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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.

il



Acknowledgments

Foremost, I would like to express my sincere gratitude to my advisor Prof. Pierre Berini for the
continuous support of my Ph.D study and related research, for his patience, motivation, and
immense knowledge. His guidance helped me throughout my research and writing of this thesis.

I could not have imagined having a better advisor and mentor for my Ph.D study.

My earnest thanks also go to Dr. Andreas Stohr for his valuable guidance and support, specially
through the first portion of this work.

I must express my very profound gratitude to my dad “Hamid” and mom “Farideh”; for all their
moral and emotional support, for their continuous encouragement throughout my years of study
and through the process of research and writing this thesis, and for all the sacrifices they made to
give the opportunity to grow in my desired field. This accomplishment would not have been

possible without them.

I am also grateful to Anthony Olivieri and Ewa Lisicka-Skrzek, the lab managers at Berini’s
Optics Lab and the NanoFab Lab at the Centre for Research in Photonics at the University of
Ottawa for their unfailing help and support during my PhD research. Without their support the
research could not have been successfully completed. I would also like to express my sincere

gratitude to Howard Northfield for his help and motivation.
My special thanks goes to the person who believed in me when I lost hope: my Andisheh.

And finally, last but by no means least; to all my friends and colleagues in the Berini’s group for
numerus hours of scientific and non-scientific discussions, and their invaluable friendship and
support. It was great sharing the laboratory with all of you during this journey at the University
of Ottawa.

il



Table of Contents

ABSTRACT ... iiteeieiteeniertennierrensereensserssnssesssnssesssnssesssnssesssnssesssnssesssnsssesssnssesssnssssssnssessnnssessnnssessnnssessnnssessnne 1}
ACKNOWLEDGIMIENTS...c.ucittueiertenneereenseerennseerenssesrenssesssnssesssnssesssnssesssnssesssnssesssnssessanssesssnssesssnssessnnsssssnns 1}
TABLE OF CONTENTS ...cucteuiitenereererencreenceesceenscresseensessssssnsessssssasssssssssssssnsessssssnsesassssnsessssessssssnsssassssnsenes v
TABLE OF FIGURES.....ccucitttiiitennerieenertenssersenssessensserssnssessenssssssnssessanssssssnssssssnssesssnssessnnssessnnssessnnsssssnns Vi
ACRONYIMS.....ceiiiteieittnnetteensertensertenssesssnssesssnssesssnssesssnssesssnssssssnssssssnssssssnssssssnssssssnssssssnsssessnnssssansans Vil
SYMBOLS ... otieiiiiiteieiiennieitensietiensiettensiesssnsiessenssesssnssesssnsssssssssssssnssssssnsssssnsssssssssssssnssssssnnsssssnnsssssnnssssanne X
CHAPTER 1. INTRODUCTION .....citteiiiiiennieiiennetiensietiensiesisnssesssnssosssnssssssnsssssanssssssnssssssnssssssnsssssansssssnnsssses 1
1.1. SURFACE PLASMON POLARITONS . ..1uvvvvveresssesssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnnns 1
1.2. SURFACE PLASMON ENHANCED OPTOELECTRONIC DEVICES .vvvvvvvvvsvsrsserssersrsrssassssssssssssssssssssssssssssssssssssssnnns 3
1.3. LITERATURE REVIEW ....evtvuuuieeeereeettteieeeeereestsseeeesssessssnnsesesssssssanesesssssssssnesessssssssnnnesessssssssnneeesssssssnnns 4
1.3.1  PlaSMONIC PROLOGETECTOIS . ......uuvvvvieeeeeiiiiieiieeeeeeeeieeieee e eeessseee e e e eet st ea e e e eesstasees e e e eessasseees 4
1.3.2  PlASMONIC MOAUIGLOIS ...uveeeeeoeeviiiiie e eeeseeee e eeeetts e e ee st e e e e eeessasseraeseesesaes 12

1.4. THESIS SCOPE AND OUTLINE 11uuueeeieettuteeeeeereestsneeeeesssssssnaeeessssssssneesessssssnmnesessssssssnmeseessssssaneeeeesseees 23
CHAPTER 2. NANOANTENNA MODELLING ......citeiiiitenieniennininnsiesisnssesisnssssssnssssssnssssssnssssssnssssssnsssssannsns 24
2.1. IVIETHODS ...eeettttiieeeeeeettti i eeeeeeeeetatt e eeeeeesasaaaaseeesssssannnnsesessssssnnnnseeessssssnnnnsessssssssnnnnseeesssssnnnseneeennes 24
2.2. ACCURACY OF THE NUMERICAL IMIODEL «..eieieieieeesesesesesesesesesesesesesesesesesesesesnsnsesnsnsnsnsesasnsesasssesesens 26
2.3. NANOANTENNAS FOR ENHANCED RAMAN SCATTERING....uuuueieiiieetritiiereeereeersnieeeeereesrnnieseessesssnneeeeesseees 28
2.4, NANOANTENNAS FOR HIGH HARMONIC GENERATION ..evvuuuueeeeereerreniiereeeresersnaeseeesessssnneseessssssnnneesessenes 30
CHAPTER 3. DESIGN OF PHOTODETECTORS .....cecuueitteeerteenrerrennserrennsesrenssessenssesssnssesssnssssssnsssssanssessannnns 31
3.1. SUMMARY .e1tttvevereresesesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssnsnsnnnne 31
3.2 CONTRIBUTION 1.uetettttuuieeseresessnueeeeeesssssnnneseeesssssssnnasesessssssnsnesesessssssnnsesesssssssnnaesesssssssnnneesessssssnnnn 31
3.3 A RTICLE 1uueeeeeeettuteeeeeeeeerttt e eeeeeerasstaaeeeessassaneeseessssssannsasessssssnnnnsesessssssnnnnseesssssssnnneseeesssssnnnnesessenes 31
CHAI1PTER 4. NANOFABRICATION.....ccccctetteunerienneerennessenssesssnssesssnssesssnssssssnssssssnssssssnssssssnsssssannssssanssns 41
4.1. SUMMARY .evtvvverereseresesssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsnsnnnne 41
4.2, CONTRIBUTIONS .. etetttttuieeeeeeeersnuneeeeesssssssnnesesesssssssnnesesssssssssnaesessssssssnnsesesssssssnnaesessssssnnnnsesessssssnnnn 41
4.3, A RTICLE 1uueeeeeeettuteeeeeeeeerttt e eeeeeerasstaaeeeessassaneeseessssssannsasessssssnnnnsesessssssnnnnseesssssssnnneseeesssssnnnnesessenes 41
CHAPTER 5. CONCLUSIONS ...ccuutittueertenniertennersensesssnssesssnssesssnssssssnssesssnssssssnssssssnssssssnssssssnsssssansssssansans 80

v



5.1. SUMMARY AND CONTRIBUTIONS.....citttiiiiiiieieieieieieieeeieieeeeeeeeeeeeesesesesesereseseseseseseseseseseseseseseessesereeees 80

5.2. SUGGESTIONS FOR FUTURE WORK...c.uuvttteiutteeesireeesaeteeesinseeeesuteeessnseeesanseesssnseressnsseeesanseessssenessnnes 81
REFERENCES ....couuuuuuueiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeeseessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnnes 82
Y o o 10 G L e 86
Y o o 10 G - e 97



Table of Figures

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 frOmM [5].) .iooiireiieciieiieiereeree ettt et e sta e st e erbeeraesraesnae e 2
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
L) ettt ettt ettt sttt et be e aen 3
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].)......cccccvvereennennee. 5
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
(2B, ) ettt b bbbttt s bbbt b e aen 7
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, (¢) 180 nm, and (d) 200 nm. (Adapted
TTOIN [28].) ettt et ettt e e ettt e et e et e e e bt e e tb e e e abee e teeeebeeetreeaabeeenraeenareaan 8
Figure 1.3-4 (a) Schematic representation of a spiral MSM photodetector with rectangular
nanoantennas. (b) Energy band diagram under bias. (Adapted from [30].) .....cccceevevrreenieniennnnns 9
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 [35].) .cccoceevieriieiiieciieienee. 11
Figure 1.3-6 Schematic diagram of the electro-optic directional coupler switch. (Adapted from
[B0L.) et b et 14
Figure 1.3-7 Waveguide switch/modulator configuration. (Adapted from [41].).......cccccuvenennee. 14
Figure 1.3-8 Coupler configuration- launching and observation regions are also shown. a=2 um,
b =3 um, c =3 mm. (Adapted from [45].) ..cccoocieiieieieee e s 15
Figure 1.3-9 Schematic of a Bragg-effect electro-optic modulator. (Adapted from [37].) ......... 16

vi



Figure 1.3-10 Schematic view of (a) a nanoslit resonator in a silver slab, (b) nanoslit resonator
surrounded by periodic corrugations, (¢) metal-dielectric-metal waveguide with a pair of stubs in
one of the metal slabs (Adapted from [48].) ...ccueeecuiiiiiieiiieee e 17
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 [52].) ...ccciiiiiiiiiicce e e e 20
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 14 and the corresponding ground lines are marked by S; and
LG (] 0117 1 7<) USRS UPURRR 22
Figure 2.1-1 Top view of a unit cell with a nanomonopole at its centre (a). (b) Depicts an enlarged
view of components in the red circle in (a). (¢) Shows an enlarged view of the green circle in (b):
top right corner of the NaNOMONOPOIE. .......ooiuiiiiiiiiiiii e 25
Figure 2.2-1. (a) Schematic of a unit cell of an infinite array of nanomonopoles. (b) Absorptance,
A, as a function of wavelength, A, for nanomonopoles of various lengths. ..........c.cccocvrrrenennee. 27
Figure 2.2-2. shows a comparison between results obtained from our model and those in [68].
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

Figure 2.2-3 (a) resonant wavelength A.s 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. .........ccccecveenvennnen. 28
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). ......ccoveeiiiiriiiiiiiecic et 29
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 1 = 220 nm and t = 20 nm.

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

NanOMONOPOIE-ST INLETTACE. ......eevuiruiiiiiiiiieieieee ettt 30

vii



Acronyms

AFM Atomic Force Microscopy

ALD Atomic Layer Deposition

BER Bit Error Rate

BOE Buffered Oxide Etch

e-beam Electron beam

EPH Electron-Hole Pair

FDTD Finite Difference Time Domain

FEM Finite Element Method

FIB Focused Ion Beam

GSG Ground-signal-ground

HB Hard Bake

HGPWM Hybrid Graphene-Plasmonic Waveguide Modulator
HHG High Harmonic Generation

IPE Internal Photoemission

IQE Internal Quantum Efficiency

LN Lithium niobate

LRDSPP Long Range Dielectric-loaded Surface Plasmon Polariton
MCF Multi-core Fiber

MOS Metal-Oxide-Semiconductor

viii



MSM

MSM-PD

MZ1

MZM

NP

PEB

PML

PPM

PR

SEM

SPP

SPPAM

TL

™

Metal-Semiconductor-Metal

Metal-semiconductor-metal Photodetector

Mach-Zehnder Interferometer

Mach-Zehnder Modulator

Nanoparticle

Post Exposure Bake

Perfectly Matched Layers

Plasmonic Phase Modulator

Photoresist

Scanning Electron Microscopy

Surface Plasmon Polariton

Surface Plasmon Polariton Absorption Modulator

Transmission Line

Transverse Magnetic

X



Symbols

A*

BW

a

[

Y

|

P abs

A
Sss

Resp

Absorptance

Effective Richardson constant
Bandwidth

Capacitance

Speed of light in free space
Electrical displacement
Density of electrons

Electric field

Bandgap energy of semiconductor
Charge of electron

Magnetic field

Plank’s constant

Dark current

Photocurrent

Current density

Wavenumber

Boltzmann’s constant
Effective mass of electron
Refractive index

Poynting vector

Absorbed power

Equivalent fixed charge per unit area in oxide
Elemental charge

Reflectance

Responsivity



Sabs

S inc

To

Xdr

He

Hi

Dp

s

Pockel’s coefficient

Absorbed optical power

Incident optical power
Transmittance

Absolute temperature

Time

Maximum depletion width
Attenuation constant

Phase constant

Characteristic collision frequency

Permittivity of free space

Permittivity of dielectric
Permittivity of metal
Complex relative permittivity

External quantum efficiency
Internal quantum efficiency
Grating period

Frequency

Resistivity

Time constant

Schottky barrier energy

Electric potential distribution

Metal-semiconductor wavefunction difference

Plasma frequency

Xi



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 £ 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
E=[0,E,(y).E.(y)]e e’ (1)
H= [Hx(y),(),O]e_jkze‘j“” )

where w is the angular frequency, ¢ is time, and k& = 8 — j« is the SPP wavenumber, with £

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

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

1
k:Q[ Enba jé 3)

cle,+ée,

where €, and €, are the permittivity of the metal and dielectric, respectively. Based on the Drude
model, the permittivity of the metal is given by [2]:

2
£, (@) =1-—2 @

o+ jyw



de’
where y is the characteristic collision frequency and a)f, =—— s the plasma frequency of the
Eym

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. & 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].

nanoasmonics

Semiconductor
electronics

Operating speed

T T T T :
10nm  100nm 1 um 10pum 100 pm  1mm
Critical device dimension (nm)

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.



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 = Av (h is Planck’s constant, v 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-



semiconductor interface (which is the structure of many surface plasmon photodetectors) forms
a Schottky contact. Thus, as long as the photon energy /v is greater than the Schottky barrier
energy @g (Pp < /v) 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 E; (E,; < hv) 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 (g < hv < E,) [24]. IPE and EHP creation can be
enhanced by involving SPPs.

Schottky contact ¥, (a) Metal n-Si (b)

- . @8
EmFs' Yo nsi| O\ p
"""" g i@ Metal .

Ohmic contact

E;'

T

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 #; is a measure of the number of carriers that

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

1,/q

Sabs /hU (5)

;=
where Sus is the absorbed optical power, in the metal or semiconductor, leading to the
photocurrent, and g 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 Sj,.

[26]:



_1L,/q

= 6
776 S inc/ hU ( )
The responsivity Rey, is the ratio of the photocurrent to the incident optical power [26]:
R -l _ma_An4g )
esp
S. hv hv

mc

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

BW=——
2r(r, +1,)

®)
where 7; and 7, 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]:
. —q®
1,=C, AT} exp(——2 ©)
d area 0 p( kB 1.(,) )

where C.q is the Schottky contact area, 4 * is the effective Richardson constant, 7} is the absolute

temperature, @3 is the Schottky barrier height, and k3 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



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.
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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 A9 = 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



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 10°. 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.
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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



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 pm 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.
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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



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 SiO; 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 pm long waveguide operating at 1330 nm. At 1550, however, a

30 um 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 pm, which resulted in 25 mA/W intrinsic responsivity. Increasing the

length to 19 pum, 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 Al,Oj3 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 um, respectively.

Ground
Signal N
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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, £. 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 £ = 0, first and second

order electro-optic effect coefficients are defined:

n(E):n+a1E+%a2Ez+... (10)

where @, and a, 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 # due to the first term in £ is called the Pockels effect, whereas

the change due to the second term in £” 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

V

3

AnEO o nwg’:‘j N, (1 1)
21,

where Any,is the change in refractive index of the medium, n, is the unperturbed refractive

index of the waveguide core, 7; is the Pockels coefficient that depends on crystal structure and
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material, V'is the applied voltage, and ¢, is the thickness of the waveguide. On the other hand, by

definition,

A= DB _ABA (12)
k, 2

where £ is the propagation constant, ko is the wavenumber in free space, and Ao is the free-space

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

obtained as

A@,, =APBL %nigl”y. E (13)
0 wg

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 um
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
uW/MHz/rad. In a later work the authors proposed a 5 um wide Ti-diffused LiNbO;3 channel

waveguide which reduced the required modulation power to 1.7 uW/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 ef 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
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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 uW/MHz.

Au-Pt Schottky

Barrier

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 n 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.
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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, 7, =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 A /3 . Power transmission from
one waveguide to the other is a function of A /3. It can be shown that 100% coupling is enabled
when Af =0, while zero coupling, or 100% modulation, occurs when A = NE) / L, »L,is the
coupling distance required for full transfer of power between the two waveguides when AgB =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 um, b = 3 um, ¢ = 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].

e = 20,
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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 um 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 um. 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 A= 1550 nm or A= 685 nm. Modulation ratios greater

than 10 dB were observed in simulations for drain-source separation of 2 um at A = 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 19 = 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/um) due to compact cavity length (< 1 um), and the estimated swing voltage of

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

(a) (b) (©)

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, SiO» 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 Ny = 9.25 x 10?® m™to 9.34 x 10* m™, which
changed the permittivity from & = -1.667 + 0.824i to -1.721 + 0.832i. Thus, the absorption
coefficient was decreased from a =2.19 pm™ to 2.07 pm™!, which, in turn, modulated the output
power. The device operated at the wavelength of 1.55 pm, and was expected to reach an electrical
bandwidth in the THz-region (being RC time constant limited). For an optimized 2 um 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 um) 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 instantancous 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
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the phase modulated SPPs into an amplitude modulated signal, guided to an output silicon
waveguide. The total length of this MZM is 10 um. 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 x 107 and 3 x 107, 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/um induced by gating voltages less than 10 V, for an active device area of 10 mm?. 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 um 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 HfO,, 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 3.8x107, 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 — LiNbOs3) electro-optic modulators. For this purpose, LN thin films were
nanostructured into waveguides, MZIs, and racetrack (ring) resonators, and subsequently,
embedded in SiO,, 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 pm. 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 x 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 um 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 um 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 um x 5.5 um,
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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 um X 5.5 um, 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 pm,
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:

D _ g H (14)
ot
D=¢,¢ E (15)
H 1_ -
o __1ysE (16)
ot Hy

where E and H are the electric and magnetic fields, respectively, D is the electrical displacement,

and ¢ 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 ¢, 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 x 1 x 1 nm? is sufficiently small to obtain reliable results.

