both waveguides. The waveguide cores have a cross-sectional width 

of 500 nm and a height of 120 nm (with a 100 nm silicon slab thickness). The ring has a bending 

radius of 5 μm (measured from the waveguide centre) and a coupling gap of 50 nm to the bus 

waveguides. It is symmetrically positioned equidistant from the two bus waveguides, and the 

entire device is mirror-symmetric with respect to the vertical xz-plane. 
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Figure 4.1. Schematic diagram of the VO₂-integrated waveguide and microring 

resonator. (a) Schematic diagram of VO₂ placed at the top of the waveguide. (b) 

Schematic diagram of  VO₂ integrated microring resonator.  

 

4.2.2 VO2 refractive index modelling 

The majority of the work does not involve calculations within the VO₂ phase transition region, 

except for Section 4.4. Therefore, for this portion of the study where calculations within the VO₂ 

phase transition region are required, the Looyenga mixing rule from effective medium theory is 

introduced to determine the effective refractive index of VO₂ in the transition region. 

 

The concept of the Looyenga mixing rule is that, given the dielectric constants of VO₂ in its two 

stable phases, the dielectric constant of the intermediate phase, εeff, can be calculated. The 

Looyenga mixing formula is given as follows [159]. 

𝜀𝑒𝑓𝑓
𝑆 = [1 − 𝑓(𝑇)] × 𝜀(𝑖𝑛𝑠)𝑆 + 𝑓(𝑇) × 𝜀(𝑚𝑒𝑡𝑎𝑙)𝑆 (4.1) 

where 𝜀(𝑖𝑛𝑠)  and 𝜀(𝑚𝑒𝑡𝑎𝑙)  are the permittivity of VO2 at the insulating and metallic phases, 

respectively. The value S varies from −1 to 1 depending on the shape of the metallic inclusions. 

Here, S is set as 1/3 as an empirical value for thin-film VO2 [282]. 

 

The metallic fraction 𝑓(𝑇)  can be empirically considered as a first-order equilibrium which is 

given by [22]: 
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𝑓(𝑇) =
1

1 + 𝑒𝑥𝑝 (
𝑤
𝐾𝐵

(
1
𝑇 −

1
𝑇ℎ𝑎𝑙𝑓

))

 (4.2)
 

where 𝑤 is an energy scale for the IMT which contains information about the width of the phase 

change. Therefore, if two IMT regions are identical, the value of 𝑤 must be the same. Here, Thalf  is 

the temperature at which half of the film is in the metallic phase and KB denotes the Boltzmann 

constant which is 1.38 × 1023 J∙K-1.  

 

The relationship between the 𝑤 and 𝑓(𝑇) is analysed by setting a reference w0 and a constant Thalf 

value. Where the Thalf value is chosen as 341.15 K (68oC) for calculation which is the typical VO2 

transition temperature. Figure 4.2 shows how the 𝑓(𝑇) curve depends on value of w0. 

 

Figure 4.2. f(T) curves as a function of w0, where w0 value is 2.5 eV. 

 

The w0 value in Fig. 4.2 is 2.5 eV, 𝑓(𝑇) will dramatically change at the middle of the transition zone 

(Thalf) when the w0 value is large. The smaller w0 will lead to a smaller gradient during IMT. If the w0 

value is infinitely small, 𝑓(𝑇) will be a constant. 

 

The relationship between the Thalf and 𝑓(𝑇)  can be analysed by setting w0 at 2.5 eV. Figure 4.3 

provides the information on how the 𝑓(𝑇) curve depends on the value of Thalf.  
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Figure 4.3. f(T)  curves as a function of Thalf, where Thalf is 223.15 K, 233.15 K and 

243.15 K, respectively. 

 

The Thalf value in Fig. 4.2 is varies between 223.15 K to 243.15 K, it can be seen that the smaller 

Thalf shifts 𝑓(𝑇) curve to lower temperature and vice versa. 

 

Since the device-level bistability demonstrated in this work is not based on the intrinsic bistability 

of the material, when the temperature intervals for heating and cooling approach infinitesimally 

small values i.e., when the hysteresis width approaches zero, the refractive index (n) and 

extinction coefficient (k) of VO₂ follow the same path during both heating and cooling. 

 

I use the heating curve of VO₂ measured by ellipsometry in previous studies as the data source 

[154]. At 1550 nm, the complex refractive indices of VO₂ in the low-temperature and high-

temperature states are 2.47 + 0.06i and 1.78 + 2.47i, respectively. The Thalf is 71°C, and the 

transition temperature range (10 %-90 %) is 67–75 °C. The fitted n and k values for VO₂ during the 

heating process are shown in Fig. 4.4 (a, b). 

 

In this work, the Looyenga mixing rule is used to explain the refractive index of VO₂ in the 

intermediate state. It has been validated that, based on the experimental data obtained, once the 

refractive index of VO₂ in the two stable states and Thalf are determined, the slope of the transition 

region has no impact on the conclusions of this study. A comparison of simulation results without 

the Looyenga equation is provided in the Appendix A5. 
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Figure 4.4. Temperature-dependent VO2 refractive index. (a) Looyenga mixing rule 

calculated the real part of the refractive index. (b) Looyenga mixing rule calculated 

the imaginary part of the refractive index. 

 

4.2.3 Running COMSOL on the university supercomputer 

As a finite element method (FEM) simulation software, COMSOL typically demands substantial 

computing memory. In this work, the average memory requirement exceeds 400 GB, making local 

desktop computation challenging. To address this, the university's fifth-generation 

supercomputer, ‘Iridis 5’, was utilised. By accessing the high memory partition offered by the 

university, I was able to allocate up to approximately 750 GB of memory for the simulations. 

Detailed specifications and capabilities of the Iridis 5 high memory partition are outlined in Table 

4.1. 

Table 4.1. Information of Iridis 5 Highmem partition. 

Partition name  Highmem 

Maximum nodes per user   4 

Usable RAM per node  About 750 GB 

CPUs per node  64 

Maximum wall-time  5 days 

 

Theoretically, utilising all four nodes of the Highmem partition on Iridis 5 could provide up to 3 TB 

of memory (4×750 GB) and 256 CPUs (4×64). However, due to compatibility issues, the efficiency 

of multi-node COMSOL simulations is considerably low, often leading to exceeding the maximum 
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allowed wall-time on Iridis5. Therefore, it is recommended to use a single node of the Highmem 

partition, which offers 750 GB of memory, for high degree-of-freedom (DOF) COMSOL modelling. 

 

In addition to the high memory requirements, computation time presents another constraint in 

this project. The maximum wall-time for standard HPC (High-Performance Computing) users is 

60 hours, while users with higher permissions, who can access the highmem partition, are 

allowed up to 120 hours. If a computational job cannot be completed within 5 days, it will 

automatically fail. 

4.2.4 COMSOL run file of Iridis 5 

Running COMSOL file on Iridis 5 requires a run file. After computing, a solved file will be generated 

automatically. Some key run file code with notation is listed in this section. The entire run file 

code is provided in the Appendix A1. 

#SBATCH--time=120:00:00 //wall-time setting 

#SBATCH--partition=highmem //computing partition specify 

#SBATCH--nodes=1//computing node number specify 

#SBATCH--ntasks=64//numbers of CPUs specify 

4.2.5 Boundary conditions and material parameters 

Figure 4.5 shows the ring resonator structure used in the simulations. The boundary conditions 

are meticulously defined: 'Input F', 'Input B', and 'Output S' are designated as ‘Port’ boundary 

conditions. Surrounding the model is a 1 μm thick infinite element domain, where the outer 

boundaries are assigned the ‘Temperature’ boundary condition. For the upper surfaces of the 

Silicon (Si) bus waveguide, Si microring, Si thin layer, and the VO2 patch, the boundary condition 

is set to ‘Heat flux’. All remaining boundaries are configured with the ‘Scattering boundary 

condition’. The waveguide structure shares the same boundary conditions. This detailed setup 

ensures accurate simulation of the device behaviour under various conditions. 
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Figure 4.5. Perspective view of VO2-Si hybrid microring resonator model in COMSOL. 

The 1 𝜇𝑚  thick infinite element domain is covered around the model. The 1.5 𝜇𝑚 

thick air domain is covered at the top of the model. The SiO2 substrate is 1.5 𝜇𝑚 thick. 

 

Table 4.2 lists all the material properties used in the numerical simulation. The simulation does 

not include any thermo-optic effect of Si, considering its small coefficient (1.86 × 10-4 /K [283]) 

and the relatively low-quality factor of the microring resonances in this device (a few hundred as 

described in Section 3.2.2). 

 

 

 

 

 

 

 

 

 

Table 4.2. Material parameters used in the simulation. 

Parameter Value 

VO2 refractive index, metallic phase 1.78+2.47i (experimental data) 
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VO2 refractive index, insulating phase 2.47+0.06i (experimental data) 

Si refractive index[212] 3.47 

SiO2 refractive index[284] 1.44 

Si heat capacity [285] 705.5 J/Kg∙K 

Si density [285] 2330 Kg/m3 

Si thermal conductivity[285] 153 W/m∙K 

SiO2 heat capacity[285] 745 J/Kg∙K 

SiO2 density[285] 2200 Kg/m3 

SiO2 thermal conductivity[285] 1.38 W/m∙K 

VO2 heat capacity (J/Kg ∙ K ) [286] 690 (T < 339 K and T > 341 K) 

27763.5 (339 K≤T≤341 K) 

VO2 density[286] 4340 Kg/m3 

VO2 thermal conductivity[286] 6 W/m∙K 

Heat transfer coefficient of Air[287] 5 W/m2∙K 

 

It is worth noting that the total thermal conductivity of a material is given by Ktotal=Kphonon+Kelectron.  

