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 ABSTRACT  

Nanophotonic metastructured devices have gained significant attention due to their 

ability to manipulate properties of light such as the wavelength, amplitude, and phase. 

For photonic metastructures, these properties are typically fixed at the time of 

fabrication, as they depend on the geometrical parameters of resonant structures. 

Therefore, there is a growing interest in active nanophotonic devices, which can 

dynamically control the properties of light by incorporating active materials and 

applying external stimuli, in operation after fabrication. 

This thesis investigates the dynamic control of light through electrostatic modulation 

of metastructures containing indium tin oxide (ITO) and monolayer transition metal 

dichalcogenides (1L-TMDs) materials. Specifically, we analyze the dynamic 

behavior of these materials, characterizing their morphological, electrical, and optical 

properties within devices. 

In the first two chapters, we discuss the effects of ion migration on the electro-optic 

response of ITO-based active nanophotonic devices. Initially, we investigated 

uniformly deposited silver/dielectric/ITO heterostructures. Under electrical bias, 

silver ions and oxygen vacancies in the ITO actively migrate changing the device 

operating characteristics, resulting in hysteretic current-voltage curve behavior. 

Although optical modulation was barely observed, we explored the thermodynamic 

instability giving rise to electrical hysteresis in this volatile device. Furthermore, we 

investigated the impact of oxygen vacancy ion migration on the frequency response 

and phase modulation of ITO-based active metasurfaces. By annealing the devices, 

we were able to reduce the oxygen vacancy concentration, thereby improving the 

device high frequency performance. 

In the latter two chapters, we explore the electro-optic response of field effect 

heterostructures comprised of 1L-TMDs in high-Q resonators. We designed and 

simulated two distinct types of high-Q resonators: Fabry-Perot resonators and silicon 

pillar resonators. We optimized the geometrical parameters of these resonant 
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structures embedded with 1L-TMDs to enhance device amplitude and phase 

modulation. Subsequently, we examined the potential for electro-optic modulation 

of TMDs in the telecommunication band, beyond their excitonic resonance 

wavelengths, by integrating them with Fabry-Perot resonators. We also discussed the 

compatibility of 1L-TMDs with gated heterostructure fabrication methods. 

Overall, this thesis presents the application of electrical bias as a tool for the dynamic 

control of light in ITO and 1L-TMDs-based nanophotonic devices, with potential 

future applications in adaptive and reconfigurable photonic technologies. 
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C h a p t e r  1  

INTRODUCTION 

1.1  Active nanophotonics 

Nanophotonics delves into the intricate interactions between light and nanoscale 

objects. Each component in this realm operates on a subwavelength level, interacting 

with light to modulate the optical functionality of the device, such as amplitude, 

phase, polarization, or wavelength 1–10. However, their functionality remains fixed 

after fabrication, limiting their broader applications. 

Consequently, researchers have explored active nanophotonics, which enables 

dynamic control of light by applying external stimuli (electrical gating, magnetic 

fields, chemical doping, mechanical forces, thermal energy, or optical pumping) to 

active materials 11–19. This approach allows for tuning the refractive index even after 

fabrication, imbuing the devices with versatility (Figure 1.1). 

 

Figure 1.1 Various mechanisms to achieve dynamic control of light post-fabrication 

under external stimuli adopted from 15. 

Depending on the intended application, nanophotonic devices can find utility in 

diverse fields, including LiDAR (Light Detection and Ranging), LiFi (Light 
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Fidelity), and holographic imaging, among others. The ability to dynamically 

manipulate light opens up new avenues for innovation and adaptive functionality in 

these domains. 
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1.2  Scope of the thesis 

This thesis encompasses the electrical gating effect in transparent oxide-based 

nanophotonic devices and monolayer transition metal dichalcogenides (1L-TMDs) 

based nanophotonic devices, with a focus on their electrical and optical responses. 

Specifically, the dynamic phenomena of these materials were analyzed in terms of 

their topological, electrical, and optical properties within the devices. 

Chapters 2 and 3 concentrate on how the electrochemical reaction in transparent 

oxide-based nanophotonic devices affects the electrical and optical responses under 

an applied electrical bias.  

In Chapter 2, a stack of silver (Ag), gate dielectric, and indium tin oxide (ITO) was 

deposited under optimized processes for uniform and ultrasmooth layers. When an 

electrical bias is applied to the stack, Ag ions and oxygen vacancies in the gate 

dielectric and ITO migrate within the layers. Alongside these electrochemical 

reactions, a distinct hysteresis loop was observed in the current-voltage curve. 

Following this electrical memory effect, the optical memory effect was studied, and 

strategies to amplify the optical modulation effect by ion migration were further 

discussed. 

In Chapter 3, the impacts of oxygen vacancy ion migration were investigated on the 

frequency response and phase modulation of ITO-based active metasurfaces. Post-

annealing at 150°C in a vacuum effectively reduced defects while preserving the ITO 

properties, mitigating hysteresis in electrical and optical responses. Time-resolved 

reflectance measurements revealed improved quasi-static resonance stabilization and 

enhanced switching speeds in annealed metasurfaces compared to unannealed 

devices. 

Chapters 4 and 5 focus on effectively utilizing the emerging material, 1L-TMDs, by 

integrating them into active nanophotonic devices for applications ranging from the 



 

 

4 
visible wavelengths, where excitonic resonances occur, to the near-infrared (NIR) 

region beyond excitonic resonances. Overall, our findings highlight the promising 

capabilities of 2D TMD-based nanophotonic devices with low loss for advanced 

optical modulation and manipulation. 

In Chapter 4, the versatility of dual dielectric mirror resonators as amplitude 

modulators or phase modulators by adjusting the number of dielectric mirror pairs 

was explored through simulations. The amplitude modulation configuration achieves 

an 80% transmittance modulation and 97% reflectance modulation. Meanwhile, the 

phase modulation configuration exhibits nearly a π-phase shift in transmission and a 

2π-phase shift in reflection. In addition, a tunable metasurface featuring an array of 

silicon pillars on a silica substrate, with Q-factors exceeding 12000, was introduced 

for light manipulation in the NIR with 1L-TMDs. With a transmission phase shift of 

over π, we propose this metasurface for potential applications in 2D beam steering. 

In Chapter 5, the interaction of four types of 1L-TMDs with visible light under 

electrical bias at room temperature was experimentally demonstrated. By measuring 

the reflectance response of each material, the refractive index, including the 

resonance wavelength, oscillator strength, and linewidth, respectively, were 

extracted as a function of the applied bias. The results can guide the selection of 

appropriate materials for different electro-optic applications. In addition, the 

possibility of employing their electro-optic modulation in telecommunication band 

applications beyond their excitonic resonance wavelength was studied by integrating 

them with Fabry-Perot resonators. Subsequently, for experimental demonstrations, 

the compatibility of 1L-TMDs with various deposition techniques was extensively 

researched. An Au/dielectric mirror Fabry-Perot resonator was fabricated by 

integrating with 1L-TMDs to analyze their optical functionalities. 
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C h a p t e r  2  

TOWARDS DYNAMICALLY TUNABLE METASURFACES: 
UNDERSTANDING ION MIGRATION EFFECTS IN 

SILVER/DIELECTRIC/INDIUM TIN OXIDE(ITO) HETEROSTRUCTURES 

2.1 Introduction 

In this chapter, the investigation focuses on how the electrochemical reaction in a 

stack of silver (Ag), gate dielectric, and indium tin oxide (ITO) affects the electrical 

and optical response under an applied electrical bias. 

A memristor, a portmanteau of "memory" and "resistor," is also known as a 

resistive switching memory. It is recognized as the fourth fundamental circuit 

element alongside the resistor, inductor, and capacitor. Typically, a memristor 

consists of an electrolyte sandwiched between two electrodes. The electrolyte acts 

as an ionic conductor but an electrical insulator. When an electrical bias is applied 

to the device, it initiates electrochemical reactions and facilitates ionic transport. 

Figure 2.1 illustrates the electrochemical processes with a current-voltage curve. 

First, mobile ions, in this case Ag, are injected into the dielectric. Second, if the 

voltage is continually applied, the Ag ions migrate, and a reduction reaction occurs 

until the copper ions reach the other electrode. Third, the filament growth continues, 

and the conducting filament eventually shorts, creating a low-resistive state. Lastly, 

when the bias is reversed, the conducting filaments are disrupted, leading to a high-

resistive state. The device can rapidly switch on and off by manipulating just a few 

atoms within the filaments. 
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Figure 2.1 Schematic diagram of electrochemical reactions in a memristor when 

applying an electrical bias adapted from 20. 

 

The electrochemical mechanism of Ag migration in gate dielectric materials under 

electrical bias has still been actively explored. What the mobile species are, and 

where (location), why (driving force) and how (microscopic picture) they are 

moving under electrical excitations need to be addressed. Not only indirect analysis 

such as IV curves, but direct analysis such as AFM, or in-situ TEM, STEM are 

required 21–23. There are four main ionic transport mechanisms shown in Figure 2.2: 

drift due to the electric potential gradient, electromigration due to electron kinetic 

energy, Fick's diffusion due to the concentration gradient, and thermophoresis due 

to the temperature gradient. The energy gradient from an electrode to the counter 

electrode during voltage application drives any ion migration. Not only the electric 

potential but also kinetic, chemical, and thermal energy are altered under bias. 

Therefore, the system can be very complicated to interpret the ion migration effect.  
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Figure 2.2 General ionic transport mechanisms: (a) Drift (b) Electromigration (c) 

Fick's diffusion (d) Thermophoresis, adopted from 24. 
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Table 2.1 Development and demonstration of optical memristors, and their 

properties and mechanisms. References25–32 

 

Due to the exceptional properties of memristors and their technological potential 
24,33–45, the optics and photonics community has been searching for an optical 

analogue to such a device, known as the optical memristor 25,27–32,46–55. Silver or 

copper typically serve as active electrode materials, with silver ions or copper ions 

as the mobile cations responsible for forming the conductive filaments 56–59. In 

certain cases, oxygen ions in the dielectric can also function as the mobile species, 

particularly when both electrodes are inert, as demonstrated in 27,48. By forming and 

dissolving the conductive filaments, a distinctive hysteresis loop can be observed 

in the current-voltage curve within the voltage range. Due to the tight confinement 

of the mode within the waveguide, the optical memristor is highly sensitive to 

filament formation and disruption within the medium. The resonance wavelength 

or amplitude is modulated in the visible wavelength in response to the electrical 

bias, as the conductive filament formation strongly perturbs the plasmonic mode.  

However, these devices require complex resonance structures, such as waveguides, 

to tightly confine light and enhance the sensitivity to detect small changes in the 

Voltage
(V)

Wavelength
(nm)dominantMobile 

species
Passive 

electrodeElectrolyteActive 
electrode

-3 - 31550E-fieldanionAu, ITOSiO2-1

-6 - 65000 - 18000E-field
+heatinganionAl, SiZnO-2

-3 - 91500E-fieldcationp-Sia-SiAg3

-0.25 - 1.51549E-fieldcationPta-SiAg4

-0.5 -11000 - 5000E-fieldcationPtCu2SCu5

-5 -10400 - 800E-fieldcationAuSiO2Ag/ITO6

0 -3400 - 2000E-fieldcationAuAl2O3Ag7

0 - 0.005500 - 800E-field
+heatingcationITOAl2O3Ag8
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formation and deformation of filaments in the dielectric layer. Here, we suggest a 

different mechanism for an optical memristor device: a refractive index change in 

ITO induced by the electrochemical reaction of Ag and Ag ion transport through 

the gate dielectric and ITO under an applied electrical bias. In this case, the device 

does not rely solely on the formation of nanometer-sized filaments, but the optical 

property of the entire ITO layer is modulated, allowing for a simpler device design 

while still achieving large modulation. Prior research showed that Ag ions are 

transported through the gate dielectric layer and reduced in the ITO layer 32,60. 
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2.2 Simulations 

 

Figure 2.3 (a) Real part and (b) Imaginary part of the dielectric function of ITO and 

Ag as a function of wavelength. (c) Real part and (d) Imaginary part of the dielectric 

function of Ag-embedded ITO at different fill fractions of Ag as a function of 

wavelength. 

 

Figure 2.3 (a)-(b) shows the real and imaginary parts of the dielectric function of 

ITO and Ag as a function of wavelengths in the visible to near-infrared (NIR) range. 

The dielectric function of Ag was taken from Palik data 61. The dielectric function 

of ITO was calculated using the Drude model with an assumed carrier concentration 

of 5x1020 cm-3. Ag exhibits optically metallic properties, with a negative real part 

and a large imaginary part of the dielectric function, while ITO can be either 

optically metallic or dielectric, depending on the oxygen vacancies and carrier 
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11 
concentration in the material. The optical properties of Ag embedded in ITO were 

addressed by modeling the Bruggeman effective medium 62 (Table 2.2). In this 

model, it is assumed that a certain amount of Ag is homogeneously mixed in the 

ITO, following the equation 2.1: 

𝑓
𝜀!" − 𝜀#$
𝜀!" + 2𝜀#$

+ (1 − 𝑓)
𝜀%&' − 𝜀#$
𝜀%&' + 2𝜀#$

= 0	 2.1 

Here, 𝑓 is the volume fraction of Ag, 𝜀!" and 𝜀#$% are the dielectric constants of 

Ag and ITO, respectively, and 𝜀&' is the dielectric constant of the Ag-embedded 

ITO mixture. By changing the fill fraction of Ag (f), distinct values of 𝜀&' can be 

calculated, as seen in Figure 2.2 (c)-(d). As Ag and ITO have distinctive dielectric 

functions, the dielectric function of the mixture can be largely modulated depending 

on the fill fraction of Ag. 

 

Table 2.2 Maxwell Garnett model and Bruggeman model for mixtures of materials 

A and B. 

	

Bruggeman modelMaxwell Garnett model

Aggregate structureSeparated-grain structure

!= Probability of being A!= Ratio of volumes
! "! − ""#
"! + 2""# + 1 − ! "" − ""#

"" + 2""# = 0

""#

"!
!

""
1-!

"$% − ""
"$% + 2""

= ! "! − ""
"! + 2""

"$%

"!
!

""
""#
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Referring to previous research in 32, the reflectance modulation in the NIR 

wavelengths of the planar structure is calculated by transfer matrix calculation 

using Lumerical FDTD. By applying an electrical bias, Ag is transported and 

embedded in the ITO, forming a mixture with a different fill fraction of Ag 

depending on the applied voltage (Figure 2.4 (a)). Based on this assumption, the 

reflectance can be largely modulated around 1570 nm, ranging from 7% to 92%. 

 

Figure 2.4 (a) Schematic diagram of three different stacks with different fill 

fractions of Ag. (b) Calculated refractive index of ITO with 11% Ag embedded. (c) 

Calculated refractive index of ITO with 20% Ag embedded. (d) Reflectance 

spectrum calculated by transfer matrix calculation. Each color in the graph 

corresponds to the schematics in (a). 

 

With the assumption of calculated values, the device exhibits large potential as an 

optical modulator, even with a simple planar structure utilizing electrochemical 

reactions in the Ag/gate dielectric/ITO stack. The following sections demonstrate 
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whether this concept is experimentally realized in terms of optical response and 

electrical response. 

 

 

Figure 2.5 (a) Schematic diagram of a unit cell of Au stripe metasurfaces with three 

different stacks with varying fill fractions of Ag: 1) No effective medium when no 

applied bias, 2) 11% Ag embedded effective medium implying a low bias, 3) 20% 

Ag embedded effective medium implying a high bias. (b) Spatial distribution of the 

electric field amplitude in the metasurface unit cell in the x-z direction at a 

wavelength of 1480 nm when there is no applied bias. (c) Spatial distribution of the 

electric field amplitude in the metasurface unit cell in the x-z direction at a 

wavelength of 1667 nm when a low voltage is applied. (d) Reflectance spectrum in 

the near-infrared (NIR) region around the resonance wavelengths. (e) 

Corresponding phase profile. 
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effectively modulate the reflectance and phase. A periodic Au stripe with a width 

of 250 nm and a height of 50 nm was introduced on a planar structure. Without any 

bias application, the electric field is tightly confined at the edge of the Au stripe at 

the interface between Au and ITO, as shown in Figure 2.5(b). When applying a bias, 

Ag starts to migrate into Al2O3 and diffuse into ITO, eventually forming an 

effective medium. Here, a 9.31 nm-thick layer of ITO embedded with 11% Ag was 

assumed. The values were adopted from a previous work in reference 63. The 

resonance was strongly shifted by 187 nm, from 1480 nm to 1667 nm, due to the 

formation of an effective medium layer, and the corresponding electric field is 

shown in Figure 2.5(c). Now, the electric field is tightly confined within the ITO 

layer. When the Ag fill fraction increases to 20%, the effective medium acts more 

like a metallic layer, and the mode from the Au stripe is no longer confined, 

resulting in the absence of a resonance peak and maintaining a high reflectance in 

the NIR. Figure 2.5(e) shows the corresponding phase profile. Approximately a 

3/2π phase shift was achieved. In this simulation study, it was proposed that an Ag-

embedded ITO layer, the effective medium layer, can significantly perturb the 

electric field and drive substantial reflectance and phase modulation in the NIR 

region. 

A different case was studied with Lumerical FDTD simulations. Above, Ag 

diffusion into ITO was crucial to drive the optical modulation under the 

electrochemical reaction with electrical bias. On the other hand, Ag filament 

growths within the Al2O3 layer can also drive the optical modulation under Ag 

filament formation and disruption with electrical bias. In this case, the filaments 

themselves can act as plasmonic structures. For example, simulation results with an 

Ag stripe metasurface with induced filament formation having a 100 nm-wide rod 

in a 25 nm-thick Al2O3 layer are shown in Figure 2.6. In the simulations, it was 

assumed that the Ag filaments are densely packed and uniformly, periodically 

aligned in the x-direction to simplify the effect of Ag filaments in the structure. 

While forming or rupturing the filaments when applying the set and reset voltages, 
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extra gap plasmons can be induced, as shown in Figures 2.6 (b) and (c), in 

addition to plasmons from the Ag stripe structures. Figures 2.6 (j) and (k) show 

narrower resonance peaks in the NIR region. 

 

 

Figure 2.6 Simulation results of Ag stripe metasurfaces for amplifying the effect of 

Ag filament growth and rupture: (a) No filament. (b) 80% growth of the Ag filament 

within the dielectric. (c) 90% growth of the Ag filament within the dielectric. (d) 

100% growth of the Ag filament within the dielectric. (e)-(h) Corresponding 

absolute electric field distribution of the unit cell of the metasurface. (i)-(l) 

Corresponding reflectance spectrum in the near-infrared (NIR) region. 
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diffused into the ITO layer, forming a mixture layer that induces a refractive index 

change in the ITO and perturbs the electric field. 2) Ag filament growths within a 

dielectric layer due to Ag ion migrations and reduction induce variations in 
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plasmonic modes. These simulation studies proposed that both mechanisms, the 

formation of an Ag-embedded effective medium layer and the growth of Ag 

filaments within a dielectric, can significantly modulate the optical properties, such 

as reflectance and phase, in the near-infrared region. However, these simulation 

results need to be experimentally demonstrated to validate the proposed 

mechanisms and their effectiveness in achieving optical modulation. 
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2.3 Device fabrication 

2.3.1 Ultrasmooth Ag and Al2O3 depositions 

To apply an electrical bias through the device and initiate ion migration, the gate 

dielectric should be ultra-smooth without any pinholes within the layer to prevent 

current leakage. The roughness of the gate dielectric can be significantly influenced 

by the underlying layer or substrate. In this case, the bottom layer is silver (Ag), 

and an ultra-smooth Ag layer is crucial for obtaining a pinhole-free, ultra-smooth 

gate dielectric over the entire active area. 

