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Abstract

Graphene plasmons have recently been proposed as an alternative to noble-metal
plasmons in the field of photonics, due to its extremely tight light confinement, rel-
atively long-lived collective oscillation, and high tunability via electrostatic gating.
Successful support and tuning of graphene plasmonic modes rely on controllable dop-
ing of graphene to high carrier densities in nanometer-scale structures. In this thesis,
an experimental approach to generating nanoscale spatial carrier density modulation
of graphene using electrolyte gates and crosslinked-PMMA screen is proposed and
investigated. The increased optical absorption in the infrared region due to plas-
mon resonances induced by the proposed scheme is numerically studied. We then
present the fabrication technique of the proposed scheme for various nanostructure
geometries. Finally, we provide an outlook of future studies of graphene plasmon-
ics, including plasmon excitation with solid-state cavity quantum electrodynamics

(QED).
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Chapter 1

Introduction

Ever since its discovery, graphene has received tremendous attention from the con-
densed matter physics and engineering community, both for its value in exploring
fundamental physics such as properties of its massless Dirac fermions and quan-
tum Hall effect [46, 66], and for its prospects in a variety of applications includ-
ing light-harvesting in energy applications [41], transparent electrodes in electronic
applications [58], photodetection and modulation in optical communication applica-
tions [23, 22, molecular detection in sensing applications[49], to name just a few. All
these come from its exceptional electrical, optical, mechanical, and thermal proper-
ties.

In optics, graphene has been recognized as a promising candidate for optoelec-
tronic and photonic applications [6] due to its strong light-matter interaction, high
optical nonlinearity, and the tunability of its Fermi level by electrical gating or chem-
ical doping. Recently, graphene plasmonics emerged as a subfield of traditional plas-
monics that addresses collective charge oscillations in metallic surfaces. Compared to
noble metals, plasmons in graphene have the additional benefits of longer collective
oscillation lifetimes and electrical tunability [25]. In addition, its plasmonic reso-
nances reside in the infrared to terahertz frequency range (typically from 10 to 4000
cm™}), which is finding a wide variety of applications such as imaging, spectroscopy,
medical sciences, communications, and information processing.

This thesis is concerned with the infrared plasmonics in graphene, in particu-
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lar in graphene nanostructures. Simulations and theoretical predictions of localized
plasmons in graphene nanostructures of different geometries are presented with an
implication of their strongly enhanced optical absorption. The simulations then guide
the experimental approach to realize infrared plasmonics in graphene nanostructures.
A novel geometry of creating nanoscale carrier density modulation in graphene is
proposed. Such technique can be applied to a variety of device designs of graphene
and even other 2D materials, showing great prospects for numerous electronic and
optoelectronic applications.

In Chapter 1, we first provide a quick overview of graphene’s properties, with a
focus on graphene’s absorption characteristics and its optical conductivity. We then
start introducing graphene surface-plasmon-polaritons (SPP), the topic of this thesis.
We provide a theoretical background on the calculation of graphene’s plasmonic mode
dispersion, together with experimental approaches for its characterization.

In Chapter 2, we deal with localized plasmons in graphene nanostructures. Sim-
ulations and theoretical calculations of plasmonic modes in graphene nanostructures
and their periodic arrays are investigated, with an implication of their application in
enhancing the optical absorption of graphene films.

In Chapter 3, we discuss the experimental approach to realize the graphene nanos-
tructures demonstrated in Chapter 2. A novel geometry is proposed and proof-of-
principle testings of the geometry are conducted. Finally fabrication procedures for
this technique is illustrated and various devices realized with this technique are pre-
sented.

In the last Chapter, we give an outlook for future studies that will be pursued

following this thesis.

1.1 Overview of graphene properties

Graphene has a 2D honeycomb lattice structure with one atom thin thickness. The
typical value for the thickness used in the literature in the calculation of optical

properties is dy >~ 3.3 A[28]. In the reciprocal momentum space, the lattice structure
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is honeycomb as well, as shown in Fig. 1-1. The band structure near the lattice
symmetry points K and K’ are linear in all directions with the same slope, forming a

conical shape which is called Dirac cone:
E.(k) = tvp|k| (1.1)

where k is the Bloch momentum, vy ~ 10 m/s is the Fermi velocity, and the plus

and minus signs denote the electron band and the hole band, respectively.

Figure 1-1: Graphene’s lattice structure in momentum-space and graphene’s elec-
tronic band structure (Dirac cones) at K and K’ points. From [1].

Because of this unique band structure, graphene has a semi-metal nature (since
there is no energy gap) and its optical conductivity is frequency-independent in a
broad range of photon energies, meaning that the absorption remains a constant
(mra = 2.3% [40]) in a broad frequency range. At low photon energy levels (infrared
and terahertz), the optical conductivity (and absorption) depends on the Fermi level
Er (also called the chemical potential ) of graphene. These absorption characteris-

tics are illustrated in Figure 1-2.

The optical conductivity of graphene has been theoretically derived from the Kubo
formula within Random Phase Approximation (RPA) [3, 17]. Below we provide a
summary of the result. The optical conductivity o of graphene can be expressed in a

form consisting of intraband and interband contributions:

’ .7 y
0 = Ointra T Tinter T 1 intra (IZJ

1%
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Figure 1-2: Characteristics of optical absorption in graphene. (a) A typical absorp-
tion spectrum of graphene. (b) Illustration of various optical transition processes.

From [39].

The intraband contribution dominates in the infrared and terahertz range when the

graphene is doped and p > hw/2:

5
e
Tintie = —=————~ 1.3
intra Trhz(w + inl) ( )
where 7, is the carrier relaxation time for intraband transitions, e is the elementary
charge, h is the reduced Plank constant and w is the light frequency. This is the

frequency range where graphene’s surface-plasmon-polariton (SPP) is supported.

For slightly doped graphene (u < fiw/2), the interband transition dominates for

a wide bandwidth from visible to near-infrared:

e 1 hw—2u 1 hw + 2p
nger = E(l + ; arctan ﬁT—{l = ; arctan '_h'Tz_l ) (1'4)
2 2 2_-2
o Ly e T2+ (1.5)

inter — " 4% O . (hw —2u)? + hzrjz
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where 7 is the carrier relaxation time for interband transitions.

At zero temperature, the total optical conductivity can be written as [17]

0 = Ointra + Tinter

e’y e i . (hw+2p)?
= 71-7120_) + Zﬁ[e(hw - 2/14) - "2—;; In ——————(hw — 2”)2] (16)

ie? 4p 1, (hw+2p)? hiw
AN g ol A S o Y 213 | il |
T e 3 = 2p (g, )

Both interband and intraband transitions depends on the Fermi level (chemical
potential) of graphene, which in turn is related to its carrier density n by p = hvp/mn
[36]. Therefore, the optical conductivity of graphene can be altered with the carrier
density. Because of graphene’s 2D nature, its carrier density can be changed by
electrical gating or chemical doping method. Hence the tunability of graphene’s
optical conductivity opens an avenue for utilizing graphene as a medium in various

photonic and optoelectronic fields.

1.2 Graphene surface-plasmon-polaritons (SPP)

Traditional plasmonics emerged from plasmons confined to the surface of metals, as
the prerequisite for plasmonic oscillation is that e.e,(w) < 0, which requires the elec-
tric permittivity of the material to be negative. This condition is normally satisfied
in noble metals such as silver and gold. As a semi-metal, graphene’s electric permit-
tivity can also fall in this regime in the infrared and terahertz region. As localized
plasmons typically have wavelengths much smaller than wavelength of light in air
at the same frequency, they provide a confinement of light that enables control of
optical field down to the nanometer scale. It is this light concentration that offers
plasmonics its greatest promise in photonics. Although progress utilizing this light
confinement such as surface-enhanced Raman spectroscopy [43], interface with quan-
tum emitters [7], and enhanced absorption in photodetectors [63] has been made, a
search for better plasmonic materials with greater confinement and better control of

the electromagnetic field and lower losses is still underway [59]. Graphene, with its
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extremely high carrier mobility and tunable Fermi level, has emerged as a promising
new plasmonic material. Its extreme light confinement (a Purcell enhancement of
108 — 107 [34]), tunability of its plasmonic modes, and the resonance wavelengths in
the infrared and terahertz region guarantee an expansion of the existing plasmonic
technologies to infrared and terahertz wavelengths and improvements of performance

compared to existing materials.

