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Abstract 

Surface Plasmon Polaritons (SPPs) are electromagnetic waves coupled to the free electrons at the 

surface of metals, which propagate along the interface of metal and dielectric at optical 

frequencies. SPPs have found many applications in communications, sensing, and photovoltaics, 

among others, due to their subwavelength confinement and high sensitivity. These qualities can 

significantly reduce device footprint, while enhancing device performance.  

This thesis investigates three novel surface plasmon enhanced optoelectronic device concepts, 

namely two photodetectors and an electro-optic intensity modulator, at wavelengths in the 

photonic C-band. It is demonstrated, theoretically and numerically, that involving SPPs improves 

speed and sensitivity of these devices, while significantly reducing their dimensions, compared 

to conventional counterparts. 

The first device proposed and investigated is a photodetector which employs arrays of 

nanodipoles, as a plasmonic metasurface, in order to localize light in subwavelength InGaAs 

detection regions, placed within the gaps of Au nanodipoles. As a result, the speed-responsivity 

trade-off, which is common in conventional photodetectors, is overcome. Numerically, 

responsivities of 100 mA/W and electrical bandwidths of up to 4 THz are predicted.  

The second device is a photodetector which exploits tightly confined SPPs generated in a film of 

InGaAs, covered by arrays of Au nanomonopoles. By carefully designing these arrays of 

nanomonopoles, responsivities up to 200 mA/W were achieved for electrical bandwidths as high 

as 1 THz, at the wavelength of 1550 nm. 

Finally, the fabrication of an electro-optic intensity modulator, incorporating grating couplers, is 

demonstrated and discussed.  Modulation is based on enhanced perturbation of the effective 

refractive index of grating-coupled surface plasmon polaritons propagating along a metal–oxide–

semiconductor structure on silicon. A front-side probing technique was employed, which enabled 

modulation in transmission, as well as reflection. Lithography techniques were optimized to 

produce high resolution devices. 
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CHAPTER 1. INTRODUCTION 

 

This chapter presents an introduction to surface plasmon polaritons and surface plasmon-based 

optoelectronic devices, and their ever-increasing role in communication systems. In particular, 

this discussion focuses on plasmonic photodetectors and modulators, and describes the motivation 

for studying the topic of this thesis. The related body of literature is also reviewed. Finally, the 

scope and organization of this thesis is presented. 

1.1. Surface plasmon polaritons  

Self-sustained collective excitations of conduction electrons at the surface of metals are called 

plasma oscillations or plasmons. It is possible to couple external electromagnetic fields to these 

collective charge density oscillations at the interface of a metal and a dielectric, under certain 

circumstances. The result is an electromagnetic wave which propagates along the surface of the 

metal, and whose amplitude decays exponentially with increasing distance from the surface. 

These hybrid waves are known as surface plasmon polaritons (SPPs) [1]–[3]. 

The dispersive properties of metals (e.g. Au, Ag, Cu, and Al) at optical frequencies, 

particularly pertaining to the negative real part of permittivity, are such that visible and near-

infrared light may couple to plasma oscillations at the surface. This coupling occurs only in the 

presence of e.g. surface roughness, gratings or prisms, which can manipulate the wavenumber of 

the incident radiation to match that of the surface electronic oscillations. Normally, the 

wavenumber of SPPs is larger than freely propagating light, which makes direct coupling 

impossible. SPP fields are transverse-magnetic (TM) polarized, which means their magnetic field 

lies in the plane of metal surface, perpendicular to the direction of propagation of SPPs, which is 

along the metal-dielectric interface. Figure 1.1-1 illustrate schematic views of the electromagnetic 

fields associated with an SPP, propagating along the planar interface of a semi-infinite dielectric 

medium and a semi-infinite metal. These electromagnetic waves are solutions of Maxwell’s 

equations in each medium, subjected to the boundary conditions.  
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Figure 1.1-1 (a) Schematic of a propagating surface plasmon wave along a metal-dielectric interface (adapted from 

[4] ) and (b) real component of the normal  electric field of the surface plasmon polariton propagating along the 

interface of a semi-infinite metal and a semi-infinite dielectric. (Adapted from [5].) 

For electromagnetic waves to propagate along a metal-dielectric interface, a component 

of the electric field E must exist normal to the interface. This condition limits the solutions of 

Maxwell’s equations to those with a component of magnetic field H  parallel to the interface. 

Also, according to the boundary conditions, electric and magnetic fields tangential to the interface 

must be continuous. On the other hand, due to the nature of SPPs, only solutions with fields 

decaying exponentially away from the interface are acceptable. Therefore, choosing the positive 

z-axis as the direction of propagation, we write  

 0, ( ), ( ) jkz j t

y zE E y E y e e − − =    (1) 

  ( ),0,0 jkz j t

xH H y e e − −=  (2) 

where ω is the angular frequency, t is time, and k j = − is the SPP wavenumber, with β 

and α being the phase and attenuation constants, respectively. Further, the wavenumber of SPPs 

propagating along a metal-dielectric interface is obtained as [2]: 

 

1
2

m d

m d

k
c

 

 

 
=  

+ 
 (3) 

where m and d are the permittivity of the metal and dielectric, respectively.  Based on the Drude 

model, the permittivity of the metal is given by [2]: 

 

2

2
( ) 1 P

m
j


 

 
= −

+
 (4) 
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where   is the characteristic collision frequency and 

2
2

0

P

de

m



=  is the plasma frequency of the 

free electron gas (confined to the metal), with d being the density of electrons, e the charge of 

electrons, and m the effective mass of electrons. 0 is the permittivity of free space.   

1.2. Surface plasmon enhanced optoelectronic devices  

As the name implies, optoelectronic circuits utilize a combination of electronics and optics for 

faster and more efficient signal processing, storage, and transmission of data. While optical 

transmission provides very wide bandwidths and low signal attenuation, the size mismatch 

between electronic and optical components becomes a limiting factor in many applications. For 

example, in processor chips, as the electronic transistors get increasingly smaller, the need for 

finding a way to focus light in subwavelength nanoscale structures becomes more evident. In the 

past couple of decades surface plasmon-based optoelectronic devices, such as waveguides and 

couplers, have proven to bridge this size mismatch between electronics and optics, by confining 

light in nanoscale areas [4], [6]–[9].  

 

Figure 1.2-1 characterization of different technologies in terms of operation speed and device dimensions. The dashed 

lines indicate physical limitations of each technology. (Adapted from [8].) 

By enhancing localized electric fields, SPPs increase the sensitivity of incident light to 

the optical properties of the medium. Therefore, it is possible to manipulate the properties of light 

by electrically manipulating the properties of the medium. SPP confinement to a metallic surface 

can be significant, with field decay lengths much smaller than the wavelength of light in air. This 

high confinement makes guiding light in subwavelength metallic structures possible. Thus, 

miniaturized optoelectronic components, such as waveguides, couplers, switches, modulators, 

and photodetectors can be constructed as different parts of the circuit, each approaching the size 

of state-of-the-art electronic devices.  
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Plasmonic waveguides include various geometries [1], however, they suffer from a 

fundamental trade-off between confinement and propagation loss. One solution to overcome this 

trade-off is hybrid waveguides, which consist of merging plasmonic and dielectric waveguides 

[10]. Alternatively, having a gain medium adjacent to the plasmonic waveguide can be 

considered, where the gain compensates for the propagation losses [11]. Plasmonic couplers, such 

as gratings and nanodot couplers, are required to connect plasmonic waveguide ports to 

conventional diffraction-limited photonic devices [12], [13].  

Active control of SPPs, either electrically, optically, or via temperature, is the basis for 

plasmonic switches and modulators, where modulation depths of 80% and switching times in the 

order of picoseconds are expected [14]. Plasmonic devices also fulfill the need for achieving a 

nanometer-scale footprint, high-speed, and low power-consumption [7], [15].  

Conventional photodetectors are constrained by the diffraction limit, in lateral dimensions, 

and by the finite absorption depth of semiconductors, in the vertical dimension. A photodetector’s 

speed is generally determined by either its carrier transit time, which is proportional to the length 

of the detection region, or by its RC time constant, which is highly dependent on the device’s 

effective capacitance (and area). Power consumption also scales with the area of the 

photodetector, and may be significantly reduced by down-sizing the device [16]. Plasmonic 

photodetectors have shown promising attributes over conventional semiconductor 

photodetectors, by employing plasmonic structures such as nanoantennas, nanogratings and 

waveguides [17]–[22].  

1.3. Literature review 

A large number of studies have been reported as researchers investigate and put to test new ideas 

within the context of SPP-enhanced photodetectors and modulators. This section reviews some 

of these studies. 

1.3.1 Plasmonic Photodetectors 

High speed photodetection is critical in integrated electronic-photonic systems. Surface plasmon 

photodetectors can provide fast and effective photodetection by using SPPs and their unique 

properties in the photodetection process [23]. Internal photoemission (IPE) and electron-hole pair 

(EHP) creation are the main detection mechanisms involved in surface plasmon photodetectors 

[24], [25]. When photons with energy e h= (h is Planck’s constant, υ is the frequency) strike a 

metal-dielectric interface and are absorbed therein hot carriers are created in the metal and under 

the right conditions may be photo-emitted into the semiconductor region. An abrupt metal-
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semiconductor interface (which is the structure of many surface plasmon photodetectors) forms 

a Schottky contact. Thus, as long as the photon energy hυ is greater than the Schottky barrier 

energy ФB (ФB < hυ) hot carriers transiting in the direction of the barrier may be emitted over the 

Schottky barrier into the semiconductor (IPE), where they are collected as photocurrent by 

applying a reverse bias voltage. This process is schematically shown in Figure 1.3-1. On the other 

hand, for EHP creation to occur, photon energies greater than the bandgap energy of the 

semiconductor Eg (Eg < hυ) are required. In this case, the incident radiation is absorbed in the 

semiconductor which leads to the creation of electron-hole pairs therein. EHPs are then collected 

under a reverse bias voltage in the form of photocurrent. While creation of EHPs in the 

semiconductor is more efficient than IPE, the latter is particularly useful for detection at energies 

below the bandgap of the semiconductor (ФB < hυ < Eg) [24]. IPE and EHP creation can be 

enhanced by involving SPPs. 

 

Figure 1.3-1 (a) IPE and EHP mechanisms illustrated in a representative MSM structure. Electrons are shown by filled 

circles and holes by unfilled ones. (b) Energy band diagram of a Schottky contact on n-Si and the three-step IPE 

process. (Adapted from [24].) 

The most important specifications used to characterize photodetectors are internal and 

external quantum efficiencies, responsivity, speed, dark current, and sensitivity. The relative 

importance of each figure of merit depends on the application of the device. 

Internal quantum efficiency ηi is a measure of the number of carriers that 

contribute to the photocurrent Ip versus the absorbed photons per second [26]:  

 
p

i

abs

I q

S h



=  (5) 

where Sabs is the absorbed optical power, in the metal or semiconductor, leading to the 

photocurrent, and q is the elemental charge. Similarly, the external quantum efficiency is defined 

as the number of carriers that contribute to the photocurrent for the incident optical power Sinc 

[26]: 
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p

e

inc

I q

S h



=  (6) 

The responsivity Resp is the ratio of the photocurrent to the incident optical power [26]:  

 
p e i

esp

inc

I q A q
R

S h h

 

 
= = =  (7) 

where A is the absorptance in the semiconductor. The speed of a photodetector typically refers to 

its 3-dB electrical bandwidth, determined by the maximum of its RC time constant or carrier 

transit time (for a lumped-element device): 

 
1 2

1

2 ( )
BW

  
=

+
 (8) 

where τ1 and τ2 are the RC time constant and the carrier transit time, respectively. The dark current 

is the main contributor to the noise performance of the photodetector [26]: 

 * 2

0

0

exp( )B
d area

B

q
I C A T

k T

− 
=  (9) 

where Carea is the Schottky contact area, A* is the effective Richardson constant, T0 is the absolute 

temperature, ΦB is the Schottky barrier height, and kB is Boltzmann’s constant.  

Plasmonic photodetectors combine various plasmonic nanostructures with photodetection 

structures to alter or improve these specifications.   

One of the early studies on plasmonic photodetectors was done in 2008 by Tang and 

colleagues [18]. They proposed and experimentally demonstrated a subwavelength metal-

semiconductor-metal (MSM) photodetector, based on open-sleeve dipole nanoantennas. The 

active region of the photodetector was made of germanium, placed in the gap of the dipole and 

extended under the two sleeves, which were employed here as electrodes. Dipole arms were 50 

nm wide and 160 nm long. The target wavelength was 1310 nm to 1480 nm. The device was 

fabricated using a two-step focused-ion-beam (FIB) milling process. Photocurrent measurements 

showing enhancements by a factor of 20 were observed in the photocurrent due to the presence 

of the plasmonic nanoantenna.  

A few years later, Tan and colleagues [27] numerically demonstrated a metal-

semiconductor-metal (MSM) photodetector based on nanogratings and metal nanoparticles (NPs) 

embedded in a layer of amorphous silicon germanium on a GaAs substrate. As illustrated in 
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Figure 1.3-2(a), the photodetector structure consisted of two sections: the top section, which was 

the nanograting and a subwavelength slit, placed over a Ge or Si active layer, and the bottom 

section, which was formed by metal nanoparticles embedded in the Ge or Si layer, on a GaAs 

substrate. The incident light was coupled into SPPs propagating along the interface of the metal 

nanograting and the semiconductor active region (Ge or Si layer) below the nanograting. 