In insulators and semiconductors, phonon thermal conductivity plays a dominant role because 

these materials contain very few free electrons, meaning heat is primarily transported via lattice 

vibrations (phonons). In contrast, for metallic materials, according to the Wiedemann–Franz law, 

thermal conductivity is proportional to electrical conductivity. There has been significant 

controversy regarding the thermal conductivity of VO₂ in previous studies, as illustrated in Fig. 4.6. 

Some studies have reported that the total thermal conductivity of VO₂ remains almost unchanged 

across the metal-insulator transition (MIT), with a value of approximately 6 W/m.K (ΔKtot ~ 0.2 

W/m⋅K) [288, 289]. However, other studies claim that the electronic thermal conductivity 

increases by 60 % in the metallic phase, which aligns well with the expected contribution of free 

electrons to thermal transport [66]. In this work, the thermal conductivity of VO2 is assumed to be 

6 W/(m.K) in both states to be consistent with our previous work and to reduce the nonlinearity of 

the system [286]. 
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Figure 4.6. Temperature dependence of the measured total thermal conductivity (Ktot) 

and 

expected electronic thermal conductivity (Ke
0) of  VO2.  

4.2.6 Time-Harmonic EM Heating and two-way coupling 

There are four study types for time-harmonic electromagnetic (EM) heating problems in COMSOL:  

1. Frequency-Stationary, One-Way Coupled, Electromagnetic Heating  

2. Frequency-Transient, One-Way Coupled, Electromagnetic Heating   

3. Frequency-Stationary, two-way coupled 

4. Frequency-Transient, two-way coupled 

 

The first two study types utilised in the simulations are designed to address linear problems. 

However, this project involves four different materials: Silicon (Si), Silicon dioxide (SiO2), Air, and 

VO2. The properties of Si, SiO2, and Air are constant, whereas VO2 exhibits temperature-

dependent properties, introducing nonlinearity into the model. To manage this complexity, the 

two-way coupled Frequency-Stationery and Frequency-Transient study types are employed. 

These study types are adept at handling scenarios with temperature-dependent material 

properties. 

 

Depending on the degree of model nonlinearity, these studies can adopt either a low memory 

consumption segregated approach or a high memory consumption fully coupled approach. In 

the segregated approach, the simulation iteratively alternates between the electromagnetic 
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module and the heat transfer module until the convergence criteria are met. On the other hand, 

the fully coupled approach deals with all couplings within a single, large system in one iteration, 

requiring more memory but increasing efficiency for solving highly nonlinear problem [290, 291].  

 

Given the large size of the model, which consists of 10 million Degrees of Freedom (DOF), the 

default solver setting employed is the 'Suggested Iterative Solver'. This solver is advantageous due 

to its lower memory consumption, typically below 200 GB. However, it is not able to handle large 

models with nonlinear problems effectively. For time-dependent problems, particularly those 

involving nonlinearity, the direct solver becomes the only option. The direct solver, while 

demanding a significant amount of memory (around 520 GB), offers better convergence and the 

capability to manage nonlinear problems. 

 

Within the direct solver category, there are four options: PARDISO, MUMPS, SPOOLES, and Dense 

matrix. The latter two are barely used in practice. MUMPS solver has the benefits of providing a 

multithreaded cluster and slightly more stability, whereas the advantage of PARDISO is known for 

its faster computation speed. Due to compatibility issues, COMSOL MPI cannot be utilised on 

the Iridis supercomputer. In this work, the main concern is 'time'. Therefore, considering these 

factors, the PARDISO solver emerges as the most suitable choice for this particular model. 

 

In COMSOL, there are three main reasons to make the model converge slowly or not converge at 

all: 

1. The load changes too fast. 

2. Mesh is not fine enough to analysis the physics field. 

3. Model is too large. 

 

After lots of attempts, the most significantly nonlinear component in this model is the step 

function of the heat capacity. This is evident in part of the log file, as shown in Fig. 4.7. The log 

indicates that due to the rapid change in heat capacity, the time step in the simulation had to be 

reduced to an extremely small value of 2.2E-14 s. This time step is five orders of magnitude 

smaller than the required time step. 
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An important observation is the computation time required for these small time steps. 

Completing just 197 steps took a duration of 5 days. Given this rate of progress, it becomes 

apparent that completing the entire computation could potentially require months. This 

highlights the significant computational demands and challenges posed by the nonlinear 

aspects of the model, particularly the step function of heat capacity. 

 

 

Figure 4.7. Part of the log file generated from the Iridis, the step size is 0.00002 ns at 

2.6 ns. 

 

By keeping the same amount of area of the origin heat capacity in Fig. 4.8 (a), the heat capacity is 

therefore Gauss fitted in Fig. 4.8 (b) to decrease the model nonlinearity and computation time. 

 

Figure 4.8. The original heat capacity data in Table 4.2, Ref [286], the heat capacity 

changes dramatically in the very short temperature range. (b) The Gauss-fitted heat 

capacity to overcome the difficulty in the simulation, where the transition range is 

between 60℃ and 80℃. Both (a) and (b) have the same amount of area. 

 

4.2.7 Study of comparison between Lumerical and COMSOL 

Due to the relatively long computation times associated with COMSOL, Lumerical is utilised for 

the optimisation of optical simulations in this study. Lumerical offers significantly faster 
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computation speeds, allowing for more efficient exploration of various simulation parameters 

and optimisation strategies. This efficiency is particularly beneficial when conducting extensive 

parametric studies is necessary.  

(a) Mesh generation in Lumerical 

In Lumerical FDTD, the default rectangular mesh is generated based on the Mesh Accuracy slider 

in the software's meshing interface. Mesh Accuracy is an indicator used by the FDTD adaptive 

meshing algorithm to determine the mesh size, with 8 levels of precision: 1 represents low 

accuracy, and 8 represents high accuracy (smaller mesh size). Mesh Accuracy level 1 

corresponds to 6 mesh points per wavelength (ppw). Level 2 corresponds to 10 ppw, and so on, 

with each increment on the slider adding 4 ppw. The wavelength here refers to the shortest 

wavelength within the material. 

 

For example, with an input light wavelength of 1550 nm entering silicon waveguide at Mesh 

Accuracy level 8, the mesh is divided into 34 points per wavelength. This results in a mesh size of 

1550 / 3.47 / 34 ≈ 13 nm. Thus, the minimum mesh size at Mesh Accuracy 8 is 13 nm, consistent 

with the actual measurements in the model (Appendix A4). The actual mesh sizes for a 1550 nm 

input light in a silicon waveguide at Mesh Accuracy levels 1 to 8 are shown in Table 4.3. 

 

In numerical simulations, a larger mesh size leads to faster simulation run times but less accurate 

results, whereas a smaller mesh size results in slower run times, and greater computational 

resource consumption, but more accurate results. Therefore, finding a balance between speed 

and accuracy can not only improve the accuracy of subsequent work but also help future 

researchers quickly perform simulations. In this study, Mesh Accuracy level 3 was chosen as a 

reasonable starting point for subsequent mesh refinement studies [292-294]. 

 

Table 4.3. Conversion between mesh accuracy levels and actual mesh sizes in Lumerical FDTD 

for a 1550 nm input light in a silicon waveguide. 

Mesh accuracy Mesh size (nm) 

1 74 

2 45 

3 32 
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4 24 

5 20 

6 17 

7 15 

8 13 

 

(b) Mesh convergence study in Lumerical 

The main factors influencing the simulation output results include the following: 1. Mesh, 2. 

Material properties, and 3. Boundary conditions. Optical waveguides, being simple in geometry 

and small in volume, are commonly used optical components and were initially chosen for mesh 

convergence studies in Lumerical. Figure 4.9 (a) shows a top view of the straight waveguide used 

for the mesh convergence study in Lumerical. The rib waveguide has a length of 8 µm, a width of 

500 nm, a standard SOI height of 220 nm, and an etch depth of 120 nm. The input light source 

mode is the fundamental TE mode. Figure 4.9 (b) shows the transmission values for the straight 

waveguide at a 1550 nm input wavelength as the mesh accuracy increases from 3 to 8. It can be 

seen that different mesh accuracies have almost no impact on the results, indicating that lower 

mesh accuracy can be used for simulating straight waveguides in Lumerical to obtain accurate 

results more quickly. 

 

Figure 4.9. (a) Top view of the straight waveguide geometry used for the mesh 

convergence study in Lumerical FDTD. (b) Transmission values for the straight 

waveguide at a 1550 nm input wavelength as the mesh accuracy increases from 3 to 

8.  
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Since the main simulation part in this work is based on a VO2-patched silicon microring resonator, 

and silicon microring is a crucial component in many optical memory works, detailed mesh 

convergence research is essential. However, to my best knowledge, little study has thoroughly 

investigated mesh convergence in silicon microring. Therefore, conducting a mesh convergence 

study on silicon microring resonators not only supports this work but also provides valuable 

simulation guidelines for future research. 

