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The capability of light goes well beyond illumination, yet it is so underused in our lives
because the control of light still largely relies on clumsy bulk lenses. Less than 10 years ago, a
type of revolutionary devices made of nanometer scale optical elements — metasurfaces — was
invented to control the light propagation and its energy dissipation with arbitrary degree of
freedom, at unprecedentedly small volumes (although some would argue that the advent of
metasurfaces came in the 1990s). Vast diversity of new discoveries has since been made possible,
and many more existing applications have seen significant performance enhancement with the aid

of metasurfaces.

In the scope of this work, I explore the use of a variety of metasurfaces to address several
existing real-world challenges: sensing, optical heating, and data storage. Among these, three
metasurfaces involve the world’s first two-dimensional material, graphene. I first investigate the
graphene plasmonic resonator, which have been shown to be extremely sensitive single-molecule
sensors. Graphene also has many intriguing properties in photodetection applications, such as
lightweight, ultra-wide detection band, and ultrafast response speed. | have used two different
metasurfaces to enhance the intrinsically low responsivity (sensitivity) of graphene photodetectors.
Amidst the discussion of graphene photodetectors, | show the characterization result of plasmonic
heating of metasurfaces, an essential process of the graphene photo-responsivity enhancement.
Lastly, | present a multi-functional metasurface which can be used in optical steganography,
encryption, and data storage. The proposed metasurface is compatible with large scale parallel

readout, which outperforms current Blu-ray technology in both storage capacity and readout speed.
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1. INTRODUCTION

Being the fastest information and energy carrier, light is extensively used in studying and
engineering of nanoscale systems such as biochemistry[1]-[3], energy conversion[4]—[6], optical
lithography[7], micro- and nano-particle manipulation[8], information processing[9], [10],
quantum computing[11]-[14], etc. To date, the control of light is mostly realized via bulky optical
lenses, which requires high-precision lens manufacturing, sophisticated lens systems for advanced
light manipulation, and sets a lower boundary of the footprint of optical devices. In conventional
optical systems, light cannot be used to study/engineer particles that are arbitrarily small, because
once the size of the particle becomes comparable to or smaller than the wavelength of light,
diffraction becomes significant due to the wave nature of light, and the performance (imaging,
sensing , and lithography resolution) usually deteriorates[15]. Plasmonic nanostructures, which
support free electron oscillations (known as surface plasmons, SPs) in response to light irradiation,
have proven to be promising candidates for light manipulation in the deep subwavelength
regime[16], [17]. Surface plasmons exhibit a resonant behavior at a particular wavelength when
the electric restoring force in metallic nanoparticles equals the Lorentz force caused by an incident
oscillating electric field[18]. Capable of confining electron oscillations to length scales one order
of magnitude smaller than wavelength of incident light, plasmonic metasurfaces have been used

to probe the presence of single-layer protein molecules which is only 5 nm thick[1].

Graphene, the world’s first-ever discovered two-dimensional material, also supports
surface plasmons because of its capability to accommodate free electrons. Graphene plasmonics
exhibits a number of unique features such as ultra-high field confinement (one order of magnitude
higher than the conventional plasmonic metals), dynamic tunability, and long SPP propagation
length. In the following, an entire sub-section is dedicated to discuss graphene plasmonics and its

applications.

The whole research field of metasurface and metamaterials[19]-{21] (the word “meta”, or
“ueta”, means “beyond” in Greek), which are a group of functionalized surfaces and materials
exhibiting artificially engineered optical properties that are unattainable in naturally occurring
materials, initially roots from the soil of plasmonics[22], [23]. In general, metasurfaces can be

categorized into two types based on their functionalities. The first type is used to create arbitrary
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optical wavefront and beam propagation, via nanoscale metallic optical scatters that induce abrupt
optical phase discontinuities at desired positions. As such, this type of metasurfaces is mostly
designed to replace bulky optical lenses in advanced imaging[24]-[27], holography[28], [29], and
beam control systems. The second type of metasurfaces is used to manipulate the energy
dissipation of light, by selectively reflecting, transmitting, and absorbing certain portions of the
incident light spectrum, and is widely implemented in applications ranging from sensing[30]-[32],
energy[4], [33], [34], colors[35]-[37], and even data storage[38], [39].

Aside from plasmonics, graphene also exhibits a number of enticing signatures for
photodetection applications, such as lightweight, ultimate thinness, ultra-wide detection band, and
ultrafast response speed. However, the one feature that precludes graphene from practical
application is its intrinsically low sensitivity, which originates from the low optical absorptance
from the single layer of carbon atoms. Plasmonic structures, on the other hand, provide a viable
means to augment the performance of graphene photodetectors. At the end of this section, a
pedagogical presentation of the mechanism of graphene photodetection is shown, as an

introduction to the two graphene photodetector works that will be discussed in more details later.

1.1  Surface plasmons

Surface plasmons (SPs) are coherent delocalized electron oscillations coupled with photons
existing at the metal-dielectric interface[40]-[42]. The electric field evanescently decays in the
direction perpendicular to the interface thus allows for deep subwavelength confinement of
electromagnetic energy. On one hand, surface plasmons can propagate along the interface between
materials with negative (metal) and positive (dielectric) permittivities, which are named surface
plasmon polaritons (SPPs) as shown in Figure 1.1(a). By solving the Maxwell’s equations for the

electromagnetic waves at such an interface with proper boundary conditions, the dispersion of

SPPs can be described by:
_w ’ Ed€m
= C |&mt+ &4

where $ is the propagating constant of the traveling wave and corresponds to the component of the

(1.1)

wave vector in the direction of propagation, e is the angular frequency, c is the speed of light in

vacuum, g4 and gy, are the permittivities of dielectric and metal, respectively. This dispersion
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relation indicates that SPPs can propagate with larger wave vectors along the interface than that of
light in vacuum, and leads to evanescent decay into both the metal and the dielectric medium.
Since wavevector is proportional to the inverse of wavelength, a larger wavevector means shorter
propagating wavelength for SPPs at metal-dielectric interface than light in vacuum. Combined
with the rapid field decay into surrounding media, this allows large electromagnetic field

confinement at the metal-dielectric interface.

On the other hand, surface plasmons can also be found in isolated deep-subwavelength
metallic nanoparticles. In this case, light interacts with particles much smaller than the incident
light wavelength, which leads to a plasmon oscillating locally around the nanoparticle with a
resonant frequency instead of propagating along a certain direction like in the case of SPP. Hence,
this type of plasmon oscillation is named localized surface plasmon resonance (LSPR), as shown
in Figure 1.1(b). The LSPR is sensitive to changes in the local dielectric environment, as well as

the shape and material composition of the hosting metallic nanoparticle[40].

z a
Dielectric
- ~g -
A - - -
4
A || ‘ '
s e X

Figure 1.1 Schematic diagrams for surface plasmons
Schematic diagrams illustrating (a) surface plasmon polariton and (b) localized surface plasmon resonance. From
[40]. Reprinted with permission from Willets and Van Duyne, Annu. Rev. Phys. Chem. 58 (1), 267—297, 2007.
Copyright 2007 Annual Reviews.

1.2 Graphene plasmonics

Conventionally, the research community favors noble metals such as gold and silver as
building blocks of plasmonic systems due to their large negative permittivity and relatively low

optical loss in the visible frequencies, as well as their chemical inertness[43]. However, these
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materials are costly, not suitable for IR plasmonics (due to plasma frequencies being in the visible),
and lack dynamic tunability. Therefore, to extend plasmonics into IR frequencies with tunable

performance, alternative plasmonic materials are in demand.

Since its successful cleavage from bulk graphite in 2004, graphene—a monolayer of carbon
atoms arranged in a two-dimensional hexagonal lattice[44], [45]—has been intensively
investigated as a plasmonic material. While the large optical loss, and lack of dynamic tunability
and high cost hinder conventional noble metal plasmonics from practical applications[46], [47],
the ultrahigh carrier mobility and dynamic tunability in the electrical/optical properties that
graphene possesses make it the ideal candidate to overcome these hurdles. The photonic properties
of graphene can be represented by its in-plane conductivity as a function of parallel wavevector k;
and frequency w . Within the random phase approximation (RPA), graphene’s in-plane

conductivity is given by[48]:

e [
O'((U) = Eryg_llog[z COSh(EF/ZkBT)] (12)
e wy 4iw (®  H(e)—H((w/2)
b LU C) Rl B Sy
where
sinh(he/kgT)

H(e) = cosh(Eg/kgT) + cosh(he/kgT)

e is the electron charge, A is reduced Planck constant, T is temperature, t is electron relaxation
time, kg is Boltzmann constant, E is Fermi energy determined by dopant type and concentration
in graphene. The first term in Equation 1.2 describes a Drude model response for intraband
transitions, whereas the remaining terms arise from interband transitions, which lead to significant
optical losses when at photon energies close to and above 2E. Equation 1.2 is the core of both
numerical and analytical calculations of graphene optical response. Consequently, the plasmon
dispersion in unpatterned doped graphene is given by:
ksp =~ i(e + Vw/4mo ~ (h*/4e*Er) (e + Dw(w + i/7) (1.3)

where € is the permittivity of the substrate. Before experimental demonstrations of graphene
plasmons were carried out, theoretical calculations by multiple groups based on Equations 1.2 and
1.3 (or their equivalent) suggested that graphene plasmons exhibit two enticing features: ultrahigh

optical confinement on the order of several hundred (Aair/Apiasmon~100), and long SPP propagation
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lengths (more than 100 SPP wavelengths in the mid-infrared frequencies)[48]-[50]. These two
features, together with graphene’s dynamic tunability in optical properties, form the basis of the
unique graphene plasmon platform with merits unparalleled by conventional noble metal plasmons.
However, the substantial difference between free space wavelength and plasmon wavelength
imposes great challenge to launch surface plasmons in graphene, which requires sharp tips (with
radius of a few tens of nanometers) to excite SPPs[51]-[53], or nano-patterning graphene into
metasurfaces to excite localized surface plasmons (LSPs)[54]-[62]. Several early theoretical
works on graphene metasurface applications have suggested that LSPs in graphene nanodisks can
lead to complete optical absorption in mid-IR in a Salisbury screen configuration[63], and
graphene ribbons can be made into electrically modifiable waveguides with longer propagation
distances and higher edge field confinement than conventional bulk metallic waveguides[61], etc.
Notably, a recent theoretical work pointed out that ultrafast (~200 fs) radiative heat transfer
happens in two graphene nanodisks vertically separated by 1 nm via plasmon interaction, owing
to the extraordinarily large plasmonic field concentration and low electronic heat capacity in
graphene[64]. These theoretical works provided necessary tools to guide later experimental

research on graphene metasurfaces.
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Figure 1.2 Graphene conductivity and plasmon dispersion

Graphene conductivity (top, sold curves: real part, dashed curves: imaginary part) and plasmon dispersion (bottom)
at difference Fermi energies. In plasmon dispersion plot, the contour plot shows the Fresnel reflection coefficient |rp|,
the dashed lines correspond to the Drude model (Equation 1.3). From [48]. Reprinted with permission from
Koppens, Chang, Garcia de Abajo, Nano Lett. 11 (8), 3370-3377, 2011. Copyright 2011 American Chemical
Society.

Thanks to the development of nanofabrication technology, graphene metasurfaces with
elements small enough to excite graphene plasmons were successfully fabricated, and
experimental works[57]—[59] that followed explore in great detail the nature of graphene plasmons.
The metasurfaces used include graphene nanoribbons, nanodisks and nanorings. As the theory
predicts, optical confinement greater than 100, which is larger than that experimentally obtained
with SPP in unpatterned graphene sheet (Aair/Aplasmon~40-60)[52], [53], as well as plasmon
resonance tunability of 0.1 eV, has been achieved with LSP in graphene nanoribbons[57]. The
damping mechanisms of LSP in graphene nanoribbons via interaction with graphene optical
phonon and substrate phonon have also been investigated by several groups, revealing ~20 fs
plasmon lifetime at energies above the optical phonon energy (~0.2 eV) of graphene[59]. Quite

remarkably, resonance energies up to 335 meV (3.7 um free-space wavelength) has been achieved



20

in graphene nanorings[58], however, it remains a significant challenge to further push the intrinsic
graphene plasmon resonance to near-IR and visible frequencies for telecom and detection
applications. In order to accomplish this, nanostructures smaller than 5 nm and doping levels
higher than 1 eV are required, and efforts are underway towards this goal. Theoretical calculations
were also performed to support experimental results, where graphene was modeled as a material
with finite thickness (~0.3 nm)[57], [60]. Both numerical methods and analytical calculation[58],

[60], achieved excellent agreement with experiments.

Going on in parallel with investigating intrinsic plasmons in graphene were efforts towards
using graphene as a plasmon resonance-tuning material for noble metal metasurfaces[18]. The idea
is to make use of the tunable optical properties of graphene to dynamically change the environment
dielectric function for the noble metal metasurfaces, therefore actively tune their plasmon
resonances. It has been demonstrated that graphene can alter both the resonance linewidths[65]
and frequencies[66]-[70] in the mid-IR in back-gated graphene devices. The dynamic tuning range
achieved can be as large as 1.1 um with a modulation frequency of 30 MHz[68], and 100%
modulation depth was also demonstrated in a tunable metasurface mid-IR perfect absorber[66].
Similar to plasmons in graphene, for graphene to tune plasmon resonances in near-IR and even
visible frequencies, gating techniques other than dielectric back gating are required to supply
adequate carrier densities. Emani et al demonstrated electrical tunability of Fano resonance with

graphene at ~2.4 um with ionic gel top gating[71].

Based upon the developments in the aforementioned graphene plasmon researches, a
number of applications utilizing dynamically tunable graphene plasmons with superior
performance to conventional plasmonic material platforms have been realized. The following
highlights some of the efforts. Biosensing: Rodrigo et al showed that graphene nanoribbons exhibit
6X enhancement in sensitivity compared to gold dipole antennas when used to detect protein
monolayers, and that the resonance in graphene nanoribbons can be electrically tuned to sense
difference vibrational bands[2]. Photodetection: Noble metal metasurfaces[30], [72]-[75] as well
as graphene nanoribbons[76] have been used to enhance the sensitivity of graphene based
photodetectors by many research groups, and typically the sensitivity can be enhanced by an order
of magnitude, even as high as by 200 times[72]. Lasing: Chakraborty et al showed that graphene
can be used to dynamically tune the emission spectrum of quantum cascade lasers when placed on

a metallic waveguide with aperiodic slits[77]. Optical absorber/modulator: Jang et al demonstrated
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tunable optical absorption (0~25%) with graphene nanoribbons in a Salisbury screen structure[78];
Kim et al experimentally demonstrated 28.6% transmission modulation efficiency by coupling
graphene nanoribbons to metallic extraordinary optical transmission (EOT) structure, whereas
95.7% modulation efficiency was predicted by calculations[79].

1.3 Metasurfaces

Disclaimer: this subsection (1.3 Metasurfaces) of the dissertation is published in Nanophotonics.
Reprinted with permission from Choudhury et al., Nanophotonics 7 (6), 959-987, 2018. Copyright
2018 De Gruyter.

Metasurfaces are judiciously engineered electromagnetic interfaces which can manipulate
many of light’s quintessential properties, such as amplitude, phase, and polarization. These
artificial surfaces are composed of subwavelength arrays of optical antennas that experience
resonant light-matter interaction with incoming electromagnetic radiation. Their ability to
arbitrarily engineer optical interactions has generated considerable excitement and interest in
recent years and is a promising methodology for miniaturizing optical components for applications
in optical communication systems, imaging, sensing, and optical manipulation. Based on the
constituent materials, metasurfaces can largely be classified into plasmonic (metallic)
metasurfaces and dielectric metasurfaces. Due to the distinct optical properties of metallic and
dielectric materials, these two classes of metasurfaces are suitable for different applications, albeit
some overlaps do exist. In general, plasmonic metasurfaces have tighter field confinement
therefore better device miniaturization than dielectric metasurfaces, but at the cost of lower
efficiencies due to the inevitable optical loss in metals. For the same reason, plasmonic
metasurfaces find excellent uses in applications such as optical heating, cancer treatment, energy
harvesting, sensing, where optical losses are desired. On the other hand, dielectric metasurfaces
are especially suited for planar lens designs (so-called “metalenses”), and some metalenses have
been demonstrated with better performance than commercial bulk lenses at sub-micron scale

thicknesses.
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1.3.1 Plasmonic metasurfaces

Tiny nanoparticles of noble metals are used to colorize glass since ancient times[80]. 4"
Century Roman Lycurgus cup shows different colors when the light is shone through it and when
the light is reflected off from it. Polychrome lustre decorations from Abbasid era[81], and Cassius
purple and ruby glass from renaissance period[82] demonstrate colorful pottery by using the
characteristic red color of spherical gold nanoparticles. Such coloration can be explained by the
interaction between nanoparticles and light, which forms the fundamental principle of plasmonics
and plasmonic metasurfaces. Plasmonics deals with the coupling between the electromagnetic field
and the electronic oscillations of material. Plasmon is a quantum of free electron oscillation. Free
electron clouds in a metal can couple to light at an interface between metal and dielectric media
and create surface plasmons. With adequately designed nanostructures made from metals, the

surface plasmons make it possible to control light at the sub-diffraction scale.

Not only the plasmonic nanostructures can guide light at the nanoscale, but they can also
increase the local intensity of electromagnetic field by orders of magnitude. This enhancement is
possible due to the strong local field confinement near the metal surface of a nanostructure. For
metallic subwavelength structures or nanoparticles, the electric field of incoming radiation can
polarize the conduction electrons. The resulting plasmon oscillations are distributed over the
nanoparticle volume and are localized within the particle. These plasmon oscillations are termed
localized surface plasmons (LSPs). The displacement of the electron clouds from the lattice
generates a restoring force that tries to pull the electrons back into the lattice. The nanoparticle,
therefore, acts as an oscillator driven by the incoming field together with restoring Coulomb force
and behaves as a simple dipole in the direction of the electric field. When the frequency matches
the resonance-frequency defined by the shape of the particle, LSP resonance occurs, enhancing
local field amplitude. The nanostructures can also introduce a local phase shift to the incoming
light beam and manipulate its wavefront.

The concept of local phase shift generation using plasmonic nanostructures can be
employed by introducing abrupt phase jumps with metasurfaces. When light travels through a
plane that can introduce abrupt phase change, it has been shown that the light propagation needs
to be explained with a modification of Snell’s law by introducing an artificially engineered phase-
gradient term. The resulting phase-gradient from a sub-wavelength thick structure is shown to bend

light in anomalous directions[22]. Since most of the conventional optical devices rely on amplitude
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or phase modulation of the incoming light, the ability of plasmonic nanostructures to introduce the
abrupt phase shift can be used to engineer ultra-compact optical devices. An early demonstration
of photonic spin Hall effect, with polarization dependent splitting of light, is also achieved by
plasmonic metasurface[83]. Seminal work on plasmonic antennas with aluminum[84] spearheaded
the field of Al-based plasmonic metasurfaces. Many of the first applications of metasurfaces
demonstrate imaging and sensing at the nanoscale, namely sub-diffraction lensing[24], [85]-[89] ,
spectroscopy[90], monochromatic holography[91]-[98], color holography[28], [99]-[101],
polarization converters[102]-[107], vortex plates[108]-[110], invisibility cloaks[111],

polarization-selective elements[112]-[115], etc.

Despite all the promising applications of plasmonic metasurfaces, optical losses in
plasmonic devices severely limit their use in replacing conventional optical elements. As electron
clouds in the metal oscillate while interacting with the incoming electromagnetic wave, they
experience scattering in the material that causes heat generation. Although for the best plasmonic
material, low loss (small imaginary part of permittivity) and high plasmonic property (large
negative real part of permittivity) are essential, the losses cannot be avoided entirely. Even for an
ideal plasmonic material with negligible loss, nano-structuring the metal causes the magnetic field
of an incoming electromagnetic wave to be truncated as the wave interacts with the free electrons
of the structure. Truncating the magnetic field, in turn, results in the conversion of stored magnetic
energy into kinetic energy of electrons and causes a loss termed the Landau damping[46].
Compared to dielectric metasurfaces discussed in the next section, plasmonic metasurfaces will be
therefore inherently less efficient but will have tighter field confinement, broader bandwidth, and
smaller device footprint. For applications specific to plasmonic metasurface, the tradeoff between
field confinement and loss must be made. Plasmonic metasurfaces are particularly useful, however,
when optical losses are desired, such as in heating or absorber devices. Scattering loss
minimization for plasmonic metasurface has been proposed through impedance matching[116],
but the rest of the losses are inherent in plasmonic systems. Applications for plasmonic
metasurfaces are emerging exploiting their ability to strongly confine field such as color filter and
displays[117]-[119], enhanced harmonic generation[120]-[122], improved nonlinearity[123],
[124], detection sensitivity improvement[73], [125], [126], absorbers[127]-[129], perfect absorber
and efficient thermal emitters[130]-[132], photocatalysis[133], high temperature applications such

as thermo-photovoltaics[134], heat-assisted magnetic recording[135] etc.
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Conventional plasmonic materials such as gold and silver have been historically used for
most of the early metasurface applications. Bulk silver has good plasmonic properties in the visible
frequencies, but evaporated silver, which is most commonly used in metasurfaces due to the
relatively easy fabrication, is prone to be lossier due to electron scattering at grain boundaries.
Also, it is fundamentally challenging to grow ultrathin (on the order of few nanometers) gold and
silver films, because these two materials tend to form nano-islands rather than continuous films at
thicknesses below 10 nm. From the fabrication standpoint, gold and silver are also not compatible
with the standard complementary metal-oxide-semiconductor (CMQOS) technology, as silver has
low chemical stability and gold is easily diffused into the substrate. Additionally, these noble
metals have low melting temperatures. Therefore, the nanostructures made of noble metals easily
deform at elevated temperatures. Consequently, noble metals are not suitable for high-temperature
applications, which is a dilemma for plasmonics because the plasmon oscillations unavoidably
heat up the metals significantly, at least within the spatial field confinement. Recently, it has been
shown that thin dielectric coated nanostructured metal can be used for refractory plasmonics and
nonlinear optics applications, by improving the temperature stability of the structured
metal[136][137]. For stronger field confinement and high-temperature applications beyond noble
metals’ capabilities, new plasmonic materials are necessary. Study of alternative plasmonic
materials has become a new field of itself and has found functional devices using the merger of

metasurface with these materials’ applications[138].

