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Abstract 

2D material is a perfect candidate for electro-optics with its small footprint, tunable 

optical properties achieved at low applied voltages, unique optical responses, and 

complementary metal-oxide-semiconductor (CMOS) compatibility. However, direct 

usage of 2D materials in this field is difficult due to their poor light absorption (less 

than 10% for graphene and TMDs).  

It is possible to enhance the interaction of light and 2D material with the help of 

nanostructures. In this thesis, two different nanostructures have been studied (based on 

MoS2 and graphene) for high optical modulation depth. A Fabry-Perot (FP) 

nanostructure was utilized to enhance the absorption of MoS2, which achieved a 6 dB 

visible light polarization-dependent modulation at a narrow range of the excitonic band 

of MoS2; Another plasmonic slot waveguide structure integrated with graphene was 

studied. Relying on the interaction between graphene and the gap surface plasmon 

(GSP) mode, a modulation depth of 0.12 dB/µm was yielded (12% absolute modulation 

depth) at the telecom wavelength range. The modulation depth of our devices is at the 

forefront of current optical modulators with the same 2D material. 

On the other hand, our hybrid nanostructures offer new approaches to characterize the 

light-matter interactions in 2D materials. We were first to measure the dependence of 

the n(λ) and k(λ) spectra for a MoS2 monolayer on the gate voltage with ellipsometry 

(see Figure 3.6). We found that the absorption coefficient k(λ) of monolayer MoS2 is 

gate-dependent at the excitonic range, and a multi-Lorentzian dispersion model 

explained this result well; By integrating graphene into the plasmonic slot waveguide 

structure, we were able to realize a conceptually new method of nanoscale light field 
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imaging with a lateral resolution of ~ 20 nm, based on the photoelectric effect in a p-n 

junction induced in graphene, which is not subject to the diffraction limited resolution. 

This new reliable nanoscale light field imaging method could be used for accurate and 

deterministic light field characterization in nano-optics. 

Finally, to achieve robust operation of the fabricated devices based on a gated 2D 

material, the dielectric gate separator is essential as it needs to be stable in a relatively 

large electrical field. Our work found that the gating properties of the dielectric material 

strongly depend on the dielectric fabrication technique. The dielectric performance of 

two widely used dielectric materials, hafnia and alumina (HfO2 and Al2O3), fabricated 

by two different methods (electron beam evaporation and atomic layer deposition), was 

studied, and we found a dramatic change in the hysteresis properties of graphene gating 

for these two fabrication methods. X-ray photoelectron spectroscopy (XPS) provided a 

clue that the gating properties strongly depend on the presence of oxygen vacancies. 
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Chapter 1 

Introduction 

The first section of this chapter mainly introduces the background, research interests, 

and primary outcomes of this research (details demonstrated in Chapters 3 to 5). The 

following sections then briefly present the theoretical knowledge of this research. Basic 

information of two 2-dimensional (2D) materials (graphene and MoS2) used in my 

devices will be illustrated, and some simple characterization of their properties. The 

theory of electro-optical modulators and the advantages of 2D materials in this field 

will be investigated. Lastly, the necessary theory about plasmonics is elaborated, which 

will be involved in chapter 4, where we will introduce a graphene-based plasmonic 

waveguide device. 

1.1 Background and research interest 

The isolation of graphene1 17 years ago stunned the field of material science. This 

ground-breaking material has led to the creation and development of a new field of 

investigations – 2D materials, which were not thought to exist before graphene was 

produced by a simple mechanical exfoliation method. Since then, numerous 

applications based on 2D materials have been studied and investigated, ranging from 

photodetectors to biosensing technology2-9, though they have not yet been widely used 

in practical applications. Probably, the most practical application of 2D materials is the 

exploitation of their mechanical properties such as stiffness and flexibility. For 

example, graphene soles and racquets have been manufactured and sold on the market. 

However, there are no well-known applications based on the unique optical and 
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electrical properties of 2D material yet, where there are many potentials. The significant 

advantage of 2D materials in optics is their tuneable optical properties, which could be 

easily and significantly modulated by electrical fields10, chemical doping11, or optical 

means12, including graphene and transition metal dichalcogenides (TMDs), which is 

particularly beneficial for optical modulation.  

An optical modulator is a link between optical emitters and optoelectronic devices. For 

the electro-optical modulator which we studied in this thesis, it converts an electric 

signal to an optical signal, where the light intensity is usually modulated by a periodic 

electric field, which represents the 1/0 signals in digital circuits. An optical modulator 

aims to provide adequate modulation depth with minimal energy consumption. 

Particularly for electro-optics, it can be considered to offer the maximum change in the 

refractive or absorptive index with a minimum applied voltage.  

In this case, 2D material is a perfect choice with its small footprint and tunable optical 

properties. For standard silicon or other semiconductors-based optical modulators, their 

footprints are usually at the scale of millimeters or even much larger13-15. With 2D 

material, the critical dimension of an optical modulator can be lowered down to 

micrometer or even nanometer. Besides, many 2D materials are compatible with CMOS 

technology and other 2D materials to form stacks2, 16, with no ‘lattice mismatch’ 

problem for most bulk semiconductors when integrating with current fabrication 

technology platforms, thus providing new opportunities for chip-based optical devices.  

Furthermore, 2D material has a unique optical response and spectral range that differs 

from its bulk form. For example, compared to traditionally used mediums for most 

semiconductor electro-optical technologies, such as Lithium niobate (LiNbO3, in the 

visible range) and Gallium arsenide (GaAs, in the infrared range), graphene has a 
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broadband response wavelength range, covering the entire visible and near-infrared 

range, which is perfectly designed for broadband optical modulation and detection. 

Besides, the melting point of graphene is at ~4000 ºC17, much higher than that of normal 

bulk semi-conductors18. Therefore, 2D materials with electrically tunable optical 

properties are becoming more popular for electro-optics2, 3, 19, 20. It is worth mentioning 

that the procedure of light generation, propagation, modulation, and detection could all 

be achieved with 2D material-based structures, pushing the development of ultra-small 

and ultra-fast photonic circuits21 forward.   

Nevertheless, direct use of 2D material for optical modulation is not a good decision. 

For example, direct modulation of the light absorption (visible range) of MoS2 on a 

SiO2(280nm)/Si substrate has a poor performance of only 4% modulation depth with a 

high gate voltage range -70 V to 80 V22. Although the dielectric constant of SiO2 is not 

high, the biggest weakness is the poor absorption of MoS2. Therefore, different 

structures have been designed to facilitate the interaction between light and 2D material, 

such as artificially designing 2D material23 or coupling 2D material with metal 

structures24, nanoparticles25, or other 2D material26. In this project, we utilized novel 

nanostructures to promote the interaction between light and 2D material (including 

graphene and monolayer MoS2), aiming for a reliable optical modulation depth.  

In Chapter 3, we used a nanoscale Fabry-Perot (FP) structure to enhance the interaction 

between light and monolayer MoS2. FP structure is made of two parallel reflecting 

surfaces, making a cavity inside, and optical waves could resonate between these two 

reflectors27. FP structure is widely used in lasers and spectroscopy due to the light 

intensity enhancement of the resonance-introduced interference in the cavity. In our 

device, due to the resonance introduced by the FP structure, the interaction between 

light and MoS2 is enhanced as well as the optical absorption of MoS2. A reliably high 
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6 dB reflective modulation at the visible range is achieved with our device, which is 

among the best for MoS2-based optical modulators22, 25. Except for the high modulation 

depth provided by our structure, we also studied the gating-controlled refractive index 

of monolayer MoS2 with the help of ellipsometry (usually used for characterization of 

film properties by analyzing the ellipsometry parameters change) in Chapter 3. For this 

device, ellipsometry was utilized to obtain the reflection spectrum for differently 

polarized light. By applying different gate voltages on our nano-devices and analyzing 

the corresponding ellipsometric spectra, we obtained the evolution of the complex 

refractive index of MoS2 with the gate voltage. A Lorentzian model was proposed to 

explain the gate voltage-dependent absorption in a MoS2 monolayer. 

In Chapter 4, we used a plasmonic waveguide structure to enhance the light field in 

graphene, which provides an alternative idea for optical modulation. Plasmonics is 

known for its sub-wavelength and local enhancement of the light field, which are 

predicted to be the core key of the next-generation technology28. In our structure, a 

plasmonic waveguide structure is hybridized with graphene. Relying on the interaction 

between graphene and gap surface plasmon (GSP) mode, we have successfully 

proposed and demonstrated a graphene plasmonic modulator, featuring a modulation 

depth of 0.12 dB/µm at the gate voltage amplitude of 6 V, at the telecom wavelength 

range.  

A reliable and non-invasive nanoscale light field imaging is essential for the field of 

nano-optics, where accurate and deterministic light field characterization is 

indispensable for device operation as well as for revealing underlying physical 

mechanisms involved. The possibility to measure near-fields and map their distribution 

with nanometric precision would be extremely useful for nano-optics and 

nanotechnology. Light scattering has provided a reasonably good spatial resolution of 
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the fraction of the light wavelength used but restricted by the diffraction limit. In 

Chapter 4, with the low critical dimension of both the waveguide plasmonic mode and 

graphene, we have suggested and experimentally realized an electromagnetic field 

mapping and imaging based on the photo-detection with a p-n junction induced and 

moved inside graphene by an external gate voltage. The spatial resolution of our 

technique can reach 20 nm.  

The research of MoS2 -based FP devices and graphene-based plasmonic slot waveguide 

devices are two great examples of the integration of 2D material and nanostructures to 

study the light-matter interaction in 2D, which are promising for electro-optics and 

nanoscale optical characterization and future on-chip plasmonic devices.  

On the other hand, for electro-optics, gating (applying an electric field) is the most 

practical and easiest method to control the properties of semiconductors or graphene in 

our research. This requires reasonably stable and relatively large fields on a dielectric 

gating material. Boron nitride (BN) is a popular material used to encapsulate graphene 

in nano-devices, especially for the exfoliated graphene. However, it is not practical in 

the industry where chemical vapor deposited (CVD) graphene is used and a large area 

of dielectric coverage is essential. Therefore, dielectric material with mass production 

is needed. Also, the dielectrics need to be transparent at our interest wavelength range. 

We investigated two dielectric materials, hafnia and alumina (HfO2 and Al2O3), widely 

used in our interest wavelength range, and studied their gating performance. This 

research discovered an interesting result: the same material produced by different 

methods can exhibit significantly different gating properties. This result is helpful for 

the design and fabrication of the dielectric material in electro-optics. 
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1.2 Graphene 

1.2.1 Band structure 

Graphene, described by Andre Geim and Kostya Novoselov in 20041, started the  

research interest into 2D materials. Graphene shows remarkable electron mobility, and 

even superconductivity is observed recently in twisted bilayer graphene29. Graphene is 

also the strongest material due to the high strength of its carbon-carbon bond. It is 

measured to be 200 times higher than steel but flexible and pliable at the same time30. 

Moreover, the mechanical and chemical properties can be tuned by intentional defects 

or functional groups30. Graphene still exhibits unique optical properties as it has a broad 

absorption spectrum from the visible to infrared range20. Moreover, the optical response 

of graphene can be tuned by changing its Fermi level with an external gate voltage31.  

The unique electrical and optical properties of graphene are the outcomes of its special 

band structure. As shown in Figure 1.1, monolayer graphene has two conical points K 

and K‘ in the Brillouin zone, where the conduction band and valence band crosses32. 

Expanding the full band structure around K point by = 𝐊 + 𝐪 , where 𝐪 ≪ 𝐊 gives the 

linear dispersion relationship  

E(𝐪) = ±νF𝐪 (1.1)                                                   

where νF ≈ 1 × 10
6 m/s is the Fermi velocity, and q is the momentum relative to the 

K point. Further derivation reveals that the charge carriers in graphene can be described 

by the Dirac equation, and these K and K‘ points are called Dirac points32. The zero-

band gap structure makes graphene unique compared to metal or semiconductor. 
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Figure 1.1 Electronic band structure of graphene calculated by the tight-binding model. The 

right picture shows the linear dispersion close to the Dirac point. (From Ref. 32)  

1.2.2 Electrical and optical property 

Electric field tuning is a popular way to change the optical and electrical property of 

graphene by changing its carrier concentration. By applying a positive or negative gate 

voltage with a gating structure, the position of its Fermi level can be converted from 

the conduction band to the valence band33, as shown in Figure 1.2. At the same time, 

the resistance of graphene is changed, which is usually experimentally measured. The 

Fermi level of graphene is usually tuned to 0.4 eV for optical modulation34, 35. 

 

Figure 1.2 Ambipolar electric field effect in graphene on Si/ 300 nm SiO2. Positive/negative 

gate voltage Vg induces electrons/holes in graphene, changing its resistivity. (From Ref. 33) 



23 
 

Figure 1.3a shows a piece of graphene on a SiO2(290 nm)/Si wafer I prepared with the 

traditional exfoliating method (see section 2.1.1 for the details of the method). The 

monolayer property is characterized by its Raman spectroscopy36, which shows a 

typical G peak at about 1580 cm-1 and a 2D peak at about 2680 cm-1
 in Figure 1.3b. The 

intensity ratio I(2D)/I(G) is approximately 3. With the sharp 2D peak shape, the 

monolayer property of graphene is confirmed36. The exfoliated graphene here is 

measured to be p-doped, and its carrier mobility μ is calculated to be 6090 cm2V-1s-1 

based on the model from Reference37. 

Figure 1.3 (a) Microscope image of an exfoliated graphene on Si/290 nm SiO2 wafer (b) The 

corresponding Raman spectroscopy of graphene (exc=532 nm), measured by Horiba XploRA 

PLUS Raman spectrometer. 

For suspended graphene, the universal optical conductance G =
e2

4ℏ
 was measured to 

hold from visible to the near-infrared range, which gives a constant light absorption of 

πα ≈ 2.3% for graphene monolayer based on Fresnel’s transmission equation in the 

thin-film limit38 T = (1 +
2πG

c
)−2.  

As mentioned in the first section, the Fermi level of graphene is tunable with a gate 

voltage. As a result, its light absorption can also be modulated, and many graphene 

optical modulators are based on this property. This can be explained by optical Pauli 
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blocking31, 34. With some doping of graphene, its Fermi level EF is shifted to the 

conduction or valance band, and after the equilibrium of electron and hole distribution, 

the energy states between ±EF are filled, thus blocking the incoming electrons or holes 

(this consideration is valid for low temperatures). As a result, the interband transitions 

with photons’ energy below |2EF| will be prohibited. The Fermi level of graphene can 

be tuned up to 0.8 eV with a SiO2 electrostatic gating structure39 and 1 eV for with an 

electrolyte-based gating structure40. By changing the location of the Fermi level, we 

can control the light absorption of graphene. Figure 1.4 shows the Fermi level-

dependent optical conductivity of graphene34, indicating the concept of Pauli blocking. 

Incident photons with an energy of 0.8 eV will be blocked for the case when EF is 0.6 

eV, leading to almost zero optical conductivity.  

 

Figure 1.4 Theoretical calculation of the optical conductivity of graphene at different Fermi 

energies 0.1 eV, 0.3 eV, and 0.6 eV. (From Ref. 34) 

1.3 MoS2 

The birth of graphene has aroused a huge interest in the research of 2D materials such 

as transition metal dichalcogenides (TMDs). Among them, MoS2 is one of the most 
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studied. Bulk MoS2 is widely used in dry lubricant41, catalysis42, and batteries43. 

Compared with its bulk form, monolayer MoS2  has prompt applications in a new field 

of high-technology, which includes nano-circuits44, field-effect transitors45, and opto-

electrics11, 46, 47. On the other hand, compared with graphene, MoS2 is much more stable 

and uneasily oxidized by air, broadening its application field. 

For bulk MoS2, each monolayer MoS2 is held together by weak van der Waals forces, 

making it possible to produce monolayer through the mechanical exfoliation method. 

A monolayer MoS2 is about 0.65 nm thick. The hexagonal planes of S and Mo atoms 

are bound together with a triangular prismatic arrangement through the ionic-covalent 

interaction22, as shown in Figure 1.5a. Bulk MoS2 is an indirect bandgap semiconductor. 

However, when reducing the layer numbers of MoS2 to one, its bandgap becomes 

direct.48, 49 Figure 1.5b shows this transition as the number of layers decreases from 

bulk to monolayer. Besides, due to the spin-orbit band splitting between the valence 

band maxima and the conduction band minima, two prominent peaks, A (around 1.9 

eV) and B (around 2 eV), usually appear in the absorption and photoluminescence 

spectrum for monolayer MoS2 based devices.22, 49 

 

Figure 1.5 (a) Atomic structure of monolayer MoS2. From Ref. 22 (b) Bandgap transition of 

MoS2 from indirect to direct for different layer numbers: bulk, quadra-layer, bilayer, and 

monolayer. The black arrow indicates the lowest energy transition. Except for the bandgap 
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change from indirect to direct, the bandgap also enlarges when reducing layer numbers. This 

change leads to different physical properties for monolayer MoS2 compared to the bulk one. 

From Ref. 49 

Raman spectrum of monolayer MoS2 usually depicts two typical peaks: E1
2g mode for 

the in-plane vibrational mode and A1g mode for the out-of-plane mode.50 Figure 1.6b 

shows the Raman spectrum measured with 632.8 nm laser excitation for one of our 

monolayer MoS2 devices. The spectrum exhibits two typical peaks at 386.7 cm-1 and 

403.4 cm-1, which corresponds to E1
2g and A1g mode separately. The position of the 

peaks is slightly shifted due to the gold substrate and 390 nm Si3N4 dielectric layer, 

which is underneath monolayer MoS2. 

Figure 1.6 (a) Optical microscopy image of a MoS2 monolayer with Si3N4 underneath. (b) 

Raman spectrum of the monolayer MoS2 measured with a Witec spectrometer and 632.8 nm 

laser.  

1.4 Electro-optical modulators 

1.4.1 Basics of optical modulators  

Optical modulation refers to the controling of a light beam property where information 

is encoded. This can be achieved with a material whose optical properties can be 
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modulated. For example, in an electro-absorptive modulation, a periodic electric field 

could make a periodic output light intensity, then an electric signal is transferred to an 

optical signal.  

In recent years, 2D materials have attracted increasing interest in the field of optical 

modulation. Despite the small size of 2D material, their optical properties could be 

easily and significantly modulated by tuning their carrier density, including graphene 

and transition metal dichalcogenides (TMDs). 

