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Chapter 1                                                                                                                   

Introduction 

1.1 Enhancing Light-matter Interactions in Nanoscale Materials 

When light meets matter, an interaction takes place and the manifestation of the 

interaction, such as reflection, absorption or emission, is determined by both the 

properties of the matter as well as the light. The interaction between light and nanoscale 

materials is of particular interest due to its importance in the energy conversion processes 

where light is converted into other energy forms such as electrical energy, thermal 

energy, and chemical energy. Since these energy conversion processes typically start with 

the absorption of photons in the material, their external quantum efficiencies are usually 

limited by the low absorption in the small volumes associated with nanoscale materials. 

For an efficient energy conversion device, an enhancement in the light-matter interaction 

is necessary, and can be achieved by integrating the nanoscale materials with properly 

engineered optical nanostructures.  

1.1.1 Plasmonic Nanostructures: Opportunities and Challenges 

Optical nanostructures are structures with dimensions similar or smaller than the 

wavelength of light. They are capable of supporting optical resonances that induce an 

electric field enhancement. As such, by combining optical nanostructures with nanoscale 

materials the material absorption can also be enhanced. At the nanoscale, one of the most 

general approaches in tailoring and manipulating the electromagnetic field is to utilize the 

localized surface plasmon resonances (LSPRs) in plasmonic nanostructures. 
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An LSPR is a surface plasmon polariton (SPP) resonance that is confined in a 

metallic nanostructure. A surface plasma polariton (SPP) exists in the form of coherent 

oscillations of electrons at the interface between a metal and a dielectric. It typically has 

an effective wavelength spp  much shorter than that of free space light, therefore yielding 

the possibility of achieving tightly confined light in a subwavelength volume[1]–[4]. The 

simplest structure to utilize an LSPR is a dipole antenna that supports a Fabry-Perot 

resonance of the SPP, which results in an enhanced electric field at the two ends of the 

antenna[4]. The hybridization of  two identical antennas could result in either a bright 

mode with enhanced electric field in the gap[1], or dark modes such as an electric 

quadrapole that cannot be directly accessed from free space. However, by introducing a 

third antenna with the orientation perpendicular to the first two antennas, the dark mode 

can be excited and results in an analogue of electromagnetic induced transparency (EIT), 

showing high transmission at the central wavelength and exhibiting high electric field 

strength in the gaps[5]–[7]. Apart from manipulating metallic nano-antennas, a different 

approach in enhancing light-matter interaction is achieved by creating a metamaterial 

perfect absorber[8], [9]. In this structure, by overlapping the electric dipole induced by 

the metal disk and the magnetic dipole formed in the spacing layer between the metal 

disk and metal back plane, an impedance match between the surface and air can be 

realized, leading to zero reflection and complete absorption in the structure.  

The capability to greatly enhance the electric field and tightly confine light into 

subwavelength volumes makes SPP resonances appealing for applications such as 

enhanced light emission, efficient and ultra-thin photovoltaic cells, enhanced non-linear 

processes, ultra-compact modulators, and photodetectors[10]–[12], as well as 
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subwavelength imaging and lithography[12]–[14]. Some examples include plasmonic 

lasers based on a metal-insulator-semiconductor (MIS) hybrid waveguides[15], 

photovoltaic cells in which light is trapped in the active layer due to the scattering from 

plasmonic nanoparticles[16], significantly enhanced third-harmonic generation in 

nanoparticles sitting in the gap of a metallic antenna[17], and ultra-compact plasmonic 

Mach-Zehnder modulators with greatly reduced size compared to other photonic 

waveguide-based Mach–Zehnder modulators[18]. 

Despite all the advantages, SPP resonances suffer from ohmic losses due to the 

scattering of electrons in the metal, which is further amplified by the resonant behavior of 

the particle. As a result, after excitation, SPPs rapidly decay into energetic hot electrons, 

and eventually dissipate their energy through thermalization. This parasitic power loss in 

metal leads to a non-negligible non-radiative decay channel that results in the degradation 

of efficiency as well as the generation of heat. 

1.1.2 Exploiting Plasmonic Loss via Charge Transfer 

In order to make use of plasmonic losses, researchers discovered that the hot 

carriers generated from the non-radiative decay process can be harnessed before their 

thermalization. Hot electron injection induced chemical reactions such as the splitting of 

water[19] and the photodissociation of H2[20], as well as phase transitions in VO2[21] 

and monolayer MoS2[22] have been realized. Recently, the extraction of hot electrons in 

generating photocurrent has also been demonstrated[23]–[25]. 
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Figure 1.1. Band diagram of a hot electron photodetector. A hot electron crosses over the 

Schottky interface between a semiconductor and metal, followed by the injection into the 

semiconductor and the collection at the ohmic contact.  

 

The extraction of hot electrons into useful photocurrent involves the injection of 

the electrons from a resonant metallic nanostructure into an adjacent semiconductor. The 

injection is typically achieved using a Schottky barrier between the metal and the 

semiconductor interface to prevent the backflow of the injected electrons. As is shown in 

Figure 1.1, a portion of the energetic electrons with energies greater than that of the 

height of the Shottky barrier Bq  can cross over the barrier and get injected into the 

semiconductor. The injection efficiency   is determined by the Fowler’s formula[26], 

which is expressed by 

 

2( )B
f

h q
A C

h

 





    (1.1) 

here A  is the absorption in the plasmonic structures, h is the energy of the incident 

photon and fC is a device-specific Fowler emission coefficient, which depends on the 

dimension and shape of the resonant metal particle.  

Primarily limited by the short diffusion length in gold and the requirement of the 

momentum conservation, plasmon-induced hot electron injection efficiency is typically 

very low. The first demonstrated plasmon-induced hot electron photodetector in the near 
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infrared range had an injection efficiency on the order of 10
-4 

[27]. To address this issue, 

numerous approaches have been adopted to increase the hot electron injection efficiency, 

including introducing surface roughness at the metal/semiconductor interfaces to relax 

the momentum conservation requirement[28], [29], using thin metal films with thickness 

lower than the hot electron diffusion length, and utilizing metamaterial perfect 

absorbers[30]. 

The technique of hot electron injection not only serves as an approach to harness 

the power dissipated in plasmonic structures, but also provides an indirect channel for the 

light to interact with matter via the introduction of an intermediate system. Specifically, 

photons with energy lower than the bandgap of the semiconductor can be converted into 

hot electrons through plasmon resonances and via the injection process they will 

eventually end up as free electrons in the conduction band of the semiconductor. In 

addition, the plasmon resonances in metal nanostructures offer additional advantages in 

terms of broad spectral tunability and large absorption cross section, making the 

technique of hot electron injection an excellent candidate in future energy harvesting 

applications. 

1.1.3 Low loss Dielectric cavities and resonators 

An alternative approach to circumvent plasmonic losses is to use micro or 

nanoscale cavities or resonators constructed from dielectric components. Distinct from 

plasmonic structures, the confinement of electromagnetic fields in dielectric cavities is 

usually achieved based on the refractive index contrast between high-index and low-

index materials. At telecommunication wavelengths (~1.5 µm), silicon with a refractive 

index about 3.5 is the most common high-index material due to its low intrinsic material 
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loss, moderate material dispersion, and compatibility with standard semiconductor 

fabrication techniques.  

The quantity to characterize the quality of a cavity is its quality factor (Q factor), 

which is defined as  

 
Energy stored

2
Energy dissipated per cycle

Q    (1.2) 

and can be easily approximated with 0 /Q    , where 0  is the resonant frequency of 

the cavity and   is the spectra linewidth of the resonance. In most applications aimed 

at increasing light-matter interaction, dielectric cavities with high Q-factors are desired 

for the strong enhancement of the electric field. The widely adopted dielectric cavity 

configurations include ring resonators, Bragg cavities, as well as photonic crystal defect 

cavities. Ring resonators have been used in index sensing and high-contrast 

modulation[31], [32]; the Bragg cavities composed of two distributed Bragg reflectors 

(DBRs) are important components in vertical-cavity surface-emitting lasers (VCSEL)[33] 

and photonic crystal defect cavities have been demonstrated to have excellent potential in 

enhancing the light emission and non-linear optical processes[34]–[36]. Besides these 

conventional approaches, dielectric metasurfaces with strongly enhanced electric fields 

and high quality factors have also been realized, leading to enhanced nonlinear processes 

in silicon[37]. 

1.2 Optoelectronic Properties of Ultrathin Films 

Integrating semiconductors or other materials with plasmonic or photonic 

nanostructures can greatly enhance the efficiency of light-matter interaction processes, 

leading to remarkable performance improvements in optoelectronic devices. However, 



 7 

conventional optoelectronic devices also suffer from issues related to the material 

selection. For instance, despite its CMOS compatibility, the indirect bandgap of silicon 

prevents the direct generation of photons, prohibiting its use as a light source. III-V 

semiconductors such as gallium, indium, arsenide and their compounds are suitable for 

achieving light emission, however, the stringent requirements of lattice matching make 

them incompatible with the silicon-based CMOS platform. Ultrathin films such as two-

dimensional materials and transparent conductive oxides provide alternative material 

systems that avoid these issues and are potentially suitable for future high performance 

light emitters, modulators and photodetectors.  

1.2.1 Two-dimensional (2D) Materials 

Two-dimensional (2D) materials consist of two dimensional crystal structures that 

can exist in a free standing form[38], [39]. Following the successful isolation of 

monolayer graphene from bulk graphite in 2004, the field of 2D materials has 

experienced fast growth and has attracted intense interest in the investigation of their 

fundamental properties and applications.  

Being composed of a monolayer of carbon atoms arranged in a honeycomb lattice, 

graphene consists of massless and ballistic electrons[40], which lead to graphene’s 

ultrahigh mobility that has been reported to be over 200,000 cm
2
/Vs[41]. An important 

aspect about graphene is its electronic band structure, which shows a linear dispersion 

with touching conduction and valance bands at the K and K’ point, also known as the 

“Dirac point”[42]. Interband transitions occur when an incident photon possesses energy 

higher than twice the Fermi energy ( 2 | |Fh E  ), where h  is the plank constant,   is 

the light frequency and FE  is the Fermi energy of graphene. Therefore, when at the 
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charge-neutrality point where 0FE  , graphene absorbs light within a broadband 

spectrum with a constant absorbance of 2.3%   [43]–[45], where   is the fine 

structure constant.  Meanwhile, due to the very low electronic density of states in 

graphene, the carrier concentration in graphene can be easily controlled via 

electrostatically gating, which results in a readily tunable Fermi level and thus a 

controllable interband transition process. Beyond the spectral range of interband 

transitions, plasmons exist in graphene in the mid-infrared range, providing strong light-

matter interaction in the long-wavelength range[46], [47].  

Following the rise of graphene, a new family of 2D materials, which can be 

exfoliated from bulk transition metal dichalcogenides (TMDCs) has emerged in recent 

years and have been demonstrated as excellent candidates in electronics and 

optoelectronics applications. In contrast to semi-metallic graphene, TMDCs are two-

dimensional semiconductors with bandgaps ranging from 1 eV to 2 eV[48]. Monolayer 

molybdenum disulfide (MoS2), as a prototypical TMDC, has a direct bandgap at 1.8 

eV[48]–[50], making it suitable for light absorption and emission[51], [52]. Moreover, 

the direct bandgap of monolayer MoS2 is tunable with applied electrostatic gating and 

strain[55] [56] and can evolve into an indirect bandgap when the number of layers is 

increased[55], providing additional flexibility in applying it in optoelectronic devices.  