1.2.1 Graphene plasmonic mode dispersion

To understand graphene’s great potential in the field of plasmonics, it is important to
look at graphene’s plasmonic mode dispersion. Here we follow the derivation in [39]
to provide a summary of the derivation of graphene’s plasmonic dispersion.

By solving Maxwell’s equation with appropriate boundary conditions, graphene’s

SPP mode dispersion can be written as

12we€g
N e

q=~ ) (1.7)

In the long wavelength (¢ < kr) and high doping (Aiw < FEp) limit, graphene’s
optical conductivity is dominated by intraband contribution from the Drude model.

Inserting Equation 1.2 into the above equation leads to

€ W ]
q(w) = 55;;]00(1 + a‘) (1.8)

e?’Erq
=\ 1.9
“pl 21h2ec€q (1.9)

We note that this plasmon dispersion relation has a square root dependence, which

Setting 7. = 0 gives us

is expected for all 2D systems [54].

When photon energy increases or the Fermi level of graphene decreases, the long
wavelength and high doping limit breaks down. In this regime, the plasmon disper-
sion can be calculated by considering zeros of graphene’s electric permittivity within

Random Phase Approximation (RPA). The mathematical details for this calculation
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can be found in [30, 60]. The full calculated graphene plasmon dispersion is shown

in Figure 1-3(a). We note that at low photon energies, the plasmon dispersion in the

3.0

a b 4
( )u Graphene ( )u 3.5 Graphene |
w257 -1 W 30! .
w e w -
P~ 2.0 ool 2 2.5- .
e Interband =
8 154 s 8 2.04 interband.
P ® 1.5l
S 1.0 ¥ 5 & et
8 os g AT
o] i 0.51 % Intraband
w Intraband u wet
0.0 r . 0.0 - T
0 1 2 3 0 1 2
Wave vector g/k_ Wave vector g/k_

Figure 1-3: (a) Plasmon dispersion of graphene calculated within Random Phase
Approximation. Black dash line indicates plasmon dispersion in the long wavelength
and high doping limit. Gray shades indicate regions where Landau damping from
electron-hole pair excitations becomes prominent. From [30]. (b) Plasmon disper-
sion of graphene measured using Electron Energy Loss Spectroscopy (EELS) with
graphene on SiC. From [38].

long wavelength and high doping limit (black dash line) is in good agreement with the
full theoretical calculation. The gray shaded areas denote Landau damping regions
where plasmons become severely damped with intraband and interband electron-hole
pair excitations and can no longer be sustained.

Figure 1-3(b) shows the plasmon dispersion of graphene experimentally measured
with the Electron Energy Loss (EELS) technique, where a graphene sample on SiC
substrate is exposed to an electron beam and the energy loss of the reflected and

transmitted beam is measured and analyzed to infer the plasmon dispersion [39].
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Chapter 2

Enhanced optical absorption with
confined graphene plasmons in

nanostructures

So far our discussion has been focused on surface plasmons in extended graphene
sheets; however, inducing graphene plasmons in nanometer-sized structures yields ad-
ditional benefits such as extreme optical field confinement, enhanced light-graphene
interaction, and an additional degree of freedom for plasmonic resonance tuning by en-
gineering the size and shape of nanostructures. In this thesis, we are mainly concerned
with localized infrared graphene plasmons generated in nanodisks. In particular, we
will consider enhanced light absorption as a manifestation of graphene plasmons, as
it plays an important role in various applications such as graphene photodetection
and nonlinear optics.

How light interacts with particles whose size is much smaller than the light wave-
length has long been studied [42]. Such a problem can be solved by applying Maxwell’s
equations with the same bulk material dielectric properties, but with modified bound-
ary conditions arising from reduced size of the nanoparticles. When certain condi-
tions are met, discontinuities in electric permittivity give rise to localized plasmon
oscillations confined to the surface of the conductors [37]. Similarly, graphene rib-

bons [44], disks [56] and their periodic arrays [45, 55] can also support localized plas-
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monic modes, and initial evidences of such plasmonic modes have been experimentally
observed in a number of patterned graphene micro/nanostructures (18, 33, 61, 62].
Figure 2-1 shows two examples of experimental observation of graphene plasmons in

(a)

Er=06eaV Disk diameter (nm)

=
o
1
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o

0.0+— ;
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Figure 2-1: Experimental observation of graphene surface plasmons in patterned
graphene micro/nanostructures. (a) Schematic diagram of patterned graphene nan-
odisk arrays on top of an ITO-coated silica substrate. (b) Experimental and the-
oretical extinction spectra for fixed doping of graphene nanodisks (Er = 0.61 eV)
and varying disk diameter (50 - 190 nm). The extinction is given in difference per-
centage between regions with and without graphene. (c) AFM images of patterned
graphene microribbons with varying width (1 - 4 um). (d) Change of transmission
spectra with different graphene microribbon widths for the same doping concentra-
tion of 1.5 x 103¥em™2. All spectra were normalized by their respective peak values
for convenience of comparison. (a)(b) from [18]; (c¢)(d) from [33].

patterned graphene micro/nanostructures, and how plasmonic resonances shift with
varying structure dimensions. Figure. 2-1(a)(b) shows plasmonic resonances observed
in patterned graphene nanodisk arrays; Figure. 2-1(c)(d) shows plasmonic resonances
observed in patterned graphene microribbons. Both structures have been tested with
far-field infrared/terahertz transmission/absorption spectroscopy measurements.

Compared to nanoribbons, nanodisks have the benefits of providing plasmon con-
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finements in all directions, enabling plasmonic resonances at a higher photon energies
compared to nanoribbons and giving rise to narrower resonances [34]. In this chapter,
we provide the theoretical framework and numerical simulations for understanding
localized plasmons in graphene nanodisks, nanodisk/nanohole arrays, and nanoscale
conductivity modulation structures. First, graphene nanodisks and their plasmonic
modes are introduced, including their extreme light confinement ability and its im-
plication in light-graphene interaction. After that we consider plasmonic modes in
periodic graphene nanostructures and its manifestation in increased optical absorp-
tion of graphene films with nanostructures. Different geometries (nanodisk, nanohole,
nanoscale conductivity modulation arrays) are demonstrated, and the effects of vary-
ing parameters such as nanostructure dimensions and Fermi level are investigated and

discussed.

2.1 Plasmons in graphene nanodisks

Graphene nanodisks are nanostructured graphene sheets with a specific radius, typi-
cally on the order of tens of nanometers. It has been predicted that such nanodisks
support confined, long-lived plasmons, which produce sharp IR resonances [34].
Figure 2-2 shows an example of the extinction cross section spectrum of a graphene
nanodisk simulated using boundary-element method (BEM) [48], with an open-source
software package SCUFF-EM [2]. The permittivity of graphene used in the simulation
is obtained using local random phase approximation (local-RPA) with the analytical
expressions summarized in Section 1.1. The characteristic parameters of graphene,
including Fermi level and carrier mobility, are specified. In this case, the Fermi
level of the graphene disk is Er = 0.5 eV, and the carrier mobility is © = 10000
cm?/Vs. The radius of the disk is 7 = 50 nm. The incident light is a plane wave
in the direction perpendicular to the plane of the disk, and is linearly polarized
in the direction parallel to the disk. The extinction cross section spectrum is well
described by a Lorentzian line shape, with a prominent resonance when the incident

free space light has a wavelength of roughly 7 um. The resonance corresponds to
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Figure 2-2: Extinction cross section of a doped graphene nanodisk normalized to
the geometrical area of the disk, showing a prominent resonance characteristic of a
dipolar plasmon excited in the nanodisk. Parameters used in the simulation: disk
radius r = 50 nm, Fermi level Fr = 0.5 eV, and mobility g = 10000 cm?/Vs.

a localized plasmonic mode of the disk, at which the extinction cross section can
exceed 4 times the geometrical area of the disk itself, interestingly. At higher Fermi
levels, the extinction cross section can exceed the physical area by over an order of

magnitude [55], which is comparable to atoms when the incoming field is at resonance.