PML

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, /, width, w,
thickness, ¢, 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 1o = 1550 nm and
yield maximum absorbed power in InGaAs in order to optimize photo-detection therein. The

absorptance, 4, was obtained as

A=1-T—R 17
where T and R are the transmittance and reflectance of an infinite array of nanoantennas,
respectively. 7 and R were computed as a function of frequency at reference planes located in the
far-field of the nano-antennas as:

T(f)=[ Re{P"()}-dS /[ Re{P*(f)}-ds 18)

where P"and P° are Poynting vectors at reference planes where the transmittance (or
reflectance) is computed, and at the location of source, respectively. fis 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

P

abs

:—%a)|E|2 imag () (19)

where w is the angular frequency, £ is the electric field, and ¢ 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 SiO, 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 x 500 nm? The absorptance, 4, was
calculated following Eq. 4.1, where data for transmittance, 7, 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.
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Figure 2.2-1. (a) Schematic of a unit cell of an infinite array of nanomonopoles. (b) Absorptance, A, as a function of
wavelength, A, 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, 4, of an infinite array
of nanomonopoles, where the mesh dimensions were successively halved from 2 x 2 x 2 nm? to
0.25 x 0.25 x 0.25 nm®. 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).
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Figure 2.2-3 (a) resonant wavelength lres 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
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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%0.5x0.5 nm?® 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 pm 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.
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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 Ao
= 2100 nm, in support of work on plasmonic high-harmonic generation, while considering
fabrication limitations. The absorptance, 4, 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 ¢ = 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 / = 205 nm, w = 80 nm, and ¢ = 20

nm.
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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 | = 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].
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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. Stohr

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

3.3 Article

The published articles follow verbatim.
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We propose and investigate a surface plasmon photodetector concept, based on the enhancement of
electrical near-field in low-defect, low-doped Ing, 53Gag 47As detection volumes located in the gaps
of an array of metal nanodipole antennas. We report enhancement in responsivity in the presence
of nanodipoles and predict a maximum responsivity of ~100mA/W at wavelengths near 1550 nm.
The 3dB electrical bandwidth of the device is estimated based on its RC rise time and the hole
transit time through the detection volume for the cases of conventional and ballistic transport in
InGaAs and is found to range from ~0.7 to 4 THz. Also, trends are observed relating the
responsivity to the gap dimensions, revealing a trade-off between the field-enhancement in the
gap and its volume, and leading to an optimum gap length producing the maximum responsivity.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4870974]

Surface plasmon structures have been demonstrated to
be useful in pho[odetECtion."2 Among them, nanogratings
and nanoantennas have attracted a lot of attention in recent
years.”® Schottky-based detectors™ exploit enhanced ab-
sorptance in nanogratings and nanoantennas, which leads to
higher rate of hot carrier generation at the Schottky barrier.
The property of nanoantennas to enhance the electric near-
field intensity at defined locations along the nanoantenna
geometry, as well as in subwavelength semiconductor detec-
tion regions, has been investigated for fast and efficient
phot«:)detecmrs.5 * Using this property, one can significantly
increase the absorptance in the semiconductor region, which
leads to good photodetection, but in a very small volume,
allowing the electrical bandwidth to be significantly
extended. A recently published review discusses the topic of
surface-plasmon photodetectors.”

In this Letter, we propose and investigate an array of
nanodipoles with their gaps filled with InGaAs as a surface
plasmon photodetector. Due to the enhanced electric field in
the gap of the nanodipoles, enhanced photocurrent is pro-
duced due to increased production of electron-hole pairs in
InGaAs. The nanoantennas’ large effective aperture leads to
a small detection volume, which means faster devices. The
electrical bandwidth of this device is calculated to be in the
range of a few THz, which is significantly higher than the
bandwidth of, e.g., commercially available photodetectors.

Figure 1 depicts a schematic of the proposed structure.
It consists of an array of Au nanodipoles on an InP substrate.
The gaps of the nanodipoles are filled with low-defect, low-
doped Ing s3Gag 4;As (lattice-matched to InP) as the detec-
tion medium. Photodetection occurs via the creation of
electron-hole pairs therein, upon absorption of energy quanta
at the wavelengths of interest (~1550nm). The InGaAs
forms Schottky contacts with the nanodipole arms, so each
nanostructure behaves as metal-semiconductor-metal (MSM)
photodetector. In order to collect the photocurrent produced
in the InGaAs of each nanodipole, perpendicular Au
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connection lines of dimensions comparable to the nanodi-
poles are used and connected to a pad at each end. A DC
bias applied to the pads establishes an electric field causing
punch-through in the InGaAs regions, allowing the carriers
to be separated and collected as the photocurrent.

An infinite array of nanodipoles is modeled optically where
the pitch is fixed to 300 x 300 nm?. The width and the thickness
of nanodipoles are fixed (w=30nm, +=20nm), the gap (g)
varies from 6 to 40nm, and the length (/) is adjusted for each
gap length such that the nanodipoles resonate near 1550 nm. An
x-polarized plane wave source, with electric field magnitude of
I V/m, illuminates the array from below, For this polarisation,
the perpendicular interconnects are optically non-invasive. The
finite difference time domain (FDTD) method was used to com-
pute the electromagnetic response of the structure using meas-
ured optical parameters for the materials.™”

The transmittance T was calculated as a function of fre-
quency (wavelength) using

1(f) = LRc{P"'(f)} -ds/LRe{P‘(f)} ds, (1)

where P™ is the Poynting vector at the reference planes
where the transmittance is computed. f is the frequency and
§ is the surface of the reference plane. Equation (1) was also
used to compute the reflectance R of the system by changing
§ to the appropriate reference plane. The absorptance is then
determined as A = 1-T—R.

T. R, and A are shown in Fig. 2(a) for example
dimensions—this design resonates strongly near 1550 nm.
Figure 2(b) shows the absorptance in the InGaAs volume
only (Ap,Gaas) for different gap lengths on the left axis, and
the corresponding responsivities on the right axis. Az,caa, 15
calculated as the integral of the absorbed power density
within this volume

P =— %w|£\zimag({;)‘ (2)

© 2014 AIP Publishing LLC
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FIG. 1. Schematic of the system under study: (a) an array of Au nanodi-
poles, connected through interconnection lines, on an InP substrate. The
gaps of the nanodipoles are filled with InGaAs (shown in blue): (b) a unit
cell from the array in part (a), showing the dimensions of a nanoantenna. A
plane wave source polarized along the length of the nanodipoles illuminates
the array from below.

0.8

0.6
<
o 04
-

0.2

100 1200 1400 1600 1800
2 (nm)

0.075

AIuGa As

0.025

oo 1200 1400 1600 1800
L (nm)

FIG. 2. (a) Transmittance T, reflectance R, and absorptance A of an array of
nanodipoles of length /=214nm, g =20nm, width w =30nm, and thick-
ness /= 20nm. (b) Absorptance in the InGaAs volumes only (4;,¢.4,) and
detector responsivity R, on the left and right vertical axes, respectively.
Different gap lengths were considered and in each case the length of the
nanodipoles were adjusted such that they resonate at 1= 1550nm (g =6,
1=166; g=10, /= 182; g =20, / =214; g =30, [ =236; g =40, | =254; all
dimensions in nm). The width and thickness are fixed at w=30nm and
t=20nm. The case of an InGaAs film of the same thickness covering the
entire area of a unit cell without nanodipoles is also computed for reference.
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where & is the optical permittivity of InGaAs. A4, is then
used to obtain the responsivity R.,,, calculated as

Re.\p =1, % 1 (3)

where ¢ is the charge of an electron, & is Plank’s constant, v
is the optical frequency, and #, is the external quantum effi-
ciency given by

Ne = AmGaass (4)

#; is the internal quantum efficiency of InGaAs, which is
taken to be 0.8.'°

Comparing A and Ap.gaas in Figs. 2(a) and 2(b) (for
g=20nm) shows significant difference between the two,
which is due to the absorptance in the Au nanodipole arms.
Absorption in Au could produce a photoresponse through the
internal photoelectric effect,” but this detection mechanism
is ignored relative to electron-hole creation in InGaAs.

A trend is observed in Fig. 2(b). As the gap increases,
AmnGais increases until a maximum is reached, near
g=10-20nm (A},;u45~ 0.1 at 1550 nm). Further increase of
the gap results in a drop of Aj,,¢;44,. This trend exists because
AnGais is determined by the product of the electric field in
InGaAs with its volume. As shown in Fig. 3, while a smaller
gap produces more strongly enhanced electric fields, it also
leads to a smaller volume leading to lower Ay, indeed,
Aingars — 0 as g — 0. On the other side of the maximum, as
the gap increases, the field enhancement decreases leading to
a lower Aj,6qas. Therefore, there exists an optimum value for
g which maximises this product, in this case near
¢ = 10-20 nm. The responsivity near this range reaches up to
~100 mA/W.

It is worth noting that the presence of nanodipoles sig-
nificantly enhances the absorptance in the InGaAs inside the
gap. Two reference cases were considered to observe this
enhancement. In the first case, the same geometry as shown
in Fig. 1 was taken, but the nanodipoles were removed. The
absorptance in the remaining volumes of InGaAs was found
to be close to zero. In the second case, a continuous 20 nm
thick film of InGaAs (same thickness as that used with the
nanodipoles) on an InP substrate without nanodipoles was
considered. In this case, the absorptance curve closely fol-
lows the material properties of InGaAs. As shown in Fig.
2(b) at 1550nm, the level of absorptance in the film of
InGaAs is roughly 0.04 which is significantly lower than our
optimum value of A, ~ 0.1, produced using nanodipoles
with ¢ = 10-20 nm. Although the film of InGaAs has a larger
volume than the InGaAs inside the nanodipole gaps, the
overall absorptance is much higher in the latter because the
electric field is dramatically enhanced in the presence of
nanodipoles (~30x as shown in Fig. 3(b)).

The 3 dB electrical bandwidth is an important character-
istic of photodetectors. We estimated this bandwidth using""

1

B = 2n(t1 + 1)’

(5)

where 1, = RC and 7, is the carrier transit time.
To obtain 7;, we first estimate R as pL./A. by taking an
average interconnect path length (perpendicular contacts in
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FIG. 3. Electric field distribution at A= 1550nm for nanodipoles of gap
(a) g=6nm, (b) g=20nm. and (¢) g=40nm. The lengths were adjusted
10 maintain resonance at 2= 1550nm; (a) {=166nm, (b) /=214nm, and
(c) (=254 nm.

Fig. 1) for L, and the cross-sectional area of the contact lines
(Ac=wx1t=30x20=600 nmz). A value of R~60 Q is
obtained for an average length of L. = 1650 nm assuming a
finite 6 x 6 array of 36 nanodipoles covering an area of
2 % 2 um*—roughly the area of a tightly focused incident
beam—and using the DC resistivity of Au (p=2.24
% 107® Q-m).The capacitance of a single nanodipole is then
estimated as that of a parallel-plate capacitor defined by its
gap filled with InGaAs, C,=¢A/g (neglecting fringing

Appl. Phys. Lett. 104, 143112 (2014)

fields). Assuming the static permittivity of InGaAs
(& ~ 14, F/m), the same array of 36 nanodipoles (A, =600
nm?) and the ¢
C =36C, ~ 0.27fF. Therefore, 7, works out to ~16 fs.

In order to determine 1,, we consider the transit of the
slowest carriers (holes) for the cases of conventional and bal-
listic transport in InGaAs. For conventional transport, we
take the maximum hole drift velocity in InGaAs" as
vy~ 5 x 10" m/s and estimate the transit time for a hole tra-
versing the full length of the gap as 7, = g/v,, which works
out to t; ~ 200 fs for g = 10 nm. Ballistic light hole transport
has been observed in GaAs and a mean free path of 14 nm
measured."® Given the comparatively short gap, ballistic
hole transport could occur in the InGaAs resulting in a drift
velocity about 10x larger, thus reducing 7, to ~20 fs."*

The electrical bandwidth is then estimated by substitut-
ing the values for 7; and 7, into Eq. (5), yielding BW
~ (.74 THz, the latter occurring for ballistic transport. (The
skin depth at 4 THz is ~40nm which is comparable to the
interconnect dimensions—their 60 Q resistance is therefore
slightly underestimated but accurate enough for order-of-
magnitude estimates.)

In summary, this study motivates and demonstrates the
feasibility of using nanodipoles in conjunction with nano-
scale semiconductor detection volumes to produce very fast
photodetectors of broad optical bandwidth and reasonable
responsivity. The properties of nanodipoles which enhance
the electric field intensity inside the gap volume lead to sig-
nificant increase of absorptance, which allows for a smaller
detection volume, and thus a faster photodetector. The nano-
antennas, particularly the field enhancement produced
therein, alter the responsivity-speed trade-off encountered in
conventional PIN photodetectors,
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Ultrafast Surface Plasmon IT1I-V Photodetectors
Based on Nanomonopoles

Saba Siadat Mousavi, Andreas Stohr, Senior Member, IEEE, and Pierre Berini, Fellow, IEEE

Abstract—A nanoantenna-based plasmonic photodetector is
proposed and investigated theoretically. An array of interconnected
nanomonopoles on a film of InGaAs on n-doped InP is modeled.
The infrared (~1550 nm) responsivity of the structure can reach
~200 mA/W for a 20-nm-thick InGaAs layer. The optimum 3-dB
electrical bandwidth of the device is calculated to be ~1 THz for
the case of a 20-nm-thick InGaAs layer and a 4 X 4 nanomonopole
array. The electrical bandwidth is shown to increase by decreasing
the number of elements in the array. A simple linear model for
the total resistance of the structure is proposed and validated. The
total resistance increases by increasing the thickness of the InGaAs
layer and by decreasing the number of array elements.

Index Terms—Nanoantenna, photodetector, surface plamson,
THz.

I. INTRODUCTION

LASMONIC photodetectors are of great interest, mainly

because of their enhanced photo-response and high speed
compared to conventional PIN photodetectors [1]. Enhanced
and localized surface plasmon-polariton (SPP) fields can greatly
increase the number of electron-hole pairs (EHP) created in
the detection region of the photodetector, or improve the inter-
nal photoemission (IPE) process [2]-[12]. Nanoantennas and
nanogratings have been employed in plasmonic photodetectors
[13]-[18]. Such nanostructures, in conjunction with small de-
tection regions, can produce extremely fast photodetectors [19].
Plasmonic photodetectors are used to generale THz sources
based on photomixing [20].

In this work we propose and investigate a novel concept for a
plasmonic photodetector based on nanoantennas on a very thin
semiconductor detection layer—a design that is easier to [abricate
than our previous proposal [19]. Due to the large effective aper-
ture of the nanoantennas [21], input ficlds are strongly enhanced
and confined to the nanoantenna geometry, which overlaps well
with the detection region, resulting in a subwavelength-sized
detector. The electrical bandwidth of the device reaches a few
THz while maintaining a reasonable infrared responsivity at
telecommunications wavelengths.
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(b)

Fig. 1. (a) A 5 x 5 array ol Au nanomonopoles on a thin (ilm of unin-
tentionally doped InGaAs on a layer of n-doped InP, deposiled on an unin-
tentionally dogcd InP substrate. The doping level of n-InP is assumed to be
2 % 10" ¢m ™, and provides the ground through an Ohmic contact to the top
metal ring. Nanomonopoles are electrically connected to each other and to a
device contact pad, forming a Schottky contact to the InGaAs layer. (b) Unit
cell of the array in part (a), showing the dimensions of a nanomonopole: p and
q are the dimensions of a unit cell.

1. CONCEPT AND METHODS

An array of Au nanomonopoles is envisioned forming
a Schottky contact on a film of low-defect, low-doped
(n ~10'" em™) Ing 53Gag.r As (lattice-matched to InP), lo-
cated on a 0.5 pm thick n-doped layer of InP (1 ~ 2 x 10'%
¢m), which, in turn, is located on an unintentionally doped
InP substrate (n ~ 10" cm™). The schematic is shown in Fig.
1. The array is assumed to be illuminated through the substrate
by atightly focused Gaussian beam (of diameter comparable to
the array size) at an optical wavelength of 1550 nm, polarized
along the length of the nanomonopoles. The excitation wave-
length is far from the cut-off wavelength of the InGaAs layer
(1680 nm), ensuring no bandedge effects. The nanomonopoles
are interconnected by vertical, optically non-invasive Au con-
nection lines, which gather to a contact pad located away
from the array. Upon illumination, SPPs are excited on the Au
nanomonopoles, with fields that overlap strongly with the In-
GaAs layer. These localized enhanced SPPs result in the creation
of EHPs in the InGaAs film due to absorption, then collected as
the photocurrent by applying a reverse bias voltage to the device
contact pad relative to the ground contact ring forming an chmic

0733-8724 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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" Wicns Wi

Fig. 2. Energy-band diagram of the Au/n-InGaAs/n-InP structure under a re-
verse bias voltage. A Schottky barrier is formed between Au (left) and n-InGaAs
(middle layer). A heterojunction is formed at the n-InGaAs/n-InP junction. Band
discontinuities and band bending at equilibrium are shown. F.. E,, Fr, and
FEy are the conduction band, valance band, Fermi level, and band gap energies,
respectively. ;) is the built-in potential, V; is the reverse bias voltage. ¢, is
the metal work function, and x is the electron affinity. W, a5, and Wy, p are
the depletion widths of n-InGaAs (fully depleted) and n-InP, layers respectively.

contact to the n-doped InP layer. The bandgap energy of the InP
regions 1s larger, precluding the creation of EHP’s therein.