 

Figure 4.10 (a) shows the silicon microring used for the mesh convergence study. The microring 

has a radius of 5 µm, the straight waveguide has a length of 16 µm, and the coupling gap between 

the straight waveguide and the microring is 50 nm. The remaining geometric dimensions and light 

source settings are consistent with the previous straight waveguide simulation. Figure 4.10 (b) 

shows the drop port transmission spectra of the microring at input wavelengths from 1535 to 

1555 nm for different mesh accuracies. The blue dashed line represents the simulation results in 

COMSOL with the same geometric dimensions. As seen in Fig. 4.10 (b), unlike the previous 

straight waveguide, the resonance peaks of the microring transmission spectrum are highly 

sensitive to mesh accuracy. The resonance wavelength does not monotonically blue or red shift 

with increasing mesh density. Even with the mesh accuracy set to the maximum value of 8, no 

significant convergence of the results is observed. 

 

 

Figure 4.10. (a) Geometry of the silicon microring resonator used for the Lumerical 

mesh convergence study. (b) Drop port transmission spectra of the microring at input 

wavelengths from 1535 nm to 1555 nm for different mesh accuracies.  
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The boundary conditions used in Lumerical microring optical simulations are Perfectly Matched 

Layers (PML). As an open boundary condition, PML can simulate an infinite space by absorbing 

incident electromagnetic waves and preventing them from reflecting into the main simulation 

area. A thinner PML might not perfectly absorb the incident electromagnetic waves, so increasing 

the PML thickness was attempted to improve mesh convergence. 

 

Figure 4.11 shows the comparison of results after adjusting the PML thickness for mesh 

accuracies of 4 and 8 in the silicon ring simulation. According to the official information, higher 

mesh densities often require more PML layers [295]. Therefore, I increased the default PML layers 

from 8 to 22 for mesh accuracy 4, and to a maximum of 64 layers for mesh accuracy 8, ensuring 

effective absorption. However, the results showed that the transmission spectra before and after 

adjusting the PML thickness were almost identical (Fig. 4.11 (a)), and the resonance wavelengths 

were almost unchanged (Fig. 4.11 (b)). 

 

Figure 4.11. (a) Transmission spectra of the silicon microring resonator for mesh 

accuracies of 4 and 8, comparing the effects of different PML thicknesses. (b) 

Resonance wavelengths corresponding to the transmission spectra in (a) illustrate 

that adjusting the PML thickness has minimal impact on the resonance wavelength, 

as the spectra and resonance positions remain nearly unchanged. 

 

 

Lumerical provides various meshing options, such as conformal variant 0/1, staircase, dielectric 

volume average, and Yu-Mittra method. Different meshing methods were tested in this section for 

convergence. The default conformal variant 0 setting is suitable for most FDTD simulations, while 

conformal variant 1 is claimed to achieve better convergence when multiple materials are 
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present in the simulation region. Other meshing methods are recommended only for specific 

cases or when boundary conditions are not PML [296]. 

 

Figure 4.12 shows the transmission spectra and resonance wavelengths for a pure silicon ring (a, 

b) and a silicon ring covered with a VO2 patch (c, d) at mesh accuracies of 4, 5, and 6, comparing 

the default conformal variant 0 with the adjusted conformal variant 1. In (c) and (d), the VO2 patch 

is in its insulating phase. It can be observed that at different mesh densities, the resonance 

wavelengths and corresponding transmission values remain almost unchanged when altering 

the meshing refinement options. This demonstrates that the default conformal variant 0 is 

adequate for microring simulation. 

 

 

Figure 4.12. (a) Transmission spectra of a silicon ring at mesh accuracies 4, 5, and 6, 

comparing the default conformal variant 0 (M4, M5, M6) with the adjusted conformal 

variant 1 (CMT_M4, CMT_M5, CMT_M6). (b) Resonance wavelengths corresponding 

to the transmission spectra in (a). (c) Transmission spectra of a silicon ring with a VO2 
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patch in its insulating state at mesh accuracies 4, 5, and 6, comparing the default 

conformal variant 0 (M4, M5, M6) with the adjusted conformal variant 1 (CMT_M4, 

CMT_M5, CMT_M6). (d) Resonance wavelengths corresponding to the transmission 

spectra in (c).  

 

Increasing simulation time and decreasing the auto shut-off min parameter are other factors that 

can affect the simulation results. Extending the simulation time allows the simulation to run 

longer, ensuring that the observed results are stable. The auto shut-off min parameter is another 

time control setting, typically used to terminate the simulation process and prevent over-

simulation. Reducing the auto shut-off min can achieve higher accuracy or lower error by allowing 

the simulation to run longer. 

 

Figure 4.13 compares the transmission spectra and resonance wavelengths of a silicon ring for 

mesh accuracies of 5 and 6 using the default settings (5000 fs simulation time and 1e-5 auto shut-

off min) and the adjusted settings (500000 fs simulation time and 1e-8 auto shut-off min). As seen 

in Fig. 4.13 (a), there is no change in the transmission spectra before and after adjusting the 

parameters. Similarly, Fig. 4.13 (b) confirms that the resonance wavelengths remain unchanged, 

verifying the stability of the results with the adjusted settings. 

 

Figure 4.13. (a) Transmission spectra of the pure silicon ring at mesh accuracies 5 

and 6, comparing the default settings (Mesh5 and Mesh6) with the adjusted settings 

(auto8_M5 and auto8_M6). (b) Resonance wavelengths corresponding to the 

transmission spectra in (a). 
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Unlike COMSOL, the mesh shape in Lumerical is rectangular and not adaptive to the geometry 

itself. Consequently, when changing the mesh, the curved parts of the structure may appear with 

different ‘shapes’, leading the system to take an intermediate value between the two different 

media when calculating the effective refractive index in the ring structure. Figure 4.14 shows the 

different effective refractive indices on the outer side of the ring for mesh accuracy of 5 (Fig. 4.14 

(a)) and 6 (Fig. 4.14 (b)). Therefore, a possible approach is to refine the mesh until the error 

becomes negligible. 

 

 

 

Figure 4.14. Effective refractive index distribution on the outer side of the ring 

structure at different mesh accuracies. (a) Mesh accuracy is 5. (b) Mesh accuracy is 

6. 

 

As shown in Table 4.3, in Lumerical FDTD, the mesh density is generated by the Mesh Accuracy 

slider. At the maximum slider value of 8, the actual mesh size is 13 nm. Further mesh refinement 

requires adding custom meshes to the model. However, excessively small meshes can drastically 

increase computational resources and time. As shown in Fig. 4.15 (a), when reducing the mesh 

size of the pure silicon ring model from 13 nm to 5 nm, the computation time increases from 1.2 

hours to 20.4 hours. 

 

Thanks to multithreading optimisation in Lumerical, large models can be parallelised across 

multiple nodes during computation. Figure 4.15 (b) shows the computation time for the pure 

silicon ring model using different numbers of Iridis nodes. Using 10 nodes speeds up the 
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computation by approximately 6 times compared to using a single node. However, using too many 

nodes can significantly increase queue time. Using 7 batch nodes is considered a compromise 

between computation speed and queue time and is used in subsequent simulations. 

 

Figure 4.13 (c) presents a detailed mesh convergence study for silicon microring, showing how 

different mesh sizes affect the resonance wavelength of the ring resonator. When reducing the 

mesh size from the initial 32 nm to 13 nm (corresponding to Mesh Accuracy 3-8), the resonance 

wavelength fluctuates irregularly around the COMSOL simulation resonance wavelength of 

1544.4 nm (red dashed line). However, as the mesh size continues to decrease, the resonance 

wavelength at a Lumerical mesh size of 12 nm (1544.9 nm) is closest to the COMSOL value. The 

resonance wavelength stabilises around 1545.3 nm for mesh sizes smaller than 10 nm, differing 

by approximately 0.9 nm from the COMSOL result. 

 

Figure 4.15. (a) Computation time for the silicon ring as the mesh size decreases from 

13 nm to 5 nm, indicated by the red arrow, showing a significant increase in 

computation time, from 1.2 hours to 20.4 hours. (b) Run time for the silicon ring 

model using different numbers of Iridis nodes. (c) Detailed mesh convergence study 
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for silicon microring. The red dashed line represents the resonance wavelength 

obtained from the COMSOL simulation (1544.4 nm).  

 

In the ring with a VO2 patch, similar results were observed. As shown in Fig. 4.16 (a), when the 

Lumerical mesh size decreases from 32 nm to 13 nm, the resonance wavelength fluctuates 

between 1548.4 nm and 1546.3 nm. However, as the mesh size continues to decrease, the 

resonance wavelength at a Lumerical mesh size of 12 nm (1547.2 nm) closely matches the 

COMSOL result of 1547.1 nm. The resonance wavelength stabilises around 1547.4 nm for mesh 

sizes smaller than 10 nm, differing by approximately 0.3 nm from the COMSOL result. Figure 4.16 

(b) shows the transmission spectra comparison between the Lumerical simulation and COMSOL 

at a mesh size of 12 nm, demonstrating a high degree of similarity. These results confirm the 

effectiveness and necessity of further refining the mesh beyond mesh accuracy 8 in the ring 

model, providing insights for future simulation work. 

 

Figure 4.16. (a) Resonance wavelength fluctuations for the ring with a VO2 patch as 

the Lumerical mesh size decreases from 32 nm to 13 nm. The red arrow indicates the 

trend of decreasing mesh size, and the red dashed line represents the COMSOL 

result. (b) Transmission spectra comparison between Lumerical and COMSOL 

simulations at a mesh size of 12 nm, showing high similarity. 