An 80 nm-thick Ag layer is deposited on a 1 μm-thick silica-on-silicon substrate. 

This thickness of 80 nm ensures optically thick, allowing Ag to serve as both a back 

reflector in the visible to near-infrared wavelengths and a back electrode. Ag is 

deposited by electron-beam evaporation. For ultra-smooth Ag deposition, various 

deposition parameters are considered, including beam shape, deposition rate, and 

deposition temperature. Furthermore, surface activation prior to the main Ag 

deposition is considered crucial, including surface cleaning, plasma treatment, 

deposition of a thin adhesion layer (seed layer), and deposition of a thin layer of Ag 

oxide. 

 

 

Figure 2.7 (a) General Ag deposition recipe. (b) SEM image of the surface after 80 

nm Ag deposition. (c) SEM image of a 5 nm-thick alumina surface on Ag. 
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The general Ag deposition recipe involves a deposition rate of 1 Å/s under a 

vacuum of 1x10-7 Torr. The detailed recipe is shown in Figure 2.7(a). During the 

ramp-up phase, the deposition rate gradually increases through a series of ramp and 

soak processes. The total deposition duration is approximately 1000 seconds. 

Figure 2.7(b) shows a scanning electron microscopy (SEM) image of the Ag surface 

after deposition, revealing the formation of Ag islands on the surface. The growth 

of metal films initiates with islands following the Volmer-Weber mechanism 

(Figure 2.8(a)).63  These islands form on the substrate as the interaction between 

Ag film atoms is stronger than the interaction between adjacent film and substrate 

atoms (Figure 2.8(b)). When a 5 nm-thick alumina (Al2O3) layer is deposited onto 

this island-growth Ag layer by atomic layer deposition (ALD), a high density of 

pinholes is observed in the SEM image shown in Figure 2.7(c). To analyze the 

surface roughness in three dimensions, atomic force microscopy (AFM) is 

employed. The size of the Ag islands varies from 100 nm to 1000 nm in one 

direction, and the root mean square (RMS) roughness of the layer exceeds 1.5 nm, 

indicating a rough surface (Figure 2.9(a)). Figure 2.9(b) shows the surface profile 

of the Al2O3 layer with pinholes, exhibiting a large RMS roughness of over 5 nm. 

Three different pinholes, each approximately 100 nm wide in one direction, are 

closely analyzed with depth profiles. The depth of the pinholes exceeds the 

thickness of the alumina, implying that the gate dielectric is leaky or even shorted, 

as the pinholes will be filled with the top electrode material, directly forming 

bridges between the bottom and top electrodes. 

 

Figure 2.8 (a) Thin film growth mechanisms. (b) Surface energy at the interface 

and the wetting angle. 63 

Island (γB< γA+ γ*)
Layer by layer (γB> γA+ γ*)

Layer + island
γA : film material
γB : substrate
γ* : film-substrate interface

(a) (b)
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Figure 2.9 Surface topological image of (a) Ag, (b) Al2O3, (c) Depth profiles at 

three different points indicated in (b), all analyzed by AFM. 

 

To further improve surface smoothness, surface cleaning and oxygen plasma 

treatment are conducted prior to any deposition on the substrate 64. The substrate is 

cleaned using the RCA cleaning method, as well as sonication soaking in acetone 

for 10 minutes and isopropyl alcohol (IPA) for 10 minutes. Oxygen plasma 

treatment is performed using a plasma asher with an RF power of 400 W at a 

pressure of 400 mTorr for 1 minute for surface activation. Plasma treatment slightly 

improves the surface smoothness of Ag, as seen in Figure 2.10. 
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Figure 2.10 Effect of oxygen plasma treatment on roughness of Ag and Al2O3 

measured by AFM (a) Ag without plasma treatment, (b) Ag with plasma treatment, 

(c) Al2O3 on Ag without plasma treatment, (d) Al2O3 on Ag with plasma treatment. 

 

To remove pinholes in the dielectric layer, the islands need to be eliminated from 

the Ag layer 63,65–68. The effect of transition metal seed layers is investigated using 

various materials, including titanium (Ti), chromium (Cr), and germanium (Ge). A 

1 nm-thick seed layer is deposited at a deposition rate of 0.5 Å/s, followed by Ag 

deposition without a vacuum break in the electron-beam evaporation chamber. 

When using Ti as a seed layer (Figure 2.11(b)), the size of the islands decreases 

compared to depositing Ag without any seed layer (Figure 2.11(a)), but islands still 

exist. When using Cr as a seed layer (Figure 2.11(c)), the density of islands 

decreases compared to depositing Ag without any seed layer, but the size of the 

SiO2onSi/Ge/Ag SiO2onSi/Plasma/Ge/Ag
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islands remains as large as in the Ag-only deposition. When using Ge, there are 

no islands in the Ag layer. SEM images are analyzed again after depositing a 5 nm-

thick Al2O3 layer on each Ag surface with a seed layer (Figure 2.12).  

 

 

Figure 2.11 Effect of seed layers on the roughness of Ag analyzed by SEM: (a) Ag 

only without any seed layer, (b) 1 nm Ti/80 nm Ag, (c) 1 nm Cr/80 nm Ag, (d) 1 

nm Ge/80 nm Ag. 

 

As expected, when islands are present in the Ag layer, the subsequent Al2O3 layer 

exhibits numerous pinholes, but there are no pinholes on the Ge/Ag surface, as the 

surface is smooth enough (Figure 2.12(d)). These seed materials deposited on the 

SiO2-on-Si substrate also undergo Volmer-Weber growth mode 67, but the density 

of nuclei is much higher, and the islands are significantly smaller than those for Ag 

(a) Ag (b) Ti/Ag

(c) Cr/Ag (d) Ge/Ag

500nm 500nm

500nm 500nm
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deposited directly on the substrate, leading to an ultra-smooth Ag surface. The 

decreased sum of surface energy in the seed layer and seed material-substrate 

interface, compared to the surface of the substrate, contributes to a smoother Ag 

surface. However, it should be noted that Ge atoms have been reported to segregate 

through Ag grain boundaries towards the free surface of the metal over time, which 

needs to be considered 69–71. 

 

 

Figure 2.12 Effect of seed layers on the roughness of Al2O3 analyzed by SEM: (a) 

Ag/5 nm Al2O3 without any seed layer, (b) 1 nm Ti/80 nm Ag/5 nm Al2O3, (c) 1 

nm Cr/80 nm Ag/5 nm Al2O3, (d) 1 nm Ge/80 nm Ag/5 nm Al2O3. 

 

(a) Ag/Al2O3 (b) Ti/Ag /Al2O3

(c) Cr/Ag /Al2O3 (d) Ge/Ag /Al2O3
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Figure 2.13 Effect of oxygen flow rate during Ag deposition on the roughness of 

Ag and Al2O3 measured by AFM: (a) Ag with 0.5 sccm oxygen flow rate, (b) Ag 

with 5 sccm oxygen flow rate, (c) Al2O3 on Ag with 0.5 sccm oxygen flow rate, (d) 

Al2O3 on Ag with 5 sccm oxygen flow rate. 

 

The effect of the Ag deposition rate on the surface roughness is also investigated. 

A slower deposition rate enhances the smoothness of the Ag layer, as evidenced by 

comparing Figures 2.14(a) and (b). When the surface is activated with Ag oxidation, 

the smoothness of the Ag layer is further improved, with a root-mean-square (RMS) 

roughness of approximately 0.8 nm. The subsequent Al2O3 layer exhibits no 

pinholes and is ultra-smooth, with an RMS roughness of less than 0.7 nm. The line 

profiles of the optimized layers in Figures 2.14(c) and (f), depicted in Figures 

2.14(g) and (h), respectively, reveal a prominently small grain size of less than 50 

nm and an averaged peak-to-valley height of less than 2 nm. 
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Figure 2.14 Effect of Ag deposition rate on the roughness of Ag and Al2O3 

measured by Atomic Force Microscopy (AFM): (a) Ag deposited at 1 Å/s, (b) Ag 

deposited at 0.5 Å/s, (c) Ag deposited at 0.5 Å/s including 1 nm AgO, (d) Al2O3 on 

Ag deposited at 1 Å/s, (e) Al2O3 on Ag deposited at 0.5 Å/s, (f) Al2O3 on Ag 

deposited at 1 Å/s including 1 nm AgO, (g) Line profile represented by the linecut 

in (c), (h) Line profile represented by the linecut in (f). 

 

Table 2.3 shows the overall Ag deposition recipes and the corresponding RMS 

roughness values of the Ag and Ag/Al2O3 surfaces measured by AFM. By 

activating the surface with oxygen plasma treatment, increasing surface wettability 

with a Ge seed layer, further activating the surface with the formation of a thin 

silver oxide layer, and depositing Ag at a slower deposition rate, an ultra-smooth 

Ag layer without any islands is achieved, leading to a pinhole-free Al2O3 layer. 
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Table 2.3 Overall Ag deposition recipes and corresponding roughness values of 

each layer, Ag, and Al2O3. 

 

 

It is noteworthy that the depositions were processed using a graphite crucible, 

requiring only 6% of the power to melt Ag with the electron beam. The crucible 

material is important because the thermal conductivity of the crucible material is 

distinctive, requiring different power levels to melt the material being deposited, 

which impacts the chamber temperature during deposition. When using a 

molybdenum crucible, 19% of the power is required to deposit Ag. The higher the 

power during deposition, the higher the increase in the chamber temperature. The 

deposition temperature affects the grain size of the Ag layer. By comparing Figure 

2.15(a) and (b), the grain size is larger when using the molybdenum crucible due to 

the increased deposition temperature compared to when using the graphite crucible. 

In the evaporation system used, the chamber temperature could not be controlled 

during deposition. However, better smoothness is expected if the deposition 

temperature is lower during deposition with a cooling system. 

After 5nm Al2O3
RMS (nm)

Before 5nm Al2O3
RMS (nm)Ag deposition recipe

4.164±0.7952.305±0.213SiO2onSi/Plasma/Ag+O2(0.5sccm)/Ag(4A/s)1

5.605±1.8012.603±0.294SiO2onSi/Cr/Ag(1A/s)2

3.722±1.3482.934±0.362Si/Al2O3/Plasma/Ag+O2(5sccm)/Ag(4A/s)3

4.595±1.1413.420±0.530SiO2onSi/Plasma/Ag+O2(5sccm)/Ag(4A/s)4

4.494±1.0463.307±0.472Si/Plasma/Ag+O2(5sccm)/Ag(4A/s)5

1.192±0.1091.297±0.116SiO2onSi/Plasma/Ge/Ag(1A/s)6

1.082±0.0991.313±0.118SiO2onSi/Ge/Ag(1A/s)7

2.357±0.6741.593±0.131SiO2onSi/Plasma/Ag+O2(5sccm)/Ag(0.5A/s)8

0.743±0.0800.854±0.071SiO2onSi/Plasma/Ge/Ag(0.5A/s)9

0.641±0.0650.819±0.085SiO2onSi/Plasma/Ge/Ag+O2(0.5sccm)/Ag(0.5A/s)10
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Figure 2.15 Effect of Ag crucible on the roughness of Ag measured by AFM: (a) 2 

nm Ge/80 nm Ag with a graphite crucible, (b) 2 nm Ge/80 nm Ag with a 

molybdenum crucible, (c) 2 nm Ge/80 nm Ag with a molybdenum crucible, cooling 

down twice to lower the chamber temperature during deposition. 
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2nm Ge/80nm Ag (0.5Å/s)
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2.3.2 Electrical and optical properties of sputtered ITO 

The electrical and optical properties of the sputtered ITO are affected by the 

deposition conditions, especially the oxygen flow rate during deposition 72–79. The 

dielectric constant of ITO as a function of wavelength can be expressed 

as:

𝜀#$%(𝜔) = 𝜀( −
)!"

)"*+),
	 2.2 

𝜔-. =
𝑁𝑞.

𝜀/𝑚∗ 	 ∝ 𝑁 2.3 

𝜌#$% =
1
𝑞𝜇𝑁

=
𝑚∗𝛤
𝑁𝑞.

	 2.4 

where 𝜀(  is the high frequency permittivity, 𝛤  is the damping rate, 𝜔-  is the 

plasma frequency, 𝑁 is the carrier concentration, 𝑞 is the electron charge, 𝜀/ is the 

dielectric permittivity of vacuum, 𝑚∗ is the effective mass, 𝜌 is the resistivity, and 

𝜇 is the electron mobility.  

Following these equations from 2.2 to 2.4, the electrical (𝜌#$%) and optical (𝜀#$%) 

properties of the ITO are dependent on the carrier concentration in the ITO layer. 

The main carriers in ITO are oxygen vacancies. If the oxygen flow rate is increased 

during sputtering, the oxygen vacancies in the ITO decrease, leading to a lower 

carrier concentration. The concentration can be controlled by adjusting the oxygen 

flow rate. The relationship between the oxygen flow rate and carrier concentration 

was experimentally demonstrated in previous works 80,81 and it is replotted in the 

Figure 2.16. 
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Figure 2.16 Carrier concentration in the ITO as a function of oxygen flow rate 

during the sputtering deposition process. The graph is replotted from 80,81. 

 

To avoid device shorts due to built-in charges, the work function of the ITO was 

considered. The work function of ITO is known to be tunable from 4.2 to 5 eV. It 

is hypothesized that if the work function of the ITO layer is significantly higher 

than that of silver, it could potentially result in the presence of built-in charges even 

before applying any bias, thus contributing to high leakage current. To address this 

concern, the oxygen flow rate during the sputtering process was reduced. This 

adjustment led to an increase in the carrier concentration, ultimately resulting in the 

reduction of the ITO's work function. While the work function was not directly 

measured, the carrier concentration, mobility, and refractive index of our ITO layer 

were verified. Based on our observations, we can infer that the reduction in the 

work function was achieved, aiming to minimize the occurrence of built-in charges. 

Figure 2.17 (a)-(b) shows the difference in band diagrams when the ITO has high 

and low work functions (WF). The corresponding refractive indices of the ITO as 

a function of wavelength were measured by ellipsometry and Hall measurements 

(Figure 2.17 (c)-(d)). The following electrical and optical responses with these 

devices will be addressed in the next sections. 
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Figure 2.17 Band diagram when the ITO has (a) a high work function (WF) and (b) 

a low WF. Refractive index of (c) high WF ITO with a low carrier concentration of 

4x1019 cm-3 and high mobility of 50 cm2/Vs, and (d) low WF ITO with a high carrier 

concentration of 4.5x1020 cm-3 and low mobility of 13 cm2/Vs. 
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2.3.3 Whole device stack 

After optimizing the deposition parameters of each layer, the whole stack was 

integrated into a chip. Figure 2.15(a) shows an SEM image of the cross-sectional 

view of the stack. In addition to Al2O3, ALD-deposited HfO2 and Al2O3/HfO2 

laminates were also studied. Before conducting electrical and optical 

measurements, Ag ion migration under bias was indirectly observed by energy 

dispersive spectroscopy (EDS) by comparing the relative amount of the Ag peak 

before and after applying a voltage. As seen in the Casino simulation results (Figure 

2.15(b)), at an application energy of 6 keV, the material information gathered 

included not only ITO and Al2O3 but also contributions from the Ag layer. 

Therefore, while the EDS measurements do not provide quantitative information 

about Ag migration, they suggest that Ag was migrated inside the device, as most 

of the information was coming from the ITO. 

To pattern bars on the SiO2-on-Si substrate, shadow masks were designed and used. 

Crossbar antenna devices were designed to effectively apply bias to the bottom Ag 

and top ITO electrodes through the gate dielectric (Figure 2.19(a)). The active area 

of this type of device is 500 μm by 500 μm. As confirmed by AFM topographical 

images on different regions, the surface was ultra-smooth over the entire region 

(Figure 2.19(c)-(f)). 
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Figure 2.18 (a) Cross-sectional view measured by SEM. The device stack consists 

of an 80 nm-thick Ag layer, a 5 nm-thick Al2O3 layer, and a 118 nm-thick ITO layer 

on a 1 μm-thick SiO2-on-Si substrate. (b) Energy distribution of EDS at 6 keV 

calculated by Casino simulation. (c) EDS analysis results before and after applying 

a voltage. 

 

However, there were still issues with shorted devices even before applying any bias, 

despite the ultra-smooth layer depositions. To decrease the chance of having 

pinholes, the active area was reduced from 500 μm by 500 μm to 100 μm by 100 

μm using an electron-beam pattern generator (EBPG) (Figure 2.20(a)-(b)). 

Alternatively, the area was further decreased to 5 μm by 5 μm. 
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Figure 2.19 (a) Macroscopic image of a 2-inch wafer patterned using shadow masks. 

(b) Microscopic image of the active area, the Ag-ITO crossover region. (c)-(f) show 

AFM images of different regions: (c) Ag surface, (d) Al2O3 on Si surface, (e) ITO 

on Al2O3 on Ag surface, and (f) ITO on Al2O3 surface. 

 

 

Figure 2.20 (a) Macroscopic image of a 2-inch wafer patterned using EBPG. (b) 

Microscopic image of the active area, the Ag-ITO crossover region. (c) 

Macroscopic image of a device connected to a printed circuit board (PCB). 

 

Additionally, while investigating the shorted devices, it was found that excessive 

Ag was deposited at the edge of the pattern when a shadow mask or a single-layer 
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resist was used. The height of the Ag tail was over 5 nm, meaning that the Ag 

bottom electrode could directly contact the top ITO electrode because the gate 

dielectric was only 5 nm thick. To resolve this issue, a bilayer resist was used to 

improve the smoothness of the edge profile without having any Ag tails. Figure 

2.21(d) and (f) show the proof of smooth deposition at the edge when a bilayer 

resist was used. 

 

 
Figure 2.21 Schematic diagram of (a) when a single-layer resist or a shadow mask 

is used for patterning, and (b) when a bilayer resist is used for patterning. (c) Height 

profile and (e) topological image at the edge of the patterned Ag using a single-

layer resist or a shadow mask. (d) Height profile and (f) topological image at the 

edge of the patterned Ag using a bilayer resist. (c)-(f) are measured by AFM. 
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2.4 Electrical response 

 

Figure 2.22 Four types of ion migration mechanisms, corresponding filament 

shapes, and IV curves adopted from 24. 

 

For the analysis of electrical responses in Ag/dielectric/ITO devices, a certain 

voltage was applied, and the current was measured with a specific compliance 

current using a probe station. If the current-voltage (I-V) curve exhibits a hysteresis 

loop, it implies that ions have migrated within the gate dielectric. If the I-V curve 

does not have a hysteresis loop but maintains a low current level, it implies that 

there is no ion migration or electrochemical reaction, and only charges are moving 

at the interface of the electrodes and the dielectric, behaving like a capacitor. 