Although significant absorption enhancement was achieved, this enhancement was observed only 

within a few hundred nanometers below the subwavelength slit in the substrate. Incorporation of 

the bottom NPs expanded the light absorption area, hence the responsivity of the photodetector. 

Simulation results showed 28-fold and 3.5-fold enhancement in absorption compared to 

conventional non-plasmonic and plasmonic MSM-PD structures, respectively. Figure 1.3-2(b) 

plots the absorption enhancement factor as a function of wavelength for three cases of plasmonic 

MSM-PDs. 

 

Figure 1.3-2 (a) Schematic view of the proposed hybrid plasmonic MSM-PD structure, employing a nanograting in 

conjunction with embedded metal NPs. (b) Absorption enhancement factor of the optimized hybrid plasmonic MSM-

PD with embedded Au NPs, and the hybrid plasmonic MSM-PD with embedded Ag NPs and the conventional plasmonic 

MSM-PD. (Adapted from [27].) 

Among other applications, optical to terahertz conversion through photoconduction has 

shown promising performance. Berry and colleagues [28] demonstrated the potential of 

plasmonic electrodes for enhancing the quantum efficiency and responsivity of conventional 

photoconductive emitter/detectors, both numerically and experimentally.  For this purpose, 

plasmonic gratings were integrated into the contact electrodes of a conventional photoconductive 

emitter/detector. The contact electrodes were laid down on a low-temperature-grown GaAs 

substrate, and connected to a terahertz bowtie antenna. Photocarriers were generated upon 

incidence from a 0 = 800 nm laser pump, which in turn induced a photocurrent under an applied 

bias voltage. This photocurrent drove the bowtie antenna, generating terahertz radiation. The 
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gratings were designed to couple an incident optical beam to the surface plasmon waves excited 

along the interface of the metallic gratings and GaAs substrate. Confined SPPs significantly 

increased optical absorption and photocarrier generation in the vicinity of metal contacts, 

resulting in a 50 times increase in the emitted radiation power, and 30 times higher detection 

sensitivity comparing to a conventional photoconductive emitter/detector. 

Luo and colleagues [29] demonstrated high-performance near-infrared photodetectors 

based on silicon nanowires. A film of graphene decorated by gold nanoparticles coated the array 

of Si nanowires. A responsivity of 1.5 A/W was estimated at zero bias voltage. The on/off 

switching ratio reached as high as 106. Numerical simulations showed that the nanoparticles 

deposited on graphene significantly enhanced light trapping and SPP excitation in Si nanowires, 

which improved the performance of the device. Figure 1.3-3 shows electric field energy density 

distributions in Si nanowires as a function of nanoparticle diameter.  

 

Figure 1.3-3 Cross sectional view of simulated electric field energy distribution in an array of graphene/SiNWs of 

diameter of (a) 140 nm, (b) 160 nm, (c) 180 nm, and (d) 200 nm. (Adapted from [29].)  

A plasmonic photodetector based on an array of nano-scale active regions was proposed 

by Guo and colleagues  [30]. A unit cell consisted of rectangular-shaped active regions, embedded 

in a metallic layer, surrounded by four circles at every corner.  The circles were etched through 
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the metallic layer down to the dielectric layer in between the substrate and the top metal layer to 

couple the incident light to the SPPs propagating at the metal-dielectric interface and enhance 

light confinement, thus absorptance, in the active regions. InGaAs was chosen as the active 

material, and Ag as the metal. The wavelength of operation was 1550 nm. An absorptance of 74% 

and a responsivity of 0.74 A/W were numerically predicted for an optimized device. The 3 dB 

electrical bandwidth was estimated to reach 140 GHz for an array of 20 × 20 unit cells.  

Around the same time, Panchenko and colleagues [31] proposed and experimentally 

demonstrated a plasmonic differential photodetector, which consisted of two back-to-back planar 

MSM Schottky photodetectors, as depicted in Figure 1.3-4(a). Three concentric spiral-shaped 

aluminum electrodes were utilized to form two planar intertwined spiral channels on Si, as the 

active regions of the photodetector. The spiral footprint of the device, 50 µm in diameter, 

conveniently overlapped the circular profile of conventional optical beams. Arrays of plasmonic 

nanoantennas were integrated to the active areas of photodetector to selectively distinguish 

orthogonal states of either linear or circularly polarized light. Two complementary signals were 

then applied between the two signal electrodes and the common electrode, which produced a 

differential photocurrent response. Figure 1.3-4 (b) shows an energy band diagram of the 

photodetector under bias. In this configuration the electrical signal changed sign as the 

polarization of the incident beam changed. The device was fabricated and experimentally tested 

over a wavelength range of 500 to 800 nm. Total responsivity of approximately 0.08 A/W was 

measured for each channel of the photodetector as a function of incident laser power under 3 V 

bias voltage at the wavelength of 625 nm.  

 

Figure 1.3-4 (a) Schematic representation of a spiral MSM photodetector with rectangular nanoantennas. (b) Energy 

band diagram under bias. (Adapted from [31].) 

Rieger and colleagues [32] incorporated Yagi-Uda nanoantennas into a MSM 

photodetector. An array of 400 Yagi-Uda nanoantennas was lithographically fabricated on a Si 

substrate, where Schottky barriers were formed at the antenna-semiconductor interfaces. A bias 
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voltage was applied through two macroscopic Au electrodes located on either side of the 

nanoantenna array on the Si substrate. Upon illumination, SPPs were excited at the Schottky 

interface of the nanoantennas and the semiconductor substrate, which produced a photocurrent 

between the two electrodes. The measured photocurrent response showed resonances at the 

wavelengths 1110 nm and 1690 nm. Quantum efficiencies of 5.1% and 3.1% were estimated at 

1110 nm and 1690 nm, respectively, representing a fourfold increase over a device lacking the 

nanoantenna array. 

Recently, Gosciniak and colleagues [33] proposed a germanium plasmonic photodetector 

operating at the telecommunication wavelengths of 1310 nm and 1550 nm. The photodetector 

was based on the absorption of a long-range dielectric-loaded SPP (LRDSPP) mode, which 

propagated in a Ge waveguide located on a SiO2 substrate. The Ge waveguide consisted of a Ge 

slab, a Ge ridge, and a metal stripe between the slab and the ridge, where mode field confinement 

is enhanced. Incident light was coupled to the Ge photodetector section through a joint Si 

waveguide. Two metal pads were placed on either side of the waveguide to apply a bias voltage 

and collect electron-hole pairs to form the photocurrent. The proposed device achieved 

bandwidths beyond 100 GHz and responsivities exceeding 1 A/W. The internal quantum 

efficiency (IQE) was 98% for 5 µm long waveguide operating at 1330 nm. At 1550, however, a 

30 µm long waveguide was required to achieve IQE of 84%.  

They also investigated [34] a plasmonic photodetector based on IPE by utilizing a metal 

stripe embedded into a semiconductor/insulator layer. In this configuration a Schottky barrier was 

formed at each metal-semiconductor interface. SPPs were excited at top and bottom metal-

dielectric interfaces, where hot electrons with enough momentum could transition from the metal 

to the semiconductor, which significantly enhanced the internal quantum efficiency. A high 

coupling of 90% between the photonic waveguide and the photodetector also enhanced the 

external quantum efficiency. The authors calculated a responsivity of 0.5 A/W at 

telecommunication wavelength of 1550 nm and an electrical bandwidth exceeding 100 GHz.  

Hybrid photodetectors have shown promise and attracted a lot of attention in recent years. 

Ding and colleagues [35] reported the design and experimental investigation of a graphene-based 

plasmonic photodetector on a silicon-on-insulator platform. The bandwidth of the device was 

shown to exceed 110 GHz at telecommunication wavelengths, while its responsivity reached 360 

mA/W. A plasmonic slot waveguide, having a 120 nm gap, was utilized to confine the incident 

light to the subwavelength graphene regions and enhance the interaction of light with graphene.  

This narrow plasmonic gap also reduced the drift path for the photogenerated carriers. Contact 
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metals on either side of the slot waveguide were made of two different metallic stacks (Au/Pd 

and Au/Ti), resulting in different doping levels of graphene. While photovoltaic effects were the 

dominant cause of photocurrent generation, the potential difference caused by different doping 

levels gave rise to efficient separation of photogenerated carriers. Two alterations of the device 

were fabricated and tested. In the first one the length of the graphene-covered region of the 

photodetector was 2.7 µm, which resulted in 25 mA/W intrinsic responsivity. Increasing the 

length to 19 µm, in the second alteration, increased the responsivity to 360 mA/m. 

Guo and colleagues [36] demonstrated silicon-graphene hybrid plasmonic photodetectors 

with reasonable bandwidth and responsivity at 1550 nm and beyond. The photodetector, as shown 

schematically in Figure 1.3-5, consisted of a silicon-on-insulator strip waveguide, as the input 

section, and a silicon-graphene hybrid plasmonic waveguide, as the active region. A mode 

converter based on a lateral taper structure connected the two sections. For the waveguide a 100 

nm thick silicon core layer was used, which limited mode field confinement in the vertical 

direction, leading to enhanced light absorption in graphene. An ultrathin Al2O3 insulator layer and 

a graphene sheet were placed on the silicon core, capped by metal in the middle and on either side 

of the core. The middle metal part was used as the signal electrode and the two metals on the sides 

were used as ground electrodes. For the ground electrodes, the graphene sheet was sandwiched 

between two metal layers, which reduced the metal-graphene contact resistance. The middle 

metal part was used to confine light in graphene and enhance the responsivity of the 

photodetector, as well as its bandwidth, while taking advantage of the broad absorption band of 

graphene. The authors measured a responsivity in the range of 70 mA/W to 0.4 A/W, and a 3 dB 

bandwidth of 20 GHz to 40 GHz for operation at 2 and 1.55 µm, respectively.  

 

Figure 1.3-5 Schematic configuration of the silicon−graphene hybrid plasmonic waveguide with the signal electrode 

in the middle and the ground electrodes on both sides. A metal−graphene−metal sandwich structure results. (Adapted 

from [36].) 
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1.3.2  Plasmonic modulators 

Electro-optic effects refer to changes in the refractive index n of a material, induced by the 

application of an external electric field, E. These changes modulate the optical modal properties 

when light propagates in the material. The frequency of the applied electric field must be smaller 

than the response time of the medium, so that the field appears static within the duration it takes 

for the optical properties of the medium to change. The refractive index in such medium can be 

described as ( )n n E= . Expanding this function in a Taylor’s series about E = 0, first and second 

order electro-optic effect coefficients are defined:  

 2

1 2

1
( ) ...

2
n E n a E a E= + + +  (10) 

where 1a and 2a are the first and second order coefficients, respectively. Higher order terms in Eq. 

(10) are negligible for practical electric fields. The electro-optic effects are categorized as first or 

second order effects. The change in n due to the first term in E is called the Pockels effect, whereas 

the change due to the second term in 2E is known as the Kerr effect. The Kerr effect is observed 

in all materials but is rather weak in commonly-used materials and not useful in most integrated 

optic applications. On the other hand, the Pockels effect is only observed in noncentrosymmetric 

crystals [37], [38]. Pockels and Kerr effects are the main mechanisms of optical phase modulation 

which effectively allows control of a carrier signal’s phase via an externally applied voltage. 

Electro-optic modulators generally can be divided into three classes: single-waveguide 

modulators, dual-channel waveguide modulators, and modulators employing reflection and 

diffraction [38]. 

Single-waveguide modulators can be implemented as a planar channel guide, and are sub-

categorized as phase modulators, polarization modulators, intensity modulators, and electro-

absorption modulators. In phase modulators the refractive index change in the waveguide, 

induced by the applied electric field (voltage), causes a change in the phase of the light waves 

traveling along the waveguide. The change in the refractive index due to an applied voltage V is 

described as 

 
3
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where EOn is the change in refractive index of the medium, 
wgn is the unperturbed refractive 

index of the waveguide core, 
ijr is the Pockels coefficient that depends on crystal structure and 
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material, V is the applied voltage, and 
wgt is the thickness of the waveguide. On the other hand, by 

definition, 

 0
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 where β is the propagation constant, k0 is the wavenumber in free space, and λ0 is the free-space 

wavelength. Substituting (11) into (12) the phase change produced by the electric field, 
EO , is 

obtained as 
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where L is the length of the modulator in the direction of propagation of light. One of the early 

works on electro-optic phase modulators was published by Kaminov et al. [39], where a 19 µm 

wide ridged channel waveguide made of LiNbO3 was considered. Two evaporated metal stripes 

on either side of the waveguide introduced the required electric field into the waveguide. A 

voltage of 1.2 V produced a phase shift of 1 rad for a modulation power figure of only 20 

µW/MHz/rad. In a later work the authors proposed a 5 µm wide Ti-diffused LiNbO3 channel 

waveguide which reduced the required modulation power to 1.7 µW/MHz/rad. 

The next sub-category of single-waveguide modulators is polarization modulators. 

Electrically-induced changes of refractive index in a noncentrocymmetric crystal lead to phase 

changes in the direction of the Pockels coefficient. Depending on the type and orientation of the 

nonlinear crystal, and on the direction of the applied electric field, the phase delay can depend on 

the polarization direction. A Pockels cell can thus be seen as a voltage-controlled waveplate, and 

it can be used for modulating the polarization state.  