In addition to graphene and TMDCs, other 2D materials such as hexagonal boron 

nitride (hBN) and black phosphorus (BP) have also attracted much attention. For instance, 

the bandgap of hBN is about 6 eV, making it a good insulator, and the bandgap of BP 

ranges from 0.3 eV to ~2 eV with a decreasing number of layers[48]. Ultimately, 2D 

materials offer spectral coverage over a large range of the electromagnetic spectrum.  
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1.2.2 Transparent Conductive Oxide Nano-films  

Another material system that exhibits unique optoelectronic properties is the 

family of transparent conductive oxides (TCOs) such as indium tin oxide (ITO), 

aluminum doped zinc oxide (AZO) and gallium doped zinc oxide (GZO). ITO, in 

particular, is the most widely adopted TCO for applications such as displays, touch panels 

and solar cells due to its simultaneously large electrical conductivity and optical 

transparency. It’s a highly doped n-type semiconductor with the carriers being contributed 

by substitutional tin dopants and oxygen vacancies[56]. As such, high carrier 

concentration, on the order of 10
20

/cm
3
, can be achieved, which leads to a plasma 

frequency that lies in the near infrared range and allows the use of its plasmon resonances 

in the telecommunication band. This unique feature distinguishes ITO from graphene as 

well as the heavily doped semiconductors like silicon, both of which have plasmon 

resonances only in the mid-infrared and terahertz range. 

The carriers in ITO are primarily created during the deposition and their 

concentration can easily be tuned via controlling the gas content, flow rate, the pressure 

and the temperature[56], [57], resulting in the modification of the plasma frequency. 

Similar to graphene, the carrier concentration in ITO can also be controlled via 

electrostatically gating in a field-effect transistor configuration, and the plasma 

wavelength of ITO can be tuned from ~3µm to ~0.5µm when the carrier concentration is 

modified from 10
20

/cm
3
 to 5x10

21
/cm

3
[58] However, the thickness of the carrier 

depletion/accumulation layer is typically very low[59], as such, an ultrathin film is 

desired to minimize the damping in the un-switched portion of ITO. 
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1.3 Application of Ultrathin Films in Optoelectronics 

Based on the rich optoelectronic properties of ultrathin films, various devices 

utilizing such films have been realized, often with performance advantages compared to 

bulk semiconductors or devices. Applications include but are not limited to broadband 

and high-speed photodetectors, high-efficiency modulators and highly tunable emitters. 

1.3.1 Photodetectors 

Owing to its cone-like band structure with zero bandgap, graphene offers 

opportunities to achieve ultra-broadband photodetection[60]–[63], with the capability of 

in-situ tuning the photoresponsivity via electrostatically gating. Furthermore, the photo-

response in graphene is ultrafast. A graphene photodetector with a bandwidth of 40 GHz 

have been experimentally demonstrated[64], while its intrinsic bandwidth is limited only 

by the lifetime of the photogenerated carriers and was measured to be 262 GHz[65]. 

Compared to other high-speed detectors based on III-V semiconductors, graphene 

photodetectors are CMOS compatible and thus a potentially better candidate for use in 

high-speed optical communications on silicon chips.  

Despite the advantages, efficiencies of the graphene photodetectors that are based 

on the photovoltaic effect (PVE) are typically low[66]. Photo-generated carriers in 

graphene have a much shorter lifetime than those in a bulk semiconductor due to the lack 

of a bandgap. As such, at a graphene/metal junction, only carriers generated within 

~0.2µm of the electrode can be collected by the built-in potential at the contact[67]. 

Although interdigitated wires composed of different metals have been used for the 

collection of photocurrent at zero bias[68], the complexity in fabrication as well as the 

relatively low external quantum efficiency (6.1mA/W) limits use in practical applications. 
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In contrast to graphene, transition metal dichalcogenides (TMDCs) are two-

dimensional semiconductors. MoS2, in particular, is attracting tremendous interest due to 

its direct bandgap at 1.8 eV with a moderate electron mobility of about 

200 cm
2
 V

−1
 s

−1
[69]. For light harvesting, MoS2-based photodetectors have been 

demonstrated to have the ability to achieve photogain. Due to the trap states near the 

Shottky junction formed between MoS2 and the electrodes, the photogenerated holes can 

be trapped at the junction while the electrons keep circulating in the circuit until the 

trapped holes are released and recombine with the electrons, as is schematically shown in 

Figure 1.2. This process is capable of generating photo-amplification with the photogain 

determined by the trapping time of holes and the drift velocity of electrons. The highest 

photoresponsivity reported to date is 880A/W, with the noise equivalent power (NEP) 

lower than that of commercial state of the art silicon p-n junction based avalanche 

photodiodes[70], [71]. 

 
Figure 1.2. Electronic band structure of a visible MoS2 photodetector in which 

photoamplification is achieved by trapping the photo-generated holes at the Schottky 

interfaces. 

 

Enabled by the fact that the individual layers of 2D materials are only weakly 

bonded through van der Waals forces, various heterostructures exploiting different types 

of 2D materials have been realized regardless of the restrictions on lattice matching[48]. 

Consequently, various heterostructures have been demonstrated that take advantage of 
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the properties from different materials, leading to high-efficiency photodetectors and 

multifunctional electronic logic and memory devices[72]–[74].  

1.3.2 Active Modulators 

As the propagation of light is essentially based on the interaction between light 

and matter, it implies that the flow of light can be manipulated by controlling the optical 

properties of the interacting medium via electrical, thermal[75], mechanical[76] or 

optical[77] approaches. Among these methods, the electrical modulation of light is of 

critical importance due to the ability to achieve a fast response from a compact platform 

that is compatible with silicon technology. The mechanism of electro-optical modulation 

of ultrathin films, in general, lies in the tuning of the charge concentration or the 

modification of the electron states. 

The modulation of the carrier concentration is usually achieved via 

electrostatically gating using a field-effect transistor configuration. Graphene is a good 

example as its Fermi level can be easily adjusted with moderate gate voltage, which has 

enabled numerous graphene-based modulators with broad bandwidth and fast 

response[78], [79]. The modulation of ITO is based on a similar mechanism[80]–[82]. 

The relatively large thickness of ITO thin films compared to that of 2D materials is 

capable of supporting optical resonant modes inside the film, which can be utilized to 

enhance light-matter interaction in combination with the resonant modes supported in an 

optical nanostructure, as will be introduced in Chapter 3.  

1.3.3 Light Emitters 

Compared to conventional light emitters, emitters based on the 2D materials are 

exciting mainly due to their highly tunable electronic band structures. For instance, the 
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direct bandgap of monolayer MoS2 as well as the interlayer exciton transition between 

monolayer MoS2/WS2 vertical heterojunctions can be easily tuned via electrostatic 

gating[83], [84]. Moreover, the coverage of photon energy emitted from TMDCs and 

their heterostructures ranges from visible to the near infrared, making them potentially 

very useful for the next generation tunable visible light emission devices. 

1.4 Motivation and Organization of the Thesis 

High-performance optoelectronic devices demand efficient light-matter 

interaction. Light-matter interaction in ultrathin films, especially 2D materials,  can be 

intrinsically very strong, for instance, the absorption in monolayer graphene, which is 

only 0.3nm thick, is 2.3%, and the absorption in 0.67 nm thick monolayer MoS2 is as 

high as 10% at the excitonic peak. However, their external quantum efficiencies (EQE) 

are typically limited due to two factors. First, the volume of the interaction is limited by 

the physical thickness of the thin films, and second, their response to an electromagnetic 

wave can be anisotropic. Graphene is only one-atom thick and electrons are only movable 

in-plane,  therefore only respond to light with its electric field parallel to the surface. 

MoS2 also has anisotropic dielectric constants between the in-plane and out-of-plane 

directions[85], [86]. The practical application of these ultrathin films requires proper 

integration with optical nanostructures that are specifically designed according to the 

different material properties. 

In this thesis, I will present my efforts to modify the interaction between light and 

ultrathin films such as 2D materials and ITO nano-films using different approaches. The 

enhancement of the interaction in the thin films directly results in the improvement of 

optoelectronic device performance, which could ultimately lead to applications including 
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photodetectors and active light modulators.  

In Chapter 2, I demonstrate that the absorption in 2D materials can be 

significantly enhanced by incorporating them into a Fano-resonant photonic crystal 

(FRPC). Both graphene and MoS2 are implemented with the FRPC structure, and near-

unity overall device absorption is demonstrated. More importantly, using photocurrent 

measurements, I show that 77% absorption in a monolayer graphene can be 

experimentally achieved, which is over 33 times higher than an otherwise unmodified 

monolayer graphene film.. 

 Chapter 3 details my efforts to enhance the interaction of light with thin ITO 

films by combining an epsilon-near-zero (ENZ) mode with a dielectric Huygens’ 

metasurface that is capable of producing electric field enhancements while maintaining 

near unity transmission. The strongly enhanced electric field together with the absence of 

material absorption in the silicon resonators results in a transmission modulation of 45%. 

Preliminary experimental results are presented and explained with simulations. 

Chapter 4 introduces a hot electron-based sub-bandgap photodetector using 

bilayer MoS2. The spectrum of the photoresponsivity is presented and interpreted with 

the theory of hot electron injection. A photoamplification that yields a photogain of 10
5
 is 

also demonstrated. The large photogain results in a photoresponsivity of 5.2 A/W, which 

is far above similar silicon-based hot electron photodetectors in which no 

photoamplification is present. In addition, control experiments are presented that confirm 

that the hot electron injection from the plasmon resonances is indeed the source of the 

photocurrent. 

Finally, in Chapter 5 I give a summary of my work as well as the long term 
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implications. I will also provide a perspective regarding potential future research 

directions in which the unique properties of ultrathin films can be combined with optical 

nanostructures for next generation optoelectronic devices. 

 



 

 

Chapter 2                                                                                                                  

Enhanced Absorption in 2D materials using a Fano-resonant Photonic Crystal 

2.1 Introduction 

As was mentioned in chapter 1, due to the relatively short interaction length with 

light and the relatively small single-pass absorption in 2D materials, the performance of 

2D material-based optoelectronic devices such as photodetectors and modulators are 

typically limited. In an effort to enhance the absorption in 2D materials and particularly 

in graphene, several approaches have been reported. Surface plasmon resonances, despite 

the fact that they could lead to very high field enhancement, are not the optimal choice 

due to the relatively high loss in metal. For instance, when graphene is integrated with 

plasmonic resonators, the absorption in graphene is only enhanced by about 20 times[87], 

while the rest of the energy is dissipated in the metal. Dielectric resonators, on the other 

hand, provide an alternative approach to solve this issue. For instance, by integrating 

graphene with Bragg cavities, the absorption in a monolayer graphene has been enhanced 

to up to 60%[88].  

Here, we report that the absorption in 2D materials can be significantly enhanced 

by incorporating them into a Fano-resonant photonic crystal (FRPC). We implement the 

FRPC with both graphene and MoS2, demonstrating near-unity overall device absorption. 