In general, the optical response of graphene nanostructures can be described by

the polarizability [31, 18]

G
o e 3
Q(UJ) =D 2K _ dmegiwD (2.1)
1€ ow)

where w is the frequency of the incident light, €; and €, are the electric permittivities
of the dielectrics defining the interface where the nanostructure is sitting, and o is
the optical conductivity of graphene. D is a parameter that is dependent on the
dimension of the nanostructure; in the case of a nanodisk, it represents the diameter
of the disk. The constants (¢ and K are independent of the frequency of the incident
light, the dielectric environment, and the structure dimension, but are characteristic
of the symmetry of the excited plasmon. For the lowest-order dipolar disk plasmon,

G = 0.65 and K = 12.5 [18]. With the polarizability of a graphene nanodisk a(w),
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the extinction cross section can then be calculated using e = (4mw/c)Im{a(w)}!.
Figure 2-3 shows the scattered electric field intensity around the graphene nan-
odisk corresponding to the plasmonic mode at 7 pwm illustrated in Figure 2-2, normal-

ized to the field intensity without graphene. From the side view of the disk(Figure 2-
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Figure 2-3: Scattered electric field intensity around a graphene nanodisk correspond-
ing to a graphene plasmonic disk mode at 7 pm, normalized to the field intensity
without any graphene. Light is incident perpendicular to the disk plane (xy-plane),
linearly polarized parallel to the disk. (a) View from the top. (b) View from the side.
Parameters used in the simulation: disk radius r = 50 nm, Fermi level Er = 0.5 €V,
and mobility ¢ = 10000 cm?/Vs.

2(b)), it can be seen that the field is strongly confined to the surface of the disk,
and its intensity can be enhanced by as high as four orders of magnitude on the edge
of the disk. This extreme light confinement and enhancement is essential to many
applications that require strong interaction between light and materials. Below, we
illustrate an implication of this strong field enhancement in the context of nonlinear
optics.

An intuitive picture of nonlinearities associated with electrons(atoms) in materials
is that the electric field induced by an incident light in the material is strong enough
to alter the intrinsic electric field maintained by the electrons(atoms) of the material,
such that the original material properties are modified. Therefore we can gain some
insight from calculating the existing electric field amplitude of graphene and compare

it with the electric field amplitude when a plasmonic mode is excited inside a graphene

IExtinction cross section is the sum of absorption cross section and scattering cross section:
Text = Tabs 1 Oscat-
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nanodisk [31].
Typically, graphene is doped to a carrier density of n = 102 cm™2 — 10'3 cm ™2,
which correspond to a distance between electrons(or holes) of r, = 1/y/n7m ~ 5 nm.

Hence, the intrinsic electric field is roughly (31]

e
E,=— ~2x 10" V/m. 2.2
€ 4me €or? X /m (22)

We have simulated the electric field amplitude induced by a plasmonic mode inside a
graphene nanodisk, as shown in Figure 2-3. At a field intensity enhancement of about
104, the field amplitude is enhanced by a factor of about 102. As the incident electric
field amplitude is 1 x 10 V/m, the induced electric field by the graphene plasmonic
disk mode can reach a field amplitude up to about 10® V/m, which is about the same
order of magnitude as the intrinsic electric field in graphene. At this field strength,
an external field can no longer drive a self-sustained charge density oscillation; in
other words, if there exists a single plasmon quantum in a graphene nanodisk, no
plasmons can be further excited in the same disk. This is the plasmon blockade
effect; it plays an important role in applications such as all-optical switches in optical
communications. A rigorous derivation of the multi-plasmon damping rates can be

found in [31].

2.2 Enhanced optical absorption with periodic nanos-

tructures in graphene

Optical absorption is essential for various promising prospects of graphene optical
applications, including light harvesting, optical detection, spectral photometry and
optical modulation. Although absorption of suspended graphene in air, 2.3%, is ex-
ceptional for a single atomic layer of material, its absolute absorption is relatively
small. Recent effort has been seen on pursuing a way of increasing the optical
absorption of graphene, including integrating graphene with optical waveguides on

chip (23], photonic-crystal-cavity resonators [22], and metal plasmonic antenna struc-
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tures [35, 19]. Due to graphene plasmon’s extreme light confinement and field en-
hancement ability, graphene plasmonic nanostructure has also been proposed as a
candidate for boosting optical absorption in graphene, and it has indeed been pre-
dicted that complete optical absorption can be achieved in periodic arrays of graphene
nanoresonators, under the condition that the absorption cross section of each nanores-

onator is comparable to the area of a unit cell in the array [55, 24].

Progress towards experimental implementations of this concept has been made [18,
20, 32|, making use of nanodisk and nanoribbon geometries. However, optical ab-
sorption of only ~ 30% has been reported so far. Two main reasons underlie the
experimental failure of attempts to realize the theoretically predicted perfect absorp-
tion: (1) In simulations, the doping level of graphene sheets can be trivially specified
by assigning them the corresponding optical conductivity and electrical permittivity.
However, it is experimentally tricky to dope graphene to an arbitrarily high Fermi
level (a Fermi level of ~ 0.5 €V is typically attainable with a dielectric (SiO2, HfO,)
gate [62], ~ 1 eV is attainable with an electrolyte gate [16]), and nanodisk/nanoribbon
geometries provide further difficulties for effective doping, as an additional structure
(such as ITO) must be included to provide the same electrical ground potential for
the numerous disks. (2) While the use of nanostructures provide a convenient way of
accessing the plasmonic excitations, edge scatterings that are not considered in sim-
ulations result in higher damping rates of the plasmonic modes, reducing the optical

absorption of the patterned graphene sheets.

To deal with the first obstacle, a stable and effective gating method of graphene
nanostructures is desirable. To this end, we propose two new geometries utilizing the
concept proposed in [55], periodic nanohole(antidisk) arrays in patterned graphene
and periodic nanoscale conductivity modulation in extended graphene, whose con-
nected structure solves the problem of ineffective doping of discrete nanodisks. In
particular, our proposed periodic nanoscale conductivity modulation method in ex-
tended graphene, whose experimental implementation will be discussed in details in
Chapter 3, additionally solves the second problem. Combined with our experience in

handling of the electrolyte gate, the new geometries have higher potential in realizing
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the predicted perfect absorption in a controllable and reliable way.

In this section, theoretical and simulation results of enhanced optical absorption
with nanostructures in graphene are presented and discussed. To begin with, we
first provide an overview of general optical absorption in thin films, including the
fundamental limits of absorption in thin films under different configurations. We
then consider periodic nanodisk arrays as a proof-of-principle study. After this, we
investigate the absorption properties of our proposed nanohole and nanoscale con-
ductivity modulation geometries by providing a simulation and theoretical study of

the nanostructures and their arrays.