Depending on whether the ion migrations are field-dominating or Joule heating-

dominating, the IV characteristics are distinct. Figure 2.22 illustrates these ion 

migration mechanisms, corresponding filament shapes, and IV curves. 

Depending on the ability to retain information, memristors can be categorized into 

two classes: volatile switching and nonvolatile switching (Figure 2.23). Volatile 

switching devices require periodic refreshing as a result of the loss of stored 

information. In this case, there is only one stable state without an external bias. On 

the other hand, nonvolatile switching devices can retain data for long periods, 

similar to conventional flash memory. By controlling the compliance current (C.C.), 

volatile and nonvolatile switching can occur in a single memristor 83. Under low 
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C.C., thin and weak filaments are formed, leading to volatile switching behavior, 

while thick and strong filaments are formed under high C.C., leading to nonvolatile 

switching behavior. 

 

 

Figure 2.23 Schematic of the I-V characteristics for volatile and nonvolatile 

switching devices – A) volatile threshold switching, B) write-once-read-many 

(WORM) switching, C) unipolar switching, and D) bipolar switching behavior. 

Adopted from 82. 

  

The active area of the devices in Figures 2.24 (a) and (g) was 100 μm by 100 μm, 

and the compliance current was set to 100 nA. To observe whether the carrier 

concentration in the ITO affects the electrical responses, five devices were analyzed, 

respectively. The ITO properties were elaborated in Figure 2.17. Although the 

devices were fabricated under the same conditions on the same 2-inch wafer, the 

device-to-device variation in I-V curves was substantial. Each device exhibited 

unique I-V characteristics, potentially due to variations in the surface roughness of 

the Ag or defects or weak pathways in the alumina layer at different positions. One 

notable observation is that the possibility of observing a hysteresis loop in the I-V 

curve is higher with devices having a high carrier concentration in the ITO. 
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Figure 2.24 Device-to-device variation in I-V curve. (a) Schematic diagram of the 

device with an ITO having a high carrier concentration. (b)-(f) Five I-V curves of 

each device from (a). The devices were fabricated under the same deposition 

conditions on the same 2-inch SiO2 on Si wafer. (g) Schematic diagram of the 

device with an ITO having a low carrier concentration. (h)-(l) Five I-V curves of 

each device from (g). The devices were fabricated under the same deposition 

conditions on the same 2-inch SiO2 on Si wafer. 

 

Since Ag is migrated or diffused into the gate dielectric layer under electrical bias, 

the type of gate dielectric can alter the Ag ion migration properties. Additionally, 

the concentration of oxygen vacancies in the gate dielectric also varies depending 

on the process. In the literature, oxygen vacancies in thermal atomic layer 

deposition (ALD) deposited HfO2 vary from 8.20x1010cm-2 (or 4.1x1016 cm-3) to 

1.49x1012 cm-2 (or 1x1017 cm-3) , as demonstrated experimentally by X-ray 

photoelectron spectroscopy (XPS) 84,85. Oxygen vacancies in thermal ALD 

deposited Al2O3 were reported to be 7x1020 cm-3 in 86. 

 Therefore, Al2O3, HfO2, and an Al2O3/HfO2 laminate (HAOL) were employed as 

gate dielectrics (Figure 2.25), and the I-V characteristics of each device were 

analyzed. The gate dielectric layers were deposited by atomic layer deposition 

(ALD) at a process temperature of 150°C without a vacuum break during the 

deposition process. 
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Al2O3 exhibits good thermal stability, has a large bandgap, and a high breakdown 

field of 10 MV/cm, acting as a diffusion barrier for Ag, leading to an increase in 

the threshold voltage 80,87 However, it suffers from a relatively low dc permittivity 

of 9. On the other hand, HfO2 has a wide bandgap and a relatively high dielectric 

constant of up to 25. But it exhibits a small breakdown field of 3.1 MV/cm and a 

high leakage current induced by its low crystallization temperature. 

 

 

Figure 2.25 (a) Top view of the device, specifically representing the active area. (b) 

Ag/5nm Al2O3/ITO, (c) Ag/5nm HfO2/ITO, (d) Ag/6nm HAOL/ITO. 

 

Figure 2.26 shows the electrical endurance test of the Al2O3 device by running over 

100 cycles from 0 to 1V with a compliance current of 100 nA. The device did not 

short over 100 cycles and continued exhibiting a hysteresis I-V loop. Figure 2.27 

represents the I-V curves taken every 10 cycles. While the voltage at which an 

abrupt increase in current occurred remained almost the same over the entire cycles, 

the shape of the hysteresis loop varied. Specifically, the IV curves in Figures 2.27 

(g) and (i) indicate unipolar threshold switching dominated by Joule heating. In 

addition, the device exhibits volatile switching behavior as the device is still in a 

high resistance state after the operation, indicating that the filaments are dissolved, 

and the low resistance state cannot be sustained when the voltage is reduced to 0. 

The compliance current density of 0.2 mA/cm2 is not enough to drive the device to 

behave as a nonvolatile switching device. 
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Figure 2.26 Cyclic measurements for 100 cycles to analyze the electrical endurance 

of the Ag/Al2O3/ITO device. 

 

 

Figure 2.27 I-V curves of the Al2O3 device taken every 10 cycles out of 100 cycles. 

(a) 10th, (b) 20th, (c) 30th, (d) 40th, (e) 50th, (f) 60th, (g) 70th, (h) 80th, (i) 90th,  (j) 

100th. 
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A 10-cycle endurance test was also conducted with the HAOL device, as shown 

in Figure 2.28. For the first 4 cycles, there was no hysteresis loop in the I-V curves, 

indicating the absence of active ion migration. As the cycle progressed, the 

hysteresis loop became larger, actively migrating ions in the dielectric layer. The 

voltage at which the abrupt current jump occurred differed from cycle to cycle. The 

HAOL device was more unstable than the Al2O3 device. The direction of the 

hysteresis loop was always counter-clockwise, initiating from a high resistance 

state every time, indicating that the device exhibited volatile switching behavior. 

 

Figure 2.28 I-V curves of the HAOL device taken every cycle out of 10 cycles. (a) 

1st, (b) 2nd, (c) 3rd, (d) 4th, (e) 5th, (f) 6th, (g) 7th, (h) 8th, (i) 9th, (j) 10th. 

 

Devices with a 5nm HfO2 layer were all shorted, possibly due to the small 

breakdown field. Therefore, a thicker layer of 20nm HfO2 was deposited, and the 

I-V characteristics were analyzed with an active area of 5 μm by 5 μm. The 

compliance current density was 40A/cm2. 

 Figure 2.29 shows the I-V curves of running 5 cycles when applying positive and 

negative biases, respectively. The voltage where the current jumps differed from 

cycle to cycle. After the third cycle, it exhibited nonvolatile unipolar switching 

characteristics. In Figure 2.28 (d), the loop direction is from low resistance (or high 
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current) to high resistance, implying that after the set in (c), a reset occurred in 

(d), followed by a set again in (e). The negative bias IV curve behaved differently. 

It seemed to set in (g) and reset in (h); however, after the 3rd cycle, the resistance 

state remained high. This could be because the Ag conductive filaments were 

completely disrupted, leaving no conductive pathway. Based on the results from 

Figures 2.27 to 2.29, a filament formation and disruption mechanism was proposed, 

as illustrated in Figures 2.29(f) and 2.29(l). This mechanism will be discussed in 

detail in Figure 2.34. 

 

Figure 2.29 I-V curves of the 20nm HfO2 device taken over 5 cycles, respectively. 

(a)-(e) Cycles 1-5 under positive bias. (f) Proposed growth-connection-

disconnection-retraction mechanism when under positive bias. (g)-(k) Cycles 1-5 

under negative bias application. The compliance current was set at 10 μA. (l) 

Proposed growth-connection-disconnection-retraction mechanism when under 

negative bias. In (f) and (l), gray dots represent reduced Ag ions, and white dots 

represent oxygen-deficient regions. 
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Figure 2.30 Current over time when holding at -1V in the 20nm HfO2 device at a 

compliance current of 1 μA. 

 

Figure 2.30 shows the switching kinetics, current-time characteristics under 

constant voltage stress at -1V for Ag/HfO2/ITO devices. The current stays at the 

compliance current, meaning that conductive filaments are formed initially. Over 

time, while holding under negative bias, the current decreased within 2 minutes. 

This indicates that the conductive paths composed of Ag are disrupted, leading to 

a high resistance state. The switching time 𝑡1  and the voltage applied have a 

relationship following equation 2.5 88 : 

𝑡1 ∝ 𝑒234 	 2.5 

where 𝛼 is the constant value and 𝑉 is the voltage applied.  

The current instability over time was also observed at a very low voltage application, 

as shown in Figure 2.31. The electric field is not enough to form filaments, but 

Joule heating can drive the ion migrations or diffusions within the gate dielectric. 
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Therefore, a large current jump at a very low voltage implies thermally driven 

ion migration. 

 

 

Figure 2.31 (a) Schematic diagram of a device with a thicker ITO layer and Al2O3 

gate dielectric. (b) Current over time when holding at 1 mV bias. (c) Current over 

time when holding at -1 mV bias. 

 

To investigate the effect of active area size on I-V characteristics, five devices with 

varying active areas, ranging from 10000 μm2 to 25 μm2, were fabricated on a wafer. 

The devices were patterned with different stripe widths through an electron-beam 

photolithography (EBPG) process. As the active area decreased, the absolute 

current flow decreased. However, the current density increased with the reduction 

in the active area. Additionally, the loop direction in the I-V curves is random, 

suggesting that both Ag and oxygen vacancies are formed and disrupted in various 

ways between the two electrodes. For example, Figure 2.32 (a) and (c) has volatile 

switching behaviors and nonvolatile switching for (b), (d), and (e).  

Figure 2.33 shows the maximum current density as a function of the active area. 

The current density decreases as the active area increases. Notably, the current 

density in the smaller area (25 μm2) was 10 times higher than in the larger area 

(10000 μm2). If multiple filaments were uniformly formed over the active area, the 

maximum current density would likely remain the same regardless of the active 

area size. However, this observation implies that the filaments are not uniformly 

distributed but form as a few localized filaments within the active area. 
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Figure 2.32 I-V curves of a device with a thin ITO layer and Al2O3 dielectric, 

depending on the size of the active area. (a) 100 μm by 100 μm, (b) 50 μm by 50 

μm, (c) 20 μm by 20 μm, (d) 10 μm by 10 μm  , (e) 5 μm by 5 μm. The compliance 

current for (b)-(e) is 100 μA. 

 

 

Figure 2.33 Maximum current density as a function of the active area. 

 

In Figure 2.34, the Ag/Al2O3/ITO device was investigated by running 4 cycles from 

positive bias to negative bias. The loop direction under positive bias is random, 

sometimes starting from a high resistance state or, in other cases, starting from a 

low resistance state. However, under negative bias, the loop direction always starts 
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from a high resistance state, and the abrupt current jump occurs at the same 

voltage. The device always exhibits volatile behavior under negative bias. Since the 

resistance state is mixed, the device can be characterized as exhibiting both volatile 

and nonvolatile switching.  

 

Figure 2.34 I-V curves of a device with a thin ITO layer and Al2O3 dielectric with 

an active area of 5 μm by 5 μm, taken every cycle out of 4 cycles. (a) 1st, (b) 2nd, 

(c) 3rd, (d) 4th cycle. (compliance current density of 100A/cm2) 

 



 

 

45 
Classical nucleation theory could support the unstable volatile and nonvolatile 

switching behavior 20,83,89,90. The Gibbs free energy difference (∆𝐺) between the 

state of a continuous conductive filament (CF) and the state of dispersed Ag small 

clusters is the change in Gibbs free energy, which can be expressed by Equation 

2.6: 

∆𝐺	 = −𝜋	𝑟.𝐿|𝐺4| + 	𝜋	𝑟.A𝛾#$% 	+ 	𝛾!"C + 	2𝜋	𝑟𝐿𝛾5 2.6 

Where r and L are the radius and length of the CF, |𝐺4| is the difference in Gibbs 

bulk free energy per unit volume, 𝛾#$%, 𝛾!", and 𝛾5 are the surface energy per unit 

area of the Ag conducting filament contacting with ITO, Ag, and dielectric layer, 

respectively. The critical size r* can be determined by equation 2.7: 

𝑟∗ =
𝐿𝛾5

𝐿|𝐺4| − 𝛾#$% −	𝛾!"
	 2.7 

As shown in Figure 2.35 (a), when the filament size r is smaller than the critical 

size r*, the filament tends to decompose into small Ag clusters. On the other hand, 

when r is greater than r*, the filament is thermodynamically stable, and the device 

exhibits nonvolatile switching behavior. Based on this model, the coexistence of 

volatile switching and nonvolatile switching indicates that the filament size is 

slightly below or above the critical size r*. By inserting literature values, r* can be 

estimated to 1~3nm 90–95. 

Recently, the mechanisms of Ag-based volatile resistive switching memory devices 

were supported by the Ag ion drift and diffusion model95, as well as an analytical 

model 93. Figure 2.35(b) shows a proposed mechanism for the Ag/dielectric/ITO-

based volatile memristor. ITO acts as an oxygen vacancy reservoir, having oxygen 

vacancy concentrations ranging from 1x1019 to 1x1021 cm-3. On the other hand, the 

dielectric layer has a relatively low concentration of oxygen vacancies compared to 

the ITO. Therefore, not only Ag but also oxygen vacancies (or oxygen ions) can be 

mobile species due to the concentration gradient between ITO and the dielectric. 

As a result, when a positive voltage is applied to Ag, Ag ions start to migrate 
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through the dielectric and are reduced at the ITO, forming a filament. 

Simultaneously, due to the concentration gradient and temperature gradient from 

the Joule heating effect, oxygen vacancies in the ITO also migrate through the 

dielectric layer, forming an oxygen-deficient region. Since the filaments are 

thermodynamically unstable, they tend to decompose easily into small Ag clusters. 

Consequently, the conductive filaments spontaneously migrate from the central 

region of the filament to the electrodes to minimize the surface energy. By filament 

thinning and eventual retraction, the device returns to a high-resistant state. As the 

applied voltage decreases toward zero, the Ag clusters spontaneously retract to the 

ITO electrode and the Ag electrode to minimize the interfacial energy. 

 

 

Figure 2.35 (a) Relationship between Gibbs free energy and the filament size based 

on the classical nucleation theory. Depending on the filament size, the device can 

behave both volatile switching or, nonvolatile switching. (b) proposed growth-

connection-disconnection-retraction mechanism. Gray dots represent reduced Ag 

ions and white dots are oxygen deficient regions. 
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2.5 Optical response 

In a planar stack of Ag/dielectric/ITO, a high reflectance over 90% is expected due 

to the reflective Ag layer. Figure 2.36 shows that the measured reflectance spectrum 

is well-matched with the calculated spectrum obtained from the transfer matrix 

calculation. 

 

Figure 2.36 (a) Measured and calculated reflectance spectrum of the Ag/Al2O3/thin 

ITO device in the visible wavelength range. (b) Measured and calculated 

reflectance spectrum of the Ag/Al2O3/thin ITO device in the near-infrared (NIR) 

region. 

 

Unfortunately, no optical modulation under electrical bias was observed in both the 

visible and NIR wavelength ranges. A voltage ranging from -10 mV to 10 mV was 

applied to confirm whether there was any dynamic optical change, as shown in 

Figure 2.37 (a), as well as holding at a voltage where an abrupt current jump 

occurred, as shown in Figure 2.37 (b). This implies that the Ag ions did not diffuse 

into the ITO sufficiently to tune the refractive index of the ITO by introducing Ag. 
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Figure 2.37 Reflectance spectrum in the visible wavelength (a) when applying an 

electrical bias of -10 mV to 10 mV. (b) when holding at 700 mV, where the current 

abruptly increased. The corresponding electrical response is represented in Figure 

2.24 (c). 

 

Therefore, an Au stripe metasurface was incorporated with the planar stack to 

tightly confine the light and amplify the optical modulations due to the index 

change in the Ag-embedded ITO layer resulting from the ion migration effect 

(Figure 2.38). However, no reflectance modulation occurred around the Au stripe 

plasmonic resonance wavelength. Ag is known to diffuse well into materials over 

time, so the aging effect was also studied. Regardless of aging or electrical bias, the 

optical response did not change. This unmodulated optical response indicates that 

the amount of Ag diffused into the ITO was not sufficient to form an effective 

medium layer, which can attribute to large refractive index change and resonance 

shift. This result is also supported by the classical nucleation model in Figure 2.35 

and the unstable electrical responses. 
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Figure 2.38 (a) Schematic diagram of Au stripe metasurfaces with Ag/Al2O3/ITO. 

Reflectance spectrum around the resonance (b) measured after 2 days (c) measured 

after 8 days to investigate Ag ion diffusion over time. Expected reflectance 

modulation was represented in Figure 2.5 calculated by Lumerical FDTD.  
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2.6 Conclusion and future work 

Our device consisting of Ag, Al2O3 (or HfO2, HAOL), and ITO is a complex system 

as not only Ag but also oxygen vacancies (or oxygen ions) are mobile species 96–

100. As observed in the current-voltage (I-V) curves, cycle-to-cycle and device-to-

device variations are extensive. Additionally, the loop direction differs from cycle 

to cycle, indicating that the resistance due to the formation and disruption of 

filaments is random and volatile. This random ion migration prevents reliable and 

reproducible device performance. 

Therefore, consistent and conformal formation and disruption of filaments are 

required to utilize the ion migration effect in optoelectronic devices with reliability 

and reproducibility 101–114. In the case of a non-uniform layer, a few filaments will 

be formed at weak boundaries in the dielectric layer or at regions where the electric 

field is higher due to smaller electrode distances (Figure 2.39(a)). As shown in 

Figures 2.39(b) and (c), increasing the diffusion of Ag or oxygen vacancies can 

help enhance the refractive index change in the effective medium. If the Ag layer 

is patterned, the density and position of the filaments could be deliberately induced 

(Figure 2.39(d)). Thickening the filaments can also be another way to improve the 

plasmonic effect in the device (Figure 2.39(e)). Controlled formation and disruption 

of filaments are crucial to apply the ion migration effects into active nanophotonic 

devices, but further research is still required. 

By controlling the formation, disruption, and geometry of metallic filaments within 

dielectric layers, the plasmonic properties can be actively tuned and reconfigured. 

In addition, the formation of metallic filaments within dielectric layers can result in 

highly confined plasmonic modes and strong light-matter interactions. This can 

potentially improve the performance of devices relying on enhanced light-matter 

coupling. This enables the development of dynamic plasmonic devices with 

adaptable optical responses. The ion migration-induced plasmonic system can open 

up new and exciting possibilities in the field of optoelectronic devices. The ability 
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to dynamically control and manipulate plasmonic structures through controlled 

ion migration paves the way for novel functionalities and applications. 