In the process of optical communication, optical modulators are of crucial importance 

in converting the source information into an optical signal. Based on the modulation 

principle, optical modulators can be categorized as all-optical51, electro-optical52, 

thermo-optical53, acousto-optical54, magneto-optical55, mechanical-optical56 

modulators, with different types of modulation sources. Electro-optic modulation is one 

of the most developed, especially in the field of communications, which links the on-

chip optical and electronic network components57. To clarify, this thesis focuses on 

electro-optical modulators (based on 2D material). For an electro-optical modulator, 

the modulation of a light beam is completed by controlling the modulation medium's 

reflection or absorption, primarily by changing its refractive index. For reflective 

modulators,  the real part of the medium's refractive index is changed, which can be 

realized by Kerr effects58 and Pockels effects59. For absorptive modulators, the 

imaginary part of the medium's refractive index (also called absorption coefficient) is 

changed, which can be realized by electro-absorption control and quantum-confined 

Stark effect60, etc.  

A nanoscale optical modulator's performance can be evaluated by four performance 

metrics: operation wavelength range, modulation depth, modulation speed, and 
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insertion loss61. The operation wavelength range is the fundamental merit that directly 

decides the application of an optical modulator. A certain optical modulator usually 

works at a specific optical wavelength range based on the used modulation medium, 

which could vary from the ultraviolet to the visible62, infrared63 (near-infrared, mid-

infrared, and far-infrared), or even Tera-hertz band64. Therefore, depending on the 

needs, different optical modulators are chosen to work at different wavelength ranges. 

For example, optical fiber communication usually requires near-infrared optical 

modulators65. Modulation depth indicates the maximum change of the signal (either 

reflectance or transmittance) controlled by the external force. It is defined by the 

extinction ratio 10×log(Tmax/Tmin) or 10×log(Rmax/Rmin) for measuring transmittance 

and reflectance, respectively. A high modulation depth is commonly pursued with 

higher efficiency and less power-consuming when producing modulated signals. 4-5 

dB is usually enough for normal communication applications2, 19, 61. Insertion loss refers 

to the power drop of the optical signal after passing through the optical modulator66. 

Modulation speed depends on the modulation medium's responsivity and the structure 

(e.g., time constant for an RC circuit). A faster modulation speed is usually preferred, 

especially for a data transmitting system, which also determines its operation 

bandwidth19, 61. Energy consumption is also an important performance parameter for 

optical modulators, which is related to the modulation efficiency and the loss. Low 

energy consumption is always preferred. Due to the research interest and experimental 

conditions, modulation speed and energy consumption of our optical modulators have 

not been studied and covered in this thesis. 

1.4.2 Electro-optical modulators based on 2D material 

An optical modulator's essence is the modulation medium whose optical property can 

be modulated by the external force. Compared with traditional bulk semiconductors for 
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optical modulation, 2D materials mainly possess three promising properties. First, 2D 

materials own numerous mechanical advantages. Except for the ultrasmall atomic layer 

thickness that can further minimize optical modulators' size, many of them hold good 

mechanical flexibility, robustness, and compatibility to other optical structures such as 

waveguides and fibers5, 67, which is needed for current complementary metal-oxide-

semiconductor (CMOS) technology. Besides, stacks of 2D materials can be fabricated, 

which often offer unique properties68. Second, the optical properties of 2D materials 

could be easily and significantly modulated by electrical field10 or chemical doping11, 

including graphene and transition metal dichalcogenides. For electro-optical 

modulation, this can be easily achieved by changing their Fermi level with an electrical 

gating. Optical Pauli blocking is an important factor where the energy state below the 

Fermi level is fully occupied. In this case, for the photons with energy below 2Ef, the 

interband transition is forbidden12. Third, 2D materials have unique optical responses 

and spectral ranges. For graphene, it only absorbs 2.3% of the incident light but over a 

visible and near-infrared wide spectral range. In total, the optical response spectrum of 

current 2D materials has covered from ultraviolet to terahertz and even microwave 

regions, owing to their diverse electronic structures69.  

Electro-optical control of the optical properties of 2D materials is relatively convenient 

than other means such as chemical doping, due to the strong confinements of the 

electrons in 2D materials, making a tunable band structure sensitive to the external 

electrical field. Most optical modulators are based on electro-optic effects in 2D 

materials, which a widely-used gating structure can easily realize. As a result, the 

refractive index of graphene can be controllable. Although experimental electro-

refractive modulation in graphene has been reported70, 71, most of the current graphene 

modulators are based on its gate-tunable electro-absorption16, 72-76. Electro-optical 
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modulation based on 2D TMD materials (bandgap ranging from 1 to 2.5 eV) has also 

been reported, including MoS2
22, WS2

77, MoTe2
78. Compared to graphene, TMDs have 

relatively low carrier mobility at the level of 100 cm2V-1s-1 at room temperature79, 80, 

though the theoretical value is much higher81, 82. However, compared to graphene, they 

have a much larger optical absorption, reaching ~10% level83. 

On the other hand, due to the atomic layer property for graphene and monolayer MoS2, 

its optical absorption is relatively small, which leads to low modulation depth. For 

graphene with a 2.3% absorption, the modulation depth using graphene under normal 

illumination with no enhancement will be only 2.3%. Therefore, current electro-optical 

modulators with 2D material commonly need to be combined with designed structures 

to enhance the low absorption of 2D material16, 25, 34, 62, 74, 84. In recent years, another 

emerging material, black phosphorus (phosphorene for monolayer), has been studied 

for electro-optical modulation85, 86, which fills the gap between zero-gap graphene and 

large-gap TMDs with an unusual anisotropic optical absorption and 

photoluminescence87. 

1.5 Surface plasmon polaritons (SPPs) 

1.5.1 Developments of plasmonics 

Utilizing nanoparticles to control the reflection and transmission of light can date back 

to the fourth century AD when the Lycurgus cup88 (see Figure 1.7) was made, although 

this cup's production was possibly an accident at that time. It was not until the 20th 

century that the properties of nanoparticles were quantized and analyzed. In 1908, Mie 

developed his theory to explain the scattering of light with metallic nanoparticles, which 

started the research of nanoscale optics89. In 1902, R. M. Wood found the abnormal 

phenomenon in his metal grating diffraction experiment, where new diffraction peaks 
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appeared in the reflection spectrum90. Rayleigh tried to explain this phenomenon by his 

diffraction theory in 1907 and thought that the abnormality happens when the 

diffraction wave matches the grating’s surface91, which could well explain most of 

Wood’s experimental results. Later in 1941, U. Fano added a supplementary 

explanation to Rayleigh’s theory with “a forced resonance”92 based on the theory of 

electromagnetic surface wave proposed by Zenneck93 and Sommerfeld 94. He believed 

abnormal peaks in the diffraction spectrum are the coupling results between the 

diffraction mode and the metal surface waves. The word plasmon was coined by Pines95 

in 1956 to describe the quantization of the collective oscillation of free electrons in a 

study of electrons with high energy passing through metals, just as a photon is the 

quantization of lattice vibration. Powell and Swan firstly observed surface plasmons 

(SPs) in the energy-loss experiments in 195996. One year later, in 1960, Stren and 

Farrel97 further investigated the resonance conditions of this surface mode, confirming 

Ritchie's theory through their experiments. In 1968, Ritchie discussed the connection 

and similarity between the resonant surface waves in Wood anomaly and surface 

plasmons in energy loss experiments of electrons bombarding thin metal films98. At the 

same time, Otto99, Kretchmann and Reather100 firstly observed the excitation of surface 

plasmons in metal films with visible light by prism coupling, making it much easier to 

study the property of surface plasmons. Kreibig and Zacharia101 found that the light 

absorption and scattering by metallic nanoparticles can be explained by its surface 

plasmon resonances in 1970. It is in 1974 when the term surface plasmon polaritons 

(SPPs) was used by Cunningham102 to describe surface plasmons modes on the metal 

surface. In 1982, Boardman published a book concluding the development of surface 

plasmons where it is comprehensively analyzed as electromagnetic surface modes103. 

After that, the theory and applications of surface plasmons got gradually developed.  
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Figure 1.7 Different colors resulted from the interaction of light and metal nanoparticles in the 

Lycurgus cup. (a) When the light emits from the outside, the glass presents jade green (b) When 

light shines from the inside, the glass presents ruby-red. From Ref. 88 

In 1997, Nie made the first measurement of the Raman spectrum of single-molecule, 

which was proved to be the result of electromagnetic field enhancement101 due to 

surface plasmons by Van Duyne, starting the application of surface-enhanced Raman 

spectroscopy (SERS)104. In 1998, Ebbesen discovered the enhanced transmission 

through hole arrays caused by surface plasmon resonance105. These two phenomena 

attracted immense interest into the field of surface plasmons. In the late 1990s, 

advanced nano-processing technology and electromagnetic simulation accelerated the 

development of surface plasmons. By fabricating nano-optical waveguides with 

nanolithography, light propagation can be limited in sub-wavelength size with the help 

of SPPs, which is predicted to be the next-generation chip technology. Under this 

circumstance, the term—plasmonics was created and became a research spot28, 106. In 

2006, Stefen Maier107 published the book "Plasmonics: Fundamentals and 

Applications" which gives a thorough introduction to the field of plasmonics and its 

developments and applications, including biosensing108 and optoelectronics109.  

More recently, along with the discovery of 2D material, integrated plasmonic structures 

with 2D material have been studied for electro-optics25, 34, 110 In chapter 4, we will 
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describe a plasmonic waveguide structure for on-chip optical modulation with a gate-

controlled graphene stripe, which shows appreciable performance and could be used in 

nanoscale integrated circuits. Furthermore, we achieved a nanometer-scale control of 

the light field in our plasmonic waveguide device. 

1.5.2 Maxwell’s equations and Drude model for metals 

Maxwell’s equations in the matter are as follows:                    

∇ ∙ 𝐃 = ρext (1.5a)  

∇ ∙ 𝐁 = 0 (1.5b) 

∇ × 𝐄 = −
∂𝐁

∂t
(1.5c) 

∇ × 𝐇 = 𝐣𝐞𝐱𝐭 +
∂𝐃

∂t
(1.5d) 

where D (unit: C·m-2) is the electric displacement field, B (unit: T) is the magnetic flux, 

E (V·m-1) and H (unit: A·m-1) refer to the electric and magnetic field respectively. ρext 

(unit: C·m-3) and 𝐣𝐞𝐱𝐭 (unit: A·m-2) are the external charge and current, respectively. 

The additional relations can be written as follows: 

𝐃 = ε0𝐄 + 𝐏 (1.6) 

𝐇 =
1

μ0
𝐁 −

∂𝐃

∂t
(1.7) 

where ε0= 8.854 × 10−12 F·m−1 is the electric permittivity of free space and μ0 = 4π × 

10−7 N·A−2 is the magnetic permeability of free space. P and M represent polarization 

and magnetization, respectively. For a linear and isotropic material, we have  

𝐃 = ε𝐄 = ε0εr𝐄 (1.8) 
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𝐇 =
1

μ
𝐁 =

1

μ0μr
𝐁 (1.9) 

εr  and μr are relative electric permittivity and relative magnetic permeability. For 

nonmagnetic media, μr = 1. 

The oscillation of electrons in metal with a driving external electric field can be 

described with the following Drude model, where metal is considered as a collection of 

fixed positively charged ions with detached electrons surrounded.  

𝐩̇ + γ𝐩 = −e𝐄 (1.10) 

p is the average momentum per electron, γ is the characteristic frequency of the 

collisions (elastic collisions between electrons and electrons, inelastic collisions 

between electrons and defects/phonons), which is defined by γ = 1/τ and τ is the 

relaxation time of the free electron gas (usually the order of 10−14 s at room 

temperature), and e=1.602×10-19 C is the elementary charge of an electron. As 𝐩 =

𝐦𝐯 = 𝐦𝐱̇, equation 1.10 could be written as  

m𝐱̈ + mγ𝐱̇ = −e𝐄 (1.11) 

x is the displacements of electrons from the ions. Trying a solution 𝐱 = 𝐱𝟎e
−iwt for a 

harmonic electrical field 𝐄 = 𝐄𝟎e
−iwt yields  

𝐱 =
e

m

1

ω2 + iγω
𝐄 (1.11) 

The macroscopic polarization induced by the displacement of the electrons by the 

electric field is  

𝐏 = −Ne𝐱 = ε0(εr − 1)𝐄 (1.12) 
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Considering formulas 1.11 and 1.12, we can get the dielectric function of the metal as 

equation 1.13, where a plasma frequency ωp = √
Ne2

mε0
  of the electron gas in metals is 

introduced. 

εr = ε1 + iε2 = 1 −
ωp
2

ω(ω + iγ)
(1.13) 

When the damping of electrons is negligible, γ = 0, the dielectric function becomes 

εr = 1 −
ωp
2

ω2
. (1.14) 

A more accurate equation is given with equation 1.15, where 1 ≤ ε∞ ≤ 10, describing 

the contribution from the positive ion cores polarization in the external electrical field.  

εr = ε∞ −
ωp
2

ω(ω + iγ)
, (1.15) 

The Drude model can be improved at high frequencies where interband transitions 

should be considered, especially at the visible range for noble metals. A Drude-Lorentz 

model will be much more useful when describing the electron response of metals. In 

our situation of the telecom (near-infrared) range, the Drude model provides a good 

description of the metals’ optical responses. We mainly focus on the situation where 

ω < ωp and Re(εr) < 0, and SPPs could exist at the interface of metal and dielectric 

at this time. 

1.5.3 Surface plasmon polaritons (SPPs) and its waveguides 

When the light wave is incident on the interface between the metal and dielectric, the 

free electrons at the metal surface vibrate collectively. At some conditions, the 

electromagnetic wave and the plasmon (quantization of the collective oscillation of free 
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electrons) on the metal surface are coupled to form a new surface mode called surface 

plasmons (SPs). Surface plasmons can be divided further into surface plasmon 

polaritons (SPPs) and localized surface plasmons (LSPs, usually related with metal 

nanoparticles and not studied in this thesis)107. SPPs is a propagating mode along the 

planar interface between a metal and a dielectric medium. It can be excited by both light 

and electron with proper initial parameters. Being an electromagnetic wave, SPPs 

satisfies Maxwell’s equations, from which their properties can be defined. Compared 

to current optical devices restricted within the diffraction limit, SPPs contains unique 

properties such as subwavelength scale, strong field enhancement, and a high degree of 

tunability controlled by certain plasmonic material and structures111, 112, offering new 

opportunities for chip-based optical nano-devices. Since SPPs is the propagating wave 

at the interface of metal and dielectric, 𝐣𝐞𝐱𝐭 = 0  and ρext = 0  in this case. From 

equations 1.5c and d, we have  

∇ × (∇ × 𝐄) = ∇ × (−
∂𝐁

∂t
) = −

∂(∇ × 𝐁)

∂t
= −

∂(∇ × μ𝐇)

∂t
= −μ

∂2𝐃

∂t2
= −με

∂2𝐄

∂t2
 

Consider ∇ × (∇ × 𝐄) = ∇(∇ ∙ 𝐄) − ∇2𝐄 = −∇2𝐄, by noting from equation 1.5a that 

∇ ∙ 𝐄 = 0, we can obtain equation 1.15. Equation 1.16 can be derivated with the same 

method.  

∇2𝐄 = με
𝜕2𝐄

∂t2
(1.15) 

∇2𝐁 = με
∂2𝐁

∂t2
(1.16) 

The solutions of equation 1.15 and 1.16 would be  

𝐄 = 𝐄𝟎e
i(𝐤∙𝐫−ωt) (1.17) 
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𝐁 = 𝐁𝟎e
i(𝐤∙𝐫−ωt) (1.18) 

and the propagating speed of light in the medium can be defined as 𝑐 =
1

√με
. 

Suppose the position of the interface is z = 0. For z > 0, we have a dielectric layer with 

a dielectric function ε1. For z < 0, we have a metal with a dielectric function ε2. The 

electric field and magnetic field are expressed as E1 and H1 in the dielectric; E2 and H2 

in the metal separately. We consider only transverse magnetic (TM, p-polarised) wave 

in this case because the transverse electric (TE, s-polarised) wave cannot excite surface 

modes, which can be proved by boundary conditions analysis. For the TM wave, 𝐄𝐲 =

0 and 𝐇𝐱 = 𝐇𝐳 = 0. The rest of the components in the metal and dielectric are defined 

from equations 1.19 to 1.22. 

 

Figure 1.8 The boundary of dielectric and metal for surface plasmon polariton. 

𝐄𝟏= (

E1,x
0
E1,z

)ei(k1,xx+k1,zz−ωt) (1.19) 

𝐇𝟏= (
0
H1,y
0

) ei(k1,xx+k1,zz−ωt) (1.20) 
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𝐄𝟐= (

E2,x
0
E2,z

) ei(k2,xx+k2,zz−ωt) (1.21) 

𝐇𝟐= (
0
H2,y
0

) ei(k2,xx+k2,zz−ωt) (1.22) 

From the boundary conditions, 

E1,x = E2,x = Ex (1.23) 

H1,y = H2,y = Hy (1.24) 

D1,z = D2,z (1.25) 

Consider Maxwell equation 1.5d, we have 

∇ × 𝐇𝟏 =
∂𝐃𝟏
∂t

= ε1
∂𝐄𝟏
∂t

(1.26) 

Combined equation 1.26 with equation1.19 and 1.20, we have  

(

 
 
−
∂𝐇𝟏,𝐲

∂z
0

∂𝐇𝟏,𝐲

∂x )

 
 
= −iωε1 (

𝐄𝟏,𝐱
0
𝐄𝟏,𝐳

) 

Thus, 

k1,zH1,y = iωε1E1,x (1.27) 

k2,zH2,y = −iωε2E2,x (1.28) 

Consider equations 1.23 and 1.24, and we arrive at the relationship of the dielectric 

function of metal and dielectric. 
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kx = k1,x = k2,x (1.29)

k1,z
k2,z

= −
ε1
ε2

(1.30)
 

Note that the real part of the dielectric function of two media should have opposite signs 

for surface plasmon polaritons (SPPs) at the interface, such as the case of metal and air. 