1.3.2 Dielectric metasurfaces

Since the onset of the successful demonstration of light bending at ultrathin scale[22], [23],
the field of plasmonic metasurface has seen rapid growth due to the compactness, high optical
confinement, and efficient hot electron generation found in such systems. As discussed in the
previous section, plasmonic metasurfaces suffer from intrinsic optical losses because of strong
electron-electron and electron-phonon scattering in metals, which limit the efficiency of functional
optical devices such as lenses, holograms, wave plates, spectrometers, etc.[46]. The quest for
highly-efficient planar optical manipulators has led to the development of all-dielectric
metasurfaces. Unlike plasmonic metasurfaces which rely on LSP resonances to realize their

features, dielectric metasurfaces are based on the collective light scattering (known as Mie
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scattering) off the constituent high-index dielectric nanoparticles with dimensions comparable to
the wavelength of light inside the particles[21], [139]-[141].

Optical loss can be minimized in all-dielectric metasurfaces as the large bandgap energies
in dielectric materials limit optically induced interband transitions. Therefore, when light (with
sub-bandgap energies) impinges upon dielectric nanoparticles, no free charge carriers are available,
and only displacement currents instead of conduction currents are induced. This results in
negligible optical losses and high electric field concentration inside the dielectric nanoparticles, in
contrast to metallic nanoparticles where a significant portion of the incident optical energy
converts to heat, and strong electric field concentration happens close to the surface outside the
nanoparticles. Because of the low-loss feature, all-dielectric metasurfaces significantly surpass
plasmonic metasurfaces in efficiency and resonance quality factor. Electromagnetically induced
transparency (EIT) with a quality factor of ~600 has been demonstrated in all-dielectric
metasurfaces[142], [143], representing an enormous advancement from plasmonic EIT
metasurfaces with a quality factor on the order of 10. It has been recently pointed out that bounded
states in the continuum (BICs) can be excited in all-dielectric metasurfaces with even higher
quality factors (in theory infinite quality factor for metasurfaces with infinitely large lateral
dimensions)[144], [145], efforts towards this direction are underway among several research
groups. While it might not be surprising that all-dielectric metasurfaces outperform metallic
metasurfaces in transmission applications since metals exhibit large optical reflection and
absorption, even in reflectors where metals find most efficient applications, experimentally
demonstrated all-dielectric near-perfect (99.7%) reflectors outperform metallic mirrors in

efficiency which experience ~2% intrinsic loss[146], [147].

The optically induced magnetic response in metallic nanoparticles (other than split-ring
structures) is negligible because the field vanishes inside the particle. In dielectric nanoparticles,
however, both electric and magnetic responses of similar strengths can be observed. Strong
magnetic dipole resonance arises in dielectric nanoparticle when the induced displacement current
circulates inside the nanoparticle, and electric dipole resonance arises when induced displacement
current oscillates linearly. The possibility to engineer both electric and magnetic resonances in
dielectric nanoparticles endows all-dielectric metasurfaces with functionalities unattainable in
their plasmonic counterparts. First, dielectric nanoparticles can be engineered for unidirectional

light scattering. For dielectric nanoparticles of a certain size, at some well-defined frequency, the
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electric and magnetic dipoles can be excited to oscillate in phase with equal strengths. Under such
condition, Mie theory shows that the backscattering cross section diminishes due to the destructive
inference from the two dipole oscillations[139], [148]. This principle has been used to engineer
flat reflection-less all dielectric metasurfaces, manifesting itself as an advantage over conventional
optics, as multiple optical layers or components are usually required to eliminate the back
reflection. Second, the near-field enhancement of dielectric nanoparticles can be utilized to
enhance nonlinear effects. In a recent work, Shcherbakov et al. showed that the third harmonic
generation (THG) intensity could be improved by two orders of magnitude in silicon nano-disks
compared to unstructured bulk silicon close to the magnetic dipole resonance[149]. THG
enhancement has also been demonstrated with silicon metasurface exhibiting strong near-field
enhancement from Fano-type resonance by Yang et al., who achieved a THG enhancement factor
of 1.5 x 10> on Si metasurface relative to unpatterned silicon[150]. Similar studies on nonlinear
effects can be potentially carried out on metasurfaces made of diamond, a material that exhibits
relatively high refractive index and can handle high optical powers[151]. Additionally, with the
recent progress towards integrated diamond photonics and color centers[152]-[157], diamond
metalens has been made to image single quantum emitters in situ[158].

In addition to unidirectional scattering and nonlinear effect enhancement, engineering of
both electric and magnetic resonances in dielectric nanoparticles also enables redirecting light with
more control than plasmonic metasurfaces. Similar to plasmonic metasurfaces, light manipulation
(focusing, diffraction, beam steering, holography, etc.) with dielectric metasurfaces is achieved
via phase control by individual subwavelength optical scatterers or pixels. Early in the 1990s, a
very similar technique has been developed based on mimicking gradient index material with
pixelated dielectric pillars whose local effective index is controlled by the filling ratio of dielectric
to air in each pixel[159]-[161]. As the research field developed, the technique shifted to
controlling the phase of the scattered light by varying the dimensions (and sometimes the shape)
of dielectric scatterers, so that the scattered light from individual scatterers interfere and form a
desired wavefront in the far field. The presence of both electric and magnetic resonances in the
same frequency range enables full 21t phase control in a single dielectric structure layer by varying
only the size of the dielectric nanoparticle, whereas only  phase control can be achieved using
single layer plasmonic structures. Because the phase tuning happens close to the electric and

magnetic dipole resonances, such phase control technique is named resonant tuning[162]-[167].
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The scattered light from resonant tuning metasurfaces has the same polarization as the incident
light. Phase control with dielectric metasurface can also be achieved in a non-resonant manner,
which requires birefringent elements hence is termed geometric tuning[168]-[172]. The

birefringent element imparts phase shifts ¢, and ¢,, on light linearly polarized along its fast and
slow axes. For half-wave plate birefringent elements (|¢, — ¢, | = ), the imparted phase profile

isequal to ¢ (x,y) = 26(x, y), where 6(x, y) is the angular orientation of the birefringent element,
and x, y are the spatial coordinates of the birefringent element. Such tuning mechanism requires
circularly polarized light, and imposes two restrictions on the manipulated light: the phase profile
imparted on left circularly polarized (LCP) light and on right circularly polarized (RCP) light are
equal and opposite in sign (that is, ¢.cp(x,¥) = —prcp(x,y)); and the handedness of polarization

reverses upon reflecting off or transmitting through the metasurface.

Dielectric metasurfaces are normally constructed by a periodic or another deterministic
arrangement of high index subwavelength dielectric scatterers (or its inverse). However, they
should not be confused with photonic crystals which are also made as periodic arrays of scatterers.
Dielectric metasurfaces’ function relies on the collective optical response of individual constituent
building blocks to form the desired wavefront in the far field. Therefore, dielectric metasurfaces
are radiative in nature, whereas photonic crystals are built on constructive and destructive
inference from periodic dielectric elements and solely rely on diffraction. Because of this
difference, dielectric metasurfaces and photonic crystals can be distinguished by their Mie
resonance wavelength (Ay;e, controlled by dielectric constant of nanoparticles) and Bragg
resonance wavelength (Ag., controlled by lattice periodicity): when Ay > Ag., Mie scattering
dominates in dielectric nanoparticles and the periodic collection of dielectric nanoparticles form a
metasurface; when the period is increased such that Ay;. < Ag., the structure enters photonic
crystal regime[21]. From an experimental perspective, 2-dimensional (2D) metasurfaces are
usually irradiated at angles normal to the plane of the metasurfaces (or at reasonably small angles
with respect to the normal axis) and operate in reflection or transmission modes. In contrast, the
in-plane guided modes in 2D photonic crystals are usually launched in the plane of the periodic
arrays by optical couplers, and cannot be miniaturized[140].
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1.4 Graphene photodetectors

Photodetectors (PDs) are important components in modern sensing systems, they function
by converting photon energies to electrical current or voltage. Currently, a major portion of PDs
are made of conventional bulk semiconductor materials such as silicon[173], germanium[174],
indium gallium arsenide[175], etc., due to their excellent optoelectronic properties and the well-
established fabrication/manufacturing technology. However, these materials are limited by their
detection bandwidths. Since they have finite bandgaps, photons with sub-bandgap energies cannot
excite interband transitions hence cannot be detected. Additionally, the moderate electron and hole
mobilities in these materials limit the operating speed of the optoelectronic devices. Graphene
provides excellent solutions to the problems stated above. First, it is a gapless material, meaning
that it is not limited by detection bandwidth when used as a photodetection material. Second,
graphene has remarkably high room temperature electron mobility of 15000 cm?V-1s?, compared
to crystalline silicon’s 1400 cm?V-1s, graphene PDs are promising for ultrahigh speed operations.
Third, graphene has uniform optical absorption at energies greater than 2Er, which results in
uniform photoresponse in PDs where intrinsic graphene sheet is used as the photo-absorbing
material, in contrast to bulk semiconductor PDs where a strong photoresponse is usually observed
at photon energy equal to the bandgap energy. Fourth, graphene is a flexible 2D material, thus can

be used to make flexible and lightweight devices.

The two major mechanisms that enable photocurrent or photovoltage in graphene are the
photovoltaic (PV) effect and photothermoelectric (PTE) effect. The PV effect in graphene is
similar to that in other semiconductor materials, where incoming photons (with energies greater
than 2Er) excite electrons from valence band to conduction band, which are then harvested by
built-in electric field at graphene-metal interface or external electric field to give rise to
photocurrent/voltage[176]-[178]. The ultrahigh carrier mobilities in graphene lead to ultrafast
time response in graphene PV detectors[179], [180]. PTE effect in graphene arises when optically-
induced heating happens at a junction where the doping level differs on two sides (n-p, p-p*, n-n*,
etc.). Because the Seebeck coefficient in graphene depends on its doping type and level, when a
non-uniform temperature distribution is introduced at a junction, net flow of electric charge
carriers will be induced due to the difference in Seebeck coefficients at two sides of the junction,
giving rise to photocurrent/voltage[181]-[183]. Because these two effects happen under similar

condition (light impinging on junction with different doping types/levels on two sides, e.g. metal-
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graphene interface), they coexist in the most studied metal-graphene-metal photodetectors (MGM-
PDs). The governing equation for photocurrent/voltage generation in graphene of size L X W is
given by[182]:

Wt dydx (1.4)
I'= f f (sVT — o~ (¥)enn, VU,) =
0o J-L/2
m2k3AT 1 do . . ] )
where s(u) = ——* san 'S the Seebeck coefficient in graphene, T, is the electron temperature,

o is graphene electrical conductivity, e is electron charge, n is the mobility at energy e~(1/2)hf,
n, is the steady state density of photo-excited carriers, and —V U, is the gate-induced electric field.
The first term in Equation 1.4 denotes the PTE and the second term represents the PV contribution
to graphene photocurrent/voltage generation. It can be shown that the ratio of PTE/PV

contributions in graphene is:

I(HC) N eaeoloL -

15
~ 2.6[um]~15 — 25 (15)

I(PV) - 47’]T0A2
where Iy denotes the photocurrent from PTE effect. It can be concluded from Equation 1.5 that
in devices longer than 5~10 um, the PTE effect dominates photocurrent/voltage generation in
graphene. For the meanings of each quantity in the Equation 1.5, please refer to [182].
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Photocurrent map as a function of chemical potentials p; and pz in a MGM-PD. Separately shown are the hot carrier
(HC, photothermoelectric) contribution (a) and the PV contribution (b). Note multiple polarity changes for the HC
contribution as opposed to a single polarity change for the PV contribution. The scales of Ic) and Ipv) have been
calibrated to agree with the ratio calculated with L = 6 um. Current slices along the dotted lines p1 = p~ shown for

the HC contribution (c) and the PV contribution (d). The Seebeck coefficient s(i) is shown in (c).
From [182]. Reprinted with permission from Song et al., Nano Lett. 11 (11), 4688-4692, 2011. Copyright 2011
American Chemical Society.

In this work, | discuss my efforts in using metasurfaces to study graphene plasmon

resonance[184], enhance the performance of graphene photodetectors[73], characterize optical

heating[185], and realize advanced optical data storage.
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2. PLASMON RESONANCE IN MULTILAYER GRAPHENE
NANORIBBONS

Disclaimer: this section of the dissertation is published in Laser & Photonics Reviews. Reprinted
with permission from Emani et al., Laser Photon. Rev. 9 (6), 650-655, 2015. Copyright 2015
Wiley-VCH.

2.1 Introduction

Graphene is an extraordinary plasmonic material in IR frequencies due to its relatively
small optical loss hence long SPP propagation length, ultrahigh confinement and dynamic
tunability. These features are unparalleled by conventional noble metal plasmonic materials. Like
extremely sharp tips (with tip radius of few tens of nanometers) are required to launch SPPs in
graphene[52], [53], ultra-small resonators are needed to excite LSPs in graphene in the IR. Several
reports have shown that tunable graphene plasmons exist in graphene nanoribbons with widths
less than 100 nm[57], [59], and nanodisks with diameters ranging from 50 to 200 nm[58].
Although the tunability of graphene plasmon resonance makes graphene very promising for
sensing applications in the biology-important IR frequencies, the relatively small resonance
intensity of graphene fairly impairs its potential in practical use. Optical studies of AB-stacked
bilayer graphene using a synchrotron light source reveal that the optical conductivity of multilayer
graphene is higher than single layer graphene (SLG)[186]. While the optical conductivity of SLG
is consistent with the prediction of the random phase approximation (RPA) theory[48], [187], the
spectrum of AB-stacked bilayer graphene shows an additional sharp resonance at 0.37 eV due to
strong interlayer coupling[186]. Theoretical studies also predict such an enhanced optical
conductivity in bilayer graphene due to strong interlayer coupling[188]. If the number of graphene
layers is further increased the optical conductivity spectrum becomes progressively more complex,
but the general trend of increasing optical conductivity is maintained[186]. Additionally, multiple
layer graphene devices have been shown to support stronger plasmon resonance at higher
resonance frequencies than single layer graphene devices[189], suggesting that graphene
multilayer stack is analogous to single layer graphene with higher effective doping level.

Extending from these concepts and aiming to enhance the LSPR strength in graphene nanoribbons,
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we experimentally investigate the plasmon resonance behaviors in double- and triple-layer

graphene nanoribbons, and compare with that in single layer graphene nanoribbons.

2.2 Experiment
2.2.1 Fabrication and Raman characterization

We transfer and stack chemical vapor deposition (CVD) grown SLG sheets to form
multilayer graphene samples due to difficulties in obtaining large area samples with controlled
number of layers by mechanical exfoliation. SLG was first grown on 25 pum-thick copper (Cu)
foils using an atmospheric pressure CVD process[190]-[192]. It was then sequentially transferred
assisted by poly(methyl methacrylate) (PMMA)[190], [193] on three separate silicon substrates
(1-10 Ohm-cm) with 300 nm thermal oxide (Si/SiO) to form single layer, double layer, and triple
layer devices. Subsequently, a 500 um x 500 um active area was defined by photolithography and
oxygen plasma etching. The source-drain contacts were defined by photolithography and

subsequent Ti and Au metallization (5 nm and 55 nm respectively) on each sample.

It is well known that the layer stacking order in multilayer graphene plays a crucial role in
determining its optical properties[194]. In our samples the domain orientation is not uniform across
the graphene layer and there is also no definite stacking order between adjacent layers. Hence the
optical response will be averaged over many domains with random orientations in a large area. We
performed Raman spectroscopy (532 nm, circularly polarized laser with ~1 um spot size and 1
mW incident power on the sample) to probe local layer orientations in our samples, since it has
been shown to be a sensitive probe of the unique electronic and phonon band structures in graphene
layers[195]. From the Raman spectra (shown in Figure 2.1 (a-c)) we clearly observe that the Iop/l
ratio is dependent on the measurement location in double layer and triple layer graphene samples
in contrast to the single layer sample. This is due to changes in local lattice stacking order, which
is consistent with previous studies in misoriented graphene[194], [196]. Hence, we should note
that there is significant inter-layer stacking misalignment in addition to the well-known intra-layer
domain misalignment in CVVD graphene samples. Electrical testing of the devices was also carried
out to verify the gate modulation of the source drain sheet resistance in multilayer graphene sheets.
We found that SLG exhibits the highest dynamic range of variation of electrical resistance as
shown in Figure 2.1(d), followed by double layer graphene and triple layer graphene respectively.
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The gate induced carrier density modulation will allow multilayer graphene nanoribbons (GNRs)
to support tunable plasmonic resonances. The strength of such resonances would be strongly

dependent on the optical conductivity and carrier mobility.
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Figure 2.1 Raman characterization of multilayer graphene samples

(a-c) Raman spectra collected from five random locations on single layer, double layer and triple layer graphene
respectively. All the measurements were performed using a 532 nm, circularly polarized laser source with a 100X
objective (spot size ~1 um) and 1 mW incident power. Individual spectra are offset for clarity. (d) The gate
modulation of source drain resistance (normalized using sheet resistance at the charge neutral point (CNP) voltage)
in different samples. SLG exhibits highest dynamic range of variation of electrical resistance followed by double
layer and triple layer graphene respectively. The open circles represent the gate voltages at which IR reflection data
shown later is collected.
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The active area was patterned into GNRs (50-nm width and 150-nm period) using electron
beam lithography on a positive electron beam resist (ZEP 520A, Zeon Chemicals, Inc). Figure 2.2
shows a simplified schematic illustration of our experimental setup as well as a scanning electron
micrograph showing the patterned graphene ribbons. The number of broken C-C bonds increases
significantly in nanopatterned graphene in comparison to unpatterned large area graphene, which
leads to an additional peak (~ 1350 cm™) in the Raman spectra. However, we should note that even
after patterning the l2p/lg ratio of SLG is greater than 2, indicating that the physical properties of
graphene are intact. To investigate the plasmonic resonance in GNRs we measure the IR
reflectance which we normalize to the reflectance at charge neutral point (CNP). The optical
measurements were performed using a Fourier Transform Infrared (FTIR) spectrometer (Nicolet
Magna-IR 850) with a microscope accessory (Nicplan IR Scope, 15X, NA 0.58 Reflectochromat
objective). The incoming beam was polarized with electric field perpendicular to ribbons using a

wire grid polarizer to excite transverse magnetic modes in GNRs.

PURDUE 5.0kV 3.8mm x12.0k SE(

Figure 2.2 Schematic and SEM of graphene nanoribbons

(a) Simplified schematic of the experimental setup used for studying plasmon resonance in GNRs. The lattice
orientation of GNRs in the figure is for illustration only and dimensions are not to scale; (b) Scanning electron
micrograph of the fabricated GNRs on SLG sample with the inset showing a zoomed-in view of GNRs.