More importantly, using photocurrent measurements, we demonstrate that graphene 

absorbs 77% of the incident light within the telecommunication bands when integrated in 

the FPRC. This is the highest graphene absorption reported in the telecommunication 

band at the time when this work is published, to the best of our knowledge. Moreover, we 
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experimentally show that the absorption in the FRPC is a non-local effect, namely, light 

can propagate in the structure to as far as 16 μm from the illumination point before being 

absorbed. For graphene-based field-effect-transistor photodetectors non-local absorption 

opens up a new route to increase the external quantum efficiency which suffers from the 

fact that electrons and holes are only separated within a ~0.2 µm region adjacent to the 

electrodes[67]  in the absence of an external bias or photothermoelectric effects[89]. 

2.2 Fano-resonant Photonic Crystal 

 

Figure 2.1. (a) Schematic of the Fano-resonant photonic crystal. (b) In-plane electric 

field components (|E|||) of the first band of the Gr-FRPC (near 1900 nm). Left: top view 

of the |E||| distribution in graphene. Right: cross-section of the |E||| distribution taken 

along the horizontal dashed line. (c) In-plane electric field components (|E|||) of the 

second band at 1507 nm. (d) Total absorption at normal incidence. (e) Band structure for 

TE polarization. (f) Band structure for TM polarization (g) Absorption within different 

2D materials when integrated with the FRPC structure (upper) and the single pass 

absorption (lower) as a function of the imaginary part of the in-plane component of the 

permittivity ( ||,i ). 
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In order to increase absorption, it is essential to achieve modal overlap with the 

in-plane electric field and the 2D material. We achieve this goal by using the Fano 

resonance[90] in photonic crystal (PC) slabs. In these Fano resonances, a guided 

resonance mode excited in the photonic crystal interferes with the free space mode, 

creating a Fano line shape in the transmission and reflection spectra. Furthermore, we 

employ a silver back reflector to block transmission, allowing absorption to approach 

unity. The back reflector is spaced from the PC slab (composed of TiO2 cubes) by an 

Al2O3 spacer layer and 2D material is sandwiched between the Al2O3 and the PC slab, as 

is shown in Figure 2.1(a). A weak Fabry-Perot cavity is then formed between the silver 

mirror and the PC slab, providing broadband reflection. Interference occurs between the 

PC modes and the broadband reflection, resulting in sharp reflection dips. It has been 

shown previously that in a PC slab the Fano line shape is reduced to a symmetric 

Lorentzian line shape when direct transmission is zero[91], [92], and reflection at normal 

incidence is given by[93], 
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where   is the frequency, rad  is the radiative decay rate of the guided resonance mode, 

and abs  is the non-radiative decay rate due to absorption. It can be observed that 

reflection goes to zero at the critical coupling condition when rad abs   is satisfied. At 

the same time, transmission is completely blocked by the silver back plane and as a result 

absorption approaches unity. The normal-incident total absorption spectrum of a 

graphene-integrated structure ( p  =1370 nm, d  =950 nm, h  =120 nm, t  =275 nm) is 
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shown in Figure 2.1(d). In Figure 2.1(e, f), the band diagrams of the same structure as a 

function of the in-plane propagation vector kx are provided. The resonance positions at kx 

= 0 match the normal-incident absorption peaks in Figure 2.1(d) and the bands at kx > 0 

provide information about the FRPC’s angular response. Note that some of the bands in 

Figure 2.1(e) and 2.1(f) are absent in the absorption spectrum due to the fact that those 

modes possess different symmetry from modes in air, thus they cannot be coupled to the 

FRPC from free space. The second band in Figure 2.1(d) at 1507 nm is of particular 

interest due to the highly confined in-plane E-field occurring at the interface between 

Al2O3 and the PC slab (Figure 2.1c). When graphene, modeled as anisotropic material 

with no out-of-plane absorption, is present at the interface, it absorbs 79% of the incident 

light which was calculated by multiplying the material loss with the integration of the E-

field within graphene and in the metal, separately. The FRPC performs equally well in 

the visible regime and for a wide range of 2D materials with varied absorptivity. In 

Figure 2.1(g) (upper panel), the resonance has been scaled to a wavelength of 540 nm and 

2D materials with in-plane imaginary permittivities ( ||,i ) ranging from 1.5 to 7.8 are 

embedded into the FRPC structure. Graphene absorbs 84.7% at the resonance peak while 

absorption rises up to 95% for materials with larger loss. The single pass absorption of 

these 2D materials is provided in the lower panel of Figure 2.1(g) for reference. 
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2.3 Enhanced Total Absorption 

 
Figure 2.2. (a) SEM of fabricated a FRPC structure designed for graphene, scale bar = 1 

µm. (b) Microscope image of the MoS2-FRPC with a MoS2 flake at the center. (c) 

Experimentally measured absorption of the Gr-FRPC (red dots) and absorption of bare 

graphene on the Al2O3/silver stack (black dashed line). The red and blue lines show the 

simulated total absorption and graphene absorption in the FRPC, respectively. The black 

line corresponds to the simulated total absorption within the bare graphene. The inset 

shows the absorption map, the black dashed line indicates the borders of the Gr-FRPC. (d) 

Total absorption of the MoS2-FRPC and absorption of MoS2 in the FRPC (red and blue 

solid lines). The black line is the absorption of bare MoS2 on an Al2O3/silver substrate. 

The red dots are the experimentally measured total absorption of the MoS2-FRPC. (e)-(g) 

Absorption maps of the MoS2-FRPC array shown in (b) at various wavelengths. The inset 

of (g) shows the absorption map of bare MoS2 on an Al2O3/silver substrate (the 

monolayer MoS2 flake is marked by a green dash line). The green arrow in (e) indicates 

the incident light polarization and the scale bar is equal to 20 μm. 

 

To experimentally demonstrate the absorption enhancement in 2D materials, we 

fabricated graphene and MoS2 integrated FRPC devices (Gr-FRPC and MoS2-FRPC). 

Graphene is chosen due to its relatively poor absorption compared to TMDCs, thus 
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representing the worst-case scenario, while MoS2 is selected as a representative of 

TMDCs that absorb in visible regime. Monolayer CVD graphene (confirmed by Raman 

spectroscopy), or monolayer exfoliated MoS2, were transferred onto a Al2O3/silver stack 

and a TiO2 photonic crystal with an area of 100 µm x 100 µm was defined on top. Images 

of a fabricated FRPC structure designed for graphene and a MoS2-FRPC device are 

shown in Figure 2.2(a, b), respectively. In the MoS2-FRPC, the flake is smaller than the 

array and sits at the center.  

From the band structure shown in Figure 2.1(e) and (f), it is obvious that the 

FRPC mode is sensitive to the angle of incidence. As such, to measure the optical 

absorption of the Gr-FRPC, the incident angle was confined to within ±2.5° of normal to 

the substrate. A tunable diode laser with full width half maximum (FWHM) less than 200 

kHz (New Focus 6326) was used as the laser source and reflection from the center of the 

array ( R ) was measured, yielding the absorption, 1A R  .  A peak absorption of 96% 

was obtained at 1507 nm and matches well with the simulation (Figure 2.2c). The 

absorption of bare graphene sitting on the same Al2O3/silver stack but without the PC was 

measured to be ~8.5%, also matching the simulation. It is important to note that these 

measurements include absorption in both graphene and the silver back plane. An 

absorption map is presented in the inset of Figure 2.2(c), showing uniform near-unity 

absorption on the FRPC array and absorption drops away at the edge of the array.    

For the MoS2-FRPC, the resonance is designed to be at 538 nm ( p  =387 nm, d  

=172.2 nm, h  =46 nm, t  =203.5 nm). In this case, 16 nm of PMMA was spun on top of 

the device to match the resonance wavelength with the laser. The solid red and blue 

curves in Figure 2.2(d) are the simulated total FRPC absorption and absorption within 
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MoS2 as a function of wavelength, showing values of 95% and 90% at the resonance 

peaks, respectively. This is higher than in the case of graphene as MoS2 is more 

absorptive in this wavelength region. For reference, bare MoS2 on top of the Al2O3/silver 

substrate has ~25% absorption across the wavelength range of interest. The fact that the 

small piece of MoS2 is embedded in the FRPC array allows us to directly visualize the 

absorption enhancement in MoS2 by illuminating the entire array with a collimated laser 

at various wavelengths, both on and off resonance. A map of absorption is obtained by 

comparing the reflectance intensity obtained from the MoS2-FRPC and from a mirror, as 

is shown in Figure 2.2(e) (on resonance), and (f, g) (off resonance). The absorption 

values from the center of FRPC array where MoS2 is present were extracted and are 

plotted with red dots in Figure 2.2(d). The illumination laser has a FWHM of 3-4 nm and 

the measured absorption is the average value within this bandwidth, lowering the 

measured value compared to the simulation. For comparison, the inset of Figure 2.2(g) 

shows a map of bare MoS2 on top of Al2O3/silver illuminated at 538nm with a measured 

absorption of 24.6%, closely matching the simulation. 

2.4 Enhanced Absorption in 2D materials 

While the total absorption enhancement in the Gr-FRPC and MoS2-FRPC clearly 

indicate strong light-matter interaction, these measurements do not allow us to 

experimentally validate the percentage of absorption in the 2D materials.  To extract this 

information, we measured the photocurrent from a Gr-FRPC device and compared the 

result with the photocurrent from bare graphene sitting on top of the same Al2O3/silver 

stack.  
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The fabrication of the device (Figure 2.3 a-d) started with silver being deposited 

onto a p-type silicon wafer which was cleaned with HF, followed by deposition of 40 nm 

of Al2O3 using electron beam deposition. This thin layer of Al2O3 protected the silver 

film during the following step in which 235 nm of Al2O3 was grown using atomic layer 

deposition (ALD). CVD grown graphene was then transferred on to the silver/Al2O3 stack. 

The photonic crystal array was then defined by electron beam lithography (EBL) 

followed by electron beam deposition and lift-off of the TiO2 resonator layer. Electrodes 

were then defined using EBL patterning and deposition of 25 nm Ti and 25 nm Au layers 

on top of the graphene sheet. The distance between the two electrodes was 180 μm and 

the width of the electrodes was 210 μm. Thick Cr/Au electrode pads were then defined 

using EBL for wire bonding. Lastly, graphene was patterned using EBL and O2 plasma 

etching to form a patch ~300×400 μm in size. 

 
Figure 2.3. (a) Prepare the silver/Al2O3 and transfer graphene onto the stack. (b) Define 

the TiO2 photonic crystal. (c) Define the electrodes, including the contact electrodes and 

the thick wire bond pads (not shown). (d) Pattern graphene into a square patch. 
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The schematic of the photodetector device is shown in Figure 2.4(a), a source 

drain bias of sdV  = -4.1V was applied over a 180 µm long channel with a channel width of 

210 µm to negate the variations in the Fermi level due to doping non-uniformities that 

resulted from the fabrication process. Note that the DC current was measured to be DCI  ~ 

1.1 mA, resulting in an electrical power density of ~12 W/cm
2
, which is small enough to 

avoid significant Joule heating of the film[94]. A gate voltage GV  = 60V was used to 

ensure that the Pauli blocking is not active[95]. The device was illuminated in the middle 

of the Gr-FRPC array and a reference measurement was taken on bare graphene (points A 

and B in Figure 2.4a). The incident laser beam, with a spot size greater than 15 μm and 

the E-field polarized parallel to the electrodes, was located 50 μm away from the nearest 

electrode. The illumination power was kept low so that the power absorbed by graphene 

is less than 35 μW. With this setup, the measured photocurrent is a result from 

photovoltaic and bolometric effects[96], both of which increase by the same amount due 

to the enhanced absorption. The current from the thermoelectrical effect[89], [97], [98] is 

negligible due to the fact that this effect is based on the difference in the Seebeck 

coefficient between two different regions, which is negligible under the applied source-

drain voltage. 