On the other hand, through equation 1.15, we can obtain the dispersion relation for the 

TM wave in nonmagnetic material (μ = 1).   

k1,x
2 + k1,z

2 = ε1
ω2

c2
(1.31) 

k2,x
2 + k2,z

2 = ε2
ω2

c2
(1.32) 

Considering formula 1.29, we can get the dispersion relation. 

ksp = kx =
ω

c
√
ε1ε2
ε1 + ε2

(1.33) 

k1,z =
ω

c
√

ε12

ε1 + ε2
(1.34)

k2,z =
ω

c
√

ε22

ε1 + ε2
(1.35)

 

From the Drude model, when ω < ωp , ε2(ω) < 0 . When Re (ε2) < −ε1 < 0 , 

Re(ksp) >
ω

c √ε1  , k1,z  and k2,z  are both imaginary. A new electromagnetic mode 

(SPPs) is restricted at the metal and dielectric interface, which is lossy (Ohmic losses) 

at the z-direction in both metal and dielectric. Figure 1.9 shows the dispersion relation 

for SPPs and photons for contrast. SPPs has a larger wave vector and shorter 

wavelength, which leads to stronger spatial constraint and higher local intensity. On the 

other hand, the mismatch between the wavevectors SPPs and photons reveals that SPPs 
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cannot be excited directly by photons from free space. Therefore, special methods need 

to be used to excite SPPs, such as prism coupling100, grating coupling113, highly focused 

optical beam excitxation114, 115, near-field excitation with a tip111, and electron beam 

excitation116. 

 

Figure 1.9 The dispersion relations for surface plasmon polaritons (SPPs) and free-space 

photons. 

Compared to current optical devices which are restricted by the diffraction limit, SPPs 

can reach subwavelength scale due to the confinement to the metal-dielectric interface, 

which offers new opportunities to miniaturize the chip-based technology. Furthermore, 

the unique optical property of SPPs propagating at the interface between metals and 

dielectrics inspires the development of plasmonic waveguide devices. Various 

structural plasmonic waveguides have been proposed, including nanoparticle chain117, 

metal stripes118, and gap/slot/groove channel waveguides114, 119, 120. Compared to 

traditional dielectric waveguides such as fiber waveguide, the most significant 

advantage of SPPs waveguide is the subwavelength spatial confinement of the wave 

energy. However, the propagation length decreased accordingly due to the loss in 
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metals. Therefore, there is usually a trade-off between the propagation length and the 

mode confinement in practice121. 

 

Figure 1.10 Field distribution of the fundamental waveguide mode in a cylindrical (a) dielectric 

fiber and (b) metal nanowire with reducing diameters. λ0 and λ0sp are the waveguide mode 

wavelength in bulk fiber dielectric and metal, respectively (infinite diameters). Dashed lines 

represent the size of the fields (1/e level). (From Ref. 106) 

Figures 1.10a, b compares the waveguide modes in dielectric fibers and metal wires106. 

The fundamental waveguide mode penetrates into the medium surrounded when 

reducing the diameter of the dielectric, becoming a bulk plane wave when the diameter 

is close to zero. Hence, decreasing the diameter smaller to the subwavelength scale will 

reversely increase the mode size, limiting the miniaturization of optical devices. 

However, for a metal waveguided SPPs mode, the situation is entirely inverted. The 

reduced diameter of the (cylindrical) metal nanowire leads to strong localization of the 

waveguide mode at the metal and dielectric interface when the diameter is smaller than 
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the wavelength. Therefore, the dimensional size of the SPPs mode can reach 

subwavelength-scale, even a few nanometers, which brings the possibility for nano-

optical devices. Different from the (insulator-metal-insulator) IMI waveguide structure 

shown in Figure 1.10b, another typical gap surface plasmon (GSP) waveguide with a 

metal-insulator-metal (MIM) structure will be illustrated in Chapter 4, where it is used 

for optical modulation and detection by interacting with graphene. 
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Chapter 2 

Methods and techniques 

Lithography is a key technique in the nanoscale manufacturing industry with a 

resolution to a few nanometers122. This chapter mainly introduces the experimental 

method and techniques I have used for our researches, either for fabrication or 

measurements. The fabrication procedure (section 2.1) is introduced through a 

complete process of a simple graphene device (with no measurements on it), mainly 

consisting of the lithography process (optical and electron beam lithography). All 

nano-devices with much more complicated structures in Chapters 3 to 5 were made 

with a similar but repetitive process. The following section 2.2 then describes all the 

techniques I have used in this project for characterization of the samples and devices, 

whose background information is necessary to be displayed here for a better 

understanding of the discussed results in the following chapters.  

2.1 Fabrication 

2.1.1 Sample preparation: mechanical cleavage or wet transfer 

2D materials for optical devices can be produced by mechanical exfoliation or by a 

chemical vapor deposition method. Taking graphene as an example, for the exfoliation 

method, a small piece of bulk graphite was first adhered to a tape by simply pressing 

the tape on graphite and peeling off. The tape is then folded and unfolded repeatedly 

until a number of graphite pieces are distributed widely on the tape. Then we pressed 

this tape (graphite underneath) evenly and tightly on the prepared substrate to make a 

strong adherence between graphene and the substrate so that the graphene piece can be 
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left on it when we finally remove this tape from the substrate, gently and slowly starting 

from the corner. For SiO2 substrates used in our experiments, O2/Ar plasma etching was 

used on the substrate to remove the hydrocarbon contaminants on the surface, thus help 

with the production of “large” graphene but with a cost of degraded mobility123, 124.  

Chemical vapor deposition (CVD) technology uses vapor (containing carbon 

compounds) deposition to produce graphene on the substrate surface by chemical 

reaction, which is the most effective method to produce graphene in industry. CVD 

method is beneficial for massive production, but the quality of graphene is not as good 

as the exfoliated one. For a standard CVD process, a copper film is placed in a sealed 

quartz tube and annealed at 1000ºC for 30 minutes, with an H2 flow at a rate of 20 

cm3/min and a pressure of 200 mTorr. A CH4 gas flow is then introduced into the 

chamber with a 40 cm3/min flow rate for 30 mins to perform the chemical deposition 

process at a pressure of 600 mTorr. C-H bonds break at high temperatures, and new C-

C bonds form at the surface of the copper film to produce graphene. Finally, the 

chamber is cooled to room temperature in the H2 atmosphere, and the CVD process is 

completed. For CVD graphene, we used the wet transfer method to prepare our samples. 

Copper-based CVD graphene contains monolayer graphene on both sides of the copper. 

Hence, we used O2/Ar plasma etching first to remove graphene at one side of the copper 

film. Then, a layer of 8% 950K PMMA was spin-coated on the CVD graphene of the 

other side with copper foil underneath (spin speed 4000 rpm for one minute and then 

baked at around 170ºC for 3 minutes). Then, we cut a small piece with a scissor and put 

it in the 25 g/L ammonium persulfate solution for 12 hours to etch the copper 

underneath. The size of graphene was approximately 1×1 cm2
 which is enough for our 

hybrid graphene devices. The floating membrane was then moved to the deionized 

water with a clean and smooth Si wafer to remove the ammonium persulfate residue. 
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The same process could be repeated several times to remove the residue deeply. Finally, 

the PMMA/graphene membrane was fished with a desired target substrate with 

graphene adhered to its surface.  

 

Figure 2.1 Schematic of fishing graphene with the substrate 

After that, it was left to dry for 24 hours, and after drying, the whole device was baked 

on a hot plate at 170°C for 15 minutes (further improving adhesion between graphene 

and substrate). Finally, the whole sample was bathed in acetone for 10 minutes to clean 

the PMMA. Then, it was put in isopropanol solvent (IPA) for 10 minutes to clean 

residual acetone and dried with an N2 gun at last. After all these processes, a piece of 

CVD graphene was left on the substrate, and we used optical microscopy to inspect its 

quality and find suitable areas for the fabrication of the next step. 

Figure 2.2 shows a typical example of exfoliated graphene fabricated on a 290 nm 

SiO2/Si wafer that I prepared. The exfoliated graphene's monolayer property can be 

checked directly by the contrast of the microscope image. To confirm the monolayer 

property, Raman spectroscopy, optical measurements with spectrometer or ellipsometer 

were used. It is worth noting again that the quality of an exfoliated graphene was usually 

better than the CVD one, with higher carrier mobility and fewer defects. However, its 

size and shape were uncontrollable, with a lateral length smaller than hundreds of 

micrometers125, 126, which is unreal for industrial applications. Sections 2.1.2 to 2.1.4 
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illustrate the fabrication procedure with this graphene sample. Although the final device 

is not helpful for my research, it gives a detailed picture of the lithography process for 

fabricating nanodevices. 

 

Figure 2.2 Optical image of a large piece of exfoliated graphene on a 290 nm SiO2/Si wafer 

with a 65 µm lateral length. The color of the image depends on the filter of the microscope to 

give the best contrast127.  

2.1.2 Photolithography and Patterning 

Photolithography was used in our work to make a pattern on the graphene sample. First, 

a PMGI layer was spun on the substrate for 60 s with a speed of 4000 rpm and baked 

for 10 min at 160°C to 180°C. Then, photoresist Shipley S1805 was spun on the 

substrate for 60 s with a speed of 4000 rpm and then baked for 1 min at 110°C. A laser-

writer (Microtech LW-405) was then used to expose the designed pattern on the 

photoresist at a power around 230 mJ/cm2. Then the exposed area was placed in an 

MF319 developer for 1 min. The exact development time depends on the laser power 

and resists types. A dose test before the final exposure was usually necessary. Finally, 
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we cleaned the sample with deionized water and dried it with N2 gas. The developed 

sample is shown in Figure 2.3.  

 

Figure 2.3 Optical image of the sample after the exposure and development. The grey area is 

still covered with the undeveloped photoresist. 

After the exposure, the designed area was protected by the photoresist. Then, we could 

remove the unneeded graphene (not covered by the photoresist) with an Ar/O2 plasma 

etching for 5 min. O2 plasma breaks the C-C bonding of the unprotected graphene and 

removes it from the surface by chemical reaction128. Figure 2.4 shows the sample after 

the plasma etching.  

 

Figure 2.4 Optical image of the sample after etching by Ar/O2 plasma (Graphene not covered 

by resist has been removed.) 

Part of the resist was also removed by oxygen plasma etching, but it was still thick 

enough to protect the patterned graphene underneath. After the plasma etching, the 



48 
 

remained photoresist was resolved by acetone and then cleaned with isopropanol 

solvent (IPA) to remove the residual acetone. The patterned graphene sample is shown 

in Figure 2.5, which consists of three squares of different sizes. 

 

Figure 2.5 Optical image of the patterned graphene on a 290 nm SiO2/Si wafer. 

2.1.3 Electron beam lithography 

After the graphene pattern was obtained, designed structures can be added to the sample 

for research interest. For this device, thin metal contacts were connected to the graphene 

sample for electrical measurements. Photolithography (5 µm resolution for Microtech 

LW-405 laser writer) is suitable for large-area exposure to make the large graphene 

pattern. To make the thin contacts pattern, e-beam lithography with 100 nm resolution 

was used here, which is more precise and time-consuming. In this case, PMMA (3% 

concentrate) was first spun on the sample for 60 s with a speed of 3000 rpm and then 

baked for 10 minutes at 170°C, which gave a final thickness around 210 nm. Then we 

used a 10 kV electron beam (Zeiss EVO MA10 electron) for the exposure process. A 

higher energy of the electron beam gives a higher resolution. For e-beam lithography, 

a pattern of masks and coordinates is usually made first to help locate the sample. After 

the exposure, the sample was developed in MIBK: IPA (1:3) for 40 s at room 

temperature and then IPA for 1 min, where the solvent removed the exposed PMMA. 
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Finally, we cleaned the samples with deionized water and dried them with an N2 gun, 

which gave the typical contact pattern shown in Figure 2.6. 

 

Figure 2.6 Optical image of the contacts connected to graphene after the electron beam 

exposure and development. The green area is still covered with PMMA. 

2.1.4 Deposition and lift-off 

After the development, the darker areas in Figure 2.6 are bare, with no resist adhering 

to the substrate surface. Then, we deposited the necessary materials (Au in this case) to 

make contacts. The deposition process can be done using several techniques, such as 

electron beam evaporation, atomic layer deposition, and sputtering. For an electron 

beam evaporation process, the electron beam is oriented on the target material that is 

usually put in a crucible. The high energy of the electron beam directly evaporates the 

target material to form a thin film at our substrate, which is put above the crucible129. 

The deposition rate can be controlled by the size and location of the electron beam. 

Another popular technique for making films is atomic layer deposition (ALD), a much 

more complicated method that coats the substrate layer by layer in the form of a single 

atomic film. The chemical reaction of a new atomic film layer is directly related to the 

previous layer. In this way, only one layer is deposited in each reaction, and this 

chemical reaction repeats, fabricating the final film layer by layer130.  
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.  

Figure 2.7 Optical image of the final sample after the lift-off process. (Purple area means 

graphene, and the yellow area represents gold contacts.) 

After the deposition, the final step of the procedure was the lift-off process. The whole 

sample was put in acetone for 12 hours or in hot acetone (usually 45°C) for a shorter 

time. All PMMA was dissolved by acetone. For our device, the gold adhered to the 

substrate surface in the gap will remain, and the one above PMMA will be taken away 

in the solution, which made the final pattern of the contacts. Finally, we cleaned the 

residual acetone with IPA and dried the sample with an N2 gun. Figure 2.7 shows the 

final device's image after electron beam evaporation with 3 nm Cr and 80 nm Au (Cr 

helps strengthen the adhesion between Au and the substrate.) and lift-off process. 

Figure 2.8 concludes the whole process of the lithography process, which has been 

explained thoroughly in this section.  

Figure 2.8 Schematic of the lithography and lift-off process. For the exposure process, the 

beam could be either light or electrons with corresponding resist types. 
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2.2 Characterisation techniques 

2.2.1 Raman spectroscopy 

Raman spectroscopy was invented by Raman and Krishnan in 1928131. Raman spectrum 

measures the energy shift between the incident and scattered photon when the incident 

light is scattered inelastically by the atoms or molecules of the sample. Raman 

scattering contains two modes: Stokes and anti-Stokes, shown in Figure 2.9. For Stokes 

scattering, the incident photon excites the electron to a virtual state, and then the 

electron returns to its vibrational state. Therefore, the scattered photon has lower energy 

than the incident one. For anti-Stokes scattering, the electron is already at the 

vibrational state and then excited to a virtual state and transits to the ground state. 

Therefore, the scattered photon has higher energy than the incident photons. Usually, 

stokes scattering is stronger because more electrons are located at the ground state. 

Different materials have unique Raman shifts, which can be used to characterize 

different samples. 

 

Figure 2.9 Schematic of Stokes and anti-Stokes modes of Raman scattering 

Raman spectrum is a reliable technique to distinguish the monolayer property of 2D 

material36, which has been shown in Chapter 1 (Figure 1.3b and Figure 1.7 for the 

Raman spectrum of monolayer graphene and MoS2). For graphene, except for detecting 
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the layer numbers, the Raman spectrum can even be able to tell its doping level by the 

ratio of 2D and G peak intensities and the full-width at half-maximum (FWHM) of the 

G peak39.  

2.2.2 Atomic force microscopy  

Atomic force microscopy (AFM) was invented in 1980 by Binnig, Quate, and Gerber132. 

AFM detects the interaction between a cantilever tip and the sample surface, from 

which the morphology information of the sample surface can be deduced. Compared 

with scanning tunneling microscopy (STM) developed earlier by Binnig and Rohrer133, 

there is no requirement for the sample's conductivity, so its application is greatly 

expanded. 

Atomic force microscopy (AFM) contains three parts: laser, detector, and cantilever tip, 

shown in Figure 2.10. A low-power laser spot irradiates on the back of the cantilever 

tip, and the reflected signal is projected on the photodetector. The curvature radius of 

the probe tip is about several nanometers. When the tip sweeps on the sample's surface, 

the interaction force between the tip and the sample will lead to the deflection and 

vibration change of the cantilever. As a result, the reflected beam spot's position on the 

photodetector screen is also changed. By analyzing the signal information from the 

photodetector, the surface morphology of the sample can be deduced. In this thesis, 

AFM (Bruker Dimension Icon) is used to measure the thickness and roughness of 2D 

material and thin films. Tapping mode is used where the cantilever vibrates at its 

resonant frequency and regularly taps the sample surface.  
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Figure 2.10 Schematic of the atomic layer microscopy 

2.2.3 Scanning electron microscopy 

Although Max Knoll134 produced a photo using an electron beam scanner two years 

earlier, scanning electron microscopy (SEM) was firstly presently by Manfred von 

Ardenne135 in 1937 by scanning a small raster with a focused electron beam. The 

principle of SEM is using a narrow-focused high-energy electron beam to scan the 

sample point by point, with the help of the scanning foil. Due to the interaction between 

the incident electron and the sample, secondary electrons will be excited. By collecting, 

amplifying, and re-imaging these secondary electrons' information, the morphology of 

the material can be characterized. The simplified structure of a scanning electron 

microscope is shown in Fig. 2.11. The electron beam from the electron gun is focused 

with a group of magnetic lenses, and the beam size is selected by a shielding aperture. 

After passing through a set of scanning coils (controlled by the sweeping circuit to scan 

on the sample with a certain order) and an objective lens, the electrons are emitted on 

the sample. Detectors are installed above the sample to collect the secondary electrons 

and other particles. The collected electrons then form the final image at the image 

module, which contains a photomultiplier tube, video amplifier, and screen. The 

scanning electron microscope used in this thesis is the Zeiss EVO MA10 electron 

microscope, with a resolution of 100 nm. 
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Figure 2.11 Simplified schematic of the scanning electron microscope 

2.2.4 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface analysis method. Similar to SEM 

where secondary electrons are excited, in an XPS measurement, X-ray irradiates on the 

sample, and the inner electrons or valence electrons of the sample atoms are excited 

and emitted out136, 137. These excited electrons by X-ray are called photoelectrons. The 

energy and quantity of these excited photoelectrons are then measured, which are 

determined by their binding energies, therefore the element composition and chemical 

state of the sample surface could be identified, including the molecular structure and 

atomic valence state and chemical bonds of various compounds. For XPS measurement, 

the excited photoelectrons only come from the surface of the sample (usually 10 nm 

analysis depth), and could analyze a small area and has tiny damage to the sample. 