Fig. 2 shows the energy-band diagram of the device. A
Schottky contact is formed at Au/n-InGaAs junction. The de-
pletion width of an Au/n-InGaAs junction of the doping level
assumed is Wi,gans ~ 1.5 pm under a reverse bias voltage of
V., =1V, which is significantly larger than the thickness of
the n-InGaAs layer. Thus the n-InGaAs layer is always fully
depleted.

A heterojunction is formed at the n-InGaAs/n-InP interface.
To estimate the depletion width into the n-InP, W7, p, we neglect
the n-InGaAs region, which is justified because the n-InGaAs
layer is thin, lightly doped and fully depleted, thus producing
little electric field drop across this layer. Wi, p is therefore ap-
proximated as
2e, (Vo — V)

VVInP = q’.\,l
iVd

~ 34 nm (1)
where £, is permittivity of semiconductor (12.5¢, for InP [22]),
V. is the reverse bias voltage (1 V), ¢ is the electronic charge,
N, is the doping level of the semiconductor (2 x 10" em™),
and Vy =@, — &, ~ 0.7 V is the built in potential with ¢,
(5.1 V [23]) and P, (4.405 V [22]) the work functions of the
metal and semiconductor, respectively.

The finite-difference time-domain (FDTD) method was used
to model numerically Maxwell’s equations and obtain the
optical performance of the system. Finite arrays were modelled
as an infinite array of nanomonopoles illuminated by a plane
wave through the substrate. This was achieved by considering
one array element (unit cell) bounded on all lateral walls by
periodic boundary conditions. Perfectly-matched layers were
applied on the top and bottom walls to avoid reflections. The
incident Gaussian beam diameter is assumed sufficiently larger
than the dimensions of a unit cell that the former can be treated
as a plane wave while modeling a single nanomonopole. The
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interconnection lines were not present in the optical model, since
they are perpendicular to the direction of beam polarization, and
therefore do not atfect the optical performance of the system.
The transmittance 7 and reflectance R were computed numer-
ically as a function of frequency at reference planes located in
the far-field of the nanomonopoles. The total absorptance of the
detector A, defined as A = 1 — T — R, is then calculated to find
the resonant wavelength of the designed structures. The power
density absorbed in the InGaAs layer is calculated as

@

where w is the angular frequency, E is the electric field, and
£ is the optical permittivity of InGaAs. For an input power
normalized to 1 W, the volume integral of P,y over the InGaAs
volume corresponds directly to the absorptance in the InGaAs
layer, Ar,gaas. The DC responsivity, R..p,, due to detection in
the InGaAs layer is calculated as

Rcsp = Tfeq/hu (3)
where ¢ is the charge of an electron, 4 is Planck’s constant, v is

the optical frequency, and 7, is the external quantum efficiency,
obtained as

Paps = 7% w|E[fimag (£)

)

with 7;, the internal quantum efficiency of InGaAs, taken as 0.8
[24]. Tt is worth noting here that although Ay, .. is obtained
using a plane wave source, as long as the Gaussian beam
diameter is smaller than or equal to the array size R, remains
unchanged.

In the electrical analysis, the structure was considered as a
lumped element and its electrostatic properties were determined
to estimate the electrical bandwidth. This is reasonable because
of the small size of the array relative to the electrical wave-
length of operation - the size of the largest array considered is
1.2 pm x 1.2 pm (6 x 6 element array) and the highest fre-
quency of operation is expected to be about 2 THz for which
the electrical wavelength is 150 gm, much larger than the array
size. The electrostatic modeling was carried out using finite el-
ement analysis (FEA) to find the capacitance and resistance of
the structure. A finite array was considered, where the pitch size
and dimensions of the nanomonopoles were the same as in the
optical FDTD analysis. The Au connection lines are present in
this case, as well as the ground contact ring, since they affect the
electrostatic properties of the system. The device contact pad,
however, was not considered.

Ne = AJU(;;.A.J?,

III. RESuULTS
A. Optical Analysis

The array parameters were chosen such that the
nanomonopoles were uncoupled and would resonate at & =
1550 nm [25]. The designs were also optimized for the maxi-
mum responsivity and electrical bandwidth, while considering
technological limitations of fabrication. The parameters were
chosen as follows: the pitch size is 200 nm x 200 nm, and
the nanomonopoles are 108 nm long (/). 20 nm wide (w) and
20 nm thick (7). Fig. 3 shows Ap,qaas computed using (2) for
different InGaAs thicknesses (left axis), and the responsivity as-
sociated with each case of Ay, .45 (right axis). The wavelength
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Fig. 3. (left) Absorptance in the InGaAs film, Ay, a4 5. and (right) respon-

sivity, Rey,, for an infinite array of nanomonopoles of dimensions ¢ = 20 nm,
w = 20 nm and / = 108 nm, located on a film of InGaAs. The thickness of the
film of InGaAs varies from 20 to 100 nm in steps of 20 nm.
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Fig. 4. Magnitude of the electric field [V/m] on (a) an xy plane through the
middle of a nanomonopole, 10 nm above the InGaAs-Au interface, (b) an xy
plane in InGaAs, 5 nm below the surface. (c) an xy plane in InGaAs, 10 nm
below the surface, and (d) an xz planc through the longitudinal center of the
antenna. The thickness of the InGaAs layer is 20 nm. The incident electric field
is 1 Vim.

dependence observed is due to the wavelength response of the
nanoantennas. We note that by increasing the thickness of the
film of InGaAs from 20 to 100 nm, the peak Rz, increases from
211 to 267 mA/W. This trend is in agreement with expectations,
because a thicker InGaAs film means a larger absorbing volume,
which results in higher responsivity.

The electric field distribution at 4 = 1550 nm is shown in
Fig. 4. It is worth noting that although the fields are highly
localized around the nanomonopoles, close to the Au-InGaAs
interface, the fields maintain the same distribution and remain
relatively undistorted up to 10 nm below the interface.

B. Electrical Analysis

Fig. 5 depicts the equivalent AC electrical circuit of the pho-
todiode that is used to estimate the time constant of the photode-
tector. In this model, the junction resistance, 1?;, is assumed to
be very large, and the load resistance, R, is 50 €.

JOURNAL OF LIGHTWAVE TECHNOLOGY. VOL. 34, NO. 20, OCTOBER 15, 2016

Fig. 5. AC equivalent circuit of the photodiode under reverse bias. [}y, is the
photocurrent generated in the InGaAs layer. R ; and € are the junction resistance
and capacitance. . is the contact resistance and 1, is the load resistance.

The junction capacitance, C, due to the depletion region, and
contact resistance, 7., are discussed in the following sections.

1) Capacitance: The capacitance of the detector under re-
verse bias is required to estimate its bandwidth. By applying
a reverse bias voltage to the array and connection lines, and
grounding the undepleted portion of the n-InP layer, the capac-
itance, C, of the structure is obtained as:

Q
Vi
(@ is the charge on one capacitor terminal, say the intercon-

nected array held at potential V,, and obtained by integrating
the volume charge density thereon, p, . itself computed via

(5)

v.D= p, (6)
E=-Vp. )

The electric potential distribution, ¢, is determined by solving
Laplace’s equation via FEA. ¢ is assumed zero on all external
boundaries and takes on the potential V,, on the array (set to
Ve=1V).

C is calculated as a function of the thickness of the In-
GaAs layer, for three arrays of 4 x 4, 5 x 5 and 6 X
6 elements, of the same dimensions as assumed for the
optical analysis, with the addition of connection lines of
width and thickness fixed to w,. — ., =t =20 nm. The
depleted portion of the n-doped InP was taken into ac-
count (34 nm, (1)). The thickness of InGaAs varies from
5 to 50 nm in steps of 5 nm. As expected, increasing the thick-
ness of InGaAs decreases C, following a 1/t1,¢as dependency,
as shown in Fig. 6. On the other hand, increasing the number of
elements in the array results in a larger C, as the capacitor area
becomes larger.

The norm of the electrostatic eclectric field, |E| =

\/ B2+ EZ + E2, is shown in Fig. 7 for an array of 5 x 5

elements at different locations in the device. The distribution
shows confined and localized static fields within the InGaAs
layer at the position of the array elements with very little fring-
ing or spreading, as expected for a thin InGaAs thickness.

2) Resistance: The resistance of the detector is also required
in order to estimate its electrical bandwidth. The total resistance,
12y, of the device is computed numerically. An arbitrary forward
bias voltage (e.g., 1 V) is applied to one of the end facets of
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Fig. 6. Capacitance as a function of the thickness of the InGaAs layer for

three arrays of 4 x 4,5 % 5 and 6 x 6 elements. The element pitch size is
200 nm x 200 nm. Nanomonopole dimensions are / = 108 nm, w = = 20 nm,
and the connection lines are 20 nm wide by 20 nm thick.
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Fig. 7. Electric field distribution [V/m] on (a) an xy plane through the middle
of the nanoantennas, 10 nm above the InGaAs-Au interface, (b) an xy plane
in InGaAs. 5 nm below the InGaAs-Au interface, (¢) an xy plane in InGaAs,
10 nm below the InGaAs-Au interface, and (d) a xz plane through the longitu-
dinal center of a nanomonopole. A potential of 1 V was applied to the array
of nanomonopoles relative to the grounded n-InP layer. The thickness of the
InGaAs layer is 20 nm.

the connection line interconnecting the array columns to the
contact pad (see Fig. 1(a)), relative to the ground ring. This
models operation of the device under a forward bias (turn-on
voltage neglected). Solving Laplace’s equation for the electric
potential distribution ¢ via the FEA, the current density J1is then
computed from

E= Vg (®)
J=0FE )

Fig. 8 depicts the distribution of the current density magni-
tude for an array of 5 x 5 elements at various cross-sections in
the device. Since the connection lines collect the current den-
sity from several nanomonopoles, the current density therein
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Fig.8. Distribution of the current density magnitude [Almgl on (a) anxy plane
through the middle of the nanoantennas, 10 nm above the InGaAs-Au interface,
(b) an xy plane in InGaAs, 5 nm below the InGaAs-Au interface, (c) an xy plane
in InGaAs, 10 nm below the InGaAs-Au interface, and (d) an xz plane through
the longitudinal center of a nanomonopole. A potential of 1 V was applied to the
right end facet of the horizontal connection line relative to the grounded n-InP
layer.

is larger, as observed from Fig. 8(a). Fig. 8(b)—(d) shows con-
fined current distributions within the InGaAs film with very little
current spreading - this is reasonable given the small InGaAs
thickness. Therefore, a simple model is proposed for the total
resistance,

Ri= R +R, 10y

where R, is the contact resistance of the array (ie., of the
nanoantenna network) and f2; is the resistance due to conduction
through the film of InGaAs:

)tInG:\:\e
A

where p and A, are the static resistivity of InGaAs (dopant
dependant), and the conduction area, respectively.

In Fig. 9 R, (computed numerically) is plotted as a function
of p for tiycans = 20, 30, 40 and 50 nm, for three arrays of 4
x 4,5 x 5and 6 x 6 clements, showing a linear trend with
p. By fitting our linear model (1) and (11) to the numerical
computations, we extract the contact resistance of our designs
R.,yielding R. = 31,28and 31 Q, forarrays of 4 x 4,5 x 5 and
0 x 6 elements, respectively. These contact resistances remain
almost constant with the thickness of InGaAs for each array.
They also remain constant irrespective of the bias (forward or
reverse).

3) Electrical Bandwidth: The 3 dB electrical bandwidth of
the photodetector is estimated as

R, = (11

BW = :

T o (r1 +72) a2

where 71 = (Rz + R.) x C is the RC time constant and 75 is
the carrier transit time, determined by the transit time of the
electrons and holes for the cases of conventional and ballistic
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Fig. 9. (a) Total resistance of the structure (nanoantenna array and InGaAs
layer), H;, as a function of the resistivity, p. of the InGaAs. Dashed line: array
of 4 x 4 elements: solid line: array of 5 x 5 elements; dotted line: array of 6 x
6 elements. All cases have pitch dimensions of p = 200 nm, g = 200 nm, and
antenna dimensions of 7 = 20 nm, w = 20 nm and [ = 108 nm. Four different
InGaAs thicknesses are considered for cach array. The contact lines are also
20 nm wide and 20 nm thick.

transport. Carrier transport is essentially vertical, because of the
highly confined optical and bias fields (see Fig. 4 and 7). We
determine the drift velocity of electrons and holes by finding the
electric field in the depleted region ({1ycqas + Winp). Here, we
assume the electric field to be uniform and continuous across the
InGaAs/InP boundary, since the permittivity of both materials
is very similar. Under a | V reverse bias, the electric field varies
from ~260 kV/cm to ~120 kV/cm as truqaas varies from 5
nm to 50 nm, for which we obtain the maximum drift velocity
of holes in TnGaAs as v} 1 ... =6 x 10* m/s [26] and in
InPas v} » =7 x 10* m/s [27]. The saturation drift velocity
of electrons in InGaAs and InP are ¢ |, c.a. = 1.5 x 10° m/s
[28] and v ;,p = 1.2 x 10" n/s [29]. The transit time for each

carrier species is then determined by

(13

eh _ | e, h
" = @ fu

where x4 is the maximum distance that each must travel. From
Fig. 2, the maximum distance that the holes must travel corre-
sponds to the thickness of InGaAs, because EHP’s are photoex-
cited only in the InGaAs layer, and holes are collected in the
Au region. On the other hand, the maximum distance that the
electrons must travel is ¢, aas + Wiy p inorder to be collected
in the undepleted portion of the n-InP layer. The carrier transit
time is taken as 7 = max(75, 74 ) which gives 7 =~ 730 fs
for conventional transport in a 20 nm thick film of InGaAs and
m == 73 fs for ballistic transport (assuming 10 x vy [30]—a
mean free path of 14 nm has been measured for ballistic light
hole transport in GaAs [31]).

Fig. 10 shows the electrical bandwidth (BW) of the pho-
todetector for three array sizes, assuming conventional (carrier
saturation velocity) and ballistic transport, For £1,¢.4 s compa-
rable to the ballistic mean free path, the BW is well-estimated
assuming ballistic transport. However. for much larger thick-
nesses, assuming conventional transport is more appropriate. It
is expected that as t1,¢ a4 — 0the bandwidth drops because the
capacitance and 7 diverge, and as {j,c .4, becomes large, the
bandwidth drops because the carrier transit time 7» increases.
The bandwidth is larger for smaller arrays, because r is smaller.
Good thicknesses for the InGaAs film are in the range of 10 to
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Fig. 10.  Electrical bandwidth (BW) as a function of the thickness of the

InGaAs film. Three arrays of 4 % 4.5 x 5 and 6 x 6 elements are considered.
The pitch dimensions are p = 200 nm, ¢ = 200 nm, and the antenna dimensions
are [ = 108 nm, w = = 20 nm. The contact lines are also 20 nm wide and
20 nm thick. Solid line: conventional transport; Dashed line: ballistic transport.

20 nm. In this range it is reasonable to assume mainly ballis-
tic carrier transport, so the expected electrical BW would be
~1 THz, and the expected responsivity would be ~200 mA/W
(Fig. 3).

4) Dark Current: The dark current is the main contributor
to the noise performance of the device. The dark current 1, is
estimated as [32]:

; —qP
Ij = Carea A*TPexp ( ;TB )

(14

where e, 1s the Schottky contact area, T is the absolute
temperature, ¢ is the electron charge, k is Boltzmann’s con-
stant, 5 is the Schottky barrier height (see Fig. 2) given
by @5 = ¥, — x with &, being the metal work function
(5.1 V for Au [23]) and x the electron affinity of the semicon-
ductor (4.5 V for InGaAs [33]). A* is the effective Richardson
constant, calculated as:

_ drm? qk?
- RS

with /i being Plank’s constant. Assuming m* = 0.045my for
Iny 53Gag.17 As [34] gives A* = 5.41 A cm 2K 2. Substituting
A*and @5 = 0.6 eV in (14), the dark current is found to be I,
= 68.9 fA, where C,yen = 1.7 x 10° nm? fora 5 x 5 array.

A* (15)

IV. CONCLUSION

In summary, we proposed a surface plasmon infrared
(~1550 nm) photodetector based on nanomonopoles on III-V.
The structure is investigated theoretically and modeled numer-
ically, Nanomonopoles are used to enhance the absorptance of
input radiation within a nanoscale InGaAs detection region,
thus increasing the creation of EHPs, which leads to a good
responsivity. Furthermore, due to their nanoscale dimensions,
nanoantenna-based photodetectors offer a THz electrical band-
width. The thickness of the InGaAs film and the array size are
the main factors that determine the speed and responsivity of
the photodetector, assuming fixed design of the array elements.
Integrating plasmonic nanoantennas onto photodetectors al-
ters the bandwidth-responsivity trade-off found in conventional
photodetectors.
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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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Fabrication of a high-speed plasmonic
reflection/transmission modulator
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The fabrication of a high-speed plasmonic reflection/transmission modulator for
operation at Ao = 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.