Intensity modulators are the most commonly used, because of their relatively convenient 

detection method. In an intensity modulator the changes in the refractive index of the waveguide, 

induced by application of an external electric field, is translated into changes in the intensity of 

the light beam propagating in the waveguide. Hall et al. [40] implemented intensity modulation 

in a planar waveguide structure by carefully tailoring the refractive index of the waveguide-

substrate interface, as well as the dimensions of the waveguide, such that it guides only the lowest 

order mode in the absence of an external electric field. Applying a voltage of 130 V to the 

electrodes results in slight refractive index change, which brings the waveguide above cutoff; 

thus, the propagating mode is cutoff. Campbell et al. [41] demonstrated a channel-waveguide 



14 

 

intensity modulator in GaAs. A schematic view of the modulator structure is illustrated in Figure 

1.3-6. A maximum modulation depth of 95%, and electrical bandwidth of 150 MHz were 

demonstrated with the driving power less than 300 µW/MHz. 

 

Figure 1.3-6 Schematic diagram of the electro-optic directional coupler switch. (Adapted from [41].) 

Another well-established method of converting refractive index changes into intensity 

modulation is based on Mach-Zehnder interferometer concept [42](Figure 1.3-7). Their operation 

principle is that once the input signal is split between the two arms of the interferometer, by 

applying a differential external voltage across the arms, a differential refractive index change is 

induced in the two arm waveguides, which in turn results in a phase difference in the traveling 

waves. Once the two waves propagating along the two arms recombine, depending on their 

relative phase difference, constructive or destructive interference occurs. Thus, the output 

intensity is controlled by this applied voltage, though the relationship is not linear but rather 

sinusoidal. If the voltage is adjusted such that the two waves are out of phase by  the waves 

cancel each other, and the output intensity would, ideally, be zero. On the other hand, if the two 

waves are in phase, constructive interference at the output results in reconstruction of the input 

signal. 

 

Figure 1.3-7 Waveguide switch/modulator configuration. (Adapted from [42].) 

Modulation schemes reviewed thus far, are all based on the Pockels effect and changes 

in refractive index. Electro-absorption modulators, however, exploit the Franz-Keldysh effect, 
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which is a shift in the absorption edge of a semiconductor when a strong electric field is applied. 

In direct bandgap semiconductors with a steep absorption edge, very large changes in the 

absorption of wavelengths near the band edge are produced. Reinhart [43] proposed such 

modulator by considering a GaAlAs heterostructure waveguide, where the Al concentration was 

adjusted to obtain optimum performance at the wavelength of interest, 
0 900 =  nm. For an applied 

voltage of -8 V a change in transmission of a factor of 100 was demonstrated. 90% modulation 

was achieved for a required power on the order of 0.1 mW/MHz. 

Another class of electro-optic modulators is the dual-channel waveguide modulator. 

When two parallel optical waveguides are sufficiently close to each other light can be coupled 

from one waveguide to the other. If a modulating signal voltage is applied to the waveguides, 

according to the Pockels effect, a small change is produced in the refractive indices of the two 

waveguides, which results in a difference in their phase constants  . Power transmission from 

one waveguide to the other is a function of  . It can be shown that 100% coupling is enabled 

when 0 = , while zero coupling, or 100% modulation, occurs when 
03 L  = ,

0L is the 

coupling distance required for full transfer of power between the two waveguides when 0 =

. Although the concept of using a dual-channel directional coupler as an electro-optic modulator 

was proposed as early as 1969 [44], the first successful realization of such device was reported in 

1975 by Campbell et al. [45], and another, around the same time, by Papuchon et al.[46]. A 

schematic diagram of the coupler configuration in [46] is shown in Figure 1.3-8. 

 

Figure 1.3-8 Coupler configuration- launching and observation regions are also shown. a = 2 µm, b = 3 µm, c = 3 

mm. (Adapted from [46].) 

Several modulators and switches have been demonstrated utilizing the concept of electro-

optic control of either diffraction or reflection in optical waveguides. Diffraction modulators are 

generally based on the Bragg effect [38], [47]. A pair of comb-like interlocked electrodes are laid 

down on a planar waveguide of electro-optic material, as shown in Figure 1.3-9. Once a voltage 

is applied to the electrodes, the refractive index of the waveguide underneath changes such that a 
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Bragg grating pattern is formed in the waveguide. Light diffracts upon incidence on the Bragg 

grating pattern, causing a change in the direction of propagation of light. Similarly, the linear 

electro-optic effect may be utilized to reduce the index of refraction in a layer, such that total 

internal reflection of an optical beam happens upon application of voltage to the electro-optic 

region [48].    

 

Figure 1.3-9 Schematic of a Bragg-effect electro-optic modulator. (Adapted from [38].) 

One of the early studies on Si-based electro-optic modulators was done by Dionne and 

colleagues [49]. Their modulator consisted of a four-layer metal-oxide-Si-metal waveguide, 

where subwavelength slits, etched in the metal cladding layers, coupled light into and out of the 

modulator. In this geometry the input slit acts as the source in a MOS structure and is 

approximately 4 µm long, while the output slit acts as the drain, and the oxide layer as a channel 

connecting the source to the drain. The source-drain separation was varied from approximately 1 

to 8 µm. The device was examined numerically and experimentally, which yielded switching 

energies of the order of femtojoule and potential modulation frequencies in the order of gigahertz, 

once illuminated by a Gaussian beam of λ= 1550 nm or λ= 685 nm. Modulation ratios greater 

than 10 dB were observed in simulations for drain-source separation of 2 µm at λ = 1550 nm. 

Fabry-Perot structures have been of much interest as electro-optic modulators. Cai and 

colleagues [50] performed a theoretical study of electrically-activated plasmonic modulators, by 

numerically modeling three Fabry-Perot resonance structures. The first structure, illustrated in 

Figure 1.3-10(a), consisted of an infinitely long nanoslit in a silver slab on a transparent substrate. 

The nanoslit region was filled with an active dielectric material. They considered top illumination 

by a plane wave at λ0 = 850 nm, polarized perpendicular to the length of the nanoslit. It was 

observed that for a given slit width, w, the number of resonances excited increased with the 

thickness of the slab. For a slit of w = 80 nm on a slab thick enough to support four resonances, 

time-averaged energy density in the nanoslit was eight times greater than that of the plane wave. 

The transmittance through the nanoslit was also three times larger than the incident light.  The 

authors then added periodic corrugations in the silver slab on either side of the nanoslit, as 
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depicted in Figure 1.3-10(b), and optimized the dimensions of the gratings to give the maximum 

power transmittance from the slit resonator. In this case the time-averaged energy density inside 

the nanoslit was almost 160 times that of the incident wave, while the transmittance was enhanced 

20 times compared to the previous case. The same structure was then proposed as a plasmonic 

modulator by assuming that the refractive index of the material inside the nanoslit is controlled 

electrically by applying an external voltage. The modulation depth of the device was modeled as 

a function of the changes in the real and imaginary parts of the refractive index within the slit. 

The authors observed that increasing the thickness of the silver slab led to better modulation 

performance for a given change in the refractive index, as it increases the interaction length 

between the SPPs and the active material in the slit. For example, a 3 dB modulation depth was 

calculated for a 830 nm thick slab with 2% change in the imaginary part of the refractive index, 

while the transmittance was determined to be 60 times larger than the input power. The authors 

also considered a waveguide-coupled plasmonic modulator device (Figure 1.3-10(c)). A metal-

dielectric-metal waveguide was formed by considering a dielectric layer sandwiched between two 

silver slabs, where a resonant cavity was established by utilizing a pair of rectangular stubs 

separated by a length L in one of the silver slabs. By optimizing the dimensions of the resonant 

cavity, a 3 dB modulation depth was obtained by introducing either a 0.4% change in the 

imaginary part of the refractive index of the material within the cavity, or a 0.8% change in the 

real part of its refractive index. This strong modulation was a result of significant resonance 

enhancement of SPPs in the Fabry-Perot resonator formed inside the cavity. Given the small 

capacitance (~ fF/µm) due to compact cavity length (< 1 µm), and the estimated swing voltage of 

~ 1V, a power consumption on the order of 1 fJ/bit was predicted in the device. 

 

Figure 1.3-10 Schematic view of (a) a nanoslit resonator in a silver slab, (b) nanoslit resonator surrounded by periodic 

corrugations, (c) metal-dielectric-metal waveguide with a pair of stubs in one of the metal slabs (Adapted from [50].) 

Melikyan and colleagues [51] proposed a surface plasmon polariton absorption 

modulator (SPPAM). The device consisted of an input coupler silicon nanowire which coupled 

incident light into an active plasmonic section, where modulation was done, and an output coupler 

silicon nanowire. The plasmonic section consisted of a pair of silver slabs which sandwiched an 

insulator/metal-oxide layer. Here, SiO2 was chosen as the insulator and ITO as the metal oxide 
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layer. The silver slabs served as waveguides for SPPs, as well as electrodes for application of a 

voltage across the metal-oxide region. The free carrier density was changed in the ITO layer upon 

application of the external electric field (voltage), which resulted in a change of the complex 

permittivity, thus, the absorption of the medium. For example, applying an electric field of 10 V 

over 30 nm changed the free carrier density from N0 = 9.25 × 1026 m-3 to 9.34 × 1026 m-3, which 

changed the permittivity from ε = -1.667 + 0.824i to -1.721 + 0.832i. Thus, the absorption 

coefficient was decreased from α = 2.19 µm-1 to 2.07 µm-1, which, in turn, modulated the output 

power. The device operated at the wavelength of 1.55 µm, and was expected to reach an electrical 

bandwidth in the THz-region (being RC time constant limited). For an optimized 2 µm long 

modulator, a 1 dB extinction ratio and a total plasmonic loss in the range of 18 dB was predicted. 

The authors also fabricated a simplified prototype and performed a proof-of-principle experiment. 

The rather large distance between the two electrodes (61 µm) in their prototype, however, resulted 

in a weak electric field across the metal-oxide region, and therefore, weak modulation.  

A few years later Melikyan and colleagues [52] proposed and experimentally 

demonstrated a compact, broadband, high-speed plasmonic phase modulator (PPM) that could 

bridge between optical and RF components in a communication link. Their PMM consisted of 

two metal tapers at the ends of a nanometer-scale metallic slot waveguide filled with a nonlinear 

organic material. While photonic-to-plasmonic mode conversion (and vice versa) was performed 

in the metal tapers, the phase modulation section was the slot waveguide between the two tapers. 

The Pockels effect was exploited by applying an electric field which changes the refractive index 

of the nonlinear polymer, thus modulating the phase of the SPPs. Due to enhanced electric fields 

in the nonlinear medium, and the highly confined nature of SPPs, shorter phase modulation 

lengths were possible. Also, the weakly dispersive nature of the nonlinear polymer, along with 

the optically broadband characteristics of metallic slot waveguides and metallic tapers yielded a 

modulator which performed well over the wavelength range of 1480 nm to 1600 nm. Additionally, 

the small RC time constant of the device, as well as the instantaneous Pockels effect, led to a flat 

frequency response up to at least 65 GHz and high-speed operation at 40 Gbit/s.  

Haffner and colleagues [53] proposed and investigated an all-plasmonic Mach-Zehnder 

modulator (MZM). The device consisted of three sections. First, a photonic plasmonic 

interference section, which converted incident light from a silicon waveguide to SPPs and split it 

into the two arms of the MZM. The second section was phase shifter slot waveguides, which were 

formed between gold contact pads and a gold island, and were filled with DLD-164, a highly 

nonlinear material. The final section was another photonic-plasmonic interface which converted 



19 

 

the phase modulated SPPs into an amplitude modulated signal, guided to an output silicon 

waveguide. The total length of this MZM is 10 µm. the authors then tested the device’s high-

speed performance by feeding a two-level electrical signal to the device and detecting its output 

using a coherent receiver on the other side. High speed operation of 54 Gbit/s and 72 Gbit/s was 

observed with BERs of 7 × 10-5 and 3 × 10-3, respectively. The electrical energy consumption was 

estimated to be ~25 fJ/bit for up to 54 Gbit/s operation, when driven by a ± 3 V external voltage. 

The electrical bandwidth of the device was governed by its RC time constant and turned out to be 

~1.1 THz. 

Hybrid plasmonic modulators have also attracted a lot of attention. Ansell and colleagues 

[54] fabricated and studied three types of hybrid graphene-plasmonic waveguide modulators 

(HGPWM) for telecom applications. They obtained modulation depth values greater than 0.03 

dB/µm induced by gating voltages less than 10 V, for an active device area of 10 mm2. Their 

simplest HGPWM modulator consisted of a metal-dielectric interface, where SSPs propagated 

adjacent to a graphene monolayer. Another configuration considered was a corrugated plasmonic 

waveguide, along with a graphene monolayer. The most efficient modulator the authors proposed 

was based on wedge SPPs propagating along the edge of planar section of the waveguide, which 

produced strong electrical field confinement along a graphene monolayer. The waveguide was 

100 µm long. Incident light was coupled into plasmon modes by non-transparent gratings. In the 

waveguide section, voltage swings shifted the Fermi energy in graphene, which in turn changed 

graphene’s conductivity, and resulted in modulation of SPPs propagating along the graphene 

monolayer. Output was then decoupled to light using another set of gratings. A schematic diagram 

of the experiment, as well as sketches of the three plasmonic modes are shown in Figure 1.3-11. 

Olivieri and colleagues [55] proposed and tested a plasmonic intensity modulator based 

on a MOS structure.  The modulator consisted of Au nanogratings on a plasmonic Au surface on 

a film of HfO2, deposited on a doped Si substrate. A 2D numerical study was performed to 

optimize the nanograting design, as well as the thickness of the oxide layer. Signal and ohmic 

contacts were established, such that application of a bias voltage drove the MOS structure into 

accumulation/depletion, causing an electro-optic change in the material properties therein.  Once 

illuminated from top, the optical input was partially coupled to the SPPs along the Au/Oxide/Si 

interface through the nanogratings, and partially reflected and eventually collected as a 

photocurrent. The electrical bandwidth of this device was determined to be about 500 MHz, with  
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Figure 1.3-11 3D rendering of the experiment with the wedge plasmon mode  central image). 3 types of plasmonic 

structures under investigation are sketched: (a) Flat, (b) corrugated, and (c) wedge. Different plasmon modes can be 

excited depending on the location of the incident beam on the device. (Adapted from [54].)   

modulation depth of 3-6%. Details of the fabrication process of these modulators were reported 

in [56]. 