2.2.1 Universal limit to absorption in thin films - an overview

Consider a thin film in a symmetric environment, where the electric permittivities €,
and e; of the dielectric materials on both sides of the thin film are the same. The

absorption of the thin film can be written as [55]
A=1—rP-N1%r)? (2.3)

where r is the reflection coefficient of the thin film, and the “ +” (“ —") sign is for
s- (p-) polarized light. When r = £1/2, A reaches a maximum value of 50%. When
an asymmetric environment is considered (e; # €3), the absorption of the thin film
can be increased, and can reach 100% maximum absorption under certain conditions.
This universal maximum absorption of thin films is studied in [55], and anlytical

expressions for them are derived [55]

1

As max = m (2.4)
. Re{f}
Arme =1~ Ry + (/e P (25)

where f = (¢3/€; —sin®#)'/2/ cos @, and 0 is the angle of incidence. The dependence

of this universal maximum absorption on the angle of incidence and €, /e, is shown

30



in Figure 2-4. This 2D-contour provides us with a guide on the fundamental limits

Maximum absorbance
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Figure 2-4: Universal maximum absorption of thin films between two dielectric
materials with electric permittivities ¢, and €;. The maximum absorption dependence
on the angle of incidence and the dielectric contrast € /€2 is shown for s- and p-
polarizations. From [55].

of thin film absorption, and an idea of the room of improvement for our simulated

structures in terms of optical absorption.

2.2.2 Periodic nanodisk arrays in patterned graphene

Before we start the discussion of specific geometries, we note that all nanostructures
and their arrays simulated in this thesis are free-standing in air, meaning that the
thin films under consideration are located in a symmetric environment. Hence, the
maximum optical absorption that can be achieved in our simulation is 50%. Graphene
nanostructures in asymmetric environments are not simulated for this thesis, but they
should in principle show similar characteristic behaviors, in terms of the dependence
of optical absorption on dimension, spacing and Fermi level of the graphene nanos-
tructures. Under certain dielectric contrast conditions, we should also expect higher
optical absorption due to total internal reflection (TIR) and suppressed reflection

arising from the asymmetric environments.
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We first consider a periodic array of graphene nanodisks, which has been studied
by Thongrattanasiri et al. [55], as a pedagogical example. In general, for a thin film
consisting of an array of small particles, whose lattice constant a is small compared
to the wavelength of incident light, it has been shown that its reflection coefficient
can be written as [12, 55|

r= ;% (2.6)
where « is the polarizability of the small particle, and S, G are lattice dependent
parameters. S = 2nw/cAcosf (S = 2rwcosf/cA) for s- (p-) polarized light, where
A is the unit-cell area. Im(G) = S — 2(w/c)?/3, and Re(G) ~ g/a3, with g = 4.52 for

square lattices.

For graphene nanodisks, this reflection coefficient can be calculated by inserting
the polarizability of the nanodisks into Equation 2.1. The condition for maximum

absorption (r = £1/2) dictates that ¢ = 1/2, where ( is defined as [55]

A
¢ = — cosf, s- polarization (2.7)

A
(= -—0 cos™ !4, p- polarization (2.8)

The resonance (maximum absorption) is obtained at w ~ w, — 3gk,/4(wpa/c)3, which
is slighted redshifted from the plasmonic resonance of a single graphene nanodisk
wp 155]. From the maximum absorption conditions in Equations 2.7 and 2.8, it can
be seen that the condition can be fulfilled at the resonant wavelength by adjusting
the spacing of the nanodisks, given certain maximum extinction cross section corre-

sponding to a graphene nanodisk.

Indeed, by fixing the nanodisk radius to be r = 30 nm and varying the lattice
spacing a, we are able to simulate a thin film of doped graphene nanodisk arrays whose
optical absorption can reach a maximum of 50% at a resonant wavelength of ~ 6.5
uwm. The optical absorption spectrum of such a thin film is shown in Figure 2-5.

Again, the numerical simulation is performed using the software package SCUFF-
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Figure 2-5: Optical absorption spectrum of a single doped graphene sheet patterned
into periodic nanodisk arrays. Light is incident in the direction perpendicular to the
plane of the disks, and is linearly polarized in the direction parallel to the plane of
the disks. Parameters used in the simulation: disk radius » = 30 nm, lattice spacing
a = 78 nm, Fermi level Er = 0.4 ¢V, and mobility x = 10000 cm?/Vs.

EM [2]. The incident light is a plane wave in the direction perpendicular to the plane
of the nanodisks, and is linearly polarized in the direction parallel to the disk. The
radius of the disks is chosen to be » = 30 nm because it is experimentally realistic
to define such disks using electron beam lithography method [5], and the resultant

resonant wavelength also falls in the mid-infrared regime of our interest.

2.2.3 Periodic nanohole(antidisk) arrays in patterned graphene

As mentioned above, although patterning discrete graphene nanodisk arrays is a con-
venient way of exciting plasmonic modes and increasing optical absorption of the
graphene film, realistically it is hard to reliably dope all the discrete disks to a
certain Fermi level due to the structure’s disconnectivity. To cope with this prob-
lem, we investigate the inverse structure of a periodic nanodisk array - a periodic
nanohole(antidisk) array, consisting of nanoscale holes forming a square lattice that
are etched from the extended graphene sheet. In terms of effective doping, this struc-
ture is more desirable because the connectivity of the graphene sheet allows charge

carriers to be transported efficiently when electrical gate is applied. The structure can
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be gated either with dielectrics such as SiO, and HfO; from the back using substrates
coated with those materials, or with electrolyte from the top using spin-coating or
dip-coating.

Figure 2-6 shows the simulated optical absorption spectrum of a doped graphene
sheet patterned with periodic nanoholes with a radius of r = 30 nm and a lattice

constant of @ = 78 nm. Again the spectrum is simulated with the software package
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Figure 2-6: Optical absorption spectrum of a single doped graphene sheet patterned
into periodic nanohole arrays. The absorbed power is normalized to the incident light
power. Light is incident in the direction perpendicular to the plane of the disks, and
is linearly polarized in the direction parallel to the plane of the disks. Parameters
used in the simulation: disk radius » = 30 nm, lattice spacing a = 78 nm, Fermi level
Ep = 0.4 éV, and mobility g = 10000 cm?/Vs.

SCUFF-EM |2], with the incident light being a plane wave in the direction perpen-
dicular to the film with a linear polarization parallel to the film. Sirﬁilar to the
absorption spectrum of periodic nanodisk arrays, periodic nanohole arrays also show
prominent peaks in optical absorption corresponding to resonant plasmonic modes,
with a fundamental mode at A ~ 4.6 um and a lst excited mode at A ~ 3.4 pm.
Since the fundamental mode shows higher optical absorption in the film, from now
on we only consider this fundamental mode. We can again vary the spacing of the
holes to optimize the total absorption of the film.

Figure 2-7 shows the simulated optical absorption spectrum of doped graphene

sheets patterned with periodic nanoholes with a fixed radius of r = 50 nm and a
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range of lattice constants from 160 nm to 220 nm. When the lattice spacing is
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Figure 2-7: Optical absorption spectrum of doped graphene sheets patterned into
periodic nanohole arrays with a fixed radius of » = 50 nm and a range of lattice
constants ranging from 160 nm to 220 nm. The absorbed power is normalized to the
incident light power. Light is incident in the direction perpendicular to the plane of
the disks, and is linearly polarized in the direction parallel to the plane of the disks.
Parameters used in the simulation: Fermi level Er = 0.7 eV, and mobility g = 10000
cm? /Vs.

180 nm, the maximum optical absorption reaches its optimal value. We note that
although the simulated absorption is not as high as for the nanodisk arrays, the
maximum absorption can be further enhanced by increasing the carrier mobility of
the graphene or doping it to a higher Fermi level, as will be illustrated below.

Figure 2-8 shows the simulated optical absorption spectrum of doped graphene
sheets patterned with periodic nanoholes with fixed radius of 7 = 50 nm and lattice
constant of @ = 180 nm. The Fermi level of the graphene sheet is varied from 0.4 eV to
0.8 eV. As the Fermi level of the doped graphene increases, the resonant wavelength
blueshifts and the optical absorption increases. The resonant modes also show smaller
FWHMs, i.e., higher quality (Q) factors.