. 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.

Il. 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) hatnium dioxide (HfO,) layer, grown on a
highly p-doped Si substrate via atomic layer deposition (ALD). The thin Au film, the

HfO; 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 HfO» and into the Si substrate. The grating pitch varies
from A =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 (1% 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 Ao = 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, Aner,
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

A=12 (20)

an initial value for the grating period was obtained as A = 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 HfO, was deposited on the wafers by atomic layer deposition

47



(Namlab GmbH, Dresden, Germany). Thin Au films (plasmonic patches) were
deposited on HfO,, followed by etching of HfO> 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.

a)

b)

Tif Cu/ Pt

su-8

<)

Fig. 2. Fabrication process flow of plasmonic intensity modulators: a) p-doped silicon
wafer bearing a film of HfO, grown by ALD; b) deposition of thin Au film acting as the
plasmonic patch; ¢) etching of windows in HfO> 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 pm) on HfO;. For this purpose, a 2-inch p-
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doped Si wafer (P/B, p =0.001- 0.005 Q.cm) was used, with a 5 = 0.1 nm thick film of
HfO» 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 (HfO>) 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 2041R mask aligner. Three I-line (Ao = 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 Ensure that wafer is centered and leveled on the spinner
dispense LOR 1A 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.

49



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 Reload the substrate into the spinner and dispense 5 mL of

dispense SPR 955 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
No.

8 Evaporation 0.3 nm Ti adhesion layer, e-beam evaporation at 0.1 A/s; 20
nm Au, thermal evaporation at 0.5 A/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 Na.

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 HfO»> 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 HfO», 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 HfO, 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 H>O rinse and N> 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 (A =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 5 mL of PMMA 495 6% using a pipette.
dispense PMMA 495

2 Saturation Let PMMA 495 level out on the substrate for 1 min, while
vacuum is disengaged.

3 Spin coating 5s @ 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
7 Development

8 Descum

9 Evaporation
10 Lift-off

e-beam acceleration voltage: 30 kV, dosage: 300 uC/cm?

Immerse the sample into a bath of MIBK developer at 20 °C
for 2 min. Rinse in DI water and blow dry with N».

To remove residual PMMA O; RIE was performed for 1 min
at25 W.

80 nm Au thermally evaporated at 0.5 A/s.

Immerse the sample in Acetone for 20 min. Rinse in IPA and
DI water. Blow dry with N».

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 4o = 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 pm 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 Ao = 365 nm, over vertical cross-
sections through a 700 nm SU-8 layer and mask disks of varying diameter ¢; (a) ¢ = 0.5

pm, (b) g =1 um, (¢) ¢ =2 um, (d) ¢ =3 pm, (¢) ¢ = 6 pm, (f) 10x4 pm trench.

In another set of simulations, the same structure was studied, while the disk
diameter was fixed to 2 um, and the thickness of the SU-8 layer was varied from 0.4 to
3 um. 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 Ao = 365 nm, over vertical cross-
sections through a SU-8 layer of varying thickness # and mask disks 2 um in diameter;
(@) h=0.4 um, (b) A=0.7 um, (¢) h =2.7 um, (d) & =3 pm 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 pum can produce a significant Poisson’s spot in SU-8 layers that are about 700
pum or thicker. Thus, our via hole design was selected as a rectangular trench of
dimensions 4 pm X 10 pm.
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.

lll. RESULTS AND DISCUSSION

A. Plasmonic patch and Ohmic contact

Following the steps in Sec.Il.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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93.4 nm

Fig. 5. (a) microscope image of a representative metallised plasmonic patch and its
nearby ohmic contact pad; (b) AFM scan of a 30 um 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 Q, obtained
for two adjacent ohmic pads, 225 um 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 Q, which was used as a
calibration value. Thus, the total contact resistance is 4.36 Q.

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:

R =2(Ry+R,+R, 4)+Ry 2)
The resistance of a single Al/p-Si ohmic contact is denoted Rai.si. All other resistances

in this model (Rpt, Ral, Rsi) are computed using:

3)

where p is the resistivity of the material for which the resistance is computed, L is the
length of the current path, and A is the surface area of the contact pads, the design of
which produces an area of 4x10°> um?. The bulk resistivity of Pt and Al was used, along
with p = 0.005 Q.cm for heavily p-doped Si. Setting Rs to the total measured value (Rs =
4.36 Q) and isolating yields the contact resistance at the Al/p-Si interface as Rai.si =

0.77 Q.
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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 Rp is the resistance of the Pt layer,
Raiis the resistance of the Al layer, Raisi is the contact resistance of the Al-Si interface,

and Rs; 1s 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-HfO»-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 1s determined from Fig. 8 to be 40 pF. The diameter of the circular plasmonic patch

probed was 56 um. 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 eox = 9.18 by fitting to:

4)
where A. = 9852 um? is the area of the capacitor.

Cox consists of the capacitance over the film of hafnia Cpyo2 in series with a
capacitance over a layer of native SiO2, Csio2, present on Si prior to ALD of HfO,.
Assuming the thickness of the SiO; layer to be tsio2 ~ 1 nm, and its relative permittivity
as esio2 = 3.9, using Eq. 4 yields Csio>= 85 pF. From this value, Cro2=75.5 pF was

obtained via:

c.,C
C — Si02 ™~ ox 5
ez CSi02 - Cox ( )

Subsequently, the relative permittivity of a 4 nm HfO> layer was determined as exfo2
=14, following Eq. 4. This is in the range of values reported in [14], [23]-[25] (enfo2 =
12-25). Thus, &, 1s taken as an equivalent relative permittivity for the oxide stack.

The maximum depletion width x;r was then calculated [26] to be 8.2x1077 cm
for our highly p-doped Si substrate (2.13x10'” ¢m™). The minimum capacitance per unit
area C'nuin 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]:

Cmin = (6)
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where &, = 11.7 is the relative permittivity of the semiconductor, Si. Thus, Cumin = C'pin X

Ac = 17.6 pF is obtained, which agrees with the minimum capacitance measured in Fig.

8.

Oxide break-down region

6 -5 -4 3 2

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 HfO> 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 R renders these parasitic resistances negligible.

The point on the C-V curve which corresponds to the flat-band condition Vg is

of interest. The flat-band capacitance per unit area C'rp is given by [26]

, EvE,y
Crs = £ O kT . & 2
d+(=),|—)(—)
&, e eN,
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The flat-band capacitance Crz = C'rp x Ac = 35 pF is obtained, which yields Vg =-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 HfO; layer. In an ideal oxide, with no fixed charges, the flat-band
voltage is equal to the metal-semiconductor work function difference ¢s. In a non-ideal
situation, the presence of fixed charges in the oxide, introduced during fabrication,

affects the flat-band voltage such that:

®)

Assuming ¢=-0.0016 V results in the equivalent fixed charge Qs = 3.14x10!! C. The
equivalent fixed charge per unit area is then Q'ss = Qss/Ac = 1.27x10°6 C/cm?, 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 MVcem™!, which is close
to the expected value for ALD HfO, [14], [25], [28].

The electrical bandwidth of this modulator device is given by:

1
+R, IR )C,.

BW

- 27(R 2

sub
where Rsup 1s the series resistance through the semiconductor and ohmic contact pads, Rg
is the internal impedance of the generator driving the modulator, and Ry is the load
resistance. Ry and Rr are normally assumed to be matched and set to a standard value

such as 50 Q. R is small compared with Rz and Rr and is neglected. The electrical

bandwidth is then computed for different modulator designs. The smallest plasmonic
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patch diameter that we have fabricated is 3 um (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.I.B.3. An AFM scan of a grating on a 11 um 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 A =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.Il.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 HfO> 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 HfO; 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.

B I 1 i

709 nm (
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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).
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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. (¢) 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 HfO, 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.
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Fig. S-2. Fabrication process flow of plasmonic surfaces: a) selection of a p-doped silicon

substrate with a film of HfO, grown on its surface, b) spin coating of LOR 1A, ¢) spin coating of
SPR 955, d) exposure of PR using a photomask, ) 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 HfO, 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 HfO,, 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, ¢) exposure, d) development, ¢) second exposure.

75



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, ¢) exposure, d) development, ¢) metal deposition.
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Table S-1. Procedure for ohmic contact photolithography and metallization.

Process

Step

Description

Spin coating of

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.

Soak

Let LOR 1A level out on the substrate for 30 s, while vacuum is

disengaged.

Spin coating

15 s @ 200 1/s, 10 s @ 3000 rpm, 15 s @ 200 /s, 30 s @ 6000 rpm, 6
s @ -1000 /s

LOR 1A
) Disengage the vacuum and let the substrate relax for 30 s before moving
Relaxation .
1t.
Place the substrate on a flat hotplate at 190 °C for 5 min to evaporate
Soft bake solvent and harden the resist. Let the substrate cool down for several
minutes before attempting the next step.
) Reload the substrate into the spinner and dispense 5 mL of photoresist
Dispense SPR 955 ) )
using a pipette.
Soak Let SPR 955 level out on the substrate for 10 s, while vacuum is
oal

Spin coating of

disengaged.

Spin coating

15s @ 200 1/s, 10 s @ 3000 rpm, 15 s @ 200 /s, 30 s @ 6000 rpm, 6
s @ -1000 /s

SPR 955
Rel Disengage the vacuum and let the substrate relax for 10 s before moving
elax
it.
Place the substrate on a flat hotplate at 100 °C for 3 min to evaporate
Soft bake solvent and harden the resist. Let the substrate cool down for several
minutes.
Exposed with 84 mJ of radiation. Three I-line filters were used to filter
Exposure UV exposure o
out UV- radiation wavelengths other than 365 nm.
Immersed the sample into a bath of CD-26 developer for 60 s. Rinse in
Development MF CD-26 )
DI water and blow dry with Na.
Solution preparation Mix 5 units of HF with 100 units DI H20.
) Immerse Immersed the sample into a bath of solution and hold for 40 s.
Etching HfO>
DI H20 rinse Rinse in DI water and blow dry with Na.
100 nm Al e-beam evaporated at 5 A/s. 20 nm Pt e-beam evaporated at
100 nm Al and 20 nm Pt nm ) )
Metal 0.2 A/s, over Al, without breaking vacuum.
deposition fooff Immerse the sample in Remover PG for 20 min. Rinse in IPA and DI
Lift-o

water. Blow dry with Na.
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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

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.

Soak

Let SU-8 level out on the substrate, while vacuum is disengaged.

Spin coating

10 s @100 1/s, 30 s @ 1000 rpm, 10 s @ -100 r/s

Relaxation

Disengage the vacuum and let the substrate relax before moving it.

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

UV exposure

Exposed with 38 mJ radiation. One I-line filter was used to filter out

UV- radiation wavelengths other than 365 nm.

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

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.

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

UV exposure

Exposed with 180 mJ radiation. One I-line filter was used to filter out

UV- radiation wavelengths other than 365 nm.

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

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.

Soak

Let LOR 10B level out on the substrate, while vacuum is disengaged.

Spin coating

3s@ 100 1/s, 10 s @ 300 rpm, 3 s @ 400 /s, S min @ 1500 rpm, 5 s
@ -300 t/s

Relaxation Disengage the vacuum and let the substrate relax before moving it.
Place the sample on a flat hotplate at 190 °C for 6 min. Let the sample
Soft bake )
cool down for several minutes.
Cool Leave sample on a leveled surface to cool down to room temperature.

Spin coating of

SPR 955

Refer to steps 1-4, “Spin coating of SPR 9557, in Table 2.

Exposure

UV exposure

Exposed with 80 mJ radiation. Three I-line filters were used to filter out

UV- radiation wavelengths other than 365 nm.

Development

Development

The sample was immersed in CD-26 for 35 s. It was then rinsed with
DI H20, 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

Evaporation

5 nm Ti adhesion layer, e-beam evaporation at 0.5 A/s. 300 nm Cu, e-

beam evaporation at 2 A/s on Cr without breaking vacuum.

Lift-off, Remover PG

The sample was immersed in Remover PG for 1 hr. It was then rinsed

in Acetone, IPA, and DI H20, 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 Inos3Gaps7As 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 x
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.

81



REFERENCES

[1]

[13]

[14]

[15]
[16]

[17]

S. A. Maier and H. A. Atwater, “Plasmonics: Localization and guiding of electromagnetic
energy in metal/dielectric structures,” J. Appl. Phys., vol. 98, no. 1, p. 011101, Jul. 2005,
doi: 10.1063/1.1951057.

S. A. Maier, Plasmonics: Fundamentals and Applications. Springer Science & Business
Media, 2007.

H. A. Atwater, “The Promise of PLASMONICS,” Sci. Am., vol. 296, no. 4, pp. 5663, 2007.
Z. Liang et al., “Plasmonic Enhanced Optoelectronic Devices,” Plasmonics, vol. 9, no. 4,
pp- 859-866, Aug. 2014, doi: 10.1007/s11468-014-9682-7.

P. Berini, “Figures of merit for surface plasmon waveguides,” Opt. Express, vol. 14, no. 26,
pp- 13030-13042, Dec. 2006, doi: 10.1364/0OE.14.013030.

E. Ozbay, “Plasmonics: Merging Photonics and Electronics at Nanoscale Dimensions,”
Science, vol. 311, no. 5758, pp. 189-193, Jan. 2006, doi: 10.1126/science.1114849.

J. A. Schuller et al., “Plasmonics for extreme light concentration and manipulation,” Nat.
Mater., vol. 9, no. 3, pp. 193-204, Mar. 2010, doi: 10.1038/nmat2630.

M. L. Brongersma and V. M. Shalaev, “The Case for Plasmonics,” Science, vol. 328, no.
5977, pp. 440441, Apr. 2010, doi: 10.1126/science.1186905.

L. Jiang et al., “Free-standing one-dimensional plasmonic nanostructures,” Nanoscale, vol.
4, no. 1, pp. 6675, 2012, doi: 10.1039/C1NR11445]J.

M. Hochberg et al., “Integrated plasmon and dielectric waveguides,” Opt. Express, vol. 12,
no. 22, p. 5481, 2004, doi: 10.1364/OPEX.12.005481.

M. P. Nezhad, K. Tetz, and Y. Fainman, “Gain assisted propagation of surface plasmon
polaritons on planar metallic waveguides,” Opt. Express, vol. 12, no. 17, p. 4072, 2004, doi:
10.1364/0OPEX.12.004072.

J. R. Krenn and J.-C. Weeber, “Surface plasmon polaritons in metal stripes and wires,”
Philos. Trans. Royal Soc., vol. 362, no. 1817, pp. 739-756, Apr. 2004, doi:
10.1098/rsta.2003.1344.

W. Nomura, M. Ohtsu, and T. Yatsui, “Nanodot coupler with a surface plasmon polariton
condenser for optical far/near-field conversion,” Appl. Phys. Lett., vol. 86, no. 18, p.
181108, May 2005, doi: 10.1063/1.1920419.

A. V. Krasavin and A. V. Zayats, “Photonic Signal Processing on Electronic Scales:
Electro-Optical Field-Effect Nanoplasmonic Modulator,” Phys. Rev. Lett., vol. 109, no. 5,
p- 053901, Jul. 2012, doi: 10.1103/PhysRevLett.109.053901.

J. S. White et al., “Extraordinary optical absorption through subwavelength slits,” Opt. Lett.,
vol. 34, no. 5, p. 686, Mar. 2009, doi: 10.1364/0L.34.000686.

T. Barwicz et al., “Silicon photonics for compact, energy-efficient interconnects [Invited],”
J. Opt. Netw., vol. 6, no. 1, p. 63,2007, doi: 10.1364/JON.6.000063.

T. Ishi, J. Fujikata, K. Makita, T. Baba, and K. Ohashi, “Si Nano-Photodiode with a Surface
Plasmon Antenna,” Jpn. J. Appl. Phys., vol. 44, no. No. 12, pp. L364-L366, Mar. 2005, doi:
10.1143/JJAP.44.1.364.

L. Tang et al., “Nanometre-scale germanium photodetector enhanced by a near-infrared
dipole antenna,” MNat. Photon, vol. 2, no. 4, pp. 226229, Apr. 2008, doi:
10.1038/nphoton.2008.30.

H. Ditlbacher et al., “Organic diodes as monolithically integrated surface plasmon polariton
detectors,” Appl. Phys. Lett., vol. 89, no. 16, p. 161101, Oct. 2006, doi: 10.1063/1.2362975.
P. Neutens et al., “Electrical detection of confined gap plasmons in metal—insulator—metal
waveguides,” Nat. Photon, vol. 3, mno. 5, pp. 283-286, May 2009, doi:
10.1038/nphoton.2009.47.

82



[33]

[34]

[35]

[36]

D.-S. Ly-Gagnon, S. E. Kocabas, and D. A. B. Miller, “Characteristic Impedance Model for
Plasmonic Metal Slot Waveguides,” IEEE J. Sel. Top. Quantum Electron., vol. 14, no. 6,
pp. 1473-1478, Nov. 2008, doi: 10.1109/JSTQE.2008.917534.

Y. Liu et al., “Plasmon resonance enhanced multicolour photodetection by graphene,” Nat
Commun, vol. 2, no. 1, p. 579, Sep. 2011, doi: 10.1038/ncomms1589.

A. Dorodnyy et al., “Plasmonic Photodetectors,” IEEE J. Sel. Top. Quantum Electron., vol.
24, no. 6, pp. 1-13, Nov. 2018, doi: 10.1109/JSTQE.2018.2840339.