Ayata and colleagues [57] reported a high-speed, ultracompact, energy efficient 

modulator comprising a single gold layer on a glass substrate. This all plasmonic modulator was 

based on the Mach-Zehnder interferometer (MZI) architecture, where the interferometer arm slots 

were filled with a nonlinear optical material. A multi-core fiber (MCF) was used as the optical 

input/output means. A vertical two-step-etch grating coupler was employed to efficiently couple 

the incident light into the chip with high directionality. An integrated polarization rotator was 

designed to rotate the polarization of the incident light from p to s in order to obtain maximum 

plasmonic efficiency within the arm slots. The grating coupler also served as the electrical signal 

input, which modulated SPPs propagating along the arms of the MZI. The optical carrier was then 

coupled out into another core of the MCF via the output vertical grating coupler. The transmitted 

signal was then amplified and sampled by a coherent receiver. The authors observed high 

modulation speeds of up to 116 Gbit/s for a PAM4 signal, with a bit-error-rate of 3.8×10-3, upon 

detection. The energy consumption of the modulator was estimated to be 30 fJ/bit for the same 

signal and driving voltage of ±2.8 V. 
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Wang and colleagues [58] proposed, fabricated, and tested monolithically integrated 

lithium niobate (LN – LiNbO3) electro-optic modulators. For this purpose, LN thin films were 

nanostructured into waveguides, MZIs, and racetrack (ring) resonators, and subsequently, 

embedded in SiO2, to further enhance electric field confinement. This allowed smaller distance 

between LN active regions and RF electrodes, which led to improved overlap between optical 

and electric fields. Optical waveguides were sandwiched between signal and ground electrodes 

with a gap of 3.5 µm. The authors measured 3-dB bandwidths of 30 GHz and 15 GHz, and 

extinction ratios of 3 dB and 8 dB for racetrack and MZI modulators, respectively. The on-chip 

insertion loss of the racetrack and MZI modulators was 1.5 and 2dB, respectively, for total 

waveguide lengths of 7 and 5 mm. Power consumptions of 0.24 and 1.6 pJ/bit were also measured 

for racetrack and MZI modulators, respectively. 

Later on, Wang and colleagues [59] introduced another lithium niobate modulator, based 

on the MZI configuration, which operated at data rates up to 210 Gbit/s with a BER of 1.5 × 10-

2. The MZI arms were positioned in the gaps of a ground-signal-ground coplanar microwave strip 

line. Thus, by applying voltage to the micro-strip lines optical phase delay was induced in one 

arm of the MZI through Pockels effect. The operating voltage of this modulator was as low as 1.4 

V for a 20 mm long device. On-chip integrated nature of the device also lowered optical loss to 

less than 0.5 dB. The authors measured an extinction ratio of 30 dB. The electrical energy 

dissipation for 8-level amplitude-shift-keying modulation was expected to be 14 fJ/bit. 

Burla and colleagues [60] recently reported a plasmonic Mach-Zehnder phase modulator 

suitable for analog applications at telecom wavelengths. The device consisted of two slot 

waveguides of 20 µm long by 120 nm wide, filled with a nonlinear organic material, forming the 

two arms of the MZI. Application of a voltage to the MZI caused a change in the refractive index 

of the organic material, based on the Pockels effect, which in turn caused phase modulation in the 

SPPs propagating along the arms of the MZI. A 450 nm wide and 220 nm thick silicon stripe 

waveguide, connected to a 1 µm long linear taper were used to input light, and convert it to SPPs, 

respectively. An identical taper was used to decouple SPPs into the output light. The authors 

experimentally demonstrated a flat frequency response from 75 MHz up to 500 GHz, with an 

extinction ratio of ~25 dB. 

Koch and colleagues [61] reported a plasmonic modulator array comprising four densely-

arranged plasmonic phase modulators, as shown in Figure 1.3-12. Each modulator consisted of 

input and output grating couplers, for direct conversion of fiber to plasmonic modes and vice 

versa. The plasmonic phase modulator section was a slot waveguide of area 9 µm × 5.5 µm, 
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located between the input and output grating couplers, and filled with a nonlinear organic electro-

optic material. The modulators were directly interfaced with an optical fiber array, which 

minimized conversion losses. Thus, the total footprint of this array was 90 µm × 5.5 µm, which 

provided total operation speed of 0.8 Tbit/s. Optical and electrical crosstalk between adjacent 

modulator devices were found to be negligible. The authors experimentally demonstrated 

operation at 100 GBd for each modulator in the array, at a single wavelength (space division 

multiplexing) and at multiple wavelengths (wavelength division multiplexing). 

 

Figure 1.3-12 SEM image of the modulator array and arrangement of the parallel plasmonic modulators with the 

ground-signal contacts. Optical carriers (solid red) are coupled in by every second fiber core and the modulated light 

(dashed red) is coupled out through the remaining cores. The electrical signal (blue) is applied to the modulators by a 

multi-channel RF probe. The individual signal lines for channels 1–4 and the corresponding ground lines are marked 

by Si and Gi, respectively. 

Quite recently, Baeuerle and colleagues [62] proposed and experimentally demonstrated 

a plasmonic Mach-Zehnder modulator, which employed a dual-drive electrode system. A power 

multiplexer was used to produce the differential voltage required to drive the Mach-Zehnder 

modulator in a push-pull operation. Light was coupled via grating couplers to a pair silicon-

photonics waveguides, which directed light into the plasmonic phase shifters embedded in the 

Mach-Zehnder arms, where the electro-optic modulation was performed. The organic electro-

optic material HD-BB-OH/YLD124 was used here. The modulator’s active length was 15 µm, 

and the slot width was 100 nm. A thermo-optic phase shifter tuned the phase relation of the two 

arms, hence, the modulator’s operating point. The authors measured an electro-optic bandwidth 

of 108 GHz, which allowed for C-band transmission of 120 Gb/s signals through a single mode 

fiber. On the other hand, using differential drive voltage doubled the voltage swing in comparison 

with a conventional ground-signal-ground configuration, which led to a small drive voltage of 

178 mV.  
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1.4. Thesis scope and outline 

This thesis investigates the application of surface plasmon polaritons in optoelectronic devices, 

with foci on photodetectors and modulators. It has been demonstrated, theoretically and 

experimentally, that SPPs have the potential to significantly enhance the performance of 

photodetectors and modulators, by confining light into subwavelength regions, and enhancing 

localized electric fields. Novel designs are proposed, numerically modelled, or experimentally 

evaluated. This thesis comprises a collection of scientific articles, as well as some chapters in 

essay format. The remainder of this document is organized as follows: 

Chapter 2 briefly discusses the numerical methods used, and examines their validity, by 

comparing results obtained to those produced using alternative numerical methods, as well as 

experimental results. The finite difference time domain (FDTD) method has been used for most 

of the numerical simulations in this thesis. Chapter 2 also covers details of simulations done for 

two projects in collaboration with Maryam Al-Shehab [63] and Giulio Vampa [64].  

Chapter 3 explores two novel plasmonic photodetector designs. The photodetectors 

exploit nanoantennas to confine incident light to subwavelength detection regions. Numerical 

models demonstrate significant performance improvements over conventional photodetectors, in 

terms of speed and responsivity. The electrical performance of the photodetectors was also 

modelled. 

Chapter 4 describes the fabrication of an improved version of the plasmonic reflection 

modulator previously proposed in [55] and [56]. The present device is capable of modulating in 

transmission, as well as in reflection. Additionally, the present device is expected to demonstrate 

a significant bandwidth improvement over the older version ([55], [56]),  due to the reduced 

effective capacitance of the devices. Nanofabrication methods are discussed in detail, while 

limitations are pointed out. 

Finally, in chapter 5 conclusions and suggestions for future work are presented. 
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CHAPTER 2. NANOANTENNA MODELLING 

 

This chapter reviews the numerical model of nanoantennas used throughout this thesis, and in 

related publications. In addition to the methods, and results related to works in Appendix A  [63] 

and Appendix B [64], the accuracy and reliability of our model, in comparison with other 

numerical methods, as well as experimental results, are considered.  

2.1. Methods  

Optical modeling of nanoantennas was achieved numerically using the commercial software 

Lumerical, which employs the finite difference time domain (FDTD) method. Maxwell’s curl 

equations were numerically solved in three dimensions (assuming non-magnetic materials) to 

model the optical performance of the device under study: 
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where E and H are the electric and magnetic fields, respectively, D  is the electrical displacement, 

and 
r is the complex relative permittivity.  

Finite arrays of nanoantennas were modelled as infinite arrays, extended along the x and 

y axes [65]. This was achieved by considering one array element (unit cell) bounded on all lateral 

walls by periodic boundary conditions. Symmetry was also exploited by using symmetric and 

antisymmetric walls in order to reduce computational requirements. Perfectly matched layers 

(PMLs) were applied on the top and bottom walls to avoid reflections. To do so, the position of 

the PML boundaries was adjusted to ensure that the electric field distribution in the near-field 

region of the nanoantennas was independent of the location of the PMLs. The location of the 

lateral walls in a unit cell, or the pitch dimensions p and q, were adjusted to avoid coupling of 

adjacent nanoantennas, by, again, observing the electric field distributions. Symmetry was applied 

by utilizing proper boundary conditions whenever the geometry of the structure under 

investigation was suitable. This significantly reduced the required time and computational 

resources. 
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Meshing is an essential part of any numerical method, which ensures the accuracy of the 

results obtained. The smaller the mesh size, the higher the accuracy, given sufficient 

computational resources. A smaller mesh, however, means substantially longer simulation times, 

and more memory requirements. In order to achieve a balance between accuracy, time, and 

memory requirements, a medium-sized automatically-generated background mesh was selected, 

which was coarser in dielectric areas away from metallic structures, sources, or material 

boundaries, and finer where electric field discontinuities were expected, such as along material 

boundaries, or where the fields changed rapidly, such as near sharp metallic corners. In order to 

attain higher accuracy, manual meshing constraints were added to the automatically-generated 

background mesh in areas around nanoantennas. Figure 2.1-1 shows a top view of the simulation 

domain of a unit cell, where a nanomonopole is located at the centre. In Figure 2.1-1(a) the orange 

boundary area around the unit cell depicts PML boundary condition. Inside, the cross stripes show 

the area with finer mesh than everywhere else in the domain. The red circle encloses the 

nanomonopole (outlined by black dashed lines) at the centre, surrounded by an area of very fine 

fixed mesh (outlined by blue dashed lines) which extends 10 nm from perimeter of the 

nanomonopole.  Enlarged views are shown in Figure 2.1-1(b) and (c). As will be discussed in 

Section 2.2, in most cases, a mesh of 1 × 1 × 1 nm3 is sufficiently small to obtain reliable results. 

 

Figure 2.1-1 (a) Top view of a unit cell with a nanomonopole at its centre. The black dashed line outlines the 

nanomonopole, where the blue dashed line indicates the manually-meshed region. (b) Depicts an enlarged view of 

components in the red circle in (a). (c) Shows an enlarged view of the green circle in (b): top right corner of the 

nanomonopole. 

Refractive index (n, k) data as a function of wavelength, for dispersive materials, were 

acquired from Palik’s Handbook of Optical Constants for Solids [66] or from measurements and 

were incorporated using multi-coefficient material models. The arrays were illuminated 

perpendicularly by a plane wave through the substrate. The significantly smaller size of 

nanoantennas, in comparison with the beam size available experimentally, justifies using a plane 

wave in our numerical model, where a Gaussian laser beam illuminates the nanoantenna arrays 

during experimental tests. The plane wave was polarized along the length of the nanoantennas. 
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The dimensions and geometry of the nanoantennas were selected to maximize the 

absorptance at the wavelength of interest. For this purpose, the nanoantennas’ length, l, width, w, 

thickness, t, and (applicable for dipole antennas) gap, g, were chosen such that the absorptance of 

an infinite array is maximized at the wavelength of interest [65], while considering the feasibility 

of fabrication as another governing criteria. For work in [67], [68] the thickness of the InGaAs 

layer, as the detection region, was also adjusted to maximize the absorptance at λ0 = 1550 nm and 

yield maximum absorbed power in InGaAs in order to optimize photo-detection therein. The 

absorptance, A, was obtained as 

 1A T R= − −  (17) 

where T and R are the transmittance and reflectance of an infinite array of nanoantennas, 

respectively. T and R were computed as a function of frequency at reference planes located in the 

far-field of the nano-antennas as:  

 
   ( ) Re ( ) Re ( )m s

S S
T f P f dS P f dS=     (18) 

where mP and sP  are Poynting vectors at reference planes where the transmittance (or 

reflectance) is computed, and at the location of source, respectively. f is the frequency, and S is 

the area of the reference plane, which covers the entire cross section of a unit cell. The reflectance, 

R, is calculated similarly, with data collected at a reference plane positioned at the location of the 

reflectance. 

Field enhancement and electron-hole pair generation in the semiconductor region were 

then optimized by varying the dimensions of the InGaAs region, and calculating the power density 

absorbed therein. The integral of the absorbed power density over the InGaAs volume gives the 

absorptance in InGaAs. The absorbed power is given by  

 ( )
21

2
absP E imag = −  (19) 

where ω is the angular frequency, E is the electric field, and ε is the optical permittivity of InGaAs.  