2.2.5 Ellipsometry 

Ellipsometry measures the ratio of light reflection for two different polarization when 

the light is reflected by the measured material (usually thin films). In this way, the 

thickness and optical properties of the material can be determined138, 139. P. Drude140 

firstly built this instrument, while Rothen141 named it ellipsometry in 1945. An 

ellipsometer contains four parts: a lamp, polarizer, analyzer, and detector, which is 
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shown in Figure 2.12. The incident light becomes polarized after passing through the 

polarizer. An optional compensator is sometimes used here to modify the polarization 

state further. Then, the incident polarized light emits on the sample, partly transmitting 

into the sample and partly reflected at the surface. The reflected light passes an analyzer 

and is collected by the detector. The detector measures two ellipsometry parameters Ψ 

and Δ, which are related to the Fresnel reflection coefficients rp and rs (p- and s- refer 

to the polarization direction) by the following equation. 

ρ =
rp

rs
= tanΨeiΔ (2.1)

By taking a group of reflection spectra at different incident angles, the thickness and 

refractive index of the films involved can be restored using Fresnel’s equations and 

mathematical modeling. Except for the characterization of the film properties, the 

spectroscopic ellipsometry can also be directly utilized to obtain the reflection spectra 

for polarized light (see chapter 3). Furthermore, ellipsometry can also measure the 

transmission spectra (not included in this thesis). The ellipsometer used in this thesis 

was J. A. Woollam M-2000F variable-angle spectroscopic ellipsometer.  

 

Figure 2.12 Schematic of the ellipsometer set-up, working at the reflection mode. Ellipsometry 

usually needs at least four groups of data measured at different incident angles to get the 

accurate parameters of the film properties. 
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2.2.6 Fourier transform infrared spectroscopy 

The principle of Fourier transform infrared (FTIR) spectroscopy is to use Fourier 

transform to decompose the interference pattern obtained by the interferometer142 

structure to produce the wavelength-dependent spectrum. Fellgett presented the first 

idea of this technology in 1951 in his thesis143. Compared to traditional dispersive 

spectroscopy (mostly relying on an optical grating structure), FTIR has a higher spectral 

resolution, faster detection speed, and a more substantial signal-to-noise ratio. 

Figure 2.13 displays the structure of FTIR, which consists of four parts: multiple light 

sources to determine the spectrum of different ranges; a Michelson interferometer 

structure with two reflection mirrors. The movable mirror makes a specific optical path 

difference between the two split beams; then the composite beam can form the 

constructive or destructive interference; Detector which is similar to dispersive infrared 

spectrometers; Data processing system which performs the Fourier transform to obtain 

the frequency spectrum from the time domain interferogram (with all frequencies 

information combined). In this thesis, FTIR spectroscopy is performed with a Bruker 

Vertex 80 system and a Hyperion 3000 microscope. 

 

Figure 2.13 Schematic of a Fourier transform infrared spectrometer, mainly containing a 

Michelson interferometer and a Fourier transform calculating module. 
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2.2.7 Electronic transport measurements 

To measure the transport characteristics of graphene, two probe measurements were 

conducted in this thesis. The circuit diagram is shown in Figure 2.14. A lock-in 

amplifier (SR830, Stanford) provides an a.c. source and the voltmeter. For the lock-in 

amplifier, the alternating current (AC) power source generates the electrical signal at a 

specific frequency, and the voltmeter only measures the signal at that frequency, 

therefore highly reducing the noise, which is very useful for small signal measurements.  

The resistance of graphene was at the kilo-ohms scale. The load resistance Rs was 

usually set as a ~MΩ scale in our measurement, significantly larger than the graphene 

resistance Rg. If the source voltage is Vs, the current flowing through graphene would 

be 
Vs

Rs
. Usually, the current is controlled at less than 1 µA to protect the nanodevices. 

Then, another gate voltage Vgate was applied (with the help of a Keithley 2400 Source 

meter) to change the graphene carrier density, which leads to its resistance change. As 

a result, the measured value from the voltmeter was monitored. Using a Labview 

program, we swept the gate voltage at a certain range/speed and recorded the measured 

voltage from the lock-in amplifier. While applying the gate voltage, the leakage current 

was also recorded at the same time. Usually, a ~ nA scale leakage current assures the 

stability of the nano-devices. If the leakage current was too large or reached the set 

value, it implied that the gate voltage possibly reached a breakdown value for a specific 

dielectric layer. 
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Figure 2.14 Electrical circuits of transport characteristic measurements of a simple graphene 

gating device. The purple rectangle refers to graphene (or other measured samples) with 

resistance Rg.  

2.2.8 Finite-Difference Time-Domain simulation 

Finite-difference time-domain (FDTD) is an important method in the field of 

electromagnetic field simulation. Currently, there are two famous software on the 

market Lumerical FDTD solutions and Comsol Multiphysics. FDTD method was 

proposed by K. S. Yee in 1966144, based on Maxwell equations. In an FDTD simulation, 

the analysis space is grided. Given an initial setting, the electrical field and magnetic 

field can be calculated step by step with time. Therefore, we can obtain the steady-state 

result from the time-domain signal. By building the dispersion characteristics of the 

material and device structure, wide-band multi-wavelength results could be obtained at 

one time. With the development of computer technology, the FDTD method has made 

great progress in electromagnetics, electricity and optics. In Chapter 4, we used FDTD 

solutions and Comsol multiphysics to simulate the electrical field inside a plasmonic 

waveguide structure.  
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Chapter 3 

A MoS2 electro-optical modulator based 

on Fabry-Perot structure  

This chapter describes an electro-optical modulator that consists of a CMOS-

compatible silicon nitride (Si3N4) dielectric layer sandwiched between a gold (Au) film 

and a molybdenum disulfide (MoS2) monolayer to enhance the electrooptical 

absorption of MoS2 with the help of the Fabry-Perot structure. Our modulator achieves 

a polarization-selective modulation at a narrow wavelength range near the MoS2 

energy of excitons, reaching a 6 dB maximum visible light modulation depth. The 

possibility of using two-dimensional materials to modulate visible light by our device 

and the reasonably large modulation depth achieved with MoS2 may contribute to the 

manufacture of reliable electro-optical visible-range optical modulators. We also 

extracted the gate dependence of the optical constants of MoS2 and model it with a 

Lorentzian function (describing frequency-dependent dielectric constant) for the first 

time. The work is published in NPJ 2D Materials Applications62. In this work, I helped 

build the transmission matrix model of the device and did the simulation of the 

nanodevice's reflection at different incident angles. I measured the AFM images of the 

samples, performed ellipsometry and FTIR measurements. 

3.1 Introduction  

The birth of 2D materials has brought new blood for various applications from tiny 

electro-optic and optoelectronic devices3, 5, 19, to bio-sensing6, and data-storage devices7, 
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etc. As illustrated in section 1.3, compared to the bulk semiconductor material, 2D 

materials offer promising properties in the field of optical modulation which needs the 

manipulation of light-matter interaction, especially with its easily controllable optical 

properties. Electrical control is one of the feasible methods for tuning the optical 

constants of 2D material. Multiple electro-optical modulators based on 2D material 

have been reported19, which also provided new insights into properties of 2D materials 

and the working mechanisms. Monolayer molybdenum disulphide (MoS2) has attracted 

large interest in electro-optics in recent years due to its unique band structure and 

excitonic excitations11, 47, 48. Monolayer MoS2 is composed of S and Mo atoms planes 

with an ionic-covalent interaction. Unlike the indirect bandgap of bulk MoS2 

semiconductor, its monolayer has a direct bandgap of Eg ≈ 1.9 eV, which is specially 

located at the visible range (details illustrated in section 1.3.1). Compared to graphene, 

MoS2 is much more chemically and electrically stable, which provides feasibility for 

practical optoelectronic devcies. 

Compared to other 2D materials, MoS2 has a relatively large absorption of visible light 

at the level of up to 10%83, produced by the dipole transition between localized d-

orbitals. However, this is still not enough for the application of a practical optical 

modulator with an adequate modulation depth. Previous reported MoS2 optical 

modulator has a light modulation at the level of only 4% with a 280 nm SiO2 electrical-

gating dielectric layer at a relatively large gate voltage range from -70 V to 80 V22. 

Therefore, to make an effectively working optical device, different structures are 

usually designed to promote the interaction between light and MoS2. It is reported that 

by coupling MoS2 with metamaterial structures145 or plasmonic nano-particles25, 146, the 

light-matter interaction between MoS2 and light can be enhanced. Optical cavities were 
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also used to increase the absorption of monolayer MoS2 by coupling atomic-thick MoS2 

to the cavity structure147. 

Here we describe a hybrid planar metal-dielectric-2D material nanostructure, 

combining MoS2 monolayer, silicon nitride (Si3N4) dielectric, and the bottom gate Au. 

These three components make up a Fabry-Perot structure, which effectively enhanced 

the absorption of MoS2 for absorptive optical modulation. Our device demonstrated a 

6 dB (440%) visible light modulation depth at a large incident angle by controlling the 

bottom gate voltage. The modulation is mainly located at a narrow range of the 

excitonic band of MoS2, whose optical constants are controlled by the electrical field. 

Our device offers a practical and straightforward solution for visible light modulation. 

3.2 Sample preparation  

Figure 3.1a shows the schematics of our device and light propagation in it. A silicon 

nitride (Si3N4, 𝜀 = 8.5) layer is sandwiched between MoS2 monolayer and bottom gold 

film. Ellipsometry was used to measure the optical reflection with s- and p- polarized 

light. The gold film works as a gate contact and a reflecting mirror; see Figure 3.1. To 

fabricate the device, a 65 nm Au film was first evaporated by electron beam on a 1 mm 

thick quartz substrate with a 3 nm Cr adhesive layer underneath. A 390 nm thin Si3N4 

dielectric layer was then deposited on the substrate by chemical vapor deposition 

(CVD). A CVD MoS2 monolayer (from 2D semiconductor company) on PMMA was 

transferred (facing down) on the substrate through a micromanipulator. Then the whole 

sample was baked, and PMMA was dissolved by acetone. Finally, Au contacts were 

connected to the top monolayer MoS2, making the final device.  
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Figure 3.1 (a) The schematic of our modulator device. Polarized light emits on monolayer 

MoS2 at an incident angle and transmits through. (b) Multiple internal reflections caused by  

Au/Si3N4/MoS2 Fabry-Perot structure lead to the enhancement of the optical absorption of the 

MoS2 monolayer. (From Ref. 62) 

The property of MoS2 monolayer has been characterized by AFM. A microscope image 

of MoS2 monolayer on Si3N4 and the corresponding AFM image captured with the 

tapping mode is shown in Figure 3.2. The measured thickness was around 0.7 nm, 

proving the monolayer property of MoS2.  

 

Figure 3.2 (a) Contact-mode AFM image of a MoS2 monolayer with Si3N4 underneath. (b) The 

measured thickness of monolayer MoS2. The jump in the plot is caused by the rolls at the edge 

of the MoS2 monolayer and the fluctuations are mainly caused by the surface roughness of 

Si3N4 and Au. 
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3.3 Normal reflection  

We found that the intensity modulation of the reflected light with the gate voltage at 

the normal incident angle was not a good choice. Figure 3.3 shows the reflection spectra 

at different gate voltages normalized at the reflection spectrum at zero gate voltage 

R(Vg)/R(Vg=0V) for our device measured with the help of FTIR. The applied gate 

voltage changes the carrier density in MoS2 
48, affecting its interaction with light at the 

excitonic band. From the analysis in section 3.5, we could know that the absorption 

coefficient of monolayer MoS2 decreases when the gate voltage increases from -100 V 

to 100 V, which causes less absorption and more reflection. We measured a maximum 

reflection modulation of 3% at the maximum positive and negative voltages applied. 

The relative reflection spectrum in Figure 3.3 shows typical peaks at 665 nm while the 

positive/negative gate voltage increases/decreases. The leakage current for our device 

at Vg=100 V was only 1 nA, which suggests good dielectric quality of the dielectric 

Si3N4 layer.  

 

Figure 3.3 (a) Normal incident relative reflectance spectra at different gate voltages normalized 

by the spectrum with Vg = 0 V.  
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3.4 Reflection modulation with gate voltage at oblique incidence 

For a normal incidence, the reflected light intensity change is only 3% with gate 

voltages, shown in Figure 3.3. However, at a large incident angle, due to the multi 

internal reflections of monolayer MoS2 and light, we achieved close to 13% s-polarized 

light reflection change, measured with an ellipsometer (VASE, J.A. Woollam Co., Inc.) 

with a 50 μm focal spot on MoS2. Figure 3.4 shows the reflectivity of our 

Au/Si3N4/MoS2 nanostructure under differently polarized light as a function of the 

incident angle. We observed two pronounced and deep Fabry-Perot resonances near 

480 nm and 630 nm for s-polarized light, Fig. 3.4(a). The resonance minima for p-

polarized light were less pronounced and weaker, see Fig. 3.4(b).  

 

Figure 3.4 (a) The reflectivity change under different incident angles for (a) s-polarized light 

and (b) p-polarized light of our Au/Si3N4/MoS2 device 

One can see that larger incident angles resulted in a narrower and deeper minima in the 

reflection spectrum for s-polarized light observed in the range of 550-700 nm. 

Therefore, we measured the gate voltage-dependent modulation at an incident angle of 

80 for s-polarised reflectance R(Vg). Figures 3.5a, b display the results. The absolute 

value of Rs(Vg) changes more than 10% in the gate voltage range between 0 and 100V, 
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with a relative ratio of Rs(Vg)/Rs(0 V) up to 440%, which gives a modulation depth of 

6 dB with an insertion loss of 15 dB. The modulation enhancement is mainly caused by 

the multi-interactions between light and monolayer MoS2 and the FP resonance 

property located at the excitonic band of monolayer MoS2. When a gate voltage is 

applied, the excitonic absorption of monolayer MoS2 is decreased, which leads to the 

reflection increment. With a modulated gate voltage, we could have a modulated 

reflective light intensity. Researchers have achieved a 15 dB modulation depth with 

graphene in the near-infrared range72, 74. MoS2 is a good material for modulators 

working at the visible range. We also measured the gate voltage-induced modulation 

for p-polarised light, which shows a much more broadband modulation beyond the 

resonance peaks area (Figures 3.5c, d). We consider that the special gating response for 

p-polarized light is related to the out-of-plane dipoles of MoS2, therefore showing a 

different spectrum compared to the s-light response. The in-plane and out-of-plane 

photo-luminescence have been reported in MoS2 monolayer where the out-of-plane 

dipole photo-luminescence emission was much smaller than that of the in-plane dipole 

photo-luminescence148.  
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Figure 3.5 The gate voltage dependence (from -100 V to 100 V) of the reflection change for 

(a, b) s-polarized light and (c, d) p-polarized light of our Au/Si3N4/MoS2 device.  

3.5 Optical constant analysis from ellipsometry 

One of the advantages of ellipsometry is that it can provide the optical constant 

information by modeling the ellipsometric spectra  and  (see section 2.2.4 for theory 

about ellipsometry). This method can be used to directly characterize the complex 

refractive index of a MoS2 monolayer and its dependence on the electrical field. To this 

end, we used a Fresnel multilayer model that contains a quartz substrate, an Au layer, 

a Si3N4 dielectric, and a 0.7 nm MoS2 monolayer. Our work provides the first detailed 

analysis of the dependence of the refractive constants of MoS2 on the applied gate 

voltage. 
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The spectrum of the gate voltage-dependent optical constants n() and k() are shown 

in Figure 3.6, extracted from the variable incident angle ellipsometry measurements. 

We observed two significant peaks at the wavelength range of 550-700 nm in both n 

and k spectrum. The A and B exciton transitions between the valence band and the 

conduction band result from the spin-orbit interaction splitting, as mentioned in section 

1.322.  

The optical constants for positive and negative gate voltages shown in Figure 3.6 are 

symmetric with respect to the gate voltage 0 V, which reveals that the change of optical 

constants near the exciton band is mainly caused by the gate voltage induced change of 

charge carrier density of MoS2 monolayer. The refractive index real part n and 

imaginary part k both decrease with the increase of gate voltage (from – 100 V to + 75 

V) in the range of 600-700 nm. With the increment of the gate voltage from -100 V to 

75 V, the number of induced electrons in MoS2 is increased, which reveals that the 

contribution from A and B exciton transitions are suppressed by the induced electrons, 

which can be explained by the Pauli blocking effect when the electrons influence the 

optical absorption from the excitons in MoS2. However, the exact effect could be much 

more complicated, as both the refractive index n and extinction coefficient k of MoS2 

has a dependence on the gate voltage, and both of them have slight peaks shifts, and the 

initial doping of monolayer MoS2 should also be considered. We will use a multi-

Lorentzian dispersion model in the next section to investigate the gate-voltage-

dependent dielectric constant of monolayer MoS2. 
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Figure 3.6 Gate voltage dependence of the complex refractive index of monolayer MoS2, 

extracted from ellipsometric data: real part n (a) and imaginary part k (b).  

3.6 Lorentzian dispersion model 

Compared to the Drude model, which describes the dielectric constant of metal (see 

section 1.5.2), a Lorentzian model is widely used to describe the dielectric constant of 

a semi-conductor. A multi-Lorentzian function149 can be used to model the extracted 

dielectric function of the CVD MoS2 monolayer from the ellipsometric data 

𝜀(𝜔) = 1 + ∑
𝑓𝑚

𝐸𝑚2 − 𝐸2 − 𝑖𝐸𝛾𝑚

𝑁

𝑚=1

(3.1) 

where fm is the oscillator strength, Em is spectral resonance energy, and m is the spectral 

width, for the m-th oscillator. By fitting the multi-Lorentzian function to the measured 

refractive index data shown in Figure 3.6 through the equation () = (n+ik)2, we get 

the evaluated numbers for the corresponding parameters of the Lorentzian function to 

describe the dielectric constant of a MoS2 monolayer. It needs to be noted that several 

batches of ellipsometric data at different incident angles and gate voltages are used for 

this fitting process. The analytical parameters obtained of the fm, Em, and m parameters 
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are presented in Table 1, and Figure 3.7 compares the fitted result with the measured 

one for 0 V and 75 V gate voltage.  