The experimentally measured photocurrent from the device, FRI ( ) , and from 

bare graphene, GrI ( ) , are shown in Figure 2.4(b), with the peak current occurring at 

1507 nm, matching well with the shape of the simulated graphene absorption in FRPC. 

Comparison of FRI ( )  to the mean value of GrI ( )  yields an experimental photocurrent 

enhancement of 14.33 at the center of the resonance (Figure 2.4c). As a reference, the 
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theoretical absorption within graphene for the case of a bare film sitting on the same 

Al2O3/silver stack is 5.23% at 1510 nm with an average value from 1480 nm to 1530 nm 

of 5.4% (solid line in the inset of Figure 2.4b), yielding a theoretical absorption 

enhancement of 14.63. The measured photocurrent enhancement is thus close to the 

simulated absorption enhancement and indicates that 77% of the light is being absorbed 

within the graphene layer. The photocurrent as a function of the incident power measured 

at the center of the Gr-FRPC array is shown in Figure 2.4(d), which is taken under the 

same electric field polarization and the source-drain bias, showing the linear response 

regarding to the incident power. 

 
Figure 2.4. (a) Schematic of the Gr-FRPC photodetector device. (b) Photocurrent from 

the center of the Gr-FRPC array (point A in Figure 2.4a) (red dots) and on bare graphene, 

corresponding to point B (black dots). The red and black solids lines correspond to the 

simulated graphene absorption in the FRPC and on an Al2O3/silver substrate, respectively. 

Inset: zoom in of the graphene photocurrent and simulated graphene absorption for the 
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case of bare graphene. (c) Experimental enhancement of the photocurrent (dots) and the 

simulated graphene absorption enhancement (line). (d) Photocurrent from center of Gr-

FRPC (point A) as a function of the incident laser power. 

 

2.5 Nonlocal Absorption 

One of the key features of our structure is that absorption is non-localized due to 

propagation within the photonic crystal. Opposed to conventional photonic crystal 

cavities where light is confined within a small volume, photons in the FRPC are confined 

vertically to a thin region near the 2D material but are free to propagate in the lateral 

direction. Figure 2.5(a) shows the intensity of the in-plane electric field (|E|||
2
) when a 

Gaussian beam with a 1/e
2
 half-width of 2gausw / = 4.5 μm and yE polarization is incident 

on a FRPC that has not been integrated with a 2D material. As can be observed, the field 

spreads out in the x direction and fitting the envelope of the field intensity along the 

white dashed line gives a Lorentzian line shape with a half width in the x direction of 

28.4 μm,  indicating that light propagates ~ 24 µm away from the spot of incidence. The 

intensity profile along the grey dashed line matches a Gaussian line shape whose half 

width is 5.6 µm. 

To demonstrate non-local absorption experimentally, we scanned a laser beam 

with a 1/e
2
 half width of 4.5 µm over a FRPC that was partially covered by graphene. The 

sample was broken down into 3 regions, as shown in Figure 2.5(b), where region I 

consists of the FRPC, without graphene, region II consists of the FRPC with graphene, 

and region III is void of the FRPC. Absorption in region I is soley due to ohmic loss in 

the metal back plane while absorption in region II is dominated by graphene. Due to the 

finite beam size and propogation within the PC, the measured absorption, as a function of 

position, is blurred as the beam approaches the border between regions I and II (black 
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line Figure 2.5b). The electric field distribution in the x direction can be expressed with a 

normalized Lorentzian function ( , ')f x x , where 'x  is the center of the Lorentzian as well 

as the center of incident beam spot. When the laser scans across the region I/II boundary 

(where 1x x ), the measured absorption ( ')scanA x  at position 'x  is an addition of 

1

1 ( , ')

x

A f x x dx


  and 
1

2 (1- ( , ') )

x

A f x x dx


 , where 1A  and 2A  are the absorption coefficients 

in region I and II, respectively. The first term represents the portion of electric field left in 

region I being multiplied by the absorption coefficient in region I, resulting in the total 

absorption in region I, and the same second term stands for the total absorption in region 

II. Taking the derivative of ( ')scanA x , we obtain ( ') ( , ')scanA x f x x
x





 demonstrating that 

the derivative of absorption, as a function of position, is proportional to the field 

distribution in FRPC. 

The derivative of the measured absorption is shown in Figure 2.5(c) (red line) and 

the data to the left of the green dashed line is fitted with a Lorentzian curve (red dashed 

line). To the right of the green dashed line the response of the FRPC is dominated by the 

unpatterned area (region III) and absorption begins to dip. From the fit to the derivative 

of absorption, we obtain an intensity distribution whose 1/e
2
 half width within the FRPC 

is 20.7μm, indicating a propagation distance of ~16 μm from the incident spot. This value 

is slightly smaller than the calculated value of 24 µm and the error most likely arises 

from defects within the FRPC due to fabrication imperfections and contamination from 

the graphene transfer process. It should also be noted that the simulated propagation 

distance in region II is only 8.9 μm due to the existence of graphene which introduces a 

larger non-radiative decay rate. This indicates that in our photocurrent enhancement 
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measurements light is not making it to the electrodes, but rather being absorbed within 

the FRPC and thus the current enhancement is due to absorption enhancement rather than 

more effective charge collection.  

 
Figure 2.5. (a) Intensity plot of the in-plane electric field (|E|||

2
) distribution when a 

Gaussian beam is incident on the FRPC without graphene. Top: |E|
2
 of the incident beam. 

The two curves on the bottom and right are envelopes of |E|||
2
 taken along the white and 

grey dashed lines within the FRPC. (b) Normal incident absorption profile of the FRPC 

array partly covered by graphene. The inset depicts the light field within the FRPC and 

the direction of laser beam movement.  (c) Absorption and the derivative of absorption 

near the region I/II border. Experimentally measured absorption (black line), derivative 

of the experimentally measured absorption (red line) and the fit to the derivative of the 

absorption (red dashed line). 
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Since the FRPC structure is sensitive to the angle of incidence, below we illustrate 

that the absorption enhancement and the non-local absorption are not coming from other 

guided modes excited at angled incidence. We examine the absorption in the FRPC 

without graphene as a function of the incident angle, as can be observed in Figure 2.6.  

The TM mode is less sensitive to the incident angle compared to the TE mode. The |E||| 

distribution at multiple angles of incidence for both TE and TM polarization are show in 

Figure 2.6(c-e). All field plots are taken at the normal incident resonance wavelength 

indicated by the dashed line in Figure 2.6 (a, b), which is also the wavelength used in the 

non-local simulations and experiments.  The field profiles for the TM mode at incident 

angles of 3º and 6º, shown in Figure 2.6 (d, e), exhibit the same mode profile as normal 

incidence (Figure 2.6c). For TE polarization, when the angle of incidence is greater than 

2º, absorption becomes less than 12%. The |E||| distribution for TE polarization at 1º is 

shown in Figure 2.6 (f) which is also the same as the normal-incident mode. From these 

results, it is clear that even when illuminated with a Gaussian beam with a finite range of 

off-normal incident angles, the same mode is excited in the FRPC so that non-localized 

absorption as well as any absorption enhancements are not coming from other guided 

modes within the structure. 
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Figure 2.6. Absorption vs. incident angle for (a) TM polarization and (b) TE polarization. 

(c) |E||| distribution on top of Al2O3 with 0º incidence at the resonance wavelength 

(dotted lines in (a) and (b)). The plot includes 4 unit cells defined by the white cross and 

the dashed square indicates the position of the TiO2 cube within the unit cell. (d) |E||| for 

TM polarization at 3º incidence. (e) |E||| for TM polarization at 6º. (f) |E||| for TE 

polarization at 1º. (g) Measurement setup that confines the incident angle by using the 

aperture at the back of the objective. 

 

2.6 Conclusion 

In summary, we have experimentally demonstrated that optical absorption in 2D 

materials as thin as a monolayer of graphene can be increased to 77% by integrating the 

material within Fano-resonant photonic crystals. Furthermore, the same structure is able 

to enhance absorption in other 2D materials in the visible regime with absorption in the 

2D material reaching values of up to 90% in the case of MoS2. We also demonstrated that 

the FRPC structure can be utilized to collect photons incident 16 μm away from the 2D 

material flake thus increasing the effective detection area, which is typically limited by 
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the flake size. Potential applications rising from this concept include long channel 

graphene-based FET photodetectors with greatly enhanced external quantum efficiency 

while still maintaining an ultrafast photoresponse. 
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Chapter 3                                                              

Enhanced Modulation using ENZ-Huygens’ Hybrid Mode 

3.1 Introduction 

The interaction between light and matter not only allows for the detection of 

photons, but also enables the active modulation of light by controlling the optical 

properties of the material. A wide variety of material systems have been demonstrated to 

have controllable optical properties, for instance, phase change materials [99], transparent 

conductive materials (TCOs)[56], and newly-emerged low-dimensional materials such as 

graphene[100] and quantum dots[101]. For nanoscale modulators using thin films, the 

modulation often suffers from limited interaction length which results from the small 

volume of the material. However, integration of the active materials with optical 

nanostructures can be used to enhance the light-matter interaction. 

Utilizing plasmon resonances is the most common approach in achieving active 

light modulation with devices usually being implemented using plasmonic 

“metasurfaces”. In addition to providing high enhancement of the local electric field, 

plasmonic metasurfaces are capable of molding the properties of light, such as the 

intensity, polarization and spin/orbital angular momentum. The integration of the active 

materials with such metasurfaces has resulted in the realization of metasurface-based 

modulators with various functionalities[102]–[105]. 

However, plasmonic metasurfaces are inherently lossy, leading to inevitable 

power loss in the metal. Consequently, their performance suffers in terms of the 
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modulation depth and the insertion loss. Dielectric metasurfaces[106], on the other hand, 

have proved themselves to be excellent alternatives to their plasmonic counterparts 

mainly due to the absence of material losses. Here, we demonstrate an efficient light 

modulator based on a dielectric Huygens’ metasurface integrated with an ultrathin ITO 

film, whose plasma frequency can be dynamically tuned in the near-infrared range 

through electrostatically gating. We show that this integration enables us to perform 

modulation in the transmission mode with a low insertion loss. The overlapping of the 

Huygens’ mode with an epsilon-near-zero (ENZ) mode in the ultrathin ITO film results 

in 45% transmission modulation. Compared to monolayer graphene, ITO is selected for 

its higher plasma frequency which lies in the near infrared range. Also, the existence of 

the ENZ mode requires a finite thickness, therefore it cannot be found in monolayer 

graphene.  