2.2. Accuracy of the Numerical Model 

Resonant wavelength predictions obtained using our numerical model were compared to the 

results obtained using the finite element method (FEM) and the transmission line (TL) model, as 

well as experimental results [69], in order to verify the validity and accuracy of the employed 

numerical model.  
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An infinite array of nanomonopoles laid over a film of SiO2 on a Si substrate was 

modeled, by periodically repeating a unit cell, as shown in Fig. 2.2.1(a), along the lateral 

dimensions. The graphene monolayer was not considered in this model since it is optically 

noninvasive. A plane wave polarized along the length of the nanomonopoles was placed in the 

far field region to illuminate the system from the top at normal incidence with a 1 V/m electric 

field magnitude. The dimensions of the nanomonopoles were critical in determining their 

respective resonance wavelength. The length of the nanomonopoles were varied from 60 to 120 

nm. The width and thickness of the nanomonopoles, however, were fixed to 40 and 22 nm, 

respectively. Pitch dimensions were also fixed to 500 × 500 nm2. The absorptance, A, was 

calculated following Eq. 4.1, where data for transmittance, T, and reflectance, R, were collected 

at the location of their respective reference planes. Figure 2.2.2 shows a comparison between 

results obtained from our model and those in [69].  Our results are in good agreement with 

experiments and these other numerical results. 

 

Figure 2.2-1. (a) Schematic of a unit cell of an infinite array of nanomonopoles. (b) Absorptance, A, as a function of 

wavelength, λ, for nanomonopoles of various lengths. 
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Figure 2.2-2. A comparison between results obtained from our model and those in [69]. Black dots were obtained using 

our numerical model. Blue dashed- and solid-lines are results of the transmission line model and finite element method, 

respectively. Red dots show experimental data. 

A convergence study was also performed by decreasing size of the mesh and monitoring 

the position of the peak absorptance, A. Figure 2.2-3 give the absorptance, A, of an infinite array 

of nanomonopoles, where the mesh dimensions were successively halved from 2 × 2 × 2 nm3 to 

0.25 × 0.25 × 0.25 nm3. As a result, the absorptance peak red-shifted monotonically, indicating 

convergence with decreasing mesh. These results also show that although there is a small red 

shift, the resonance peaks stay within a small enough vicinity. Hence, the resonant wavelength 

can be reliably determined given a prescribed expected error, as shown in Figure 2.2.2(b). 

 

Figure 2.2-3 (a) resonant wavelength λres of an array of nanomonopoles as a function of mesh dimensions. Numerical 

results were extrapolated to zero using a linear fit. (b) The error % was calculated for each data point with respect to 

the extrapolated value at zero.  

2.3. Nanoantennas for Enhanced Raman Scattering 

The numerical model for the work published in [63] was implemented by following the method 

described in 2.1. However, due to difficulties in numerically modelling the graphene monolayer, 

and its expected minimal impact on the optical performance of the nanoantennas, this layer was 

disregarded in the numerical model. Also, due to fabrication limitations, the experimentally-tested 

structures were slightly different than those modelled numerically. These differences and their 



29 

 

impact on results are discussed in [63]. The sketch in Figure 2.2.1(a) depicts the modelled 

structure. 

Nanomonopoles on graphene were modelled as infinite array of nanomonopoles. A 

plane-wave polarized along the length of the nanomonopoles illuminated the array from top at 

normal incidence, with a 1 V/m field magnitude. Mesh dimensions in the neighborhood of the 

nanoantennas were 0.5×0.5×0.5 nm3, which were small enough to ensure convergence of 

electromagnetic waves, especially around sharp corners of nanomonopoles. The reflectance, R, 

was determined in a reference plane 2.5 µm above the Au-graphene interface, as shown in Figure 

2.3-1. The reflectance acquired in the absence of nanomonopoles is also plotted as a reference. 

The resonance wavelengths red-shift by increasing the length, and blue-shift by increasing the 

width of the nanoantennas, as expected [65]. The resonance wavelengths obtained from this 

model were compared to the experimental results , as shown in Figure 2.3-1 (c) and (d) for various 

nanoantenna length and widths, respectively. 

 

Figure 2.3-1  reflectance as a function of wavelength for various nanoantenna lengths (a), and widths (b). 

Comparison of results obtained from FDTD model with experimental results for different lengths (c) and widths (d). 
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2.4. Nanoantennas for High Harmonic Generation 

The method described in 2.1 was applied to find the best nanomonopole design to resonate at λ0 

= 2100 nm, in support of work on plasmonic high-harmonic generation, while considering 

fabrication limitations. The absorptance, A, was determined, according to Eq. 1.4, for various 

nanomonopole lengths and widths, as shown in Figure 2.4-1. The thickness was fixed to t = 20 

nm. Pitch dimensions were also varied to ensure the nanomonopoles are sufficiently distanced to 

avoid cross-coupling. The optimum design was found to be l = 205 nm, w = 80 nm, and t = 20 

nm.  

 

Figure 2.4-1 (a) Absorptance as a function of wavelength for various nanomonopole lengths, for w = 80 nm and t =20 

nm. (b) The nanomonopole width was varied for l = 220 nm and t = 20 nm.    

The distribution of the electric field intensity in Si, at different distances below the 

nanomonopoles, are shown in Figure 2.4-2. The incident beam was polarized along the length of 

the nanomonopoles. As expected, nanoantennas significantly enhanced and localized the electric 

fields in their proximity, which resulted in HHG in the Si [60]. 

 

Figure 2.4-2 Electric field distribution along a cut (a) 5 nm, (b) 10 nm, and (c) 20 nm below the nanomonopole-Si 

interface. 
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CHAPTER 3. DESIGN OF PHOTODETECTORS 

 

3.1. Summary  

Plasmonic nanoantenna structures, combined with a metal-semiconductor-metal (MSM) 

structure, were investigated for the purposes of efficient and high-speed photodetection. The 

detection material was chosen to be InGaAs, where EHPs will be created upon excitation and will 

be separated through an applied reverse biased voltage, and collected in the form of photocurrent. 

Two slightly different plasmonic structures were selected for initial investigation, where 

feasibility of fabrication and experimental characterization were crucial factors. The first structure 

is an array of Au nanodipoles, filled with low-defect, low-doped InGaAs in their gaps. The 

photocurrent generated in this structure could be collected and measured through the dipole arms 

directly. The small size of the gaps leads to a very large electrical bandwidth (in the order of THz) 

for the device. Although this structure is advantageous in providing a very fast photodetector, 

fabrication of these arrays is challenging [67]. In order to tackle fabrication difficulties we 

considered a second structure consisting of an array of nanoantennas on a film of low-defect, low-

doped InGaAs. The photocurrent, in this case, was be generated in a film of InGaAs, instead of 

nanoantenna gaps, and collected by applying a reverse biased voltage to the nanoantennas relative 

to the ground. The electric bandwidth is not as large as in the first case. However, the 

photodetector is predicted to be faster than commercially available devices, while yielding a 

reasonable responsivity [68].     

3.2 Contribution 

The results provided in this chapter were published as two articles in the journal of Applied 

Physics Letters and the Journal of Lightwave Technology. I implemented the numerical methods, 

generated and interpreted the results, and wrote the manuscript. Dr. Berini and Dr. Stöhr 

contributed to the interpretation of the results and revised the manuscript. 

3.3 Article 

The published articles follow verbatim. 
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CHA1PTER 4. NANOFABRICATION 

 

4.1. Summary 

This chapter presents details of the fabrication process developed for plasmonic intensity 

modulators, following [56] and [55]. The fabrication process flow, while mainly adapted from 

[56], was successfully modified to improve the device performance, as well as the 

repeatability and resolution of fabricated patterns. Devices were fabricated in five stages: 

plasmonic surfaces, ohmic contacts, nanogratings, interlayer dielectric, and contact metals. 

These stages will be discussed briefly in this chapter. Current-voltage and capacitance-

voltage measurements were done to characterize the electrical properties of the devices. The 

electrical bandwidth of these modulators is expected to reach 100’s of GHz. 

4.2. Contributions 

I fabricated the plasmonic surfaces in the first stage. The second stage comprised some 

photolithography steps, which were done by me, and a BOE wet etch process, which was 

done by Anthony Olivieri and Ewa Lisicka-Skrzek, since it required handling acids. The third 

stage was fabrication of nanogratings, using electron beam (e-beam) lithography, which was 

performed by Anthony Olivieri.  I carried out the fourth stage of fabrication, which was the 

deposition of an interlayer dielectric polymer and clearing via holes through this layer. The 

fifth, and final, stage was the fabrication of electric contacts, which was done by me.   

4.3. Article 

The manuscript accepted for publication in the Journal of AIP Advances follows. 
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The fabrication of a high-speed plasmonic reflection/transmission modulator for 

operation at λ0 = 1550 nm is presented and described in detail. Front-side ground and 

signal contacts provide easy electrical probe access to the device, while allowing 

transmission of light through the substrate. Modulation is based on enhanced perturbation 

of the effective refractive index of grating-coupled surface plasmon polaritons 

propagating along a metal–oxide–semiconductor structure on silicon. Fabrication steps 

include deposition of a plasmonic metal patch, deposition of ohmic contacts, deposition 

of a Au nanograting coupler overlaid by e-beam lithography, and the application of an 

intermetal dielectric layer with metalized vias and metal electrical contacts. Current-

voltage and capacitance-voltage characteristics verify the electrical integrity of the 

structure. 

 

I. INTRODUCTION 

Ever-increasing demands for high-speed data throughput in telecommunications 

systems motivate high-speed, broadband optical modulators in integrated electro-optic 

systems. Optical modulators based on Si photonics but exploiting 2D materials and/or 
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plasmonics are particularly promising due to their potential to overcome speed, 

bandwidth, and size trade-offs, and their integration possibilities with ancillary 

electronics [1]– [14], [29].  

Surface plasmon modulators, in particular, can provide fast and effective 

modulation by using surface plasmon-polaritons (SPPs) and their unique properties in 

interacting with the modulation medium. The dispersive properties of metals (e.g. Au, 

Ag) at optical frequencies, particularly pertaining to the negative real part of 

permittivity, are such that visible and near-infrared light may excite SPPs at the surface. 

SPPs are transverse-magnetic (TM) polarized surface waves where the magnetic field is 

in the plane of the metal surface and is perpendicular to the direction of propagation 

which is along the metal-dielectric interface. The electric field has a weak longitudinal 

component but a strong transverse component perpendicular to the metal surface. This 

field component is enhanced relative to the exciting field, which leads to strong light-

matter interaction – a motivating factor for the use of SPPs in electro-optic modulators. 

The wavenumber of an SPP is larger than that of freely propagating light, which makes 

direct coupling impossible. Coupling occurs in the presence of, e.g., surface roughness, 

gratings or prisms, which can manipulate the wavenumber of the incident radiation to 

match that of the SPP. 

Active control of SPPs, either electrically, optically, or via temperature, forms 

the basis for plasmonic switches and modulators. Notably, the metallic structures 

supporting SPPs can also be used as device driving electrodes (current, voltage) to 

ensure strong overlap between the SPP fields and the active region of the device. 

Modulation depths of 80% and switching times on the order of picoseconds are 
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expected [16]. Plasmonic devices also fulfill the need for achieving a nanometer-scale 

footprint, high-speed, and low power consumption [17], [18], [30], [31]. Depending on 

the property of light that is modulated, optical modulators are classified into different 

categories, such as amplitude modulators [6], phase modulators [5], [7], [9], [13], 

polarization modulators [13], and wavelength modulators [5]. The performance of a 

modulator is usually characterized by modulation speed, modulation depth, operating 

wavelength, power consumption, and insertion loss.  

This paper describes the fabrication and realisation of a plasmonic modulator that 

can operate at high speed in reflection and/or transmission. The paper builds on 

previous work [14], [19], by introducing front-side coplanar electrodes compatible with 

microwave probes, thereby enabling high-speed operation and operation in 

transmission, and by introducing an inter-metal dielectric to reduce parasitic contact pad 

capacitance. Nanofabrication methods are discussed in detail along with fabrication 

results. 

II. EXPERIMENTAL 

A. Device structure and operating principle 

A plasmonic reflection/transmission modulator, designed as a metal-oxide-

semiconductor (MOS) capacitor, excited by a p-polarized continuous-wave optical 

beam, and electrically controlled by an external electrical drive signal, is shown 

schematically in Fig. 1. The device consists of a circular thin Au film (t = 20 nm) as a 

“plasmonic patch”, on a thin (d = 5 nm) hafnium dioxide (HfO2) layer, grown on a 

highly p-doped Si substrate via atomic layer deposition (ALD). The thin Au film, the 

HfO2 layer, and the p-doped Si substrate form a metal-oxide-semiconductor (MOS) 
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structure. Au ridges forming a grating are overlaid on the thin Au film and couple the 

incident light to SPPs propagating along the bottom surface of the Au film, with SPP 

fields penetrating through the HfO2 and into the Si substrate. The grating pitch varies 

from Λ = 420 to 480 nm. Its duty cycle is fixed to D = 50%, and the thickness of the 

ridges to H = 80 nm. The gratings are covered by a 700 nm thick layer of polymer (SU-

8) as a transparent dielectric interlayer. In order to access the thin Au film electrically, a 

metal contact pad is deposited on the dielectric layer. A via extends from the metal 

contact pad through the SU-8 layer down to a small finger extending from the thin Au 

film. A pair of separate larger vias extend from the top contact metal layer down to 

ohmic pads in direct contact to the silicon surface, which act as the ground terminals of 

the device. The layout of the contact pads was selected to accommodate the standard 

pitch of microwave ground-signal-ground (GSG) probes.  The dielectric interlayer 

ensures that the electrical performance of the MOS capacitor is not compromised by 

excess parasitic capacitance from the contact metal to the silicon substrate, and it 

passivates the device. 
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Fig. 1. Schematic diagram of the reflection/transmission modulator: (a) Isometric view, 

(b) cross-sectional view along the GSG contacts, (c) cross-sectional view through the 

grating. 