Table 1. The fitted multi-Lorentzian parameters for the complex refractive index of MoS2 

monolayer as a function of the gate voltage. 

m 

MoS2 monolayer 

Vg = 0 V Vg = 75 V (-100 V) 

Em (eV) fm (eV2) m (eV) Em (eV) fm (eV2) m (eV) 

1 (A) 1.89 0.4 0.059 1.89 0.15  (0.57) 0.068 (0.073) 

2 (B) 2.03 1.75 0.12 2.03 1.15  (2.03) 0.17    (0.15) 

3 2.877 42.5 0.37 2.87 42.5 0.37 

4 2.275 5.0 1.2 2.275 5.0 1.2 

5 3.745 160 1.3 3.77 160 1.3 

 

Figure 3.7 Measured and fitted absorption coefficient of monolayer MoS2 for different gate 

voltages. 

For A and B excitonic transitions, which correspond to the first and second k-th 

oscillator in the multi-Lorentzian function, the fitting results in table 1 show that only 
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oscillator strengths fm and widths m display significant change under the external 

electrical gate voltage Vg, while the excitonic transition energies Em do not change 

significantly with the change of Vg. This is in good agreement with the theory where 

the screening effects on the bandgap renormalization and the exciton binding energy 

could cancel out150. Therefore, the refractive index changes with different gate voltages 

are mainly contributed by changing the oscillator strength fA,B  and spectral width A,B, 

while the former one has a negative correlation with the gate voltage Vg.  

The induced carrier density in MoS2 through the geometrical capacitance is  

𝑛 =
0𝑠𝑡𝑉𝑔

𝑑𝑒
(3.2) 

where 0 is the free space permittivity, st is the static dielectric constant of the Si3N4 

film which is extracted from our FTIR measurement, d is the thickness of the Si3N4 

layer, and e means the electron charge. We plotted the dependence of the oscillator 

strength and spectral width at different gate voltages (with different carrier densities), 

with results shown in Figure 3.8. The original carrier density in monolayer MoS2 is 

about 𝑛0 = 2(
2𝑚0𝑘𝑇

ℎ2
)

3

2
= 4.321012 cm−2, where m0=0.5me is the effective electron 

mass for MoS2 bulk, k is the Boltzmann’s constant, T is the temperature set at 300 K, 

and h is Plank’s constant.  
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Figure 3.8 The parameters of the multi-Lorentzian dielectric function dependent on the 

gate voltage. (a) oscillator strengths, fA, and fB and (b) spectral width A and B of A and 

B excitonic absorption bands on the gate voltage.  

Consider the gate voltage Vg range from 0 to 100 V; the carrier density would increase 

as the gate voltage increases, which witnessed a broadening of the spectral width at the 

A and B excitonic absorption bands (increment of A,B). The situation is the same for 

the negative gate voltages. To explain fA,B’s dependence on the gate voltage, we 

proposed a possible mechanism for the gate voltage-dependent absorption at the 

excitonic band of a MoS2 monolayer– the Pauli blocking effect31, 151. As mentioned in 

section 1.2.2, due to the Pauli exclusion principle, an increment of the carrier density 

will make part of the phase space unavailable for the new formation of excitons, which 

can be described with an applicable multiexciton Wannier formalism for MoS2 

monolayer in our case152, 153. We suggest that the excitons and conduction electrons 

occupy different regions of the phase space for MoS2 monolayer and the induced 

electron density 𝑛 =
𝐶𝑆𝑖3𝑁4𝑉𝑔𝑎𝑡𝑒

𝑒
 causes the reduction of the exciton oscillator strength 

𝑓𝐴,𝐵. We proposed a rough equation to describe the relationship between the oscillator 

strength and the induced electron density as below. 
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𝑓𝐴,𝐵 = 𝑓𝐴,𝐵
0 (1 −

𝑛

𝑛𝑒𝑓𝑓
) ≈ 𝑓𝐴,𝐵

0 (1 − 𝑛 ∙ 𝜋𝑎𝐵
2) (3.3) 

where 𝑎𝐵  refers to the effective Bohr radius. Therefore, we could fit the oscillator 

strengths 𝑓𝐴,𝐵 as a function of the induced electron density through a linear correlation 

and obtain the effective Bohr radius of an exciton through equation 3.3. The estimated 

𝑎𝐵 is 1.4 nm and 1.1 nm for A and B excitons, respectively.  

For our device, the MoS2 monolayer is sandwiched between air ((air)=1) and a Si3N4 

dielectric layer (st(Si3N4)=8.5), evaluated from FTIR measurement and could be found 

in62). Hence, an average dielectric constant of the MoS2 during the ellipsometry 

measurement process can be calculated in a simple approximation110, 154:  𝑠𝑡 =

𝑎𝑖𝑟+𝑆𝑖3𝑁4

2
= 4.75. Using me=0.35m0  for electron mass and mh=0.428m0 for hole mass, 

in units of bare electron mass m0, we can estimate the effective Bohr radius of an exciton 

in monolayer MoS2 to be aB
 1.3 nm through the equation 𝑎𝐵 =

4𝜋𝑠𝑡ħ
2

𝑒2
(
1

𝑚𝑒
+

1

𝑚ℎ
), 

which is close to the analyzed effective Bohr radius from the fitting results in Figure 

3.7.   

3.7 Transfer matrix modeling 

Transfer matrix method155 is widely used in optics and acoustics. In this method, the 

change of an electromagnetic wave or acoustic wave after propagating through a 

medium could be mathematically described by a matrix applied on the original matrix, 

which contains the wave information before the propagation through the medium. Each 

medium could be treated as a matrix. Therefore, through the matrix operation, we could 

get the electromagnetic field at any medium. 
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The Fabry-Perot resonance formed at a large incident angle leads to the multi-

interactions of light and monolayer MoS2. Besides, the interference increases the local 

electrical field, thus increasing the optical absorption and modulation induced by the 

gate voltage. The gate-voltage reflection can be simulated qualitatively by the transfer 

matrix method based on the thickness information of structural components and the 

extracted complex refractive index of MoS2 monolayer from Figure 3.6. The refractive 

index of CVD Si3N4 film is modeled with a Cauchy function 

nd = 1.988 +
0.02


2 +

0.0003


4

(3.1) 

where  is the wavelength of the incident light. The simulated reflection of s- and p-

polarization are shown in Figures 3.9a and b, with a good agreement with the 

experimental results shown in Figure 3.5. The slight difference may be caused by 

surface roughness and impurities.  

 

Figure 3.9 The simulated result of the gate voltage-dependent reflection of differently polarised 

light based on the transfer matrix method. Inset of Figure a: Comparison of experimental and 

simulated s-polarization reflectivity at 0 gate voltage. 
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3.8 Conclusion 

We fabricated an electro-optical modulator based on monolayer MoS2 and a simple 

Fabry-Perot structure. With the help of Fabry-Perot resonance, the optical modulation 

can be enhanced to 6 dB for visible light at an 80-degree incident angle for s-polarized 

light, whose modulation depth is among the best for MoS2 based optical modulators22, 

25, 156. The modulation induced by the applied gate voltage is located in the excitonic 

band of the MoS2 monolayer. Besides, we extracted the gate voltage-dependent 

complex refractive index of MoS2 monolayer by ellipsometry and modelled it with a 

Lorentzian model. The absorption coefficient k is only gate-dependent in the excitonic 

range of MoS2 (about 550-700 nm). A simple Fresnel model based on the transfer 

matrix fits our experimental data well. Due to the good stability of MoS2, our device 

still works after a couple of years. With a high modulation depth, our device shows 

promising applications in the field of visible light modulators.  
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Chapter 4 

A graphene plasmonic slot waveguide 

modulator  

Plasmonic devices enable electrooptical control of light inside subwavelength regions, 

providing new opportunities for chip-based industry, such as signal-processing 

components in integrated computational network devices. In this chapter, we 

demonstrate a hybrid graphene modulator based on a plasmonic slot waveguide 

structure. This modulator works at 1550 nm, performing a 0.13 dB/µm modulation 

depth (12% absorption modulation for a 4 µm graphene piece) by modulating the 

amplitude of the gap surface plasmon mode via the gate-controlled absorption of 

graphene. In addition to the modulation, our novel structure could be utilized for 

nanoscale light field imaging with a ~20 nm spatial resolution with the help of 

graphene, determined by the p-n junction width induced in the graphene sheet by 

gating. This is much better than the resolution of optical detection subject to the 

Rayleigh criterium, and hence our work pushes forward the development of nanoscale 

integrated circuits and technology. In this work, Fran Rodriguez and I fabricated and 

measured all devices with the help of Vasyl Kravets and Fred Schedin. I did the 

simulation of the light field distribution. The theoretical model for the light field 

distribution based on the p-n junction was built by Vladimir Zenin, Sergey Bozhevolnyi, 

Konstantin Novoselov, and Alexander Grigorenko. The manuscript is under the second 

review in Nature Photonics. 
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4.1 Introduction  

Integration of electronic and photonic components on the same chip could highly 

reduce the industrial cost and promote the performance of the chip. However, there 

remains a critical mismatch between the electronic and photonic components 

introduced by the different dimensions of electrons and photons. Plasmonic devices 

paved the way for the next chip generation, which confines optical modes to the 

subwavelength scale. It could interconnect high-speed photonic and nanoscale 

electronic components, producing a nanoscale communication system28. Moreover, the 

large electromagnetic fields produced by the plasmonic resonance could enhance 

nonlinear optical effects157. Initially, prisms or gratings were indispensable to excite 

surface plasmon polariton (SPP) due to the k vector mismatch between SPP and the 

incident light (see section 1.5.2), limiting the miniaturization of plasmonic devices. 

This was overcome by various structural plasmonic devices reported in recent years, 

including stripes array devices118, metal grooves channel devices119, 158, 159, waveguide 

slot(gap) devices35,114, 120, 160 and nanodots arrays-based plasmonic surface lattice 

resonances devices161. The plasmonic slot waveguide with a metal-insulator-metal 

(MIM) structure is an attractive candidate with highly confined plasmonic modes and a 

relatively simple fabrication process.  

Graphene has emerged as a promising material in photoelectronic devices because of 

its broadband and gate-controllable light absorption and high carrier mobility16, 84, 162, 

163. Moreover, graphene is compatible with virtually any substrate, perfect for 

monolithic nanoscale integrated circuits and CMOS technology164. Graphene-based 

optical modulators and detectors have been widely studied, with excellent modulation 

depth/speed and photo-responsivity16, 20, 165, 166. However, graphene-based plasmonic 

devices have not been comprehensively investigated in this field yet. Many applications 
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focus on the biosensing area, utilizing the high sensitivity of the surface plasmon 

change based on the interaction between graphene and biomolecules167, 168. Several 

hybrid graphene plasmonic modulators have been reported, which work at the infrared 

range. A graphene plasmonic slot waveguide electro-optical modulator that uses the 

leaky mode of SPP showed modulation of 0.13 dB/µm and low insertion loss169. 

Another mid-infrared graphene plasmonic modulator based on the high-quality 

collective plasmon resonances possessed a high reflection modulation depth of 20%, 

which is the largest measured so far118. 

In this work, we integrated graphene with a plasmonic slot waveguide structure and 

successfully used graphene to modulate the gap surface plasmon (GSP) mode in the 

waveguide slot, reaching a 0.13 dB/µm modulation depth (12% absorption change), 

which is comparable with the latest results169. Except for the optical modulation, we 

proposed a novel method for nanoscale light field imaging with the help of graphene, 

with a 20 nm spatial resolution determined by the p-n junction width introduced by our 

waveguide structure, whose details will be illustrated in sections 4.4 to 4.6. 

4.2 Device structure and fabrication methods 

The plasmonic slot waveguide configuration is shown in Figure 4.1. The waveguide 

was designed to operate at telecom wavelengths. Two 4 µm wide graphene pieces were 

wet transferred on the silicon substrate, which has a 1500 nm oxide layer on the top. As 

we used incident laser signal at 1500 nm, the thick dielectric silicon oxide layer can 

minimize the penetration and leakage of the plasmonic signal to the impure silicon 

underneath, which effectively decreased the loss. A 30 nm thick high κ constant 

hafnium oxide dielectric layer is sandwiched between the waveguide structure and 

graphene stripes. The 100 nm- thick waveguides with a 300 nm slot between two sides 
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were deposited with silver. Silver contacts to the graphene flakes and the waveguide 

legs were also fabricated during this process with the same thickness. Besides, a 1.5 µm 

thick layer of PMMA covers the whole device, including the slot, which avoids the 

oxidization of silver.  

 

Figure 4.1 Schematics of the antenna-coupled plasmonic waveguide device. Two pieces of 

graphene were fabricated in our device. Two antennas (with reflectors) are fabricated separately 

at the input and output of the waveguide for coupling and decoupling of the incident and 

waveguide mode. 

Light confinement and power loss are two essential indicators for lightwave 

communication devices. Although the local field is enhanced and better confined, 

plasmonic waveguides possess increasing total propagation loss caused by the field 

overlap with the metal, compared to nanoscale photonic waveguide devices with the 

same MIM structure120, 170, 171. Besides, the insertion loss caused by the mismatch 

between the fiber-transmitted incident light and the excited plasmonic mode field is 

another problem. Different antenna structures have been developed under such 
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circumstances to diminish the insertion loss, such as tapered waveguide antenna169, 

bottom reflectors around antenna172, and Yagi-Uda style nano-antenna114, 173. Two 100 

nm-severed dipole nano-antennas are used in our device at both ends to efficiently 

couple/decouple normally incident free-space propagating radiation into the GSP mode 

supported by the plasmonic slot waveguide. The incident wave normally emits on one 

antenna and is then coupled to the waveguide slot. Furthermore, the slot waveguide 

(produced by two metal stripes) had a 90° bend designed to change the polarization of 

the output beam by 90° with respect to the polarization of the input beam. This design 

could enhance the visibility of the out-coupled (relatively weak) radiation as compared 

to that specular-reflected at the input coupler by using crossed polarizers (see Figure 

4.3). 

 

Figure 4.2 (a) SEM image of the device. The white areas correspond to the silver waveguide 

and electric contacts. The slightly darker area corresponds to the hafnium oxide dielectric. The 

positions of graphene stripes are marked with a red color. The black scale bar across the 

waveguide slot corresponds to 1 µm. (b) A microscope image of one device. Inset shows an 

enlarged picture of the nano-antenna and the reflector taken by scanning electron microscope.  

To fabricate the device, a piece of graphene grown on copper by a chemical vapor 

deposition (CVD) process was transferred on a Si substrate with a top 1.5 µm thick 
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SiO2 layer using a standard wet-transfer method (see section 2.1.1 for details of the wet-

transfer process). The area with good graphene quality was then defined by optical 

microscopy. Electron beam lithography and O2:Ar plasma etching were used to pattern 

two graphene stripes on the substrate. The dielectric layer pattern was made by electron 

beam lithography, and 30 nm hafnium oxide was deposited on the substrate above two 

graphene stripes by electron beam evaporation, which was performed by Moorfield 

deposition system at a speed of 0.6 Å/s. After the lift-off process, the sample was 

cleaned with IPA and deionized water. Then the waveguide structure and contacts 

pattern were again defined by a third electron beam lithography, using a 210 nm thick 

layer of PMMA and a high-resolution 100 kV beam. The exposed areas were developed 

at 5°C in MIBK: IPA 3:1 for 40 s and then IPA for 20 s. 1 nm Cr as an adhesion layer 

and 100 nm Ag were evaporated with a Moorfield electron beam deposition system, 

with a high deposition rate of 0.9 nm/s for the silver deposition. After the final lift-off, 

the waveguide structures were imaged with a scanning electron microscope (SEM). 

Then, the whole device was spin-coated by a 1.5 µm thick PMMA layer to protect silver 

from oxidation.  

Exposure is the most difficult part of the whole fabrication process. To find the best 

dose to make the waveguide structure, we fabricated more than ten devices and 

compared their performances. In our results, 1900 μC/cm2 of the high electron beam 

exposure gives the best performance (highest light transmission ratio through the 

waveguide), which corresponds to a roughly 300 nm wide waveguide gap.  

4.3 Experimental setup and transmission modulation  

The experimental setup is shown in Figure 4.3. A 40x microscope objective with a 0.65 

numerical aperture (NA) was used to focus 1550 nm light from a laser diode at the input 
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antenna and collect the emitted light at the output antenna. The incident light was 

polarized parallel to the input antenna by a polarizer for efficient coupling. As the 

output light will be orthogonally polarized from the incident one, another polarizer 

orthogonal to the input polarizer in front of the detecting camera can filter the output 

and the reflected light emitted from two antennas after collimation with the objective, 

as well as diminishing the scattered light signal. Using an InGaAs SWIR camera, we 

were able to check the excitation of the waveguide mode and detect the input and output 

light intensities, which can also help find the tiny sample on the substrate.  

 

Figure 4.3 The experimental setup. A lamp and CCD camera were used to observe the sample. 

A NIR camera was used to detect input and output signals and measure the light modulation 

with the gate voltage. An optical chopper and lock-in were used to achieve electrical detection 

between the source and drain of graphene, which will be illustrated in section 4.5. 

First, the gating characteristics of graphene were determined by applying the same gate 

voltage to both waveguide sides G1 and G2, with the graphene strip being grounded 

(corresponding transport characteristic shown in Figure 4.11a). The ratio of the 

maximum and minimum values of the graphene sheet resistance was above 4, which 

suggests good quality of the CVD graphene used. We also checked that the graphene 



82 
 

strips interacts with the GSP waveguide mode by realizing modulation of output light 

intensity where graphene was gated to achieve the Pauli blocking effect.84, 174 An image 

of the output light taken with the SWIR camera is shown in Figure 4.4a. The SWIR 

camera was also used to measure the light intensities. The total waveguide losses were 

estimated as the ratio of the average light intensity emitted from the output antenna over 

the average intensity of the incident light. To measure the intensity of the incident light, 

the laser spot was focused on a metal pad, and its reflected intensity was measured with 

the two polarizers set to be parallel. 

Figure 4.4 (a) Light transmitted by the waveguide imaged with an InGaAs camera. The 

waveguide design is superposed on the image for reference. (b) The average intensity of the 

output light for short and long waveguide structures. We measured 3 short waveguide devices 

and 5 long waveguide devices from the same batch of fabrication. The red and black dash lines 

represent the measured average intensity for 3 short waveguides and 5 long waveguides, 

respectively. 