 

(c) Discussion  

The adaptive meshing mechanism in Lumerical offers different levels of mesh refinement, 

ranging from coarse to fine. Simulation results indicate that even using the system's default 

highest precision mesh (Mesh accuracy = 8) may not converge to a relatively stable result, 

especially for the resonance peak positions, which are highly sensitive to simulation conditions. 
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In this study, I explored various optimisation strategies to improve the accuracy of microring 

resonator simulations by comparing the results from Lumerical and COMSOL (Table 4.4). 

 

When using PML as boundary conditions for optical simulations, it is commonly believed that 

increasing the PML thickness is an effective method to enhance absorption and reduce boundary 

reflections. However, our simulation results show that even significantly increasing the number 

of PML layers does not necessarily result in noticeable changes in the transmission spectrum or 

resonance wavelength. Additionally, while extending the simulation time and reducing the auto 

shut-off time are common strategies to improve simulation stability, this study indicates that 

these methods do not significantly improve the results for microring structures. 

 

This section emphasises that although theoretically, mesh density, mesh configuration, and 

simulation time collectively determine the accuracy of simulations in Lumerical, our 

comprehensive evaluation of these factors reveals that mesh size plays a dominant role. In some 

cases, even using the default smallest mesh size is insufficient to achieve complete convergence 

of the results. This is because, even with maximised mesh density, the fixed rectangular mesh 

shape can lead to inaccurate effective refractive index calculations for certain geometries (e.g., 

the edges of the microring) due to the non-adaptive nature of the mesh. This work provides 

valuable experiences for future simulation works. 

 

Table 4.4. Evaluation of Lumerical optimisation methods in optical ring resonator simulation. 

Optimisation method in ring resonator 

simulation 

Effectiveness 

Thicker PML No 

Mesh construction method  No 

Increasing simulation time No 

Decreasing auto shut-off time No 

Mesh size refinement Yes 
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4.3 Device-level bistability in a straight waveguide 

To illustrate the concept of device-level bistability, we numerically simulated the optical and 

thermal properties of a Si rib waveguide with a segment covered by a VO2 thin film (Fig. 4.15). 

Figures 4.15 (a) and 4.15 (b) are schematics of the device, where the VO2 patch is in its entirely 

insulting and metallic phases, respectively. The VO2 patch is 90 nm thick, 1300 nm long along the 

waveguide, and 2000 nm wide. The rest of the waveguide structure is described in the previous 

section 4.2.1. 

 

The optical and thermal properties of the device shown in Fig. 4.15 were obtained using a finite 

element method-based numerical simulation tool (COMSOL Multiphysics). The simulations 

presented in this section correspond to the steady-state behaviour of the device, without 

considering time-dependent evolution. As the analysis progresses, more advanced simulation 

will be introduced, which are detailed in later sections. 

 

Figure 4.15 (c) shows the transmission of the device in its two pure phases over a 20 nm 

wavelength range centred around 1550 nm. Both spectra are flat, indicating that the device 

exhibits no resonances within this spectral range. While the transmission reaches approximately 

0.87 in the insulating phase, it drops significantly to around 0.11 in the metallic phase. This stark 

contrast highlights the substantial difference in the VO2 patch’s light absorption capabilities 

between the two phases. 

 

Based on these spectra, we selected the wavelength of 1550 nm, a standard 

telecommunications wavelength, and analysed the dependence of the VO2 patch’s temperature 

on the input laser power. Figure 4.15 (d) shows the average temperature of the portion of the VO2 

patch in direct contact with the Si waveguide, as this region interacts with the evanescent field 

and is optical significant. Here, we define the phase transition temperature window as spanning 

from 67°C to 75°C (10 %-90 % range, from our previous work), and highlight it as a horizontal blue 

band in Figure 1(d). Below this range, the VO2 patch is entirely insulating, while above it, the patch 

is entirely metallic. Both temperature lines exhibit a linear dependence on input power and 

extrapolate to the ambient temperature of 20°C. 
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Device-level bistability is clearly visible in the power range of 4 to 27 mW, where the red and the 

black lines intersect the blue band. Within this range, any given input power can sustain two 

stable states of the device, with the VO2 patch at either the fully insulting or fully metallic phase. 

The optical manifestation of this bistability is shown in Fig. 4.15 (e), where two transmission levels 

(0.11 and 0.87) co-exist for the same input laser power. It is worth noting that different definitions 

can introduce slight variations in the bistable input power range because the temperature 

distribution within the VO₂ patch depends on its phase. Similar phenomenon was reported in a 

recent publication [130, 297], where the Appendix A7 illustrates the bistable performance based 

on the definition of the average temperature across both ends of the patch . 

 

To gain deeper insight into the mechanism of device-level bistability, we selected an input power 

of 5 mW and analysed the corresponding electric field and temperature distributions, as shown 

in Figs. 4.15 (f)-1(i). Figs. 4.15 (f) and 4.15 (g) show the electric field strength at the middle height 

of the rib waveguide. This stark difference in attenuation results in a substantial difference in the 

VO2 temperature shown in Figs. 4.15 (f) and 4.15 (g). It is evident that the insulating phase (Fig. 

4.15 (h)) causes significantly smaller optical attenuation compared to the metallic phase (Fig. 

4.15(i)).  
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Figure 4.15. Schematic diagram and analysis of bistable behaviour in a VO₂-

integrated waveguide. (a) Schematic diagram of insulating VO₂ placed at the top of 

waveguide. (b) Schematic diagram of metallic VO₂ placed at the top of waveguide. (c) 

Waveguide transmission level when VO2 patch at different phases. (d) Thermal 

bistability without introducing VO₂ material hysteresis. The input wavelength is at 

1550 nm. The blue band represents the VO₂ material transition range. (e) 

Corresponding optical bistability from panel (c), with input power ranging from 4 mW 

to 27 mW. The black line represents the high-transmittance state when VO₂ is in the 

insulating phase, while the red line indicates the low-transmittance state when VO₂ 

is in the metallic phase. (f) and (g) Cross-sectional temperature field distribution of 

the straight waveguide with VO₂ in (f) the insulating phase and (g) the metallic phase, 

under the same 1550 nm wavelength and 5 mW power. The cross-sections are taken 

at the midpoint of the waveguide. (h) and (i) Top view of the electric field distribution 

in the straight waveguide with VO₂ in (h) the insulating phase and (i) the metallic 

phase, under a 1550 nm input wavelength and 5 mW input power. The slice is taken 

at the middle of the rib waveguide. 

 

The relationship between the optical attenuation and the temperature of the VO2 patch is 

described by Equation 4.3, which links the heat power density 𝑄(𝑟) to the permittivity 𝜀 and the 

electric field strength |𝐸(𝑟)| for any location 𝑟 within the patch [298, 299]: 

𝑄(𝑟) =
𝜔

2
𝐼𝑚(𝜀)𝜀0|𝐸(𝑟)|2 (4.3) 

It shows that the heat power density is directly related to the local electric field intensity and the 

imaginary part of the dielectric constant. Where 𝜀0  is the permittivity of free space, ω is the 

angular frequency of the input light and |𝐸(𝑟)|2 is the intensity of the electric field. The imaginary 

part of the permittivity, 𝐼𝑚(𝜀), is calculated as: 

𝐼𝑚(𝜀) = 2𝑛𝑘  (4.4)

Although the electric field strength |𝐸(𝑟)| is relatively low across the entire patch in the metallic 

phase, the imaginary part of the permittivity 𝐼𝑚(𝜀) is 8.8, much higher than its value of 0.3 in the 

insulting phase. As a result, the conversion of optical power into thermal dissipation is much 

more pronounced in the metallic phase, leading to a higher VO2 temperature. 
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Figure 4.16 illustrates the optical bistability of straight waveguides that have VO₂ patches of 

varying lengths on top. First, when the VO₂ patch is 500 nm long (Fig. 4.16 (a)), the input power 

range for bistable operation is approximately 5–40 mW. In the insulating phase, the device’s 

normalised transmission at the output is about 0.93, whereas it drops to about 0.45 in the 

metallic phase. 

 

When the VO₂ patch length is increased to 1000 nm (Fig. 4.16 (b)), the upper limit of the bistable 

power range drops to 31 mW. This is because a longer patch expands the light–VO₂ interaction 

region, making the phase transition easier to initiate and sustain. Meanwhile, the longer 

metallised VO₂ region increases the overall propagation loss, further reducing the transmission 

to 0.18. Extending the patch length to 1500 nm (Fig. 4.16 (c)) narrows the bistable window to 

around 20 mW, but raises the device’s extinction ratio to 10.31 dB. 

 

In Fig. 4.16 (d), the black curve shows how the bistable power range decreases with increasing 

patch length, from 124 mW at 100 nm down to 20 mW at 1500 nm, following a roughly logarithmic 

trend. This indicates that a longer VO₂ patch more readily initiates and completes the phase 

transition, thereby shrinking the power window in which bistability can be maintained. Meanwhile, 

the red curve reveals that the extinction ratio is positively correlated with patch length, rising 

monotonically from about 0.62 dB at 100 nm to 10.31 dB at 1500 nm. In other words, the longer 

the patch, the greater the transmission contrast between the insulating and metallic states, 

producing a more pronounced “ON/OFF” effect. As shown in Fig. 4.16, achieving a higher 

extinction ratio requires sacrificing some portion of the bistable power range, whereas retaining 

a wider operational window entails accepting a lower extinction ratio. Meanwhile, the short patch 

length requires larger input power to trigger the IMT, from a practical standpoint, overly large input 

power should be avoided to prevent excessive heating that could harm the device. 
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Figure 4.16. Device level optical bistability in straight waveguides integrated with VO₂ 

patches of different lengths, (a) 500 nm, (b) 1000 nm, and (c) 1500 nm. Black and red 

solid lines represent the transmission level when the VO2 patch fully switches to 

insulating and metallic states, respectively. (d) Relationship between VO2 patch 

length with bistable input power range and the corresponding extinction ratio. 