3.2 Dielectric Metasurfaces 

3.2.1 Mie Resonances 

The building block of dielectric metasurfaces are high refractive index resonators 

exhibiting Mie resonances. Unlike the plasmon resonances in metallic structures, which 

result from the oscillation of conduction currents on the metallic surface, Mie resonances 

are electromagnetic resonances in dielectric nanoparticles and can exhibit electric and 

magnetic dipoles associated with displacement currents. Since the confinement of the 

electric field inside the nanoparticle is based on the refractive index contrast at the 

boundaries, high-index materials are always desired.  
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Figure 3.1. The scattering cross-section (SCS) of a silicon nano-cylinder with a diameter 

of 400 nm and height of 300nm.  The field plots show the electric (left, green arrow) and 

magnetic dipole (right, red arrow) and the corresponding displacement current.  

 

In the near infrared range, due to the relatively high refractive index and the 

absence of the material loss, silicon is the most commonly used material in realizing Mie 

resonances. Figure 3.1 shows the scattering-cross section (SCS) of a silicon cylinder with 

400 nm diameter and 300 nm height. The displacement current plots clearly show the 

profile of an electric dipole (left) and a magnetic dipole (right) at the corresponding SCS 

peaks of 930 nm and 1430 nm, respectively. From the distribution of the displacement 

current, it can be observed that while the electric dipole is accompanied by an 

enhancement of the electric field oriented in the x-y plane, the magnetic dipole, which is 

associated with a circulating displacement current, offers the opportunity to create an 

electric field enhancement in the z-direction, which is parallel to the incident wave vector. 
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Therefore, by choosing an appropriate resonance mode, Mie resonances can potentially 

be utilized in manipulating the orientation of the local electric field.  

3.2.2 Huygens’ Metasurfaces 

In 1690, Huygens pointed out that every point on a wave front acts as a source of 

outgoing waves[107], which qualitatively explains the propagation of waves in a medium.  

Two hundred years later, a rigorous form of Huygens’ principle was developed, 

specifying that the “source” should consist of fictitious crossed electric and magnetic 

dipoles in order to realize pure forward-propagating waves[108]. These fictitious electric 

and magnetic dipoles have been shown to be realizable using subwavelength structured 

plasmonic elements that support both electric and magnetic dipolar resonances in the 

microwave and mid-IR frequencies[109], [110]. However, when moving into the optical 

frequencies, the power dissipation in plasmon resonances will lead to an undesired 

decrease in transmission, due to absorption loss.  

One way to circumvent absorption loss is to use the dielectric particles as the 

resonant elements. Dielectric resonators can support overlapped electric and magnetic 

resonances with minimum parasitic loss[111]. When the resonators are arranged in a 

subwavelength lattice, the reflectance from the array is described by [111] 
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  (3.1) 

where e  and m  are the frequencies of the electric and magnetic dipole, e  and m  are 

the damping of the two dipoles, respectively. It can therefore be understood that when the 

electric and magnetic dipoles perfectly overlap with equal strength and damping, the 

surface will have zero reflection and unity forward-scattering.  
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3.3 Epsilon-near-zero Modes 

In order to actively modulate the transmission of the Huygens’ metasurface, we 

integrate it with an active material such as a thin film of ITO whose electron 

concentration can be dynamically controlled via electrostatically gating. Moreover, it is 

desirable that an optical resonance possessing highly enhanced electric field can exist in 

this deep-subwavelength film. Such electric field enhancement can be achieved when the 

ITO’s permittivity approaches zero. 

The ITO can be modelled as a metal with a permittivity expressed by the Drude 

model,
2 21 / ( )ITO p i      , where p  is the plasma frequency and   is the Drude 

damping. At the interfaces of a dielectric/ITO/dielectric system shown in Figure 3.2 (a), a 

solution of the Maxwell equations exists and can be characterized by [112] 
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where 

2

||2zi ik k
c


   is the wave vector normal to the interfaces. In particular, the long 

range SPP branch shows a uniquely flat dispersion near to the position when Re( ) / 1p    

[112]. Since the permittivity of ITO vanishes at this frequency range, this resonant mode 

is defined as the epsilon-near-zero (ENZ) mode. 

Due to the constraints of the boundary condition at the interfaces, which requires 

the continuity of electric flux density and is expressed as 1 ,1 2 ,2 3 ,3norm norm normE E E    , 

the ENZ mode can lead to a highly enhanced electric field in ITO nano-film, as is shown 

in Figure 3.2(b). Therefore, the utilization of the ENZ mode will result in high modal 

overlap and therefore strong light-matter interaction within the ITO nano-film.  
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Figure 3.2. (a) Schematic of a three layer system with an ITO nano-film in the middle.  

(b)The normal component of the electric field is highly enhanced in the nano-film at the 

ENZ mode.  

 

3.4 Structure Design and Simulation 

Our design utilizes the Huygens’ metasurface and a dynamically tunable ENZ 

mode supported in an ultrathin ITO film. Figure 3.3 shows the schematic of the structure, 

with silicon cylinders supporting both electrical and magnetic resonances and the 

ultrathin ITO film (< 10 nm) covering on the top. To electrically connect the ITO film on 

the top, narrow silicon wires were made to run through the cylinders in the y direction.  

 
Figure 3.3 Schematic of silicon Huygens’ metasurface with ITO thin film on top. The 

structure is buried in a solid electrolyte film with thickness of 500 nm. 

 

The design of the structure starts with the overlapped electric and magnetic 

resonances in the silicon cylinders with a height H fixed at 260 nm. To identify the 

conditions required for the electric and magnetic dipoles to overlap, we simulated the 



 38 

transmission spectrum with the cylinder diameter D swept from 300 to 700 nm while the 

period p was kept constant at 820 nm, as is shown in Figure 3.4 (a, b). For the 

polarization with the electric field along the x direction, the overlapping of the two 

resonances occurs at D = 530nm, resulting in a transmission of 99.5% at 1534 nm and an 

overall transmission over 90% from 1300 nm to 1800 nm. In contrast, when the two 

resonances are incompletely overlapped (D =400 nm) or if they are separated (D =640 

nm), one or two dips show up in the spectrum. The co-existence of the orthogonal electric 

and magnetic dipoles at 1534 nm can also be observed from the electric and magnetic 

field profiles in Figure 3.4 (c). Meanwhile, due to the presence of the magnetic dipole, 

which is induced by the circulating displacement current in the cylinder, the out-of-plane 

component of the electric field is enhanced at the top and bottom surfaces of the cylinders, 

which can be seen in the distribution of |Ez| in Figure 3.4(d). Due to the presence of the 

wires in the y direction, the transmission spectrum for the Ey polarization does not exactly 

match with the Ex polarization, although the underlying physics regarding the overlap of 

the electric and magnetic dipoles is essentially the same. It also needs to be noted that the 

entire device is embedded in a solid electrolyte film to electrostatically gate the ITO thin 

film. However, since the refractive index of the solid electrolyte (n = 1.46) is comparable 

to the quartz substrate, and the thickness of the film, which is around 500 nm, is enough 

to bury the silicon cylinders, the introduction of the film will only slightly shift the Mie 

resonant spectral positions and will not significantly affect the overlap of the electric and 

magnetic dipoles. All simulations shown in Figure 3.4 have the 500 nm solid electrolyte 

film taken into consideration. 
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Figure 3.4 (a) Transmission of the silicon cylinder metamaterial as a function of the 

diameter (D) for Ex polarization (b) Transmission spectrum taken when the diameter is 

400 nm, 530 nm and 640 nm, respectively, which correspond to the three white dash lines 

in (a). (c) Co-existence of the electric and magnetic dipole at 1541nm when D = 530 nm. 

The arrows in the top panel show the electric field and the arrows in the bottom panel 

show the magnetic field. (d) Distribution of |Ez| at the Huygens’ mode for Ex polarization. 

(e) The transmission map for Ey polarization. (f) The transmission spectrum for Ey 

polarization when D = 530nm.  

 

The next step of the design involves the further overlapping of the Huygens’s 

metasurface with the ENZ mode in ITO. To achieve this, we implement an ITO film with 

8.5 nm thickness and λp at 1460 nm and integrated it with a Huygens’ mode at 1485 nm 

(H =250 nm, D =500nm, p =800 nm). The thickness of the ITO film is chosen to be thin 

enough such that efficient carrier depletion or accumulation can be achieved. In the 

meantime, the film is still continuous and conductive. Both the ENZ mode and the 

Huygens’ mode are capable of inducing Ez field enhancement, therefore the spatial 

overlap of the two modes in both frequency and polarization leads to a greatly enhanced 
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Ez field in ITO, with an enhancement factor of 11.5 times compared to the free space 

electric field strength (E0), as is shown in the inset of Figure 3.5(a). The absorption in the 

8.5 nm thick ITO film thus reaches 46%, which is determined by 2| |i E dV , where i  is 

the imaginary part of the ITO permittivity.  

 Since the ENZ mode occurs at the frequency where the permittivity of ITO 

approaches zero, by dynamically tuning the plasma frequency away from the Huygens’ 

mode λH, a reduction in the coupling between two modes will result. The decoupling 

results in a decrease in the electric field within the film resulting in lowering of the 

absorption within the ITO. The simulated change in absorption as a function of the 

plasma wavelength λP of ITO is presented in Figure 3.5 (a), with the highest absorption 

occurring at λP =1460 nm. The same figure is re-plotted in Figure 3.5(b), but with each 

absorption curve being shifted by 0.2.  It is interesting to note that a hint of anti-crossing 

occurs when λP approaches the wavelength of the Huygens’ mode, which implies the 

existence of strong coupling between the ENZ mode and the Mie resonances of the 

dielectric metasurface. In general, strong coupling arises when the coupling strength 

between the two resonances exceeds the average decay rate[113]. In our case, the ENZ 

mode and the Huygens’ mode are able to communicate through the simultaneously 

enhanced Ez field in the ITO film, followed by efficient energy exchange. However, the 

anti-crossing is difficult to distinguish due to the strong damping from the absorption in 

ITO. Strong coupling between the ENZ mode in a doped semiconductor nanolayer and 

metal split-ring resonators[114] has been previously observed and analyzed, yet this is 

the first time that the strong coupling between an ENZ mode and a dielectric Mie 

resonance has been observed. 
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As a result of the variation in absorption, the transmission of the metasurface is 

also modulated, as is shown in Figure 3.5 (c, d), 43.2% and 46.5% of modulation in 

transmission can be expected from Ex and Ey polarization when λP is shifted from 1920 

nm to 1460 nm. The corresponding tuning of electron concentration is from 4.4x10
20

/cm
3
 

to 7.4x10
20

/cm
3
. 