To separate coupling and transmission losses, we fabricated two devices with different 

waveguide lengths of 20.8 μm and 14.8 μm (the coupling antennas and the bends were 

the same). The total losses for each waveguide were measured at the same input laser 

power (with no gating applied) in Figure 4.4b. The total light losses for the device can 
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be written as 𝑇𝑡𝑜𝑡 = 𝐾𝑖𝑛𝑇(𝑙)𝐾𝑜𝑢𝑡, where 𝐾𝑖𝑛 is the coupling coefficient for the input 

antenna, 𝐾𝑜𝑢𝑡 is the coupling coefficient for the output antenna and 𝑇(𝑙) = 𝑒𝑥𝑝( − 𝛼𝑙) 

is the losses in the waveguide defined by the loss factor, 𝛼. Since the input and output 

antennas were identical, we assume that 𝐾𝑖𝑛 = 𝐾𝑜𝑢𝑡. From the measured transmission 

for short and long waveguides, we have evaluated the coupling efficiency 𝐾𝑖𝑛 =

𝐾𝑜𝑢𝑡 = 7% while the loss factor in the waveguide was found to be 𝛼 = 10 dB/m. 

The mechanism of light modulation in our hybrid plasmonic slot waveguide was 

achieved by graphene gating. With a gate voltage, we could control the Fermi level in 

graphene in order to control its optical absorption by optical Pauli blocking as illustrated 

in section 1.2.2. By switching the absorption of graphene on and off, we could achieve 

a modulation of the waveguide light175. To achieve maximum light modulation, both 

stripes of the graphene were connected to the ground while both sides of waveguide G1 

and G2 were connected to the modulation signal (simple schematic shown in Figure 

4.5).  

 

Figure 4.5 The cross-section schematic of the plasmonic slot waveguide and the gate voltage 

connection for plasmonic modulation. An AC voltage is applied on both sides of the waveguide 

slots while graphene is grounded. 

Figure 4.6a shows the modulation of the output light intensity under the application of 

a 1 Hz square-wave modulation signal with 6 V amplitude and 1 V offset to control the 
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absorption of graphene. The offset voltage was necessary to offset the Fermi level of 

graphene closer to the position where Pauli blocking84 occurs at the wavelength of 

interest graphene (see section 1.2.2). In this case, when the gate voltage is 0 V, graphene 

is at the charge neutral point, having the maximum absorption. When the gate voltage 

is switched to 6 V(6 V AC gate voltage is the highest value we can applied on our 

device with 30 nm e-beam HfO2 dielectric layer), the Fermi level reaches to the 

maximum, where graphene has a minimum absorption. Therefore, by applying a square 

wave electrical signal (AC gate voltage) from 0V to 6V, the maximum modulation of 

the transmitted output light (from the output antenna) in the plasmonic slot waveguide 

was achieved, close to 12% at 10 mW incident laser power for a 4 µm graphene piece, 

which corresponds to the modulation depth of 0.12 dB/µm. The dark noise has been 

considered when calculating transmittance. The modulation result is reasonably good 

for the studied geometry175. On the other hand, the slot plasmonic waveguide and 

coupling antennas used in our work were designed for a broadband operation. We have 

tested our devices' optical properties using several laser diodes with wavelengths from 

1300 nm to 1630 nm and observed similar modulation depths, shown in Figure 4.6b. 

We have also checked that our devices retained their modulation properties up to the 

modulation frequency of 100 kHz, which was the maximal frequency we can apply in 

our installation. The operation frequencies in similar graphene waveguide structures 

could reach 65 GHz.176  
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Figure 4.6 (a) Normalized transmittance when applying a 1 Hz square modulation signal 

between 1 V and 7 V to both sides of the waveguide while graphene is grounded. (b) Broadband 

operation tests from 1300 nm to 1630 nm, which gives a reliable and scalable modulation. 

4.4 Concept of light field imaging in 2D 

Recently, the developments of plasmonic structures107, plasmonic waveguides106, 

graphene plasmonics110, 177, optical phononics178 and superlenses179, 180 have 

significantly promoted the field of nanoscale light manipulation and characterization. 

However, due to the diffraction limit, the spatial resolution with an optical method is 

still limited to a fraction of the light wavelength light field, relying on the detection of 

the scattered optical fields181.  

In this section, we will describe a new method of nanoscale light field imaging where 

we image the light but not the object with a lateral resolution of ~ 20 nm by controlling 

the position of a p-n junction induced in graphene with an external gate voltage, based 

on the photoelectric effect in the p-n junction in our plasmonic waveguide sample. The 

optical field imaging was defined in the graphene plane by measuring the electric field 

profile of a strongly confined plasmonic slot-waveguide mode at telecom wavelengths, 

whose result was in excellent agreement with the numerically simulated mode profile. 
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Our method provides another way of nanoscale light field imaging with high spatial 

resolution and precision. 

The concept of nanoscale light field mapping is illustrated in Figure 4.7, which is also 

based on our plasmonic waveguide structure discussed in this chapter. A graphene sheet 

is placed in the region of interest and electrically connected with source and drain 

contacts, which are made from the same material (Ag for our device) and are kept at 

the same temperature to avoid thermopower parasitic signals. A gate dielectric is 

deposited on top of graphene, and two parallel metallic gates are fabricated on top of 

the dielectric, which defines the orientation of the p-n junction and the scanning 

direction. Two-dimensional light imaging with this concept is principally feasible but 

would require a more complex gating arrangement, with scanning directions parallel 

and perpendicular to the gate electrodes, respectively. 

 

Figure 4.7 Schematics of a p-n junction induced in graphene by gating of a plasmonic 

waveguide. 

When the area between the two gating contacts of graphene is exposed to light, an 

additional electrical signal could be observed between the source and the drain contacts, 

which can be contributed from several phenomena: the photoelectric182, 

thermoelectric183, and bolometric184 effects, while bolometric effect should be zero in 

non-biased graphene184. It is worth mentioning that graphene absorbs ~ 2.3% visible 



87 
 

and near-infrared light at normal incidence38 and has the level of 0.01 – 0.1 dB/m for 

confined plasmonic modes propagating along the graphene layer34. Therefore, the 

influence of graphene on light field distributions can be neglected.  

The thermoelectric effect usually yields the largest contribution184. However, the 

thermoelectric contribution from the Seebeck effect should be zero where the source 

and the drain are made of the same material and are kept at the same temperature in our 

geometry. It needs to be mentioned that the thermoelectric Seebeck effect could have 

singular contributions when there is a discontinuity in the temperature derivative185 or 

dependence of the mean free path of electrons on the wavevector186. Therefore, the main 

contribution to the electrical signal should come from the photoelectric effect for our 

geometry, which requires the presence of a p-n junction in graphene to separate 

electrons and holes produced during light absorption.  

4.5 Light propagation in plasmonic slot waveguides 

The light propagation and field distribution in our device was modeled firstly with finite 

difference time domain (FDTD) simulations (Lumerical) for our experimental 

geometry and conditions. Figure 4.8 shows the simulated electric field components at 

the plane where graphene is located (graphene is not considered for the facilitation of 

simulation) with a 1550 nm excitation light at the input antenna with no applied gate 

voltage and graphene. All electrical field components are mostly symmetric concerning 

the middle of the waveguide, except for the asymmetry at the waveguide bend area.  
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Figure 4.8 Simulation of the electrical intensity at the plane graphene should be located at. (a) 

The 2D map of the real part of Ex. (b) The 2D map of the real part of Ey. (c) The 2D map of the 

real part of Ez.  

Figure 4.9a reveals a detailed propagation and attenuation of the GSP mode in the slot 

waveguide. The simulated power transmission ratio Pout/Pin at the output and input 

antennas was 0.12%, close to the experimentally measured result in section 1.3. We 

further employed the two-dimensional (2D) mode analysis using the finite-element 

method (FEM) implemented in COMSOL software to get more accurate information 

of the studied GSP mode (FDTD solutions gives a 3D simulation for entire field 

distribution, and Comsol is better to deal with 2D simulation for better accuracy of the 

electric fields). The 2D distribution of electric field magnitude in the waveguide cross-

section shown in Fig. 4.9b represents a typical GSP mode field profile in a slot 
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waveguide. The electric field component Ex is strong and weakly varies across the slot 

in the graphene plane, resembling the electrostatic field distribution in a capacitor.  

Figure 4.9 (a) Simulated electric field distribution excited by a laser beam (wavelength of 1550 

nm) that falls onto the input antenna (taken in the plane of the waveguide at the half-height of 

the waveguide and calculated with the help of Lumerical FDTD solutions). (b) Simulated 

electric field distribution in the cross-section of the plasmonic slot waveguide calculated with 

the help of Comsol software. 

4.6 Nanoscale light field imaging in graphene 

Now we can suggest a conceptually new method of nanoscale light field imaging. 

Initially doped graphene is gated with a positively applied voltage VG2 while the other 

end is connected to the ground (VG1 = 0). A p-n junction is formed in the area where 

light is present in the waveguide slot, as shown in Figure 4.7. A non-zero photoelectric 

current is generated, proportional to the electric field intensity at the p-n junction 

position, where the light-generated electron-hole pairs are separated due to the electric 

field applied.  

To calculate the Fermi energy across the p-n junction in graphene in our structure under 

the gate voltage shown in Figure 4.10a, we used the established methodology described 
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in187, 188, with a 30-nm-thin hafnia dielectric separator. The electrostatic problem can be 

addressed by solving the Poisson equation (cgs system) as 

−𝛻(𝜀𝛻𝜑) = 4𝜋𝜌𝑓𝑟𝑒𝑒(𝜑) (4.6)

where 𝜑  is the electric potential, 𝜀  is the dielectric permittivity of the materials 

involved, 𝜌𝑓𝑟𝑒𝑒(𝜑) is the density of the free charges with proper boundary conditions. 

The density of free changes in graphene is 𝜌𝑓𝑟𝑒𝑒(𝜑) =
𝜎(𝜑)

𝑡𝑔𝑟
, where 𝜎(𝜑) = 𝑒(𝑝(𝜑) −

𝑛(𝜑)) is the surface charge density, 𝑝(𝜑) and 𝑛(𝜑) are the graphene surface density 

of holes and electrons, and 𝑡𝑔𝑟 is the graphene thickness.  

The surface density of holes and electrons for undoped graphene can be found as 

𝑝(𝜑) = 𝑁𝐺𝐹1 (
𝑒𝜑

𝑘𝐵𝑇
) and 𝑛(𝜑) = 𝑁𝐺𝐹1 (−

𝑒𝜑

𝑘𝐵𝑇
), where 𝑘𝐵 is the Boltzmann constant, T 

is the temperature, 𝑁𝐺 =
2

𝜋
(
𝑘𝐵𝑇

ℏ𝑣𝐹
)
2

 (𝑣𝐹 is the Fermi speed of the electrons in graphene 

and ℏ is the Plank constant ), and 𝐹1(𝑥) = ∫
𝑢

1+𝑒𝑥𝑝(𝑢−𝑥)
𝑑𝑢

∞

0
. The absence of the 

current in graphene when there is no illumination implies that 𝜑′ = 𝜑 + 𝜉(𝑥, 𝑇(𝑥))/

𝑒 = 𝐶𝑜𝑛𝑠𝑡, which allows one to calculate the electric field inside the p-n junction. The 

free charges at the metal interface can be calculated using the mirror method.  

In this case, a change in the gate voltage causes a lateral displacement of the p-n 

junction location within the graphene sheet (see Figure 4.10b). The photoelectrical 

signal intensity depends on the light field intensity at the p-n junction location. By 

moving the p-n junction where the photoelectric signal is generated, we could 

accurately map the light field distribution across the gap between the gating electrodes. 

In contrast to scanning near-field microscopy189, this field mapping method does not 

involve any moving parts and is therefore amenable to precise control of the scanning 

coordinate.  
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The lateral size of the p-n junction can be estimated from the built-in electric field 

distribution, shown in Figure 4.10c). For a 30-nm-thin hafnia separator, this value is 

around 20 nm, close to the previously reported values187, 188. This lateral size of the p-n 

junction in graphene determines the spatial resolution (for one direction) of our 

described light field mapping approach, which can further be improved by decreasing 

the thickness of a dielectric layer or lowering the temperature. 
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.  

Figure 4.10 (a) Fermi energy in initially doped graphene (x-axis refers to the position in the 

considered direction) calculated in the presence of a gate voltage applied to one side of the 

waveguide, (b) A graphene p-n junction position as a function of the gate voltage applied to 

one side of a waveguide (G2) while there other side (G1) is grounded. (c) The electric field of 

a p-n junction induced in graphene. 

We conducted the nanoscale electric field mapping of the gap surface plasmon (GSP) 

mode supported with our plasmonic slot waveguide device shown in Figure 4.1. As 



93 
 

mentioned in section 1.5.3, plasmonic slot waveguides have been widely used in 

plasmon-empowered nanophotonics for demonstrating diverse ultra-compact 

components. In section 4.3, we could monitor the excitation of the waveguide mode 

with an InGaAs short-wave infrared (SWIR) camera and modulation of output light 

intensity was realized with gating graphene to achieve the Pauli blocking effect.84, 174 

Simultaneously, an induced gate voltage-dependent photoelectrical signal could be 

measured between the source and drain contacts, in the presence/absence of light. This 

measurement process was performed by either light modulation with an optical chopper 

and lock-in detection (photocurrent response due to the GSP mode absorption by 

graphene) or direct measurements of the photocurrent with a source meter (dark and 

light responses). 

 

Figure 4.11 (a) The resistance of graphene as a function of the gate voltage applied to both G1 

and G2 contacts for a sample with a 30 nm HfO2 dielectric layer. (b) A photovoltage measured 

between the source and drain of graphene as a function of the gate voltage G2 when the contact 

G1 is grounded. The photovoltage was measured with an optical chopper and lock-in amplifier. 

We obtained the electrical mapping of light intensity with graphene by applying the 

gate voltage to contact G2 while G1 was grounded to form a p-n junction in graphene 

underneath, which could then be moved by adjusting the gate voltage on G2 (Fig. 4.10b). 
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Figure 4.11b shows the photovoltage measured with a lock-in detection (chopping rate 

at 800 Hz) as a function of the G2 gate voltage at zero applied bias between the source 

and drain contacts, with a 1550 nm and 0.5 mW input laser light. The photovoltage was 

close to zero for the gate voltages below 0.2 V, which is not large enough to induce 

enough electrons to make a p-n junction in graphene (as shown in Figure 4.11a in the 

left region of the charge-neutral point). This value increased sharply for larger gate 

voltages, reaching the maximum of ~ 5 µV at 0.4 V gate voltage.  

We also measured the dependencies of the photovoltage and photocurrent on the gate 

voltage directly with a source meter under the light and dark conditions (i.e., with and 

without the incident light), while no bias voltage was applied between the source and 

drain (For this measurement, we measured several devices and Figure 4.11 shows the 

best results from one device). Both photovoltages (Fig. 4.12a) and photocurrents (Fig. 

4.12b) in either light and dark conditions showed a non-zero limit at negative voltages, 

which is associated with the contact voltages. The difference between the dark and light 

photovoltages (yellow curve in Fig. 4.12a) and photocurrents (yellow curve in Fig. 

4.12b) follow the same behavior as that observed in the lock-in measurements (Fig. 

4.11b), which proved the repeatability of our results. The dark current and voltage 

dependencies are measured to be connected by Ohm’s law, reflecting the gating 

characteristics of graphene stripes. 
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Figure 4.12 (a) A photovoltage (drain voltage in an open circuit) and (b) a photocurrent (drain 

current in a short circuit) as a function of the gate voltage G2 with and without light input 

through the waveguide, measured directly with a source meter. Both the source and the G1 

contact were connected to the ground. 

Finally, the photovoltage showed a linear dependence on the incident light power (Fig. 

4.13) as one would expect for the photo-response governed by the photoelectric effect, 

thus ruling out the influence of the thermoelectric effect with a non-linear dependence 

of the photo-response on the light power. 

 

Figure 4.13 The linear dependence of the photovoltage on the incident light power with a fixed 

gate voltage of 0.4 V applied to G2, and G1 contact is grounded.  
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As discussed above, the photoelectric effect in the p-n junction induced in graphene by 

the gate voltage contributed to the photo-response in our geometry. It is possible to plot 

the intensity of the electric field component in the graphene plane as a function of the 

p-n junction position, thereby obtaining the gap surface plasmon (GSP) mode field 

profile in the plasmonic slot waveguide with the corresponding photo-response. 

Basically, the biased gate voltage determined both the position of p-n junction (Figure 

4.10b) and the photovoltage between the source and drain in graphene (Figure 4.11b). 

Then we could obtain the corresponding photovoltage for a specific position of the p-n 

junction. Due to the low light intensity at graphene, we assume the induced 

photovoltage is linear dependent on the light intensity at graphene, which is also proved 

by Figure 4.13 and provides another direct evidence of the absence of significant 

thermoelectric contribution. Therefore, we could obtain the corresponding light 

intensity for a specific position of the p-n junction, which is the reconstructed light 

intensity profile. Figure 4.14a shows the simulated field intensity inside graphene, and 

Figure 4.14b shows the excellent agreement between the calculated and reconstructed 

light intensity profile in graphene, which demonstrates the success of our electrical 

mapping method of optical field intensity using graphene. The spatial resolution of this 

mapping method depends on the properties of the p-n junction induced in graphene. 

The graphene p-n junction in our geometry (Fig. 4.8c)  has a lateral size of ~ 20 nm, 

determined at 30% of the electric field width in the p-n junction, with an applied gate 

voltage at the level of ~ 1 V. 
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Figure 4.14 Comparison of light field profiles with theory. (a) The line scan of the norm of 

electric field calculated at the graphene position. (b) Comparison of the simulated field intensity 

(𝐸𝑥
2 + 𝐸𝑦

2) profile in the plasmonic slot waveguide (the solid red line) with the reconstructed 

profile obtained with a p-n junction moved in graphene by gating (the blue circles). 