 

 

Figure 2.39 Schematic diagram illustrating ways to improve optical modulation in 

the Ag/dielectric/ITO device: (a) Few filament formations due to a non-uniform Ag 

layer. (b) Increase the diffusion of Ag into the ITO. (c) Increase the number of 

oxygen vacancies in the ITO. (d) Increase the density of Ag filaments. (e) Thicken 

the Ag filaments. 
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C h a p t e r  3  

PROBING ION MIGRATION IMPACTS ON THE OPTICAL RESPONSE 
IN OXIDE-BASED ACTIVE METASURFACES 

3.1 Introduction 

Active metasurfaces offer dynamic wavefront control by electrically tuning the 

refractive index, but their performance can be degraded by ion migration effects in 

the gate dielectric. This work investigates ion migration impacts on the frequency 

response and phase modulation of indium tin oxide (ITO)-based active metasurfaces. 

Oxygen vacancy defects acting as mobile ions are identified in the atomic layer 

deposited gate dielectric through hysteretic current-voltage characteristics. Post-

annealing processes are employed to optimize oxygen vacancy concentrations in the 

dielectric and ITO layers. Annealing at 150°C in vacuum effectively reduces defects 

while preserving ITO properties, mitigating hysteresis in electrical and optical 

responses. Time-resolved reflectance measurements reveal improved quasi-static 

resonance stabilization and enhanced high-frequency switching speeds in annealed 

metasurfaces compared to unannealed devices. Implementing suitable post-

fabrication annealing allows defect removal, enabling high-performance active 

metasurfaces with rapid optical modulation across low and high frequencies for 

wavefront engineering, beam steering, and ultrafast applications.  

Metasurfaces are two-dimensional periodic arrays of sub-wavelength scatterers that 

manipulate the wavefront of light. However, their optical functionality is passive and 

fixed at the time of fabrication. Consequently, researchers have investigated active 

metasurfaces that enable dynamic control of light by applying an external stimulus 

(electrical gating, magnetic field, chemical doping, mechanical force, thermal 

energy, or optical pumping) to an active material, thereby tuning its refractive index 

even after fabrication. Transparent conducting oxide (TCO)-based active 

metasurfaces have been experimentally demonstrated, where the refractive index of 
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the TCO at the interface between a gate dielectric and the TCO can be modulated 

by the field effect of electrical gating 80,81,115–119. 

Nonetheless, during the application of an electrical bias, not only electrons or holes 

but also ions within the dielectric can migrate as a parasitic effect. In certain cases, 

electrochemical metallization through ion migration can be intentionally utilized for 

electrical modulation, known as memristors, or optical modulation, such as active 

spectral tuning of antennas. On the other hand, this ion migration effect has been 

observed in complementary metal-oxide-semiconductor (CMOS) devices, posing a 

significant challenge in maintaining reliability and performance 120–127. The issue 

becomes more severe as gate dielectrics become thinner and more defective. Oxygen 

anions (which are typically described by the motion of the corresponding vacancies, 

i.e., oxygen vacancies) are the main types of intrinsic defects. To remove defects in 

the dielectric, post-annealing at high temperature is proceeded with 128–131. The 

device performance relies on the quality of the gate dielectric. However, the impact 

of ion migration on optical responses in optoelectronic devices is not yet fully 

explored.  

Here, we employ electrically tunable ITO-based metasurfaces. First, we demonstrate 

that our gate dielectric material deposited by atomic layer deposition (ALD) contains 

mobile ions, specifically oxygen vacancies. Next, we control the level of oxygen 

vacancies in the dielectric and ITO by post-annealing processes at different 

temperatures in ambient air or vacuum. As the optical properties of the ITO are prone 

to changes at high temperatures, there was a limitation in applying excessively high 

temperatures during annealing. We propose a mechanism for the transport of oxygen 

vacancies during the annealing process at the interface between the gate dielectric 

and the ITO. The reduced hysteresis in the current-voltage curves after the annealing 

process indicates diminished ionic transport during electrical gating. The time 

response and phase of the reflectance from the metasurfaces are measured in the 

quasi-static regime and the high-frequency regime (>1 MHz) before and after the 
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annealing process. The reduced ionic transport resulting from the removal of 

oxygen vacancies in the dielectric helps improve the speed of the optical response 

from the metasurface. This investigation paves the way for a rapid optical response 

at both low and high frequencies in active metasurfaces. 
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3.2 Electro-optic response 

Active metasurfaces offer dynamic wavefront To confirm the presence of ions in our 

gate dielectric, we fabricated a simple capacitance device without ITO. The device 

comprised a 5nm-thick alumina layer deposited by atomic layer deposition (ALD) 

sandwiched between 50nm gold electrodes on both sides (Figure 1(a)). To fabricate 

Au/ Al2O3/Au planar heterostructures, a 2nm germanium (Ge) adhesion layer and 50 

nm of gold (Au) were deposited via electron beam evaporation onto 1µm thick silicon 

dioxide (SiO2) on silicon (Si) substrates. Subsequently, 5nm of aluminum oxide 

(Al2O3) was deposited by ALD, followed by another 2nm Ge adhesion layer and 50 

nm of Au. The active area of the devices was 100 μm by 100 μm. Using a probe 

station, we applied voltages ranging from +/- 4V in 10mV steps across the device 

and measured the current under a compliance current setting of 100nA to prevent 

permanent dielectric breakdown. We tested 13 devices, and 11 out of 13 exhibited 

hysteresis in the current-voltage (I-V) curve, as shown in Figure 3.1(b). The 

hysteretic behavior in the I-V curve indicates ion migration. By applying a high 

electric field, an abrupt increase in current occurs due to the formation of a conductive 

filament. Since gold is an inert material, it does not undergo electrochemical reactions 

during electrical gating. Therefore, oxygen vacancies in the alumina are the only 

mobile species. The motion of oxygen vacancies leads to a valence change in 

aluminum, causing a resistance change in the alumina. It has been reported that for 

highly defective films with electron trap energy levels in the insulator bandgap, 

electron transport is governed by a trap-assisted mechanism such as Frenkel–Poole 

emission or hopping conduction 120. 
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Figure 3.1 An indication of ion migration in the gate dielectric under electrical bias 

(a) Schematic diagram of a metal-insulator-metal (MIM) capacitor with inert gold 

electrodes. (b) Current-voltage curve with a compliance current (C.C.) of 100nA. 

 

Post-annealing processes at high temperatures after gate dielectric deposition are 

known to improve the dielectric quality by reducing ions or defects. However, our 

metasurface incorporates sputtered ITO underneath the gate dielectric, and the optical 

and electrical properties of the ITO can be affected by the annealing process 72,132–

136. Since changes in the carrier concentration of the ITO alter the overall metasurface 

resonance wavelengths, it is crucial to optimize the post-annealing conditions. 

Therefore, we investigated the changes in carrier concentration and mobility of the 

ITO when post-annealed under different conditions with or without a 5nm ALD-

deposited alumina layer using Hall measurements. Samples were annealed up to 

250°C in ambient air for 1-2 hours or in a vacuum on the order of 10x10-3 Torr in the 

ALD chamber for longer durations. As seen in Figure 3.2(a), the carrier concentration 

in the ITO decreased with increasing annealing temperature when annealed in 

ambient air. In contrast, when alumina was present on the ITO and annealed, there 

was a slight increase in the carrier concentration. This indicates that oxygen in the air 

fills the oxygen vacancy sites in the ITO, resulting in a decrease in the carrier 

concentration when annealed alone. However, the carrier concentration of the ITO 
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increased with increasing annealing temperature in all cases when annealed in 

vacuum (Figure 3.2(b)). This implies that oxygen ions in the ITO diffuse into the 

alumina, filling oxygen vacancies in the alumina and consequently increasing oxygen 

vacancies in the ITO. The less hysteretic I-V curve in Figure 3.4(b) also supports this 

explanation, as it signifies reduced ion migration in the dielectric. In Figure 3.2(e), 

the mobility is dramatically decreased in all cases, implying that the ITO starts to 

crystallize during high-temperature annealing. The decrease in carrier mobility is due 

to a change in the dominant electron carrier scattering mechanism from grain 

boundary scattering to ionized impurity scattering by trapping free electron carriers72. 

By increasing the annealing duration at 150°C in a vacuum chamber, both carrier 

concentration and mobility in the ITO increased, but not as significantly as when the 

ITO was covered with alumina.  

Based on these results, the annealing condition was optimized to 150°C in a vacuum 

chamber for 24 hours, as neither the carrier concentration nor the mobility of the ITO 

was significantly altered, while defects in the dielectric were effectively reduced. 

During the annealing process, oxygen ions from the ITO diffused into the gate 

dielectric and filled the oxygen vacancies in the dielectric layer (Figure 3.3). This 

mechanism explains well the reason for the increase in the carrier concentration of 

the ITO after the annealing process, and it also supports the reason for the less 

hysteretic current-voltage (IV) curve, implying the mitigation of ion migrations 

within the gate dielectric after the annealing process. 
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Figure 3.2 Relative carrier concentration and relative mobility of the ITO under 

different annealing conditions. (a)-(c) The absolute carrier concentration of ITO(L) 

is 0.12 cm-3, Al2O3/ITO(L) is 0.21 cm-3, and Al2O3/ITO(H) 1.76 cm-3. Relative carrier 

concentration as a function of annealing temperature (a) in air for 1-2 hours (b) in 

vacuum for 14-16 hours. (c) Relative carrier concentration as a function of annealing 

time when annealed in vacuum at 150 °C. (d)-(f) The absolute mobility of ITO(L) is 

32.6 cm2/Vs, Al2O3/ITO(L) is 48.7 cm2/Vs, and Al2O3/ITO(H) 38.9 cm2/Vs. Relative 

mobility as a function of annealing temperature (d) in air for 1-2 hours (e) in vacuum 

for 14-16 hours. (f) Relative mobility as a function of annealing time when annealed 

in vacuum at 150 °C. 

 

 
Figure 3.3 Mechanism showing the removal of oxygen vacancies in the gate 

dielectric during the annealing process. 
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Additionally, an alumina and hafnia laminate (HAOL) was chosen instead of alumina 

to enhance the dielectric constant and dielectric strength. The 17 nm ITO deposition 

was performed using an RF magnetron sputtering system with a 90/10 wt% 

In2O3/SnO2 target at a pressure of 3 mTorr and a power of 100 W, while flowing 20 

sccm argon (Ar) and 4 sccm Ar/O2 mixture (90/10 wt%). The HAOL was deposited 

through a shadow mask via thermal ALD at 150 °C. The deposition consisted of 2 

repetitions of 1nm Al2O3 and 3nm HfO2 layers without breaking vacuum, 

accumulating a total thickness of 8 nm. 

Figure 3.4(a) shows a schematic diagram of the ITO-based active metasurfaces. As 

observed in Figure 3.4(b), the resonance wavelength of the metasurface exhibits a 

red-shift when transitioning from a positive to a negative bias. The resonance 

wavelength of the metasurface before applying any bias is determined by the 

geometrical parameters, such as the width of the stripe, periodicity, and the bulk 

refractive index of the ITO. To confirm ion migration in the HAOL, current-voltage 

(I-V) curves were compared between devices without any post-annealing process and 

those with post-annealing at 150°C in a vacuum chamber for 24 hours. The annealing 

process was conducted in the ALD chamber immediately after the deposition of 

HAOL, without any vacuum break. The metasurface with post-annealing exhibited 

superior dielectric properties (Figure 3.4(c)), including a higher breakdown voltage 

exceeding 5V and a less hysteretic I-V curve, indicating reduced defects or fewer 

ions in the dielectric layer. However, hysteresis was still observed after the annealing 

process when applying a negative bias. This trend is also observed in p-MOS 

transistors operating with negative gate-to-source voltage, known as negative bias 

temperature instability (NBTI). In this phenomenon, positively charged holes are 

trapped at the interface between the dielectric and the semiconductor, and these traps 

can be emptied when the voltage is removed over time.  
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Figure 3.4 (a) Schematic diagram of ITO-based active metasurface unit cell. The 

structure is periodic (p= 400nm), and the top gold stripe antenna is lengthy in the y-

direction. tAu=100nm, tITO=17nm, tHAOL=8nm (two pairs of alternating layers of 1nm 

alumina and 3nm hafnia), tSt=40nm, wSt=220nm. (b) Measured reflectance spectra of 

the metasurface by applying voltage from 3V to -3V. (c) Comparison of current-

voltage (I-V) curves between the metasurface without and with post-annealing 

process in vacuum, with a compliance current of 100nA.  

 

As the ionic transport effect in the dielectric was reduced after the annealing process, 

the phase profile also exhibited less hysteretic behavior as a function of the applied 

voltage, as shown in Figure 3.5(a) and (b). 

 

 
Figure 3.5 Comparison of phase profiles between the metasurface (a) without post-

annealing process, or a thinner gate dielectric and (b) with post-annealing process, or 

a thicker gate dielectric as a function of the applied voltage. 
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The quasi-static amplitude response of the metasurfaces without and with post-

annealing was investigated by slowly sweeping the applied voltage, as shown in 

Figure 3.6 (a)-(c). The reflectance was measured every 2-3 minutes in the near-

infrared range around the resonance wavelength of each metasurface under applied 

bias. Each curve was fitted using a Lorentzian function to define the resonance 

wavelength. In Figure 3.6(a), without annealing, the resonance wavelength continued 

shifting even when the voltage was held constant (e.g., 3V or -3V). This indicates a 

slow metasurface response due to ionic transport in the unannealed dielectric, where 

trapped charges at defect sites are slowly recovered under the applied field. In 

contrast, the annealed device in vacuum (Figure 3.6(b)) responded faster. Comparing 

the slopes at 3V and -3V, the optical response was faster under positive bias, 

corroborating the IV curve in Figure 3.4(c) and supporting the negative bias 

temperature instability (NBTI) explanation. Figure 3.4(c) shows the response of the 

metasurface annealed in ambient air for 24 hours. The quasi-static response was not 

as significantly improved as when annealed in vacuum. Additionally, the resonance 

wavelength did not fully recover to the starting point after measurements over ~150 

minutes, implying an irreversible device state due to ionic transport in the gate 

dielectric, behaving like a memristor device. 
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Figure 3.6. Quasi-static amplitude response at different applied voltages. Each graph 

shows the resonance wavelength of a metasurface while slowly sweeping the applied 

voltage. (a) The metasurface response without any annealing process. (b) The 

metasurface response with annealing at 150°C in a vacuum chamber for 24 hours. (c) 

The metasurface response with annealing at 150°C in ambient air for 24 hours. 
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Figure 3.7 (a) Measured reflectance modulation with frequencies ranging from 0.1 

Hz to 1 MHz for devices with and without a 150°C anneal in a vacuum chamber. (b) 

and (d) Normalized amplitude modulation of the unannealed device on (b) a longer 

time scale of 20 seconds, showing modulation frequencies of 0.1 Hz and 1 Hz, and 

(d) a shorter time scale of 2 seconds, showing modulation frequencies of 1 Hz and 

10 Hz. (c) and (e) Normalized amplitude modulation of the annealed device on (c) a 

longer time scale of 20 seconds, showing modulation frequencies of 0.1 Hz and 1 Hz, 

and (e) a shorter time scale of 2 seconds, showing modulation frequencies of 1 Hz 

and 10 Hz. 

 

High-frequency amplitude modulation was conducted alongside quasi-static 

amplitude modulation by varying the speed from 0.1 Hz to 1 MHz, as depicted in 

Figure 3.7(a). The figure shows the normalized modulation amplitude as a function 

of frequency when modulating with a 6 V peak-to-peak (VPP) square wave, 

normalized to the modulation amplitude at 0.1 Hz. The amplitude decreases with 

increasing frequency for both annealed and unannealed devices. However, the 

amplitude declines more gradually for the annealed device, indicating an improved 

device response speed. This improvement is due to the removal of mobile oxygen 

vacancy defects from the gate dielectric, which mitigates undesirable ion migrations 

within the dielectric. The actual time-domain data are shown in Figure 3.7(b)-(e). 

Figures 3.7(b) and 3.7(d) show the frequency response of the unannealed device at 

different time scales, revealing a slow increment/decrement in optical response over 

time. In contrast, the frequency response of the annealed device is much faster, as 

shown in Figures 3.7(c) and 3.7(e).  
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3.3 Conclusion and future work 

We investigated the impact of ion migration effects on the frequency response and 

phase modulation of electrically tunable ITO-based active metasurfaces. The 

presence of mobile oxygen vacancy defects in the ALD-deposited gate dielectric was 

confirmed through hysteretic IV curve. The effect of post-annealing process on both 

the gate dielectric and the ITO was investigated through hall measurements by 

analyzing the oxygen vacancy concentrations. Annealing at 150 °C in a vacuum 

chamber helps reduce the vacancy concentration in the dielectric. With post 

annealing, both IV curve and the phase modulation are less hysteretic. Time-resolved 

reflectance measurements revealed that the annealed metasurfaces exhibited an 

improved quasi-static optical response, as well as high-frequency response. Overall, 

implementing suitable post-fabrication annealing strategies allows for the effective 

removal of these defects, thereby improving the modulation speed across both low 

and high frequencies. This work paves the way for the realization of high-

performance active metasurfaces with rapid optical response times, enabling 

applications in dynamic wavefront engineering, beam steering, and ultrafast optical 

modulation.  
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C h a p t e r  4  

MONOLAYER TRANSITION METAL DICHALCOGENIDES (1L-
TMDS) FOR DYNAMICALLY TUNABLE METASURFACES 

4.1 Introduction 

Monolayer transition metal dichalcogenides (1L-TMDs) are widely recognized for 

their significant gate tunability of refractive indices, extending from excitonic 

resonances within visible wavelengths to telecom wavelengths. Despite their 

potential for active nanophotonic devices, exploration of their applications in the 

near-infrared remains incomplete. In this study, we propose two distinct high-Q 

dielectric metasurfaces integrated with 1L-TMDs for both amplitude and phase 

modulation, functioning in both transmission and reflection modes. The first tunable 

metasurface utilizes a Fabry-Perot resonator comprising two dielectric mirrors with 

1L-TMDs strategically positioned at regions of maximum electric field intensity, 

achieving quality factors (Q-factors) exceeding 8900. We demonstrate the versatility 

of these devices as amplitude modulators or phase modulators by adjusting the 

number of dielectric mirror pairs. The amplitude modulation configuration achieves 

an 80% transmittance modulation and 97% reflectance modulation. Meanwhile, the 

phase modulation configuration exhibits nearly a π-phase shift in transmission and a 

2π-phase shift in reflection. The second tunable metasurface features an array of 

silicon pillars on a silica substrate, with Q-factors exceeding 12000. With a 

transmission phase shift of over π, we propose this metasurface for potential 

applications in 2D beam steering.  Overall, our findings highlight the promising 

capabilities of 2D TMD-based metasurfaces with low loss for advanced optical 

modulation and manipulation. 

Metasurfaces, two-dimensional periodic arrays with subwavelength features, have 

garnered significant attention as thin, versatile optical components capable of 

manipulating light functionalities. However, the performance of these devices is 
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inherently limited by their fixed geometrical structures, prompting researchers to 

explore the integration of active materials with tunable refractive indices into 

passive antenna arrays. This combination allows dynamic control over optical 

properties through external stimuli, even after fabrication. 

While metallic antenna arrays have been widely studied for their plasmonic effects 

in confining light within the visible to near-infrared range, metals exhibit 

considerable losses, hindering the achievement of the complete 2π phase shift. 

Dielectric metasurfaces, employing dielectric resonators, offer a compelling 

alternative with their high-quality factors and reduced losses.  