P. Berini, “Surface plasmon photodetectors and their applications,” Laser & Photonics Rev.,
vol. 8, no. 2, pp. 197-220, 2014, doi: 10.1002/lpor.201300019.

M. Alavirad, L. Roy, and P. Berini, “Surface plasmon enhanced photodetectors based on
internal photoemission,” JPE, vol. 6, no. 4, p. 042511, Oct. 2016, doi:
10.1117/1.JPE.6.042511.

S. M. Sze and K. K. NG, Physics of Semiconductor Devices. Hoboken, NJ, USA: Wiley,
2007.

C. L. Tan et al., “Optical absorption enhancement of hybrid-plasmonic-based metal-
semiconductor-metal photodetector incorporating metal nanogratings and embedded metal
nanoparticles,” Opt. Express, vol. 21,n0. 2, p. 1713, Jan. 2013, doi: 10.1364/0OE.21.001713.
C. W. Berry et al., “Significant performance enhancement in photoconductive terahertz
optoelectronics by incorporating plasmonic contact electrodes,” Nat. Commun., vol. 4, no.
1, Art. no. 1, Mar. 2013, doi: 10.1038/ncomms2638.

L.-B. Luo et al., “Light trapping and surface plasmon enhanced high-performance NIR
photodetector,” Sci. Rep., vol. 4, no. 1, Art. no. 1, Jan. 2014, doi: 10.1038/srep03914.

J. Guo et al., “Design of plasmonic photodetector with high absorptance and nano-scale
active regions,” Opt. Express, vol. 24, no. 16, p. 18229, Aug. 2016, doi:
10.1364/0E.24.018229.

E. Panchenko et al., “Plasmonic Metasurface-Enabled Differential Photodetectors for
Broadband Optical Polarization Characterization,” ACS Photonics, vol. 3, no. 10, pp. 1833—
1839, Oct. 2016, doi: 10.1021/acsphotonics.6b00342.

W. Rieger et al, “Yagi-Uda nanoantenna enhanced metal-semiconductor-metal
photodetector,” Appl. Phys. Lett., vol. 113, no. 2, p. 023102, Jul. 2018, doi:
10.1063/1.5038339.

J. Gosciniak and M. Rasras, “High-bandwidth and high-responsivity waveguide-integrated
plasmonic germanium photodetector,” J. Opt. Soc. Am. B, vol. 36,n0. 9, p. 2481, Sep. 2019,
doi: 10.1364/JOSAB.36.002481.

J. Gosciniak et al., “Plasmonic Schottky photodetector with metal stripe embedded into
semiconductor and with a CMOS-compatible titanium nitride,” Sci Rep, vol. 9, no. 1, p.
6048, Dec. 2019, doi: 10.1038/s41598-019-42663-3.

Y. Ding et al, “Ultra-compact integrated graphene plasmonic photodetector with
bandwidth above 110 GHz,” Nanophotonics, vol. 9, no. 2, pp. 317-325, Feb. 2020, doi:
10.1515/nanoph-2019-0167.

J. Guo et al, “High-performance silicon—graphene hybrid plasmonic waveguide
photodetectors beyond 1.55 pum,” Light: Sci. Appl., vol. 9, no. 1, Dec. 2020, doi:
10.1038/s41377-020-0263-6.

S. O. Kasap, Optoelectronics & Photonics:Principles & Practices: International Edition.
Pearson Education Limited, 2013.

R. G. Hunsperger, Integrated Optics. New York, NY: Springer New York, 2009.

I. P. Kaminow, L. W. Stulz, and E. H. Turner, “Efficient strip-waveguide modulator,” Appl.
Phys. Lett., vol. 27, no. 10, pp. 555-557, Nov. 1975, doi: 10.1063/1.88284.

D. Hall, A. Yariv, and E. Garmire, “Observation of propagation cutoff and its control in
thin optical waveguides,” Appl. Phys. Lett., vol. 17, no. 3, p. 4, 1970.

83



[54]
[55]

[56]

[57]
[58]

[59]

J. C. Campbell et al., “GaAs electro-optic directional-coupler switch,” Appl. Phys. Lett.,
vol. 27, no. 4, pp. 202205, Aug. 1975, doi: 10.1063/1.88428.

W. E. Martin, “A new waveguide switch/modulator for integrated optics,” Appl. Phys. Lett.,
vol. 26, no. 10, pp. 562-564, May 1975, doi: 10.1063/1.87992.

F. K. Reinhart, “Electroabsorption in Al , Ga -, As-Al . Ga -, As double
heterostructures,” Appl. Phys. Lett., vol. 22, no. 8, pp. 372-374, Apr. 1973, doi:
10.1063/1.1654678.

E. A. J. Marcatili, “Dielectric rectangular waveguide and directional coupler for integrated
optics,” The Bell System Technical Journal, vol. 48, no. 7, pp. 2071-2102, Sep. 1969, doi:
10.1002/5.1538-7305.1969.tb01166.x.

J. C. Campbell, F. A. Blum, and D. W. Shaw, “GaAs electro-optic channel-waveguide
modulator,” p. 4, 1975.

M. Papuchon et al., “Electrically switched optical directional coupler: Cobra,” Appl. Phys.
Lett., vol. 27, no. 5, pp. 289291, Sep. 1975, doi: 10.1063/1.88449.

J. M. Hammer, “Digital electro-optic grating deflector and modulator,” Appl. Phys. Lett.,
vol. 18, no. 4, pp. 147-149, Feb. 1971, doi: 10.1063/1.1653603.

Chen Tsai, Bumman Kim, and F. El-Akkari, “Optical channel waveguide switch and
coupler using total internal reflection,” IEEE J. Quantum Electron., vol. 14, no. 7, pp. 513—
517, Jul. 1978, doi: 10.1109/JQE.1978.1069829.

J. A. Dionne et al., “PlasMOStor: A Metal—Oxide—Si Field Effect Plasmonic Modulator,”
Nano Lett., vol. 9, no. 2, pp. 897-902, Feb. 2009, doi: 10.1021/n1803868k.

W. Cai, J. S. White, and M. L. Brongersma, “Compact, High-Speed and Power-Efficient
Electrooptic Plasmonic Modulators,” Nano Lett., vol. 9, no. 12, pp. 4403—4411, Dec. 2009,
doi: 10.1021/n1902701b.

A. Melikyan et al., “Surface plasmon polariton absorption modulator,” Opt. Express, vol.
19, no. 9, p. 8855, Apr. 2011, doi: 10.1364/OE.19.008855.

A. Melikyan et al., “High-speed plasmonic phase modulators,” Nat. Photon., vol. 8, no. 3,
pp- 229-233, Mar. 2014, doi: 10.1038/nphoton.2014.9.

C. Haffner et al., “All-plasmonic Mach—Zehnder modulator enabling optical high-speed
communication at the microscale,” Nat. Photon., vol. 9, no. 8, pp. 525-528, Aug. 2015, doi:
10.1038/nphoton.2015.127.

D. Ansell et al., “Hybrid graphene plasmonic waveguide modulators,” Nat. Commun., vol.
6, no. 1, p. 8846, Dec. 2015, doi: 10.1038/ncomms9846.

A. Olivieri et al., “Plasmonic Nanostructured Metal-Oxide—Semiconductor Reflection
Modulators,” Nano Lett., vol. 15, no. 4, pp. 2304-2311, Apr. 2015, doi: 10.1021/n1504389f.
S. Hassan et al., “Fabrication of a plasmonic modulator incorporating an overlaid grating
coupler,” Nanotechnology, vol. 25, no. 49, p. 495202, Dec. 2014, doi: 10.1088/0957-
4484/25/49/495202.

M. Ayata et al., “High-speed plasmonic modulator in a single metal layer,” Science, vol.
358, no. 6363, pp. 630—632, Nov. 2017, doi: 10.1126/science.aan5953.

C. Wang et al., “Nanophotonic lithium niobate electro-optic modulators,” Opt. Express, vol.
26, no. 2, p. 1547, Jan. 2018, doi: 10.1364/0OE.26.001547.

C. Wang et al., “Integrated lithium niobate electro-optic modulators operating at CMOS-
compatible voltages,” Nature, vol. 562, no. 7725, pp. 101-104, Oct. 2018, doi:
10.1038/s41586-018-0551-y.

M. Burla et al.,, “500 GHz plasmonic Mach-Zehnder modulator enabling sub-THz
microwave photonics,” APL Photonics, vol. 4, no. 5, p. 056106, May 2019, doi:
10.1063/1.5086868.

U. Koch et al., “Ultra-Compact Terabit Plasmonic Modulator Array,” J. Lightwave
Technol., vol. 37, no. 5, pp. 1484-1491, Mar. 2019, doi: 10.1109/JLT.2019.2899372.

84



[66]
[67]

[68]

[69]

B. Bacuerle ef al., “120 GBd plasmonic Mach-Zehnder modulator with a novel differential
electrode design operated at a peak-to-peak drive voltage of 178 mV,” Opt. Express, vol.
27,no0. 12, p. 16823, Jun. 2019, doi: 10.1364/0OE.27.016823.

M. AlShehab et al., “Design and construction of a Raman microscope and characterization
of plasmon-enhanced Raman scattering in graphene,” J. Opt. Soc. Am. B, vol. 36, no. 8, p.
F49, Aug. 2019, doi: 10.1364/JOSAB.36.000F49.

G. Vampa ef al., “Plasmon-enhanced high-harmonic generation from silicon,” Nature
Phys., vol. 13, no. 7, pp. 659-662, Jul. 2017, doi: 10.1038/nphys4087.

S. S. Mousavi, P. Berini, and D. McNamara, “Periodic plasmonic nanoantennas in a
piecewise homogeneous background,” Opt. Express, vol. 20, no. 16, p. 18044, Jul. 2012,
doi: 10.1364/0OE.20.018044.

E. D. Palik, Handbook of Optical Constants of Solids. Academic Press, 1998.

S. S. Mousavi, A. Stohr, and P. Berini, “Plasmonic photodetector with terahertz electrical
bandwidth,” Appl. Phys. Lett., vol. 104, no. 14, p. 143112, Apr. 2014, doi:
10.1063/1.4870974.

S. S. Mousavi, A. Stohr, and P. Berini, “Ultrafast Surface Plasmon III-V Photodetectors
Based on Nanomonopoles,” J. Lightwave Technol., JLT, vol. 34, no. 20, pp. 4682—4687,
Oct. 2016.

B. G. Ghamsari et al., “Enhanced Raman scattering in graphene by plasmonic resonant
Stokes emission,” Nanophotonics, vol. 3, no. 6, pp. 363-371, Dec. 2014, doi:
10.1515/nanoph-2014-0014.

P. S. J. Berini and C. Chen, “Metal-insulator-semiconductor devices based on surface
plasmon polaritons,” US9397241B2, Jul. 19, 2016.

85



Appendix A

") Research Article

Check for

Updates:

Vol. 36, No. 8 / August 2019 / Journal of the Optical Society of America B F49

Journal of the

Optical Society
of America

OPTICAL PHYSICS

Design and construction of a Raman microscope
and characterization of plasmon-enhanced
Raman scattering in graphene

Maryam ALSHEHAB,"? SaBa Siapat Mousavi,'? Maube AmyoT-Bouraeoais,?® JasPREET WALIA,'?

ANTHONY OLVIERI,?> BEHNOOD GHAMSARI,"? AND PIERRE BERINI

1,2,3,%

'School of Electrical Engineering and Computer Science, University of Ottawa, Ottawa K1N6N5, Canada
2Center for Research in Photonics, University of Ottawa, Ottawa K1N6N5, Canada

SDepartment of Physics, University of Ottawa, Ottawa K1N6N5, Canada

*Corresponding author: pberini@uottawa.ca

Received 28 February 2019; revised 13 April 2019; accepted 15 April 2019; posted 16 April 2019 (Doc. ID 361267); published 9 May 2019

Nanometallic structures efficiently convert light to surface plasmon-polaritons (SPPs) localized to ultra-small
volumes. Such structures provide highly enhanced fields and are of interest in applications involving SPP-en-
hanced nonlinear optics. We report the design and construction of a spontaneous Raman microscope augmented
with in situ reflectance measurement capabilities, and demonstrate its use for nonlinear plasmonics. The struc-
tures investigated consist of rectangular gold nanoantennas on graphene on a Si0, /Si substrate. Specifically, SPP-
enhanced Raman scattering from graphene is investigated using nanoantennas that are spectrally aligned with the
Stokes wavelength of the graphene 2D peak. We use the microscope to demonstrate Raman scattering enhance-
ment in graphene based on plasmonic resonant enhancement of the Stokes emission, where a maximum cross-

sectional gain of ~500 per antenna was measured. We also measure the reflectance response of nanoantenna
structures of different dimensions (length, width) to determine how the resonant wavelength shifts with dimen-

sions and ensure spectral alignment with the Stokes wavelengths of interest.
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1. INTRODUCTION

Over the last few decades, laser spectroscopy has become an
important tcchnique in materials science, na.nophotonics! bio-
physics/biochemistry, and in the life sciences for discase detec-
tion and therapy control [1]. Laser spectroscopy allows the
identification and structural characterization of materials and
molecules by probing transitions in energy levels. The transi-
tion between molecular energy levels is a unique characteristic
of a molecule or crystal]'mc solid, and in some cases, a.morphous
materials as well. Measuring these transitions is generally useful
for molecular identification, purity, and crystallinity. Surface-
enhanced Raman spectroscopy (SERS) probes vibrational
and rotational levels of molecules near roughened or nanostruc-
tured metallic surfaces, usually consisting of silver or gold, and
provides enhanced signals even at sub-monolayer coverage [1].
The scattered field by a thin film or set of molecules contains
reflection and/or Rayleigh scattered fields at the same wave-
length as the incident beam plus the spontaneous Raman field
at a slightly shorter or longer wavelength (anti-Stokes/Stokes).
The biggest disadvantage of Raman spectroscopy is the weak sig-
nals generated by the Raman process; the magnitude of the cross
section for the process is 10'2-10'% lower than a typical

0740-3224/19/080F49-11 Journal © 2019 Optical Society of America

fluorescence cross section [2]. Furthermore, Raman scattering
spectra and fluorescence spectra may overlap in many cases.

Weak Raman scattering has motivated research on the use of
plasmonic substrates or nanostructures to produce enhanced lo-
cal fields due to surface plasmon-polaritons (SPPs) that
resonate thereon, aiming to enhance the Raman signal from
nearby molecules or materials, in a process termed surface-
enhanced Raman scattering (SERS) [1-3]. Much of the work
on SERS has been directed toward improving the performance
of SERS substrates by changing the geometry. For example,
Scarabelli ez al. presented the enhancement caused by the
sclf-assembly of gold nano-triangles 3], and Funston ez al. used
nanorods in different arrangements, separations, and sizes, and
deduced that the proximity of the nanorods played a significant
role in the enhancement factors that were measured [4].

The integration of plasmonic nanostructures with graphene
has received attention in the past few years due to the field en-
hancement in graphene that occurs when light interacts with
the nanostructures. Khorasaninejad ez a/. showed that different
shapes of nanostructures can yield different SERS spectra for
graphene [5]. Specifically, they observed that the intensity
of a Raman signal was dependent on the shape, diameter,
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and spacing of the nanoantennas in an array. They found that
the Raman intensity increased by a factor of 890 for the G-peak
of graphene on crescents (compared to graphene on silicon di-
oxide), and by a factor of 38 for the 2D peak. Ghamsari ez al.
explored the use of SPPs to enhance graphene-light interaction,
by aligning the nanoantennas spectrally with the Stokes wave-
lengths of the G and 2D peaks. They used gold nanorods as
nanoantennas in the form of arrays on graphene on SiO, on
Si [6], and measured array enhancement factors of 2-3 and
single-antenna enhancement factors of ~160. Aside from
observing the graphene D, G, and 2D peaks at 1350 cm!,
1570 ecm™, and 2700 cm™!, respectively, the 520 cm™! Si=Si
bond peak and the higher-order two-phonon Si peak at
970 cm™!, both originating from the substrate, were also ob-
served. They also reported frequency pulling and broadening
of the graphens peaks due ro interaction with the nanoantennas
[7]. Specifically, they showed that the position and linewidth of
the G and 2D Raman peaks of graphene were altered by cou-
pling to SPPs that resonated on nanostructures at the Stokes
emission frequencies due to an increase in the optical density
(OD) of states at the Stokes emission frequency. Li et 2/ used
graphene as a spacer between a silver layer and silver nano-
spheres (8], and observed a graphene near-field enhancement
factor of 1700 for the 2D peak. Similarly, Zhao ¢z al. showed
that sandwiching graphene between silver nanoparticles and gra-
phene nanoparticles resulted in a very sensitive SERS detecror,
with a limit of detection of 1073 M [9]. Another method of
sandwiching graphenc was shown by Liu et al In this case,
the substrate was bulk silver with a S5iO, spacer topped by gra-
phene and a silver disk [10]. Urich and colleagues deposited
nano-islands of silver [11], and observed a 100-fold enhance-
ment of the graphene Raman peaks due to localized SPPs.

The geometry dependence of the transmittance, reflectance
and absorptance response of nanoantennas was studied by
Mousavi et al. [12]. They found that increasing the length
of monopole antennas shifts the transmittance, reflectance,
and absorptance resonances to longer wavelengths. This shift
is in correspondence with classical antenna theory where the
resonance shifts to longer wavelengths with increasing antenna
length. However, increasing the width of the antennas decreases
the resonance wavelength.