The maximal photo-current produced in the graphene p-n junction from FDTD 

modelling from section 4.5. To evaluate the photocurrent, the intrinsic quantum 

efficiency (the number of electrons produced by one photon) of graphene (in addition 

to the light power in the graphene p-n junction) is necessary to be obtained. It is well 

established that at low light intensities, the graphene intrinsic quantum efficiency is 

equal to one38. This implies that the photocurrent can be estimated using the expression 

𝐼 =
𝑃𝑔𝑟

ℏ𝜔
𝑒 where 𝑃𝑔𝑟 is the light power absorbed in the graphene p-n junction, 𝑒 is the 

electron charge and 𝜔 is the light frequency. Lumerical FDTD simulations give the 

power absorbed the in graphene p-n junction at the position of the maximum field as 

𝑃𝑔𝑟 ≈ 2.2  nW, which yields a photocurrent at the level 𝐼 ≈ 2.8  nA, close to the 

measured values.  
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4.7 Conclusion 

Relying on the interaction between graphene and plasmonic slot waveguide mode, we 

successfully demonstrated a graphene plasmonic modulator, featuring a modulation 

depth of 0.12 dB/m at the gate voltage amplitude of 6 V. The operation speed of our 

device can be improved by optimizing the RC parameter of the device, which was not 

considered in our experiment. On the other hand, we have suggested and experimentally 

realized the electromagnetic field mapping based on the photo-detection with a p-n 

junction induced and moved inside graphene by an external gate voltage. The spatial 

resolution of this electrical, rather than mechanical, scanning technique is determined 

by the p-n junction width of ~ 20 nm that can further be improved by decreasing the 

thickness of the gating dielectric or decreasing the temperature. The developed 

approach is demonstrated by mapping the electric field distribution of a strongly 

confined plasmonic slot-waveguide mode at telecom wavelengths, and the constructed 

mode profile with our approach was found in excellent agreement with numerical 

simulations. Our light mapping method could be used in nanoscale optical 

characterization that ensures extremely high spatial resolution and precision, offering 

at the same time promising opportunities for nanoscale plasmonic on-chip devices. 
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Chapter 5 

An effect of dielectric fabrication 

techniques on graphene gating 

Gate hysteresis is one of the biggest challenges for achieving good performance of 

current graphene field-effect devices, including electro-optical modulators. The vast 

surface area of graphene gives it high sensitivity to the ambient surroundings and 

controllable electronic transport property, which at the same time leads to the high 

contact area between graphene and the dielectric layer. Could the gating dielectric 

have some effect on the gating hysteresis? What is the best dielectric to gate graphene 

for electro-optics? Based on this thought, we conducted our experiments in this chapter 

and obtained an interesting result. The related work190 has been published in the 

Journal of Physical Chemistry C. I conducted most devices' fabrication and 

measurements work. Vasyl G. Kravets and Shinji Imaizumi helped with the XPS 

measurement and analysis. Shinji Imaizumi fabricated one of the devices and measured 

its transport characteristic. Alexander Grigorenko and I built the theoretical model of 

the positive and negative gate hysteresis process. 

5.1 Introduction 

Graphene related science and technology has experienced dramatic progress since the 

first discovery of graphene in 20041, due to its unique and inherent properties such as 

massless Dirac electrons191 with high mobility, strong interaction with light38, and the 

possibility to firmly control its electrical191, optical192, plasmonic110, 193, and chemical194 



100 
 

properties by applying an electric field, which a simple electrical gating structure can 

achieve. Intrinsic graphene possesses naturally low carrier density, and a reasonably 

large electric field (at the level of 1 V/nm) on a gating dielectric material is essential to 

control graphene property if a gating structure is applied. Indeed, some dielectrics show 

a certain degree of conduction at a high electric field195. For electro-optics and opto-

electrics such as graphene-based optical modulators196 and photodetectors20, this issue 

becomes much more difficult, where the dielectric materials need to be transparent in 

the interest wavelength band. Therefore, an important question is raised: what is the 

best dielectric to gate graphene, especially for my research where a transparent material 

is needed?  

The easiest way to apply an electric field on graphene is using an electrical gating 

structure, which has been widely investigated for graphene field-effect devices 

(GFETs)197, 198. One challenge for a graphene field-effect device's performance is the 

gating hysteresis, a frequent phenomenon when measuring graphene's transport 

characteristics. Electrical conduction of dielectric medium in graphene field-effect 

devices causes two types of hysteresis: positive and negative ones.199 Charge transfer 

between trap sites in the dielectric layer and graphene caused the positive gating 

hysteresis in SiO2 dielectric layer-based GFETs199. In electrolyte-gated GFETs, the 

negative gating hysteresis was observed, caused by the electrolyte's charge 

conduction.199 A temperature dependence on the gate hysteresis direction was observed 

with a SiO2 dielectric layer, explained by electrons and holes trapping.200 The doping 

property of graphene and gating hysteresis of  SiO2 based GFETs was measured by in-

situ Raman spectroscopy, revealing that the H2O/O2 redox couple at the interface of 

graphene and the dielectric layer could become the charge trap source201.  
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Considering the hysteresis effect: what is the best material to gate graphene electro-

optical devices for our projects? In this chapter, we demonstrate that this question is 

inaccurate because a dielectric material produced by different manufacturing methods 

shows significantly different gating characteristics, resulting in different gating 

hysteresis. We show this effect by using two widely-used dielectric materials, hafnia 

(HfO2) and alumina (Al2O3), which are transparent for telecom bands. We found that 

the gating dielectric fabrication method can profoundly influence its gating properties. 

Oxide dielectrics (hafnia and alumina) prepared by atomic layer deposition (ALD) 

show a positive gate hysteresis, but the same medium prepared by electron beam (e-

beam) evaporation exhibits a negative hysteresis of the graphene gating characteristics. 

Based on the X-ray photoelectron spectroscopy (XPS) and our modeling, we attribute 

this phenomenon to the stoichiometry difference and oxygen ion migration inside the 

dielectric samples. Both two hystereses are undesirable in actual practice, indicating 

that oxide dielectrics better be avoided for practical room temperature-based graphene 

gating devices.  

5.2 Device structure and fabrication methods 

Figure 5.1a displays our sample’s general structure. A piece of contacted CVD 

graphene is located on a dielectric layer, fabricated on top of a narrow (300 μm wide) 

gold strip with a 50 nm thickness, which is the bottom gate contact. Quartz works as 

the substrate for our structure, which is transparent for optical measurements. The 

bottom gold stripe has a much smaller thickness than that of the dielectric layer, about 

200 nm, which avoids the leakage from the cracks at the edge of the bottom gold stripe 

to the top contacts202. We used Raman spectroscopy to check our graphene's monolayer 

property (purchased from 2D semiconductor company). We tested two different oxide 
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dielectrics (HfO2 and Al2O3) in our gating experiment, fabricated by two different 

manufacturing methods: atomic layer deposition (ALD) and electron beam (e-beam) 

evaporation. Figure 5.1b shows an optical image of a device. 

 

Figure 5.1 (a) The structure schematic of all measured graphene field-effect devices. (b) 

Optical image of our device: a piece of CVD graphene on the e-beam evaporated Al2O3 above 

the Au stripe. The white dashed rectangle refers to the piece of CVD graphene. 

To fabricate our device, we first performed photolithography and electron beam 

evaporation of 3 nm Cr and 50 nm Au to deposit 300 µm wide thick Au stripes on the 

quartz substrate. Plasma etching proved helpful in enhancing the adhesion between the 

photoresist and quartz substrate. Then 200 nm thick dielectric material was deposited 

on the substrate by either ALD or e-beam evaporation. Section 2.1.4 explained electron 

beam evaporation (e-beam) and atomic layer deposition (ALD). For this device, e-beam 

evaporations were carried out in the Moorfield system at a deposition speed of about 

0.6 Å/s. For the ALD process, Al2O3 or HfO2 dielectrics were fabricated at 300C in 

the ALD chamber (Oxford Instruments Inc.), using trimethylaluminum (TMA) and 

H2O as precursors (for Al2O3) or Tetrakis(ethylmethylamido)hafnium (TEMAH) and 

O2 - precursors at 300C for HfO2 without post-deposition annealing.  

CVD graphene was then wet-transferred on the dielectric material (see section 2.1.1 for 

details of the wet-transfer process). Photolithography with a negative photoresist and 
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oxygen plasma (to remove graphene uncovered by the photoresist) was used to pattern 

graphene. After removing the photoresist, only graphene stripes that were patterned 

remained above the Au stripe. Final processes of photolithography, e-beam 

evaporation, and lift-off were used to make 50 nm thick Au contacts to graphene, 

working as the electrical source and drain. During the whole process, 2 nm titanium 

was always deposited before the deposition of gold film, which improves the adhesion 

of thin gold to the substrate. 

5.3 Positive and negative gating hysteresis 

Previous works devoted to the gating of graphene devices demonstrated two archetypal 

gating hysteresis behaviors: positive and negative ones, defined by the displacement of 

the induced charge-neutral point (CNP) during the sweeping process of the gate 

voltage199, 203. Positive hysteresis is displayed in Figure 5.2a. Suppose the graphene 

sample is originally undoped with VCNP = 0. The forward sweeping (from negative to 

positive voltages) will cause the shift of CNP to negative voltages. Meanwhile, the 

backward sweeping (from positive to negative voltages) will display the shift of CNP 

to the positive voltages. Figure 5.2b explains the negative hysteresis of undoped 

graphene, where the situation is exactly the opposite. The forward sweeping (from 

negative to positive voltages) will cause the shift of the CNP to positive voltages, and 

the backward sweeping (from positive to negative voltages) will show the shift of CNP 

to the negative voltages.  

For a positive hysteresis, the CNP voltage of the backward sweeping is always greater 

than that of the forward sweeping, while the CNP voltage of the backward sweeping in 

a negative hysteresis is smaller than that of the forward sweeping. This indicates that in 

a positive hysteresis, graphene loses the charge generated by the applied gate voltage 
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during the sweeping process (shifting the CNP voltage closer to the applied voltage 

position). Therefore, the positive hysteresis of undoped graphene samples can be 

described by the decrease of the dielectric layer capacitance during the sweeping 

process. 

Respectively, for a negative hysteresis, graphene increases the charge induced by the 

gate voltage during the sweeping process (shifting the CNP voltage further away from 

the applied voltage position). Therefore, the negative hysteresis of undoped graphene 

samples can be described by the increase of the dielectric layer capacitance during the 

sweeping process204. 

 

Figure 5.2 Schematics of the gate voltage-dependent conductance hysteresis suppose graphene 

is undoped originally. (a) and (b) refers to positive and negative hysteresis, respectively. The 

Blue arrow points to the direction of the gate voltage sweeping process. Arrow pointing right 

indicates a forward sweeping, and pointing left indicates a backward sweeping. The highest 

redpoint with the largest resistance value is the charge neutral point (CNP) of graphene, where 

it is undoped. Graphene is p-doped in the left region of CNP and n-doped in the right region of 

CNP. 
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5.4 Dependence of graphene gating characteristics for four samples with 

dielectrics fabricated by ALD and e-beam evaporation 

The dependence of graphene gating properties on the dielectric layer manufacturing 

method was shown in Figs. 5.3 and 5.4, which are our main experimental results. 

Namely, graphene devices' conductance characteristic with atomic layer deposited 

(ALD) oxide dielectric shows obvious positive gating hysteresis while it exhibits 

negative hysteresis when the same dielectric material is deposited by electron beam 

evaporation (e-beam) method. For all the measurements, the gate voltage was applied 

to the bottom Au while graphene was grounded. To limit water absorption's influence 

during the whole measurement process, the device was either placed in vacuum or the 

air while graphene was protected with a thick PMMA layer ( about 200 nm). Therefore, 

the hysteresis effect mainly resulted from the interaction between graphene and the 

dielectric, except for the original residues’ impact on graphene205.  

The gating hysteresis of graphene devices with dielectric HfO2 and Al2O3 is plotted in 

Figs. 5.3a and b, with both atomic layer deposition (ALD) made separators in the gating 

structure. We can see that the CNP voltage of the backward sweeping is much larger 

than that of the forward sweeping with a pronounced positive hysteresis of the graphene 

gating. The CNP values shift closer to the maximal applied voltage, which is similar to 

previously reported hysteresis effects in similar graphene field-effect devcies199, 202. For 

the thorough process, we have a sweeping speed at several V/min. For both ALD HfO2 

and Al2O3 graphene devices, we observed the saturation of the “distance” between the 

maximal applied voltage and CNP voltage, which saturation of the induced charge in 

graphene no matter how large the gate voltage is (10 V for ALD HfO2  and 18 V for 

ALD Al2O3). Besides, we observed a resistance increase at a fixed applied gate voltage 
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with time for both graphene devices with ALD dielectrics, as another proof of the 

positive hysteresis. This implies that the gate voltage-induced charge in graphene 

decreases with time to the value below the expected one determined by the geometrical 

capacitance (see Figure 5.9, measured at non-continuous sweeps), which is also 

revealed by the discontinuity in Figure 5.3a at the ends of the sweep. We observed an 

obvious decrement of the graphene resistance, where we stopped for several minutes 

when it is stable before the next forward and backward sweeping.    

 

Figure 5.3 Conductance hysteresis of graphene devices with ALD dielectric material in respect 

of the gate voltage. The legend value inside means the sweeping range of the gate voltage 

(maximal gate voltage value during the sweeping process). For each sweeping loop, the gate 

voltage starts from a maximal negative voltage to the maximal positive voltage and then comes 

back. (a) Positive hysteresis measured in vacuum with ALD HfO2. The thickness of HfO2 is 

200 nm. The sweeping speed is 3 V/min. (b) Positive hysteresis measured in vacuum with ALD 

Al2O3. The thickness of Al2O3 is 170 nm. The sweeping speed is 1.8 V/min. The dependence 

of the hysteresis on the sweeping speed will be discussed in section 5.7. 

Contrary to the positive hysteresis shown in graphene devices with ALD dielectric 

layers, graphene devices with e-beam evaporated dielectrics displayed distinct negative 

hysteresis (see Figures 5.4a and b). Figures 5.4a and 5.4b present the hysteresis curves 
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of graphene devices with dielectric HfO2 and Al2O3, fabricated by e-beam evaporation, 

respectively. In both cases, the negative hysteresis of graphene devices with e-beam 

dielectric samples was less pronounced than the positive hysteresis of ALD hafnia and 

alumina. For e-beam fabricated samples, this value was not large compared to ALD 

samples (see the gate voltage sweeping range in Figures 5.3 and 5.4). Indeed, in our 

experiments, the dielectric films produced by the ALD method were more electrically 

stable than e-beam fabricated dielectrics and had a longer service life with larger gate 

voltages applied. The maximal gate voltages shown in Figures 5.3 and 5.4 were close 

to the breakdown thresholds of the dielectrics to obtain the maximum hysteresis 

performance for each device. For all measurements, the leakage current through the 

dielectrics kept less than 1 nA, which ensures the typical dielectric performance. The 

resistance value in each graph is different with different graphene geometry in each 

device. In addition, although the CVD graphene for all samples comes from the same 

batch, distinct p-doping of graphene was observed in devices with e-beam samples, 

compared to the relatively undoped situation in graphene devices with ALD samples.  

Figure 5.4 Hysteresis for graphene devices with e-beam dielectric material in respect of the 

gate voltage. The legend value inside means the gate voltage sweeping range (maximal gate 

voltage value during the sweeping process). For each sweeping loop, the gate voltage starts 
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from a maximal negative one to a maximal positive one and then comes back. (a) Negative 

hysteresis for graphene device with e-beam HfO2
84. The thickness of HfO2 is 175 nm. The 

sweeping speed is 3 V/min. (b) Negative hysteresis measured in vacuum for graphene device 

with e-beam Al2O3. The thickness of Al2O3 is 230 nm. The sweeping speed is 3 V/min. The 

inset picture shows a manifested CNP region.  

5.5 XPS analysis of the dielectrics’ properties 

As mentioned in section 5.1, a positive hysteresis usually exists in the gating effect of 

graphene field-effect device with an oxide dielectric layer 199, 206, 207, and the negative 

hysteresis is usually measured in the electrolyte-gated graphene field-effect devices199. 

However, our investigation in section 5.4 shows that the specific result of gating 

hysteresis in graphene field-effect devices depends on the dielectrics' fabrication 

method, where a positive hysteresis was measured in ALD fabricated graphene devices 

and a negative hysteresis was observed in e-beam fabricated graphene devices with the 

same dielectric material. Therefore, we conducted X-ray photoelectron spectroscopy 

(XPS, see section 2.2.4 for details) to analyze the elemental composition of our 

fabricated dielectric materials, with results shown in Figures 5.5a-h, in order to further 

understand the unusual dependence of graphene gating characteristics on the fabrication 

methods and study the intrinsic difference of the dielectric films deposited by ALD and 

e-beam methods. 
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Figure 5.5 X-ray Photoelectron Spectroscopy (XPS) result of ALD and e-beam fabricated HfO2 

and Al2O3 in our experiments. The black curves in each figure represent the captured photo-

emitted electron numbers per second in the XPS measurement process. (a,b) Fitted XPS spectra 

of ALD HfO2. (c,d) Fitted XPS spectra of ALD Al2O3 (e,f) Fitted XPS spectra of e-beam HfO2. 

(g,h) Fitted XPS spectra of e-beam Al2O3. 
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The difference between the peak number and positions in the XPS spectra of ALD and 

e-beam made HfO2 and Al2O3 films is directly demonstrated in Figure 5.5. Figures 

5.5a,b and 5.5c,d show the de-convoluted XPS spectra measured on HfO2 and Al2O3 

films made by ALD method. For Al2O3 films prepared by ALD, the fitted Al and O 

peaks are consistent with previously reported values 136, 137.  The peak positions of Al 

2p and O 1s are located at 74.3 eV and 531.3 eV, respectively. For HfO2 films prepared 

by the ALD method, we could observe the Hf 4f7/2 peak at 16.2 eV and O 1s1 peak at 

529.5 eV, also consistent with the values for HfO2 in the literature 137, 208, 209. 