1L-TMDs have emerged as promising 2D materials alongside graphene, exhibiting 

exceptional resonant properties. In the monolayer limit, TMDs possess uniquely 

strong light-matter interactions due to excitonic effects, with binding energies over 

ten times stronger than conventional semiconductors like silicon at room 

temperature (<26 meV) 137. Remarkably, the refractive index of 1L-TMDs can be 

substantially tuned near excitonic resonances through external stimuli such as 

strain, electrical gating, or electric/magnetic fields. This pronounced optical 

tunability presents opportunities for their integration as active materials in dynamic 

nanophotonic devices. 

While active metasurfaces incorporating 1L-TMDs have been experimentally 

demonstrated, the tunability of the imaginary part (k) of the refractive index, 

corresponding to absorption, often increases significantly near excitonic 

resonances, introducing undesirable losses. Ideally, the real part (n) should exhibit 

substantial modulation while maintaining a low absolute value of k, maximizing 

the figure of merit expressed by Δn/k. 

Owing to the Kramers-Kronig relation, k decays faster than n, suggesting the 

potential for exploiting 1L-TMDs beyond excitonic resonances in the near-infrared 

range, particularly around 1550 nm for telecommunication applications. I. Datta et 

al. experimentally demonstrated that the refractive index of monolayer WS2 and 
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WSe2 could be significantly modulated through electrical gating, achieving Δn 

up to 0.69 while maintaining Δk below 0.01 when integrated with a high-Q micro-

ring resonator 138,139. Despite their promising potential, the exploration of 1L-TMDs 

in active nanophotonic devices remains largely unexplored. 

In this chapter, we demonstrate the feasibility of employing 1L-TMDs in active 

nanophotonic devices operating in the near-infrared range for optical modulation 

and beam steering applications through Lumerical finite-difference time-domain 

(FDTD) simulations. We introduce two distinct high-Q dielectric metasurfaces 

designed to effectively confine the mode for 1L-TMDs: a Fabry-Perot resonator 

comprising dual distributed Bragg reflectors (DBR) and an array of silicon pillars 

on a silica substrate supporting quasi-bound states in the continuum (BICs) mode. 

The first tunable metasurface, embedded with 1L-TMDs, exhibits 80% 

transmittance modulation and 97% reflectance modulation, while the phase 

modulation configuration achieves nearly π phase shift in transmission and 2π 

phase shift in reflection. The second tunable metasurface achieves over π phase 

shift, demonstrating beam steering capabilities. Our findings highlight the 

promising potential of low-loss 2D TMD-based metasurfaces for advanced optical 

modulation and manipulation. 
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4.2 Fabry-Perot resonators embedded with 1L-TMDs 

Optical simulations were performed using the finite difference time domain method 

(FDTD Lumerical) as well as transfer matrix calculations. In our optical 

simulations, a normally incident linearly polarized plane wave illuminates the 

metasurface from within the substrate. The real part refractive index change of 0.69 

in 1L-TMD with electrical doping is taken from calculations in 138. We assume that 

the imaginary part refractive index of 1L-TMD does not change with electrical 

doping but keeping at 0.01. The thickness of 1L-TMD is 0.618nm. 

When simulating Fabry-Perot resonator, transfer matrix calculations were used. 

The refractive index of SiO2 and TiO2 are taken as 1.44, and 2.71, and we assume 

that the repeated pairs all have a quarter-wave thickness. The real part conductivity 

of graphene is taken as 60.85 µS and -0.04 µS of the imaginary part of conductivity. 

Figure 4.1(a) illustrates our high-Q Fabry-Perot resonator, comprising dual 

distributed Bragg reflectors (DBRs) with n pairs of alternating silica (SiO2) and 

titania (TiO2) layers. A quarter-wave thickness of SiO2 is employed as the gate 

dielectric between two electrodes, sandwiching the 1L-TMD and a monolayer 

graphene sheet. Strategically positioning the 1L-TMD at the region of maximum 

electric field intensity is crucial to effectively couple the mode with the monolayer. 

Due to the symmetric structure with an equal number of DBR pairs on both sides, 

the maximum electric field is located at the cavity's center. 

As depicted in Figure 4.1(b), we investigate the effect of varying the number of 

DBR pairs on the amplitude modulation depth for both transmission and reflection 

modes to maximize the modulation capability. The Q-factor of the Fabry-Perot 

resonator is governed by the reflectivity of each mirror, which increases with the 

number of DBR pairs, leading to a higher-Q cavity. However, a higher quality 

factor does not necessarily translate to larger amplitude modulation, as illustrated 

in Figure 4.1(b). As the number of DBR pairs increases, the peak separation 

between the undoped (n = 3.75) and doped (n = 3.06) monolayer states widens. 
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Consequently, the maximum transmittance peak decreases, while the maximum 

reflectance peak increases, as light becomes more tightly confined within the cavity. 

Figures 4.1 (c) and (d) depict the transmittance and reflectance spectra, respectively, 

around the resonance, demonstrating the evolution of the spectra with increasing 

DBR pair numbers. Our analysis reveals an optimized number of 6 DBR pairs, 

which maximizes both transmission and reflection amplitude modulation depths, 

achieving over 80% in transmission modulation and 97% in reflection modulation. 

An asymmetric configuration of the DBRs demonstrates superior phase modulation 

capabilities compared to a symmetric design. We investigated and optimized 

various combinations of DBR pair numbers using transfer matrix calculations to 

maximize phase modulation while minimizing amplitude attenuation. The optimal 

configuration comprises a 7-pair top DBR and an 8-pair bottom DBR, exhibiting 

the best performance. 

Figures 4.2(a) and (b) depict the transmission and reflection spectra, respectively, 

along with the corresponding phase shift when the 1L-TMD is in its undoped state. 

By fitting the amplitude spectrum with a Lorentzian curve, the Q factor is found to 

exceed 8900, indicating a high-quality resonance. Remarkably, at an operating 

wavelength of 1555.14 nm, the device can achieve nearly a π phase shift in 

transmission mode, as illustrated in Figure 4.2(c), and an impressive 2π phase shift 

in reflection mode, shown in Figure 4.2(d). 
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Figure 4.1 High-Q Fabry-Perot resonators embedded with van der Waals materials 

for amplitude modulation. (a) Schematic of dual distributed Bragg reflectors 

(DBRs) with an equal number of pairs. (b) Maximum achievable amplitude 

modulation depth in both transmission and reflection modes as a function of the 

number of DBR pairs in the dual DBRs. (c) Transmittance spectra and (d) 

reflectance spectra around the resonance, illustrating the spectral variation with 

increasing number of DBR pairs. 
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Figure 4.2 High-Q Fabry-Perot resonators for a phase modulator, comprised of a 7-

pair top DBR and an 8-pair bottom DBR. (a) and (b) depict transmittance and 

reflectance, alongside the corresponding phase, as a function of wavelength when 

1L-TMD is undoped. (c) and (d) illustrate transmittance and reflectance 

modulation, along with the corresponding phase shift, as a function of the index 

change in 1L-TMD at a wavelength of λ = 1555.14 nm.  
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4.3 Si-pillar resonators embedded with 1L-TMDs 

In prior research, a high-quality factor (Q) metasurface supporting quasi-bound 

states in the continuum (BIC) mode was demonstrated through simulations for 

dynamic beam switching or beam steering in transmission mode by exploiting 

thermo-optic modulation in amorphous silicon 140.  

In this study, the tunable metasurface features an array of silicon pillars on a silica 

substrate, with Q-factors exceeding 9900. Monolayer two-dimensional transition 

metal dichalcogenides (1L-TMDs) are situated between the pillars and the substrate, 

serving as active materials through electrical gating. With a transmission phase shift 

exceeding π, we propose this metasurface for potential applications in 2D beam 

steering. Overall, our findings highlight the promising capabilities of 1L-TMD-

based metasurfaces with low loss for advanced optical modulation and 

manipulation. 

 

Figure 4.3 High-Q transmissive metasurfaces with van der Waals materials for a 

phase modulator, comprising an array of amorphous a-Si rectangular pillars on a 

SiO2 substrate. (a) Schematic of a unit cell of the metasurfaces. (b) Spatial 

distribution of the electric field amplitude in the metasurface unit cell in x-y and y-

z planes, respectively. 
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Figure 4.3(a) depicts an alternative geometry of dielectric metasurfaces for 

transmission, consisting of an array of silicon (Si) rectangular pillars on a silica 

(SiO2) substrate. As indicated by the spatial mode profile in Figure 5.1(b), moderate 

electric field enhancement is observed above and below the pillar. To effectively 

couple the mode with the monolayer, the monolayer covered with a 1nm-thick 

hexagonal boron nitride (hBN) layer is positioned directly below the pillar structure. 

To enable doping of the monolayer, a gate dielectric and a counter electrode are 

required. We have chosen a 60nm-thick silica layer as the gate dielectric and 

incorporated a 5nm-thick indium tin oxide (ITO) layer underneath.  

The initial geometrical parameters were adopted from 140. First, to optimize the Si 

pillar height h, the height was varied from 850nm to 860nm at a metasurface period 

of Px = Py = 1425 nm. At shorter h, the lineshape exhibited a more Fano-like form, 

indicating asymmetrical resonance; however, it transitioned to a more symmetric 

quasi-Lorentzian form. (Figure 4.4 (a)) Interestingly, at the height of 860nm, the 

phase span suddenly dropped below 120°. Therefore, we closely examined the 

height between 858nm and 860nm. The corresponding transmittance and phase 

spectra are shown in Figure 4.4 (c) and (d), respectively. As the pillar height 

increased, the resonance was red-shifted. For h > 859.2nm, the phase variation was 

limited, although the lineshape was not significantly different. The transmittance 

spectra were fitted to the Fano formula 141 in equation 4.1:  

𝑇 = 𝑇6" + 𝐴
(𝑞𝛾/ + 𝜔 − 𝜔/).

𝛾/. + (𝜔 − 𝜔/).
4.1 

where 𝑇6" is the constant offset, 𝐴 is the resonance amplitude, 𝜔 is the frequency of 

light, 𝜔/  is the resonant frequency, 𝛾/  is the damping rate, and 𝑞  is the Fano 

asymmetry parameter.  
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Figure 4.4 Optical response change when varying the Si pillar height (a) 

Transmission spectrum, and (b) corresponding phase profile when varying height 

from 850nm to 860nm. (c) Transmission spectrum, and (d) corresponding phase 

profile when varying height from 858nm to 860nm. (e) Resonance wavelength and 

linewidth change as a function of pillar height. (f) Q-factor as a function of Si pillar 

height. Red region indicates the low phase shift even though Q-factor is still high. 
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𝑄 =
𝜔/
2𝛾/

	 4.2 

And, the Q-factor in Figure 4.4 (f) was calculated following equation 4.2. We found 

that the pillar height should be below 859.2 nm, where the Q-factor is high, while 

maintaining a high phase span for wavefront shaping applications. 

Since ITO exhibits some losses in the near-infrared range, the low carrier 

concentration of ITO was used as it has lower extinction coefficient (k). The 

experimental ITO value was utilized for the simulation. (Figure 2.17 (d)) 

Additionally, we have avoided overlapping the ITO with the mode to prevent a 

reduction in the Q-factor. Based on the simulation, positioning the ITO more than 

40nm away resulted in no change in the Q-factor without sacrificing a substantial 

phase span. Therefore, the ITO was positioned 60nm away from the Si pillar and 

SiO2 interface.  

 

 

Figure 4.5 (a) Transmittance and phase as a function of wavelength when 1L-TMD 

is undoped. (b) Transmittance modulation, along with the corresponding phase 

shift, as a function of the refractive index change in 1L-TMD at a wavelength of λ 

= 1551.42 nm. 
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Figure 4.5(a) illustrates the transmission spectrum along with the phase profile. 

Despite assuming a certain absorption coefficient (k) of 0.01 for the monolayer, the 

corresponding Q-factor exceeds 9900, indicating a high-quality resonance. As 

shown in Figure 4.5(b), the phase gradually increases with decent transmittance as 

a function of the refractive index change in the monolayer, covering over a π phase 

shift in transmission at the wavelength of 1551.42nm. 

Since our single system indicates that the phase shift is sufficient to enable beam 

steering, we simulate a two-level phase grating system to achieve this functionality. 

The beam steering is performed in a one-dimensional manner, where the phases of 

all metasurface elements along the y-direction are identical, while the phases of 

neighboring elements in the x-direction differ. The geometrical parameters are 

identical to those shown in Figure 4.3(a), but the refractive indices of the monolayer 

are distinct, with n1 = 3.75 and n2 = 3.06, yielding a π phase shift between 

neighboring elements in the x-direction (Figure 4.5(b)). 

 

Figure 4.6 (a) Transmittance spectrum when changing the gate dielectric materials. 

(b) Corresponding phase profile. 
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performance. The refractive indices of 1.41 for SiO2, 1.7467 for Al2O3, and 

1.8777 for HfO2 were used in the calculations. Although the Q-factor was improved 

when using high-index gate dielectric materials, the phase span decreased, posing 

a drawback for beam steering applications.  

 

Figure 4.7 (a) Transmittance spectrum when changing the imaginary part k of the 

refractive index of the 1L-TMD from 0 to 0.0001. (b) Q-factor and damping rate, 

or the linewidth, as a function of k in 1L-TMD. 

 

Thus far, the assumed k value of 0.01 in 1L-TMD was used in the previous 

simulations. However, this has not been experimentally demonstrated yet. The only 

reported parameter was k of 0.01 in 138. Therefore, to confirm the device's tolerance 

even if the k value differs, the transmittance spectrum, Q-factor, and damping rate 

were examined as a function of k. (Figure 4.7) Due to the insertion of loss in the 

system by increasing k in the 1L-TMD, the Q-factor decreased, as expected, as the 

linewidth broadened. However, the phase span did not change significantly. 

After the single-level optimization, the two-level system was analyzed. Figure 4.8 

demonstrates the possibility of utilizing a monolayer TMD for beam steering 

applications. Here, by individually controlling the doping level of 1L-TMDs, 

different n1 and n2 can generate distinct wavefronts, leading to beam steering.  
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Figure 4.8. Schematic of a two-level phase grating system in High-Q transmissive 

metasurfaces with 1L-TMDs having two distinct refractive indices, n1 and n2. 

 

When n1 was set to 3.75, n2 was varied from 3.95 to 4.45 to analyze the beam 

steering effect. As confirmed in Figure 4.9(a), the two-level phase grating system 

exhibits clear beam steering, especially at angles of ±33°. Upon closely examining 

the far-field intensity at a specific wavelength where the maximum ±1 order beam 

is achieved, and at an angle of 33°, as shown in Figure 4.9(b) to (d), the intensity 

increased as the refractive index difference (Δn) was augmented. Specifically, Δn 

= 0.46 was chosen as this value corresponds to a phase difference of exactly 180° 

between neighboring elements; however, this did not result in a better intensity. 

With a three-level system, beam steering within the range of ±20° can be achieved, 

as shown in Figure 4.10. Although the neighboring resonators are still coupled in 

the near-field, resulting in an incomplete suppression of the zeroth-order beam, this 
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can be further improved by optimizing the geometrical parameters. Each finite-

difference time-domain (FDTD) simulation takes more than 100 hours because the 

0.618nm-thick monolayer, 2nm-thick hexagonal boron nitride (hBN), and 5nm-

thick indium tin oxide (ITO) require small meshes to obtain reliable simulation 

data. 

 

 

Figure 4.9 (a) 3D image of far-field intensity of the electric field for a two-level 

phase grating when the refractive index change between neighboring 1L-TMD is 

Δn = 0.2 to 0.7 in the steering angle range of -40° to 40°. (b) Far-field intensity at 

the wavelength of 1550.1 nm, (c) Far-field intensity at the steering angle of 33°, (d) 

Magnified view of (b) to closely analyze the intensity change as a function of Δn. 
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Figure 4.10 3D image of far-field intensity of the electric field for a three-level 

phase grating when the refractive index change between neighboring 1L-TMD is 

3.795, 3.367, and 3.050, respectively, in the steering angle range of -40° to 40°. 

 

To reduce the simulation time, a Rigorous Coupled-Wave Analysis (RCWA) solver 

can be employed to analyze the optical response of simulations requiring longer 

computation times in FDTD. The RCWA method is a semi-analytical technique for 

solving Maxwell's equations in multilayer structures. In this method, the structure 

is divided into a series of uniform layers along the direction of propagation 142. 

However, as seen in Figure 4.11, I was unable to match the transmittance spectrum 

between the values from FDTD and RCWA simulations, even though different 

propagation vector k values were used in RCWA. If k is increased further, it also 

requires a very long simulation time, similar to the FDTD simulation. The 

monolayer with a thickness less than 1 nm is still technically challenging to solve 

through RCWA simulation. 
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Figure 4.11 The transmittance spectrum mismatch between FDTD simulation and 

RCWA simulations trying different propagation vector k values in RCWA. 
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4.4 Conclusion and future work 

In this study, we have demonstrated the promising capabilities of integrating 1L-

TMD into high-Q dielectric metasurfaces for advanced optical modulation and 

manipulation in the near-infrared range. Through comprehensive simulations, we 

have introduced two distinct metasurface designs tailored for amplitude modulation, 

phase modulation, and beam steering applications. 

The first metasurface, a Fabry-Perot resonator comprising dual DBRs with 

strategically positioned 1L-TMD layers, exhibited exceptional performance. By 

optimizing the number of DBR pairs, we achieved an impressive 80% transmittance 

modulation and a remarkable 97% reflectance modulation in the amplitude 

modulation configuration. Moreover, the phase modulation configuration, 

employing an asymmetric DBR design, enabled nearly a π phase shift in 

transmission and a full 2π phase shift in reflection at an operating wavelength of 

1555.14 nm. 

The second metasurface, featuring an array of silicon pillars on a silica substrate, 

demonstrated equally promising results. With Q-factors exceeding 9900, this 

design achieved a transmission phase shift of over π at 1551.42 nm, paving the way 

for potential beam steering applications. By simulating a two-level phase grating 

system, we showcased the feasibility of utilizing 1L-TMDs for one-dimensional 

beam steering, albeit with room for further optimization to suppress the zeroth-

order beam. 

Our findings highlight the remarkable potential of 1L-TMD-based metasurfaces for 

low-loss, dynamically tunable optical devices in the near-infrared range. The 

integration of these atomically thin, optically tunable materials with high-Q 

dielectric resonators presents a powerful platform for realizing advanced 

functionalities, such as optical modulators, beam steering devices, and potentially 

other innovative applications. 
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While our work focused on simulations, the successful realization of these 

metasurface designs could pave the way for revolutionary developments in active 

nanophotonic devices, offering unprecedented levels of control and versatility in 

optical signal processing and manipulation. Future research efforts should 

concentrate on optimizing the metasurface geometries, exploring alternative 2D 

material combinations, and investigating scalable fabrication techniques to 

facilitate the practical implementation of these promising technologies.  
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C h a p t e r  5  

HIGH-Q FABRY-PEROT RESONATOR EMBEDDED WITH 1L-TMDS 

5.1 Introduction 

Monolayer transition metal dichalcogenides (1L-TMDs) are emerging materials as 

their refractive indices can be dynamically tuned around excitonic resonances under 

external stimuli. Due to the intrinsic strong resonances in monolayers, they are 

attractive for active nanophotonic device applications. Here, we experimentally 

demonstrate how four types of 1L-TMDs interact with visible light under electrical 

bias at room temperature. By measuring the reflectance response of each material, 

we extracted the refractive index, including the resonance wavelength, oscillator 

strength, and linewidth, respectively, as a function of the applied bias. The results can 

guide the selection of appropriate materials for different electro-optic applications. 