Therefore, we can push the optical absorption to the limit of 50% by increasing
the Fermi level, which further provides us with the benefits of lower damping rates
of the localized plasmons and longer lifetimes. Additionally, the shifting of the reso-

nant wavelength with the graphene Fermi level indicates a convenient way of in situ
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Figure 2-8: Optical absorption spectrum of doped graphene sheets patterned into
periodic nanohole arrays. The Fermi level of the graphene sheet is varied from 0.4
eV to 0.8 eéV. The absorbed power is normalized to the incident light power. Light
is incident in the direction perpendicular to the plane of the disks, and is linearly
polarized in the direction parallel to the plane of the disks. Parameters used in the
simulation: radius r = 50 nm, lattice constant a = 180 nm, and mobility x = 10000
cm? /Vs.

tuning of the central wavelength of absorption peaks without modifying the geome-
try. Therefore, the promising prospect of utilizing periodic graphene nanostructures
in applications involving strong and tunable optical absorption relies heavily on the

effective and stable control of the Fermi level of graphene nanostructures.

2.2.4 Periodic nanoscale conductivity modulation in extended

graphene

The second issue that prevents experimental implementations of graphene periodic
nanodisk arrays from realizing the predicted perfect optical absorption is the presence
of edge scattering from patterned graphene nanostructures that is not considered in
the numerical simulations. This issue again shows up in the periodic nanohole arrays
geometry we present above. For this reason, alternative ways of exciting plasmonic
modes in extended graphene sheets are desirable. Hence, here we propose the periodic

nanoscale conductivity modulation geometry, which eliminates the drawback of edge

36



scattering by keeping an extended sheet of unpatterned graphene, and at the same
time maintains the concept of utilizing periodic graphene nanostructures that support
plasmonic modes.

The proposed periodic conductivity modulation geometry is shown in Figure 2-9.

The diameter of the shaded circles is typically ~ 50 nm. Inside the shaded circles, the

Figure 2-9: A single doped graphene sheet whose conductivity is periodically spatially
modulated on a nanometer scale. Inside the shaded circles, the graphene is doped at
certain Fermi level that attributes the graphene regions with an optical conductivity
oy; outside the shaded circles, the graphene is doped at another Fermi level hence
attains a different optical conductivity o,.

graphene is doped at certain Fermi level that attributes the graphene region with an
optical conductivity o,; outside the shaded circles, the graphene is doped at another
Fermi level hence attains a different optical conductivity os.

Previously in the case of graphene nanodisk arrays, we started from the general
expression (Equation 2.6) for the reflection coefficient of a thin film consisting of an
array of small particles:

pi= S (2.9)

a -G
By inserting the polarizability of the graphene nanodisk into this expression and solve
for the maximal absorption condition, we reached the conclusion that by adjusting
the spacing of the nanodisks we can get the optimal 50% absorption, and the optical

response is only slightly redshifted from the plasmonic response of a single graphene

nanodisk.
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Similarly, we can get an idea of the optical reponse of a periodically conductivity
modulated graphene sheet by investigating the polarizability of its unit cell, as shown
in Figure 2-9. It is found that the polarizability of such a conductivity modulation

unit cell is described by [27]

71'32 ?,kQR :] 1 g — 09

o= ——|20009 + ——(0'1 —0'2) (210}

—iw 2 no o0, + 0y

Figure 2-10 shows this polarizability plotted as a function of free-space frequency [27].
The polarizability spectrum again exhibits prominent resonant peaks at free-space

frequencies of ~ 60 THz, corresponding to ~ 5 um in wavelengths. The electric field
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Figure 2-10: Analytical and numerical results for polarizability o of a conductivity
modulated graphene disk as a function of frequency. Blue curves are the real parts of
«; red curves are the imaginary parts of . Inset: Electric field around a conductivity
modulated graphene disk with radius 7 = 3 nm, in the direction perpendicular to
the graphene plane. The excitation electric field is linearly polarized parallel to the
graphene plane, at a frequency of f = 62.7 THz. From [27].

around the conductivity modulated graphene disk also shows a dipolar behavior that
is similar to the plasmonic excitation in a graphene nanodisk we simulated above.
By analogy to graphene nanodisk arrays, it is expected that such periodically
conductivity modulated graphene nanodisks will show prominent optical absorption
under far-field excitation, and the maximum absorption can be optimized by per-
forming simulations and experiments for a series of such structures and adjusting the

spacing of the conductivity modulated regions.

38



In the next chapter, we will discuss how this proposed structure can be experi-
mentally realized. Specifically, we will present a geometry where Fermi level of an
extended graphene sheet can be modulated independently in two different regions on

a nanometer scale, using techniques that promise ultrahigh carrier densities.
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Chapter 3

Nanoscale carrier density modulation
of graphene with electrolyte gates
and crosslinked-PMMA screens

In Chapter 2 we discussed graphene surface plasmonic modes in graphene nanostruc-
tures and their periodic arrays, with a focus on its implication in enhanced optical
absorption in graphene thin films. The most promising structure proposed, nanoscale
periodic conductivity modulation of a sheet of unpatterned graphene, shows prospects
for enhanced optical absorption with lower damping rates and more effective and
realistic graphene doping ability (Section 2.2.4). In this chapter, we present our ex-
perimental approach for realizing this proposed structure with electrolyte gates and
crosslinked-PMMA screens.!

We start by providing an overview of electrolytic gating of graphene, in which a
comparison between electrolyte gates and traditional dielectrics such as SiO, will be
made. We then proceed to our proposed electrolyte-PMMA-screen geometry. Primary
components of the geometry will be illustrated and explained. In particular, the use of
negative-tone crosslinked-PMMA as an electrolyte screening layer will be introduced
and discussed. After that the effective functioning of the geometry will then be tested

will a series of proof-of-principel measurements, including electrochemical, electrical

!The author acknowledges collaboration with Dmitri Efetov on work presented in this chapter.
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and optoelectronic testings. Finally, the fabrication technique of graphene devices
with such electrolyte-PMMA-screen gates will be demonstrated. Sample devices with

graphene plasmonic nanostructures realized by such geometry will be shown.

3.1 Electrolytic gating of graphene

As a 2D material, graphene’s carrier density n can be readily changed electrostatically
by inducing an electric field perpendicular to the graphene plane (the electric field
effect (EFE)). This technique is effective for low-dimensional materials in general
because the Debye screening length Ap of accumulated charges is typically on the
order of 10 nm and can penetrate the whole sample. It is also more flexible compared
to another technique commonly used to dope graphene, chemical doping, because it
allows in situ tuning of graphene’s Fermi level which is essential for many applications
including optical modulators, tunable spectral filters, optical switches and so on.
Doping of graphene without the introduction of additional chemical dopants is also
desirable since chemical dopants typically introduce additional disorder that prevents
clean study of n-dependent physical properties.

Traditionally electrical gating of graphene and other semiconductor-based field
effect transistors (FET) relies on thick (~ 300 nm) dielectrics such as SiO,, HfO,,
and Al,O3 which are thermally grown or atomic-layer-deposited (ALD) on substrates
such as highly doped silicon. A parallel-plate-capacitor model for such dielectrics is
shown in Figure 3-1(a). A typical capacitance that can be achieved with this type of
dielectrics is C' ~ 10 nFem™2, which is limited by the dielectric break-down voltage
of material with the given thickness. With a thickness of ~ 300 nm, the dielectric
breaks down at voltages > 60 V accompanied by a discharge across the capacitor in
the form of leakage currents. Decreasing the thickness of the dielectrics would result
in higher capacitance, but also a lower break-down voltage. Hence, the highest carrier
density induced with these dielectrics is typically ~ 5 x 1012 cm~2[15], corresponding
to a graphene Fermi level of ~ 0.5 €V.