2.2.2 Fourier transform infrared spectroscopy characterization

When graphene is patterned into nanoribbons it can support surface plasmon standing
waves when the condition Re(B)W = mm + ¢ is satisfied, where g is the surface plasmon
propagation constant, Wis the width of the GNR, and ¢ is an arbitrary phase shift introduced by

the reflection at the GNR edge and m is an integer[50], [57], [59]. Plasmon resonances in 50-nm-
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wide GNRs occur in the wavelength range of 7 um — 10 um when graphene is doped to 1x10? —
7x10% cm carrier densities. The experimental measurements of normalized reflectance on single
layer- (SL-GNRs), double layer- (DL-GNRs) and triple layer graphene nanoribbons (TL-GNRs)
as a function of Fermi energy Er (which is related to carrier density) are shown in Figure 2.3. As
the carrier density in GNRs is increased, the plasmon resonance becomes stronger and moves to
lower wavelengths. There are two main peaks observed in the measured data — one above and
another below the optical phonon wavelength of SiO2. These peaks result from hybridization of
the graphene plasmon with the optical phonon in the SiO> layer[57], [59], [197]. The resonance
strength increases from SL-GNRs to DL-GNRs, but the increase is slightly less for TL-GNRs.
This could be due to higher losses resulting from the increase in the number of defects arising out

of stacking multiple layers.
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Figure 2.3 Reflectance from multilayer graphene nanoribbons

Modulation of IR reflectivity of GNRs fabricated on Si/SiO; substrate as a function of Fermi energy (Ef) of
graphene; the vertical dashed line indicates the peak of SiO- optical phonon. Panels (a) - (¢) show measured data on
SL-GNRs, DL-GNRs and TL-GNRs, respectively. The reflection measurements were normalized to the reflection at

the charge neutral point in our experiments. The width and period of GNRs were fixed at 50 nm and 150 nm
respectively. (d) 2D full wave FEFD simulations of SL-GNRs with COMSOL Multiphysics using a surface current

model for graphene; simulations performed at 0° to 35° angles of incidence (¢) with 5° spacing were averaged to
obtain the curves shown here. The Fermi energy for each sample was calculated using a uniform charge
approximation which does not take into account the screening and interlayer coupling effects.

In Figure 2.4 we plot the peak intensities of the resonance peaks shown in Figure 2.3 as a

function of Fermi energy. We find that the peak resonance intensities in DL-GNRs are significantly

stronger than SL-GNRs at a fixed Er. When Er is held constant the total carrier concentration of

the stack is simply the carrier concentration in SL-GNRs times the number of graphene layers. We

should note that a similar strong increase in peak intensity of TL-GNRs is not seen when compared

to DL-GNRs. We believe that this could be due to the fact that the PMMA assisted transfer of
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CVD graphene invariably creates some holes, folds and unavoidable residue. In fact, as we
increase the number of layers, the non-uniformities become quite apparent in scanning electron
microscopy (SEM) images (see Figure 2.2(b) for a representative image of SL-GNRs) even under
an optical microscope. Therefore, we believe that this increase in number of defects per unit area
leads to progressively higher losses, and weaker response which manifests as broadening of the
plasmon peak in Figure 2.3(a-c). While the quality of our samples is comparable to the current
state-of-the-art in CVD graphene, we can expect that further improvements in graphene

growth/transfer processes will help in further enhancing the plasmon resonance strength.
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Figure 2.4 Peak intensity of the resonance peaks shown in Figure 2.3 as a function of E¢

The graphene plasmon hybridizes with the SiO- optical phonon to give two peaks shown in square and circle
markers, respectively. Square markers indicate resonance peaks at shorter wavelengths, while circles indicate
resonance peaks at longer wavelengths.

2.3 Numerical simulations

To gain further insight into the experiments we performed full wave finite element
frequency domain (FEFD) simulations using a commercial software package (COMSOL
Multiphysics, Wave Optics Module). We first accurately determined the dielectric function of SiO»,
which has a strong optical phonon overlapping with the graphene plasmon[57], [197], using IR
spectroscopic ellipsometry. The retrieved optical constants for Si and SiO2 layers are used in

subsequent simulations and are shown in Figure 2.5. The optical properties of graphene were
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calculated using the local limit of the Random Phase Approximation (RPA) and were modeled as

a surface current in FEFD simulations.
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Figure 2.5 Reflectance and relative permittivity of SiO2 substrate

Spectroscopic ellipsometry measurements of lightly doped Si with 300 nm thermal oxide at angle of incidence ¢ =
25°. The red and green markers show the measured reflectance from the sample in p and s polarizations,
respectively. The black solid lines show the numerical fit of measured data using 9 Gaussian oscillators. The
refractive index of Silicon was extracted to be a constant value of 3.42 in this wavelength range; (b) The real (red)
and imaginary (green) parts of extracted permittivity of SiO around the optical phonon wavelength.

The surface current model in COMSOL was first validated for an unpatterned single
graphene sheet on Si0/Si substrate by modifying the classical Drude equation for the complex
reflection coefficient[198] now rewritten as r = (15 + r{tri,e2¥19) /(1 + 15;1122%1%) . The
classical Fresnel coefficient for p-polarized light, 1, = (eyky — e1ky)/(ezkq + e k), was still
applicable at the second interface with no graphene sheet, with k; = %m ,i € 0,2 for
a given frequency of light w and angle of incidence ¢. While using ¢ = agkyk,/(wegy) three
different permutations of a modified Fresnel coefficient at the first interface, 755 =
(e1ko + & — £0k1)/ (e1ko + € + £0k1), 75y = (e1ko — & + £0k1)/ (e1ko + & + £9k1), andry; =
(e1kg — & — eok1)/(e1ky + & + 9ky), were required to account for the effect of the graphene
layer. Here, &, €1, &, are the dielectric constants of air, SiO2 and Si substrate, and g, §, and c are
the conductivity of the graphene layer, the thickness of silicon dioxide and the free-space speed of

light respectively.

We found that simulations at only normal incidence do not fully account for all the

experimental features (see Figure 2.6). Therefore we developed a weighted averaging procedure
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where contribution of each simulation performed with 0° to 35° angles of incidence was weighted
with a Gaussian factor. The upper limit of 35° was chosen to account for the finite acceptance
angle of the objective used in our experiment. The final results thus obtained capture the
experimental data remarkably well as compared to just normal reflectance as shown in Figure 2.6.
From this analysis we retrieved a carrier scattering time of ~10 fs for the unpatterned graphene
sample which is 5 times lower than the value estimated using DC Drude model[56]. We also
recently became aware of another work which reports an experimentally extracted scattering time
of 18 fs, which is in the same range as our results[70]. In numerical simulations SL-GNRs were
modeled as a patterned surface current. The results obtained with the averaging procedure
described above are shown in Figure 2.3(d), where we see a qualitative agreement with the
experimental results. A key difference is the considerably narrower plasmon peaks below the SiO-
optical phonon wavelength in experiments when compared to simulations. When graphene is
patterned into nanoribbons, the carriers are confined to a 1D strip leading to opening of an energy
bandgap. At the same time there is also significant edge disorder leading to charge localization
and a smaller effective width of the GNR[199]. The bandgap (Egap) is found to be empirically
related to GNR width (W) and disorder parameter (W") as Egap = a/(W — W™) based on
electrical transport studies on epitaxial graphene[199]. According to these studies a rather large
bandgap of 0.2 eV can be obtained for GNR widths of ~15 nm. It seems plausible that such a
bandgap could reduce the optical loss at IR wavelengths, and consequently lead to narrower
plasmon resonance peaks. Based on our numerical studies, we conclude that the experimental
features cannot be attributed to variations in the width of the ribbons or carrier scattering time
alone. Therefore, we believe that the optical conductivity for graphene ribbons should be re-

derived taking into account the energy bandgap which is beyond the scope of this work.
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Figure 2.6 Measured and calculated reflectance spectra from graphene nanoribbons

(a) Modulation of IR reflectivity of CVD SLG on Si/SiO; substrate as a function of wavelength for different values
of Fermi energy Er. Measurements were performed using a Fourier Transform Infrared (FTIR) Spectrometer using
unpolarized light and a microscope accessory (Objective: 15X, N.A. 0.58 Reflectochromat); measurements are
normalized to reflection at the charge neutral point; (b)-(c) Analytical simulation results obtained at normal
incidence and by averaging multiple simulations over a range of incidence angles (¢) respectively. We extracted a
carrier scattering time of 10 fs from our numerical analysis. The dashed black curves show the matching results of
the FEFD calculations that were used to validate the surface current approach with SLG models.
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2.4 Conclusions and outlook

A major current challenge in the area of graphene plasmonics is to improve the strength of
the plasmonic resonance. CVD grown graphene, which yields large sample area, has been
predominantly used in graphene plasmon studies due to ease of optical characterization. However,
growth kinetics and the transfer method of CVD graphene lead to disorder and hence poorer
physical properties compared to epitaxial graphene films on silicon carbide. We investigated the
behavior of plasmon resonance in GNR in single layer and multi-layer ‘realistic’ CVD graphene.
Our experimental results indicate that plasmons are indeed supported by multilayer graphene
nanostructures. When the carrier concentration of the graphene sheet is fixed, we find that DL-
GNRs show stronger plasmon peaks when compared to SL-GNRs. It is worth noting that a later
work also drew the same conclusion[200]. However, the increase is weak from DL-GNRs to TL-
GNRs most likely due to inhomogeneities in local stacking order as well as random orientation of
domains within CVD graphene. Systematic numerical simulations were performed in order to
obtain a very good fit with experimental results for unpatterned graphene. Thus, we retrieved a
carrier scattering time of ~10 fs from our graphene sample and developed an accurate numerical
model which takes into account contributions from 0° to 35° incidence angles. The developed
simulation model was applied for GNRs, and the results agree qualitatively with the experiment,
but show broader plasmonic resonances. We believe that this could be due to opening of the
bandgap close to the Dirac point due to nano-patterning. While incorporating a bandgap into the
numerical model could theoretically lead to a better fit, we believe that such advanced modeling

would first require better quality graphene samples and accurate measurements.

2.5 Appendix: robustness test for surface current based graphene numerical model

The ultrathin nature of graphene imposes great challenge on numerical simulations
involving graphene and other bulk materials. In the past, multiple research groups have carried out
finite element method (FEM) to model graphene as an entity with ultra-small fictitious thicknesses.
This usually causes substantial meshing problems due to the large discrepancy in dimensions of
graphene and other materials. On one hand, the graphene layer needs extremely fine mesh because
graphene plasmons have much shorter wavelengths than free space light; on the other hand,

generating large numbers of fine mesh in an ultra-small volume like graphene tends to reduce



42

overall meshing quality, since the volumes of graphene meshes are substantially different from
those of other bulk materials. To overcome this problem, we proposed a surface current-based
graphene FEM model in the aforementioned work, where graphene is set as a volume-less
boundary condition instead of an entity with finite thickness/volume. It has already been shown in
Figure 2.3(d) and 2.6(c) that this model can reproduce experimental results with satisfactory
accuracy. In order to further test the robustness and accuracy of this model, we attempted to
reproduce the experimental results from [78] using our proposed model. In [78], authors proposed
a Salisbury screen configuration consisting of graphene nanoribbons and gold reflector spaced by
a layer of silicon nitride (SiN), to enhance optical absorption by graphene nanoribbons. The
resonance frequency and intensity can be varied by gating voltage. In Figure 2.7(a), we plot the
simulated spectra of 40 nm wide graphene nanoribbon on 1 pm SiN and 100 nm Au, at various
carrier densities, and compare them with the measured spectra from [78]. As is evident from Figure
2.7(a-b) and (c-d), a good match is achieved between the two, reinforcing the robustness and

accuracy of our proposed numerical model.

In general, our proposed surface current based graphene model has the following

advantages over conventional finite thickness model:

1. It is faster. In the two-dimensional simulation of Figure 2.7(a), each absorption
spectrum takes about 1 minute to finish. The finite thickness model, however,
requires tremendously larger number of meshes thus takes much longer time to solve.

2. It takes less memory. Each simulation in Figure 2.7(a) requires about 1 Gb memory.
For the same reason as in 1, the large number of meshes necessary in finite thickness
model requires more computational power.

3. It is more robust. Usually the accuracy of finite thickness model is very sensitive to
the designated thickness of graphene layer, which is often set as a fitting parameter
in simulations to find the best match with experiment. As a result, the optimal
graphene thickness varies from 0.3 to 3 nm in reported literatures. In our proposed
surface current model, the graphene thickness is not a freedom, thus eliminating the
need to tune this parameter. The simulated results converge very well with

experiments, as are shown in Figure 2.3(d), 2.6(c) and 2.7(a).
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Figure 2.7 Robustness test for graphene numerical model against published work

(a) Simulated change in absorption spectra for 40 nm wide graphene nanoribbons on 1 um SiN and 100 nm Au, with
varying carrier densities, with respect to the absorption at CNP. The simulations are performed with surface current
based graphene FEM model described in Chapter 2.3. Bare denotes the spectrum collected on unpatterned graphene
(b) Measured absorption spectra under the same condition as in (a), from [78]. Reprinted with permission from Jang
et al., Phys. Rev. B 90 (16), 165409, 2014. Copyright 2014 American Physical Society. (c) Simulated electric field
distribution on graphene nanoribbon at resonance, using the FEM method in (a). (d) Simulated field distribution on
graphene nanoribbon at resonance, from [78]. Reprinted with permission from Jang et al., Phys. Rev. B 90 (16),
165409, 2014. Copyright 2014 American Physical Society.
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3. ENHANCED GRAPHENE PHOTODETECTOR WITH FRACTAL
METASURFACE

Disclaimer: this section of the dissertation is published in Nano Letters. Reprinted with permission
from Fang, Wang et al. Nano Lett. 17 (1), 57-62, 2017. Copyright 2017 American Chemical
Society.

3.1 Introduction

Graphene has been demonstrated as an appealing material for photodetection due to its
unique properties such as wide optical absorption spectrum, wavelength-independent absorption,
high room-temperature electron and hole mobilities, mechanical flexibility, and dynamic tunability
in optical and electrical properties[18], [58], [65], [184], [201]-[205]. So far there are primarily
five known physical mechanisms that enable photodetection in graphene: the photovoltaic
effect[179], [180], [206], the photo-thermoelectric effect[182], [183], [207], [208], the bolometric
effect[209], the photogating effect[210]-[212], and the surface plasmon-assisted mechanism[213],
[214]. Among these, the photovoltaic (PV) effect makes use of the built-in electric field that is
induced by the differently doped regions in graphene to separate the optically excited electron hole
pairs in graphene and give rise to photovoltage, whereas the photothermoelectric (PTE) effect is
associated with the photovoltage produced by the optically generated hot electrons in regions with
different thermoelectric powers (Seebeck coefficients) in graphene: Vprg = (S; — S,)AT, where
S1and S; are the Seebeck coefficients of two regions in graphene with different doping levels, and
AT is the electron temperature difference across the two regions. Both effects are thought to
contribute in photovoltage generation in metal-graphene-metal photodetectors (MGM-PDs)[215],
and make MGM-PDs the prioritized candidates for ultrafast graphene photodetector, owing to the
high carrier transport velocity[179], [216] and extremely short carrier heating and cooling
times[217]-[219] in graphene. Moreover, MGM-PDs are ideal for applications where zero power
consumption and zero dark current are desired, because source drain bias and gate voltage,
although useful for dynamically tuning the photogain, are not necessary for such detectors to be
operative. Despite all the advantages of MGM-PDs (broadband operation, uniform sensitivity

against wavelength, fast response speed, zero power consumption), the responsivity (sensitivity)
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in MGM-PDs is notoriously low because graphene, which absorbs merely 2.3% of incident
light[201], is used as the photo absorption material. On the other hand, plasmon oscillations have
been known and widely utilized to enhance optical absorption and generate hot electrons in various
optical systems. Unsurprisingly, efforts have also been made to enhance the responsivity in MGM-
PDs using plasmonic nanostructures. However, the previously proposed plasmonic enhancement
methods are mostly narrowband and polarization-dependent[30], [72], [74], [76]. Optical
waveguides have also been demonstrated to enhance the optical absorption by almost 100% in
graphene photodetectors[206], [219], but this method requires coupling light into waveguides
which could result in a bulky experimental setup. Indeed, narrowband and polarization sensitive
enhanced photodetectors are desirable in spectrally resolved and polarization specific
photodetection scenarios, there is definitely a strong need for broadband and polarization
insensitive enhanced photodetectors. In this work we propose a gold fractal metasurface design
which has a relatively flat optical absorption in the visible part of the spectrum to realize broadband

and polarization insensitive plasmonic enhanced graphene photodetector.

3.2 Fractal metasurface design and characterization

We begin by introducing a new fractal metasurface design. The metasurface is realized
through a fractal tree to mimic the snowflake geometry. As demonstrated in previous works, the
fractal metasurface has been shown to exhibit broadband absorption and multiple resonances with
increased levels[220]-[222], where the practical examples include plasmonic elements[221] that
follow the Cayley tree topology[223] or the nanostructured aluminum electrodes[222] following
the classical space-filling curves of Hilbert and Peano[224], [225]. Here we choose the six-point
asterisk shape as our seed geometry (the first-level fractal, Figure 3.1(a)). Construction of the
branching is generated by recursive iterations that is different from the classical approaches to n-
flake generation[223]. In our case, upon each iteration six new branches are only spread from each
new root point. The angle between each branch is kept at 60°. The branch width and thickness are
set to be 40 nm for all levels of iterations, while branch lengths at each level are decreased by the
scaling ratio of 1/3 as the level increases, with a total level of 4, denoted by the red color in Figure
3.1(a). For the sake of fabrication and measurement conveniences, we designed the fractal
metasurface with a diameter of ~10 pum to cover the whole area of illumination by the laser spot in

our system. Nonetheless, due to the simple and inward scalability of fractal metasurfaces, it is



46

convenient to design metasurfaces that are fitted for other spot sizes and for enhancement at other
desired wavelength ranges, while keeping the overall coverage area of the metasurface unchanged
with increasing fractal levels. In order to increase the density of the branches within the
illumination spot and to compensate for the intrinsic polarization anisotropy, we add another 3-
level fractal structure concentrically with a 30° mismatch to the 4-level fractal structure, denoted
in red color in Figure 3.1(b). All the arm lengths for the whole fractal metasurface are listed in
Table 3.1.

(@) Level 1 Level 2 Level 3 Level 4

e

K ¥
(b)

Combining 4-level 0O 2 4 6 8
and 3-level fractals X (um)

Figure 3.1 Fractal metasurface design

(a) Construction of the fractal design with “snowflake” geometry, from level 1 to level 4. (b) Total structure
comprising of a 4-level (blue part) and a 3-level (red part) fractals utilized in the study. (c) FDTD simulated in-plane
electric field (of the incident electromagnetic wave) distribution just underneath the gold fractal metasurface on a
glass substrate under the excitation wavelength of 530 nm. The electric field is linearly polarized along y direction.
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Table 3.1 Arm lengths for the whole fractal metasurface

Level number, N 1 2 3 4

4-level fractal arm lengths
(um, blue segments in Fig. 1(b)) 3.47 1.15 0.38 0.13

3-level fractal arm lengths
(um, red segments in Fig. 1(b)) 1.39 046  0.15 NA

Next, we investigate the optical characteristics of such gold fractal metasurface
numerically through the finite-difference time-domain (FDTD) method[226]. We employ a
dispersive model for gold, which is defined as the sum of a Drude term and two critical point terms
and is implemented through a Generalized Dispersion Material model[227]. The parameters of the
model are adopted from an online database[228]. We show one full-wave simulated in-plane
electric field distribution just underneath the gold fractal metasurface when it is illuminated at the
wavelength of 530 nm (Figure. 3.1(c)). The high intensity regions (hot spots) are tightly localized
around the branches and edges of the fractal structures.

To further validate the performance of our metasurface, we performed near-field scanning
optical microscopy (NSOM, MultiView 2000, Nanonics Imaging Ltd.) to elucidate the near-field
characteristics of the plasmonic fractal. For near-field measurements, we fabricated gold fractal
patterns of exactly the same dimensions on top of a bare glass substrate; this was necessary due to
the strong absorption that would have otherwise occurred using a silicon substrate. The
metasurface sample is illuminated from the far-field using a weakly focused 532 nm diode laser
incident on the bottom of the metasurface i.e. the glass substrate side. The near-field signal is
obtained by scanning a metal-coated (chromium and gold) tapered fiber with a 50-nm aperture
above the surface of the sample. The scan is performed at a fixed distance of ~100 nm in order to
mitigate damage to the tip and/or sample and to eliminate topographic artifacts in the signal[229].
Figure 3.2(a) shows the experimental near-field extinction map of the metasurface. To compare
with experiments, we simulated—using an FDTD method—the electromagnetic fields in a plane
100 nm above the plasmonic metasurface assuming a 532 nm plane wave incident from the

substrate side and applied a moving average weighted with a 50-nm disk to account for the
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convolution of the tip[230]. Our results are well matched with experiment as illustrated in Figure

3.2(b) and indicate strong plasmonic extinction near the branches and edges of the fractal structure.

(b)

X (Mm)

Figure 3.2 Measured and calculated near-field distribution for fractal metasurface

(a) Experimental near-field extinction map of the fractal metasurface, obtained using near-field scanning optical

microscopy (NSOM). The measurement is done in collection mode at a wavelength of 532 nm. (b) The simulated

electric field distribution at the wavelength of 532 nm. A floating window average is applied to mimic the 50 nm
diameter aperture that is used in the NSOM experiment in (a).