Additionally, we envision the possibility of employing their electro-optic modulation 

in telecommunication band applications. 

Two-dimensional materials have garnered attention due to their exceptional 

properties compared to their bulk counterparts. Notably, 1L-TMDs exhibit an 

indirect-to-direct bandgap transition and prominent excitonic resonances in the 

visible wavelength range, even at room temperature 137,143–150. As these materials 

possess strong light-matter interaction while being atomically thin, they could be 

powerful candidates for flat optics applications, thereby attracting significant interest. 

Moreover, their optical properties can be dynamically modulated under external 

stimuli such as electric/magnetic fields, electrical gating, chemical doping, optical 

pumping, or mechanical force 151–155. Despite important advances in exploring these 

reconfigurable phenomena, a comparison of electrical doping effects between 

various 1L-TMDs remains largely unexplored. 

These materials can be deposited onto a desired surface via chemical vapor 

deposition (CVD), or they can be exfoliated from bulk materials. CVD-grown 1L-
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TMDs are sufficiently large to employ conventional ellipsometry measurements 

for extracting the refractive index, but they intrinsically possess numerous defects 

introduced during deposition. On the other hand, exfoliated 1L-TMDs are on the 

millimeter scale, but they have fewer defects. In this case, their refractive index can 

be obtained through Kramers-Kronig consistent transfer matrix calculations 156–161 by 

measuring their reflectance spectra on a substrate. 

Here, we measure reflectance spectra from 550 nm to 850 nm for distinctive 1L-

TMDs on 20 nm alumina and 100 nm gold on a silicon substrate. The monolayers 

were respectively exfoliated from bulk materials onto a pre-deposited surface. While 

measuring the spectra, each monolayer is electrically gated through 20 nm alumina 

from 0 V to 8 V to understand the gate dependence of each excitonic resonance. By 

fitting the gate-dependent differential reflectance measurements using transfer matrix 

calculations with a three Lorentz oscillators model, we extracted the refractive index, 

including exciton parameters such as the resonance wavelength, oscillator strength, 

and linewidth at each voltage. As materials are naturally doped from the bulk state, 

the charge neutral point can differ, leading to different trends with electrical gating. 

To evaluate which material is suitable for electro-optic device applications, the most 

important figure of merit (FOM) is a large refractive index change in the real part 

(Δn), while maintaining a small refractive index in the imaginary part (k), expressed 

as Δn/k. We evaluate the FOM of each material at the materials' resonance and at 

1550 nm, the telecom band wavelength. WSe2 is the most promising material for 

visible wavelength applications, and WS2 is the best candidate for near-infrared 

applications. Depending on the operating wavelength of electro-optic devices and the 

desired optical functionality to be modulated, different materials can be selected 

based on the results. Our experimental demonstration of a comparison between four 

distinctive 1L-TMDs could guide the selection of suitable materials for various 

optoelectronic device applications. 
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5.2 Gate tunability of refractive index in various 1L-TMDs 

We designed a simple capacitor structure to electrically dope four 1L-TMDs, 

respectively: WS2, WSe2, MoS2, and MoSe2 (Figure 5.1(a)). An optically thick 100 

nm gold layer was deposited by electron-beam evaporation to serve as both a back 

reflector and an electrode. Subsequently, a 20 nm thick alumina layer was deposited 

onto the gold by atomic layer deposition (ALD). After patterning top gold electrodes, 

each monolayer was exfoliated from bulk crystals and transferred onto the top gold 

electrodes. Each monolayer's size exceeded the beam spot size for reflectance 

measurement, as shown in Figure 5.1(b)-(e). 

To fabricate Au/ Al2O3/1L-TMDs planar heterostructures, a 10 nm titanium (Ti) 

adhesion layer and 100 nm of gold (Au) were deposited onto 1 μm thick silicon 

dioxide (SiO2) on silicon (Si) substrates using electron beam evaporation. 

Subsequently, a 20 nm aluminum oxide (Al2O3) layer was deposited by atomic layer 

deposition (ALD), followed by exfoliation and transfer of the respective 1L-TMDs 

onto the Al2O3 surface. Monolayer MoS2, MoSe2, WS2, and WSe2 were obtained 

from bulk crystals (hq-graphene and 2D semiconductors) and mechanically 

exfoliated onto polydimethylsiloxane (PDMS) stamps using blue Nitto tape. Each 

monolayer was then sequentially transferred from the PDMS to a patterned Au 

electrode array employing an all-dry transfer technique. 

The voltage was applied from 0 V to 8 V through the 20 nm alumina gate dielectric. 

The charge density was estimated using a parallel plate capacitor model, and the 

monolayer could be doped up to 2x1013/cm2 when applying 8 V, with the charge 

neutral point at 0 V. A voltage was applied between the back gold reflector and the 

top gold electrode in contact with the monolayers. The charge accumulated within a 

monolayer was estimated using a parallel plate capacitor model.In our devices, we 

employed a 20 nm thick alumina layer as the dielectric capacitor, enabling the 

formation of a 2D electron gas within the monolayer TMDs. 
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Figure 5.1 (a) Schematic diagram depicting the side view of the capacitor geometry 

with four 1L-TMDs. (b)-(e) Optical microscopic images of exfoliated monolayers: 

(b) WS2, (c) WSe2, (d) MoS2, and (e) MoSe2. The scale bar represents 10 μm, and 

the dotted area indicates the presence of the monolayer for each case.   
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where C is the capacitance, 𝜀/ is the vacuum permittivity, 𝜀7  is the relative 

dielectric permittivity of alumina, A is the area of the capacitor, and d is the thickness 

of the alumina layer. 

The charge density can be determined as follows in equation 5.2: 

𝑛[𝑐𝑚2.] =
𝐶
𝐴
A𝑉 − 𝑉89-C =

𝜀/𝜀7
𝑑

A𝑉 − 𝑉89-C 5.2 

where n is the induced charge density, 𝑉 is the applied voltage, ,𝑉89- is the voltage at 

the charge neutral point (CNP). Therefore, n can be expressed as: 

 

𝑛 = 2.485	0𝑉 − 𝑉()*2 ∙ 10+,	 5.3 

These calculations assume a relative dielectric permittivity (𝜀7 ) value of 9 for 

alumina. 

 Figure 5.2 shows the reflectance spectra of the devices, including four monolayers 

measured at room temperature, and the extracted real and imaginary parts of the 

refractive index when the material is undoped and doped with an 8 V application. 

During the measurements, we gradually increased the voltage in 1 V steps. 

We obtained the refractive index from the measured spectral reflection using 

Kramers-Kronig constraint analysis. We fit the reflectance spectra of our full stack 

with transfer matrix calculations to account for all interface effects, and model the 

complex refractive index of each monolayer as a sum of contributions from three 

Lorentz oscillators for the A exciton, B exciton, and A trion: 

𝑛$:5. = 𝜀$:5(𝜔) = 	 = 𝜀( +O
𝑓;

𝜔;. − 𝜔. − 𝑖𝜔𝛾;;

	 5.4 

where 𝑛$:5 is the complex refractive index of the 1L-TMD,	𝜀$:5 is the complex 

dielectric function, 𝜔  is the frequency/wavelength, 𝜀(  is the high-frequency 
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dielectric constant, 𝑓; is the oscillator strength, 𝜔; 	is the resonant energy, and  𝛾; 

is the linewidth, or damping factor of the j-th oscillator, respectively. We use the 

thickness of each material with 6.18 Å for WS2, 6.49 Å for WSe2, 6.15 Å for MoS2, 

and 6.46 Å for MoSe2. We use the distinct value of 𝜀( for each material with 12.81 

for WS2, 12.93 for WSe2, 17.9 for MoS2, and 17.7 for MoSe2. 

We observe that modeling the refractive index of each 1L-TMD with three Lorentz 

oscillators yields a good fit to the data (Figure 5.2(a), (d), (g), and (j)). Comparing 

the spectra between 0 V and 8 V, the intensity is remarkably modulated, and the 

resonance wavelength is shifted around the excitonic peaks. For some mismatches at 

longer wavelengths, beyond the excitonic resonance wavelengths, we can discuss this 

later in this section, but it implies that the model is not perfect at longer wavelengths 

because the free carrier plasma dispersion effect becomes dominant. For the best fit 

even at longer wavelengths, the plasma dispersion effect should be accounted for 

using the Drude model. The second row (Figure 5.2(b), (e), (h), and (k)) and third 

row (Figure 5.2(c), (f), (i), and (l)) represent the extracted real and imaginary parts of 

the refractive index of each 1L-TMD, respectively. It is shown that each 1L-TMD 

has distinctive excitonic peaks within the visible wavelength range, and the refractive 

index at both the A and B excitonic energies exhibits significant gate tunability. The 

extracted refractive indices of each 1L-TMD reasonably match previous studies. The 

modulation in the refractive index n and k of each 1L-TMD at the wavelength where 

the maximum Δn/k between 0V and 8V occurs is expressed in Figure 5.3. 
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Figure 5.2 Optical response of monolayers of WS2, WSe2, MoS2, and MoSe2 

exfoliated on 20 nm alumina and 100 nm gold on a silicon substrate. (a), (d), (g), (j) 

Measured reflectance spectra. (b), (e), (h), (k) Real part of the refractive index (n). 

(c), (f), (i), (l) Imaginary part of the refractive index (k). The red curve represents the 

optical response at 0 V, and the blue curve represents the response at 8 V. The black 

dotted curve represents the fitted curve with three oscillator models obtained by 

transfer matrix calculations. 
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Figure 5.3 Refractive index change at the wavelength where the largest Δn/k between 

0V and 8V is observed. 
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To better understand the gate dependency of each 1L-TMD around the excitonic 

resonances, the resonant energy, linewidth, and oscillator strength are expressed as a 

function of the applied voltage. (In Figure 5.4) A positive bias injects electrons into 

the monolayer. The resonant energy is red-shifted for WS2, WSe2, and MoSe2, and 

blue-shifted for MoS2 when applying a positive bias. The opposite trend is attributed 

to the intrinsic doping in the bulk material. For WS2, WSe2, and MoSe2, their charge 

neutral point (CNP) is below 8 V, implying that they are naturally electron-doped. 

However, the CNP of MoS2 is beyond 8 V, indicating that it is naturally hole-doped. 

The linewidth is inversely proportional to the resonant energy. Increased scattering 

of the excitons by free charges increases the effective linewidth of the transition. The 

Coulomb screening from the excessive injected carriers reduces the binding energy 

of the exciton and lowers its oscillator strength.  

Based on the experimental demonstration of gate tunability in optical parameters 

around excitonic resonances of four distinctive 1L-TMDs, useful parameters for 

active nanophotonic device applications in the visible wavelength range are denoted 

in Table 5.1. The modulation wavelength of each 1L-TMD was selected where the 

largest figure of merit (FOM) is observed. This wavelength is not necessarily at the 

resonance but is still around the excitonic resonance of each monolayer. For optical 

modulator application, maximizing Δ𝑛/𝑘<=> is a key metric for nanophotonic devices. 

In some cases, maximizing Δ𝑛 /Δk  may be more important, depending on the 

application. From this perspective, WS2 or MoSe2 is a promising material for visible 

wavelength applications. For applications requiring a high refractive index (n), WS2 

or MoS2 can be candidate materials. If the device requires high absorption, such as in 

a Salisbury screen, WSe2 is the best material.  
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Figure 5.4 Exciton parameters of WS2, WSe2, MoS2, and MoSe2 extracted through 

transfer matrix calculations employing three Lorentz oscillator models. (a), (d), (g), 

(j) Resonant energy in eV. (b), (e), (h), (k) Linewidth in meV. (c), (f), (i), (l) Oscillator 

strength in meV. 
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electrical bias and employing transfer matrix calculations with a three Lorentz 

oscillator model, we extracted the refractive index parameters, including resonance 

wavelength, oscillator strength, and linewidth, as a function of the applied voltage. 

Our results demonstrated significant gate tunability of the refractive index around the 

excitonic resonances in the visible range for all four 1L-TMDs. The modulation 

behavior and trends were found to depend on the intrinsic doping nature of the bulk 

materials. We identified promising candidate materials for different optoelectronic 

applications by evaluating the figure of merit (FOM) based on the refractive index 

change (Δn) and absorption (k). Specifically, WS2 and MoSe2 exhibited the highest 

FOM for visible wavelength optical modulator applications. 

Furthermore, we extrapolated the optical properties to the near-infrared regime (1550 

nm) and observed a trade-off between increased refractive index due to the excitonic 

effect and increased absorption due to the free carrier plasma dispersion effect. WS2 

and WSe2 emerged as suitable candidates for telecom band applications, exhibiting a 

higher FOM in this wavelength range. 

To extend the applications to the near-infrared wavelength, the optical properties of 

1L-TMDs at the wavelength of 1550 nm have been evaluated by extrapolating the 

physical values obtained from 550 nm to 850 nm. (Table 5.2) The wavelength is far 

beyond the excitonic resonance peak, and a smaller real part refractive index change 

is expected, at least 10 times smaller than the change around excitonic resonances. 

However, simultaneously, the absorption parameter, k, becomes smaller as k decays 

faster than n, obligating Kramers-Kronig constraints. Overall, a higher FOM in the 

near-infrared range could be expected. When comparing the FOM of these materials, 

WS2 and WSe2 are good candidates for telecom band applications. 

It is important to note that in the Table 5.2, the values are only accounted for by the 

excitonic effect with electrical doping. However, in the longer wavelength range, the 

free carrier dispersion effect is also pronounced, so it cannot be neglected. This effect 

can be well described by the Drude model in equation 5.5: 
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𝜀5'?@> = 𝜀( −
𝜔-.

𝜔. + 𝑖𝜔𝛾 	 5.5 

where 𝜀( is the high frequency permittivity, 𝜔- is the plasma frequency, 𝛾  is the 

damping constant.   

 

Table 5.3 Electro-Optic properties of four types of 1L-TMDs around excitonic 

resonances. FOM: Figure of Merit. Averaged value represents the extracted values 

as a function of the applied voltage between 0 V and 8 V, averaged over this range. 

Optical properties of 1L-TMDs WS2 WSe2 MoS2 MoSe2 

Modulation wavelength (nm) 619 751 664 709 

Resonant energy (eV) 2.00 1.65 1.87 1.75 

Averaged linewidth (meV) 20.43 56.36 74.03 35.66 

Averaged oscillator strength (meV) 0.86 3.07 2.78 0.99 

Averaged n  7.07 5.63 6.34 5.69 

Δ𝑛  0.42 0.63 0.35 0.38 

Averaged k 1.60 2.46 1.54 1.45 

Δk  0.14 0.78 0.18 0.10 

Δ𝑛/Δk  3.00 0.81 1.94 3.8 

𝐹𝑂𝑀(Δ𝑛/𝑘<=>) 0.26 0.25 0.23 0.26 
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The plasma frequency is denoted by the following equation 5.6: 

𝜔-. =
𝑁𝑞.

𝜀/𝑚∗ 5.6	 

where 𝑁  is the carrier density,  𝑞  is the electron charge,  𝜀/  is the dielectric 

permittivity of vacuum, and 𝑚∗  is the effective mass. An increase in the plasma 

frequency affects an increase in absorption. To lower the plasma frequency, a heavier 

effective mass and smaller electrical doping are required. Therefore, the optical 

properties of 1L-TMDs in the near-infrared have a trade-off between an increase in 

refractive index due to the excitonic effect and an increase in absorption due to the 

plasma dispersion effect with injected carriers. Based on the reference, the electron 

(hole) effective mass of WS2 is 0.33 (0.43), WSe2 0.35 (0.46), MoS2 0.56 (0.64), and 

MoSe2 0.62 (0.72). Consequently, the heaviest MoSe2 can minimally introduce loss 

in the system if all other parameters are assumed to be the same. However, the 

damping constant has not yet been reported for these materials, making it challenging 

to conclude the refractive index change due to the free carrier dispersion effect. 

Experimental demonstration is still required to fully understand the optical properties 

of 1L-TMDs in the near-infrared range. 

While our analysis accounted for the excitonic effect under electrical doping, 

incorporating the free carrier dispersion effect through the Drude model is crucial for 

accurate modeling, particularly in the longer wavelength regime. Additionally, 

experimental investigations are still needed to fully understand the optical properties 

of 1L-TMDs in the near-infrared range, as the damping constant for the plasma 

dispersion effect remains unreported for these materials. 

This comprehensive study highlights the potential of gate-tunable 1L-TMDs for 

active nanophotonic device applications across various wavelength ranges. The 

insights gained from our comparative analysis can guide the selection of appropriate 

materials based on the desired optical functionality and operating wavelength, paving 

the way for the development of reconfigurable and versatile optoelectronic devices. 
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Table 5.4 Electro-Optic properties of four types of 1L-TMDs at the wavelength of 

1550 Table nm. Values are extrapolated based on the reflectance measurements from 

550 nm to 850 nm. 
Optical properties of 1L-TMDs  WS2 WSe2 MoS2 MoSe2 

Averaged n  6.214 4.183 5.068 4.787 

Δ𝑛  0.048 0.029 0.100 0.013 

Averaged k  0.095 0.099 0.359 0.101 

Δk  0.014 0.014 0.022 0.030 

𝐹𝑂𝑀(Δ𝑛/𝑘<=>)  0.506 0.289 0.278 0.130 
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5.3 Distributed Bragg reflector (DBR) 

A distributed Bragg reflector (DBR) is a dielectric mirror. Unlike metallic mirrors, 

which are lossy in the visible to near-infrared range, DBRs are composed of 

dielectric materials, rendering them lossless mirrors. A DBR consists of an 

alternating sequence of layers of two different optical materials. The thickness of 

each layer corresponds to one quarter of the wavelength of interest to achieve 

constructive interference. Various dielectric materials with different refractive 

indices can be utilized. According to equation 5.7, the reflectivity of the mirror 

depends on the refractive index contrast between the two materials and the number 

of pairs. 

𝑅5&7 = X
𝑛/(𝑛.).A − 𝑛1(𝑛B).A

𝑛/(𝑛.).A + 𝑛1(𝑛B).A
Y
.

5.7 

where 𝑛/ is the refractive index of medium, 𝑛B is the refractive index of alternating 

material 1, 𝑛. is the refractive index of alternating material 2, 𝑛C is the refractive 

index of substrate, and 𝑁 is the number of repeated pair.  

The oxide, nitride, and arsenide materials listed in Table 5.3 can be selected as DBR 

materials. Since two materials alternate as a pair, their fabrication compatibility and 

thermal conductivity must be considered. Figure 5.5 depicts the reflectance 

spectrum as a function of the refractive index contrast and the number of pairs based 

on transfer matrix calculations, assuming each layer's thickness is perfectly one-

quarter of the target wavelength of 1550nm. Interference effects appear at specific 

wavelengths. When the refractive index between 𝑛B  and 𝑛.  is larger, and 𝑁  is 

larger, the reflectivity of the DBR increases. 
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Table 5.3 Dielectric materials candidate and their real part refractive index at 

1550nm.  