 

4.4 Device-level bistability on VO₂-Integrated microring 

resonator 

Since achieving bistability in straight waveguide devices requires a high-power threshold, and the 

significant temperature jump after the phase transition could potentially cause irreversible 

damage to the device, it is crucial to explore alternative structures that enable bistability at lower 

input power thresholds. Previous studies have identified resonant optical cavities as promising 

candidates for low-power operation [300]. Additionally, the compact structure of microring 

resonators makes them particularly advantageous for applications requiring precise optical 
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signal control, such as optical memory and neuromorphic computing. In this section, we explore 

the device-level bistable behaviour of VO₂-integrated microring resonators. 

 

Figure 4.17 (a,b) schematically depicts the layout of the VO2 integrated dual-waveguide MRR. The 

VO2 patch, which could be conformally coated onto the microring using atomic layer deposition 

(ALD), has a uniform thickness of 90 nm. It has a planar size of 1.5 μm (along the x axis) by 1.3 μm 

(along the y axis) viewing from the top. It is positioned at equal distance from the two bus 

waveguides, and the whole device possesses mirror symmetry with respect to the vertical xz 

plane. The dimension of the waveguide and Si microring are described in the previous section 

4.2.1. 

 

The device-level optical bistability is depicted in Figs. 4.17 (a) and 4.17 (b), via their contrast in 

both the light propagation and the phase of the VO2 patch. Laser light is launched into the device 

at port B, and is collected at port S. In Fig. 4.17 (a), most of the B input couples into the microring 

rather than reaching the output port S. The VO2 patch stabilises at the insulating phase. 

Conversely, the same B input (i.e., identical in wavelength and power) produces a much larger S 

output in Fig. 4.17 (b), where the VO2 patch stabilises at the metallic phase. Figs. 4.17 (a,b) depict 

two stable states under identical input, and the device consequently possesses optical bistability 

and optical memory. 

 

Figures 4.17 (c) and 4.17 (d) show the S / B and S / F transmission, respectively, for identifying the 

working wavelengths of the device. Figure 4.17 (c) shows the S / B transmission at the two pure 

VO2 phases, and a whispering gallery mode (WGM) resonance is observed in both curves. The 

central wavelength and the minimal transmission of the WGM resonance are 1547.0 nm and 0.05, 

respectively. Its quality factor (Q factor) is 487, extracted from Lorentz fitting of the resonance 

peak. The value is limited by both the bending loss of the microring (due to its relatively small 

radius) and the optical absorption of the VO2 patch. As the VO2 patch changes from the insulating 

phase to the metallic phase, the resonance wavelength changes from 1547.0 to 1543.0 nm. This 

wavelength shift reveals a change in the effective refractive index of the microring, which 

originates from a change in the refractive index of the VO2. The Q factor decreases from 487 to 

228, as the metallic phase is more absorptive than the insulating phase. Across the whole 10-nm 

wavelength range simulated here, the largest optical modulation induced by the phase transition 
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occurs at the WGM peak wavelength of 1547.0 nm. This wavelength is consequently chosen as 

the working wavelength for port B. 

 

Similarly, Fig. 4.17 (d) shows the S / F transmission, which is used to identify the working 

wavelength of port F. The two WGM resonances also appear in the two spectra here, but as peaks 

instead, as S is a drop port for F. Because configuration #1 in afterwards Table 4.1 requires S / F > 

Tth, a large S / F value should be chosen to provide a good margin for Tth. We consequently set the 

working wavelength of port F at 1547.2 nm, which has a large S / F value of 0.60 and a slight 

difference of 0.2 nm from the working wavelength of port B. Introducing this small wavelength 

difference is mainly to highlight that the inputs of B and F do not need to be temporally coherent 

for the device to function. It also allows for these two input signals (i.e., the unconditioned and 

the conditioned stimuli, respectively, after the conditioning) to be separated based on 

wavelength in subsequent signal processing, which could benefit certain applications in the 

future.  

 

Under the above-mentioned working wavelength, by feeding power to B, as shown in Fig. 4.17 (e), 

the average temperature of the VO₂ patch embedded in the microring resonator exhibits a clear 

hysteresis loop as the input power increases and decreases, confirming thermal bistability. The 

transition window marked in blue represents the temperature range over which VO₂ undergoes its 

phase change. In Fig.4.17 (f), the corresponding optical bistability is demonstrated by the 

normalised transmittance as a function of input power. When the input power increases, the VO₂ 

patch transitions from the insulating to the metallic phase, resulting in a sharp increase in 

transmission due to increased optical absorption. Conversely, when the input power decreases, 

the transmission gradually returns to its low-transmission state as the VO₂ reverts to its insulating 

phase. The distinct paths followed during the power-up and power-down cycles provide clear 

evidence of optical bistable behaviour. 

 

Moreover, the bistability phenomenon shown in Figure 4.17 can also be qualitatively explained in 

Equation 4.3. When the input optical power in the waveguide gradually increases, the thermal 

power density slightly increases as the material properties remain unchanged. When VO2 is 

continuously driven by photothermal energy to reach the phase transition threshold temperature 

(the bottom line of the blue band), a positive feedback phenomenon begins to occur. At this point, 
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the material starts to transition from the insulating state to the metallic state, which leads to an 

increase in the absorption coefficient. VO2 then absorbs more optical energy and converts it into 

thermal energy, forming a self-accelerating process that sharply increases the temperature, 

causing VO2 to rapidly transition from the insulating to the metallic state [301]. 

 

When the input optical power in the waveguide gradually decreases, VO2 remains in the metallic 

state, and the imaginary part of the permittivity stays constant, resulting in a slight decrease in 

thermal power density. As it passes through the transition range, the imaginary part of the 

permittivity initially does not change much, and the thermal power density continues to decrease 

slightly. Once the VO2 temperature approaches to the bottom line of the blue band, the imaginary 

part of the permittivity sharply decreases, leading to a rapid drop in temperature below the phase 

transition point. 
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Figure 4.17. VO2-Si hybrid microring resonator that possesses optical bistability. The 

Si microring, partly covered by a thin film patch of VO2, is evanescently coupled to 

straight bus waveguides on either side. The whole device resides on the SiO2 BOX 

layer (buried oxide layer, not depicted) of a SOI (silicon-on-oxide) wafer. The device 

possesses two stable states, where the VO2 patch is in either (a) the low-temperature, 

insulating phase, or (b) the high-temperature, metallic phase. The black arrows 

indicate the light propagation directions. Notably, only port B has input and the input 

remains identical across these two stable states. (c) Spectra of S / B transmission. 
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The VO2 temperature is assumed to be homogeneous, with the material at either the 

insulating or the metallic phase. The simulated transmission (dots) is fitted using the 

Lorentz function (lines). The wavelength used in the optical conditioning is specified 

using the vertical dashed line. (d) Corresponding S / F transmission spectra. (e) 

Thermal bistability is shown by the average temperature of the VO2 patch as a 

function of input power, displaying a hysteresis loop. The transition window (Trans. 

wind.) highlights the temperature range over which the phase transition occurs. (f) 

Corresponded optical bistability is shown by the normalised transmittance versus 

input power, showing distinct paths for raising and lowering input power.  

 

4.4.1 Analysis of VO2 side part effect on the device performance 

Considering the future device fabrication, the VO2 patch in this work is designed like a “bridge”, 

coated on the top of the silicon micro ring. The surface temperature distribution of the cross-

section of the VO2 patch is plotted in Fig. 4.18. It can be seen that the temperature field of either 

insulating or metallic VO2 is mostly distributed on the patch surrounding the Si microring. 

 

Figure 4.18. Surface temperature distribution of cross-section of VO2 patch. The VO2 

is at either (a) the insulating phase or (b) the metallic phase. 

 

Figure 4.19 shows the transmission spectra for all four configurations after the removal of two 

side parts from the VO2 patches. A noticeable leftward shift in the resonant frequency is observed 

following this modification. Despite this shift, by selecting two new modulation wavelengths, the 

device performance, especially the optical contrast, is effectively maintained at 0.55. This 

observation indicates that the VO2 patch surrounding the Silicon microring is the primary 

contributor to the optical and thermal performance of the device. 
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Consequently, only the VO2 patch surrounding the Si microring will be taken into account in the 

simulation used in this work that involves temperature volume averaging. This approach ensures 

that the analysis is concentrated on the most impactful component of the device, leading to more 

accurate outcomes. 

 

Figure 4.19. Transmission spectra obtained at output port S when there is no side part 

of VO2 patch, the input launched from (a) port B and (b) port F. The VO2 is at either the 

insulating or the metallic phase. Two vertical dashed lines specify the wavelengths 

used for optical modulation. 