 
Figure 3.5. (a) Absorption modulation for Ex incidence when the plasma wavelength of 

ITO is shifted from 1920 nm to 1178 nm. The inset shows the confined electric field |Ez| 

in the ITO thin film taken at 1480nm (shown with the red arrow). The inset is stretched in 

the vertical direction by 2 times and only contains the top portion of the silicon resonator 

so that the ITO layer can be clearly seen. (b) Re-plotted absorption curves in (a) with 

each curved shifted by 0.2, the black dashed lines are the guide to the eye of the anti-

crossing. (c) Transmission modulation for Ex polarization. (d) Transmission modulation 

for Ex polarization. 
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3.5 Device Fabrication and Dynamic Modulation Experiments 

 
Figure 3.6. (a-b) Doping of the poly-Si film with spin-on Boron dopant solution (B153, 

Filmtronics Inc.) for achieving conductive p-type silicon. (c) Definition of the silicon 

resonators array. EBL was first performed to define a Cr etch mask, followed by the 

deposition of Cr and lift-off. Reactive ion etching was then used to create the silicon 

structures, Cr is then etched using wet etching. (d) Definition of 60 nm gold electrodes 

using optical lithography, deposition and lift-off. (e) ~9.5 nm ITO was defined using 

optical lithography, RF sputtering and lift-off, followed by the annealing of ITO at 350ºC 

for 25 min. (f) Spin-coating of the solid electrolyte on top of the device. 

 

The fabrication process of the proposed device is schematically shown in Figure 

3.6. We started with polycrystalline silicon (poly-Si) that is deposited on a quartz wafer 

via low-pressure chemical vapor deposition (LPCVD). To ensure that the ITO films on 

top of the silicon cylinders are electrically connected, the poly-Si was then doped with 

boron by using the diffusion of boron at 1010 ºC. The Cr patterns that were used as 

reactive ion etching (RIE) masks were then fabricated on top of the doped poly-Si by 
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standard electron beam lithography (EBL), deposition and lift-off processes. RIE was 

then performed to create the array of the silicon cylinders and the silicon wires, with an 

array size of 50 x 50 µm. Cr was then removed by wet-etching, followed by two steps of 

optical lithography, deposition and lift-off processes to define the 60 nm thick gold 

contacts and the ITO thin film that covers only the resonator array. The as-deposited ITO 

has thickness of 9.5 nm which is slightly larger than the design. A microscope image of 

the fabricated device is shown Figure 3.7(a), and the SEM image of the silicon resonators 

before the deposition of ITO is shown in Figure 3.7(b).  

 
Figure 3.7. (a) Microscope image of the fabricated device consisting of a 50 µm x 50 µm 

array of silicon resonators and wires. Each array is connected by wide silicon buses to 

electrically access each element, ~9.5 nm ITO can be seen from edge of the ITO films. (b) 

SEM image of the resonator, the scale bar is 200 nm. 

 

As was introduced in Chapter 1, to dynamically modulate the optical properties of 

ITO, an electrostatic gate needs to be applied to modify the carrier concentration inside 

ITO, which in turn results in a large shift of the plasma frequency[56]. To demonstrate 

modulation using the ITO-integrated dielectric metasurface we used a solid electrolyte 

that can be easily spin-coated on top of the ITO surface as the gate. The solid electrolyte 

we used was composed of bis(trifluoromethylsulfonyl)amine lithium salt 

(CF3SO2NLiSO2CF3) dissolved in poly(ethylene oxide) (PEO), with the recipe being 
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adopted from ref [115]. The mechanism of modulation is shown in Figure 3.8(a). When a 

positive bias is applied, due to the formation of the electric double layer at the interface, 

positive charges are attracted to the top surface of ITO, resulting in carrier depletion in 

ITO and thereby a red-shift of its plasma frequency.  

 
Figure 3.8. Mechanism of modulating ITO carrier density using a solid electrolyte.  
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Figure 3.9. (a) Experimental modulation of ITO-Huygens’ surface for Ex polarization. (b) 

The modulation for Ey polarization. (c) Simulation of the transmission when ITO is under 

accumulation and depletion. The corresponding plasma wavelengths are 1416 nm and 

1648 nm, respectively. The electric field has the Ey polarization. (d) Same simulation in 

(c) for Ex polarization. 

 

The preliminary experimental modulation results are presented with dashed lines 

in Figure 3.9(a, b). Since the noise is high due to the limited signal intensity, numerically 

smoothed curves are drawn as guides to the eye. It can be seen that 25%-30% modulation 

in absolute transmission was obtained from both Ex and Ey polarizations when the voltage 

was tuned from -4V to 4V, which correspond to the processes when carrier are injected 

into or depleted from ITO, respectively. The plasma wavelength of ITO before 

modulation is about 1500 nm, with a carrier concentration of 6.9x10
20

/cm
3
 obtained from

* 2 2

0 0 / epn m  , where 
*

00.35m m  is the effective mass of ITO[82]. The change of 
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ITO carrier concentration upon gating can be estimated using 2.2n CV   x10
13

/cm
2
, 

where C =0.88µF/cm
2
 is the capacitance of the same solid electrolyte[115]. As such, the 

carrier concentration in ITO under depletion and injection is calculated to be 

5.9x10
20

/cm
3
 and 7.9x10

20
/cm

3
, corresponding to plasma wavelengths at 1648 nm and 

1416 nm,   respectively. 

This estimation does not take the thickness of the depletion/accumulation layer, 

which should be much smaller than 9.5 nm[59], into consideration. However, the simple 

calculation mimics the real system to some degree if the carrier distribution within the 

ITO film can be approximated with an effective carrier density calculated above. 

Transmission simulations at the calculated carrier concentrations are shown in Figure 3.9 

(c-d), showing a modulation depth only slightly larger than the experiment results, 

implying that the estimation can be used to approximate the much more complicated real 

system. However, more careful characterization of the change in ITO carrier density upon 

electrostatic gating still needs to be performed, which can be done using electrical Hall 

measurements.  

Other reasons that could lead to the degradation in performance include the angle 

of incidence during the measurement as well as large noise in the experiments. The 

angular sensitivity of our metasurface mainly results from the thin silicon wires, and the 

transmission varies significantly with increasing angle of incidence for the p-polarization 

when the incident electric field is polarized in the y direction (Figure 3.10b). To eliminate 

the higher incident angles contained in the focused beam, we closed the back aperture on 

the incident objective. As a result, the total intensity is very low, leading to high noise in 

the data. It also needs to be noted that the modulation for the two polarizations does not 
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match well with each other, with a saturation of modulation at negative voltages for Ex 

polarization and positive voltages for Ey polarization. This inconsistency can be attributed 

to the slow response of the solid electrolyte as a long time is needed for the ions to move 

and form a gate at the ITO surface, especially at high voltages. 

 
Figure 3.10. Angular response of the Huygens’ metasurface for s and p polarizations 

when incident electric field is along x or y direction. (a)  s-polarized light with electric 

field incident along y direction. (b) p-polarized light with electric field incident along y 

direction. (c) p-polarized light with electric field incident along x direction. (d) s-

polarized light with electric field incident along x direction. 

 

3.6 Conclusion 

In summary, we demonstrated for the first time the integration of ITO with 

dielectric metasurfaces and the active modulation of light based on the dynamic tuning of 

the carrier concentration in ITO. The absence of material absorption in dielectric 

resonators eliminates the parasitic loss in the device, thus allowing all the absorption to 

happen solely in the ITO, enabling high efficiency in absorption modulation. The use of a 
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Huygens’ metasurface leads to over 70% on-state transmission in the simulation and the 

overlap of the strongly enhanced out-of-plane electric field from the Huygens’ mode with 

the ENZ mode results in greatly enhanced light-matter interactions in ITO, leading to 

about 45% transmission modulation based on simulations while modulation of 25% to 30% 

has been demonstrated in preliminary experiments. However, devices with thinner ITO 

films and more controllable solid electrolytes are needed for better device performance. 

Moreover, the noise in the measurements needs to be eliminated, which can be achieved 

by increasing the intensity of the incident light during the measurement. Also, the carrier 

density change as a function of the gate voltage needs to be electrically characterized in 

order to fully understand the experimental data. Although a solid electrolyte is used in the 

experiments as a first demonstration, solid-state gating can be achieved by thermally 

grown silicon dioxide on structured silicon nano-cylinders for practical use of the device.  
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Chapter 4                                                                                                                   

Enhanced Photodetection in Bilayer MoS2 via Hot Electron Injection 

4.1 Introduction 

In this Chapter, we introduce a different approach to achieving strong 

photoresponse in 2D materials using hot electron injection. Compared to the approaches 

that aim at creating modal overlap, as was introduced in Chapter 2 and Chapter 3, the 

technique of hot electron injection enables the capture of photons with energy lower than 

the bandgap of the semiconductor[116]–[118]. In addition to the demonstration of hot 

electron injection into bulk semiconductors such as silicon[23], [24], [119] VO2[21] and 

TiO2[120], the injection of hot electrons into two-dimensional (2D) materials such as 

graphene[121] and MoS2[22], [122] has also been demonstrated, providing additional 

doping [123] or inducing structural and phase transitions[22]. For photodetection, MoS2 

is an particularly attractive hot electron acceptor due to its semiconductor electronic band 

structure and internal photogain owing to the various traps at the metal/MoS2 and/or 

MoS2/substrate interfaces[70], [124].  

In this chapter, we combine the technique of hot electron injection and the 

photoamplification effect in MoS2 in realizing a below-bandgap photodetector with high 

responsivity. We perform an extensive investigation on the injection of hot electrons into 

a bilayer MoS2 film that has been integrated with plasmonic resonators. With an 

asymmetric plasmonic structure, we demonstrate sub-bandgap photoresponse and a 

photocurrent spectrum that varies with the bias polarity, features that are explained by the 

hot electron injection and the trap induced photoamplification. We verify the presence of 

hot electron injection by examining control devices in which an injection barrier layer is 
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used to distinguish the relative contribution of hot electron injection and 

photothermoelectric effects[125], [126]. The hot electron injection efficiency is estimated 

to be comparable with Si-based hot electron photodetectors[23] while a photocurrent 

amplification factor of 10
5
 results in a photoresponsivity of 5.2 A/W under 1070 nm 

illumination, which is far above similar silicon-based hot electron photodetectors in 

which no photoamplification is present.  

4.2 Plasmonic Structure Design and Fabrication 

The hot electron photodetectors are typically realized based on the injection of 

electrons generated from plasmon resonances in metallic nanostructures into an adjacent 

semiconductor. A Schottky barrier at the metal/semiconductor interface is usually used to 

prevent the backflow of electrons while an Ohmic contact on the other end of the 

semiconductor is needed to collect the injected electrons and generate photocurrent[27]. 

This process was introduced in chapter 1 and the schematic is presented again in Figure 

4.1, showing that both a Schottky contact and an Ohmic contact are required to acquire 

photocurrent when no bias is applied.  

 
Figure 4.1. Band diagram of a typical hot electron photodetector based on silicon. 

 

In our device, instead of using asymmetric junctions, we design an asymmetric 

plasmonic structure that generates different amounts of hot electrons in the source and 
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drain electrodes. As is shown in Figure 4.2(a), the interdigitated asymmetric plasmonic 

structure consists of resonant wires and non-resonant wires. The non-resonant wires 

(NRWs, color coded with green for clarity) are narrow (w2 =80 nm) such that the 

resonance modes are outside the wavelength range of the measurement, while the 

resonant wires (RWs, color coded with yellow) have antennas with a dipolar resonance at 

1250nm (a =280 nm, b =125 nm, p =340 nm, w1 =90 nm) when illuminated with the 

electric field oriented along the y-direction (Ey, see Figure 4.2). In this case, zero-bias 

current is generated due to the fact that the resonant wires generate far more electrons 

than the non-resonant wires. 