Electrolyte gates are an alternative to the traditional dielectric gates, and come
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Figure 3-1: Parallel-plate-capacitor models of (a) traditional dielectric (SiOz, HfO,,
and Al,O3) gates, and (b) electrolyte gates. The charges at the interfaces between the
sample and the dielectric (electrolyte) schematically represents the Debye screening
layer.

in various types and materials [57, 16, 64]. A parallel-plate-capacitor model for elec-
trolyte gates is shown in Figure 3-1(b). As illustrated in the figure, the main difference
between traditional dielectrics and electrolytes is that the Debye layer induced at the
interface between the gated material and the electrolyte has a length d of only ~ 1
nm, while the corresponding length for traditional dielectrics is on the order of 10
nm. Therefore the resultant capacitances induced are much higher, reaching a value
of C' ~ 5 uFem™ [15], which is two orders of magnitude higher than capacitances
typically achieved in traditional dielectrics. This small Debye length is a result of
ionic charges accumulating in direct proximity to the gated material. The capaci-
tance is again limited by the dielectric break-down voltage of the electrolyte material,
which is normally accompanied by electrochemical reactions between the electrolyte
and the gated sample. The highest reported carrier density induced in graphene with
electrolyte gates is on the order of 10'® cm™2 [15], corresponding to a graphene Fermi

level of ~ 1 eV.
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3.2 Nanoscale electrolyte gates with electrolyte-PMMA -
screen geometry

The proposed electrolyte-PMMA-screen geometry is illustrated in Figure 3-2. Large-
area graphene (black) covers a doped Si substrate (dark gray) with a layer of HfO,
or SiO, (light gray) grown on top. Above the graphene, a layer of crosslinked-
PMMA (Poly(methyl methacrylate)) (purple) is defined with nanoscale structures.
This PMMA layer serves as a screening layer for the solid polymer electrolyte gate
(light blue) covering the entire sample. Metal (typically Au) (yellow) structures are

defined to act as grounding (contacting) and gating electrodes.

PMMA Screening Mask (50 - 500 nm)

Graphene T

—— Au

ol 1 11 T .
e ay e

HfO2 back gate (60 - 300 nm)

Electrolyte top gate/

Figure 3-2: Schematic representation of a graphene device double gated with the
proposed electrolyte-PMMA-screen geometry. Large-area graphene (black) covers a
doped Si substrate (dark gray) with a layer of HfO, or SiO, (light gray) grown on
top. Above the graphene, a layer of crosslinked-PMMA (Poly(methyl methacrylate))
(purple) is defined with nanoscale structures. This PMMA layer serves as a screening
layer for the solid polymer electrolyte gate (light blue) covering the entire sample.
Metal (typically Au) (yellow) structures are defined to act as grounding (contacting)
and gating electrodes.

This geometry makes it possible to gate graphene independently and simultane-
ously in different regions, creating on-demand nanoscale carrier density modulation
on a single sheet of extended graphene. From the “back”, graphene is globally gated
with a dielectric backgate, giving a global doping and Fermi level across the entire
graphene sheet; from the “top,” graphene is selectively gated with the electrolyte top
gate in regions not covered with the crosslinked-PMMA screen, resulting in nanoscale

local doping of graphene with respect to geometries defined with the PMMA screen.
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Since the ultimate limit of resolution for the nanoscale gates depends on the resolu-
tion of the PMMA screen defined using electron beam (e-beam) lithography (which
is < 10 nm [14]), and the Debye screening layer (~ 1 nm) is almost negligible com-
pared to the nanostructure’s feature size, the ultimate resolution for the nanoscale
electrolyte gates produced by this geometry is < 10 nm. This grants us the capacity
to fabricate nanostructures of arbitrary geometry, and the flexibility to tailor the size
of the nanostructures such that the plasmonic resonant wavelength fits our applica-
tion purposes. Furthermore, the inclusion of electrolytic gates promises reliable and

effective doping of graphene into an ultrahigh carrier density regime of n = 10'® cm~2.

Poly(methyl methacrylate) (PMMA) has been used as an e-beam resist in nan-
otechnology [9, 4]. In most cases, it is used as a positive-tone resist, meaning that in
the development process regions which have been exposed in electron beam dissolve
in developers. On the other hand, when overexposed at a dose much higher than
normal (~ 20000 uC/cm? as opposed to ~ 200 pC/cm?), PMMA also exhibits a
negative behavior. The resultant PMMA is crosslinked and transformed into carbon
or graphitic nanostructures from a polymeric resist carbonization process [14, 13].
Sub-10-nm resolution has been achieved with e-beam lithography method, even at
exposure energies as low as 2 keV [14]. Such material properties are suitable in par-
ticular for our proposed geometry, since high resolution of nanostructure is essential
to produce graphene plasmonic resonances, and a good graphitic protection layer is
desirable to prevent charged ions in the electrolyte top gate from leaking into the
proximity of graphene. We note that a resist with those properties is not easily seen
in the resist library. For example, the commonly used high-resolution negative resist
HSQ is a good candidate for sub-10-nm fine structures; however, it provides poor

protection when it comes to prevention of charged ions from penetrating the layer.

An example of exposed and developed negative-tone crosslinked-PMMA (from
now on we refer to it as PMMA for simplicity) on Si substrate is shown in Figure 3-3.
The sample is fabricated using the Raith 150 electron beam lithography system at an
electron acceleration voltage of 30 keV and a dose in the range of 7000-30000 uC/cm?,
using a 950 PMMA layer of thickness 200 nm. The optical image on the left illustrates
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Figure 3-3: Optical (left) and scanning-electron-microscopy (SEM) (right) images
of exposed and developed negative-tone cross-linked PMMA nanostructures on Si
substrate, fabricated with Raith 150 system at MIT at 30 keV using 200-nm-thick
PMMA. The overexposed PMMA circles has a radius of 100 nm, and a lattice constant
of 400 nm. Yellow dots: overexposed PMMA circles; blue: PMMA exposed at a
normal dose due to electron diffusion; green: unexposed PMMA.

PMMA exposed at three different characteristic doses: in the center(yellow dots),
PMMA is overexposed to define graphitic nanodisks of radius 100 nm; around the
center region (blue), due to electron diffusion, PMMA is exposed at a normal dose so
has been dissolved in the developer in the development process; away from the directly
exposed center region, PMMA is not exposed to e-beam, so remains on the substrate
after development. The remaining unexposed PMMA can be readily removed by
acetone. The scanning-electron-micrograph (SEM) on the right demonstrates our

ability to define nanostructures using negative-tone cross-linked PMMA.

3.3 Proof-of-principle testings of electrolyte-PMMA-

screen gates

In this section we present a series of proof-of-principle testings of the proposed
electrolyte-PMMA-screen geometry, including electrochemical, electrical and opto-
electronic measurements. These characterizations of the proper functioning of the

proposed geometry and fabricated devices are necessary prerequisites for applying

46



this method to produce nanoscale periodic conductivity modulation in graphene for

infrared plasmonics.

3.3.1 Protection from charge leaking through PMMA screens

The electric field effect produced in the proximity of graphene by electrolyte stems
from charged ions that accumulate close to the interface between electrolyte and the
gated material. The electrolyte of our choice consists of the polymer (ethylene)oxide
(PEO) and the salt lithium perchlorate (LiClO4). Upon mixing with each other,
PEO acts as a solvent of LiClO4 and separates it into charged Lit and ClO; ions.
This is illustrated in Figure 3-4. We note that although Li* is highly reactive and

Poly(ethylene)oxide - LiCIO,
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Figure 3-4: Chemical composition of the polymer (ethylene)oxide (PEO) and the
salt lithium perchlorate (LiClQy4) (left). Upon dissolving LiClOy in the solvent PEQO,
LiClO, is separated into charged ions Lit and ClO;. The highly reactive Li* is
wrapped in PEO chains, thus protected from chemical reactions with the environment.
From [15].

can potentially be involved in chemical reactions that modify surface properties of the
sample, it is actually wrapped in PEO chains (shown in Figure 3-4 on the right), which
protects it from reacting with its environment. This electrolyte greatly enhances the
voltage that can be applied to the electrolyte gate before it breaks down.