 

 

4.4.2 Implementation of photonic associative learning in 

microring resonator 

After demonstrating device-level bistability in the VO₂-integrated microring resonator, we now 

explore how to utilise this bistable behaviour for associative learning. The Pavlov experiment 

demonstrated the existence of associative learning, involving two types of stimuli: in most cases, 

one stimulus is biologically relevant (unconditioned stimulus – US, food), while the other is 

biologically neutral (conditioned stimulus – CS, bell). Before training, the dog salivates only in 

response to the US and not to the CS. During training, the CS and US are presented 

simultaneously to train the dog to salivate, thereby establishing an association between the CS 

and US. After training, the CS alone can trigger the dog's salivation, a process known as 

conditioning, with the behaviour of salivating in response to the CS referred to as a conditioned 

response (CR). When the CR is repeatedly triggered without the US, this associative learning may 

fade, and the disappearance of the association between CS and US is called extinction. In fields 
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such as neuromorphic computing, associative learning can be further divided into short-term and 

long-term. Inspired by the classical conditioning demonstrated in Pavlov's experiment, the dual-

waveguide microring device provides a platform for implementing short-term VO2 photonic 

associative memory (VPAM). By leveraging the phase transition of VO₂ to modulate light 

transmission between two stable states, the microring resonator coupled with two waveguides 

can effectively mimic short-term associative learning. Based on this device layout in Fig. 4.17, 

Table 4.5 lists all four configurations of the VPAM required to demonstrate photonic associative 

learning. In the original biological experiment, presenting food and ringing a bell constitute two 

types of stimuli. Their optical analogues in the VPAM are input at port F (for food) and port B (for 

bell), respectively. Simultaneously, the VPAM counterpart of the dog’s salivation is the output at 

port S (for salivation). Consequently, the response of the device to an optical stimulus can be 

conveniently described as transmission S / F and S / B, which denotes the output S induced by 

the input F and B, respectively. A specific transmission level Tth is used to identify the state of the 

output. 

 

Table 4.5. The optical transmission and the VO2 phase required to implement photonic 

associative learning in the VPAM. The threshold value Tth distinguishes false and true (or 

equivalently digital zero and digital one) in the output. A difference in the VO2 phase between 

configurations #2 and #4 is required to implement optical memory in the device. The VO2 phase 

of the other two configurations are determined in subsequent numerical simulation. 

Input configuration Learning procedure Output requirement VO2 phase 

#1, only from F US S / F > Tth  

#2, only from B CS S / B < Tth Insulating 

#3, from both F and B US+CS S / F + S / B > Tth  

#4, only from B CR S / B > Tth Metallic 

 

More specifically, the optical transmission of the VPAM needs to show this contrast: it is below 

Tth before the conditioning (input configuration #2), whilst it is above Tth after the conditioning 

(configuration #4). These two requirements are expressed as S / B < Tth and S / B > Tth, for before 

and after the conditioning, respectively. Based on the original biological experiment, the other 
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two requirements are S / F > Tth (configuration #1) and S / F + S / B > Tth (configuration #3). The full 

set of these requirements is listed in the third column of Table 4.5. 

 

The final column of Table 4.5 highlights our strategy to optically replicate Pavlov’s experiment in 

our VPAM. It is to map the classical conditioning observed in the dog onto the phase transition of 

VO2. This strategy enables us to identify the optical equivalent of the biological associative 

memory within our device. It is revealed in configurations #2 and #4 of the table, where the VO2 

patch exhibits different phases. As the VPAM operates in the linear optics regime, this phase 

contrast is necessary for the device to possess optical bistability. The analysis of the following 

two sections further associates configurations #2 with the insulating phase and configurations 

#4 with the metallic phase. 

 

 

Figure 4.20. Optical conditioning at the microsecond scale. The time dependence of 

the average temperature of the VO2 patch is numerically simulated under different 

input configurations. The input is (a) only from port F, (b) only from port B, (c) from 

both ports F and B for 5 µs, after which only from port B. The input power of a single 

port is 5.5 mW. (d) Relaxation, where no input stimulus applies to the system. The 
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horizontal blue band highlights the largest temperature window for the VO2 phase 

transition that the optical conditioning can tolerate. 

 

Figure 4.20 illustrates the temporal behaviour of short-term associative learning using a 

resonance wavelength around 1550 nm (same wavelength in Fig. 4.17 c,d), with an input power 

set at 5.5 mW, which lies within the bistable input range depicted in Fig. 4.17. Although this is not 

the only power level within the bistable range, a lower input power would result in a slower 

response time, while a higher input power would exceed the bistable range. Figure 4.20 (a) shows 

the average temperature of the optically significant part of the VO2 film under input F. The input is 

initiated at time zero and remains at 5.5 mW for 5 µs. The VO2 temperature experiences an 

immediate rise from the ambient temperature of 20°C. At the end of the 5 µs period, it reaches 

45.0°C. A similar time dependence is seen in Figure 4.20 (b), where the input changes from F to 

B. The VO2 temperate steadily ascends from the ambient temperature to 57.6oC at the end of the 

5 µs period, this temperature below the phase transition temperature window (depicted as the 

blue band in Figure 4.20). 

 

Figure 4.20 (c) shows that the VO2 can reach temperatures above the blue band and transit to the 

metallic phase, once F and B are launched simultaneously into the device. Similar to Fig.4.17, 

the temperature ascends steadily from time zero and reaches 108.5°C at 5 µs. Input F is then 

withdrawn, and the VO2 temperature immediately decreases. It gradually stabilises at 79.7°C at 

10 µs.  

 

Figure 4.20 (d) shows the average temperature of the VO₂ patch over time in the absence of input 

excitation (i.e., the "relaxation" process). Starting from 10 µs, the input is completely removed, 

causing the VO₂ temperature to drop rapidly. During the entire relaxation process, the VO₂ 

temperature drops rapidly from 80oC to 32oC in 1 µs, and then gradually decreases, and 

approaches the ambient temperature of 20°C in the following 5 µs. 

 

It is worth noting that, in order to reach the steady-state temperatures the input is sustained for a 

relatively extended duration (here 5 µs) in all the simulation. As seen in Fig. 4.20 (c), this time 

period exceeds what is actually essential for the VPAM to function. The VO2 temperature reaches 

the top of the blue band within 0.4 µs, and this is the time required for the VPAM to acquire 

photonic associative memory at the input power level of 5.5 mW. The corresponding energy 

consumption for the optical conditioning is consequently 4.4 nJ (calculated at 5.5 mW × 0.4 μs × 
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2 input channels). Additionally, based on Figs. 4.17 (e,f), once the VO₂ temperature exceeds the 

upper limit of the blue band, the association can be maintained even if the input power is reduced, 

as long as it remains within the bistable range.  

 

Besides, although the fastest reported speed for device-level VO₂ photothermal switching is on 

the order of hundreds of nanoseconds [302], the switching time of the insulator-to-metal 

transition (IMT) in VO₂ could potentially be reduced to pico- and femtosecond time scales. This 

could be achieved by precisely tuning the excitation source to selectively trigger the electronic 

Mott transition, minimising parasitic heat generation and the structural phase transition (SPT). 

 

4.4.3 Optimisation strategy for optical contrast 

Evaluating the performance of VPAM typically relies on three key factors: 1. Optical contrast; 2. 

Power consumption; and 3. Computational speed. Since the VO₂ patch used in this work is driven 

by photothermal excitation, optimising power consumption and computational speed requires 

the use of COMSOL multiphysics simulations. However, multiphysics simulations are 

computationally intensive and time-consuming, making global optimisation impractical for this 

work. Therefore, the optimisation of the photonic memory device in this work focuses primarily 

on optical contrast, using Lumerical FDTD for optical optimisation. 

 

In this work, optical contrast is defined as the difference in optical transmission at the resonant 

wavelength between the metallic and insulating phases of the VO₂ material. Specifically, we 

calculate the transmission difference for both the saliva/bell (S/B) and saliva/food (S/F) 

configurations, and the optical contrast is determined by taking the smaller of the two values. For 

example, if the difference in S/B is 0.5 but S/F is 0.46, the optical contrast is defined as 0.46.  

𝑂𝑝𝑡𝑖𝑐𝑎𝑙 𝑐𝑜𝑛𝑡𝑟𝑎𝑠𝑡 = min (∆𝑇𝑆
𝐵

, 𝑇𝑆
𝐹

) (4.5) 

Improving optical contrast enhances the distinction between the two states, which is crucial for 

achieving stable optical bistability. To achieve this, the following key parameters need to be 

optimised: 

(a) Coupling gap optimisation 
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The coupling gap directly affects the coupling coefficient k. Reducing the coupling gap increases 

the coupling strength, allowing more light to couple into the ring resonator, resulting in a more 

pronounced difference in transmitted light intensity and thus improving optical contrast. 

However, in this work, since there are two input ports (located at the Input and Add ports) and one 

output port (located at the Drop port), simply decreasing or increasing the coupling gap will not 

straightforwardly improve overall performance. Increasing the transmittance on one side could 

reduce the performance on the other side (Figure 4.21). Therefore, optimising the coupling gap 

requires balancing the performance between the two ports. Based on discussions with our 

cleanroom engineers, 50 nm was selected as the starting point for the minimum coupling gap 

scan, as this is a practical value that can be achieved using electron beam lithography and 

subsequent etching processes. The transmission value is extracted based on the same strategy 

in the previous section, where the raw simulation results are provided in Appendix A6. 