In this paper, we describe the design and construction of a
Raman microscope capable of measuring both the reflectance
and Raman scattering responses in situ from gas, liquid, and
solid-state samples. For maximum ﬂexibiliry, the microscope
combines a supercontinuum source with a fixed wavelength la-
Sser, enabiing a wide variety of singlc wavelsngth, multiwave-
length, and pump-probe measurements. In this study, the
microscope was used to measure the wavelength response of
plasmonic nanoantennas with varying rectangular dimensions,
as well as the Raman scattering enhancement factor produced
from a graphene layer underneath the nanoantenna array. A
detailed description of the design and construction of the mi-
croscope is provided along with measurement results.

2. SETUP CONSTRUCTION

The confocal Raman microscope design, shown schematically
in Fig. 1, focuses the pump laser beam to a very small, ideally

diffraction-limited spot, on the sa.mpic. The scattered Raman
field produced by the sample is then directed to a spectrometer
to measure the Stokes shift. A second source is employed to
obtain reflectance measurements from the same area of the
sample. The spatial distribution of the Raman signal on the
S}lmPiC can be mElpPCd by raster—scanning the Sampis using
a computer-controlled piezo translation stage. Therefore, the
Raman signal can be acquired for an array of points, thereby
constructing a Raman image.

A. Excitation Arms

1. Pump Laser Arm (He-Ne)

The type of detection device used in the setup must be con-
sidered when choosing a laser for a Raman microscope. Our
spectrometer functions well at wavelengths less than 900 nm
and is a dispersive system with an intensified CCD camera hav-
ing a cutoff wavelength of 1100 nm. Another point to consider
is the laser linewidth, which can range from hundreds of cem™!
to much less than 1 cm™'. For Raman spectroscopy, a laser
linewidth of 1 cm™ is sufficient. The laser used in a Raman
microscope determines several key aspects such as the intensity
of the Raman signal, which is inverseiy proportional to the
fourth power of the wavelength (A% [13,14]. Thus, shorter
wavelengths yield a higher intensity; however, short-wavelength
photons can also excite fluorescence, which in turn can obscure
the Raman bands. Therefore, red or near-infrared wavelengths
are widely utilized in Raman Spectroscopy, because a suffi-
cicn[ly high scattering cross section is accessed while
suppressing  background fluorescence [13,15]. Gas lasers
normally provide stable and narrow emission lines.

This property is particularly desired for Raman spectros-
copy, since the measured spectrum is the convolution of the
actual Raman band with the laser line shape [14]. Gas lasers
also have a very good beam quality and are convection
cooled [14].

Thus, to meet the required spectral and spatial resolutions,
stability, robustness, ease of use, and cost criteria, a 632.8 nm
He-Ne laser producing 21 mW output power was chosen for
our microscope (Thorlabs HNL210L). Furthermore, pumping
at 632.8 nm results in Raman scattering in the 633 nm
(0 cm™) to 815 nm (3532.84 cm™") wavelength range (for gra-
phene), which falls within the high sensitivity region of Si
CCDs [7,15]. To control the power of the laser input to
the microscope, a neutral density filter was placed in front
of the laser’s output aperture. A Thorlab NDL-10s-4 filter
was utilized for this purpose, allowing for attenuation in steps
of 0.1, 0.2, 0.3, 0.4, 0.5, 0.8, 1, 2, 3, and 4 in OD, which
yielded a transmittance ranging from 79.43% to 0.01%.

Lasers generally produce light output at wavelengths other
than the main line of the laser, which can interfere with the
Raman scattered signal. This is more commonly seen in gas
lasers (Art, Krt, He-Ne) and solid-state lasers because they
emit atomic lines (plasma lines). Thus, lasers require a bandpass
or a laser-line filter to reduce unwanted laser spectra. Although
the extraneous emission is usually a few percent of the roral
power of the laser, the Raman scattered light is weak and even
the smallest amount of non-lasing light from the laser may
cause interference [14], as elastic scattering from such emission
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may appear in Raman scattering spectra. The filter used here is
a laser line filter (Thorlabs FL632.8-3) with a center wave-
length at 632.8 & 0.6 nm and a FWHM of 3 £ 0.6 nm.

The beam emerging from the laser passes through an oprical
chopper to modulate its intensity. The modulation enables the
lock-in tcchnique, which has been proven high]y beneficial for
measuring normalized reflectance measurements with a high
signal-to-noise ratio. The lock-in amplifier used is the Scitec
Instruments Ltd. 420 dual lock-in. The lock-in amplifier
produces a very narrowband signal that automatically follows
small changes in the modulating frequency [16]. It is important
to mention that the chopper was moved to the supercontinuum
arm to conduct reflectance measurements.

An objective lens achieves a diffraction-limited spot size only
if a Gaussian beam entirely fills the input aperture. Under-fill-
ing a lens, in general, allows for stray reflections inside the lens
that reduce the spatial resolution and peak intensity. More im-
portantly, since the effective NA of an under-filled lens is less
than its nominal value, the obrained focused spot will be larger
than the diffraction-limit size. On the other hand, overfilling a
lens will partially cut the laser beam. Therefore, the excitation
profile on the lens’ entrance pupil will no longer be perfectly
Gaussian, resulting in diffraction as seen by fringing patterns in

the output beam. Because the power distribution of diffracted
beams is highly non-Gaussian and they possess high divergence
angles, overfilling the objective aperture should be strictly
avoided [17].

There is often a size mismatch between the laser beam out-
put and the objﬁctivc entrance pupil diameters. In our system,
the former is 0.7 mm while the latter measures 1 cm.
Therefore, the laser beam should be expanded while keeping
it collimated to meet the desired coverage ratio of the objective
entrance pupil. Also, all lasers have a divergence angle. The
HNL210L has a divergence angle of 1.15 mrad, which can
be corrected using a beam expander. A Keplerian beam expan-
sion configuration was used to expand the beam to an aperture
of 7 mm by using a bi-convex lens and a plano-convex lens of
focal lcngths 3 cm and 30 cm, respectively. Due to the
mismatch between the refractive index of free space and the
material of the lenses, ~4% of the light would be reflected
ar each surface of the lens; thus, anti-reflection coated
(ARC) lenses were employed.

The objective lens is among the most important compo-
nents that determine the funclionality and performance of
an optical microscope. The basic design of an objective lens
depends on whether the image distance is finite or infinite,
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and whether a compensating versus a fully corrected system is
desired. The diffraction-limited laser spot, whose size depends
on the lens’ numerical aperture (NA) and the wavelength of
light (4), limits the resolution and quality of an image. For
a specific laser wavelength, here 4 = 632.8 nm, the diffrac-
tion-limited spot size is inverscly proportional to the NA of
the lens according to g, = 1.22//NA = 0.771 pm/(» - sin
(#)), with 2 being the refractive index of the imaging environ-
ment, usua_iiy air, and @ is the half angic of the iight cone
gathered by the lens. The quality and resolution of the image
improves as the laser spot prociuccci i:y the objective becomes
smaller. Furthermore, the brightness of an image scales with the
square of the NA. Thus, a large NA is highly desirable because
it will provide a small diffraction-limited spot diamerter, good
resolution, and a bright image.

In order to avoid sphcrical aberration, a scmi-plan or pian
objective lens could be used [18]. Chromatic aberration is
another important limiting factor. For Raman spectroscopy
pumped at 632.8 nm, the lens needs to be able to correct into
the near-infrared region in order to capture Stokes photons.
Thus, an infiriiry—cmrected pian fluorite objec[ive lens seems
an appropriate choice for Raman spectroscopy, providing a
reasonable balance between quality and cost.

In contrast to finite objective lenses that map an object to a
conjugate real image, an inﬁnity—corrected ubjective lens maps
the object to an “infinitely” distant point in space [19]. Thus,
using an inﬁniry_corrccted lens focuses the input collimated
beam and ensures that the output beam diverges very litte
[18]. The choice of an infinity-corrected plan fluorite lens nar-
rows down the available options for NA and magnification.
The chosen objective lens (Thorlabs RMS20X-PF) has a mag-
nification of 20x and a NA of 0.5. This objective is corrected
for chromatic aberrations at four waveicngths and sphcrical
aberrations also at four wavelengths.

In Fig. 1, a few beam splitters (Thorlabs BSW26R) are
needed to direct the light through the optical components
to the sample and detection devices. To allow for Raman mea-
surements in the system, a dichroic mirror (Thorlabs
DMLPG50R) is used between the beam expander and the
objective lens to combine the second beam into the optical
path. Clearly, the second source should have its own beam
expander to again match the objective lens diameter.

2. Supercontinuum Arm

A secondary excitation source is used to deliver a lincarly
polarized and collimated beam to the sample through the
objective lens to obtain reflectance measurements. The secon-
dary source used here is a supercontinuum source with tunable
bandpass filters delivering light through a linearly polarized fi-
ber (NKT Photonics, SuperK Extreme). The supercontinuum
produces white light, and tunable bandpass filters covering a
range of wavelengths from 400 nm to 1800 nm are available.
For the purposes of reflectance response measurements, a
wavelength range of 600 nm to 1100 nm is required for the
designed nanoantennas, since their resonance wavelength lie
in that range.

There are two problems to solve in directing the supercon-
tinuum beam to the objective lens and the sample. First, the
beam should be linearly polarized in an orientation of interest

for the nanostructures under investigation on the sample
(e.g., nanoantennas), and second, the beam should cover ap-
proximately 90%—70% of the objective lens surface. To control
the polarization, a half-wave plate (Thorlabs AHWP05M-980)
was  sandwiched between two  polarizers  (Thorlabs
LPNIRE100-B). The first polarizer was used to determine
and fix the linear polarization of the supercontinuum light,
which emerges from a polarization-maintaining fiber followed
by a beam collimator (Thorlabs F220APC-633 and F220APC-
850) attached to the fiber output. The half-wave plate followed
by the second polarizer allows the rotation of linear polarization
to a desired orientation. Adding the mechanism of polarization
rotation allows one to take advantage of the resonance propet-
ties of both the horizontal and vertical designs of the nanoan-
tennas. This was seen when D’Andrea e al. engincered the
plasmonic properties of nanoantennas to make them resonate
in both the visible and infrared [20]. By rotating the excitation
field polarization, they were able to take advantage of each res-
onance. In fact, for the purposes of this s[uciy the poiarizations
of the He—Ne and supercontinuum sources play an essential
role in the measurements and should be aligned to the polar-
izations of the nanoantennas in order to see the desired results.
Similar to the arm of the pump laser, the beam was expanded
via a Keplerian beam expansion scheme, implemented with a
bi-convex lens (Thorlabs LB1757-B) and a plano-convex lens
(Edmund Optics 67-750) of focal lengths 3 cm and 10 cm,
respectively. The beam in this arm follows the same path as
that of the pump laser to the objective lens then to the sample
under test.

B. Detection Arms

1. Photoreceiver Arm

A photoreceiver is used to measure the power reflected from the
nanostructures to determine their reflectance response. In this
case (linear scattering), the reflected power is strong, and thus
easier to collect than Raman scattered signals. The photore-
ceiver selected for this purpose is a silicon-based PIN receiver
suitable for light in the spectral range of 400 nm to 1100 nm,
with an electrical bandwidth of 1.5 MHz (Thorlabs PDA100-
A). This bandwidch is sufficient to monitor chopped light.
Silicon has very good quantum efficiency, ranging from
80% to 90% over the wavelengths of 350 nm w 900 nm
[21]. The photoreceiver has internal preamplifier stages with
a switchable gain in steps of 7 x 10 dB (low-noise transimpe-
dance amplificr followed by a voltage amplifier) and an aperture
9.8 mm in diameter, a]iowing full beams to be collected.

2. Spectroscopy Arm

To analyze the spectrum of the Raman signal, a spectrograph
connected to an intensified CCD camera (Princeton
Instruments, PI-MAX:1024X256) is used. The spectrograph
(Princeton Instruments, IsoPlane SCT320) in the configura-
tion used provides a spectral resolution of 0.08 nm with a
600 groove/mm grating. The eclastic (Rayleigh) scattering
resulting from direct illumination of the sample by the He—
Ne laser or supercontinuum source is many orders of magni-
tude brighter than the Raman peaks. Consequently, a filter is
used to eliminate as much of this spectral content as possible
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from the Raman signal. The Raman bands are red shifted
with respect to the pump laser, so a long-pass filter is
used (FEL0650) that cuts off at 650 nm. To further clean
the signal from unwanted beams, such as ghost beams and stray
iight, and provide a higher spatial resolution, a confocal scheme
is empioyecl. Thus, the filtered Raman beam is focused using an
aspheric condenser (Thorlabs ACL2520-B) and passed through
a small diameter pinhole (Thorlabs P5S, 5 pm) acting as a spa-
tial filter. The pinhole must be slightly under-filled, e.g., by
covering an area ~4 pm in diameter, to avoid clamping the
beam and causing diffraction. The beam is then collimated us-
ing a plano-convex lens (Thorlabs LA1422-B). The collimated
beam must be directed to an objective lens (Newport
40x 0.65 NA) with an aperture diameter of 5 mm, but the
beam is collimated to a diameter of D;, = 7 mm, so to cover
80% of the objective lens surface the beam is first contracted
with an aspheric condenser (Thorlabs ACL2520-B) and a
plano-convex lens (Thorlabs LA1422-B) of focal lengths
4 em and 2 cm, respectively, to a diameter of ~3.5 mm.
Finally, the Raman signal entering the objective lens is focused
onto the input facet of a multimode fiber of 62.5 pm core
diameter. The output of the fiber is sent into the spectrograph,
and the spectra are collected from the CCD camera. It was de-
termined that an integration time of 10 s and an average of five
spectra would produce a Raman scattering spectrum with a
good SNR.

3. Visualization Arm

To cnmplement the Raman microscope with visual access to
the sample, which is required for alignmcnt, a viewing micro-
scope is constructed using the same objectivc lens by add.ing a
tube lens and an eyepiece (see Fig. 1). The distance between the
eyepiece and the tube lens is the sum of their focal length, fol-
iowing Keplerian beam expansion, where the two focal points
meet in the middle. An achromat doublet lens (Thorlabs
AC254-200-A) is suitable for correcting chromatic aberrations
and has a focal length of 20 cm.

4. Software and Test Procedures

For ease of use, multiple LabVIEW codes were created and uti-
lized. The piezo controller, lock-in amplifier, and supercontin-
uum laser were all controlled using LabVIEW, while the
spectrometer was controlled using LightField (Princeton
Instruments).

Reflectance responses are obtained using the super con-
tinuum source equipped with a tunable acousto-optic bandpass
filter and the photoreceiver. The super continuum source is
tuned to the desired wavelength using LabVIEW via the tun-
able filter. The input beam is traced through the system as the
solid single line in Fig. 1. The reflected beam is represented
by the dashed single lines leading to the photodetector.
Measurements are typically carried out by scanning over an arca
of interest (e.g., 30 x 30 pm?) that includes structures and the
substrate, then finding the ratio of the reflectance from the
structures to that from the substrate. Alternatively, an average
of five or more measurement points can be taken on and off the
structures to determine the ratio (this takes less time).

For spontaneous Raman measurements, the polarization of
the pump He—Ne laser is first aligned to the structures of
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interest. The beam from the laser is guided through the optics
to the objective lens and consequently onto the sample, as
sketched by the solid double line in Fig. 1. The reflected
Stokes light follows the path indicated by the dashed double
lines, through the spectrometer arm and eventually into
the spectrometer and camera for detection and analysis. The
dichroic mirror and long-pass filter are used to prevent the
He—Ne beam from entering the spectrometer and camera,
and saturating it.

5. Microscope Characterization

Before acquiring reflectance responses and Raman spectra, it is
essential to investigate the quality of the beams propagating
through the microscope, and the quality of the reflectance re-
sponses. For these purposes, small mirrors were fabricated on a
Si wafer as 100 nm thick 15 x 15 pm? square gold parches via
e-beam lithography, metal evaporation, and lift-off. Figure 2(a)
shows an aerial scan of such a scructure. The image in Fig. 2(a)
results from plotting the photoreceiver output while moving
the stage over a 30 x 30 |_lm2 area con[aining a mirror, then
normalizing to the photorﬁ:ccivcr output obtained from the
substrate only (normalized reflectance). The bottom two im-
ages [Figs. 2(b) and 2(c)] show line cuts along the horizontal
and vertical axes in Fig. 2(a).

In Fig. 2(b), one can approximate the 1/¢* Gaussian beam
intensity width by finding the derivative of the line cut [22].
This derivative is Gaussian fitted, as shown in Fig. 3, for the left
and right edges of the line cut. From these plots, one can
deduce the 1/¢* beam width by finding the maximum of
the Gaussian fit, dividing by ez, and taking the distance be-
tween the corresponding points as the beam width. Using both
edges yields beam widths of 1.46 pm and 1.88 pm.

Figure 2(a) suggests that the beam width is different in x and
y directions (as it would be for an elliptical beam). This is an
artifact due to diffraction when the incident poiarization is
parallel to a sharp edge [23]. The scattering pattern produced
by an incident hard poiarization (pa.railci to an ﬁdgc) is almost
isotropic (radiating in all directions), which in turn blurs the
edge. Thus, the knife edge technique is polarization sensitive,
and one cannot deduce beam ellipticity by examining a single
polarizatiotm In this scan, the beam is horizomally pola_rized,
resulting in blurred edges along vertical line cuts [Fig. 2(c)].
Thus, a circular beam may appear eliip[ical as a result of
polarization-dependent scattering from the edges.