To make sure the electric field effect of the nanoscale electrolyte gates shares the
same spatial profile as the PMMA nanostructures used to define the gates, the charged
ions should spatially be distributed along the interface between the PMMA screen
and the electrolyte. Due to the mobile nature of the charged ions, one concern is that

the ions might leak through the PMMA screen, destroying the nanostructure-defined
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electrostatic profile. In this section, we demonstrate that the crosslinked-PMMA
screen provides a good protection from charge leaking from the electrolyte.

As mentioned in Section 3.1, when applying a voltage greater than the break-
down voltage (typically ~ 5 V) of the electrolyte gate, chemical reactions happen
between electrolyte and the gated material, severely modify the interface between the
materials, potentially resulting in an insulating sacrificial layer that prevents charged
ions from gating the sample, causing a largely reduced resultant capacitance. Most of
the time, these chemical reactions are visible by the eyes, and one can easily recognize
when the applied voltage starts to cause the electrolyte and the sample to degrade. We
therefore make use of this visible degradation phenomenon to guide us in determining
whether charged ions from the electrolyte can diffuse through the PMMA screen and
reach the graphene surface.

The control experimental scheme is shown in Figure 3-5(a). PMMA screen squares

(a) (b)

Figure 3-5: Experimental scheme and the result for testing the impenetrability of
PMMA screens for charged ions from electrolyte gates. The tested Au electrode is
partially covered by a PMMA screen square. Voltage is applied to a global electrolyte
gate covering both areas. After a high voltage (V' > Vieak—down is applied) is applied,
exposed area of the electrode suffer from severe corrosion whereas protected area of
the electrode remain intact.

are defined on top of a Au electrode previously patterned on a Si substrate. This
electrode serves as the grounding electrode. Freshly mixed PEO-LiClOy electrolyte
is then dip-dropped onto the Au electrode which is partly protected by the PMMA

square. Silver paste is then deposited onto the electrolyte, acting as a top gating
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electrode. Electric voltage is then applied to the structure. At low gating voltages
(Veg < 5 V), no chemical reactions and sample degradation are observed; starting from
Veg = 6 V, visible signs of chemical reactions between electrolyte and the Au electrode
start to show up in regions not covered by the PMMA screen. The electrolyte is
removed after applying such voltage for a while. As shown in Figure 3-5(b), the
exposed Au surface seems to have suffered from strong corrosion, whereas the Au
area that is protected by the PMMA shows no signatures of corrosion or pin holes
that are typically observed in degraded electrolyte samples. This is showing that
charged ions in electrolyte have not managed t'o penetrate the PMMA screen and
reach the electrode surface for chemical reactions to happen. From this we conclude
that the PMMA screen protects the substrate and maintains the spatial profile of the
charged ions defined by the PMMA nanostructures. Thus, we expect the electrostatic
profile to duplicate the spatial profile of the patterned PMMA nanostructure, creating

the nanoscale electrolyte gates as we desire.

3.3.2 Resistance measurement of a graphene p-n junction

We then characterize the electrolyte-PMMA-screen geometry electrically to test the
modulation capacity of graphene samples’ doping and Fermi level with the electrolyte
gate. We demonstrate that local carrier density modulation is achievable, where an
extended sheet of graphene is doped to different Fermi levels spatially according to a
PMMA-defined screening mask.

A typical graphene FET device with a local electrolyte top gate is shown in Fig-
ure 3-6(b). This device is fabricated with the large-scale CVD graphene manufactur-
ing technique that we developed in our group. An example of a typical chip produced
using such technique is shown in Figure 3-6(a). The detailed fabrication method will
be the topic for Section 3.4.1. As shown in Figure 3-6(a)(b), the device consists of
two contacting electrodes with a graphene channel (indicated by black dash line) in
between. Two large Au pads on the side of the graphene serve as the gating electrode
for electrolyte gate. The yellow square covering half of the graphene channel is a

layer of PMMA screen. Electrolyte is deposited on the entire device after the device
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Figure 3-6: Electrical measurement of a graphene p-n junction. (a) Optical image
of an example of fabricated large-scale CVD graphene devices. (b) Optical image
of a graphene FET device consisting of contacting and gating electrodes, with a
electrolyte-PMMA-screen local gate on top. Half of the graphene channel is covered
by the PMMA screen. Electrolyte is not shown in this picture. (¢) Resistance of the
device as a function of applied electrolyte gate voltage V., under ambient conditions.

is fabrication (electrolyte not shown in the picture). (Note: the picture shows the

device before unexposed PMMA is removed.)

Under ambient conditions, the electrolyte gate voltage V., is applied to the sample
and swept continuously from V., = =2 V to V,; = 2 V. The resultant charged ion
layers in the proximity of graphene surface dope the graphene channel to, p-type (left),
undoped (Dirac peak), or n-type (right) regimes. Figure 3-6(c) shows the resistance
of the graphene channel as a function of the applied electrolyte gate voltage V.,:
it illustrates graphene’s changing of doping level as a result of electrolyte. Different
from typical resistance characteristics of graphene FETs [11], here the resistance curve
shows two characteristic Dirac peaks. This is expected because the graphene channel
is partially covered with a PMMA screening mask, which effectively causes the channel
to be split into two regions with different carrier densities. The measured resistance

can be regarded as the sum of the resistances of the two regions. Due to the difference
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in carrier densities, the Dirac peak shows up at different gating voltages V.41 and Vg 2.
The sum of the resistance curves thus exhibits two Dirac peaks, as what we observed

in the resistance measurement of the prepared electrolyte-PMMA-screen device.

We note that there is an asymmetry in the resistance curve between negative and
positive gate voltages. This asymmetry of the base line comes from the difference in
mobility of electrons and holes at the interface formed by graphene and the metal
contact [29]. The second Dirac peak has a larger FWHM compared to the first one
because the PMMA mask on top of the graphene lowers the carrier mobility compared

to “cleaner” graphene.

3.3.3 Photocurrent measurement of a series of graphene p-n

junctions

The electrical measurement we present in the above section provides initial evidence
on the selective gating of graphene with the proposed electrolyte-PMMA-screen geom-
etry. In this section we demonstrate a further confirmation of the desirable selective
local carrier density modulation using photocurrent measurements. Spatial mapping
of the photocurrent provides us with insights on spatial variation of graphene carrier

densities generated with the electrolyte-PMMA-screen local gates.

The photocurrent generated in our graphene device is likely primarily generated
through the photo-thermoelectric (PTE) effect [53]. The mechanism can be under-
stood as follows: a laser spot is incident on a graphene region, generating hot carriers
and creating a temperature gradient as it is absorbed in graphene. If this temperature
gradient is overlapped with a p-n junction, the difference in Seebeck coefficient of the
p- and n- regions would result in a photocurrent, which can be written as [53]

81— 82

In = == AT (3.1)

where R is the resistance of the graphene sheet under excitation, AT is the temper-

o1



ature gradient, and s,, s, are Seebeck coefficients that are expressed as [53]

T2k3T 1 do
3e ody

s(u) = — (3.2)

We note the dependence of the Seebeck coefficient on the conductivity of graphene,
which is the reason why typically PTE is induced on graphene p-n junctions.
Figure 3-7(a) shows a graphene FET device fabricated in the same way as the

above device used for electrical measurements. Instead of a single PMMA-screen

u

Figure 3-7: Optoelectronic measurements of a series of graphene p-n junctions. (a)
Optical image of a graphene FET device consisting of contacting and gating elec-
trodes, with a series of electrolyte-PMMA-screen local gates on top. The graphene
channel is covered by a series of PMMA strips that are 5 um in width. Electrolyte is
not shown in this picture. (b) Photocurrent generated in the device as a function of
applied electrolyte gate voltage V., under ambient conditions. Two spatial locations
are measured: blue: a p-n junction formed in the middle of the graphene channel; red:
the interface between graphene and the metal contact. The locations are indicated
with colored dots in (a). (c) Photocurrent spatial mapping and the reflectance map-
ping of the graphene channel, aligned with the optical image of of the device. Colors
in the photocurrent mapping denotes photocurrent direction and magnitude: colors in
the reflectance mapping denotes reflected power. A laser at wavelength A = 1550 nm
with a spot size of ~ 3 um, modulated at 100 Hz, is used to excite the photocurrent.

square that defines a single p-n junction in the graphene channel, this device is covered
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with a series of PMMA-screen strips, resulting in a series of p-n junctions across the

graphene channel.