 

Figure 4.21. Relationship between the waveguide-ring coupling gap, port 

transmission, and device contrast. The VO₂ patch length is fixed at 1300 nm, and its 

thickness is fixed at 90 nm. 

 

(b) VO₂ patch coverage fraction 

The coverage of the VO₂ patch significantly affects the effective refractive index of the ring 

resonator. As the coverage increases, the phase transition of VO₂ can induce different resonance 

frequency shifts in the two states, leading to two distinct optical outputs at the same input 

wavelength, thereby enhancing optical contrast. Higher coverage increases absorption contrast 

because more light interacts with the VO₂. However, excessive VO₂ coverage can introduce 
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significant insertion losses and lowering overall contrast (Fig. 4.22). Additionally, previous studies 

have shown that overly long VO₂ patches not only increase the switching energy but also add 

optical losses, further impacting device performance [303]. Since the different fractions of VO2 

patch will affect the Neff and hence affect the resonance wavelength, the operation wavelength is 

picked differently with different lengths of VO2 to make sure the best contrast value is obtained, 

the raw simulation results are provided in Appendix A6. 

 

Figure 4.22. Relationship between the VO₂ patch length, port transmission, and 

device contrast. The coupling gap is fixed at 50 nm, and the VO₂ thickness is fixed at 

90 nm. 

 

(c) VO₂ Thickness 

As shown in Fig. 4.23, the thickness of the VO₂ layer also has a significant impact on optical 

contrast. A thicker VO₂ layer can increase light absorption in both phases, thereby amplifying the 

absorption difference between the insulating and metallic states, which enhances optical 

contrast. However, excessive absorption, especially in the metallic phase, can lead to a reduction 

in overall transmission, increasing optical losses and degrading device performance. Since the 

VO₂ patch in this work is deposited using atomic layer deposition (ALD), a thicker VO₂ layer will 

significantly increase deposition time and cost. Therefore, a thickness range of 20-100 nm was 

chosen for the scanning range in this study, as it avoids the poor optical response caused by 

directly depositing a too-thin VO₂ layer on Si, while also preventing excessive time and cost 

consumption. Similar operation wavelength strategy is applied to obtain the best contrast 

performance, the raw simulation results are provided in Appendix A6. 
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Figure 4.23. Relationship between the VO₂ patch thickness, port transmission, and 

device contrast. The patch length is fixed at 1300 nm, and the coupling gap is fixed at 

50 nm. 

 

Figure 4.24 shows the optimisation results for the optical contrast of the VO₂ integrated microring 

resonator as a function of VO₂ coverage fraction (%) and VO₂ thickness (nm) for different coupling 

gaps between the ring and the bus waveguide (50 nm, 70 nm, and 90 nm). The optimisation 

results show several important trends. For the smallest coupling gap (50 nm), higher optical 

contrast is observed for VO₂ thicknesses in the range of 40-80 nm, particularly at coverage 

fractions between 6% and 10%.  

 

As the coupling gap increases to 70 nm and 90 nm, the maximum achievable contrast generally 

decreases. The plot for the 70 nm gap indicates that optical contrast is still relatively high for 

coverage fractions between 4 % and 8 %, but the overall contrast values are lower compared to 

the 50 nm gap configuration. This is likely due to reduced coupling efficiency as the gap widens, 

resulting in less coupling coefficient. For the largest gap of 90 nm, most of the contrast values are 

lower, regardless of the VO₂ coverage fraction and thickness. This result highlights that the 

coupling strength diminishes significantly as the gap increases, reducing the optical contrast. 

 

The results indicate that the highest optical contrast is achieved at a coupling gap of 70 nm, with 

a VO₂ thickness of 20 nm and a coverage fraction of 6 %, resulting in a contrast of 0.59. However, 
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it is noteworthy that the point corresponding to a gap of 50 nm, a thickness of 40 nm, and a 

coverage fraction of 8 % yields a very similar contrast of 0.58, just 1 % lower. Importantly, the point 

at 50 nm gap exhibits a higher degree of tolerance to variations in VO₂ thickness and coverage 

fraction compared to the 70 nm configuration. The surrounding points in the parameter space for 

the 50 nm gap configuration maintain relatively high contrast values, indicating that slight 

deviations in VO₂ thickness or coverage fraction during fabrication would not significantly 

degrade the optical contrast. This feature makes the 50 nm gap configuration more advantageous 

for practical device fabrication, as it offers greater robustness against fabrication imperfections. 

  

In contrast, the configuration with a gap of 70 nm, although achieving the highest contrast value, 

has less favourable surrounding points, implying that small deviations from the optimal thickness 

or coverage fraction could lead to a more significant drop in contrast. Therefore, while the 70 nm 

configuration may offer a slightly higher contrast, the 50 nm gap configuration is more reliable 

and practical for achieving consistent performance in real-world applications. Overall, the 

optimisation suggests that the best trade-off between high optical contrast and fabrication 

tolerance is achieved with a 50 nm coupling gap, a VO₂ thickness of 40 nm, and a coverage 

fraction of 8 %.  

 

Figure 4.24. Optimisation of optical contrast for a VO₂-integrated microring resonator 

as a function of VO₂ coverage fraction and VO₂ thickness at different coupling gaps 

(50 nm, 70 nm, and 90 nm). The colour bar represents the contrast with yellow 

indicating higher contrast values and blue indicating lower values.  
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4.5 Conclusion to Chapter 4 

This chapter constructs an all-optically controllable device with bistability based on VO₂ , 

focusing on how to achieve optical switching and short-term memory responses at the device 

level through structural design and localised photothermal manipulation. Compared to 

traditional methods that rely on external temperature control or electrical heating, this study 

utilises localised laser heating to control the VO₂ phase transition, achieving both state switching 

and state retention driven by optical input on a silicon-based integrated platform. 

 

In a straight waveguide structure, simulation results demonstrate that the photothermal effect 

induced by controlling the laser input power effectively drives the VO₂ phase transition, resulting 

in a pronounced transmittance bistability. While achieving this bistability does not bypass the 

intrinsic phase transition hysteresis of the VO₂ material, localized, controllable photothermal 

input keeps the VO₂ phase transition temperature within the hysteresis window, enabling state 

selection and retention. Furthermore, the bistability input window can be tuned by varying the 

VO₂ geometry. 

 

Furthermore, this chapter extends this mechanism to microring resonator structures. By 

systematically optimising parameters such as VO₂ cover length, thickness, and coupling gap, a 

normalised transmittance variation of up to 0.59 (ER = 8.04 dB) was achieved. Furthermore, the 

structural design enables the device to respond to input light stimuli within a bistable region, 

mimicking the ‘stimulus-memory-forget’ process in biological synapses and exhibiting optical 

short-term associative learning. This mechanism demonstrates the potential of VO₂ materials in 

neuro-inspired optical systems, particularly by enabling short-term state retention and optical 

logic responses without electrical actuation, relying solely on optical input. 

 

In summary, this chapter demonstrates the device-level bistable behavior and preliminary 

neuromorphic functionality of VO₂ films under photothermal control. The next chapter 

summarises the main research findings and future prospects of this thesis.  
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Chapter 5. Conclusions and future work 

5.1 Conclusions 

This thesis develops a low-temperature annealing process at 300°C for VO₂ thin films fabricated 

via atomic layer deposition (ALD), enabling post-metal processing temperatures compatible with 

CMOS technology. By increasing the oxygen partial pressure to 2.5 Torr, high-quality VO₂ films 

were successfully formed on both silicon substrates and flexible polyimide, achieving notable 

infrared emissivity contrast values of 0.47 and 0.30, respectively. The film quality and crystallinity 

were verified through SEM, Raman spectroscopy, ellipsometer and XPS. It was observed that 

high-temperature annealing at 400°C led to the formation of V₂O₅, whereas low-temperature 

annealing at 250°C was insufficient for crystallisation, indicating that the minimum thermal 

budget required for VO₂ formation is constrained by crystallisation. 

 

Through a combination of multiple characterisation techniques, this study identifies lattice strain 

effects as the core mechanism of the annealing process, analysing the impact of different 

annealing conditions on VO₂ phase transition temperature, refractive index, and material quality. 

These insights provide guidance for the fabrication of high-quality VO₂ films tailored for different 

applications. Additionally, by correlating XPS analysis with Raman spectroscopy, a quantitative 

method was developed to extract VO₂ composition variations of less than 10 % from XPS data 

through fitting parameters. Moreover, SEM imaging revealed distinct morphologies of VO₂ under 

different annealing conditions (both lower and higher temperatures), highlighting the variations 

in VO₂ quality assessment approaches. Finally, investigations into W-doped VO₂ demonstrated 

that tungsten doping influences the annealing conditions, requiring additional oxidation 

compared to undoped VO₂. 

 

This thesis also proposes a device-level bistable control method, which leverages the refractive 

index contrast between the insulating and metallic states of VO₂. The approach exhibits different 

bistable ranges across various device structures, offering a novel implementation for VO₂-based 

optical memory. Unlike conventional VO₂ optical storage devices that rely on hysteresis by 

globally tuning the device temperature, our approach making the device more feasible for 

optimised design and large-scale manufacturing. For microring structures, we further explored 

their bistable characteristics and numerically demonstrated a VO₂-based photonic device, which 



168 

 

we term VPAM (VO₂-based Photonic Associative Memory). This device, designed on a silicon 

photonic platform, enables device-level bistability and mimics associative learning. The VPAM 

structure consists of a silicon microring resonator partially covered with VO₂ thin-film patches, 

generating two distinct normalised transmission states (0.11 vs. 0.70) under the same input 

conditions. The transition between low- and high-transmission states is induced by simultaneous 

input at two ports, mimicking classical conditioning as demonstrated in Pavlov’s dog experiment. 