3.3 Photoresponse characterization

When visible light is incident upon the fractal metasurface, it excites plasmon oscillation
in the gold fractal structure, which in turn confines and enhances the electric field of the incident
electromagnetic wave within nanometers of the structure, contributing to an extensive electron-
hole pair generation and elevating the electron temperature through electron-electron interactions
in graphene[231]. The generated carriers are then spatially separated/driven via the
aforementioned built-in electric field (PV) and thermoelectric power differential (PTE) at gold-
graphene interface, giving rise to a detectable photovoltage. Additionally, due to a combination of
two orthogonally-oriented concentric hexagonal fractal geometries in an integrated metasurface
design (see Figure 3.1(b), red and blue structures respectively), the enhancement in photovoltage
detection is independent of the polarization angle of the incident electromagnetic wave, providing
yet another feature unprecedented by the previously reported plasmonic enhanced MGM-PDs.
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3.3.1 Device fabrication

In our experiment, we integrated the fractal metasurface with the drain contact of the
graphene field effect transistor (FET) device, so that the metasurface is at the same electrical
potential as the bulk drain contact, to facilitate the electron (hole) collection and also the theoretical
analyzis. The device fabrication starts with the transfer of a monolayer graphene sheet[190] grown
by chemical vapor deposition (CVD) onto a highly p-doped silicon substrate (0.001-0.005 Q-cm)
with a 300 nm thick dry thermal dioxide on top. The fractal metasurface with gold rod for electrical
connection with the drain contact, and a ring encircling the fractal metasurface to maximize
electron (hole) harvesting at the source contact, were defined by electron beam lithography (EBL),
Ti (3 nm)/Au (40 nm) metallization and liftoff. The large sheet of graphene was then etched into
smaller rectangles using photolithography and O, plasma etch. The bulk source and drain contact
pads (3 nm Ti, 80 nm Au) were fabricated to directly cover the gold rods and partially the graphene
sheet. Finally wire bonding the fabricated chip to printed circuit board was performed for electrical

measurements.

3.3.2 Photovoltage measurement setup

The photovoltage response of our device was measured by the setup illustrated in Figure
3.3(a). A continuous wave laser (Ar-Kr) chopped at 1.1 kHz by an optical chopper was coupled to
a 10x microscope and was then focused on the photodetector with a spot diameter of ~7 um. The
generated photovoltage was then measured via the source-drain contacts by a lock-in amplifier
synchronized with the optical chopper. We first investigated the enhancement in photovoltage
generation from the ring encircling the fractal metasurface. To do this, on sample 1 we fabricated
a tip-and-ring structure without fractal metasurface, and placed it in parallel with the structure with
fractal metasurface (see Figure 3.3(b)). By measuring the photovoltage generated on the tip (“spot
B” in Figure 3.3(b)) and on the plain gold-graphene edge (“spot C” in Figure 3.3(b)), we observed
an average of ~5x photovoltage enhancement on the tip. We then measured the photovoltage
generated when the laser spot was incident upon the fractal metasurface (“spot A” in Figure 3.3(b)),
denoted as Viactal, and when the laser spot was incident upon the plain gold-graphene edge (“spot
C” in Figure 3.3(b)), denoted as Vedge, and defined Viracta/Vedge as the enhancement factor of
photovoltage generated on fractal metasurface to plain edge. The study of fractal metasurface
photovoltage generation was carried out at six experimentally available wavelengths—476 nm,
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488 nm, 514 nm, 530 nm, 568 nm, and 647 nm—to investigate the broadband enhancement effect
in the visible spectrum. In this work, all measurements were done with zero gate voltage (Ve = 0)
and source-drain bias (Vsp = 0), unless otherwise indicated. As an illustration, we show the
photovoltage generated as a function of incident power at the wavelength of 568 nm in Figure
3.3(c) and (d), from which a linear relationship between the two can be seen, indicating that we

were operating the device before absorption saturation[72].
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Figure 3.3 Characterization of graphene photodetector, Sample 1

(a) Experimental setup for photovoltage measurement; (b) Scanning electron micrograph (SEM) of sample 1 the
graphene photodetector with the fractal metasurface and tip-and-ring structure (the white scale bar is 10 um); inset
image shows the zoomed-in view of gold fractal metasurface (the white scale bar is 1 pm). (c) Blue lines with error
bars: measured photovoltage when laser is incident on tip without fractal metasurface (spot B in (b), solid line) and
on plain edge (spot C in (b), dotted line) as a function of incident power, the error bars are experimentally measured

data points and blue lines are linear fits to the experimental data; red circles: enhancement factors from tip to edge at
individual tested incident powers. (d) Similar to (c), the measured photovoltage generated on fractal metasurface

(spot A in (b), solid blue line) and on plain metal/graphene edge (spot C in (b), dashed blue line) as a function of
incident power, and enhancement factors (red dots, right vertical axis) at each tested power. The measurements in

(c) and (d) were carried out at the wavelength of 568 nm.
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3.3.3 Spectral enhancement

To show the broadband nature of the photovoltage enhancement, we plot the enhancement
factors Vractal/ Vedge at the six tested wavelengths in Figure 3.4(a). The error bars come from the
fact that the enhancement factors vary with varying incident optical powers. As is evident in Figure
3.4(a), enhancement factors ranging from 10 to 16 are achieved at the tested visible-spectrum
wavelengths. We notice that although the simulated optical absorption of the fractal metasurface
is rather flat in the investigated spectral range (shown by the cyan solid line in Figure 3.4(a)), the
enhancement factors in photovoltage generation exhibit slight wavelength dependence — the
enhancement factors increase with increasing wavelength. We believe that the reason for such
behavior is two-fold. On one hand, it is caused by the greater photovoltage generated on the plain
gold-graphene edge at shorter wavelengths due to stronger heating of gold pad, accounted for by
the PTE effect in photovoltage generation. On the fractal metasurface, the entire metasurface area
contributes to generating photovoltage (Viactal), independent of incident light wavelength. On the
plain gold-graphene edge (Vedge), however, larger/smaller area extending into the gold pad within
the laser spot contributes to generating photovoltage at respectively shorter/longer
wavelengths[215], [218]. As a result, the enhancement factors decrease at shorter wavelengths
simply because the area of graphene that contributes to Vedge increases compared to that at longer
wavelength, while it remains identical across the entire tested wavelength range for Vracta. On the
other hand, the Ti doping and intrinsic p-doping in bulk graphene induces p-p junction at the
metal/graphene interface, where PV and PTE effects counteract with each other[182], [183]. The
competition between the two effects could also be a reason of the increasing trend of enhancement

factors with wavelength.

It is also known that the source-drain bias in graphene photodetectors can alter the band
bending across the graphene FET device, making it a handy mechanism to tune the photovoltage
responsivity. We show in Figure 3.4(b) that the amplitude of the photovoltage increases
monotonically with increasing source-drain bias and the photovoltage can be tuned up to 24 uV,
three times of that at zero bias. We did not observe reduced responsivity up to Vsp = 0.25 V,
indicating that the breakdown field of the graphene channel, which is the limit of the bias that can
be applied to the device, has not been reached. In Figure 3.4(c) we show that the photoresponse is
insensitive to the polarization angle of incident light, as is expected from the aforementioned

hexagonally symmetric geometry of the fractal metasurface design. The two panels in Figure 3.4(d)
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indicate that the fractal metasurface provides more polarization robustness over the tip-and-ring
structure which exhibits 50% drop in responsivity when light is polarized in the y direction. We
simulated the absorption spectrum of the metasurface under 0° (E-field along x-axis in Figure
3.1(c)) and 90° (E-field along y-axis in Figure 3.1(c)) polarizations, and observe only negligible
difference between the two. The experimental and simulation results demonstrate the robustness
of the photovoltage enhancement by the proposed fractal metasurface with respect to polarization

of incident light.
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Figure 3.4 Performance of fractal metasurface enhancement

(a) Red markers with error bars: measured enhancement of photovoltage generation (Vracta/ Vedge, SPOt A to spot C in
Figure 3.3(b)) over a wavelength range from 476 nm to 647 nm; cyan curve: the simulated absorption spectrum of
the fractal metasurface. (b) Measured photovoltage as a function of source drain bias Vsp. Measurement was done at
the wavelength of 514 nm with an input power of 1 mW. Blue markers are measured data points and orange curve is
linear fit to the data points. (c) Normalized photovoltage as a function of incident light polarization angles. Blue
markers are measured data points and orange curve is linear fit to the data points. (d) Blue lines: measured
photovoltage generated on fractal metasurface (spot A in Figure 3.3(b), solid lines) and on tip (spot B in Figure
3.3(b), dashed lines) with x-polarized light (upper panel) and y-polarized light (lower panel). See Figure 3.1(c) for x
and y directions.
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In order to compensate for the partial enhancement due to the reduced source-drain distance
for spot A in sample 1, we fabricated sample 2 where we placed a fractal metasurface encircled by
a 30 um ring in parallel with a plain source-drain structure with 30 um separation on the same
graphene sheet, and studied the enhancement of photovoltage between the two structures. Similar
to sample 1, in sample 2 we study the ratio of photovoltage generated when laser is incident on
fractal metasurface (spot A in Figure 3.5(a)) to that generated when laser is incident on one of the
30 um separated source drain contacts (spot B in Figure 3.5(a)), where the maximum photovoltage
happens in pristine MGM-PDs[176], [178]. In Figure 3.5(b) we plot the enhancement factors at
five tested wavelengths for sample 2. It can be seen that although the enhancement factors are
reduced compared to those of sample 1, they are still close to 10 and can be as large as 13 at longer

wavelengths.
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Figure 3.5 Characterization of graphene photodetector, Sample 2

(a) SEM of the graphene photodetector sample 2 with the fractal metasurface (the white scale bar is 10 pm)
encircled by 30 um radius ring and source-drain contacts separated by 30 pm; inset image shows the zoomed-in
view of gold fractal metasurface. Similar to sample 1, the ratio of the photovoltage generated on spot A to that
generated on spot B is defined as the enhancement factor. (b) Similar to Figure 3.4(a), the measured enhancement of
photovoltage generation (red markers with error bars, left vertical axis) from 476 nm to 647 nm and the simulated
absorption spectrum of the fractal metasurface (cyan curve, right vertical axis) on sample 2.

3.3.4 Enhanced graphene photodetector on glass substrate

Although the designed metasurface enhances photovoltage by an order of magnitude
compared to unpatterned gold contact, it only absorbs ~20% light while allowing ~80% light to
pass through. One way to further enhance the photoresponse is to fabricate multiple such fractal

metasurface enhanced graphene photodetectors on transparent substrates, then stack them along
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the optical beam path and connect them electrically in parallel. The resulting photovoltage
enhancement is expected to scale with the number of photodetectors in the stack (at the cost of
losing gate voltage tunability because of lack of back gate electrode). As a preliminary examination
to this possibility, we carried out similar studies on fractal metasurface enhanced graphene
photodetector on transparent glass substrate (sample 3). A step of chrome (Cr) deposition on hard-
baked PMMA is required prior to EBL writing in addition to the fabrication technique used for
SiO2/Si substrates, to lessen the electron charge accumulation in PMMA on non-conducting
substrate. The fabricated sample is shown in Figure 3.6(a). Here we designed another geometry
for comparison, where the fractal metasurface encircled by a 30 um radius ring is replaced by
unpatterned gold disk of similar size. The measured photovoltage enhancement from fractal
metasurface to unpatterned gold disk is plotted in Figure 3.6(b), where strong wavelength
dependence can be observed. Note that the large error bars at longer wavelengths are largely due
to the heavily near-zero fluctuating photovoltage signals on unpatterned gold. Plotted in the same
figure is also the ratio of measured optical absorption from fractal metasurface to that from plain
gold film, the trend of which follows well that of photovoltage enhancement factor. This indicates
that the PTE effect dominates photovoltage generation in sample 3, because the laser induced
temperature rise — which drives the free electrons between regions with different thermoelectric
powers — is directly proportional to the optical absorption of the structure. To better illustrate the
uniformity of the fractal metasurface enhanced photodetector, we plot in Figure 3.6(c) the
measured responsivity on fractal metasurface and unpatterned gold. As a result of significant
wavelength-dependent optical absorption from gold, the responsivity of unpatterned gold
photodetector displays widely variant responsivity across the visible spectrum — with responsivity
at 476 nm nearly two orders of magnitude greater than that at 700 nm. However, with fractal
metasurface, we achieved a rather flat responsivity spectrum, with the difference between highest
and lowest responsivities less than a factor of two. With this observation, we claim to have realized

uniform graphene photodetector using especially designed fractal metasurface.
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Figure 3.6 Fractal metasurface enhanced graphene photodetector on glass substrate

(a) SEM of the graphene photodetector sample 3 with the fractal metasurface (the white scale bar is 10 um)
encircled by 30 um radius ring, and a compare device on the right where the fractal metasurface is replaced by a
gold disk of similar size; inset image shows the zoomed-in view of gold fractal metasurface. Similar to sample 1 and
2, the ratio of the photovoltage generated on spot A to that generated on spot B is defined as the enhancement factor.
(b) Measured photovoltage enhancement (red markers with error bars, left axis), and ratio of measured optical
absorption from fractal metasurface to plain gold film (blue curve, right axis), from 476 nm to 700 nm. (c) Measured
responsivity on fractal metasurface (spot A in (a), red markers) and on unpatterned gold disk (spot B in (a), blue
markers), from at 6 tested wavelengths from 476 to 700 nm.

3.4 Conclusion

In conclusion, by reforming the source and drain contacts into a fractal metasurface and a
ring encircling it, we demonstrated a broadband graphene photodetector exhibiting spectrally-
uniform responsivity across the visible spectrum. The application of the fractal metasurface is not
bound to graphene photodetectors but can also be integrated with PV/PTE photodetectors made of
other photodetection materials[232]-[235]. The great flexibility of our fractal metasurface design
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enables broadband enhancement at other portions of the electromagnetic spectrum[236] and for
various spot sizes. Additionally, the photoresponse enhancement is insensitive to the incident light
polarization, a quintessential feature of a practical photodetecting/photoharvesting system. These
attributes, combined with dynamic tunability through source drain bias, make our fractal
metasurface an advancement toward the incorporation of graphene into modern photodetecting

and photoharvesting applications.
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4. SPATIAL AND TEMPORAL NANOSCALE PLASMONIC HEATING
QUANTIFIED BY THERMOREFLECTANCE

Disclaimer: this section of the dissertation is published in Nano Letters. Reprinted with permission
from Wang et al. Nano Lett. 19 (6), 3796-3803, 2019. Copyright 2019 American Chemical Society.

4,1 Introduction

Plasmonic systems open up the route to nanophotonics due to their unique abilities to
confine electromagnetic energy down to ultra-small volumes[17], [19], [20] that enable
nanometer-scale light manipulation[22], [237]-[239]. However, the intrinsic ohmic losses in
plasmonic systems hinder their performance because a portion of the incident radiation energy is
inevitably converted to heat[5], [46], [240]. On the other hand, such lossy nature of plasmonic
systems makes them promising candidates for optical heaters, a key component in many modern-
day technologies where optical-to-thermal energy conversion is needed, for instance photothermal
therapy[241], [242], solar energy harvesting[4], [33], [243], [244], photocatalysis[3], [245], [246],
nanoparticle manipulation[8], [247], [248], photodetectors[30], [73], [207], [249], etc. To date, the
most commonly used techniques to characterize plasmonic heaters study the optically pumped
plasmonic system via (i) thermal camera[250], (ii) temperature-dependent photoluminescence of
thermographic phosphor (TGP) or nitrogen-vacancy (NV) center[251]-[253], (iii) temperature-
dependent refractive index change of a surrounding medium[254], (iv) Raman scattering[255],
[256], and (v) scanning thermal microscopy (SThM)[257], [258]. Those pioneering techniques
have originally laid out the path for the visualization of plasmonic heating. However, each of them
has its limitations. Thermal cameras cannot achieve spatial resolution smaller than ~2 um due to
the wavelength range used in imaging; TGP-, NV center-, and surrounding medium-based
techniques generally have high temperature sensitivity, but require special sample treatment such
as tagging the sample with TGP thin film, nanodiamonds, and immersing sample in a liquid, and
depend heavily on phospor stablity that also limits the measurement temperature range. While the
Raman scattering- and SThM-based techniques can resolve the heating of individual nanoparticles,
they require slow scanning to produce a thermal image. Moreover, most of these approaches focus

only on the (quasi) steady-state plasmonic heating, while the ultrafast heating dynamics remains
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unresolved. Although the hot electron dynamics of plasmonic systems in the picosecond (ps)
regime has been well investigated using pump-probe technique[259]-[261], a systematic study is
lacking in the phonon-dominated nanosecond (ns) heat transfer regime for plasmonic heating. In
this work, we characterize both the steady-state and transient plasmonic heating of nanodisk gap
plasmon structures using two thermoreflectance techniques, optical thermoreflectance imaging
(OTI) and time-domain thermoreflectance (TDTR), aiming to understand the heat generation and
flow in a multilayer plasmonic structure. A brief summary of the two techniques and their
functionalities is shown in Table 4.1. With OTI, we obtain the steady-state thermal image of a
laser-irradiated plasmonic structure and its millisecond (ms)-scale plasmonic heating dynamics,
without special treatment to the sample. Furthermore, the TDTR measurement and a detailed
numerical model enable us to detect the ns-scale temperature decay dynamics (with ps resolution)
of a multilayer plasmonic structure upon optical impulse excitation, and then extract the thermal
interface conductance between the different layers of the structure with a specialized mathematical

apparatus.

We organize the presentation of this work in the following manner. We begin with the
Plasmonic Structure Design section that deals with the optical design, fabrication, and
characterization of the gap plasmon nanostructures implemented as gold nanodisk arrays (NDAS).
Then in the Optical Thermoreflectance Imaging section, we present our results on the steady-state
thermal imaging of the optically-pumped NDA samples and show that the non-contact OTI method
is capable of detecting 100 nm features in the thermal image. Full-field OTI is also used to study
thermal temporal response in ms range taking into account the substrate and the heat sink. The
Time-Domain Thermoreflectance Measurement section presents the results of the impulse
responses of the NDAs studied both experimentally and numerically with ps resolution. In this
section, we propose an augmented TDTR computational model with expanded applicability to
plasmonic structures and quantify the relationship between temperature decay time constant and
the disk radius in the NDA. The Conclusions section summarizes the overall results of the study.
Finally, the Methods section provides more detailed technical information on the fabrication and

thermoreflectance measurement techniques.
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Table 4.1 Summary of the optical thermoreflectance imaging (OTI) and time-domain thermoreflectance (TDTR)

techniques
Technique ngpnag; Teg:\:r;?eral Pump Source Functionality and Applications
825 nm Visualize steady-state optical heati
o Up to 5 ms isualize steady-state optical heating,
ot P CW laser resolve ms-scale transient heating
780 nm i ials’ ;
TDTR O Up to 4 ns lsed | Characterize materials the.rmal properties,
pulsea faser resolve ns-scale transient heating

4.2 Plasmonic structure design

In this study, we choose gap-plasmon design of the plasmonic structure, for its relatively
narrowband resonance and large on-resonance optical absorptance among all plasmonic
structures[262]-[264], to facilitate the investigation of the optical resonance-dependent plasmonic
heating. The designed structure consists of a 22-nm-thick gold (Au) nanodisk residing on a 20-
nm-thick aluminium oxide (alumina, Al.Oz) spacer layer and a 100-nm-thick Au reflector, as
illustrated in Figure 4.1(a). The radii of the top Au nanodisk vary from 30 to 90 nm with a step of
10 nm across seven different NDAs, with each square array containing identical nanodisks, and all
NDA s share a fixed periodicity (i.e., the distance between neighbouring nanodisk centres, Px = Py
=300 nm in Figure 4.1(a)). All parameters except the disk radius are optimized via simulation to
achieve the strongest optical absorptance on resonance, and are kept invariant across all NDAs to
ensure only one variable (the disk radius) in the study. The difference in the disk radii across the
individual arrays results in different optical absorptance spectra, as will be discussed in more
details later in this section. Finally, the substrate supporting the gap plasmon structure is chosen to
be 0.7-mm-thick float glass for its low thermal conductivity to minimize the heat sink effect, thus
a high temperature profile can be achieved on the top surface of the gap plasmon structure. Figure
4.1(b) shows the scanning electron micrograph (SEM) of the fabricated Au nanodisks on Al2O3
and Au reflector layers. All seven NDAs of different radii were fabricated on the same substrate
to facilitate measurements and diminish cross-sample variations in material properties and

thicknesses. See Methods for more details on sample fabrication.