A nanoscale grating structure (1st order) is used to couple the incident light to 

the SPPs propagating along the MOS interfaces. Tightly confined SPPs are sensitive to 

refractive index changes in the modulation region in the semiconductor along the oxide 

surface. Accumulation and depletion of carriers in this region, following the application 

of an external electrical signal to the MOS capacitor, changes the effective refractive 

index of the SPPs. This in turn alters the coupling efficiency of SPPs, and thus the 

modulation intensity of the reflected and transmitted light. In essence, the voltage 
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applied at the electrical contacts is used to modify the reflectance and transmittance of 

the device, which permits intensity modulation of the reflected and transmitted beams. 

Numerical methods were used to model a cross-section of the device and 

determine the design parameters of the structure for operation at λ0 = 1550 nm [20]. An 

optimized design maximises the sensitivity of the SPPs to refractive index perturbations 

in a thin region of semiconductor along the oxide, and thus the coupling efficiency of 

the incident beam to the SPPs. Computations via the transfer matrix method reveal that 

as the thickness of the oxide and metal decrease, the differential refractive index, Δneff, 

increases due to increasing overlap of the SPP fields with the perturbation. Taking into 

account fabrication limitations, the thickness of the metal was chosen as t = 20 nm and 

the thickness of oxide was chosen as d = 5 nm.  

Using the momentum conservation equation for gratings  

 0

effn


 =  (20) 

an initial value for the grating period was obtained as Λ = 420-480 nm, where broadside 

excitation along the surface normal and a first-order grating are assumed. The 2D finite-

difference time-domain (FDTD) method was used to model the optical performance of 

the structure, yielding the reflectance, transmittance, absorptance and grating coupling 

coefficient [20]. 

B. Fabrication process flow 

Figure 2 shows the flow of the major fabrication process steps that were developed and 

applied. In summary, single-side polished, prime grade, p-doped Si wafers were 

purchased. A thin film of HfO2 was deposited on the wafers by atomic layer deposition 
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(Namlab GmbH, Dresden, Germany). Thin Au films (plasmonic patches) were 

deposited on HfO2, followed by etching of HfO2 in select locations to enable Pt-capped 

Al ohmic contacts to the p-Si substrate as ground terminals. Au nanogratings were then 

defined by e-beam lithography, evaporation and lift-off, centered on the plasmonic 

patches. A film of SU-8 2000.5 was deposited as the dielectric layer and via holes were 

created through the film of SU-8 by exposure and development. Finally, Cu/Cr contact 

pads were deposited on SU-8 and the vias were metallised to provide electrical access to 

signal and ground contacts on the device. 

 

Fig. 2. Fabrication process flow of plasmonic intensity modulators: a) p-doped silicon 

wafer bearing a film of HfO2 grown by ALD; b) deposition of thin Au film acting as the 

plasmonic patch; c) etching of windows in HfO2 and deposition of Pt/Al ohmic 

contacts; d) e-beam exposure and lift-off of Au nanogratings; e) deposition of intermetal 

dielectric layer (SU-8) and via creation; f) deposition of via metal and contact pads.  

1. Plasmonic patch 

A bilayer lift-off process was carried out to define Au circular plasmonic patches of 

various diameters (3, 5, 11, 17, 22, 28, 56 µm) on HfO2. For this purpose, a 2-inch p-
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doped Si wafer (P/B,  = 0.001- 0.005 Ω.cm) was used, with a 5 ± 0.1 nm thick film of 

HfO2 on its surface. The step-by-step process is summarized in Table 1 and Table 2. 

Microchem LOR 1A lift-off resist was spun on the substrate surface (HfO2) at 

6000 RPM and baked at 190° C for 5 min. Megaposit SPR 955-CM photoresist (PR) 

was then spun on LOR 1A at 6000 RPM and baked at 90° C for 3 min. Afterwards, the 

bilayer resist stack was exposed to 84 mJ of UV light, using a photomask in an OAI 

Model 204IR mask aligner. Three I-line (λ0 = 365 nm) bandpass filters were used to 

optimize pattern resolution. Using a stack of three filters allowed for more precise 

control over the exposure energy.  The sample was then immersed in developer 

Microposit MF CD-26 for 60 s. A 20 nm thick layer of Au was deposited on a 0.3 nm 

thick layer of Ti used to promote adhesion. Both metals were deposited via thermal 

evaporation using an Angstrom Nexdep Evaporator. The unexposed parts of the bilayer 

resist stack, along with the Au film covering them, were lifted-off by immersing the 

sample in Remover PG (Microchem).  

TABLE 1. Procedure for applying lift-off resist LOR 1A. 

Step Description 

1 Load substrate and 

dispense LOR 1A 

Ensure that wafer is centered and leveled on the spinner 

chuck. Dispense 5 mL of LOR 1A using a pipette. 

2 Saturation Let LOR 1A level out on the substrate for 30 s, while the 

spinner’s chuck vacuum is disengaged. 

3 Spin coating 15 s @ 200 rpm/s, 10 s @ 3000 rpm, 15 s @ 200 rpm/s,   30 

s @ 6000 rpm, 6 s @ -1000 rpm/s 

4 Relaxation Disengage the vacuum and let the substrate relax for 30 s 

before moving it. 
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5 Soft bake Place the substrate on a flat hotplate at 190 °C for 5 min to 

evaporate solvent in LOR 1A and harden the resist. Let the 

substrate cool for several minutes before the next step. 

 

 

TABLE 2. Procedure for photolithography, metallization, and lift-off of the circular thin 

Au films used as plasmonic patches. 

Step Description 

1 Load substrate and 

dispense SPR 955 

Reload the substrate into the spinner and dispense 5 mL of 

photoresist using a pipette. 

2 Saturation Let SPR 955 level out on the substrate for 10 s, while the 

spinner’s chuck vacuum is disengaged. 

3 Spin coating 15 s @ 200 rpm/s, 10 s @ 3000 rpm, 15 s @ 200 rpm/s,   30 

s @ 6000 rpm, 6 s @ -1000 rpm/s 

4 Relaxation Disengage the vacuum and let the substrate relax for 10 s 

before moving it. 

5 Soft bake Place the substrate on a flat hotplate at 100 °C for 3 min to 

evaporate the solvent and harden the PR. Let the substrate 

cool for several minutes before the next step 

6 Exposure Expose the PR with 84 mJ UV light. Three I-line filters were 

used to filter out UV wavelengths other than 365 nm. 

7 Development Fully immerse the sample in a fresh bath of CD-26 developer 

for 60 s. Rinse thoroughly in DI water, and blow dry with 

N2. 

8 Evaporation 0.3 nm Ti adhesion layer, e-beam evaporation at 0.1 Å/s; 20 

nm Au, thermal evaporation at 0.5 Å/s, on Ti without 

breaking vacuum. 

9 Lift-off Immerse the sample into a bath of Remover PG for 20 min. 

Rinse thoroughly in Acetone, IPA and DI water. Blow dry 

with N2. 

  

2. Ohmic Contacts 
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To establish ohmic contacts, metal must be in direct contact with the semiconductor 

substrate. Therefore, a buffered oxide etch (BOE) process was practiced to open 

windows in HfO2 to let the ohmic metal make direct contact with the p-Si substrate. A 

bilayer stack of SPR 955 on LOR 1A was utilized to etch the windows in HfO2, then 

lift-off the evaporated ohmic metals in self-aligned processes (i.e., the same lithography 

stack was used to carry out both processes). The PR was exposed, using the same 

parameters as in Table 2 and developed by immersion into MF CD-26 for 60 s. At this 

stage the sample surface was covered with the bilayer resist stack except for the 

openings where HfO2 must be etched in order to realize the Ohmic contacts. The sample 

was then immersed in a 5% diluted hydrofluoric (HF) acid solution for 30 s, followed 

by a DI H2O rinse and N2 blow. The sample was then immediately loaded into the 

evaporator. Al was chosen as the ohmic contact metal due to its high conductivity, low 

ohmic contact resistance to p-type Si, and good adhesion to Si [21]. Thus, a 100 nm 

thick layer of Al, capped by a 20 nm thick layer of Pt, was e-beam evaporated, and 

lifted-off. Pt was introduced as a conductive protective layer of Al during subsequent 

process steps. See supplementary material at [URL will be inserted by AIP Publishing] 

for the process flow and a summary of steps for the realization of ohmic contacts. 

3. Nanogratings 

Nanogratings were deposited on the plasmonic surfaces in order to achieve coupling of 

the incident beam to SPPs. The dimensions of the nanogratings were selected to 

optimize the optical performance of the modulators (Λ = 420 - 480 nm, H = 80 nm, D = 

50%) [20].  The size of the Au plasmonic patches affects the metal-oxide-

semiconductor (MOS) capacitance of the structures and the electrical bandwidth of the 
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devices. Thus, it is important for the patch and grating dimensions to be as close as 

possible to the designed dimensions. Electron beam lithography, overlaid to the existing 

plasmonic patches, was used to produce gratings of high resolution. Au deposition was 

then done by thermal evaporation, followed by lift-off. The protocol for the fabrication 

of nanogratings is summarized in Table 3. 

TABLE 3. Procedure for e-beam lithography, metallization and lift-off of the 

nanogratings. 

Step Description 

1 Load substrate and 

dispense PMMA 495 

Dispense 5 mL of PMMA 495 6% using a pipette. 

2 Saturation Let PMMA 495 level out on the substrate for 1 min, while 

vacuum is disengaged. 

3 Spin coating 5 s @ 200 rpm/s, 3 s @ 400 rpm/s, 90 s @ 2000 rpm,         5 

s @ -400 rpm/s 

4 Soft bake Place the substrate on a flat hotplate at 190 °C for 1 hour to 

evaporate solvent and harden the resist. Let the substrate 

cool for several minutes before the next step. 

5 Repeat steps 1- 4 to spin-coat PMMA 950 

6 E-beam exposure e-beam acceleration voltage: 30 kV, dosage: 300 μC/cm2  

7 Development Immerse the sample into a bath of MIBK developer at 20 °C 

for 2 min. Rinse in DI water and blow dry with N2.  

8 Descum To remove residual PMMA O2 RIE was performed for 1 min 

at 25 W. 

9 Evaporation  80 nm Au thermally evaporated at 0.5 Å/s. 

10 Lift-off Immerse the sample in Acetone for 20 min. Rinse in IPA and 

DI water. Blow dry with N2. 

 

4. Dielectric interlayer 
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A dielectric interlayer is required between the top layer contact metal and the device 

level to ensure that the electrical performance of the MOS capacitor is not compromised 

by excess parasitic capacitance to the silicon substrate. It also provides some measure of 

protection to the grating surface. SU-8 2000.5 was selected for this purpose. 

When exposed to UV light and subsequently baked, SU-8 becomes cross-linked 

and insoluble to liquid developers. SU-8 has very high optical transparency at 

wavelengths above λ0 = 360 nm, which makes it optically non-invasive to the 

performance of our devices. SU-8 is best suited for permanent applications where it is 

imaged, developed, cured and retained. It comes in different viscosities. The least 

viscous type, SU-8 2000.5, was used for this application, since the desired film 

thickness, according to the numerical optimization [20], is ~700 nm, which can be 

achieved with SU-8 2000.5.  

The first step was spin coating SU-8 2000.5 on the wafer bearing the plasmonic 

patches and gratings, as well as the ohmic pads. The second step was a soft bake (SB), 

where the sample was placed on a hotplate at 65 °C for 5 min. A temperature ramp-up 

was then used to reach 95 °C, where the sample was left for another 5 min. A ramp-

down was then performed to bring the sample temperature to 50 °C, bringing the total 

time on the hotplate to 25 min. The soft bake is necessary to remove solvent from the 

SU-8. Temperatures, bake-times, and ramps are important to reduce stress formation 

and cracks in the film.  

After a 10 min cool-down SU-8 was exposed to UV light, using a bright-field 

photomask to define via holes in the layer. An I-line filter was used to increase the 

pattern resolution. As a result, SU-8 cross-linking was initiated where exposed. In order 
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to avoid over-exposure around the edges, SU-8 was exposed with the minimum 

required energy. Over-exposure causes SU-8 to cross-link around the edges, where it is 

expected to be removed and thus perturbs dimensions from what is desired. Hard 

contact was used in the mask aligner in order to minimize the gap between the 

photomask and the sample.  

Post exposure bake (PEB) is necessary to complete the cross-linking of the SU-

8. The sample was placed on a perfectly flat hot plate set at 90 °C for 1 min. The 

temperature was then ramped up to 105 °C, and the sample baked for 1 min. The hot 

plate temperature was then ramped down to 75 °C, at which point the sample was 

removed from the hot plate.   

SU-8 developer was used to develop the sample. The best results were achieved 

using vertical positioning of the wafer in the developer for 3 min, followed by two 

intervals of 10 s in an ultrasonic bath at 80 KHz and 30% power. Hard bake (HB) is 

required if further processes are to be done on SU-8, which is the case here. Thus, the 

sample was baked for 30 min on a hot plate at 120 °C. The sample was then flood 

exposed for 30 s, to improve the adhesion of the next layer metal to SU-8. See 

supplementary material at [URL will be inserted by AIP Publishing] for the fabrication 

flow and a summary of steps in processing the SU-8 layer. 