During device fabrication Au structures are first defined on a piranha (3:1 

H2SO4:H2O2) cleaned quartz substrate using electron beam lithography (EBL) and 

deposition of 2 nm Ti and 15 nm Au films. Thick Au contacts were then fabricated using 

a second lithography step. The device was cleaned for a second time with O2 plasma (30s) 

and piranha (1 min) to ensure a pristine Au surface. Bilayer MoS2 that was mechanically 

exfoliated on a PDMS template was then transferred on top of the Au structures using a 

stamping method[115], [127], more details regarding the transfer process can be found in 

Appendix 1. During fabrication, we found that the device yield when utilizing bilayer 

MoS2 was higher than that for monolayer devices, which is likely due to the higher 

stiffness of the bilayer films[128]. Because of that, only bilayer MoS2 devices are 

examined here, although we believe that injection of hot electrons and photocurrent 

amplification should also be observable in monolayer MoS2 due to their similar electronic 

band structures. After annealing in a H2/Ar environment at 160 ºC for 30 min to further 



 52 

remove any polymer residue the device was wire bonded and loaded into a vacuum 

chamber for measurements.  

 
Figure 4.2. (a) Schematic of the asymmetric plasmonic device in which the yellow Au 

structures (RWs) are resonant while the green Au structures (NRWs) are non-resonant. (b) 

Microscope image of the device with bilayer MoS2 on top of the thin Au structures. 

 

4.3 Photoresponsivity Spectrum 

 
Figure 4.3. (a) The experimental and simulated absorption spectra of the asymmetric 

structure illuminated with Ey polarization (red dots and line). The green and blue dashed 

lines are the absorption in the RWs and NRWs, respectively. The inset shows the electric 

field distribution (|E|) at the resonance peak. (b) Responsivity under Ey polarization at 

0.6V, -0.6V and 0V biases (red, blue, and green dots, respectively). The solid lines are 

the fit to the data. The inset is a zoom-in of the photocurrent and the fitting at 0V bias. (c-

e) Band diagrams for the device under 0.6V, -0.6V and 0V bias.  

 

The experimental and simulated absorption spectra of the entire structure are 

shown in Figure 4.3(a) and the simulated absorption in the individual components (RWs 

and NRWs) are shown with dotted lines. It can be seen that the RW component exhibits a 



 53 

strong resonance under Ey polarized excitation as is evident in the electrical field profile 

(|E|) shown in the inset, while there is no such resonance in the NRW component. The 

experimentally measured photocurrent spectrum is shown in Figure 4.3(b) for source-

drain biases of 0.6V, -0.6V, and 0V (red, blue and green dots). These measurements were 

obtained with a chopper operating at 387 Hz and a lock-in amplifier. As can be observed, 

the photoresponsivity peaks at 1120 nm for 0.6V bias but disappears when the bias is -

0.6V. This observation can be understood by the fact that for Ey polarized excitation the 

RW components dominate the hot electron generation due to their higher optical 

absorption.  As illustrated with energy band diagrams in Figure 4.3(c) to 2(e), at 0.6V 

bias only the hot electrons in the RWs are injected into MoS2 (Figure 4.3c), resulting in 

the responsivity peaking at the RW resonance. For the case of -0.6V bias only hot 

electrons generated in the NRWs are injected (Figure 4.3d) and thus the photoresponse 

spectrum shows no resonant feature. When there is no bias (0V), hot electrons in both 

RWs and NRWs are injected in opposite directions, therefore the net photocurrent will be 

proportional to the absorption difference between the RW and NRW components (Figure 

4.3e). It should be noted that the 0V and ±0.6V bias conditions also exhibit different gain 

levels, which will be discussed later, leading to much lower photocurrent in the un-biased 

condition.  

The spectrum of the responsivity, 
iR ( ) , with the superscript i denoting the 

three cases of Vsd (0.6V, -0.6V  and 0V), can be understood with the following expression, 
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Here, the first bracket is Fowler’s formula, which describes the internal quantum 

efficiency of the photoemission process[26], [129],  is the photon energy, Bq =0.67 

eV is the Schottky barrier height between Au and bilayer MoS2[130] and fC  is a device 

specific constant that is treated as a universal fitting constant for the three source-drain 

voltages here. The second bracket represents the probability of a hot electron being 

generated and transported to the interface, where , dRW L  and , dNRW L  are the absorption 

in RW and NRW, respectively. Due to the limited hot electron diffusion length ( dL  ~20 

nm[131] at the electron energy considered here), hot electrons generated beyond 20 nm 

from the structure’s edge will not arrive at the Au/MoS2 interface, preventing injection 

into the channel. Therefore, only the absorption in Au that occurs within 20 nm to the 

edge is used in the calculation of , dRW L  and , dNRW L  (refer to Appendix 2 for the 

spectrum of , dRW L  and , dNRW L ). The values for  1 2k ,k  are chosen to be (1, 0) for Vsd = 

0.6V, (0, -1) for Vsd = -0.6V and (1, -1) for Vsd = 0V bias. The last fitting parameter 
ig  

represents a photogain that depends on the source-drain voltage and will be discussed in 

later sections. In Figure 4.3(b) we present the fit of equation 1 to the photocurrent spectra 

(lines), demonstrating good agreement with the line shape of the experimental 

measurements. The slight discrepancy between the experiments and theory can largely be 

attributed to fabrication imperfections, the uncertainty in the Schottky barrier height, and 

the error in estimating the electron diffusion length, dL . Given the uncertainty in the 

electron diffusion length we calculated , dRW L  and , dNRW L for dL  values ranging from 

10 to 40 nm (Appendix 2). However, the spectral shape of , dRW L  and , dNRW L vary only 
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slightly with changing dL values indicating the parameter is not a critical factor in 

achieving agreement with the experimental data. Another factor that could influence the 

fitting is the constant fC , which is generally a function of the wavelength and the profile 

of the plasmonic resonant mode. As such, it likely varies at short wavelengths where a 

grating mode is excited in addition to the dipolar mode in the antennas. The absorption 

spectrum and the photoresponse for illumination polarized along the x-direction (Ex 

polarization) can be found in Appendix 3. Neither RW nor NRW component responds to 

Ex polarization and therefore the absorption is minimum due to the lack of resonances. 

However, similar variations in the photocurrent magnitude under different bias polarities 

can still be observed although no resonance features are observed. 



 56 

4.4 Photoresponsivity and Photogain 

 
Figure 4.4. (a) The photoresponsivity as a function of source-drain voltage (Vsd) 

measured at 1070 nm under Ey polarization. The inset shows the source-drain current (Isd) 

as a function of Vsd under illumination and in a dark environment. (b) Time response of 

ΔIsd when illuminated a 1070 nm (red) and 532 nm (green) under 0.8V bias. The laser 

was turned on at 0s and turned off at 500s. Black curves are the fitting to the 

experimental curves. 

 

 

incident 

wavelength 

growth decay 

τ3 (s) τ1 (s) τ2 (s) 

1070 nm 44.5 404.7 216.5 

532 nm 28.5 494.3 232 

Table 4.1. Fitted time constants for the growth and decay regime of the time response 

under 1070 nm and 532 nm illumination. 
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As mentioned previously, ultrathin MoS2 can exhibit photoamlification due to 

traps at the interfaces[70], [124]. To explore this effect we recorded the change of 

photoresponsivity as a function of source-drain voltage Vsd under illumination with a 150 

nW Ey polarized 1070 nm laser (Figure 4.4a). The measurements show increasing 

responsivity with increasing Vsd and a peak responsivity of 4.5A/W at 3V bias. The 

responsivity was obtained by comparing the difference in source-drain current Isd under 

illumination and in a dark environment, as is shown in the inset of Figure 4.4(a). The 

sweeping speed of Vsd was kept at 0.02V/s, and the hysteresis in the Isd under illumination 

indicates the existence of carrier traps in the system, which is the cause of the 

photocurrent amplification.  

 To characterize the lifetime of the traps states and gain insight into the photogain 

mechanism and hot electron injection efficiency, we compared the response of the 

structure at visible and infrared frequencies. Specifically, we recorded the time response 

of ΔIsd under a source drain bias of 0.8V and 1070 nm illumination (red curve in Figure 

4.4b) and compared it with the well understood[70] photovoltaic effect dominated 

photoresponse under 532 nm illumination (green curve). During the experiment, the laser 

was kept on for 500s and then turned off so that the entire rise and decay processes of 

ΔIsd were recorded. For both 1070 nm and 532 nm excitation, the photocurrent as a 

function of time can be expressed as, 
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where G  is the conductance,  sdV G / n    is the previously mentioned photogain g , n  

is the number of electrons in MoS2, and dn / dt  is the rate at which carriers appear due to 

hot electron injection or photogeneration. For the case of 1070 nm illumination, this rate 

can be expressed as injdn / dt N n /    for the growth region during 0 <t <500s and 

dn / dt n /    for the decay regime at t >500s, where injN is the rate of hot electron 

injection and   is the effective trapping lifetime. As can be observed in Figure 4.4(b), 

the growth region is composed of two exponential terms, indicating two carrier trapping 

mechanisms in the system. In contrast, in the decay region one exponential term 

dominates. The fitting of the growth and the decay of the photocurrent are shown with 

black lines in Figure 4.4(b), with the fitted time constants presented in Table 4.1. The 

close match of the time constants for 1070 nm and 532 nm illumination indicates the 

same trapping mechanisms for both above and below bandgap illumination and thereby 

confirms that the two processes should share the same photogain. Normalizing sdI  with 

incident power (35 pW for 532 nm and 150 nW for 1070 nm), we obtain a responsivity of 

1.1x10
5
 A/W at 532 nm and 5.2 A/W at 1070nm. Since MoS2 absorbs ~25% due to the 

plasmon enhanced absorption at 532 nm, obtained through simulation, we infer a 

photogain ( g ) of 1.05x10
5
 at 0.8V bias. The external hot electron injection efficiency 

ext  is estimated to be 1.40 x10
-4

, which was obtained using the relationship 

 ext R / A* g  , with R  and A  being the photoresponsivity and the total absorption at 

1070 nm, respectively. The injection efficiency is comparable to Si-based hot electron 

photodetectors[23] in which Au antennas are placed on top of silicon. While this 

efficiency is low, the device presented here is not optimized for maximum photocurrent. 
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Numerous techniques that have been demonstrated to improve injection efficiency in 

silicon-based devices could readily be applied to 2D materials such as MoS2[24], [29], 

[132].   

4.5 Control Experiment 

 
Figure 4.5. (a) Schematic of the control device. On the left sub-device MoS2 is in direct 

contact with Au while in the right sub-device a 10 nm film of Al2O3 is present between 

MoS2 and Au. (b) Microscope image of the device. (c) Photocurrent measured from the 

left (upper panel) and the right (lower panel) sub-device. The laser power was 364 nW at 

1150 nm when measuring the MoS2/Au sub-device and 170 nW at 1080 nm when 

measuring the MoS2/Al2O3/Au sub-device.   