Optical measurement using a variable angle spectroscopic ellipsometer (J.A. Woollam,
WVASE) with linearly polarized incident light is first carried out on the seven NDAs to

characterize their reflectance (R) spectra. Since transmittance is prohibited by the optically thick
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Au back reflector and scattering is negligible (reflectance is less than 0.07% for all non-specular
angles at all wavelengths, verified independently with ellipsometer scatterometry measurement),
we calculate the absorptance spectra as A = 1 — R and show them in Figure 4.1(c). For comparison,
in the same figure, we plot the optical absorptance spectra calculated using the finite element
method in the frequency domain with a commercial software solver (COMSOL Multiphysics,
Wave Optics Module). In the simulation, each spectrum is obtained via averaging the spectra of
radii within £3 nm of a given disk radius, to account for the nanodisk size fluctuation in the
fabricated NDAs. Since the smaller nanodisks demonstrate poorer shape- and dimension-
uniformity, we attribute the more pronounced simulation-experiment discrepancies for smaller
nanodisks to the imperfections of the fabricated sample. Moreover, due to stronger free electron
scattering off the edges, the optical properties of smaller gold nanodisks experiences greater
deviation from that of continuous film that is used in the simulations, which also leads to a greater
discrepancy between simulation and measurement. Figure 4.1(d) clearly shows that on optical
resonance, the electric field is tightly confined to the corners of the Au nanodisk at the Au/Al20s
interface along the incident electric field direction, indicating that the free electrons in the Au
nanodisk of certain radius are forced by the electromagnetic wave of a matched wavelength to
oscillate across the nanodisk. The free electron movement (ohmic current) in the nanodisk then
induces antiparallel free electron movement in the back reflector. In the Al>Os dielectric spacer
layer, two displacement currents arise due to the ohmic currents in the two metal layers, which
together form a complete current loop between the nanodisk and back reflector (upper panel of
Figure 4.1(d)), giving rise to a strongly localized magnetic field in the Al>Os dielectric gap (lower
panel of Figure 4.1(d)). Finally, the electron movement in the Au layers causes the electron
temperature and subsequently lattice temperature to rise, manifesting itself as plasmonic heating
on a macroscopic scale. The dielectric gap thickness is a critical parameter for the gap plasmon
structure — when it is too thick, the induction of the displacement current loop becomes weak;
when it is too thin, the dielectric gap does not provide adequate optical phase accumulation to
induce anti-symmetric currents in the nanodisk and back reflector. Light at off-resonance
wavelengths (i.e., when the radius-wavelength matching condition is not met) “feels” the presence
of the top Au nanodisk to a lesser degree, and a relatively higher portion of the incident power is

reflected back to the free space, instead of causing free electron oscillations in the metal layers.
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Figure 4.1 Plasmonic system design for thermoreflectance characterization

(a) Schematic of the gap plasmon structure — the gold (Au) nanodisk array (NDA). The Au nanodisks have a
thickness hy = 22 nm, arranged with periodicity Px = Py = 300 nm, residing on an Al>Oz layer with thickness h, = 20
nm atop an Au back reflector layer with thickness hs = 100 nm. The disk radius varies across NDAs, and all the
arrays are deposited on a 0.7-mm-thick bulk SiO; substrate. (b) Scanning electron micrograph (SEM) of the
fabricated NDA on Al;0z and Au layers. Scale bar: 1 um. Inset: zoomed-in view of the NDA showing a few
nanodisks. Scale bar: 100 nm. The nanodisks in both images have a designated radius of 60 nm. (c) Measured (solid
lines) and simulated (dashed lines) optical absorptance spectra of the NDAs with disk radii ranging from 30 to 90
nm. The red vertical line indicates the wavelength of the continuous-wave (CW) pump laser used in optical
thermoreflectance imaging. (d) Simulated electric (upper panel) and magnetic (lower panel) field amplitudes at two
orthogonal planes when the NDA is under resonant excitation (60 nm radius nanodisk under 840 nm incident light).
The incident light is linearly polarized along the x-direction. Blue arrows in the upper panel denote the amplitude of
displacement current density. The blue- and yellow-outlined regions indicate the 20-nm-thick Al,Oz and 100-nm-
thick Au reflector layers, respectively, the bulk SiO- substrate is not shown.
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4,3 Optical thermoreflectance imaging

The conventional thermoreflectance imaging technique relies on the temperature-
dependent surface reflectivity of materials to obtain temperature information of the heated sample,
and has been initially employed to inspect electrical self-heating in microelectronics[265], [266].
Specially modified thermoreflectance imaging setups incorporate a pump light source to replace
the conventional electrical source for sample heating (hence the name optical thermoreflectance
imaging, OTI) and have been used to characterize the optical heating of active photonic
crystals[267], heat diffusion in anisotropic materials[268], and light-induced dewetting of thin
metal films[269]. In our OTI setup (see Figure 4.2(a)), an 825 nm continuous-wave (CW) pump
laser is temporally modulated into 2.5 ms square pulses with 10% duty cycle, then focused by a
100x objective lens to a diameter of ~1 um and incident on the sample under investigation. A
portion of this pump laser power is absorbed by the plasmonic structure and dissipates as heat,
causing the local temperature to change at a rate determined by the modulation frequency. The
probe light is a loosely-focused 530 nm light emitting diode (LED) pulse that covers an area larger
than the NDAs, with a duration of 250 ps and a computer-controlled arrival delay t with respect
to the pump pulse start time. Each OTI cycle is completed with one pump pulse and one probe
pulse, and the cycles are categorized into active and passive image cycles. As shown in Figure
4.2(b), in an active (passive) image cycle, the probe pulse arrives when the sample is sufficiently
heated (cooled). A charge-coupled device (CCD) camera detects the change in the reflected probe
light intensity AR between the two cycles on each image pixel. The measured AR, combined with
the pre-calibrated thermoreflectance coefficient (see Supplementary Information), can be used to
calculate the temperature rise caused by the pump laser on each pixel, hence allows one to map
the temperature distribution of the optically pumped plasmonic structure. Since the probe LED has
an intensity much smaller than the tightly focused pump laser, its plasmonic heating effect can be
neglected. Figure 4.2(c) presents a thermal image obtained with OTI on an NDA with 60 nm disk
radius. In order to examine the correlation between plasmonic heating and optical absorptance, we
carry out OTI measurement with 825 nm pump laser on all seven NDAs with different disk radii
thus varying optical absorptance at 825 nm (see intersection points of the red vertical line with
different curves in Figure 4.1(c)). In Figure 4.2(d) we plot the measured peak temperature rise and
the measured optical absorptance versus disk radius, which shows an excellent correlation between

the two.
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Figure 4.2 Optical thermoreflectance imaging measurement

(a) Schematic of the optical thermoreflectance imaging (OTI) setup. A tightly focused 825 nm continuous-wave
(CW) laser is used as the pump laser, and a loosely-focused 530 nm light emitting diode (LED) is used as the probe
light. A charge-coupled device (CCD) camera detects the intensity of the reflected 530 nm light. DBS: dichroic
beam splitter, which reflects the 825 nm laser and allows the 530 nm LED light to transmit. BS: beam splitter.(b)
The OTI cycles are divided into active image cycles and passive image cycles. During each cycle, the CW pump
laser is modulated into 2.5 ms square pulses with a duty cycle of 10% (lower row), to induce surface reflectivity
change on the sample (middle row). A 250 us probe pulse is sent to the sample at a delay of 1 (t2) with respect to
the start of pump pulse in active (passive) image cycle (upper row), and the CCD camera detects the difference
between the reflected intensity of the two cycles to obtain AR. (¢) Thermal image obtained via OTI on an NDA with
disk radius of 60 nm. The pump laser has a wavelength of 825 nm, an incident power of 10 mW, and a focused spot
diameter of 1 pm. (d) Measured optical absorptance at 825 nm (left vertical axis, green curve) and measured peak
temperature rise (right vertical axis, orange curve) versus disk radius. The green curve is obtained by reading the
intersecting points between the red vertical line and the absorptance curves in Figure 1(c). The yellow curve is
obtained from the OTI measurements, where the square markers represent the average temperature rise of 100
thermal image pixels in an area centered on the pump laser, and the error bars represent the standard deviation of
temperature rise on the same thermal image pixels.
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By manipulating the arrival time delay of the active image probe pulse with respect to the
pump laser start time (t1 in Figure 4.2(b)), while keeping the passive image pulse arrival at
sufficiently long delay (i.e. when sample cools to equilibrium), we obtain the dynamic temperature
evolution of three optically pumped NDAs and present the results in Figure 4.3(a). It can be
concluded that the temperature rise largely varies across NDAs and can be significantly higher
than the bare substrate (i.e., areas containing no nanodisks but only Al,O3z and Au reflector layers).
Also, the surface temperature reaches equilibrium within 2.5 ms after the pump pulse starts heating
the sample, and the temperature accumulation between pump pulses is negligible at the chosen
pump pulse duration and duty cycle. We note that although not shown in this work, the OTI setup
is capable of achieving 50 ns temporal resolution with proper modification to the electronics[270].
The OTI is an optical imaging method and is bounded by the diffraction limit. Therefore the
temperature rise on individual nanodisks cannot be resolved (see Supplementary Figure 4.7).
Instead, the OTI-produced thermal map represents the temperature rise averaged between
neighboring nanodisks and their surroundings, in other words, the measured temperature rise
profile smears out the actual temperature rise on individual nanodisks because of the collective
effect. Moreover, the continuous Au layer underneath the Al>Os layer also contributes to the
homogenization of thermal distribution. In order to test the OTI’s performance on isolated features
with sizes on the order of 100 nm, we fabricate a separate nanodisk gap plasmon sample where a
100-nm-wide gap is intentionally created in the back reflector (inset of Figure 4.3(b)), and align
the center of pump laser to the center of the gap in OTI measurement (see Supplementary
Information for fabrication and OT]I characterization methods for this sample). As shown in Figure
4.3(b), a line at the position of the gap is clearly visible in the thermal image, indicating that
isolated features as small as 100 nm can be well detected by the OTI method. It is to be noted,
however, that the line’s clear contrast with its surroundings represents not a temperature
discontinuity, but rather a difference in the thermoreflectance coefficient on these pixels from their
surroundings (the thermal image is obtained using a uniform thermoreflectance coefficient for all
image pixels). In reality, the temperature is continuous and heat can be spread across the gap via
the substrate. We also note that the 100-nm-wide line appears to be blurred and wider in the thermal

image because of the diffraction limit.
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Figure 4.3 Detecting temporal and spatial variances with OTI

(a) Normalized temperature evolution measured on three different NDAs (with radii of 60, 70, and 80 nm,
respectively) and a bare substrate. The red-shaded region indicates the time when the pump laser is turned on, and
non-shaded region when it is off. (b) Thermal image of an NDA sample with an intentionally-created 100 nm-wide

gap. Inset: SEM of the sample. The thermal image is obtained with the pump laser illuminating the center of the gap,
as indicated by the red dashed circle in the SEM.

4.4 Time-domain thermoreflectance measurement

As a member of the thermoreflectance family, TDTR measurement is widely used to
characterize the thin film thermal conductivity and the thermal interface conductance between
layers of different materials[271]-[275]. In TDTR measurement, a temporally modulated pump
pulse creates transient heating on the sample surface, and a probe pulse that has high spatial overlap
with the pump pulse characterizes the change of the thermoreflectance reflectivity. A mechanical
delay stage can control the time delay between pump and probe pulse arrivals, granting one with
the ability to obtain the dynamics of temperature evolution up to a few ns with ps resolution. TDTR
differs from OTI in that no CCD camera is used for the probe beam, therefore it is not a spatially-
resolved thermal imaging technique. We carry out TDTR measurement on the same NDAs
described previously, using a pulsed laser of 780 nm central wavelength, a repetition rate of frep =
76 MHz, and a pump modulation frequency f = 0.8 MHz. Details of our TDTR measurement can

be found in the Supplementary Information.
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The result of the TDTR measurement is usually presented as the ratio between the in-phase
and out-of-phase components of the lock-in voltage (-Vin/Vout) Versus pump-probe delay time, due
to its robustness against fluctuations (change in pump and probe beam power, focus, and overlap,
etc.) in the measurement[275]. Our measured -Vin/Vout from 0.1 to 4 ns on the seven NDAS is
presented in Figure 4.4(a). Evidently, the ratio curves for different NDAs do not coincide. One’s
intuition might attribute this to the different optical absorptances of the pump laser thus different
heating powers for different disk radii. However, as pointed earlier in this section, the measured
-Vin/Vout Curves are immune to incident power variation (i.e., when only the pump power is
changed, the -Vin/Vout curve remains unchanged because both Vi, and Vout are affected by the
incident power by the same factor). Hence, the deviation of the curves implies more subtle
information about the temperature decay dynamics owing to the plasmonic effect, which is

investigated next.
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Figure 4.4 Time-domain thermoreflectance measurement and simulation

Semi-log plot of measured (a) and simulated (b) ratio between in-phase and out-of-phase components of lock-in
detected time-domain thermoreflectance (TDTR) voltage as a function of pump-probe delay time, on the same
NDA:s as presented in Figures. 1(c) and 2(d). (c), Impulse responses of seven different disk radii extracted from
numerical simulations, normalized to their respective maximum temperature rise values. Inset, same data presented
in a much broader time window, with the time values on the horizontal axis displayed in ns. The translucent grey
arrow indicates that the optical absorptance decreases from lowest to highest curve. (d), The simulated optical
absorptance of 780 nm light (green curve, left vertical axis), and the simulated impulse response time constant
(yellow curve, right vertical axis) versus disk radius. The time constant is retrieved from c as the time at which the
temperature decays to 1/e of its initial value for each disk radius. For clarity of display, the time constant axis is
broken between 3.2 and 9 ns.

Because of the pulse cumulative effect, the measured ratio -Vin/Vou is related to the impulse
response of the system in a rather convoluted way[274], [276]. However, the conventional TDTR
analytical models are inadequate to predict the experiment and guide the device design for
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plasmonic systems because they assume no optical resonance effect. In order to unveil the reason
for the measured ratio curve deviation, we perform three-dimensional numerical simulation using
the finite-element method (FEM) with a commercial software solver (COMSOL Multiphysics,
Wave Optics and Heat Transfer Modules) to retrieve the temporal responses of the NDAs under
780 nm light impulse excitation (i.e. their impulse responses) and apply them to the expression

proposed in ref[277] to reproduce the experimental ratio data.

Since the TDTR laser spot size (~10 pum in diameter) is much smaller than the ellipsometer
beam size (~500 um in diameter), the nanodisk sizes are more uniform in the TDTR measurement.
Hence, in contrast to the OTI simulations depicted in Figure 4.1(c), the simulations for TDTR use
no spectral averaging, but each simulation is done with a single radius within 3 nm of the
designated radius to achieve best fitting with experiment. It is to be noted that in both our
experiment and simulation, the presented data illustrate the dynamics of the temperature averaged
between the outer surface of the Au nanodisks and the exposed Al>Os surface. In our simulations,
the Au/Al;Os interface conductance and bulk SiO. substrate thermal conductivity are used as
fitting parameters, and all other thermal parameters are taken from the literature, no disk radius-
dependent effective thermal parameter is used. As pointed out in ref[278], unlike materials with a
fine crystalline structure, float glass (amorphous SiO2) does not exhibit heater size-dependent
thermal conductivity, therefore in our simulations, the substrate SiO2 thermal conductivity is kept
constant across all disk radii. We achieve the best fitting with Au/Al.Oz interface conductance of
60 MW/m?-K. When all the thermal parameters are fixed (see Supplementary Figure 4.11(b)), and
only the disk radius (thereby heat source intensity and distribution) is varied in the simulations,
good agreements with experiments can be achieved as shown in Figures 4.4(a) and 4.4(b). The
fitting is exceptionally good for the 3 highest absorbing disk radii (50, 60, and 70 nm, see
Supplementary Figure 4.11(c)), and we attribute the difference between simulation and experiment
for other radii to their relatively weak optical absorptance, so that any small deviation from ideality
in experiments will cause amplified simulation-experiment discrepancy for these radii. The
excellent fitting grants us confidence about our numerical model. We then extract the impulse
responses from our numerical models and show them in Supplementary Figure 4.11(d). Expectedly,
the maximum temperature rise across different disk radii follows the trend of optical absorptance
at the laser pulses’ central wavelength. In Figure 4.4(c), we normalize the impulse responses of all

seven disk radii to their respective maximum values, from which it can be concluded that the more
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optically absorptive a gap plasmon structure is, the faster its surface temperature decays when it is
subject to a laser impulse. From Figure 4.4(c), we extract the temperature decay time constants of
the seven disk radii and plot them in Figure 4.4(d) together with their optical absorptance at the
pulsed laser’s central wavelength. Interestingly, the temperature decay time constants are inversely
correlated with the structures’ optical absorptance, a result stemming from the interplay between
the plasmonic and thermal diffusion effects — when the disk radius is changing, not only the heat
source (i.e. absorbed electromagnetic power) area but also the heat source spatial distribution
varies (see Supplementary Figure 4.10). Both effects influence the outer surface temperature decay
dynamics, and their co-existence leads to the non-monotonic time constant evolution versus disk
radius. Such information is crucial for designing ultrafast plasmonic modulators, bolometers, and

thermoelectric detectors.

Previously, similar work has been carried out on hot electron dynamics up to a few ps in
gap plasmons structures[259], [260]. In our work, we study the heating transient behavior within
a longer time scale which allows deeper heat penetration, therefore enabling us to retrieve both the
impulse response and the thermal interface conductance between layers. It is worth pointing out
that the significant discrepancy in temperature decay time constants presented in Figure 4.3(a) and
Figure 4.4(c) results from the heating of bulk substrate: in Figure 4.3(a), the pump laser heats the
sample long enough for the heat to penetrate the bulk substrate, so that when heating stops, the
surface temperature decay shows the thermal time constant to the heat sink; whereas in Figure
4.4(c), the laser impulse does not have enough time to heat the bulk substrate, and one characterizes
the ultrafast heat dissipation in a region on the order of a few microns near the heat source.

4,5 Conclusions

Using two distinct thermoreflectance techniques — optical thermoreflectance imaging (OTI)
and time-domain thermoreflectance (TDTR) — we carry out a comprehensive study of plasmonic
heating in both spatial and temporal domains. The OTI method empowers us to characterize the
steady-state, and transient plasmonic heating on millisecond scales. With OTI, we map the absolute
temperature distribution of an optically pumped plasmonic system, and successfully reveal the
correlation between optical absorptance and peak temperature rise in plasmonic structures.
Additionally, the developed OTI setup is capable of detecting 100 nm features, outperforming

most existing thermal imaging techniques. With proper manipulation of probe pulses, the OTI can
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be used to study the dynamic temperature evolution with 50 ns temporal resolution. The resonance-
dependent nanosecond-scale impulse response of the plasmonic system is studied for the first time
by the TDTR measurement with picosecond resolution and a newly-developed computational
model. Backed by the robust TDTR experiment, the model enables us to retrieve the interface
conductance between Au and Al,Os layers to be 60 MW/m?-K, and it uncovers the quantitative
details of how the temperature decay time constant varies when the disk radius is changing. The
inverse correlation between optical absorptance and temperature decay time constant is a result of
the heat flow affected by both the spatial distribution of the absorbed energy and the heat source
(i.e. nanodisk) area. This correlation highlights the crucial role of thin film and the thermal
resistance of material interfaces in nanoscale heat transfer. Our findings provide a thorough
understanding of plasmonic heating and have profound implications in thermoplasmonic and

photonic devices and systems requiring ultrafast plasmonic modulation or enhancement.