It was found that defining via holes in SU-8 depends significantly on the size 

and geometry of the holes, as well as the thickness of the SU-8 layer. For a circular 

hole, if its diameter is small and the thickness of SU-8 layer is larger than the diameter, 

a bright spot (“Poisson spot” [22]) forms in the layer of SU-8 during exposure due to 

diffraction. Specifically, when a bright-field photomask bearing dark disks is 
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illuminated with a collimated exposure beam from the mask aligner, a bright spot 

appears behind the centre of the dark disks on the photomask within the SU-8 layer 

where the via holes are to be developed. The bright spot, located along the central axis 

of the dark disk, inside the SU-8, causes activation of the photoactive component 

therein and only partial development of the hole. The result was observed as pillars 

formed at the centre of the smallest diameter via holes.  

Numerical modelling was carried out using Lumerical FDTD to verify this 

observation. A layer of SU-8 (700 nm thick) was assumed on a 1.5 µm thick Si 

substrate. A glass mask with 100 nm thick Cr masking disks of various diameters 

covered the SU-8 layer. The structure was illuminated from the top with a plane wave 

of wavelength 365 nm. The transmittance through a 100 nm film of Cr at the 

wavelength of interest was close to zero. Fig. 3 plots the distribution of the electric field 

magnitude over the cross-section of SU-8 layer and the masking disks. An interference 

pattern is visible throughout the SU-8 layer, due to the use of coherent illumination in 

the modelling – the actual illumination in the mask aligner is filtered but incoherent, so 

a well-defined interference pattern is not expected. The field diffracted below the mask 

disk clearly forms a Poisson’s spot, observed to vary with disk diameter and becoming 

significant for a small diameter. The Poisson’s spot will not be as well-defined using the 

mask aligner, again due to incoherent illumination, but will nonetheless be present. 
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Fig. 3. Magnitude of the electric field distribution at λ0 = 365 nm, over vertical cross-

sections through a 700 nm SU-8 layer and mask disks of varying diameter q; (a) q = 0.5 

µm, (b) q = 1 µm, (c) q = 2 µm, (d) q = 3 µm, (e) q = 6 µm, (f) 10×4 µm trench.  

 

In another set of simulations, the same structure was studied, while the disk 

diameter was fixed to 2 µm, and the thickness of the SU-8 layer was varied from 0.4 to 

3 µm. The Poisson’s spot becomes more evident as the thickness of the SU-8 layer 

increases, as shown in Fig. 4. Fig. 4(d) plots the field distribution for the case where the 

Si layer is removed and replaced with an absorbing boundary condition (perfectly 

matched layer) in order to visualise the distribution without interference.  
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Fig. 4. Magnitude of the electric field distribution at λ0 = 365 nm, over vertical cross-

sections through a SU-8 layer of varying thickness h and mask disks 2 µm in diameter; 

(a) h = 0.4 µm, (b) h = 0.7 µm, (c) h = 2.7 µm, (d) h = 3 µm with the Si substrate 

replaced with an absorbing boundary condition. 

 

It is evident from these computations (Figs. 3 and 4), that disk diameters less 

than 2 m can produce a significant Poisson’s spot in SU-8 layers that are about 700 

m or thicker. Thus, our via hole design was selected as a rectangular trench of 

dimensions 4 µm × 10 µm. 

5. Contact layer 

In order to facilitate electrical probing of devices and metallise the via holes, relatively 

thick, large contact pads are required. A bilayer lift-off process was used to fabricate 
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signal and ground contact pads. This process was, in principal, very similar to that used 

to create the Au plasmonic patches. However, LOR 1A was replaced by the much more 

viscous LOR 10B lift-off resist, to provide a thicker resist stack enabling lift-off of a 

thick contact metal layer. It is important to carefully align this layer in order to metallise 

all via holes and achieve contact to the modulator devices and their ohmic contacts. See 

supplementary material at [URL will be inserted by AIP Publishing] for the process 

flow and a summary of steps.  

III. RESULTS AND DISCUSSION 

A. Plasmonic patch and Ohmic contact 

Following the steps in Sec.II.B, plasmonic modulator devices were successfully  

fabricated. Fig. 5(a) shows a microscope image of a plasmonic patch along with its 

nearby ohmic contact pads, metallized and lifted-off.  Alignment-marks are also shown 

in this image. These are to facilitate alignment of a perpendicularly incident optical 

beam to the nanogratings during optical tests. Fig. 5(b) and (c) show an Atomic force 

microscopy (AFM) scan of an ohmic contact pad and its associated cross-sectional 

analysis, respectively. The Al ohmic pads were 93.4 nm thick, with a root mean square 

(rms) roughness of 1.5 nm, while the target thickness was 100 nm. However, this small 

difference may be neglected as it does not affect the performance of the device.  
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Fig. 5. (a) microscope image of a representative metallised plasmonic patch and its 

nearby ohmic contact pad; (b) AFM scan of a 30 µm wide Al ohmic contact on Si, and 

(b) its cross-sectional analysis. 

B. Analysis of the Ohmic contacts 

At this stage, current-voltage (I-V) measurements were performed to verify the ohmic 

contacts to the semiconductor. For this purpose, external probes were used to apply 

voltage to an arbitrary ohmic pad, while another nearby pad was grounded. The applied 

voltage was varied between -1 and 1 V, in steps of 0.1 V and the resulting current was 

measured for various signal to ground pad distances (the maximum current allowed was 

set to 100 mA). A typical I-V characteristic is shown in Fig. 7, where a linear 

relationship between current and voltage is observed, characteristic of an ohmic contact. 
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The resistance, taken as the inverse slope of this I-V characteristic, is 9.66 Ω, obtained 

for two adjacent ohmic pads, 225 µm apart, centre to centre. A probing test was 

performed to determine the resistance of the test setup by directly connecting the two 

test probes. The set-up resistance was measured to be 5.3 Ω, which was used as a 

calibration value. Thus, the total contact resistance is 4.36 Ω. 

An equivalent circuit model of the contacts, shown in the inset of Fig.7, was 

used to represent measurements between an adjacent pair of contact pads. The total 

series resistance of this model, Rs, is: 

 2( )s Pt Al Al Si SiR R R R R−= + + +  (2) 

The resistance of a single Al/p-Si ohmic contact is denoted RAl-Si. All other resistances 

in this model (RPt, RAl, RSi) are computed using: 

                                                                

(3) 

where ρ is the resistivity of the material for which the resistance is computed, L is the 

length of the current path, and Ares is the surface area of the contact pads, the design of 

which produces an area of 4×103 µm2. The bulk resistivity of Pt and Al was used, along 

with ρ = 0.005 Ω.cm for heavily p-doped Si. Setting Rs to the total measured value (Rs = 

4.36 Ω) and isolating yields the contact resistance at the Al/p-Si interface as RAl-Si = 

0.77 Ω.  

 

res

L
R

A
=
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Fig. 7. Typical I-V measurements between a pair of ohmic pads. Inset shows an 

equivalent circuit model for ohmic contacts, where RPt is the resistance of the Pt layer, 

RAl is the resistance of the Al layer, RAl-Si is the contact resistance of the Al-Si interface, 

and RSi is the resistance of the semiconductor.  

 

C. Analysis of the MOS capacitor 

Capacitance-voltage (C-V) measurements were also obtained to characterize the 

electronic performance of the MOS capacitors formed as the Au-HfO2-Si structure. Fig. 

8 gives a typical high-frequency measurement for a plasmonic patch and a neighbouring 

ground contact, obtained using an HP 4284a LCR meter at a frequency of f = 1 MHz 

and applied AC voltage of vs = 5 mV (maximum value). The accumulation capacitance 

Cox is determined from Fig. 8 to be 40 pF. The diameter of the circular plasmonic patch 

probed was 56 µm. Therefore, given the thickness of the oxide layer as d ~ 5 nm 
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(verified independently by AFM), the relative permittivity of the oxide layer is found to 

be εox = 9.18 by fitting to: 

                                                                                                                    

(4) 

where Ac = 9852 m2 is the area of the capacitor.  

Cox consists of the capacitance over the film of hafnia CHfO2 in series with a 

capacitance over a layer of native SiO2, CSiO2, present on Si prior to ALD of HfO2. 

Assuming the thickness of the SiO2 layer to be tSiO2 ~ 1 nm, and its relative permittivity 

as εSiO2 = 3.9, using Eq. 4 yields CSiO2 = 85 pF.  From this value, CHfO2 = 75.5 pF was 

obtained via: 

 2
2

2

SiO ox
HfO

SiO ox

C C
C

C C
=

−
 (5) 

 Subsequently, the relative permittivity of a 4 nm HfO2 layer was determined as εHfO2 

=14, following Eq. 4. This is in the range of values reported in [14], [23]–[25] (εHfO2 = 

12-25). Thus, εox is taken as an equivalent relative permittivity for the oxide stack. 

 The maximum depletion width xdT was then calculated [26] to be 8.2×10-7 cm 

for our highly p-doped Si substrate (2.13×1019 cm-3). The minimum capacitance per unit 

area C′min which is defined at the threshold inversion point where the maximum 

depletion width is reached but the inversion charge density is essentially zero, can be 

obtained via [26]: 

   (6) 
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where εs = 11.7 is the relative permittivity of the semiconductor, Si. Thus, Cmin = C′min  

Ac = 17.6 pF is obtained, which agrees with the minimum capacitance measured in Fig. 

8.  

 

Fig. 8. C-V characteristic of a MOS capacitor formed between a Au plasmonic patch 

and a nearby ohmic contact of a modulator device. The inset shows an equivalent circuit 

model, where Rox is the leakage resistance through the HfO2 layer, and Rs is the series 

resistance through the semiconductor and the ohmic contact pad. A large value for Rox 

and a small value for Rs renders these parasitic resistances negligible.  

 

The point on the C-V curve which corresponds to the flat-band condition VFB is 

of interest. The flat-band capacitance per unit area C′FB is given by [26] 

  (7) 
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The flat-band capacitance CFB = C′FB  Ac = 35 pF is obtained, which yields VFB = -0.8 

V, as shown on the C-V plot in Fig. 8.  

The flat-band voltage was then used to determine the equivalent fixed charge per 

unit area Q′ss in the HfO2 layer. In an ideal oxide, with no fixed charges, the flat-band 

voltage is equal to the metal-semiconductor work function difference ϕms. In a non-ideal 

situation, the presence of fixed charges in the oxide, introduced during fabrication, 

affects the flat-band voltage such that: 

  (8) 

Assuming ϕms= -0.0016 V results in the equivalent fixed charge Qss = 3.14×10-11 C. The 

equivalent fixed charge per unit area is then Q′ss = Qss/Ac = 1.27×10-6 C/cm2, which is 

comparable to the values reported in [27]. 

The C-V characteristic was driven in accumulation beyond break-down of the 

oxide, which occurred at a voltage of -5 V (Fig. 8). Given the thickness of the oxide 

layer as d = 5 nm, this yields a break-down electric field of ~10 MVcm-1, which is close 

to the expected value for ALD HfO2 [14], [25], [28].  

The electrical bandwidth of this modulator device is given by: 

 
1

2 ( )sub g L ox

BW
R R R C

=
+

 (9) 

where Rsub is the series resistance through the semiconductor and ohmic contact pads, Rg 

is the internal impedance of the generator driving the modulator, and RL is the load 

resistance. Rg and RL are normally assumed to be matched and set to a standard value 

such as 50 Ω. Rs is small compared with Rg and RL and is neglected. The electrical 

bandwidth is then computed for different modulator designs. The smallest plasmonic 

ss
FB ms
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Q
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patch diameter that we have fabricated is 3 µm (large enough to accommodate a 

diffraction-limited incident optical beam), which yields the maximum bandwidth of BW 

= 55.4 GHz, for a 5 nm thick oxide layer.  

 

D. Nanogratings 

Nanogratings were exposed using e-beam lithography and then metallized as 

explained in Sec.II.B.3. An AFM scan of a grating on a 11 µm dimeter plasmonic patch 

is shown in Fig. 9(a). This scan yields a thickness for the grating ridges of H = 81 nm 

and for the plasmonic patch of t = 20 nm, which are very close to target (80 and 20 nm, 

respectively). The rms roughness of the plasmonic patch is in the range of 0.8 - 0.9 nm, 

and the rms roughness along the top of a grating ridge is 1.5 nm. Fig. 9(b) shows a 

scanning electron microscopy (SEM) image of a nanograting on a plasmonic patch. The 

ridge width and pitch of the grating were measured to be 270 nm and  = 460 nm, 

respectively. 
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Fig. 9. (a) AFM scan of a grating on a plasmonic patch; (b) SEM image of Au 

nanogratings deposited on a plasmonic patch. 

 

E. Dielectric interlayer and contact layer 

The vias created following the steps in Sec.II.B.4 are shown in Fig. 10(a). In this 

image a via trench is overlapped with the contact tab of a plasmonic patch, while a 

bigger via window is opened over the ohmic contact. Fig. 10(b) shows an AFM scan of 

a via trench opening prior to metallization. The Au tab at the bottom of the via on top of 

the HfO2 layer is visible on this AFM scan, as is the topographic contour of the 
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plasmonic patch. The depth of the via is measured to be 709 nm (Fig. 10(c)), which is 

close to the expected thickness of the SU-8 2000.5 layer (700 nm). This means the via 

trench was fully cleared down to the Au (plasmonic patch) and HfO2 levels. Fig. 10(d) 

shows a zoomed-in view of the cross-sectional analysis in Fig.10(c), where the 

thickness of the tab of the plasmonic patch is measured and agrees well with the 

expected thickness. The rms surface roughness on the tap was 1.06 nm, which is very 

close to the rms surface roughness of the plasmonic patch (0.8 nm). This also verifies 

that the via trench was completely cleared. 