 

In order to elucidate the role of photothermoelectrical effects[125], [126] to the 

photocurrent we fabricated a control device composed of two individual sub-devices 

sharing the same MoS2 flake (Figure 4.5 a, b). In one sub-device (right hand side, Figure 

4.4a, b) we deposited a 10 nm thick Al2O3 film before transferring the MoS2, while the 

other sub-device (left hand side, Figure 4.5 a, b) has no such coating. The Al2O3 serves as 
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a barrier for hot electron injection though the injection barrier is thin enough to ensure 

that the temperature profile on MoS2 is similar for both sub-devices. Identical Au wires 

with a width of 210 nm are arranged with a period of 830 nm, forming a grating with a 

plasmon resonance at ~1150 nm for the polarization perpendicular to the grating direction. 

Figure 4.5(c) shows the photocurrent from the left and right devices obtained at an 

identical source-drain voltage of Vsd = 0.7V. In addition to using a chopper and lock-in 

amplifier, we modulated the laser on and off using another shutter at a cycle of 60s such 

that the photocurrent signals from the lock-in amplifier can be distinguished from the 

noise. While the sub-device with the Al2O3 barrier exhibits no noticeable photocurrent, 

the sub-device without Al2O3 exhibits a clear photoresponse. Considering the fact that the 

two sub-devices have the similar plasmonic heating temperature profiles, these 

measurements further indicate that the photothermoelectrical effects are negligible 

compared with hot electron injection at the illumination intensities employed. The 

photovoltaic effect is not considered here since the bilayer MoS2 has an indirect bandgap 

at 750 nm (1.65 eV)[133], much shorter than the illumination wavelength range of 

interest. 

4.6 Conclusion 

As a summary, we have extensively studied the hot electron induced photocurrent 

in bilayer MoS2 in conjunction with plasmonic structures. The ability to operate with 

below-band gap illumination allows such devices to operate in the telecommunications 

band and allows flexible tuning of the peak responsivity wavelength. Furthermore, an 

amplification factor of 1.05x10
5
 has led to the highest hot electron-based responsivity 

values measured to date in this wavelength region.   
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However, the practical application of our device requires further engineering of 

the trap states. For instance, a faster time response is typically desired for photodetectors, 

while decreasing the trapping life time will also lead a reduction in the 

photoamplification. Therefore, a good trade-off needs to be found between the response 

time and the photoresponsivity. On the other hand, ideal optical memory devices 

generally require the ability to store information over long periods of time. In this case, 

the traps need to be engineered to have an even longer response time and the erasing of 

signals could be achieved using additional gate pulses[134]. 
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Chapter 5                                                              

Conclusion and Outlook 

The focus of my PhD research has been to integrate active ultrathin films, 

especially newly emerged two-dimensional materials and transparent conductive oxide 

nano films, with properly engineered nano-optical structures such that their interactions 

with light can be greatly enhanced. The optoelectronic devices demonstrated based on 

this integration show superior performance in terms of high photoresponsivity and high 

modulation depth. In this chapter, I will summarize these results as well as give my 

perspective regarding some potential research directions related to what has been shown 

in this thesis. 

5.1 Conclusion 

In Chapter 2, near-unity device absorption was demonstrated by integrating 2D 

materials with a Fano-resonant photonic crystal (FRPC). Graphene and MoS2 were 

implemented in the demonstration. Using photocurrent measurements, 77% absorption 

was experimentally achieved in graphene, which corresponds to a 33 times absorption 

enhancement. Simulations show that a maximum of 95% absorption can be achieved in 

more lossy 2D materials at visible ranges. Therefore, this structure can also be 

implemented with other ultrathin materials in which the light-matter interaction is limited 

due to limited interaction length. 

Chapter 3 detailed an experimental demonstration of an active light modulator by 

combining a TCO nano-film exhibiting an epsilon-near zero mode with dielectric 
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Huygens’ metasurfaces. The strongly enhanced electric field together with the absence of 

non-radiative decay in the silicon resonators results in a transmission modulation of about 

45%. Preliminary experimental results were presented and are explained with 

simulations. 

In Chapter 4, I introduced a hot electron-based photodetector using bilayer MoS2. 

Below bandgap photodetection in the bilayer MoS2 was demonstrated with a 

photoamplification over 10
5
 and photoresponsivity of 5.2A/W. The integration of bilayer 

MoS2 with the technique of hot electron injection enabled the realization of near infrared 

sub-bandgap photodetection with photogain, and the measured photoresponsivity is far 

above similar silicon-based hot electron photodetectors in which no photoamplification is 

present. 

5.2 Challenges and Outlook for Ultrathin Film-based Optoelectronics  

The development of new optoelectronic devices with high performance is a topic 

related to multiple disciplines. On one hand, novel optical structures could potentially 

lead to a boost in various kinds of optoelectronic devices. On the other hand, the 

realization of high performance devices relies on developments within material science in 

discovering exciting new materials and properties. Up to the present, although two-

dimensional materials have been demonstrated to have promising optoelectronic 

properties, further technological improvements are still needed to achieve optoelectronic 

devices that outperform traditional devices based on bulk semiconductors in terms of 

response time, responsivity, and bandwidth. More importantly, commercial applications 

of two-dimensional materials require the development of robust large-scale fabrication 

techniques that can repeatability produce uniform high-quality 2D materials at a low cost. 
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However, we believe the growing field of 2D materials will eventually provide us 

solutions to all these challenges.  

In addition to the applications demonstrated in this dissertation, below I propose 

some potentially interesting directions that could improve the performance of 2D 

material-based optoelectronic devices via the integration with nano-optical structures. 

The recent advances in achieving near-unity quantum yield in monolayer MoS2 

by eliminating defects with a superacid treatment[51] provides exciting opportunities in 

realizing high-efficiency light-emitting diodes (LEDs) and lasers based on transition 

metal dichalcogenides (TMDCs) and their heterostructures.  To efficiently collect the 

emitted photons, the TMDCs need to be integrated with dielectric cavities or resonators. 

In addition to the dielectric structures introduced in Chapter 1, Mie resonances that are 

capable of manipulating the electric field orientation as well as the far field emitting 

pattern can be used. The ability to manipulate the electric field is particularly important in 

enhancing interlayer exciton emission that exists in vertical heterojunctions such as 

MoS2/WS2. These interlayer excitons are primarily orientated out-of-plane, as such, the 

majority of the emitted light propagates in the in-plane direction, prohibiting efficient 

light collection from the top of the film. The utilization of the Mie resonances, however, 

provides possibilities in tailoring the electric field orientation using the electric and 

magnetic resonances. By overlapping the electric field orientation with the out-of-plane 

interlayer dipoles, the emitted photons can thus be efficiently collected from the top.   

The interactions between TMDCs and hot electrons injected from plasmon 

resonances have been demonstrated to be intriguing. The injection of hot electrons into 

the conduction band of monolayer MoS2 has been shown to be capable of inducing a 
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phase transition through the population of the Mo 4d orbitals[22]. Based on the large 

permittivity difference between MoS2’s semiconductor 2H phase and the metallic 1T 

phase [135],  an all-optical modulator can be realized via the integration with a properly 

engineered plasmonic structure that exhibits a strongly enhanced electric field at the 

probe wavelength as well as an efficient hot electron injection at the pump wavelength. 

 Other than inducing a phase transition, hot electron injection assisted up-

conversion is also an interesting topic to investigate. The hot electron assisted up-

conversion in quantum wells[136] has been proposed. In this process an electron with 

initial energy much lower than the Fermi level can absorb two photons and end up with 

sufficient energy to cross over the Schottky barrier at the metal/semiconductor interface. 

The hot electrons eventually end up in the conduction band of the quantum well, 

followed by the recombination and the emission of photons with energy higher than the 

excitation wavelength of the surface plasmon resonance. The similar mechanism can also 

be applied to the TMDCs. Compared to quantum wells, the TMDCs are more cost-

effective and easy to fabricate, making the system flexible and suitable to various 

substrates.  

TCOs have recently garnered interest in the field of nanophotonics with the 

theoretical prediction[112] and experimental demonstration[105] of the epsilon-near zero 

(ENZ) mode in thin films. The wide tunability of TCOs’ plasma frequency in the near-

infrared and infrared ranges together with the strongly enhanced electric field in the ENZ 

mode has opened opportunities for efficient modulation of light. Moreover, with the 

integration of metasurfaces that possess various functionalities, people can realize active 

modulators with the ability to control the intensity, phase, spin/orbital angular momentum 



 66 

in transmission, reflection, and emission. Moreover, based on existing mature fabrication 

techniques, various TCOs-based optical modulators can be expected to be 

commercialized in the near future. 
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Appendix: Hot Electron Photodetection 

1.  The exfoliation and transfer of MoS2  

The exfoliation and transfer followed the process described in Prasai et al.[115]. 

The target substrate with the fabricated Au structure was first cleaned with O2 plasma for 

30s and piranha (3:1 H2SO4: H2O2) for 1 min to ensure a pristine surface. To transfer 

MoS2, we followed the recipe developed by Zomer et al.[127]. Elvacite polymer (~1µm 

thick) was first spun onto a PDMS/clear Scotch tape sandwich structure and the structure 

was baked at 90°C for 5mins. Bilayer MoS2 was exfoliated onto Elvacite and verified 

using optical microscopy and Raman spectroscopy[137]. Bilayer MoS2 was then aligned 

with Au electrodes using an optical microscope and brought into contact with the Au at 

120°C. The PDMS/polymer layer was then mechanically separated from the MoS2 stack 

at 80°C. To remove the polymer residues, the device was soaked in acetone for 30 min 

and rinsed in IPA.  

2.  The absorption within electron diffusion length (Ld) to the structure edge 

 In Figure A.1 we show the normalized absorption spectrum ( , dRW L and , dNRW L ) 

in Au within one diffusion length (Ld) of the structure’s edge.  Due to the inaccuracy in 

estimating Ld, in Figure A.1 we considered diffusion lengths ranging from 10 nm to 40 

nm. While Ld = 20nm is used in the fitting of the photoresponsivity spectrum in the 

manuscript, different Ld values result in minor changes to the spectral lineshapes. It needs 

to be noted that the resonant feature appear at ~1050 nm in the spectrum of , dNRW L  is 

due to the grating resonant mode in the array. 
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Figure A.1. Normalized absorption spectrum , dRW L (a) and , dNRW L (b) for electron 

diffusion length Ld ranging from 10 to 40 nm. The curve corresponding to Ld = 20 nm 

(the solid line) is used in the fitting of the photoresponsivity in the main text. The 

normalization factor for the (a) and (b) are the same. The inset in (a) shows the absolute 

value of , dRW L and , dNRW L  when Ld = 20 nm. 

 

3.  The absorption and photoresponsivity for Ex polarization 

 
Figure A.2. (a) Experimental and simulated total absorption with Ex polarized excitation. 

The green and yellow dashed lines are the simulated absorption in RW and NRW 

components. (b) Photoresponsivity spectrum with measured with Ex polarized excitation 

at 0.6 V and -0.6V biases. The black lines are the guide to the eye. 

 

The absorption and the photoresponsivity for the Ex polarization are shown in Figure 

A.2. No resonant behavior can be seen because neither RW nor NRW component 
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responds to the Ex polarized light. However, a similar trend of photoresponsivity 

spectrum can be seen, showing higher photoresponsivity at short wavelengths.  
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