4,6 Supplementary information
4.6.1 Ellipsometry characterization of Au dispersion

During fabrication, we grew Au and Al>Oz3 thin films on dummy samples under the same
conditions as the nanodisk gap plasmon sample, and used the dummy samples to characterize the
refractive indices of the thin films using an optical ellipsometer (J.A. Woollam, WVVASE). The
measured refractive indices for Au and Al>Os are presented in Figure 4.5. We use these data for
our Wave Optics simulation with COMSOL Multiphysics. The simulation results are presented in

Figure 4.1(c) of the main text, Figure 4.10 and Figure 4.11(a) of the Supplementary Information.
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Figure 4.5 Measured real (n) and imaginary (k) parts of Au (left) and Al,O3 (right) refractive indices

46.2 Cincalibration

The thermoreflectance coefficient Cw is defined as the ratio of change in material
reflectivity to the change in temperature that causes the former: Ci (K1) = AR/AT, and is used to
determine the absolute value of temperature change due to plasmonic heating in the optical
thermoreflectance imaging (OTI) step. The Cw value is calibrated using a setup separate from the
OTI setup, which consists of a heating stage, a thermocouple, a motorized xyz stage, a 530 nm
probe light emitting diode (LED) light, and a customized software to automate the process (see
Figure 4.6(a)). To begin the calibration process, the user places the device under test (DUT) on the
heating stage and under an optical microscope. The system then triggers the probe LED light and
a charge-coupled device (CCD) camera records the reflectivity of all image pixels before sample
is heated. Subsequently, the DUT is heated by the thermoelectric stage, with the thermocouple in

contact with the DUT measuring the actual temperature on the DUT surface. Meanwhile the
autoalignment software controls the xyz stage to compensate for the movement caused by thermal
expansion to keep the reference point (a defect in Figure 4.6(b)) in focus, which is an item selected
by the user on the DUT with preferably large optical contrast with its surroundings. Once
temperature stabilizes at the preset value and vibration requirement is met, the probe LED light is
triggered again for the CCD camera to record the reflectivity of all image pixels at elevated

temperature. The AR obtained by probe LED and CCD camera, and the AT obtained by
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thermocouple, are used to calculate Ci on each image pixel using Cin (K*) = AR/AT. The Ct
calibration is a much slower process than the OTI, and multiple runs are usually carried out to
obtain Ci with higher accuracy. Ci values at different regions of the DUT surface can be
determined simultaneously (see Figure 4.6(c)). In our experiment, the Ci values for different disk

radii are individually calibrated to obtain the temperature rise presented in Figure 4.2(d) in the
main text.
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Figure 4.6 Cy calibration

(a) Schematic of Cy calibration setup. BS: beam splitter. (b) Optical image captured by the charge-coupled device
(CCD) camera of an area of the nanodisk on Al;Os/Au used for Cy calibration. The black particle in the center of the
image is a defect from fabrication, and is used in the Ct, calibration setup as the focusing reference due to its large
optical contrast with surroundings. (c) Cr calibration result, red colors denote high values and blue colors denote
low values of Ci. The vertical black line marks the boundary between nanodisk array and exposed Al;Os region. (d)
Cin values taken from the green (left, Al.Os region) and red (right, nanodisk region) boxes in (b) and (c). The 8%
and 11% indicate the differences between left-most and right-most values within this range, which result from the
slight tilt of sample during calibration, and the large fluctuation in the nanodisk data is from the defect.
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Table 4.2 The calibrated Cy, values for each disk radius

Radius/nm 30 40 50 60 70 80 90
Ci/K? -3.33+0.10 | -4.07+£0.16 | -3.85+0.09 | -4.12+0.28 | -3.67+0.31 | -3.89+0.29 | -3.71+0.25
x 1E-4 x 1E-4 x 1E-4 x 1E-4 x 1E-4 x 1E-4 x 1E-4

4.6.3 Temperature rise on individual nanodisks

During our OTI measurement on the nanodisks with strongest optical absorptance, we
observe with scanning electron microscopy (SEM) that the nanodisks at the center of the pump
laser beam can be dewetted, as shown in Figure 4.7. The pump laser has an output power of ~10
mW and focused to a spot of ~1 um diameter, and the sample is subject to 120 s heating
(considering the pump laser is modulated into 10% duty cycle pulses, the actual heating time is
120 s x 10% =12 s). The two images shown at the left of Figure 4.7 are the thermal images overlaid
on optical images taken from OTI measurement, they show the two different locations where the
OTI measurements were taken. The bright spots indicate the center of the pump laser beam. We
note that the negative temperatures shown on the color bar are measurement artefacts caused by
defocusing of the probe beam, which usually happen at regions with non-uniform surface height.
The middle SEM image shows the zoomed-in view of the measurement region. It is worth pointing
out that the dark rectangles in this SEM image are not due to laser heating, they result from the
carbon deposition by the SEM filament after a high magnification SEM image is taken. When we
zoom in further at the marked locations, we observe the dewetting of the nanodisk as shown in the
two right images. The fact that Au nanodisks are dewetted indicates that the local temperature
around the nanodisks has reached several hundred degrees[269], [279], however, the OTI could
not capture such high temperatures because the dewetted areas are smaller than the diffraction
limit of our OT]I setup, so only the average temperature rise is measured in a region on the order
of diffraction limit (250-300nm). These images on the other hand illustrate the capability of our

nanodisk gap plasmon structure to absorb light and convert it to heat.
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Figure 4.7 Nanodisks dewetted by pump laser

The nanodisks have a radius of 60 nm, and are subject to 825 nm pump laser illumination for 120 s. Nanodisk
detwetting is observed at the center of the pump laser beam.

4.6.4 Fabrication and characterization of NDA with 100 nm-wide gap in back reflector

Other than having a 100 nm-wide gap in the back reflector, the sample presented in Figure
4.3(b) of the main text differs from other NDAs in that the Au reflector and nanodisks are replaced
by aluminum (Al) counterparts, and the dielectric gap and supporting substrate are still Al,Oz and
float glass, respectively. Note that only the results shown in Figure 4.3(b) of the main text are
obtained from the Al NDAs; all other results are from Au NDAs. Besides showcasing the OTI’s
performance in imaging sub-diffraction limited features (e.g. a 100 nm-wide gap), this sample also
allows us to present the OTI’s capability to characterize gap plasmon structures composed of a

material other than Au.

Two 30 um x 30 um x 100 nm (length x width x thickness) Al pads with a separation gap
of 100 nm were first fabricated on the bulk float glass substrate via electron beam lithography
(EBL), metallization and lift-off. 20 nm Al.Os was subsequently grown on the Al pads using

atomic layer deposition (ALD), and finally, the Al nanodisks with a radius of 80 nm were placed
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on top of the Al>Os via EBL, metallization, and lift-off. Since the float glass substrate is electrically
insulating, during the two EBL steps, a 5 nm chromium (Cr) layer was deposited on top of the
EBL resist as a charge dissipation layer and was removed with Cr etchant before the resist
development stage. This step somewhat compromised the quality of the fabricated sample and
resulted in increased edge roughness on the Al nanodisks compared to Au NDAs (in fabricating
the Au NDA sample, the Cr layer was not necessary because the universal Au back reflector layer
served the role of charge dissipation layer, whereas it was necessary for the Al NDA because the
Al reflector was defined into isolated pads and not universal across the entire sample).

Since Al film and Al NDAs have stronger optical absorption and temperature-dependence
of reflectivity in the near-IR, in both OTI and C calibration of the Al NDA, the probing LED
wavelength was changed from 530 nm to 780 nm. The Cw value of this Al NDA sample was
calibrated to be -3.42+0.18E-4 K and was used to obtain the thermal image with absolute AT in
Figure 4.3(b) of the main text.

4.6.5 Time-domain thermoreflectance measurement setup

Our time-domain thermoreflectance (TDTR) setup uses a 780 nm central wavelength
Ti:Sapphire pulsed laser with 150 fs pulse duration and 76 MHz repetition rate, which is split into
pump and probe pulses. The pump pulse is modulated at 0.8 MHz by an electro-optic modulator
(EOM) and loosely focused by a 10x objective lens to ~10 um diameter on the sample, with the
time delay between pump and probe pulses controlled by a motorized stage. The modulated AR
information is extracted by the probe pulse via a lock-in amplifier synchronized to the 0.8 MHz
modulation frequency. The TDTR setup is depicted in Figure 4.8, and the measured in-phase and

out-of-phase voltage signals are presented in Figure 4.9.
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Figure 4.8 Schematic of time-domain thermoreflectance measurement

EOM: electro-optic modulator.
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Figure 4.9 Measured in-phase (a) and out-of-phase (b) TDTR signals on Au NDAs with different disk radii.



78

4.6.6 Calculation of =Vin/Vout

We first use a finite element method (FEM) Wave Optics model to calculate the 3-
dimensional distribution of dissipated power under 780 nm linearly polarized light illumination,
and show the results in Figure 4.10. The dissipated power stems from the free electron oscillation
in metals, therefore it is zero in the dielectric Al2O3 layer. This calculation is done in one unit cell,
with periodic boundary conditions used on vertical sidewalls. In the Wave Optics simulation, the
disk radii are slightly modified according to the radii measured from the SEM, and the

modifications are all within £3 nm of the designated values.
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Figure 4.10 Normalized dissipated power distribution at the seven disk radii

For each disk radius, the dissipated power distribution is normalized to its maximum value, and the color range is
optimized to highlight the dissipated power distribution in the disk and reflector. The inset in each plot indicates the
disk radius and temperature decay time constant obtained from Figure. 4.4(d) in the main text. E and k represent the

incident electric field and wavevector directions, respectively.

We then multiply the dissipated power distribution by a Dirac-Delta function in time to
mimic an optical impulse, and use it as heat source for a separate Fourier heat-transfer COMSOL
FEM model for further analysis. The thermal parameters used in the heat-transfer model are shown
in Figure 4.11(b). In the heat-transfer FEM model, we simulate only one unit cell with the vertical
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walls set as insulating boundary conditions. This greatly reduces the computational cost and
accurately represents the fact that at times shortly after the pulse excitation, heat flowing into the
unit cell from neighboring unit cells cancels out the heat flowing out. However, at longer times
after pulse excitation, lateral heat spreading becomes significant because of the finite laser beam
size and the Gaussian distribution of laser power. Such lateral heat spreading at longer time scale
is not captured in our FEM model with insulating boundary conditions, therefore we need to use a
higher-than-actual thermal conductivity value (4.33 W/m‘K, Figure 4.11(b)) for the bulk SiO>
substrate to compensate for it. The use of dissipated power from only the central frequency of the
laser pulse is justified because the contributions from other frequency components are much
smaller. Also the Gaussian (in time-domain) pulse can be simplified to an impulse excitation
because the pulse duration used in experiment (~150 fs) is much smaller than the time scale of
interest (>100 ps, when the heat transfer is dominated by lattice temperature rather than electron
temperature). The Fourier heat-transfer model enables us to calculate the average temperature
decay of the structure’s top surface (gold nanodisk outer surface and exposed Al.Oz top surface)
over time, i.e. the impulse response of the plasmonic system, on which we then perform fast
Fourier transform (FFT) to get its frequency response AT (f). Lastly, we apply AT (f) to the
expression proposed in ref[277], which accounts for the pulse cumulative effect in the TDTR
measurement (i.e. sample surface’s temperature rise due to one pulse does not decay to zero before
the next pulse arrives, see ref[276]), to calculate the in-phase and out-of-phase components of the

lock-in detected signal:

M 2
Re[ARy(t)] = Z—? Z <AT (? + f) + AT (? — f)> exp(i2mmt/7) exp(—m (ff ) )
m=—M max
Im[ARy(t)] = —ij—f, <AT (? + f) — AT (? - f)) exp(i2mmt/t)

where Re[AR,,(t)] and Im[AR,,(t)] represent the real and imaginary parts of the lock-in detected

signal, respectively, Z—i is the thermoreflectance coefficient, m is integer, f is the modulation

frequency (~0.8 MHz used in experiment), t is the duration between successive laser pulses (~13
ns used in experiment), fi,ax = 100 GHz and exp(—n(f /finax )?) is @ Gaussian factor to improve

the convergence of the real part of Ry, (t) over M. For each t, M is chosen to be M = 4.98t/t for
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good convergence while keeping the computation time reasonable. Finally, the ratio between
Re[ARy(t)] and Im[AR,, (t)] is calculated to reproduce -Vin/Vout.
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Figure 4.11 Calculation of -Vin/Vout

(a) Calculated power dissipation of 50 nm radius nanodisk under 780 nm light illumination. The blue- and yellow-
outlined regions indicate the 20-nm-thick AlO3; and 100-nm-thick Au reflector layers, respectively. (b) Thermal
conductivities (in W/m-K) and thermal interface conductivities (in W/m?K) used for different layers in the Fourier
heat-transfer finite element model. (c) Fitting of simulated and measured -Vin/Vout Versus pump-probe time delay of
50 nm radius nanodisk. (d) Simulated impulse response of seven different disk radii, normalized to their common
maximum value. The grey arrow indicates that the initial temperature rise follows the trend of optical absorptance.
Inset: simulated optical absorptance of 780 nm light for the seven disk radii.
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5. ENHANCING GRAPHENE PHOTOCURRENT USING SURFACE
PLASMON AND P-N JUNCTION

Disclaimer: A document with close resemblance of this section of the dissertation will be
submitted for publication in a select press, the press reserves the first right of publication of this

work.

5.1 Introduction

Since its first successful isolation from bulk graphite, graphene has been extensively
studied as a photodetection material[214]. In addition to being cheap, lightweight and compact,
graphene has a number of optical and electrical signatures that make it a unique photodetection
material. Specifically, graphene offers: (i) unlimited detectable wavelength range due to the zero
band-gap[280], (ii) uniform responsivity over the entire spectrum resulting from the invariant
optical absorption (2.3%)[281], (iii) ultrafast response speed because of the ultrahigh carrier
mobility (for photovoltaic effect)[179], [282] and thermal conductance (for photothermoelectric
effect)[64], [283]-[285]. Despite these remarkable features, the relatively low responsivity
(defined as the photocurrent amplitude per input optical power, in A/W) significantly hinders
practical applications of graphene photodetectors. This is mainly due to the weak absorption of
light by a single layer graphene[201]. Therefore, various systems have been investigated to assist
light-graphene interaction and enhance the responsivity. Among these, quantum dot-loaded
graphene phototransistor exhibits the highest responsivity gain[211], [286], but the strong gain
comes at the price of the reduced operation speed (~10 ms, or 100 Hz) due to the slow quantum
dot discharge process. Photonic waveguides have also been utilized to boost the responsivity,
however, such structures usually have large and sophisticated device footprint because long
waveguides are required to increase the photon-graphene interaction length[206], [287]. A third
approach to enhance graphene photo-responsivity is to utilize plasmonic structures, which relies
on the highly confined light-induced surface plasmon oscillations in metallic nanostructures to aid
light absorption in graphene[30], [65], [72]-[74]. Such systems have relatively simple device
configuration and do not compromise the graphene photodetector operation speed. However, most

of the proposed plasmonic-enhanced graphene photodetectors utilize only on the optical
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enhancement whereas electrical junction control (discussed in detail later) is largely neglected. In
this section of the dissertation, | propose a system that utilizes both the optical and electrical
controls of a plasmonic-enhanced graphene photodetector that shows superior performance

compared to previously suggested designs.

The key factor in improving the responsivity of graphene photodetectors is in enhancing
the photothermoelectric (PTE) effect that separates the free charge carriers via temperature
gradient (VT). This concept relies on earlier works demonstrating that the PTE effect is the
dominant photocarrier generation mechanism in graphene[181]-[183], [208]. In simple words, the
majority charge carriers (electrons or holes, depending on the doping type of graphene) are driven
from the hot region to the cold region, and the net charge carrier movement leads to the detectable
photocurrent. Typical graphene photodetectors rely on the optically-induced local heating to
generate PTE current. However, intrinsic graphene sheets convert only 2.3% of incident light to
heat, leaving much room for improvement. Plasmonic systems — devices that harness the optically-
induced unbound electron oscillations in metallic scatterers to enable nanoscale light control[19],
[22], [237], [288] — make a promising candidate to generate localized heating, thereby large VT,
upon optical illumination[251], [289], [290]. Yet, equally important in graphene photocurrent
generation is the uneven electrical doping level (i.e., a junction) at the center of the VT to give rise
to a nonzero photocurrent[205]. Otherwise, if the doping level is uniform, the same type of charge
carrier would be driven by the VT to opposite directions with the same strength and result in zero
net current. In most plasmonic-enhanced graphene photodetectors, the doping is achieved
passively by depositing metal contacts on graphene[291], and the uneven doping, thereby
maximum photocurrent, occurs at the metal contact edges (see Figure 5.1 first row). The majority
of previously reported approaches do not offer control over the graphene doping level because the
doping level in the metal-contacted graphene region is fixed. In this work, we introduce the doping
control in addition to the widely-used optical enhancement via plasmonic structures. Because the
doping is achieved via electrical gating, we henceforth refer to doping control/enhancement as

electrical or junction control/enhancement.

As reported in ref.[182], PTE effect largely dominates the photocurrent generation
mechanism in graphene with channel lengths greater than 5 um. Thus, in this work we neglect the
competing photovoltaic (PV) effect (the channel length in our device is 50 um). The PTE current
in graphene is governed by
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Lz dxdy (5.1)
Iprg —f f S(O)VTe—— RW
L/2

where W and L are the width and length of graphene sheet, respectively, s(x) is the spatial
distribution of the Seebeck coefficient (controlled by the doping type and level in graphene), T,;
is the electron temperature, and R is the total resistance of graphene. To better illustrate the
graphene PTE current generation mechanism, we simplify Equation 5.1 by considering only one
dimension (along x-direction) and create a series of schematic illustrations in Figure 5.1. The
illustrations are categorized into four cases (rows), depending on the optical heating and electrical
junction enhancement scenarios. The last column of Figure 5.1 depicts the integrand of Equation
5.1, and the PTE current is directly obtained by calculating the area under each curve, with red-
shaded area denoting positive contribution and blue-shaded area negative contribution. Case 1
represents the most pristine graphene photodetectors which consist of only metal contacts and
graphene, with neither heating nor junction enhancement[177], [178]. Note that both the metal
contacts and common contaminants p-dope graphene, thus the s(x) is positive in both metal-
contacted region and exposed region, and experiences a step due to the difference in the doping
levels. As a result, the integrand has unequal positive and negative contributions to result in
nonzero PTE current. Some previous works have studied the graphene PTE effect using vigorous
electrical junction control without plasmonic enhancement[181], [183], [292], thus belong to Case
2. Here, a p-n junction is introduced at the center of the temperature gradient, and ensures a positive
contribution to the PTE current on both sides. As mentioned above, plasmonic structures help to
convert light into local heating (represented by high T(x) and dT/dx profiles in Figure 5.1), hence,
most of the previously demonstrated plasmonic enhanced graphene photodetectors[30], [72], [74]
fall into Case 3. It is evident that Case 4 with both optical heating and electrical junction
enhancements results in the strongest PTE current, and this forms the backbone of the design

presented in this work.
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Figure 5.1 A one-dimensional schematic illustration of the photothermoelectric (PTE) current generation in
graphene

Based on the enhancement conditions of optical heating and electrical junction (Y: yes, N: no), graphene
photodetectors can be categorized into four cases, each represented by a row. In all plots, the horizontal axes denote
the spatial coordinate x, and the vertical axes are denoted by their respective column headers. The T(x) column
illustrates the electron temperature profile due to laser illumination, and the dT/dx column is obtained by taking the
spatial derivative of T(x). The s(x) represents the spatial distribution of the Seebeck coefficient, and the s(x)-(dT/dx)
column is obtained by taking the product of the s(x) and dT/dx columns. The PTE current is calculated by
integrating the s(x)-(dT/dx) function, i.e. adding the areas of the shaded regions, with red (blue) denoting positive
(negative) contribution to the PTE current.

5.2 Device design

Figure 5.1 illustrates the importance of the spatial overlap between the center of the optical
heating area and a p-n junction for maximal graphene photocurrent generation. In this work, we
create the p-n junction in graphene by a pair of split-gates formed by (from bottom to top) an

aluminum (Al-aluminum oxide (Al>Oz3)-graphene capacitor structure, and deposit Al nanodisks
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on graphene to form gap plasmon structure with the underlying Al>Os and Al layers to enhance
optical absorptance. In this way, the optical heating enhancement (gap plasmon structure) and the
electrical enhancement (split-gates) are seamlessly lumped together by their shared components
of the Al,Oz and Al layers. More importantly, gap plasmon structures have been shown to exhibit
high optical absorptance[262]-[264] and are especially efficient in light-to-heat conversion[185].
The choice of materials is based on two reasons: i) it is relatively easy to tune the resonance
wavelength of Al gap plasmon structure in the visible spectrum to make color-sensitive graphene
photodetectors; ii) the high quality of Al2Os grown on Al guarantees robust electrical gating to
graphene. In this work, we investigate the realistic optimal responsivities obtainable in graphene
photodetectors that can be produced in large scales, thus chose to work with graphene grown by
chemical vapor deposition (CVD) because of its compatibility with industry-level fabrication.
Figure 5.2(a) depicts a schematic illustration of the proposed device and its working principle. The
pair of split-gates are separated by a minuscule gap to ensure electrical isolation between the two
gates, hence the doping level thus Seebeck coefficients on the two sides of graphene can be
independently controlled by electrostatic gating. Simultaneously, the nanodisk gap plasmon
structure absorbs the incident light and creates a localized temperature profile, which then drives
the majority charge carriers on the two sides (electrons on the n doping side and holes on the p
doping side) to opposite directions for maximized photocurrent. Figure 5.2(b) shows the cross-
sectional view of the design and illustrates how the split-gates and the gap plasmon structure
function together. We note that in the fabricated sample, the poor adhesion of nanodisks to
graphene somewhat compromises the uniformity of the nanodisk distribution, but this issue can be
resolved by introducing a thin Al.Oz layer between the nanodisks and graphene (not investigated

in this work).