The normalized reflectance of the Au mirror was obtained as
the ratio of the photoreceiver signal in the region of the mirror
(yellow region) to the photoreceiver signal in the blue region
(substrate). The ratio of these measured reflectances works out
0 Rg = Ry, /R, = 2.5. The complex refractive index of gold
is na, = 0.18377 - j3.41313 [24], and that of silicon is ng =
3.882 - j0.019 [25] at 632.8 nm. Using the Fresnel reflection
equation, the theoretical reflection coefficients in air from these
materials are 75, = 0.82-;0.53 and rg = 0.59 -;0.0016,
and the corresponding reflectances are Ry, = |ry,|> = 0.94
and Rg; = |rg;|* = 0.35, yielding a theoretical ratio for these
reflectances of Ry = Ry,/Rs; = 2.71. This is in very good
agreement  with the experimental result of Ry = 2.5
(6.4% error).
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to measure the spot size of the laser.
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Fig. 3. Derivative of the line cut along the x axis to determine the
spot size using the knife edge techniques in Fig. 2. (a) Left edge and
(b) right edge.

3. EXPERIMENTAL
A. Structures

Afrays Uf gOld mﬂnDPDlC nanoantennas Qf diffcrﬁnt resonant
frequencies were fabricated on graphene to explore SPP-

enhanced Raman scattering using the microscope described
in the previous section. Substrates consist of chemical vapor
deposition (CVD)-grown graphene covering a 285 nm thick
thermally grown SiO, layer on 460-500 nm thick single crystal
silicon substrate (p-doped). Fabrication of the nanoantenna
structures is achieved via e-beam lithography, Au evaporation,
and lift-off on the CVD-grown graphene. The structures con-
sist of multiple arrays of 22 nm thick rectangular gold nanorods
of different lengths / and widths w. The nanoantennas are ar-
ranged over the surface following pitch p and ¢, as sketched
in Fig. 4(a).

Each nanoantenna is part of an array covering an area of
20 x 20 pm?, which contains 40 x 40 nanoantennas uniformly
distributed in a pitch of p = g = 500 nm. The design lengths
of the nanoantennas vary from 50 nm to 180 nm, and their
widths from 30 nm to 45 nm, in steps of 10 nm and
5 nm, respectively, to produce arrays of nanoantennas that res-
onate at diffefeﬂ[ Wavelengths. The nanoantenna dCSigHS ﬂﬂd
resonant WE[VClCnthS were SCleCth SuCh [hﬂ[ they W()Uld over-
lap spectrally with the Stokes wavelengths of graphene when a
pump wavelength of 632.8 nm was used.

Figures 4(b) and 4(c) show scanning electron microscope
(SEM) images of fabricated nanoantenna arrays. Comparing
the actual length and width to the designed ones reveals a
6 nm to 8 nm increase in edge length dimensions. The
SEM images are also essential in determining the quality of
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(a) /

si0,

Fig. 4. (a) Sketch of the unit cell of the structure of interest. The
SSII]PJC consists Of rectangula.r guld nanoantenna EerHyS on CVD gra—
phene covering a 285 nm thick thermally grown SiO, layer on a
500 nm thick single crystal silicon substrate. (b) SEM images of nano-
antenna arrays on graphene. Each nanoantenna is 85 nm by 48 nm,
uniformly distributed in a pitch of p = g = 500 nm. (c) SEM image
of a nanoantenna array. Each nanoantenna is 121 nm by 43 nm with
the same pitch values. (d) AFM image of nanoantennas on graphene.
The red region is a scanned arca of interest on the top of a nanoan-
tenna, and the green region is on graphene.

the nanoantenna arrays and whether they can be used in the
experiments; thus, not all the arrays dcsigned were actually
used. Atomic force microscope (AFM) scans were used to mea-
sure the roughness of the nanoantennas as well as their thick-
ness. As extracted from Fig. 4(d), the RMS roughness of the
substrate is R, = 1.1 nm (green area), whereas the roughness
of a nanoantenna is R,[ = 3.011 nm (red area). The thickness
of the nanoantenna is 23 nm, which compares reasonably well
with the designed value of 22 nm.

B. Reflectance Responses

The fabricated nanoantenna arrays on graphene were character-
ized in terms of their reflectance response using the microscope.
A strong resonance is observed as shown in Fig. 5(a). The

0. 8 / August 2019 / Journal of the Optical Society of America B
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normalized measurements are the reflectance ratios Ry /R,
where R, is the reflectance response of the nanoantennas,
and R, is that of the substrate. One can deduce that for nano-
antennas of fixed dimensions, the resonance wavelength shifts
to longer wavelengths as the length of the nanoantennas in-
creases. The shift is expected by correspondence to classical an-
tennas, where resonance occurs when the antenna length is
roughly half a wavelength. Increasing the length thus increases
the wavelength at which the antenna is resonant. The effect of
width is discussed later in the paper.

In Fig. 5(a), it is seen that arrays consisting of antennas
longer than 114 nm (48 nm wide, 22 nm thick) have a very
small reflectance ratio. This suggests that Raman scattering will
not be enhanced significantly when using such arrays.
Theoretical reflectance ratios were computed for the structures
and are plotted in Fig. 5(b). We adopted the same nanoantenna
thickness and width, allowing only the length to vary while ne-
glecting the (single atom thick) graphene layer. One can see in
Fig. 5(b) that the theoretical resonance response follows the
same trend as the measured experimental response. There is
a slight shift in the resonance wavelength that can be explained
by the lack of graphene in the model, and possibly by different
optical parameters for Au in the nanoantennas compared to the
bulk values. Furthermore, the fabricated nanoantennas are not
perfect; they have slightly rounded corners, as can be seen in
Figs. 4(b) and 4(c), and slight variations in length.

The theoretical responses were computed via the finite differ-
ence time domain (FDTD) method (Lumerical). An infinite ar-
ray was constructed by repeating the unit cell aloug x and Y with
pitch p and ¢, respectively [see Fig. 4(a)]. An x-polarized plane
wave of electric field magnitude 1 V/m illuminates the array from
the top at normal incidence. A cubic mesh of 0.5x 0.5 x
0.5 nm® was used in the region around the nanoantennas.
Optical constants for Au, SiO; and Si were taken from [26].
The reflectance plane was located 2.5 pm above the surface

(far field), and the reflectance was calculated as
R = [Retpr(p)-dof [ RetP (P} s (1)

2
]
]
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Fig. 5. Normalized reflectance response from arrays of nanoantennas of length ranging from 55 nm to 200 nm. The width and thickness of the
nanoantennas are w = 48 nm and # = 22 nm, respectively. The ratio plotted on the y axis is R4/Ry, as described in the text. (a) Experimental
reflectance response of the nanoantennas and (b) theoretical reflectance responses calculated using FDTD simulations.
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Fig. 6. Normalized reflectance response of arrays of nanoantennas of widths 40 nm, 43 nm, 48 nm, and 58 nm. The length and thickness of the
nanoantennas are / = 85 nm and # = 22 nm, respectively. The ratio on the y axis is R4 /R, as described in the text. (a) Experimental reflectance
response of the nanoantennas and (b) theoretical reflectance responses calculated using FDTD simulations.

where P7 is the Poynting vector at the monitor and source
location, f is the frequency, and S is the area of the reference
plane [12].

The width of the nanoantennas is a second design param-
cter. The response of the nanoantennas to changes in width w,
plotted in Fig. 6(a), reveals that increasing the width blue shifts
the reflecrance resonances. Furthermore, it is evident thar the
amount of shift decreases as Aw/w decreases. This trend is a
result of 7. decreasing with an increase in width, following the
relation for the resonance wavelength A, = 2L gng [27].
Additionally, modeling results were obtained as shown in
Fig. 6(b), from which it is observed that theory and experiment
follow the same trends. However, as mentioned earlier, the
lack of graphene in the compurations, the rounded antenna
corners, and slight variations in dimensions within an array
can alter the exact resonance position and cause inhomo-
geneous broadening.

C. Spontaneous Raman Measurements

Spontaneous Raman spectra for our nanoantennas on graphene
were obtained using our microscope setup. The first part of this
section compares graphene and Si Raman peaks. The second
part determines the enhancement in the graphene Raman scat-
tering due to metallic nanoantennas of different geometries.
While building the optical setup, the optics in the spectrom-
eter arm were aligned to the He—Ne laser source. As a result,
trying to find the Raman signal of graphene initially was chal-
lenging due to the mismatch of the focal points, reflectance
angles, and the weakness of the signal. Raman scattering from
Si is much stronger than from graphene, so the easiest way to
optimize alignments (particularly coupling the fiber to the
setup) is to start with the main Si peak appearing at 521 cm™'.
Si=Si bonds are widely recognized as producing a sha_rp and
intense Lorentzian peak at 521 cm™'. Si also has a higher-order
peak near 970 cm™!, resulting from two-phonon scattering. To
achieve the maximum Si signals, fiber—lens coupling is opti-
mized, followed by optimizing the focal length to the sample.
The same process is then repeated to maximize the intensity

18000 I | i Peak 2D Peak
16000
— 14000 [
2
S 12000
£
< 10000
=
@ 8000 2-Si Peak
g G Peak
£ 6000 -
4000 [ 4
2000 1
500 1000 1500 2000 2500 3000
Raman Shift (cm™')
650 700 750 800
Wavelength [nm]
Fig. 7. Experimentai I{BJT)ZL\') SPEC[l'Llﬂ] Of graphene on Sioz on Si

without plasmonic nanoantennas. Peaks associated with scattered sig-
nal from the underlying silicon wafer as well as graphene are readily
resolved.

from graphene only (no nanoantennas)—a typical spectrum
obrained using our setup is shown in Fig‘ 7. After optimization
of the alignments, the graphene G and 2D peaks appear, as can
be seen in Fig. 7, at shifts of 1594.9 cm™ (703.83 nm) and
2650.9 em™ (760.35 nm), respectively, with the number in
parentheses being the emission wavelength for an excitation
wavelength of 632.8 nm. The two silicon peaks at
525.1 cm™" and 970 cm™' can also be seen in Fig. 7, labeled
Si and 2-Si, respectively. Comparing this to spectra obtained
usinga commercial instrument (WiTec, used by Ghamsari et a/.
[6]) reveals very good agreement. During these measurements,
our main attention was on the 2D peak. This is due to the fact
that all carbon-based materials exhibit a peak at 1594.9 cm™
(adventitious carbon and graphite, e.g.), but only graphene
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Fig. 8. Raman scattering intensity from the 2D peak of graphene
covered by nanoantennas of different lengths (indicated by the color
legend) but of fixed width (w = 48 nm). The Raman scattering
intensity of a sample with no nanoantennas is also shown.
Nanoantenna arrays of / = 100 nm and w = 48 nm produced the
highest 2D Raman scattering intensity from graphene.

does at 2650.9 cm™'. The D peak location and shape, i.e., a
single peak at 2650.9 cm™, indicate that the graphene is in
fact single-layer graphene as suggested by Ferrari ez al. [28].

We now investigate the Raman enhancement produced by
Au nanoantennas of various lengths and widths on the gra-
phene signal. Specifically, we investigate the case where the
nanoantennas resonate in conjunction with the Stokes emission
(2D peak), as opposed to the more common approach of align-
ing the nanoantennas spectrally with the pump laser.

Eight arrays of nanoantennas of different lengths but fixed
width of w = 48 nm were used to investigate the enhance-
ment, as shown in Fig. 8. Comparing with Fig. 5, we note that
as the resonance of the nanoantennas approaches 760 nm
(wavelength of the 2D peak), a corresponding increase in
2D signal is observed. For nanoantennas ranging in length from
55 nm to 200 nm, the peak intensity ranges from 0.8 to 5.2, so
the maximum array enhancement factor is ~6.5 relative to
graphene without nanoantennas.

Four arrays of nanoantennas of different widths but of fixed
length were also investigated, as shown in Fig. 9. The length of
the nanoantennas was selected as one that showed significant
enhancement in Fig. 8, !/ = 100 nm. The largcst array en-
hancement factor of ~8.2 is produced by the array of nanoan-
tennas of width w = 43 nm. This observation agrees with
Fig. 6, as this array resonates closest to 760 nm. The increase
in the background signal is due to the high reflectivity of the
mertallic nanostrucrures, which was subtracted in calculations.

It is clear that the nanoantennas enhance the graphene
2D peak when they are spectrally aligned with the latter. The
nanoantennas of dimensions / = 85 nm and w = 43 nm
produced the largest array enhancement factor of ~8.2, as this
array resonates near 760 nm (graphene 2D peak). In compari-
son, the array enhancement factors observed in Ref. [6] for

No Nanoantenna

——— W=40 nm
Lo i W=43 nm 1
— =48 NN
W=58 nm

Intensity [Arb. units]

2500 2550 2600 2650 2700 2750 2800 2850 2900
Raman Shift (cm™)
Fig. 9. Raman scattering intensity from the 2D peak of graphene
covered by nanoantennas of different widths (indicated by the color
legend) but of fixed length (/ = 85 nm). It was observed that struc-
tures with 2 = 43 nm and / = 85 nm produced the highest Raman
scattering intensity.

similar structures were 2 to 3. The ability of our microscope
to measure the reflectance response of nanostructures in situ is
advantageous, as the measured responses can be used to select
suitable nanostructures for subsequent nonlinear (Raman)
experiments.

The enhancement factors deduced in Figs. 8 and 9 are for
arrays of nanoantennas. In the present case, each nanoantenna
is disposed in a pitch p = g = 500 nm. From the array en-
hancement factors, we seek to determine the enhancement
per nanoantenna, or equivalently, the scattering gain S¢ [6],
which is defined as the ratio of the effective scattering cross
section A to geometric cross section A,:

P
SG - Aeﬁ’ - ("TVL\ B I)AU (2)
Ag Ag

In the above, P; is the Raman power radiated by an arbitrary
sub-area of the nanoantenna array (e.g., the pump beam area, as
long as it is smaller than the array area), Py is the Raman power
radiated from an un-patterned region of the same area, A is the
area of a unit cell, and A, is the area of one nanoantenna. Thus,
Py /P, is the array enhancement factor, determined here di-
rectly in Figs. 8 and 9. Figure 10 plots the calculated scattering
gains achieved for the 2D peak of graphene for all of the nano-
antenna arrays considered in this work. The largest scattering
gain achieved is ~500, for the array comprising nanoantennas
of length / = 85 nm and width w = 43 nm. This scattering
gain is significantly higher than the one reported in Ref.
[6], which is ~160.

4. SUMMARY AND CONCLUSION

In conclusion, a novel microscope design was proposed and
implemented for studies in surface nonlinear optics. The mi-
croscope incorporates a pump laser, a tunable supercontinuum
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Scattering gain, S, of a single nanoantenna as calculated using Eq. (2) for (a) nanoantennas of different lengths but of width

w = 48 nm. The largest value of S; was found to be for nanoantennas of length 85 nm. (b) Similarly, when the nanoantenna width is varied,

the largest value of S¢; occurs for nanoantennas of width w = 43 nm.

source, a viewing port, a photoreceiver arm, and a spectroscopy
arm comprising a high-resolution spectrograph and intensified
CCD camera. All arms of the microscope were shown to work
effectively and efficiently. The constructed system is capable of
measuring reflectance responses and capturing nonlinear scat-
tered signals. The microscope was demonstrated by character-
izing nanoantenna arrays, and capruring Raman spectra from Si
and graphene. The G and 2D peaks for graphene were easily
resolved at 1594.9 cm™! and 2650.9 cm™!, respectively.

The microscope was then used to investigate nanostructures
consisting of arrays of rectangular Au nanoantennas of length /,
width w, and thickness #, on graphene on SiO, /Si. The anten-
nas were arranged over the surface in pitches p and g.
Fabrication was achieved using e-beam lithography, Au evapo-
ration, and lift-off on CVD-grown graphene.

Reflectance responses were obtained with the microscope for
nanoantennas of different geometries. It was observed that for a
constant width, as the length increases, the optical resonance
shifts towards a lcmgcr wavclength; a]tcmativcly, as the width
increases and the length remains constant, the resonance moves
toward shorter wavelengths (both trends in agreement with
theoretical expectations). It was concluded that Au nanoanten-
nas of dimensions r = 22 nm, / = 85 nm, and w = 43 nm
resonate closest to 760 nm, which is signiﬂcant because this
is the Stokes wavelength of the 2D Raman peak of graphene
for our pump wavelength of 632.8 nm.