Materials n at 1550nm 

SiOx 1.44 

AlOx 1.75 

HfOx 1.88 

SiNx 1.99 

TaOx 2.09 

ZrOx 2.11 

NbOx 2.24 

TiOx 2.71 

AlAs 2.91 

AlGaAs 2.97 

 

 

 

Figure 5.5 (a) Effect of the refractive index contrast on the reflectance spectrum. 

The blue graph assumes 10 pairs of SiOx and SiNx (n=0.55), and the orange graph 

assumes 10 pairs of SiOx and TiOx (n=1.27). (b) Effect of the number of pairs N 

on the reflectance spectrum. All cases assume SiOx and TiOx pairs. 

 

0

0.5

1

1000 1500 2000

Re
fle

ct
an

ce

Wavelength (nm)

Effect of n contrast

Δn=0.55
Δn=1.27

0

0.5

1

1000 1500 2000

Re
fle

ct
an

ce

Wavelength (nm)

Effect of # of pairs

N=5
N=10
N=20

0.854246
0.993821
0.999990

0.993821
0.999987

(a) (b)



 

 

100 
As the DBR structure is highly sensitive to the thickness of each layer, the 

smoothness of each layer and precise thickness control are crucial to match 

theoretical limits. Chemical vapor deposition (CVD) is typically used for DBR 

fabrication, but electron-beam evaporation was employed due to equipment access 

limitations. Silicon dioxide (SiO2) and titanium dioxide (TiO2) were selected as the 

low and high refractive index layers, respectively. Based on ellipsometer 

measurements, the refractive index of SiO2 was 1.4441 at 1550nm, and the 

refractive index of TiO2 was 2.0567 at 1550nm. Consequently, the target 

thicknesses were 268nm for SiO2 and 188nm for TiO2. 

 

Figure 5.6 (a) Reflectance spectrum as a function of the number of top DBR pairs 

obtained by transfer matrix calculations. (b) Measured reflectance spectrum as a 

function of the number of evaporated top DBR pairs. 

 

To analyze the optical properties of the evaporated DBRs, a Fabry-Perot resonator 

structure was fabricated. A 10nm-thick titanium (Ti) layer and a 170nm-thick gold 

(Au) layer were evaporated onto a silica-on-silicon substrate as the bottom mirror. 

Subsequently, a half-wavelength-thick (513nm) SiO2 layer was deposited as the 
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cavity. Finally, between 2 and 14 pairs of TiO2 and SiO2 were evaporated onto 

the cavity as the top DBR. The reflectance of each resonator with a different number 

of pairs in the top DBR was measured, as shown in Figure 5.6(b), and the values 

were compared with transfer matrix calculations. 

 

 

Figure 5.7 Measured reflectance spectrum fitted by a Lorentzian curve (a) 4 pairs,  

(b) 6 pairs, (c) 8 pairs, (d) 10 pairs, (e) 12 pairs, (f) 14 pairs. 

 

The measured reflectance spectrum was well-fitted by a Lorentzian curve. (Figure 

5.7) Through curve fitting, the resonance wavelength and linewidth were extracted. 

Figure 5.8 shows the theoretical and experimental full width at half maximum 

(FWHM) as a function of the number of DBR pairs. Theoretically, the linewidth of 

1.1nm does not decrease further but saturates when more than 14 pairs are used. 

Experimentally, a FWHM of 2.2nm was achieved with a quality factor (Q-factor) 

exceeding 658, corresponding to a reflectivity greater than 99% with 14 DBR pairs. 
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Figure 5.8 Comparison of FWHM of the resonance between calculation and 

experiment as a function of the number of DBR pairs. 

 

The reflectivity of the DBR can be further enhanced by optimizing the deposition 

parameters. Each material was evaporated at a deposition rate of 0.5 Å/s. During 

the deposition of each layer, which took approximately 90 minutes for a few 

hundred nanometers, the chamber temperature increased from room temperature to 

over 40°C due to the high-power electron beam. As the process temperature 

increases, the surface roughness also increases, leading to a lower quality of the 

deposited layer. If the e-beam deposition system contains a temperature controller 

in the chamber, the deposition layer quality is expected to be better.  
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5.4 1L-TMDs compatibility with deposition techniques 

For nanophotonic device applications, it is crucial to assess their compatibility with 

conventional deposition techniques 143,144,162. However, their unique surface 

chemistry poses challenges 163–168. Atomic Layer Deposition (ALD), a widely used 

thin-film deposition method, enables uniform, dense deposition and precise 

thickness control, making it suitable for gate dielectric applications. This study 

investigates the impact of ALD deposition conditions, such as temperature, surface 

treatment, and duration, on the optical properties and surface morphologies of 1L-

WS2 by employing photoluminescence (PL) measurements and atomic force 

microscopy (AFM). Additionally, the variability in optical and surface 

characteristics among different monolayers is explored. Finally, alternative 

deposition techniques to ALD are proposed for these materials. 

The integration of 1L-TMDs into practical device architectures requires careful 

consideration of their compatibility with conventional deposition techniques. There 

are several vacuum deposition techniques, categorized as physical vapor deposition 

(PVD) and chemical vapor deposition (CVD). The most common PVD processes 

are sputtering and evaporation, which involve vaporization of target materials and 

subsequent condensation to form thin films on a substrate. On the other hand, one 

widely employed CVD technique is Atomic Layer Deposition (ALD), which has 

gained popularity due to its ability to produce uniform, conformal coatings with 

precise thickness control at the nanometer scale. ALD is particularly attractive for 

the deposition of high-quality gate dielectrics in electronic devices, as it enables the 

formation of densely packed and pinhole-free films with excellent step coverage, 

even on high-aspect-ratio structures. However, the process involves chemical 

reactions at the interface of gaseous reactants and the solid surface of a substrate, 

and surface properties affect the overall thin film quality. As 1L-TMDs lack 

dangling bonds on their surface, combined with their atomic-scale thickness, this 

poses significant challenges in achieving high-quality interfaces and preserving 

their intrinsic properties during device fabrication processes. 
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In the context of 1L-TMDs, the ALD process holds promise for the integration 

of these materials into advanced device architectures. However, the impact of ALD 

deposition conditions, such as temperature, surface treatment, and deposition 

duration, on the optical properties and surface morphology of 1L-TMDs remains to 

be thoroughly investigated. Understanding these effects is crucial for optimizing 

device performance and ensuring the preservation of the desired material 

characteristics. 

This study focuses on examining the influence of ALD deposition conditions on 

the optical and surface properties of 1L-WS2, a representative member of the 1L-

TMD family. By employing photoluminescence (PL) measurements and atomic 

force microscopy (AFM), the changes in the optical response and surface 

morphology of 1L-WS2 are systematically explored under various ALD process 

parameters, including deposition temperature and surface pretreatment. 

Additionally, the variability in optical and surface characteristics among different 

1L-TMDs, such as WS2, WSe2, MoS2, and MoSe2, is explored. Furthermore, the 

study investigates alternative deposition techniques, such as electron-beam 

evaporation and exfoliated dielectrics, to ALD for the integration of 1L-TMDs into 

device architectures. Each deposition method has its own advantages and 

limitations in terms of film quality, conformality, and compatibility with the 

delicate surface chemistry of 1L-TMDs. This study could provide valuable insights 

into the integration of 1L-TMDs into nanophotonic and optoelectronic device 

architectures and contribute to the development of strategies for preserving the 

exceptional optical properties of these materials while enabling their successful 

incorporation into practical device platforms.  

Monolayer MoS2, MoSe2, WS2, and WSe2 were obtained from bulk crystals (hq-

graphene and 2D semiconductors) and mechanically exfoliated onto 

polydimethylsiloxane (PDMS) stamps using blue Nitto tape. Each monolayer was 

then sequentially transferred from the PDMS to a patterned Au electrode array 

employing an all-dry transfer technique. 
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We employed mechanically exfoliated 1L-TMDs instead of CVD-grown ones 

as they are more pristine with fewer defects. The exfoliated 1L-TMDs were 

transferred onto a 1μm-thick silica-on-silicon substrate. After measuring PL, the 

samples were placed in the ALD chamber for alumina deposition. We targeted a 

20nm-thick alumina film with two or three-step processes. Higher temperatures 

above 300°C can damage 1L-TMDs, so the ALD process temperature did not 

exceed 270°C. To gently increment the process temperature and avoid damaging 

1L-TMDs, different process steps were conducted: Process 1: 10nm alumina 

deposited at 150°C, followed by 10nm at 200°C. Process 2: 10nm alumina 

deposited at 150°C, followed by 10nm at 270°C. Process 3: 10nm alumina 

deposited at 200°C, followed by 10nm at 270°C. Process 4: 7nm alumina deposited 

at 150°C, followed by 7nm at 200°C, and 6nm at 270°C. After deposition, the PL 

of 1L-TMDs was tested again, and the surface morphologies were analyzed by 

AFM. 

Figure 5.9 (a)-(d) shows a smooth surface profile of the 20nm-thick alumina on the 

1μm-thick silica-on-silicon substrate with a root mean square (RMS) roughness of 

less than 0.7nm, without significant differences between processes. However, 

Figure 5.9 (e)-(h) exhibits distinctive surface profiles of the 20nm-thick alumina on 

monolayer WS2, depending on the process. Notably, the initial deposition 

temperature is crucial for determining uniform thin-film deposition and coverage. 

When depositing alumina at 150°C, as seen in Figure 5.9 (e), (f), and (h), there is a 

high density of pinholes with low alumina coverage. 

The ALD deposition process involves both physisorption and chemisorption. Based 

on the Lennard-Jones potential model, the attraction force between the solid 

(substrate) and gas (reactants) during physisorption is lower with a larger distance 

than in chemisorption. Therefore, physisorption occurs first at the interface before 

the chemical reaction, and it is affected by the process temperature. Because 1L-

TMDs lack dangling bonds on their surface, meaning chemisorption is very limited 

with abnormal nucleation growth, active physisorption must accompany 
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chemisorption. In this regard, 150°C was insufficient to facilitate physisorption, 

leading to numerous voids and pinholes. If the subsequent process temperature was 

higher than 150°C, the density of pinholes decreased, as seen in Figure 5.9 (f) and 

(h). However, due to the self-limiting growth characteristics of ALD, the pinholes 

were not perfectly filled. On the other hand, in Figure 5.9(g), the starting process 

temperature was 200°C, and perfect coverage with uniform thin alumina deposition 

was achieved. 

The effect of the ALD process on the excitonic resonance in 1L-WS2 was also 

investigated. Even though uniform thin dielectrics can be well-deposited on the 

monolayers, it is meaningless if the prominent optical property of the monolayer is 

not preserved or is damaged. PL quenching (decrease in intensity), peak shift, and 

linewidth broadening can indicate how the excitonic resonances are affected. In 

Figure 5.9(i)-(l), the resonance peak is red-shifted for all cases, indicating that 

electrons are doped after the ALD deposition. PL quenching occurs for all cases 

when comparing before and after deposition, mainly due to the dielectric screening 

effect from the alumina deposition, but it is even more severe when the sample is 

exposed to high temperatures for longer durations (Figure 5.10). The peak is a 

superposition of two Lorentzian peaks representing the exciton resonance and trion 

resonance. With two-Lorentzian superposition fitting, the exciton peak and trion 

peak were distinguished, with their respective resonance wavelengths and 

linewidths. In the case of Process 3, both the exciton and trion peaks were 

significantly broadened as 1L-WS2 was exposed to higher temperatures for an 

extended time. 
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Figure 5.9 Impact of ALD process temperature during the deposition of 20nm 

alumina on the surface morphology and photoluminescence of 1L-WS2. Process 1: 

10nm alumina deposited at 150°C, followed by 10nm at 200°C. Process 2: 10nm 

alumina deposited at 150°C, followed by 10nm at 270°C. Process 3: 10nm alumina 

deposited at 200°C, followed by 10nm at 270°C. Process 4: 7nm alumina deposited 

at 150°C, followed by 7nm at 200°C, and 6nm at 270°C. (a)-(d) depict the surface 

morphology of the deposited alumina on a bare silica-on-silicon substrate. (e)-(h) 

illustrate the surface morphology of the deposited alumina on exfoliated 1L-WS2. 

(i)-(l) represent the normalized PL intensity before and after deposition.  

 

We investigated how physisorption can affect the morphology and optical 

resonances in 1L-WS2 after alumina deposition, comparing different process 

temperatures. Now, to facilitate active chemisorption, we explored surface pre-

treatment for functionalization. There are two common pre-treatment methods to 

activate the surface: oxygen plasma treatment and UV-ozone treatment. Oxygen 

plasma treatment promotes the nucleation of ALD by generating hydroxyl species 

on the surface. However, it has a critical obstacle: the pristine substrate may sustain 
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damage after plasma ignition due to ion bombardment from high-kinetic-energy 

ion/electron species (Figure 5.11). 

 

 

Figure 5.10 Impact of ALD process temperature during the deposition of a 20nm 

alumina film on the photoluminescence of 1L-WS2. Process 1: 10nm alumina 

deposited at 150°C, followed by 10nm at 200°C. Process 2: 10nm alumina 

deposited at 150°C, followed by 10nm at 270°C. Process 3: 10nm alumina 

deposited at 200°C, followed by 10nm at 270°C. Process 4: 7nm alumina deposited 

at 150°C, followed by 7nm at 200°C, and 6nm at 270°C. (a)-(d) represent the PL 

intensity before and after deposition.  

 

Room-temperature UV-ozone treatment is known to be a gentler method for the 

substrate. A hydrophilic surface with UV-ozone treatment and reactive radical 

formation can promote chemisorption during alumina deposition. By comparing 

Figure 5.12(a) and 2(b), the surface roughness was improved by 60% after UV-

ozone treatment. Even on 1L-WS2, the surface roughness was improved (Figure 

5.12 (c) and (d)). Although the process was at 150°C, a 30nm thickness was 

sufficient to fill the voids or pinholes, leading to better coverage with improved 

smoothness when compared to the results with 20nm deposition shown in Figure 

5.9. However, the PL intensity decreased by 5% after UV-ozone treatment, and 

both the exciton and trion peaks were twice as broad. This indicates that while UV-
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ozone treatment can improve the surface quality of the alumina, it damages the 

optical resonances in 1L-WS2 (Figure 5.12 (e) and (f)). 

 

 

Figure 5.11 Influence of oxygen plasma surface treatment prior to alumina 

deposition. The first column presents the results from the deposition of a 30nm 

alumina film without surface treatment. The second column shows the results from 

the deposition of a 30nm alumina film after UV-ozone treatment. (a) depicts the 

surface morphology of the deposited alumina on a bare silica-on-silicon substrate. 

(b) illustrates the surface morphology of the deposited alumina on exfoliated 1L-

MoSe2. (c) represents the PL intensity, and (d) represents the normalized PL 

intensity before deposition, after treatment, and after deposition, respectively.  
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Next, the effect of a thicker ALD-deposited alumina layer on the morphological 

and optical properties of various 1L-TMDs was investigated. (Figure 5.14) The 

ALD process was conducted at 150°C. Overall, the grains are larger than those 

observed with thinner films, and this effect is even more pronounced when 

depositing on 1L-TMDs, with an RMS roughness of over 0.84 nm. Regarding 

photoluminescence (PL) quenching, 1L-MoS2 was less affected, but the linewidth 

was severely broadened, similar to 1L-WS2. All 1L-TMDs exhibited electron 

doping after deposition, confirmed by a red-shift in the PL peak, with 1L-WSe2 and 

1L-MoS2 being more susceptible. The exciton linewidth of 1L-WSe2 and 1L-MoSe2 

did not change significantly, while the trion peak was broadened. Therefore, 

although all 1L-TMDs experienced optical degradation after the thick alumina 

deposition, the surface morphology remained smooth without any voids. 

Higher process temperatures, thicker layer deposition, and surface treatment help 

improve the surface morphology of alumina on 1L-TMDs, resulting in full 

coverage without any voids or pinholes. However, ALD deposition optically 

damages 1L-TMDs, as evidenced by PL quenching and linewidth broadening. 

Here, we investigated different dielectric deposition methods: 2D dielectric 

exfoliation, PVD by electron-beam evaporation, and plasma-enhanced chemical 

vapor deposition (PECVD). Hexagonal boron nitride (hBN) is well-known for its 

good compatibility with 1L-TMDs as it is also a 2D material.  

Hexagonal boron nitride (hBN) flake was transferred using a hot pick-up technique. 

The hBN flakes were obtained from bulk crystals (hq-graphene) and cleaved onto 

a pre-cleaned 300nm SiO2 on a Si wafer (sonicated for 30 minutes in Acetone and 

Isopropanol (IPA), followed by oxygen plasma treatment: 100 W, 250 mTorr for 

10 minutes) using Scotch tape. Desired thickness ranges of hBN flakes were 

identified using a combination of optical microscopy and atomic force microscopy 

(AFM). A dome-shaped polypropylene carbonate (PPC) coated PDMS stamp was 

employed to pick up the hBN flakes at temperatures between 100-110°C. The hBN 

flakes were then placed on each monolayer TMDs at 130-140°C. Subsequently, 



 

 

111 
after melting the PPC film at 200°C for 20 minutes, it was washed by rinsing 

the sample overnight in chloroform and finally in IPA. 

 

Figure 5.12 Influence of UV-ozone surface treatment prior to alumina deposition. 

The first column presents the results from the deposition of 30nm alumina without 

surface treatment. The second column shows the results from the deposition of 

30nm alumina after UV-ozone treatment. (a)-(b) depict the surface morphology of 

the deposited alumina on a bare silica-on-silicon substrate. (c)-(d) illustrate the 

surface morphology of the deposited alumina on exfoliated 1L-WS2. (e)-(f) 

represent the normalized PL intensity before and after deposition.  
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Figure 5.13 Influence of UV-ozone surface treatment prior to alumina deposition. 

(a) represents the PL intensity from the deposition of a 30nm alumina film without 

surface treatment, before and after deposition. (b) represents the PL intensity from 

the deposition of a 30nm alumina film after UV-ozone treatment. 

 

 
Figure 5.14 Variability in surface morphology and optical properties, as probed by 

PL, among different1L-TMDs. Each column corresponds to results from 1L-WS2, 

WSe2, MoS2, MoSe2, and a bare SiO2-on-Si substrate, respectively. (a)-(e) depict 

the surface morphology of the deposited 179nm-thick alumina on the exfoliated 

monolayers. (f)-(j) represent the normalized PL intensity before and after 

deposition.  
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In Figure 5.15(a), the linewidths of the exciton and trion did not change, while 

a small red-shift in the peak was observed due to the dielectric screening effect. 

However, obtaining a large-area dielectric and aligning the flake on a desired 1L-

TMD are challenging due to the exfoliation and transfer method. 

Evaporated alumina and silica were also explored. Electron-beam evaporation is a 

type of PVD. Although an evaporated dielectric layer is not suitable for gate 

dielectric applications, the linewidths of the exciton and trion in 1L-WS2 were well-

preserved, as seen in Figures 4.17(b) and (c). However, PL quenching after 

evaporation was more severe than after ALD deposition, with evaporated alumina 

quenched by 14% and evaporated silica quenched by 0.4%. PECVD-deposited 

silica was processed at a lower temperature of 200°C than the conventional method 

of 300°C to minimize damage to the monolayer. However, PECVD caused the most 

significant damage to 1L-WS2, as an unknown peak arose at 807 nm, which requires 

further investigation. 