Since the plasmonic structure has more stringent requirements on layer thicknesses than
the electrical gating, the bottom-most Al layer and the Al>Os layer are carefully designed to be 100
nm and 20 nm thick, respectively, in order to achieve high optical absorptance in the visible
spectrum. The split-gates are defined by electron-beam lithography (EBL) with a 150 nm wide gap
(taking into account the fabrication limitations), Al metallization and liftoff, followed by atomic
layer deposition (ALD) growth of AlOs. A graphene sheet grown by CVD is transferred on the
Al>;O3 layer, and 30 nm thick Al nanodisks are then placed on the graphene sheet by EBL,

metallization and liftoff. Figure 5.2(c) presents a close-up schematic view of the gap plasmon
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structure sans the graphene sheet. The nanodisk radius is varied across samples to alter the
absorptance spectrum thereby control the responsivity at different wavelengths. We also fabricated
a separate sample containing only the gap plasmon structure (i.e., no graphene) for optical
characterization, because the absorptance measurement requires an area of uniform gap plasmon
structure larger than that of the graphene photodetector. In Figure 5.2(d), we show three spectra
measured on three different areas, one without nanodisks (i.e., only 20 nm thick Al>Os and 100
nm thick Al) and two with nanodisks of radii R = 50 nm and R = 60 nm, respectively. Since
graphene’s optical response in the visible range is negligible, it is reasonable to use Figure 5.2(d)
as a guideline for the optical absorptance in the nanodisks-loaded graphene photodetectors. Based
on the conclusions from ref.[185], on the mesoscopic scale, the optically induced VT on gap
plasmon structure scales linearly with its optical absorptance. Hence, the responsivity of gap

plasmon-assisted graphene photodetector is expected to follow the optical absorptance.
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Figure 5.2 Graphene photodetector design and optical characterization

(a) Schematic of the graphene photodetector, which integrates both optical heating enhancement (realized via gap
plasmon structure) and electrical junction enhancement (realized via split-gates), graphene lattice not drawn to scale.
(b) Cross-sectional schematic of the graphene photodetector with split-gates and nanodisk gap plasmon structure.
V1 and Ve are used to independently control the doping type in the two sides of graphene. Nanodisks cause
localized heating by absorbing light, which drives electrons (holes) from center to the left (right) to give rise to Ipre.
Top left inset shows the simulated normalized magnetic field distribution under a resonant condition, where most of
the incoming electromagnetic energy is squeezed in the Al,Os layer instead of being reflected back. The nanodisk,
Al>O3, and Al reflector layers are outlined by their representative colors. GND: ground. (c) Schematic of the gap
plasmon structure: the aluminum (Al) nanodisk array (NDA). The Al nanodisks have a thickness of h; = 30 nm,
arranged with periodicity Px = Py = 300 nm, residing on an Al>O3 layer with a thickness of h, = 20 nm atop an Al
back reflector layer with a thickness of hz = 100 nm. The disk radius varies across NDAs, and all the arrays are
deposited on a 0.7 mm thick bulk SiO, substrate. (d) Measured optical absorptance spectrum in the range of 400 —
900 nm, on two NDAs with R =50 nm and R = 60 nm, and on the bare substrate (only Al.O3; and Al layers on bulk
SiO,) without nanodisks. The absorptance measurement is carried out on a sample containing no graphene.
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5.3 Results and discussion

We fabricate electrical contacts for electrical characterization under vacuum and room
temperature conditions. Figure 5.3(a) shows a microscopic image of the fabricated device with R
= 60 nm nanodisks, as well as the electrical connections that are made to the device for graphene
electrical resistance (Rsp) and photocurrent (lpte) measurements. We first measure the Rsp while
independently sweeping the voltages Ve1 and Vg; on the split-gates and show the result in Figure
5.3(b). The central maximum Rsp point indicates the charge neutrality point (CNP), and two
orthogonal lines intersecting at the CNP can be drawn to divide the gating condition into four
different regimes, based on the types of carrier supplied to either side of graphene. The asymmetry
in the two gating voltages at the CNP is likely due to the trapped charges in the Al.Oz layer
introduced during the fabrication processes. Next, for the Ipte measurement, a continuous-wave
(CW) laser with A = 638 nm and a power of 32 uW is focused to a spot size of ~10 um, modulated
by a mechanical chopper at 651 Hz, and illuminates the central area of the photodetector (red spot
in Figure 5.3(a)). The Irpe is then collected from the source and drain contacts using a lock-in
amplifier that is synchronized with the mechanical chopper. Figure 5.3(c) shows the measured Ipte
when V1 and Ve are swept, from which distinct features can be seen in the four different doping
regimes defined in Figure 5.3(b). Additionally, a diagonal line can be drawn along the zero-lpte
line in the p-p and n-n doping regimes. The three dashed lines divide Figure 3c into six regions
exhibiting alternating signs of Ipte, which clearly indicates the dominance of the PTE effect in the
photocurrent generation mechanism[182], [183]. It is also evident that the Ipte is strongest under
the p-n or n-p doping regime, in agreement with our previous discussion. Finally, we measure the
IpTe spatial map in the area outlined by the dashed box in Figure 5.3(a), while keeping the gating
voltages at Va1 = -2 V and Va2 = 9 V (marked by the star in Figure 5.3(c)). As can be seen from
Figure 5.3(d), the maximum Ipte happens at the central line where the p-n junction is created by
the split-gates, and diminishes as the laser moves away from it. The lpte changes sign at the source
and drain contact edges, due to the uneven doping between metal-doped graphene and
electrostatically-doped graphene (i.e. p(Au)-p*(G1) on the source side and n(G2)-p(Au) on the
drain side). We calculate the average lpte from the gap plasmon-assisted graphene photodetector
by taking the average of the measured data points inside the box highlighted in Figure 5.3(d). The
measured responsivity is 52 pA/W on a device with nanodisks of radius R = 60 nm, which has an
optical absorptance of 71% at the incident laser wavelength 638 nm.



89

Graphene

(%) ®y

Ve V)

(c) L@
3 10 -

)

075 S 1 1 =~

o 4 5]

g 84 1 1 9

c

0 3 : | e f

)

3 64 1 | 10 =
< 075 5 E 1 I £l
S > E 1 1 20 >

- S N
o - 44 | I
> 15 1 1 -3.0
2 1 1
0 va
p-p < @& 24 1 |
g 1 1 1
f’ 1
2 P 1 | |
s ! G- 1
2 0 2 0 10 20 30 40 50
Vg, (V) X (pm)

Figure 5.3 Photocurrent characterization of optically- and electrically-enhanced graphene photodetector

() Microscopic image of a fabricated graphene photodetector loaded with nanodisk with a radius R = 60 nm, and
the schematic for the electrical measurements. The green shade results from the strong absorption of the red part of
the visible spectrum by the nanodisks. Vg1 and Ve are the gating voltages supplied to the two sides of graphene
separated by the 150 nm wide gap in the bottom-most Al layer, the graphene photocurrent signal is measured using a
current preamplifier and a lock-in amplifier via the source and drain contacts. The graphene resistance is obtained
separately by measuring the voltage drop across the source and drain contacts when a 100 nA current modulated at
17.35 Hz is supplied to graphene. (b) Measured graphene electrical resistance (Rsp) when Vg; and Vg, are
independently swept. Four junction regimes are identified around the CNP. (c) Measured photocurrent signal as Ve
and Vg2 are independently swept, the dashed lines mark the photocurrent sign changes. The CW laser for this
measurement has a power of 32 pW, a diameter of ~10 pm, and its illumination position is marked by the red spot in
(a). (d) Spatially resolved photocurrent map in the area marked by the dashed box in (a), measured with Vg1 =-2 V
and Va2 = 9 V (indicated by the star in (c)). The vertical dashed lines denote the source/drain contacts and the
central 150 nm-wide gap, respectively. The data points in the boxed region are used to calculate the average
responsivity of this device.

To compare the four cases presented in Figure 5.1, we measure the photocurrent in different
locations of two separate devices both gated to achieve a p-n junction in the center, and show the
results in Figure 5.4(a). One of these devices contains only graphene sheet (top left in Figure 5.4(a))
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and the other is loaded with nanodisks with radius R = 60 nm (top right in Figure 5.4(a)). In both
devices, laser illumination on the central line corresponds to the cases of the enhanced p-n junction,
whereas illumination on the Au electrode/graphene interface denotes un-enhanced junction, as can
be seen from the reversed sign (because of the p(Au)-p*(G1) doping on the left edge, and p(G1)-
n(G2) doping at the center) and lower Ipte amplitude on the edges of Figure 5.3(d) compared to
the central area. On the other hand, nanodisks dramatically increase the optical absorption thereby
VT, making Device 2 represent the cases of enhanced optical heating. The table in Figure 5.4(a)
summarizes the measured responsivities for the four different cases. The absolute values of the
responsivities nicely correlate with the schematic illustrations in Figure 5.1, strongly substantiating
our prediction as well as showcasing the power of VT and junction enhancement. By comparing
the photocurrent of Case 4 and Case 1, we conclude that a 25-fold responsivity increase can be

achieved with optical and electrical enhancement compared to the generic (un-enhanced) case.

We then repeat the measurement using two additional laser wavelengths (532 and 825 nm)
on three devices (no nanodisk, with disk radius R = 50 nm and R = 60 nm, respectively). These
measurements allow us to investigate the correlation between the optical absorptance and the Ipte
responsivity. In Figure 5.4(b), we plot the average responsivity calculated in the same way as
shown in Figure 5.3(d), versus the measured optical absorptance. The red fitting line (note that the
red line is a linear fit, but appears curved due to the log-log plot scale and the y axis starting from
3 uA/W) indicates that the responsivity scales linearly with the optical absorptance, agreeing with
our previous discussion and design principle that the optically induced VT, hence responsivity, is
directly proportional to the optical absorptance. Additionally, the source-drain bias (Vsp) can be
utilized to enhance the responsivity by creating a static electric field between the two electrodes to
facilitate the electron harvesting. Figure 5.4(c) presents the measured responsivity as the Vsp is
swept from -2.3 to 2.3 V, from which it can be concluded that an additional 7-fold responsivity
enhancement can be achieved at 2.3 VV compared to zero Vsp. All measurements except the one

shown in Figure 4c are done with Vsp =0 V.
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Figure 5.4 Graphene photodetector enhancement

The four cases categorized in Figure 5.1 can be reproduced in the experiment by illuminating the laser spot on the
four positions in (a). In all four measurements, both devices are gated to achieve a p-p* (p-n) junction on the left
edge (in the center) to represent the un-enhanced (enhanced) electrical junction. The device on the left (right)
contains no nanodisks (nanodisks of R = 60 nm) therefore represent the case of un-enhanced (enhanced) optical
heating. The table summarizes the measured photo-responsivities of the four cases, with case numbers
corresponding to the enhancement schemes in Figure 5.1. (b) Measured photo-responsivity versus optical
absorptance (black data points), and the linear fit (red line) to the data points. The linear fit appears to be curved due
to the log-log plot scale. (c) Measured photo-responsivity as a function of an applied DC source-drain bias (Vsp), on
a device with an optical absorptance of 71% at the illuminating laser wavelength of 638 nm. All measurements in
(b) and (c) are carried out by illuminating the laser at the central p-n junction.

The responsivity can be further enhanced if the following two methods are implemented

together with the proposed device configuration: i) to increase the optical absorptance and ii) to
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improve the quality of graphene. In this work, the highest optical absorptance achieved is 71%,
due largely in part to the non-ideal adhesion between nanodisks and graphene. The optical
absorptance can be improved by refining the fabrication process, for example by introducing a thin
Al;O3 layer between nanodisks and graphene to increase adhesion between nanodisks and
graphene. As a proof of concept demonstration of the device design, this work was done with CVD
graphene, however, it is well known that exfoliated graphene exhibits stronger photoresponse, and
the responsivity is expected to see a significant increment if exfoliated graphene is used in

combination with the proposed device design.

5.4 Conclusions

As the photothermoelectric (PTE) effect has been shown to be the dominating mechanism
of the photo-carrier generation in graphene, we propose a new approach to enhance graphene
photocurrent by spatially overlapping plasmon-induced optical heating and a p-n junction. We
design a novel metal/dielectric/nanodisk tri-layer device configuration, which forms a gap plasmon
structure and a pair of split-gates to simultaneously realize enhanced plasmon-induced optical
heating and enhanced p-n junction control, respectively. Specifically, the bottom metallic layer
(with a gap in the center) serves as the back reflector of the gap plasmon structure, as well as the
electrodes of the split-gates. The middle dielectric layer constitutes the optical spacer for gap
plasmon structure, also the gating dielectric of the split-gates to create a p-n junction. Graphene is
then placed on the dielectric layer, followed by deposition of the nanodisk array. Although the
nanodisks do not play a role in electrical control, they are an essential part of the gap plasmon
structure and efficiently convert light into localized heating. With rigorous experiments, we proved
the dominance of the PTE effect in graphene photocurrent generation, and showed that with optical
heating and electrical p-n junction enhancement, the photocurrent sees a 25-fold increase
compared to the un-enhanced case. A source-drain bias of 2.3 V can further enhance the
photocurrent by 7 folds. The overall thickness of such a photodetector is 150 nm, much smaller
than the state-of-the-art semiconductor photodetectors which are several microns thick. In addition,
the relatively narrowband optical absorptance of the nanodisk gap plasmon structure makes it
possible to control the color sensitivity using nanodisks with different radii, eliminating the need
for an additional color filter layer when integrated into cameras. Lastly, we note that although

photodetectors made with exfoliated graphene usually exhibit higher responsivities[285], [287],
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they are not suited for large-scale manufacturing due to the limited size and yield of exfoliated
graphene. Our work indicates optimal responsivities that are achievable with CVD graphene,
which holds promise for mass production and commercialization. The proposed design represents
a leap towards realizing graphene’s potential in constructing ultrathin, lightweight, and ultrafast
photodetectors.



94

6. ENABLING OPTICAL STEGANOGRAPHY, DATA STORAGE, AND
ENCRYPTION WITH PLASMONIC COLORS

Disclaimer: A document with close resemblance of this section of the dissertation is under review
for publication in Nature Communications, Nature Publishing Group (or any other press to which
the document should be submitted) reserves the first right of publication of this work.

6.1 Introduction

The rapid development of the Internet-of-Things (10T), widespread social networking, and
multimedia content delivery with the increasing dominance of high-resolution digital static and
dynamic color images produces an astounding amount of data that should be stored and accessed
around the world. The price for the increasing dependence on data is a never-ending growth of the
Global Datasphere that has been estimated to be 33 zettabytes (ZB, 1 ZB = 10?* bytes) in 2018 and
expected to exponentially grow up to 175 ZB by 2025[293]. The class of “cold” data — those that
constitute ~40% of the overall data volume but are accessed less frequently[294], exemplified by
digitized movies, images, texts, and big data, needs to be stored at long-lasting, physically-safe,
and low power-consuming archives. Currently, the most widely-used medium for cold data storage
is Blu-ray discs, for their superior performance in data security, robustness, durability, and cost of
operation, compared to magnetic-recording media such as hard disc drives (HDDs). However, Blu-
ray discs are nearing the theoretical limit for storage density, as a basic storage unit accommodates
only one bit of information, and its size is already close to the diffraction limit of the readout
laser[295] thus cannot be further shrunken. There is a rising need for affordable, long-term storage
of big data with a high-speed readout and this need is becoming a social and technical
challenge[295].

Alternative optical storage has been already offering solutions as a media capable of storing
large volumes of data with a promise to cover at least several human generations[296]. Thus far,
the optical storage industry has been employing direct engineering strategies: (i) recording on both
the land and the valley regions of the optical disc groove, (ii) increasing the number of layers per
disc, and (iii) arranging the multilayer discs in parallel arrays[295]. This straightforward multi-

layer, multi-disc engineering strategy does not deliver a significant cost per bit advantage — each
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layer on such a disc is still fabricated individually. Also, by retrieving only a single bit of
information per reading, the sequential readout of information significantly limits the overall
performance. In light of this, research efforts have spurted towards advanced optical data storage
systems where more than one bit of information could be stored in a single storage unit[39], [297]-
[300]. Although some of those studies advanced the exploration of optical data storage, most of
the proposed solutions were not mature for practical applications. For example, Chen et al.[297]
used a large storage unit area that compromised the desired storage density, the work of
Mansuripur et al.[298] required a scanning laser for information readout that could limit the
operation speed, and the technique proposed by Li et al.[299] relied on a very slow chemical
process to increase the data storage capacity. While the recent work by Wiecha et al.[39] is an
encouraging and important progression towards practical applications in many aspects, the
proposed complicated structure may pose a challenge to scalable manufacturing.

Because of their unparalleled ability to localize light, plasmonic metasurfaces have enabled
various miniaturized light manipulation techniques[19], [73], [237], and they also provide a viable
solution to further increasing the optical data storage capacity as well as the readout speed. Here,
we propose a simple anisotropic plasmonic metasurface (APM) consisting of aluminum (Al)
nanoantenna elements to encode many-bit information in a single nanopixel with an area of 500 x
500 nm? which can be retrieved via customized color codes reflected from the nanopixel under a
meticulously designed sequence of polarizer arrangement. Importantly, the optical rotation
effect[301] of such APM dictates that when broadband polarized light interacts with each
nanopixel of the APM, the reflected spectrum (thereby color) is distinctly modified as the
polarization of either the incident or the reflected light changes. We make use of this exceptional
flexibility to realize high-density optical data storage, optical steganography and encryption. In
high-density optical data storage we demonstrate a storage density that is 5% greater than the state-
of-the-art Blu-ray disc using a readout system with moderate sensitivity. The storage density can
be increased even further by employing machine learning for color or spectral discrimination,
along with a readout system of higher spectral sensitivity. Furthermore, such color-based data
storage is compatible with our new parallel-processing data readout scheme where the information
stored in multiple storage units is acquired simultaneously, significantly surpassing modern
sequential systems in operation speed. In optical steganography, we encode more vivid “cross-

talk”-free color images in a common area than any other relevant work. In information encryption,



96

our APM is for example capable of encrypting the entire English alphabet in a single ciphertext

element, showing enhanced functionality vs comparable digit-based plasmonic/optical encryption.

Our APM relies on the localized surface plasmon resonance (LSPR) — resonant free-
electron oscillations at the metal-dielectric interface when stimulated by light — to modify the
reflection spectrum. Since the LSPR is very sensitive to the relative angle between the anisotropic
nanoantenna orientation and the incident/reflected light polarization, the reflected spectrum (color)
varies with the relative angle between the two. As a result, the information can be stored in the
orientation states of the nanoantennas, and conveniently retrieved by their reflected colors.
Compared to polarization-tunable color-producing structures working in the transmission
mode[302]-[306], a reflective metasurface, which is free from anti-reflection complications and
propagation-accumulated phase (A@ = p x d, where g is the propagation constant and d is
propagation distance), can be made with smaller thicknesses while simultaneously exhibiting high
reflection efficiency[118], [119], [307]-[311]. Such a feature can be utilized to shrink the device
footprint and increase the saturation and intensity of the reflected colors in a bright-field optical
microscope, leading to clear and vibrant microprints[312]. In contrast to the plasmonic color-
producing structures based on composite metallic resonators, the use of all-Al design not only
simplifies fabrication process by forming connected metal structures but also reduces the
manufacturing cost[313]. Moreover, the proposed design is compatible with commercial
nanoimprint process[314] and promises to bridge the gap between proof-of-concept demonstration
and large scale manufacturing. With respect to color generation performance, our structure yields
a continuous closed elliptic trace on the International Commission on Illumination (CIE) 1931
chromaticity diagram, while most state-of-the-art polarization-tunable color-producing structures
can only produce a limited range of colors represented on the same diagram by a limited straight
segment[303]. Such a significant broadening of the reproducible colors is achieved due to the
dispersive optical-rotation effect near the LSPR band of the Al nanoantennas. Employing these
advantages, we experimentally showcase a data storage APM with a storage density 5% greater
than Blu-ray discs and a 143-fold readout speed increase, as well as advanced steganography color
displays and encrypted color tags, featuring large viewing angle tolerance and abated “cross-talk”

effect (i.e., undesired mixing of the overlaid images between the different polarization states).
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6.2 Results
6.2.1 Theoretical fundamentals and numerical simulations

The proposed metasurface consists of periodic arrangements of rectangular-shaped Al
nanoantennas attached to an optically thick Al film. This architecture is capable of converting the
diagonally-oriented (45° with respect to the long axis of the nanoantenna) linearly-polarized (LP)
visible light into other polarization states. Importantly, a complete 90° optical rotation angle can
be readily achieved with high reflection efficiency and device compactness due to the LSPR. Al
is chosen here due to its broad-band plasmonic properties - it supports plasmon resonances in the
wavelength range from the ultraviolet to the near-infrared[308]. Moreover, the lower cost of Al
and its stability in air makes it more suitable for our goal than conventional plasmonic metals such

as silver and gold.