Significant enhancement in Raman scattering intensities
from the graphene (2D peak) were observed with the micro-
scope as mediated by SPPs on the nanoantennas. The enhance-
ment is due to the Stokes emission overlapping spectrally with
Au nanoantennas. It was found that as the optical resonance of
the nanoantennas approached 760 nm, the Raman scattering
enhancement factor for the 2D signal increased markedly. The
array enhancement factor relative to bare graphene was ~8.2 in
the best case, corresponding to a scattering cross-section gain of
~500 per nanoantenna. These factors are significantly larger
than what has been reported to dare. Naturaﬂy this mulri-
arm microscope can also be used in a pump—probe arrangement

to examine the effect of exciting the nanoantennas at the Stokes
wavelength while recording the Raman spectrum at another
WaVClﬂnth.
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Plasmon-enhanced high-harmonic generation

from silicon

G. Vampa'?*, B. G. Ghamsari'?, S. Siadat Mousavi', T. J. Hammond’, A. Olivieri', E. Lisicka-Skrek’,
A. Yu Naumov?, D. M. Villeneuve?, A. Staudte?, P. Berini' and P. B. Corkum™3*

Plasmonic antennas can enhance the intensity of a nanojoule
laser pulse by localizing the electric field in their proximity'. It
has been proposed that the field can become strong enough
to convert the fundamental laser frequency into high-order
harmonics through an extremely nonlinear interaction with
gas atoms that occupy the nanoscopic volume surrounding
the antennas®™. However, the small number of gas atoms
that can occupy this volume limits the generation of high
harmonics®’. Here we use an array of monopole nano-antennas
to demonstrate plasmon-assisted high-harmonic generation
directly from the supporting crystalline silicon substrate. The
high density of the substrate compared with a gas allows
macroscopic buildup of harmonic emission. Despite the sparse
coverage of antennas on the surface, harmonic emission
is ten times brighter than without antennas. Imaging the
high-harmonic radiation will allow nanometre and attosecond
measurement of the plasmonic field® thereby enabling more
sensitive plasmon sensors’ while opening a new path to
extreme-ultraviolet-frequency combs™.

Traditional high-harmonic generation occurs in rare-gas
atoms'"'"?. Therefore, early experiments with plasmonic antennas®
or funnels’ assumed that high harmonics were generated through
local field enhancement in the gas surrounding the nanostructures.
However, considerable enhancement is also achieved below and
around the antennas, in the material that supports them, as
demonstrated in Supplementary Fig. 1.

In recent years, high harmonics have also been generated with-
out nanostructures directly from the bulk of a ZnO crystal”, and
subsequently from various other materials'*'°—in some cases with
peak intensities as low as 10''-10"> W cm >, These intensities are
two to three orders of magnitude lower than those required in the
gas phase. Not only is the threshold intensity to drive this nonlin-
ear optical process lower than in gases, but the density of solids
is ~1,000 times greater. Hence, generating plasmon-assisted high
harmonics within a crystalline substrate should overcome the limit
of previous experiments (that is, the need to increase the number of
emitters), and improve the longevity of the nanostructures to high-
power irradiation (the longevity depends on their structural qual-
ity). These advantages have been exploited in a recent experiment
conducted on Au-coated sapphire nano-cones'’, where the surface
plasmon is adiabatically excited—rather than resonantly excited as
in this letter.

Figure la shows a sketch of the experimental setup (see also
Supplementary Information). We focus infrared femtosecond laser
pulses with a central wavelength of 2.1 um onto an array of Au
monopolar nano-antennas fabricated on a thin film of single-
crystal Si (500 nm thick) grown on an Al,O; single-crystal substrate

(0.5 mm thick). Figure 1b shows a high-resolution scanning electron
micrograph of the structures (design and fabrication details are
reported in the Supplementary Information). Two designs are
implemented, with the antennas parallel to either the [110] or the
[100] orientation of the Si crystal (therefore, rotated by 45°).

Figure 2a shows the high-harmonic spectrum produced by ant-
ennas in the configuration parallel to the [110] Si lattice. The emis-
sion extends from the 5th to the 9th harmonic for an incident inten-
sity (in vacuum) of 3 x 10" W em ™. The 11th harmonic, at 190 nm,
lies beyond the detectable spectral range of our experimental setup.
When the laser polarization is parallel to the antennas (red line), the
high-harmonic emission is 5 to 10 times stronger than for polariza-
tion orthogonal to the antennas (green line), a configuration that
does not lead to field enhancement (see Supplementary Fig. 1). In
fact, in the latter case, the high-harmonic power spectrum is almost
identical to that emitted from an area without any nano-antennas
(black line). Parallel and perpendicular polarizations correspond
to equivalent crystal directions; therefore, harmonic emission from
bulk silicon is unchanged. Despite the small area covered by the an-
tennas (8%), and the small volume over which the field is enhanced,
emission from the array is stronger than the emission from the bulk,
thatis, off the array (black line). We estimate that the high-harmonic
emission is confined to regions of ~20 x 20nm® on either side of
each antenna, and that the high-harmonic emission density in these
regions is increased by ~3 % 10°-3 x 10" times with respect to the
bulk (see Supplementary Information).

In Fig. 2b we show the intensity dependence of the harmonic
radiation yield. Emission from antennas whose axis is parallel to
the [100] direction (coloured diamonds in Fig. 2b) is weaker than
for those aligned parallel to the [110] direction (coloured circles in
Fig. 2b), as similarly measured for the bulk'® (compare grey circles
with grey diamonds in Fig. 2b). Harmonic emission from Au would
be irrespective of the orientation of the substrate. Further proof
that the emission occurs from Si rather than Au is reported in
Supplementary Fig. 3, which shows an image of the 5th harmonic
generated from Si (bright areas) and not from micrometre-sized thin
Au electrodes (black areas).

For antennas parallel to the [110] direction, all harmonics from
the bulk scale approximately as I’*, where [ is the incident laser
intensity, whereas perturbative nonlinear optics predicts I", where
n is the harmonic order™. A slightly slower scaling, also non-
perturbative, has been measured from bulk ZnO (ref. 13). All har-
monic orders emitted from the array (coloured lines) show the same
intensity dependence, scaling approximately with I°. This suggests
that they are also generated non-perturbatively. The different scaling
can arise from saturation of ionization above a threshold intensity
(as found for ZnQO; ref. 13): because of enhancement, emission from

1Um’versny of Ottawa, Ottawa, Ontario KIN 6N5, Canada. 2PULSE Institute, SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA.
3National Research Council of Canada, Ottawa, Ontario K1A OR6, Canada. *e-mail: gvampa@stanford.edu; pcorkum@uottawa.ca
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Figure 1| Experimental setup. a, Laser pulses with a duration of 100 fs and with a centre wavelength of 2.1um are focused with a CaF; lens on an array of
Au monopolar nano-antennas. The antennas are fabricated on a 500-nm-thick single-crystal Si film grown over a 500 pm sapphire substrate (M-plane
cut). A combination of a half-wave plate (HWP) and a quarter-wave plate (QWP) compensates for the birefringence of the sapphire substrate to achieve
horizontal linear polarization inside the Si film. b, High-resolution scanning electron micrograph of an Au nano-antenna array. The antenna major axis is
aligned along the [110] direction of the Si crystal, which yields the strongest high-harmonic emission from bulk Si. The length, width and height of the
monopoles determine the resonant wavelength to 2.1 um, the fundamental laser wavelength (see Supplementary Information for details about the design).
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Figure 2 | Non-perturbative high-harmonic spectrum. a, High-harmonic spectrum extending up to the 9th harmonic (233 nm), when antennas aligned
along the [110] direction are illuminated with a polarization parallel (red line) and perpendicular (green line) to the major axis of the antennas. The black
line is the emission from bulk Si, when the sample is illuminated on the unpatterned material beside the array. The detection limit of our spectrometer
extends to 200 nm, which is not enough to measure the 11th harmonic (at 190 nm). The vacuum intensity of the infrared driver is 3 x 10" Wem™2.b, The
peak harmonic signal from an array of antennas with their axis parallel to the [110] direction of the Si crystal (coloured circles) and from the bulk (grey
circles), for polarization parallel to the axis of the antennas, is plotted as a function of the intensity of the infrared laser. The On/Off contrast decreases with
increasing laser intensity (blue arrow pointing up-right), and remains close to unity for decreasing laser intensity (blue arrow pointing down-left). The
scaling of bulk harmonics is reversible (not shown). When the axis of the antennas is parallel to the [100] direction instead, harmonic emission is weaker
(open diamonds with coloured edges). Bulk emission from the [100] direction (open diamonds with grey edges) is also similarly weaker than from [110],
suggesting that harmonics are emitted from Si rather than from Au. All harmonics scale non-perturbatively. The dashed black line, which scales with I°, is a
guide to the eye.

the array corresponds to a higher intensity inside Si, which results
in slower scaling. Alternatively, it may also arise from progressive
damage to the antennas, as explained below.

The contrast between ‘on’ and ‘off the array’ steadily decreases
with increasing laser intensity, approaching unity at the highest
intensity, and then remains close to one for decreasing laser int-
ensity. We interpret this irreversible behaviour as being due to

660

progressive damage, but it is unclear whether it occurs to the Si or
to the antennas (the antennas do not seem to be obviously altered,
see Supplementary Fig. 6). Harmonics from unpatterned Si behave
reversibly. In higher-bandgap materials, the intensity required for
high-harmonic generation increases, and extensive damage to the
antennas is expected'””. However, generating harmonics from the
substrate, rather than from gas atoms placed near the antennas,
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Figure 3 | Imaging high-harmonic emission. Image with the 5th harmonic of a corner of an illuminated array. a, The harmonic is emitted only for the
portion of the beam that overlaps with the array and for polarization parallel to the antennas’ major axis—a proof of field enhancement. b, The emission
disappears for polarization perpendicular to the antennas’ major axis. At this intensity, no harmonic emission is observed from the bulk. The contour of the

array is marked by the white dotted line.

offers opportunities to overcome the damage limit by encapsulating
the antennas in a transparent dielectric medium, such as SiO, or
MgF,. Alternatively, the antennas can be buried in the Si film or fab-
ricated with materials more resilient than Au, such as TiN (ref. 21).

The diffraction of the high-harmonic beam carries information
about the spatial distribution of nanoscopic emission regions. The
simulations predict an inhomogeneous field enhancement, which is
strong at the ends of the antennas and all along the edges (see Sup-
plementary Fig. 1). Although these tiny features cannot be imaged
with the infrared beam (unless electrons™ or near-field probes™ are
used), they should be distinguishable with a short-wavelength high-
harmonic beam, whose diffraction limit of A;;;,/2 approaches 100 nm
(A is the wavelength of a high harmonic order). Figure 3 shows
a corner of the array imaged with a magnification of 160 taken
using a lens with NA = 0.75 and the 5th harmonic (1=420nm),
for polarization of the driving field parallel (Fig. 3a) and perpen-
dicular (Fig. 3b) to the axis of the antennas. The emission is clearly
brighter over the array for parallel polarization—another indication
of enhancement. The blurring of the sharp edge of the array can
be used to estimate a resolution of ~1.6 um (4.6 times larger than
the expected diffraction limit, defined by the Rayleigh criterion
r =10.611/NA). This resolution is not sufficient to resolve individual
nano-antennas. A larger-numerical-aperture lens should allow indi-
vidual regions of field enhancement to be imaged. Lens-less imaging
can also be used to exceed the diffraction limit***.

Our results have a number of important implications. First, bec-
ause high-harmonic emission lasts only a fraction of the optical
cycle, imaging the high harmonics can map the sub-cycle dynamics
of the collective electronic motion, which influence the tempcural’|
and spatial properties™ of the local plasmonic field. For example, if
the antennas are resonant with a ‘probing field” that excites plasma
oscillations, then the resulting local field will perturb the high-
harmonic generation process driven by a non-resonant driver. The
perturbation will alter the spatial”” or spectral®*’ properties of the
harmonic beam. By measuring the beam, we will be able to track
the spatial evolution of the local field with attosecond temporal
resolution.

Second, the interference between near field and bulk harmonics
will contain a wealth of information about the fields in the antennas.
For example, as the laser wavelength is scanned across the plasmonic
resonance, the amplitude and phase of the near field will be modified
relative to the bulk—which is largely unaffected by the frequency
sweep. Each harmonic created in the array will inherit the phase shift
of the plasmonic field, multiplied by the harmonic order. Thus, this

NATURE PHYSICS | VOL13 | JULY 2017 | www.nature.com/naturephysics

homodyne detection scheme offers a highly sensitive method for
studying plasmon responses that differs from previously proposed
methods™, where an electron microscope images electrons that are
simultaneously photoionized by attosecond pulses and accelerated
in the local field of an infrared pulse. Coherent detection of high
harmonics will enable a new generation of plasmon sensors of un-
precedented sensitivity, in which small phase shifts of the resonance
herald tiny variations in the environment surrounding the antennas.

Third, an inhomogeneous field will accelerate electron-hole
pairs differently throughout the volume and even between succes-
sive laser half-cycles, since the electrons and holes follow oppositely
directed paths. If the variation in the field is sufficient across the
path length of the electron and the hole, the inversion symmetry
is broken, allowing even harmonics™ to be produced. In fact, high
harmonics can be thought of as a quantum sensor for weak fields
or for field inhomogeneity. We do not observe emission of even
harmonics. As discussed in the Supplementary Information, the
opposite field gradients at the two ends of each antenna average the
even harmonic signal in the far field to zero, and the asymmetry
on either side of the antennas is predicted to be too small to yield
appreciable even harmonic emission. The spatial average would
be removed by imaging single nano-antennas with a sufficiently
high NA lens, or by designing asymmetric antennas. In addition,
the effect of the anisotropic field will be enhanced with a longer
wavelength driver. We predict that at 3.7 um the even harmonic
signal from the dominant short-trajectory electron-hole pairs will
reach ~3% of the nearest odd harmonic.

To conclude, we have observed non-perturbative harmonic
generation from crystalline bulk Si assisted by plasmonic field
enhancement from an array of monopole nano-antennas. Using
solids overcomes the difficulty of generating macroscopic emission
with low-density gas—a scheme that was tried in previous
experiments”*. Harmonic emission is sensitive to the orientation
of the incident linear laser polarization with respect to the major
axis of the antennas. This effect can be exploited to engineer the
polarization of the harmonic beam in the near field. For example,
circularly polarized harmonics could be obtained by illuminating
with a circularly polarized driver two overlapping arrays of
antennas, with their major axis perpendicular to one another. Each
antenna array will couple to the component of the electric field
that aligns with the antenna’s major axis, therefore with a quarter-
cycle delay between the two arrays. This delay is inherited by the
harmonics (multiplied by their order). Overlapping the emission
from the two arrays will result in circularly polarized odd-order
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harmonics. Complicated geometries, such as metasurfaces’, will
allow even more precise control of many properties of high-
harmonic beams, such as amplitude and orbital angular momentum.
Looking forward, light can be confined to volumes smaller than
a few cubic nanometres™. In this regime, the atomic arrangement of
the atoms of the antenna becomes relevant. Such tight confinement
provides an opportunity to control strong-field excitation at the level
of a single unit cell. This will be a valuable tool to address several
conceptual issues in high-harmonic generation from solids, such as
the role played by the relative diffusion of the electron and the hole,
the plausibility of collisions between neighbouring electrons and
holes, and the effect of boundaries and impurities on propagating
electron-hole pairs. Combining solid-state technology with strong-
field physics, high-harmonic generation can be engineered at will.

Methods

Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods

Fabrication of the antennas. Several square monopole arrays were fabricated by
electron-beam lithography, metal evaporation and lift-off on the (001) surface

of a 500-nm-thick single-crystal silicon film (http://www.mtixtl.com/
sossilicononsapphire-2.aspx). The silicon was grown on an R-plane 500-nm-thick
sapphire substrate. The Si/sapphire substrate was first annealed at a temperature of
200°C in ambient conditions for two hours. Immediately after cool down, two
layers of polymethyl methacrylate (PMMA), each with a thickness of 40 nm, were
spun on the substrate to produce a re-entrant electron-beam resist bi-layer. PMMA
495 A2 and 950 A2 were used for the first and second layer, respectively. Both
layers were baked at 180 °C for one hour and cooled to room temperature before
any further processing. The nano-antennas were patterned by electron-beam
lithography at 30 keV followed by a one-hour bake at 95°C. The samples were
developed in MIBK/IPA 1:3 at 20 °C. A 2-A-thick chromium adhesion layer was
deposited directly on the substrate followed by evaporation of 200 A of gold, both
using electron-beam evaporation. The metal lift-off took place in an acetone bath
at 40 °C, which was sonicated at 30 kHz for approximately one minute. Figure 1
shows a scanning electron micrograph of a nano-antenna array.

Generation and detection of high harmonics. An optical parametric amplifier
(Light Conversion OPA TOPAS-Prime) is pumped with a titanium sapphire
femtosecond regenerative amplifier (Coherent Legend Elite Cryo) and delivers
infrared laser pulses of 100 fs duration with a central wavelength of 2.1 um at
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10 kHz repetition rate. The beam is spatially filtered with a diamond pinhole of
150 pm diameter and refocused into the silicon sample with a magnification of 2/3.
The beam waist on the sample is comparable to the size of a nano-antenna array
(100 um). The average power of the laser system is significantly attenuated from

P =150 mW to the required values of <1 mW (<100 nJ per pulse) by a
combination of a spatial filter and a small aperture placed before the filter. Control
over the power is achieved by slightly varying the aperture size. The waist on the
sample is unaffected since it is a fixed fraction of the pinhole size.

Harmonics with photon energies above the direct bandgap of Si (at 3.4 eV) are
strongly absorbed. Because the region of field enhancement extends only a few
nanometres below the Si surface, to detect these harmonics the Si film must face
the detector. The projection of the sapphire ¢ axis on the surface aligns to the
(100) direction of the Si crystal, and therefore shows birefringence for the desired
output polarization parallel to the (110) direction. We used a combination of a
half-wave and a quarter-wave plate to ensure that the polarization exiting the
sapphire substrate and entering the Si film is linear and aligned along the
(110) direction.

The harmonics are detected by focusing them through the slit of a
visible-ultraviolet spectrometer from Ocean Optics (model USB2000+-).

Data availability. The data that support the plots within this paper and
other findings of this study are available from the corresponding author on
reasonable request.
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