Through systematic finite element simulations, we optimised the structure parameters and 

achieved a high optical contrast of 0.59 (8.04 dB). This configuration offers an optimal balance 

between high optical contrast and fabrication tolerance, making it suitable for practical 

implementation. 

 

The proposed VPAM exhibits optical modulation on the microsecond scale with an energy 

consumption of 4.4 nJ, underscoring its efficiency for neuromorphic applications. The natural 

forgetting time of associative memory is within 1 µs, enabling fast and bio-inspired memory 

emulation. Although the fastest reported VO₂ photothermal switching at the device level occurs 

on a sub 100 ns timescale, the insulator-to-metal transition (IMT) in VO₂ can be reduced to the 

picosecond to femtosecond regime. This can be achieved by precisely tuning the excitation 

source to selectively trigger an electronic Mott transition, thereby minimising parasitic heat 

generation and structural phase transition (SPT) effects. By demonstrating the integration of VO₂ 

with silicon platform to achieve bistability and associative learning, this work establishes a 

practical and energy-efficient pathway for photonic neuromorphic computing. The potential 

bistable mechanisms enabled by the VO₂ phase transition open new opportunities for the design 

of phase change material based photonic devices, bridging the gap between optical processing 

and bio-inspired computing. 

5.2 Future work 

• VO₂ material toxicity: optimisation of fabrication processes and strategies for 

enhancing biocompatibility 

In this thesis, the formation temperature of VO₂ has been successfully reduced to 300°C, 

enabling its deposition onto heat-sensitive flexible substrates. This achievement marks a 

significant step toward the realisation of VO₂-based wearable devices and related 

applications. However, further research is required to address the toxicity concerns of 

VO₂, particularly regarding its potential risks in biomedical and environmental 
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applications. While VO₂ itself is generally considered a biocompatible material, 

prolonged exposure to environmental conditions may lead to its oxidation into V₂O₅, a 

compound known for its toxicity. Previous studies have demonstrated that V₂O₅ exposure 

in rodent models can induce various toxic effects, including neurological impairments, 

functional disorders in the liver and bones, and, notably, pulmonary issues and leukocyte 

DNA damage due to inhalation of vanadium oxides [304-306]. Therefore, developing 

passivation layer technologies will be an essential strategy for mitigating the toxicity of 

VO₂. Although previous research has demonstrated the potential of coating technologies 

in enhancing the biocompatibility of VO₂ thin films, systematic studies evaluating the 

impact of different coating thicknesses and materials are still lacking [307, 308]. 

Additionally, future research should focus on optimising the fabrication process of VO₂ 

thin films to improve the purity of the VO₂(M1) phase. Leveraging the advantages of ALD 

could further enhance film adhesion, improving its stability when applied to medical 

device surfaces. 

 

• Low-Cost oxygen vacancy engineering for non-volatile VO₂ in neuromorphic 

computing 

In this thesis, our VPAM (VO₂-based Photonic Associative Memory) design based on a 

microring structure has been numerically demonstrated to exhibit device-level bistability, 

with the potential for short-term associative learning. To further explore the feasibility of 

long-term associative learning in VO₂, thereby advancing its application in neuromorphic 

computing, it is crucial to investigate mechanisms that stabilise its phase transition 

behaviour. As discussed in Section 1.4.3, previous studies have typically achieved non-

volatile behaviour by modifying the electronic structure of VO₂ or controlling oxygen 

vacancies under external stimuli. However, these approaches often require high costs or 

complex experimental conditions. 

 

Beyond lattice strain modification, annealing has also been identified as an effective 

means of altering oxygen vacancies in VO₂ [254, 309]. Therefore, further investigation into 

annealing-controlled oxygen vacancy engineering is essential to unlocking the non-

volatile potential of VO₂ at a lower cost, making it more practical for large-scale 

applications in neuromorphic computing. 
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• Exploration of annealing effects on Tungsten-doped VO2 

In this work, tungsten-doped VO2 (W:VO2) has been found as a material with significant 

potential for low-power applications, owning to its reduced phase transition temperature. 

Various annealing conditions for three different tungsten doping ratios within W:VO2 to 

understand the annealing effects were applied in this work. However, due to practical 

limitations, experimental verification for this piece of work was planned but not 

completed. Consequently, our analysis was confined to Fourier Transform Infrared 

Spectroscopy (FTIR) and room-temperature Raman spectroscopy measurements. These 

methods, while informative, do not suffice to comprehensively understand the effects of 

annealing on W:VO2. Therefore, in future research, a more comprehensive and systemic 

investigation of the annealing effect on W:VO2 samples is necessary. 
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Appendix A. Simulations and Optimisation for 

VPAM 

A1. Run code in Iridis supercomputer 

#!/bin/bash  
#SBATCH --time=120:00:00  
#SBATCH --mail-type=ALL  
#SBATCH --mail-user=yd5u19@soton.ac.uk  
#SBATCH --partition=highmem  
#SBATCH --nodes=1  
#SBATCH --ntasks=64  
FILENAME='Sample_test'  
cd $SLURM_SUBMIT_DIR  
module load comsol/6.0  
comsol batch -autosave off -nn 1 -np $SLURM_NTASKS -tmpdir /scratch/$USER/ -batchlog  
$FILENAME.log -inputfile $FILENAME.mph -outputfile $FILENAME.solved.mph 

 

A2. COMSOL mesh density comparison of all four 

condition steps 
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Figure. A1. COMSOL mesh density comparison of all four condition steps 

transmission spectrum, the maximum mesh size is selected as 𝜆/5 , 𝜆/6 , 𝜆/7 . (a) 

Condition step 1 (food only). (b) Condition step 2 (bell only, before conditioning). (c) 

Condition step 3 (food and bell). (d) Condition step 4 (bell only, after conditioning). 

 

A3. Discovery of VO2 patch relative position effect on the 

Si microring. 

 

Figure A2. Transmittance comparison of VO2 patch at a) insulating phase and b) 

metallic phase placed at the different position on the Si MRR, the 0o is defined as the 

position closet to the left waveguide. 

 

A4. Actual measured values of mesh size in Lumerical 

software 
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Figure A3. Actual mesh size of Si MRR measured in Lumerical software at 1550 nm 

wavelength (Mesh size = 8). 

 

A5. Comparison between device level bistability with 

and without applying the Looyenga mixing rule 

All other geometries and the simulation settings are identical to Fig. 4.17 in the main text. 

 

Figure A4. Comparison between applying and not Looyenga mixing rule. (a) real and 

(b) imaginary part of the refractive index. (c) Thermal bistability and (d) optical 

bistability. 
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A6. Raw simulation results in the main text, Fig. 4.21-Fig. 

4.23. 

 

 

Figure A6. Raw simulation data support for Fig. 4.21 in the main text. 



175 

 

 

Figure A7. Raw simulation support for Fig. 4.22 in the main text. 
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Figure A8. Raw simulation data support for Fig. 4.23 in the main text. 

 

A7. Optical bistability of straight waveguides that have 

VO₂ patches of varying lengths on top. 

 

The bistable power range is defined based on the average temperature across both ends of the 

patch. Specifically, once the input power in the insulating state increases to a specific value, the 

temperature at one end of the patch reaches the transition temperature, triggering the phase 

transition and vice versa.  
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Figure A9. Device level optical bistability in straight waveguides integrated with VO₂ 

patches of different lengths, (a) 500 nm, (b) 1000 nm, and (c) 1500 nm. Black and red 

solid lines represent the transmission level when the VO2 patch switches to 

insulating and metallic states, respectively. (d) Relationship between VO2 patch 

length with bistable input power range and the corresponding extinction ratio. 
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Appendix B. Annealing optimisation for 

flexible polyamide 

Figure B1 shows the FTIR reflectance spectra for vanadium dioxide (VO₂) coatings on different 

substrates measured at 20oC low temperature and 100oC high temperature under various 

annealing conditions. It is worth noting that the annealing conditions applied for (b) and (c) are 

identical and it is for comparison only. 

 

Figure B1. FTIR Reflectance spectra for vanadium dioxide (VO₂) coatings on different 

substrates and annealing conditions. (a) VO₂ coated on Kapton measured at high and 

low temperatures under 3 hours at 300°C and 2.5 Torr pressure annealing. (b) 

Reflectance of VO₂ on silicon substrate under 2 hours at 300°C and 2.5 Torr annealing. 

(c) The same conditions as (b) applied to a Kapton substrate. 
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Appendix C. Datasheet contains information 

on the decomposition temperature of DuPont 

Kapton FPC 350.[310] 
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Appendix D. ‘Particle-like’ surface 

morphology introduced by  dewetting and 

substrates 

D1. Dewetting behaviour of Au thin film under annealing 

temperature of 550oC  [311] 

 

 

D2. 460oC annealed VO2 film on 90 nm SiO2 synthesised 

by ALD using TEMAV and O3 precursors [147] 

On thick SiO2, the morphology is of well-separated nanoparticles, while on Al2O3 it tends to form 

an island-like morphology. 
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Appendix E. Raman peak position of known 

vanadium oxides. [201] 
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