 

Fig. 10. (a) microscope image of an intermediate structure consisting of the plasmonic 

patch, the ohmic contact pad, the nanogratings, and the intermetal dielectric film with 

opened vias. (b) AFM scan of a via trench overlapped with a plasmonic patch. (c) cross-

sectional analysis of a cut through the centre of the via. (d) a zoomed-in view of the 

cross-section in part (c). The tab of the plasmonic patch is clearly shown. 
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Finally, Fig. 11(a) shows a microscope image of the completed device, with 

signal and ground electric contacts. A SEM image of a completed device is also shown 

in Fig. 11(b). The physical continuity of the metal signal path down to the plasmonic 

patch is verified in Fig. 11(c). 



69 

 

 

Fig. 11. (a) a complete device with ground and signal contacts. (b) SEM image of a 

complete device: signal contact pad and arm connected to a via trench. (c) Close-up 

SEM image of a metalized via, where the signal arm is connected to the underlying 

plasmonic patch. The plasmonic patch bearing a grating under the SU-8 layer can also 

be observed. 
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IV. SUMMARY AND CONCLUSIONS 

Novel plasmonic reflection/transmission intensity modulators were successfully 

fabricated. A MOS capacitor was exploited as the active region of the modulator device, 

where, a thin film of HfO2 was sandwiched between a heavily p-doped Si substrate and 

the Au plasmonic patches, deposited on the oxide layer. Nanogratings are employed to 

couple the incident beam into the SPPs propagating along the metal-oxide-

semiconductor interfaces. Large front-side ground and signal pads were fabricated to 

allow easy probing of the devices, without obscuring the optical beams. A film of SU8 

was utilized as an intermetal dielectric layer to minimize the parasitic capacitance due 

to the electrical contacts. Complete fabrication details were provided, and results given 

for intermediate structures.  
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Supplementary 

 

 

Fig. S-1. round plasmonic patches and alignment marks (a) after exposure and development, and 

(b) after Au deposition and lift-off. 

 

 

Fig. S-2. Fabrication process flow of plasmonic surfaces: a) selection of a p-doped silicon 

substrate with a film of HfO2 grown on its surface, b) spin coating of LOR 1A, c) spin coating of 

SPR 955, d) exposure of PR using a photomask, e) development of exposed patterns, f) 20 nm 

Au evaporation, g) PR bilayer lift off. 
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Fig. S-3. Fabrication process flow of ohmic contacts: a) substrate bearing HfO2 and thin Au 

plasmonic patches, b) spin coating LOR 1A, c) spin coating SPR 955, d) UV exposure using 

photomask, e) development of PR, f) BOE wet etch of HfO2, g) deposition of Pt/Al, h) lift-off. 
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Fig. S-4. Fabrication process flow of interlayer dielectric and via holes: a) silicon substrate with 

Au patches, nanogratings, and ohmic contacts from the previous stages, b) spin coating of SU-8 

2000.5, c) exposure, d) development, e) second exposure. 
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Fig. S-5. Fabrication process flow of metal contacts: a) substrate with plasmonic surfaces, ohmic 

contacts, nanogratings, and interlayer dielectric with via holes, b) spin coating of LOR 10B and 

SPR 955, c) exposure, d) development, e) metal deposition. 
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Table S-1. Procedure for ohmic contact photolithography and metallization. 

Process Step Description 

Spin coating of 

LOR 1A 

1 
Load substrate and dispense 

LOR 1A 

Make sure wafer is centered and leveled on the spinner chuck. Dispense 

5 mL of LOR 1A using a pipette. 

2 Soak 
Let LOR 1A level out on the substrate for 30 s, while vacuum is 

disengaged. 

3 Spin coating 
15 s @ 200 r/s, 10 s @ 3000 rpm, 15 s @ 200 r/s, 30 s @ 6000 rpm, 6 

s @ -1000 r/s 

4 Relaxation 
Disengage the vacuum and let the substrate relax for 30 s before moving 

it. 

5 Soft bake 

Place the substrate on a flat hotplate at 190 °C for 5 min to evaporate 

solvent and harden the resist.  Let the substrate cool down for several 

minutes before attempting the next step. 

Spin coating of 

SPR 955 

1 Dispense SPR 955 
Reload the substrate into the spinner and dispense 5 mL of photoresist 

using a pipette. 

2 Soak 
Let SPR 955 level out on the substrate for 10 s, while vacuum is 

disengaged. 

3 Spin coating 
15 s @ 200 r/s, 10 s @ 3000 rpm, 15 s @ 200 r/s, 30 s @ 6000 rpm, 6 

s @ -1000 r/s 

4 Relax 
Disengage the vacuum and let the substrate relax for 10 s before moving 

it. 

5 Soft bake 

Place the substrate on a flat hotplate at 100 °C for 3 min to evaporate 

solvent and harden the resist.  Let the substrate cool down for several 

minutes. 

Exposure 1 UV exposure 
Exposed with 84 mJ of radiation. Three I-line filters were used to filter 

out UV- radiation wavelengths other than 365 nm. 

Development 1 MF CD-26 
Immersed the sample into a bath of CD-26 developer for 60 s. Rinse in 

DI water and blow dry with N2. 

 

Etching HfO2 

1 Solution preparation Mix 5 units of HF with 100 units DI H2O. 

2 Immerse Immersed the sample into a bath of solution and hold for 40 s. 

3 DI H2O rinse  Rinse in DI water and blow dry with N2. 

Metal 

deposition 

1 100 nm Al and 20 nm Pt nm 
100 nm Al e-beam evaporated at 5 Å/s. 20 nm Pt e-beam evaporated at 

0.2 Å/s, over Al, without breaking vacuum.  

 

2 
Lift-off 

Immerse the sample in Remover PG for 20 min. Rinse in IPA and DI 

water. Blow dry with N2. 
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Table S-2. Procedure for SU-8 interlayer dielectric with via holes. 

Process Step Description 

Spin coating of 

SU-8 2000.5 

1 
Load substrate and dispense, 

SU-8 

Make sure wafer is centered and leveled on the spinner chuck. Dispense 

5 mL of SU-8 using a pipette. 

2 Soak  Let SU-8 level out on the substrate, while vacuum is disengaged. 

3 Spin coating 10 s @100 r/s, 30 s @ 1000 rpm, 10 s @ -100 r/s 

4 Relaxation Disengage the vacuum and let the substrate relax before moving it. 

5 Soft bake 

Place the substrate on a flat hotplate at 65 °C for 5 min. Ramp up the 

temperature at 360 °C per hr to 95 °C and let it stand for 5 min. Ramp 

down the temperature at 360 °C per hr to 40 °C. Let the substrate cool 

down for 10 min. Total time 25 min. 

Exposure 

1 UV exposure 
Exposed with 38 mJ radiation. One I-line filter was used to filter out 

UV- radiation wavelengths other than 365 nm. 

2 Post exposure bake 

Place the sample on a flat hotplate at 80 °C for 1 min. Ramp up the 

temperature at 360 °C per hr to 95 °C and let it stand for 1 min. Ramp 

down the temperature at 360 °C per hr to 65 °C. Let the sample cool 

down for several minutes. 

Development 

1 SU-8 developer 

The sample was fully immersed in a bath of SU-8 developer for 3 min, 

while held vertically. It was sonicated (80 KHz, 30% power) for two 

intervals of 10 s, during the first and the last minutes. It was then DI 

water rinsed, and N2 blow dried. 

2 Hard bake 
Place the sample on a flat hotplate at 120 °C for 30 min. Let the 

substrate cool down for several minutes before attempting the next step. 

Exposure 
1 UV exposure 

Exposed with 180 mJ radiation. One I-line filter was used to filter out 

UV- radiation wavelengths other than 365 nm. 

2 Hard Bake Place the sample on a flat hotplate at 120 °C for 30 min. 
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Table S-3. Procedure for contact metal layer photolithography, metallization, and lift-off. 

Process Step Description 

 

 

 

Spin coating of 

LOR 10B 

1 
Load substrate and dispense, 

LOR 10B 

Ensure the wafer is centered and leveled on the spinner chuck. Pour 

enough LOR 10B from a vile to cover the surface of the sample. 

2 Soak Let LOR 10B level out on the substrate, while vacuum is disengaged. 

3 Spin coating 
3 s @ 100 r/s, 10 s @ 300 rpm, 3 s @ 400 r/s, 5 min @ 1500 rpm, 5 s 

@ -300 r/s 

4 Relaxation Disengage the vacuum and let the substrate relax before moving it. 

5 Soft bake 
Place the sample on a flat hotplate at 190 °C for 6 min. Let the sample 

cool down for several minutes. 

6 Cool  Leave sample on a leveled surface to cool down to room temperature. 

Spin coating of 

SPR 955 
1 Refer to steps 1-4, “Spin coating of SPR 955”, in Table 2. 

Exposure 1 UV exposure 
Exposed with 80 mJ radiation. Three I-line filters were used to filter out 

UV- radiation wavelengths other than 365 nm. 

Development 1 Development 

The sample was immersed in CD-26 for 35 s. It was then rinsed with 

DI H2O, N2 blow dried, and baked at 120 °C for 5 min followed by 

another 30 s in CD-26. It was then rinsed with DI H2O, and N2 blow 

dried, again. 

Metal deposition 

1 Evaporation 
5 nm Ti adhesion layer, e-beam evaporation at 0.5 Å/s. 300 nm Cu, e-

beam evaporation at 2 Å/s on Cr without breaking vacuum. 

2 Lift-off, Remover PG 
The sample was immersed in Remover PG for 1 hr. It was then rinsed 

in Acetone, IPA, and DI H2O, and N2 blow dried. 
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CHAPTER 5. CONCLUSIONS 

 

5.1. Summary and contributions 

Chapter 2 describes the numerical models used throughout this thesis to design and optimize 

plasmonic structures and their performance in optoelectronic devices. For this purpose, a 3D 

model based on the finite-difference time-domain (FDTD) method was developed by employing 

a commercial software package (Lumerical FDTD). This model was validated and then used to 

design the nanoantenna-based photodetectors in Chapter 3, as well as the nanoantennas employed 

in the two collaborative projects, described in Appendices A and B.  

In chapter 3, two novel plasmonic photodetectors based on arrays of nanodipoles and 

nanomonopoles were presented and modelled. In the first design [67] an array of gold nanodipoles 

was placed on an InP substrate. The gaps of the nanodipoles were filled with low-defect, low-

doped In0.53Ga0.47As as the detection volumes. A maximum responsivity of 100 mA/W was 

calculated for this device at wavelengths near 1550 nm. The electrical bandwidth of the 

photodetectors was found to reach as high as 4 THz, for an optimum gap length. In the second 

photodetector design [68] an array of interconnected gold nanomonopoles was considered and 

modeled. Nanomonopoles were assumed formed on a film of InGaAs, which was located on an 

n-doped InP substrate. In this case the responsivity of the photodetector device was estimated to 

reach ∼200 mA/W at telecommunication wavelengths (∼1550 nm). While the electrical 

bandwidth is shown to increase by decreasing the number of elements in the array, to an optimum 

bandwidth of ∼1 THz which was predicted for the case of a 20-nm-thick InGaAs layer and a 4 × 

4 nanomonopole array. A simple linear model for the total resistance of the structure was also 

proposed, validated, and employed to calculate the RC time constant of the device. The total 

resistance of the device was found to increase by increasing the thickness of the InGaAs layer 

and by decreasing the number of array elements. 

Chapter 4 describes a nanofabrication process developed to fabricate plasmonic intensity 

reflection/ transmission modulators. The modulators were designed and modelled by Chengkun 

Chen [70]. A similar device was also fabricated and experimentally tested by Sa’ad Hassan and 

Anthony Olivieri in [55], [56]. Here, the modulator was improved by enabling modulation in 

transmission. Contrary to previous devices, here the modulators were made transparent at telecom 

wavelengths by employing a front-side probing technique, in which both the signal and ground 

electrodes are probed on the front-side of the device using a microwave coplanar waveguide 
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probe. A dielectric interlayer was also added in order to minimize the capacitance associated with 

the contact architecture, thereby increasing the electrical bandwidth of the device. Lithographic 

fabrication methods were also optimized to achieve higher resolution for the structures and to 

improve repeatability of fabrication. 

5.2. Suggestions for future work 

Fabrication and experimental assessment of the two photodetectors presented in chapter 3 is a 

natural next step. It is also important to measure the electrical bandwidth, as well as the noise 

characteristics of these devices. Considering their ultrafast bandwidth, they can also be envisioned 

as THz sources, which will open the doors to many new research projects. 

Performing passive and active measurements on the modulators fabricated in chapter 4 was out 

of the scope of this thesis, yet is suggested as future work. These measurements could be 

performed in reflection, as well as in transmission, by placing the photoreceiver and its ancillary 

optics in the respective optical path. III-V semiconductor substrates may also be investigated in 

conjunction with Si for faster switching times. Ultimately, it would be desirable to combine 

modulators with other photonic components, such as source and photodetector, on a single chip. 

Various designs of nanostructures including, but not limited to, different types of nanoantennas 

may be considered to replace nanomonopoles for enhanced Raman scattering and high-harmonic 

generation. It would also be interesting to replace Au with a more resilient plasmonic metal that 

survives high harmonic fields. 
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