Figures 5.5e,f and 5.5g,h show the de-convoluted XPS spectra measured on HfO2 and 

Al2O3 films fabricated by e-beam evaporation. A prominent difference between the 

spectra of e-beam and ALD film is the spectra complexity. Meanwhile, O 1s1 peak 

shifts from 531.3 eV for ALD Al2O3 to 533 eV for e-beam Al2O3 and 529.5 eV for 

ALD HfO2 to 530.2 eV of e-beam HfO2
210, where we deduce the presence of oxygen 

vacancies in e-beam films. Besides, for e-beam fabricated HfO2 films, its XPS spectra 

display peak position shifts for Hf 4f7/2 and Hf 4f5/2 peaks at 16.8 eV and 18.5 eV to 

16.2 eV and 18.0 eV for those of ALD fabricated structures, which could also be related 

to the presence of oxygen deficiencies, which is most probably responsible for the 

super-capacitance property of e-beam fabricated HfO2 and Al2O3. In fact, a graphene 

device with e-beam HfO2 shows a huge super-capacitance effect in our previous 

research84. Besides, it is established that dielectric property of HfO2 is much worse in 

high electric fields (reaching more than 10 µA leakage current)84, 211, and oxygen 

vacancies in HfO2 were proved to control charge carriers' phonon-assisted tunneling 

recently, which leads to the electrical conductivity.212 Experiments also confirm the 

existence of hole trapping in amorphous HfO2 and Al2O3.
213 
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5.6 Discussion 

It can be seen from the XPS spectra that e-beam films hold a much more complex 

stochiometry and presence of oxygen vacancies, which provides us some clues to 

analyze the different gating hysteresis attributed to different dielectrics fabrication 

methods. Indeed, in our experiments, ALD films have higher electrical stability and 

lower electric conductivity. Therefore, we conclude the gating hysteresis is connected 

to the surface effects which arise at the interface of graphene and the dielectric film. 

Figure 5.6 depicts our theory.  

Figure 5.6a shows our explanation of the positive hysteresis for graphene devices with 

ALD dielectric. In this case, charge transfer occurs from the graphene flake to the trap 

centers in the oxide dielectric layer throughout the graphene/dielectric interface during 

the gate sweeping process. This charge transfer behavior reduces the charge induced in 

graphene below the expected value of the geometrical capacitance, which results in a 

positive gating hysteresis, as analyzed in section 5.3. The hysteresis asymmetry 

observed in Figures 5.3a, b originates from the different characteristics of electron and 

hole trapping in the ALD-made dielectric layers. 

Figure 5.6b shows the negative hysteresis for graphene devices with e-beam fabricated 

dielectrics. For e-beam oxides, we considered the existence of non-lattice oxygen in the 

films from the XPS result. Under the high electric gating field, mobile oxygen ions 

could be formed in the dielectric layer. Due to the film's amorphous structure, the 

conducting positive and negative ions in the film could move freely, which leads to the 

so-called “solid-state electrolyte” effect84. These ions eventually form an electrical 

double layer at the interface of graphene and the dielectric layer with time, building a 

locally enhanced electric field underneath graphene. This local electric field boosts the 
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charge induced in graphene to the value higher than that determined by the geometrical 

capacitance, resulting in negative gating hysteresis as analyzed in section 5.3. Indeed, 

the super-capacitance effect of e-beam deposited HfO2 was reported in our previous 

work, holding a significantly larger capacitance and slower time response regarding the 

geometrical dielectric capacitance with the same thickness.84 

 

Figure 5.6 Contrasting mechanisms for graphene conductance gating hysteresis effect with 

ALD or e-beam fabricated dielectric layers: (a) Charges traps at the interface of graphene and 

the ALD dielectric layer absorb electrons/holes in the capacitance charging process. (b) The 

electrical double layer forms around the e-beam dielectric edge during the charging, which 

locally advances the dielectric capacitance and corresponding carrier numbers in graphene. 

5.7 Dependence of graphene gating characteristics on sweeping range 

and speed  

We also measured the hysteresis value's dependence on the gate voltage sweeping range 

and speeds to check the time scale of the gating hysteresis process. As shown in  Figure 

5.7a, the larger sweeping range presents a more significant hysteresis in ALD 

HfO2/Al2O3 and e-beam Al2O3 devices. A larger sweeping range means a longer 

sweeping time since the sweeping speed was fixed in the measurements. In this case, a 

longer sweeping time contributes to more carriers’ decrease in graphene in the charge 

trapping process or more carriers’ increase in graphene in the double-layer capacitance 
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forming process. It is worth noting that the dependence of the gating hysteresis on the 

sweeping range for e-beam fabricated Al2O3 was relatively small, which reveals the 

gate voltage's insignificant effect on the forming of the electrical double layer, with the 

limited gate voltage due to the dielectric breakdown of e-beam Al2O3 film.  

Figure 5.7b shows the dependence of the gating hysteresis on the sweeping speed. The 

increasing sweeping speed causes a decreasing hysteresis in graphene devices with 

ALD fabricated HfO2 and Al2O3. In this case, a faster sweeping speed results in a 

shorter sweeping time at a fixed sweeping range in our experiments, which reduced 

graphene’s interaction time with charged traps in the dielectric layer, leading to a 

smaller decrease of the induced charge in graphene and resulting in a smaller hysteresis. 

Interestingly, we still observed the hysteresis effect when we used the highest sweeping 

speed of 80 V/min in our ALD devices, although the absolute hysteresis value became 

very small. For the half of the sweeping process with a gate voltage sweeping range of 

16 V, the sweeping is close to ~20 seconds. If we consider one specific type of charge 

(electron/hole) trapping for the half-sweeping process, its time scale should be less than 

20 s. It is worth noting that this measurement was conducted at room temperature while 

the hysteresis effect became less pronounced at lower temperatures and disappeared 

almost entirely at -50 C, shown in Figure 5.10.  

The dependence of graphene gating hysteresis on the devices' gate-sweeping speed with 

e-beam fabricated dielectrics is more complicated than those with ALD dielectrics. 

Starting with a positive hysteresis, the gating hysteresis becomes negative and then 

positive as the sweeping speed increases for the e-beam Al2O3 graphene device. For the 

graphene device with e-beam HfO2, the positive hysteresis value raises as the gate-

sweeping speed increases, but with a small negative hysteresis at first, shown in the 

inset of Figure 5.7b. The abnormal trends for e-beam devices suggest both charge 
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trapping effect and the double-layer capacitance effect could work and cooperate in 

graphene field-effect devices with e-beam dielectrics.199 If the gate-sweeping speed is 

very slow, the charge trapping effect is prominent, leading to a decreasing trend (for e-

beam Al2O3 device in Figure 5.7b) or even a positive hysteresis (for both e-beam Al2O3 

and HfO2 devices in Figure 5.7b). Interestingly, when the sweeping speed of the gate 

voltage was exactly 5 V/min, no hysteresis was observed for the graphene device with 

e-beam fabricated Al2O3, suggesting that the double-layer capacitance effect and charge 

trapping effect cancel each other at this speed. 

Figure 5.7 (a) Extractive data from Figures 5.3a, b, and 5.4b shows the dependence of gating 

hysteresis on the gate-sweeping range for graphene devices with ALD HfO2 and ALD/e-beam 

Al2O3 dielectrics. (b) Dependence of gating hysteresis on the gate-sweeping speed for graphene 

devices with ALD/e-beam Al2O3 and HfO2 dielectrics. The value above x-axis means positive 

hysteresis, and below x-axis means negative hysteresis.  

5.8 Gate-induced electron density measured with the help of FTIR 

spectroscopy 

Based on the carrier density model of graphene37, analyzing the gate voltage-dependent 

resistance curve of graphene is widely used to calculate the electron/hole density 
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induced by an applied gate voltage in graphene. In our results above, the actual carrier 

density in graphene affected by the gate voltage differs from the actual applied voltage, 

and the contact resistance and the current flowing in the dielectric layer also need to be 

considered. Therefore, graphene's resistance-voltage characteristics at room 

temperature should be treated carefully to evaluate its carrier density. 

Optical measurements provide another clue to evaluate the unambiguous electron 

density numbers in graphene. We measured the gate voltage-dependent optical spectra 

of graphene devices with Al2O3 dielectrics produced by e-beam and ALD methods 

separately. Both dielectric layers have a thickness of 170 nm. The results are shown in 

Figures 5.8a, b. It can be seen that the peak observed at -20 V gate voltage of the 

graphene device with e-beam Al2O3 dielectric is spectrally close to the peak of the ALD 

Al2O3 graphene device at -70 V gate voltage. The Fermi level of graphene31 is given by 

EF = ℏνF√πn = ℏνF√π
CV

e
(5.1) 

where ℏ is the Plank constant, 𝜈𝐹  is the Fermi velocity, taken as 106 m/s. C is the 

dielectric capacitance per unit area, and V is the gate voltage for an undoped graphene 

sample. Thus, a rough estimation of the capacitance from the Fermi energy and the gate 

voltage can be obtained as follows. 

C =
EF
2e

Vℏ2νF2π
(5.2) 

By fitting the theoretical optical response (based on the peak positions) of both devices 

in Figures 5.8c, d to the experimental reflectance spectra in Figures 5.8a, b, we 

estimated that the capacitance of an e-beam Al2O3 is 6.4×10-4 F/m2 and the capacitance 

of ALD Al2O3 is 3.1×10-4 F/m2. With the same thickness, the capacitance of e-beam 
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AL2O3 is around 2 times larger than that of ALD Al2O3. The fitting is not accurate but 

gives a rough range of the capacitance of e-beam and ALD fabricated Al2O3. 

The standard parallel plane capacitance per unit area is defined as 

C =
εrε0
d

(5.3) 

where d is the dielectric thickness, 𝜀𝑟 is the relative permittivity. The dielectric constant 

of Al2O3 with a 170 nm thickness is 7.6 based on the reference214, which corresponds 

to a geometrical capacitance per unit area of 4×10-4 F/m2. This value is located between 

that of our deposited Al2O3 by ALD and e-beam methods, respectively. 

Figure 5.8 Relative optical reflection spectra of graphene devices (normalized by the reflection 

at zero gate voltage) under different gate voltages with alumina dielectrics produced by (a) an 

e-beam method (b) an ALD method. The spectra were measured by FTIR spectroscopy with a 
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Bruker Vertex 80 system and a Hyperion 3000 microscope. Simulations of the relative 

reflection of our device at different Fermi energies for alumina produced by (c) the e-beam 

method (d) the ALD method. 

5.9 Hysteresis at non-continuous sweeps and temperature dependence  

For the hysteresis curves in Figures 5.3 and 5.4, we used a continuous sweep of a gate 

voltage in the measurement process. To check the gating effect at a fixed voltage, we 

performed non-continuous sweeps for our device, where we especially stopped at the 

maximal positive and minimal negative gate voltage for some time. The corresponding 

resistance curve for the graphene device with an ALD HfO2 dielectric separator layer 

is shown in Figure 5.9. Surprisingly, the graphene resistance increased at both ends of 

the gate voltage sweepings, where we stopped for three to five minutes until the value 

was stable before the next forward/backward sweeping. This indicates that graphene is 

still losing charge to the trapping sites even when the gate voltage is fixed. Also, the 

resistance increments are larger at the positive gate voltage ends than that at the 

negative ends, which suggests the speed of electron trapping is faster than that of hole 

trapping. A similar phenomenon was previously reported in a graphene mica dielectric 

field-effect device by varying the charging time at the positive and negative ends of the 

gate voltage sweeping203.  
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Figure 5.9 Graphene gating effect measurement with ALD HfO2 dielectric layer under different 

bottom gate voltages. The device was measured in vacuum five times at different voltage ranges. 

All of them started from negative voltages, sweeping to positive voltages, and stopped for 

several minutes until the graphene resistance value indicted from the lock-in amplifier was 

stable, then swept back to negative voltages. 

On the other hand, if the gating hysteresis in ALD oxide dielectric films relies on a 

(thermally) excited charge transfer from graphene to the trapping sites, the hysteresis 

effect should become less pronounced when the temperature decreases. Figure 5.10 

shows the temperature's impact on the hysteresis effect in the ALD Al2O3 graphene 

device, which proved our thought. With a specially low sweeping speed of only 0.01 

V/s, no significant gating hysteresis was observed at a low temperature of -50C. 

Therefore, low-temperature conditions could be used to suppress the gating hysteresis 

in graphene devices.  
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Figure 5.10 Temperature dependence of hysteresis for ALD Al2O3 graphene device.  

5.10 Conclusion 

For a 2D material-based electro-optical modulator, gating is an easy and essential 

method to affect the electrical, optical, and chemical properties of 2D material like 

graphene. This requires reasonably large fields applied over a dielectric gating material. 

Most dielectrics display some conduction in these fields, which raises an important 

question: what is the best dielectric to gate graphene, especially for electro-optical 

devices. We demonstrate that this question is imprecise in this Chapter because the 

dielectric mediums from different fabrication methods could behave significantly 

different gating performances. We investigated the dielectric properties of two widely-

used dielectric materials, hafnia (HfO2) and alumina (Al2O3), fabricated by atomic layer 

deposition (ALD) and e-beam evaporation separately. It was found that oxide 

dielectrics made by atomic layer deposition (ALD) showed a pronounced positive 

gating hysteresis of graphene transport characteristics. But the same dielectrics 

produced by the e-beam evaporation method displayed mostly negative hysteresis. 

From XPS analysis, we attributed this behavior to the samples’ stoichiometry and ion 

migration in the dielectric layers. Our results advise that oxide dielectrics better be 

avoided in graphene field-effect devices that work at room temperature. On the other 
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hand, methods have been reported to suppress the gating hysteresis effect. The gating 

hysteresis effect in GFETs can be significantly reduced by annealing and vacuum 

treatment215, 216. An HMDS surface treatment can reduce the doping level and suppress 

the hysteresis effect217. These processes are also helpful for our gating devices. 
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Chapter 6 

Conclusions and outlook 

This thesis investigates the integration of 2D material and nanostructures, aiming to 

study the light-matter interaction and practical applications. A Fabry-Perot (FP) MoS2 

and a graphene plasmonic waveguide modulator have been proposed and realized with 

high modulation depth. Meanwhile, with the facility of our designed structures, we have 

studied the gate-controllable optical properties of monolayer MoS2 and gate-

controllable light field distribution in graphene. With the latter one, we could achieve a 

20 nm scale nanoscale light field imaging. Lastly, we studied the dielectric performance 

of two widely-used dielectric materials, hafnia and alumina (HfO2 and Al2O3), with a 

simple graphene field-effect structure and found that the fabrication techniques could 

influence their dielectric properties.  

The resonance introduced by the Fabry-Perot (FP) structure was verified to enhance the 

interaction between light and MoS2 significantly. In Chapter 3, we fabricated a visible 

electro-optical modulator based on an FP structure with monolayer MoS2, Si3N4 

dielectric, and bottom Au as the gating contact and the reflecting mirror of the FP 

cavity. Our modulator showed a 6 dB modulation depth at an 80-degree incident angle 

for s-polarized light at the visible range, which is among the best for MoS2 based optical 

modulators22, 25, 156. The modulation is mainly located at the excitonic band of 

monolayer MoS2, attributed to the combination of the gate voltage-induced refractive 

index change of MoS2 monolayer and the optical resonant features of the FP structure. 

The modulation with p-polarized light was also studied, which performance was not as 
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good as the s-polarized light modulation. Besides, we first extracted the gate voltage-

dependent complex refractive index of monolayer MoS2 by analyzing the ellipsometric 

spectra and modeling. It was found that the absorption coefficient k of monolayer MoS2 

is gate-dependent at the excitonic wavelength range from 550 to 700 nm. A model based 

on the transfer matrix and the extracted refractive index was built, and the simulated 

results matched the experimental results well.   

A graphene plasmonic modulator was proposed and demonstrated in Chapter 4, based 

on the interaction between graphene and the transmitted gap surface plasmon (GSP) 

mode in the plasmonic slot waveguide. The mechanism is to control the absorption of 

graphene by the electrical field with a gating structure and a thin high-k dielectric HfO2 

layer. Graphene is located underneath the middle of the waveguide structure. By 

changing the amplitude and offset of the input AC gate voltage, the modulation depth 

can be enhanced, reaching 12% in our sample with a piece of 4 µm graphene at a 6 V 

gate voltage, which corresponds to a modulation depth of 0.12 dB/µm, comparable to 

the latest reported value with graphene34, 169. On the other hand, we firstly detected a 

plasmonic wave-induced electrical signal between the source and drain area of 

graphene. Based on this property, we suggested and experimentally realized a novel 

electromagnetic field mapping method based on the photo-detection with a p-n junction 

induced and moved inside graphene by an external gate voltage. The spatial resolution 

of this electrical technique is determined by the p-n junction width inside graphene, 

which could achieve ~ 20 nm-scale in our device, demonstrated by mapping the electric 

field distribution of a strongly confined GSP mode profile. The precision of this 

characterization method can further be improved by decreasing the thickness of the 

gating dielectric or decreasing the temperature.  
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Except for the modulation medium, the dielectric layer is also essential in electro-optics 

for normal gating. Therefore, the question arises: what is the best dielectric for electro-

optics? In Chapter 5, we obtained some thoughts about this question. We investigated 

the dielectric performance of two widely-used dielectric materials, hafnia and alumina 

(HfO2 and Al2O3), with a simple graphene field-effect structure. We surprisedly found 

that this question is imprecise as the fabrication methods of gating dielectrics in 

graphene-based devices could profoundly affect the gating hysteresis. Specifically, 

oxide dielectrics fabricated by atomic layer deposition display a pronounced positive 

hysteresis of graphene gating characteristics, but the same dielectrics made by e-beam 

evaporation showed mostly negative hysteresis. Through an XPS analysis, we 

concluded that this behavior results from the samples’ stoichiometry and ion migration.  

In summary, we have studied two approaches for electro-optical modulation with the 

integration of 2D material and nanostructures. Our devices show reliable modulation, 

which can be used in realistic applications. On the other hand, our studies provide new 

paradigms for nanoscale optical characterization, such as ellipsometric analysis of the 

optical constant of the material and non-invasive light mapping in 2D material, as 

described in Chapters 3 and 4. Besides, it is suggested that oxide dielectrics shall be 

avoided in graphene gated devices that work at room temperatures (Chapter 5). Our 

research provides new paradigms for the design and fabrication in 2D material-based 

nanoscale electro-optics and offers promising opportunities for nanoscale (plasmonic) 

on-chip devices.  

Our graphene plasmonic waveguide device can also work as a photodetector, producing 

an electric signal from the waveguide mode. Two pieces of graphene have been 

fabricated in the plasmonic waveguide devices, and an integrated on-chip plasmonic 

modulator and detector could be realized in the next stage. Besides, for complete optical 
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communication, an optical emitter, modulator, and detector are needed. 2D material-

based optical emitters could be studied in the future for an integrated on-chip optical 

communication system.  
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