In this comprehensive study, the impact of ALD conditions on the optical and 

surface properties of 1L-WS2, a representative TMD, was meticulously 

investigated. PL and AFM analyses unveiled the changes in surface morphology 

and optical characteristics of 1L-WS2 after alumina deposition under varying 

process parameters, such as temperature, the number of deposition cycles, and 

surface pre-treatment. Uniform thin film coverage without voids was achieved by 

employing higher temperature processes (200-270°C) with thinner alumina layers, 

lower temperature processes with thicker alumina films, or UV-ozone surface pre-

treatment. However, 1L-WS2 and other monolayer TMDs suffered optical 

degradation after the ALD deposition, evidenced by PL quenching and linewidth 

broadening. 

The exploration of alternative deposition techniques, including exfoliated 

hexagonal boron nitride, electron-beam evaporation, and plasma-enhanced 

chemical vapor deposition, unveiled trade-offs between preserving excitonic 

linewidths and challenges in obtaining large-area dielectrics or mitigating severe 
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photoluminescence quenching. This work underscores the delicate balance 

between achieving desired film properties and preserving the exceptional optical 

characteristics of monolayer transition metal dichalcogenides. The findings pave 

the way for optimizing device performance while harnessing the full potential of 

these two-dimensional materials in optoelectronic and nanophotonic applications. 

 

 

Figure 5.15 Normalized PL intensity of various gate dielectric candidates before 

and after deposition with (a) exfoliated and transferred hexagonal boron nitride 

(hBN), (b) electron-beam evaporated Al2O3, (c) electron-beam evaporated SiO2, 

and (d) plasma-enhanced chemical vapor deposited SiO2. 
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Figure 5.16 PL intensity of various gate dielectric candidates before and after 

deposition with (a) exfoliated and transferred hexagonal boron nitride (hBN), (b) 

electron-beam evaporated Al2O3, (c) electron-beam evaporated SiO2, and (d) 

plasma-enhanced chemical vapor deposited SiO2. 
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5.5 Optical response 

A Fabry-Perot resonator is an optical cavity formed by two parallel reflecting 

mirrors. By adjusting the distance between the two mirrors, the resonant 

wavelength can be tuned, as described by equation 5.8: 

𝑑 =
𝜆
2𝑛

(5.8) 

where 𝑑 is the distance between two mirrors, 𝑛 is the refractive index of the cavity 

material, and 𝜆 is the wavelength of interest. Through transfer matrix calculations, 

1L-TMDs were strategically positioned at the maximum electric field location to 

effectively incorporate them into the resonator. If the structure is symmetric, i.e., 

the reflectivity of the top and bottom mirrors is the same, the maximum electric 

field is situated at the center of the cavity. Researchers have studied Fabry-Perot 

resonator integrating 2D materials to understand the optical functionality of them 
139,169–174.  Figure 5.17 illustrates the calculated reflectance spectrum around the 

resonance wavelength when the mirrors are metallic or dielectric, respectively. The 

imaginary part of the refractive index of Au is 10.2 at 1550 nm, and since the 

material itself is lossy, the Q-factor of the device is low, around 95, due to the high 

absorption in Au. However, DBRs are lossless, resulting in a high Q-factor of 

around 50,000. Therefore, when 1L-TMDs are incorporated into these Fabry-Perot 

resonators, the optical response of the high-Q resonator is more sensitive to the loss 

from 1L-TMDs. However, because two dielectric mirrors require many complex 

fabrication steps, an Au/Au resonator was experimentally demonstrated first, 

followed by an Au/DBR resonator for this project. 
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Figure 5.17 (a) Schematic diagram of a Fabry-Perot resonator consisting of dual 

metallic mirrors. (b) Schematic diagram of a Fabry-Perot resonator consisting of 

dual dielectric mirrors. (c) Reflectance spectrum of the structure in (a) depending 

on the presence or absence of 1L-TMDs. (d) Reflectance spectrum of the structure 

in (b) depending on the presence or absence of 1L-TMDs. 

 

For the experimental demonstration of the Au/Au cavity, a 170 nm-thick Au layer 

was deposited onto the SiO2 on a Si substrate, followed by the evaporation of a 236 

nm SiO2 layer as the bottom cavity. The deposition rate was 0.5 Å/s, and 4 sccm of 

oxygen flow was maintained during the e-beam evaporation process. Five distinct 

1L-TMDs, namely WS2, MoS2, WSe2, MoSe2, and MoTe2 were exfoliated and 

transferred onto the layer, as depicted in Figure 5.18 (a)-(e). After the transfer 

process, a PMMA layer was spin-coated as the top cavity. PMMA 495 A4 was 

used, and the spin-coating process was carried out at 3500 rpm with an acceleration 

of 10. Subsequently, the PMMA was baked at 180°C for 3 minutes. Finally, a 20 
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nm-thick Au layer was evaporated at a deposition rate of 1 Å/s on top of the 

entire structure as the top mirror. 

 

 

Figure 5.18 Exfoliated and transferred 1L-TMDs onto SiO2/Au on a substrate. (a) 

WS2, (b) MoS2, (c) WSe2, (d) MoSe2, (e) MoTe2. 

 

Figure 5.19 shows the measured reflectance spectrum around the resonance for 

each 1L-TMD. As each material has a distinct refractive index, the resonance was 

red-shifted, and the linewidth was broadened. The Q-factor of the device was about 

23, which is four times lower than the calculated value due to a rough surface. 

Because of the lossy and rough nature of Au, the position-to-position variation was 

larger than the shift caused by the presence of 1L-TMDs, making it difficult to 

distinguish the effect of 1L-TMDs (Figure 5.19 (b)-(d)). In conclusion, a higher Q 

Fabry-Perot resonator was required to utilize 1L-TMDs for active nanophotonics 

applications. 

To achieve a higher Q-factor device, an Au/DBR Fabry-Perot resonator was 

devised. The top Au layer serves a dual role as the top mirror and the top electrode 

to inject carriers into the 1L-TMDs. The bottom DBR was coated with 13 pairs of 

SiO2 and Nb2O5 on a double-sided polished silica substrate, providing a reflectivity 

of 99.984% at a wavelength of 1550 nm. 

The optical setup configuration is described in Figure 5.20. The Fabry-Perot 

resonator exhibits angle dependence; therefore, beam collimation is crucial to 

MoTe2WS2 MoS2 WSe2 MoSe2(a) (b) (c) (d) (e)
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obtain an appropriate optical response from the resonator. To collimate the 

beam, a lens was positioned at the back focal plane, as illustrated in Figure 5.20 (b). 

 

Figure 5.19 (a) Reflectance spectrum of 5 distinct 1L-TMDs embedded in an Au/Au 

Fabry-Perot resonator. (b) Resonance wavelength of each material. (c) Full-width 

at half-maximum (FWHM) of the reflectance response fitted by a Lorentzian curve. 

(d) Minimum reflectance of the reflectance response. 

 

With the optical setup, the effect of varying the top Au thickness from 50 nm to 70 

nm on the reflection and transmission responses was analyzed. The same device 

was used for the reflectance measurements shown in Figure 5.21 (a) and (b), and 

the response differed significantly depending on whether the beam was collimated 

or not. These experiments and analyses demonstrate the importance of beam 

collimation. 
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Figure 5.20 Optical setup configuration for NIR reflection response. (a) No beam 

collimation. (b) Beam collimation achieved by locating a lens at the back focal 

plane of an objective. 

 

 

Figure 5.21 Reflectance spectrum as a function of top Au thickness from 50 nm to 

70 nm. (a) Reflectance spectrum measured by the setup without beam collimation. 

(b) Reflectance spectrum measured by the setup with beam collimation. 
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However, with the setup, the linewidth of the beam was 4.23 nm with a slit 

width of 300 μm, and the wavelength sensitivity was too low to detect the small 

wavelength shift caused by the presence of 1L-TMDs. Therefore, an optimized 

setup was employed for the optical analysis (Figure 5.22). We improved the 

measurement setup to achieve a high-Q transmittance response with a fitting error 

margin of only 0.1nm. 

 

Figure 5.22 Optical setup configuration for NIR transmission response. 

 

By increasing the thickness of the top Au layer, the linewidth narrowed from 3.2 

nm to 1.2 nm when decreasing from 50 nm to 70 nm. (Figure 5.23) These values 

were in good agreement with the transfer matrix calculations, and the theoretical 

limit was reached. In this device, a Q-factor of 1219 was successfully achieved 

without the incorporation of 1L-TMDs. 

As discussed in the previous section, the compatibility between 1L-TMDs and 

conventional deposition processes is crucial for incorporating 1L-TMDs into the 

Fabry-Perot resonator. Additionally, the optical response of the Fabry-Perot 

resonator is angle-dependent, so the smoothness and uniformity of each layer, as 

well as precise thickness control to achieve the desired resonance wavelength, are 

also essential. The selection of the cavity material and the process was the most 

challenging part because the cavity itself also serves as the gate dielectric. 

Nine dielectric materials were selected as candidate materials, as shown in Figure 

5.24 (a). Ideally, a material with a large dielectric constant and a substantial 

dielectric strength can provide effective carrier injection into the 1L-TMDs. 
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However, not only the gate dielectric properties but also the process 

compatibility with 1L-TMDs and the smoothness of the layer for achieving a high 

Q-factor in the Fabry-Perot device must be considered. Therefore, various 

processes, including e-beam evaporation, PECVD, ALD, exfoliation and transfer, 

and spin coating, were explored. Figure 5.25 illustrates how each material was 

evaluated based on three main criteria. 

 

Figure 5.23 (a) Calculated and (b) Measured transmittance spectrum as a function 

of the top Au thickness.  

 

Not only inorganic gate dielectrics but also organic gate dielectrics that can be spin-

coated were explored, as the spin-coating process was assumed to be gentler than 

conventional vacuum deposition techniques. (Figure 5.26) However, it transpired 

that SU-8 and HSQ inflicted damage on 1L-TMDs, as evidenced by PL 

measurements before and after the coating process. The emergence of additional 

peaks, excluding exciton and trion peaks, implied the introduction of defects or 

undesirable chemical reactions subsequent to the coating. PMMA appeared 

promising, as it did not degrade 1L-TMDs; however, its gate dielectric properties 

were suboptimal, as devices with a PMMA gate dielectric readily reached 

breakdown. 
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Figure 5.24 (a) Dielectric constant and dielectric strength of various gate dielectric 

candidate materials. (b) Gate dielectric evaluation and selection rules. 

 

Figure 5.25 Three main criteria to select a gate dielectric. The first row represents 

an ideal example, and the second row depicts an unfavorable scenario. (a) and (d) 

Surface smoothness measured by atomic force microscopy (AFM). (b) and (e) 

Process compatibility evaluated by photoluminescence (PL) measurements. (c) and 

(f) Dielectric strength assessed by current-voltage (I-V) measurements using a 

probe station. 
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Figure 5.26 Normalized PL intensity before and after spin-coating of (a) PMMA, 

(b) SU-8, (c) HSQ. 

 

E-beam evaporated SiO2, exfoliated and transferred hexagonal boron nitride (hBN), 

and ALD-deposited Al2O3 were selected and incorporated with 1L-TMDs. Figure 

5.27 depicts an initial device comprising 1L-WS2 as the active material, evaporated 

SiO2 as the gate dielectric, and a 50 nm-thick Au layer as the top electrode. The 

resonance existed in the near-infrared (NIR) region, and an IR camera was 

employed to locate the monolayer at the specific wavelength of interest. After 

defining the active region with an iris, the transmittance spectrum was measured 

using the IR setup. By comparing the optical response of the Fabry-Perot resonator 

without 1L-WS2 to the response from 1L-WS2, it was observed that the 1L-WS2 

response exhibited red-shifted and broader peaks. This implied that 1L-WS2 

possessed a distinct refractive index with absorption. By injecting carriers to 

analyze the electrical doping effect of 1L-TMDs on the optical response, the 

resonance peak was analyzed. However, the linewidth was 5.4 nm due to a low Q-

factor, and the peak shift was less than the linewidth, implying that the errors from 

measurements and fitting were larger than the actual peak shift arising from 

electrical doping. Consequently, efforts were undertaken to deposit each layer as 

smoothly as possible to improve the Q-factor. 

Therefore, a Q-factor of 1000 was achieved with evaporated SiO2 (Figure 5.28 (a)). 

SiO2 evaporation was challenging since oxide materials undergo sublimation. 
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Consequently, the beam shape was modified from a small circle to a fast-

frequency large spiral sweep. Additionally, the grain size of the SiO2 target source 

material was reduced from 3-6 mm to 1-3 mm to improve uniform sublimation. 

Furthermore, there was a trade-off in determining the deposition rate. A faster 

deposition rate yielded a rougher surface, but the increase in chamber temperature 

could be marginal. A slower deposition rate produced a smoother surface, but the 

chamber temperature increase was substantial, leading to an increase in root-mean-

square (RMS) roughness. Deposition rates ranging from 0.1 Å/s to 4 Å/s were 

explored to optimize the smoothness of the SiO2 layer. The optimized value was 2 

Å/s. 

 

 

Figure 5.27 Optical responses of a 1L-WS2 embedded Fabry-Perot resonator. (a) 

Microscopic image of the device. (b) IR image measured at the wavelength of 1509 

nm. (c) IR image taken at the same position as in (b), but with an iris to limit the 

measurement area. Transmittance spectrum at (d) the cavity without 1L-WS2, (e) 

the cavity with 1L-WS2, (f) the edge of 1L-WS2 and the cavity. 
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Figure 5.28 Transmittance spectrum of different Fabry-Perot resonators: (a) 

evaporated SiO2, (b) exfoliated and transferred hBN, (c) thin ALD-deposited Al2O3 

and thick PECVD-deposited SiO2. (d)-(e) are corresponding microscopic images of 

each device. 

 

Figure 5.28 (b) and (c) showcase a different Fabry-Perot resonator that employed 

an hBN flake and a 30 nm ALD-deposited Al2O3 layer followed by a 170 nm 

PECVD-deposited SiO2 layer as the gate dielectric, respectively. hBN is a well-

known material for a good gate dielectric with compatibility for 1L-TMDs, as it is 

also exfoliated and transferred. However, it was found that an hBN flake was not 

an ideal match for the Fabry-Perot resonator, exhibiting a low Q-factor optical 

response. Based on AFM analysis, a thick hBN flake exhibited thickness variations  

from one position to another 175, and the flake size was not sufficiently large, 

leading to interference effects at the edges in the optical response. The combination 

of a 30 nm ALD-deposited Al2O3 layer and a 170 nm PECVD-deposited SiO2 layer 

was selected because PECVD significantly damages 1L-TMDs but offers 

prominent dielectric strength. On the other hand, ALD is a gentler process for 1L-

TMDs compared to PECVD, but the tool was not optimized for thicker dielectrics. 

Therefore, the combination of ALD and PECVD was attempted. However, 
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unfortunately, there was an air gap between the two gate dielectric materials, 

resulting in poor dielectric strength and a rough surface. 

Figure 5.29 depicts another device comprising 1L-MoSe2 as the active material, a 

941 nm-thick SiO2 layer as the gate dielectric, and a 62 nm-thick Au layer as the 

top mirror. The Q-factor of the device was around 700, as shown in Figure 5.29 (a). 

Figure 5.29 (b)-(c) illustrates the optical response modulation without 1L-MoSe2, 

and no modulation was expected since there was no active material present. 

However, a 0.3 nm resonance shift was observed, attributed to measurement error. 

Figure 5.29 (d)-(e) shows the optical modulation in 1L-MoSe2 with electrical gating. 

A substantial jump was observed at -50V, but unfortunately, this was not due to 

1L-MoSe2 but rather the breakdown of the evaporated SiO2. By applying bias 

multiple times to the device, the evaporated SiO2 readily reached breakdown. 
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Figure 5.29 Optical response of a 1L-MoSe2 embedded Fabry-Perot resonator. (a) 

Transmittance spectrum at the resonance. (b) Resonance wavelength modulation. 

(c) Q-factor modulation on the cavity without 1L-MoSe2 under electrical bias. (d) 

Resonance wavelength modulation. (e) Q-factor modulation on the 1L-MoSe2 

under electrical bias. The voltage sweep was from 0 to positive 75V, to negative 

75V, and back to 0V. The evaporated SiO2 reached breakdown during the 

measurement at -50V application. The blue error bars in (b)-(e) represent the error 

from the fitting. 
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5.6 Conclusion and future work 

1L-TMDs are emerging materials known for their dynamically tunable refractive 

indices around excitonic resonances under external stimuli. Due to the intrinsic strong 

resonances in monolayers, they are highly attractive for active nanophotonic device 

applications. We experimentally demonstrated the interaction of four types of 1L-

TMDs with visible light under electrical bias at room temperature. By measuring the 

reflectance response of each material, we extracted the refractive index, including the 

resonance wavelength, oscillator strength, and linewidth, as functions of the applied 

bias. These results can guide the selection of appropriate materials for various electro-

optic applications. Additionally, we explored the potential of employing their electro-

optic modulation in telecommunication band applications beyond their excitonic 

resonance wavelength. 

For the experimental demonstration of Fabry-Perot resonators embedded with 1L-

TMDs for optical modulation under electrical doping, it is crucial to assess their 

compatibility with conventional deposition techniques. However, their unique 

surface chemistry poses challenges. ALD, a widely used thin-film deposition 

method, enables uniform, dense deposition and precise thickness control, making it 

suitable for gate dielectric applications. We investigated the impact of ALD 

deposition conditions, such as temperature, surface treatment, and duration, on the 

optical properties and surface morphologies of 1L-TMDs using PL measurements 

and AFM. Additionally, we explored the variability in optical and surface 

characteristics among different monolayers. 

Finally, we experimentally demonstrated Fabry-Perot resonators embedded with 1L-

TMDs. Although Au/Au resonators with 1L-TMDs were successfully fabricated, the 

Q-factor was too low to detect the resonance shift due to electrical doping of the 1L-

TMDs. Therefore, we fabricated Au/DBR resonators with 1L-TMDs. Selecting a 

gate dielectric, which also serves as a cavity, was challenging because it requires an 

ultrasmooth layer and precise thickness control while preserving the 1L-TMDs after 

deposition. A Q-factor of 1000, approaching the theoretical limit, was achieved with 
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evaporated SiO2. However, this was still insufficient to detect optical modulation 

larger than the errors from fitting and measurements. 

Several issues were identified: First, a thick gate dielectric over 200 nm was not 

suitable for creating a good gate dielectric without pinholes, as it easily reaches 

breakdown, making it difficult to dope the 1L-TMDs. Second, any deposition on 1L-

TMDs leads to PL quenching, indicating that the 1L-TMDs are not perfectly 

preserved, resulting in a smaller refractive index change. Lastly, the refractive index 

change in the NIR might not be as significant as expected. 

Higher Q-factor devices can significantly increase the sensitivity to detect small 

optical changes in 1L-TMDs. Additionally, developing different deposition 

techniques to preserve intact 1L-TMDs remains an important area of research. 
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