The photocurrent generation through PTE is first demonstrated and compared
with the previously investigated PTE at the interface between graphene and a metal
contact [52]. We measured the photocurrent as a function of the applied electrolyte
gate voltage Ve, at two locations indicated by the two colored dots in Figure 3-7(a),
one at the graphene-contact interface, the other at a p-n junction created by the
electrolyte-PMMA-screen gate in the middle of the graphene channel. As the applied
electrolyte gate voltage V4 is swept from Vg = —3 V to V,y = 3 V, the photocurrent
undergoes a 3-fold sign change at both locations, as expected from PTE [52], confirm-
ing the same photocurrent generation mechanism of the two locations. The “Fermi
level pinning” effect of the metal contact is essentially the change of the graphene’s
doping level to form a p-n junction at the interface. Hence we conclude that our
electrolyte-PMMA-screen local gate is successful in creating such p-n junction as

well.

Finally we perform a spatial photocurrent mapping of the graphene channel to
get an idea of the spatial profile of the graphene carrier density modulated by the
electrolyte-PMMA-screen local gates. Figure 3-7(c) shows the spatial reflectance map-
ping and the spatial photocurrent mapping of the graphene channel, aligned to the
optical image of the device. The blue color in the reflectance mapping corresponds
to the prominent reflection from the metal contact. The color in the photocurrent
mapping denotes the magnitude and direction of the photocurrent. As expected, the
photocurrent is primarily generated at the interface between different carrier density
regions, where the direction of the photocurrent generated at a p-n interface is oppo-
site to the direction of the photocurrent generated at a n-p interface. The locations of
the interfaces and the maximum photocurrent locations are in good agreement. This
photocurrent mapping again confirms the p-n junction formation by the electrolyte-
PMMA-screen; in addition, it shows that the spatial profile of the graphene carrier
density is indeed defined by the local gates we patterned on top of the graphene

channel.
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This concludes the proof-of-princple testings of our proposed electrolyte-PMMA-
screen geometry. All the electrochemical, electrical and optoelectronic measurements
confirm the exceptional ability of this geometry to generate effective and reliable
spatial carrier density modulation of graphene on a nanometer scale, which is essential

for our future study of infrared plasmonic modes in graphene nanostructures.

3.4 Fabrication technique for electrolyte-PMMA-screen

gates

3.4.1 Large-scale fabrication procedures

The manufacturing technique for graphene devices with electrolyte-PMMA-screen

gates is illustrated in Figure 3-8. We note that this fabrication technique is extremely
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Figure 3-8: Illustration of fabrication technique for CVD graphene devices with
electrolyte-PMMA-screen gates. Color: dark gray: Si substrate; light gray: back
gate dielectric; thick black line: graphene; purple: PMMA; gold: Au; light blue:
electrolyte; gray line: wire bonds.

efficient and flexible. Large-area CVD graphene is used, so in each entire fabrication
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run, close to 50 devices can be fabricated. And all processing steps involved can be
scaled to manufacture devices from nanometer to micrometer scale, granting us with
the flexibility to fabricate all sorts of potential devices in which spatial carrier density
modulation of graphene and beyond is desirable. One can expect the same technique
to be applied to, for example, other 2D materials such as MoS,, WSe;, or topological

insulators, where on-demand doping of the materials is called for.

3.4.2 Graphene devices with nanoscale carrier density modu-

lation gates

In Figure 3-9 we show some example devices that have been fabricated with the
procedure illustrated above. The scale of the devices shown range from nanome-
ter to micrometer; the PMMA screens patterned show a variety of geometries; and
the applications of the devices include graphene plasmonic nanostructures, graphene

photodetection in the infrared wavelength, and beyond:

e (a) Graphene plasmonic nanostructures with nanoscale spatial conductivity

modulation. Conductivity-modulated disks have radius » = 50 nm.

e (b) Graphene plasmonic nanostructures with nanoscale spatial conductivity

modulation. Conductivity-modulated ribbons have width d = 100 nm.

e (c) Graphene devices we used to perform proof-of-principle testings of electrolyte-
PMMA-screen geometry. Width of strips is d = 5 um. Side length of squares

isa =295 um.
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Figure 3-9: Examples of graphene devices with electrolyte-PMMA-screen gates fab-
ricated using procedures illustrated in Section 3.4.1.



Chapter 4

Conclusion and outlook

In this thesis we demonstrated graphene plasmonic modes in graphene nanostructures
and there periodic arrays. Simulations and theoretical calculations showed that the
" extreme confinement of light in such structures results in strongly enhanced (and
even perfect) optical absorption in the periodic nanostructure arrays. In addition,
the resonant plasmonic excitations can be tuned in situ in wavelength with electrical
gating, which is highly desirable in a number of active optoelectronic applications
such as tunable filters and optical switches.

In light of the simulation and theoretical results, we have proposed an experimental
approach, the electrolyte-PMMA-screen geometry, to realize such plasmonic modes
in an extended sheet of graphene, whose carrier density is periodically modulated
on a nanometer scale. The proper functioning of the proposed approach has been
proven with a series of proof-of-principle measurements, and the fabrication of such
structures has been illustrated. This experimental technique can also be applied to a
variety of other 2D materials to create local carrier density modulations in arbitrary
geometries on demand, opening up possibilities for numerous potential applications
in the field of optoelectronics and beyond.

Finally, we provide an outlook of future studies in the field of infrared plasmonics
following the completion of this thesis. To begin with, we will be testing the perfor-
mance of the graphene nanostructures designed and fabricated with our electrolyte-

PMMA-screen technique. Mid-infrared absorption/transmission spectroscopy will be
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used to characterize the optical absorption of the graphene thin film, and the mid-IR
characterization setup is currently under construction in our lab.

In addition to exciting graphene plasmons with periodic nanostructures, the abil-
ity to excite plasmonic modes in structures such as a single nanodisk is also desirable,
with applications such as single-photon optical switches [26] in mind. This has long
been a problem in the field of plasmonics due to the large wave-vector mismatch be-
tween plasmons and free-space light, and various approaches have been proposed to
increase the coupling efficiency, including scanning type near-field optical microscope
(s-SNOM) [8, 21|, surface acoustic wave mediation [50], dielectric gratings [65, 67|,
and difference frequency generation [10], to name a few. However, the coupling effi-
ciency between plasmons and photons has not been satisfactory. To this end, we are
thinking about solving this plasmon-free-space coupling problem with solid-state cav-
ity electrodynamics (QED). By making use of geometries such as Bull’s eye cavities
and one-dimensional nanobeam cavities, shown in Figure 4-1, one can combine the
phase-matching advantages of dielectric grating couplers with the field enhancement
advantage of a dielectric cavity to simultaneously achieve free-space-plasmon coupling

and further boost optical field enhancement.
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Figure 4-1: Coupling between free-space (or wave-guided) mode and graphene plas-
monic mode. The coupled mode theory picture of the scheme along with two cavity
geometries under consideration are presented. Picture of the nanobeam cavity is
from [47]; picture of the bull's eye cavity is from [51].
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