As shown in the lower inset of Figure 6.1(a), the unit cell of the APM spans an area of 250
nm x 250 nm with the optimized length (1), width (w) and thickness (h) of the nanoantenna being,
I =200 nm, w =280 nm, and h =70 nm. The period of the nanoantenna array is kept subwavelength
to avoid diffraction, which causes unwanted sharp peaks in the reflectance spectra and deteriorates
the color saturation. The red curve in Figure 6.1(a) indicates the phase difference o that exhibits a
pronounced 180° drop from ~460 nm to 600 nm. The four insets in Figure 6.1(a) show the
calculated elliptical polarization states of the reflected E-field at four select wavelengths, implying
that the polarization state of the strongest reflected light is wavelength-dependent, a quintessential
feature of the optical-rotation effect[301], [315].
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Figure 6.1 Simulated results of the APM color filter

(a) Calculated reflected light phase difference between x- and y- polarizations. The four upper insets show the
elliptical polarization states of the reflected wave at four select wavelengths, and the lower inset is a schematic of
one unit cell containing an individual Al nanoantenna with the incident polarization state. (b) Simulated reflectance
spectra corresponding to different combinations of polarizer-analyzer angles, leading to four distinct colors. (c)
Simulated spectra of light reflected from the APM when the analyzer is rotated from 0° to 165° with a step of 15°,
while the polarizer is fixed at 45° with respect to the long axis of the nanoantenna. The lines in c are presented in
colors calculated from a given reflectance spectrum and the color-matching functions. (d,e) Calculated color palette
and corresponding color information on the CIE 1931 chromaticity diagram, when both the polarizer and analyzer
are rotated. Colors are obtained with simulated reflectance spectra and color-matching functions. The elliptical color
palette shown in (e) is remapped from the region enclosed by the red box in (d).

The detailed simulation approach is given in the Methods section, and the polarized field
calculations are described in Supplementary Information. To make APM produce a wide palette
of colors, various combinations of polarizer-analyzer angle differences (¢p— ¢a) are utilized. The
corresponding reflectance spectra at normal incidence are depicted in Figure 6.1(b). For (¢p=0°,
$#a=0°), the reflectance spectrum becomes nearly flat across the entire visible spectrum, and the
APM reflects a grey color. On the contrary, the spectra for (¢p = 45°, ¢a = 45°), (#p = 90°, ga = 90°)
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and (¢p = 45°, ¢a = 135°) show distinctive profiles, where the maximum reflectance exceeds 70%
while the reflectance at off-resonant wavelengths is highly suppressed. Such a high contrast
between the peak and dip values in the reflectance spectra improves color saturation and stability
against fabrication uncertainties. Figure 6.1(c) depicts the simulated reflectance spectra when the
analyzer is rotated from ¢a = 0° to ¢a = 165° with a step of 15° when the polarizer angle is fixed at
45° with respect to the long axis of the nanoantenna. The corresponding color palette versus
polarizer-analyzer angle combinations is plotted in Figure 6.1(d). Based on the color matching
functions defined by CIE, distribution of the colors in the CIE 1931 diagram can be clearly

observed in Figure 6.1(e).

6.2.2 Optical steganography: plasmonic “kaleidoscope”

We fabricate the simulated all-Al APM with standard electron-beam lithography (EBL),
metallization and lift-off technique. A detailed description of the fabrication process is introduced
in the Methods section. Figure 6.2(a) shows the measured reflectance spectra under the same
polarizer-analyzer combinations as shown in Figure 6.1(b). The excellent uniformity and high-
fidelity profile of the fabricated nanoantennas lead to a good agreement between measured and
simulated spectra. Some differences are due to the shape distortion at the fabricated nanoantenna
corners, as well as changes in optical properties of nanostructured Al, which are not accounted for
in simulations. To explore the potential use of this APM as a tunable plasmonic color filter, we
photographed the colors with a chromatic charge-coupled device (CCD) camera integrated into an
optical microscope. The detailed optical setup is schematically presented in Supplementary Figure
6.6. For comparison, we present the simulated and experimentally photographed colors (blue,

orange, magenta and grey) in the left and right columns of Figure 6.2(b), respectively.
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Figure 6.2 Experimental results of the APM color filter and steganography

(a) Measured reflectance spectra of the APM under four different combinations of polarizer-analyzer angles
corresponding to those in Figure 6.1(b). Inset: SEM image of the Al nanoantennas taken in a random area of the
fabricated APM. (b) Comparison between the simulated colors (left) and CCD camera photographed colors (right)
under the four polarizer-analyzer combinations (same as in (a)). All photographed images were obtained by
collecting the reflected light into the CCD camera with a 20x objective lens (NA = 0.45) under white light
illumination. (c) Schematic of the steganographic flower pattern presented with different colors indicating different
nanoantenna orientations. (d) Experimental optical micrographs upon rotating polarizer and analyzer. The circles
below the photographs represent the polarizer (blue) and analyzer (red) angles, with the highlighted regions and
corresponding numbers indicating the angles by which the polarizer/analyzer is rotated from the previous state.

The grey, blue, and magenta colors obtained (photographed) from the experiment agree
reasonably well with the simulated ones, while the experimental orange color exhibits some
discrepancy from the simulation. The discrepancy can be explained by the orange spectral curve
depicted in Figure 6.2(a) — the broader resonance linewidth and relatively flat reflectance profile
lead to the reduced color saturation.

A broad palette of colors can be observed when rotating the polarizer and analyzer. In
contrast to the dynamic plasmonic colors tuned by heat[316] or chemical reaction[35], [299], [317],
the appearance of the color images encoded by our meticulously designed APM can be readily
changed without causing any deformations to the structure. Such an APM opens up an avenue for
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advanced steganography —a technique used to conceal a message or image within another message
or image. To demonstrate the concept of steganography with a plasmonic “kaleidoscope”, we

design a pattern of an eight-petal flower decorated with a core and eight circular speckles as

T T 31
||

depicted in Figure 6.2(c). The areas occupied by differently oriented nanoantennas (0, AU
nanoantenna orientations are with respect to the x-direction henceforth) are labelled by different
colors and nanoantenna orientation angles. The square Al nanoantennas (with dimensions of | x w
=80 nm x 80 nm) are used as the metasurface background, which blends in well with the peripheral
part of the flower at specific polarization states. The performance of the plasmonic steganography
is presented in Figure 6.2(d). A magenta flower with eight petals is perfectly observed when the
polarizer and analyzer are set at 0° and 45°. When the analyzer is rotated by 90° in the counter-
clockwise (CCW) direction, the flower pattern undergoes dynamic profile change with the
disappearance of the petals and emergence of “cluster of speckles”, because the areas occupied by

%and % oriented nanoantennas perfectly match the colors generated from the background square-

. . 3 .
shaped nanoantennas. Simultaneously, the areas occupied by 0 and Tﬂ oriented nanoantennas

render a clear-cut magenta flower which sharply contrasts with the background. Based on the same
principle, more distinct images from this pattern can be revealed under many other polarizer and
analyzer angle combinations (see Figure 6.2(d)), largely increasing the information capacity of the

steganography technique.

6.2.3 Towards a higher spatial resolution

On top of expanding the available color palette, tunability and abating the “cross-talk”
effect, shrinking the dimensions of distinguishable nanopixels is of great importance for increasing
the spatial resolution and information capacity of the APM. In order to find out the minimum
nanopixel size that can support distinguishable colors, we fabricate checkerboard patterns with
alternating nanopixels formed by nanoantennas in different orientations as shown in Figures 6.3(a-
c). When the polarizer is 0°, and the analyzer is 90° with respect to the x-direction, the alternating

blue-black checkerboard pattern is distinctly observed as depicted in Figures 6.3(a,b).
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Figure 6.3 Rendering colors by nanopixels

(a-c) The bright-field optical micrographs of the checkerboard patterned metasurface and the enlarged SEM images

in the region of the red box. Each square red box in the checkerboard has a side of (a) 1.25 um (b) 0.75 pum and (c)

0.5 um and consists of an array of (a), 5x5 (b), 3x3 and (c), 2x2 nanoantenna unit cells. (d) Simulated colors from

infinite nanoantenna arrays (line 1), photographed images from 5x5 nanoantennas (line 2), 3x3 nanoantennas (line

3) and 2x2 nanoantennas (line 4). The corresponding analyzer angles are marked below; the polarizer angle is fixed
at 45°.

Remarkably, Figure 6.3(c) shows that nanopixels with only 2 x 2 nanoantennas can exhibit
vibrant alternating black-and-blue dots. The total area of such a nanopixel is 500 x 500 nm?, which
is equivalent to a spatial resolution of around 50,000 dots per inch (dpi) and exceeds the reported
values in the most recent literature[318]-[323]. This effect originates from the LSPR’s high field
confinement at the nanoantenna/air interface. By rotating the analyzer but fixing the polarizer at
45° with respect to the x-direction, more colors are expected to reflect from each nanopixel
according to previous analysis. Interestingly, Figure 6.3(d) shows that eight different colors (see
the regions enclosed by the red boxes) are observed by photographing the checkerboard pattern
with a 100x and 0.9 NA objective. These images agree well with the simulated colors, implying
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that such an APM exhibits significant viewing angle tolerance and large data storage potential with

500 x 500 nm? nanopixels.

6.2.4 High-density data storage

Owing to the high spatial resolution and great diversity in color generation, our APM can
be used to augment current data storage technology. In conventional data storage devices, a storage
unit accommodates only a single bit of information (0 or 1). With our APM, however, information
is stored in the orientation of the nanoantennas and is retrieved by a set at of analyzers acquiring
color sequences that uniquely match the nanoantenna orientations. Since a large variety of
distinguishable colors can be rendered by rotating the nanoantennas, the amount of information

stored in one APM storage unit can greatly surpass a single bit. In our proof-of-concept
demonstration, we utilize eight nanoantenna orientations evenly distributed between 0 and %" to

represent eight distinct information states, which can be regarded as three bits of information with
each nanoantenna orientation representing 000, 001, 010, 011, 100, 101, 110, or 111. Consequently,
an APM can be programmed by EBL with nanopixels being the fundamental storage units each
carrying 3-bit information. From the experimental result of the previous section, the nanopixels
can be as small as 500 x 500 nm? (2 x 2 nanoantennas, or unit cells) in order to render
distinguishable neighboring colors. Then, the storage density of the proposed APM (3 bits per 500
x 500 nm?) is calculated to be 5% larger than that of the state-of-the-art Blu-ray technology (~1
bit per 320 x 274 nm?, the dimensions of a Blu-ray bit are estimated from[324]). An example of

such data-storage APM is shown in Figure 6.4(a).

To translate the APM’s antenna orientations into binary information, we propose a set of
color codes that link the nanoantenna-rendered colors with the designated binary states, as well as
a parallel-processing data readout system. Figure 6.4(b) presents the experimentally-obtained color
codes (see more details on the color code generation in Supplementary Figure 6.7). The figure
shows that a given nanoantenna orientation renders a unique color sequence when sequentially
imaged with analyzer angles of 0°, 45°, 90° and 135° (with the polarizer fixed at 45°). The core
idea here is that a 3-bit code is assigned to each nanoantenna orientation state and then retrieved

from the corresponding color sequence with an imaging system.

The readout system consists of four white-light sources and four CCD cameras as shown

in Figure 6.4(c). All four white-light sources are linearly polarized to 45° and illuminate adjacent
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regions on the pre-programmed APM. Each illuminated region, hereafter referred to as a frame,
may contain multiple nanopixels. For example, the frame shown in Figure 6.4(a) contains 16
nanopixels. CCD cameras record the rendered colors from the frame (each nanopixel in a frame
may render a different color) after passing through four respective analyzers at angles mentioned
above, and a local cache stores the color information on each nanopixel at each analyzer. Next
time, when the array of frames moves forward by the length of one frame, the given frame is
imaged at the next analyzer angle. When the frame passes all four CCD cameras, its constituent
nanoantenna orientations, thereby stored data, is retrieved by looking up their color codes — the
cache-stored color sequence. The four CCD images in Figure 6.4(c) are the color maps of the
single frame shown in Figure 6.4(a) (also highlighted by the red box in Figure 6.4(c)), imaged
under the four different analyzers.
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Figure 6.4 APM as a data storage device

() A frame (red box) of a data-storage APM containing 16 nanopixels (the purple box highlights one nanopixel),
each consisting of 4 unit cells (the blue box highlights one unit cell). A nanopixel serves as an indivisible data
storage unit, which accommodates 3 bits of information. (b) A unique color code is created for each nanoantenna
orientation, which is then assigned a 3-bit information state, so that a 3-bit information can be stored in a nanopixel.
(c) The schematic of a proposed imaging system for speedy APM information readout, which consists of four white-
light sources, four CCD cameras and a sample-moving stage. The region highlighted by the red box shows the APM
frame in (a), and the four CCD images show the color maps of this frame imaged under the four respective
analyzers. (d) The stored binary data in (a) is retrieved after comparing the color sequence on each nanopixel and the
color codes in (c).

Consequently, the color sequence on each nanopixel can be obtained to retrieve the binary
data stored in the frame, as shown in Figure 6.4(d). The detailed data retrieval procedure is
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presented in Supplementary Figure 6.8; the same procedure is applied to all frames of the APM to
read the complete information. The advantage of the proposed readout scheme becomes apparent
when the readout speed is considered. It takes 4X steps and a rotating analyzer for a setup with
one light source and one camera to complete reading the information in one APM, where X is the
number of frames in the APM; whereas only X + 3 steps are needed with the proposed parallel-
processing setup, which also eliminates the need for a rotating analyzer. As we show in
Supplementary Information Section 6.4.5, with ultra-high speed cameras (e.g. iX Camera i-SPEED
726) and other Blu-ray-equivalent components, it is possible to achieve a data readout speed of
18.3 Gbits/s, 143 times higher than the Blu-ray technology. It is worth noting that in the proposed
readout scheme, the illuminating light need not be focused on one nanopixel, but instead enhances
the readout speed by covering multiple nanopixels, provided that the color on each nanopixel can
be spatially resolved by the CCD cameras (in this case, at each analyzer angle the cache stores a
map of color pixels each corresponding to a nanopixel, as shown by the CCD images in Figure
6.4(c)).

The four-analyzer scheme used in the retrieval protocol is redundant for a 3-bit APM.
Theoretically, even two analyzer angles are already sufficient to generate color codes that uniquely
correspond to a nanoantenna orientation (it can be also observed from Figure 6.4(b), e.g., 0° and
90° analyzers). However, the redundancy is beneficial here; it can be used for error correction,
hence enabling more robust information retrieval. Below we demonstrate the use of the four-
analyzer scheme with more advanced APMs beyond 3 bits per nanopixel. Indeed, the data storage
density in our APM can be further increased and is ultimately restricted by the CCD spectral
resolution. We choose eight nanoantenna orientations in our experiment because the colors
generated from these nanoantennas are easily distinguishable by the naked eye. Nonetheless, we

show with simulation (see Supplementary Figure 6.9) that 4-bit information can be reliably stored
in a single nanopixel using 16 different orientation states ranging from 0 to 115—6” In this case, the

storage density increases to 40% higher than a conventional Blu-ray disc, and the readout speed
increases to 191 times greater. As shown in this example, to increase the storage capacity per
nanopixel in the APM, one needs only to utilize more nanoantenna orientations while keeping the
nanoantenna geometry and the nanopixel size unchanged. In contrast to this, for the structures built
on changing topologies (see e.qg., ref[39]), the topological complexity significantly increases with

storage density, and the structure needs to be enlarged to compensate for fabrication limitations.
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We may comment that implementing machine learning for color or spectral recognition[39] along
with multiplayer storage system[325], [326] are also viable steps towards further increasing the
storage density while maintaining high readout accuracy. The potential in enhancing the data
storage capacity and readout speed offered by our APM is a critical advancement in the area of

optical data storage technology.

6.2.5 Optical information encryption

The checkerboard pattern shown in the SEM image of Figure 6.3(a) can also be used in
information encryption applications. In this context, the structure with four alternating
nanoantenna orientations is regarded as a ciphertext. As shown in Figure 6.5(a), when the
ciphertext is imaged under 26 different polarizer-analyzer combinations, distinct color patterns can
be obtained to represent the entire English alphabet. In order to attain the large variety of color
patterns, the polarizer and analyzer angles are no longer limited to integer multiples of 45° but are
chosen to optimize the distinguishability between patterns, and are used as keys to decrypt the
information. As an example, in Figure 6.5(b) we show that when the ciphertext and two different
key sets are sent to two recipients, different color patterns are perceived, from which one reads
YES whereas the other reads OUT.

Although they are based on the same APM design, our proposed data storage and
information encryption schemes are fundamentally different. In a data storage device, an APM
needs to be pre-programmed to possess various nanopixels, and an invariant system acquires the
information. In an information encryption system, the ciphertext is invariant, and various

decryption key sets reveal the information.
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Figure 6.5 APM as an information encryption device

(a) Code chart of the color patterns when a ciphertext APM is photographed with white light under 26 polarizer (¢p)

and analyzer (¢a) combinations, each representing a letter in the English alphabet. The polarizer and analyzer angles

are used as decryption keys. (b) SEM of the ciphertext APM, and the different messages decrypted (YES and OUT)
from the ciphertext by two sets of decryption keys.

6.3 Discussion

We propose a metasurface platform based on plasmonic color to realize three major
functionalities in information technology — steganography, optical data storage, and encryption.
With the metasurface, we demonstrate polarization-tunable colors in areas of 500 x 500 nm?,
presenting ~50,000 dpi resolution. The great color diversity leads to a judiciously designed optical
steganography with vivid colors, abated “cross-talk” effect, and swift tuning. When used in optical
data storage, such APM maintains the advantages of Blu-ray discs such as high durability (data
are stored on physically-stable APM), low cost of operation (zero power consumption in idle state),

and high data security/authenticity (stored data are immune to magnetic fields and cannot be
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altered). However, paired with the novel multiple-bit data storage scheme, our APM surpasses
Blu-ray disc technology in both storage density and readout speed. Additionally, the metasurface
is also used as a tool for information encryption, and multiple combinations of polarizer and
analyzer angles are used as keys to decrypt the text phrases. These outstanding results are achieved
without using disc-hole array constructions[327] which are fabrication-challenging and increase
the thickness of the filter.

Besides the small dimension of the pixel size, the fact that both polarizer and analyzer
contribute to the optical response is essential. This feature not only presents the opportunity to
erase, restore and tune the color image encoded in a common area but also improves the quality of
imaging by abating the “cross-talk” effect which usually occurs in polarization-tunable color-
producing structures[328]. Catalytic magnesium metasurface provides an alternative approach to
tune the color[35], [299], however, the chemical reaction slows down the tuning speed and the
nested lithography limits the diversity of the information codes. In contrast to the known “five-
dimensional” data storage technique[326], our metasurface can selectively generate different
information without causing any deformation to the nanoantennas, therefore are more robust for

read-only data storage applications.

In summary, we design and experimentally demonstrate a versatile plasmonic color
metasurface with a surface-relief Al film, which is used in advanced optical steganography, data
storage, and encryption via tuning of reflected colors by rotating a polarizer and an analyzer.
Employing the localized surface plasmon mode allows us to achieve a very high spatial resolution
in the experiment. Based on the great color variability and high spatial resolution, we create and
experimentally demonstrate an original technique to store multiple-bit information with the
nanoantenna orientation states and retrieve this information using unique color codes. With this
technique, the storage density already exceeds that of a conventional Blu-ray disc technology.
Specially arranged analyzers enable a parallel data readout that outperforms traditional data
readout system in operation speed. In addition, we utilize the tunable colors to realize advanced
optical steganography and encryption. The proposed approach offers a wide range of tunable
colors without causing any deformation to the structure, thus demonstrating great potential in

advanced dynamic color applications.
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6.4 Supplementary information
6.4.1 Experimental setup for photographing the APMs

Figure 6.6 illustrates the working principle of the APM. Optically broadband LP light is
obtained from a halogen lamp with a broadband linear polarizer (Polarizer, Figure 6.6). A beam
splitter guides the incident LP light to the APM, and the reflected light to a chromatic camera.
Since the APM leads to the occurrence of dispersive optical-rotation effect (see the main text), a
distinct reflectance spectrum is observed for each rotation state of the analyzer (Analyzer, Figure
6.6) — yet another broadband linear polarizer. In our experiment, we use the microscope Nikon
Eclipse 80i, and LV-LH50PC HALOGEN 12V50W as the halogen lamp for illumination.

- Chromatic Camera
-

& Analyzer
r-:-‘ (Linear Polarizer)

Polarizer
(Linear Polarizer)

ésmnter

; F Halogen Lamp
Lens
“ Metasurface

Figure 6.6 Experimental setup for photographing the APMs

N

Two broadband linear polarizers, Analyzer and Polarizer, which cover the visible region (380 nm — 780 nm), and a
chromatic camera are integrated with a microscopic setup to image colors reflected from the APM under various
Analyzer and Polarizer combinations. The halogen lamp is a broadband white light source.
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6.4.2 Color codes for the data storage initial experimental validation

In this section, we present the method to generate the color codes (Figure 6.4(b) of the main
text) that are used to retrieve information from the APM. We fabricate a wheel pattern containing
the eight nanoantenna orientations and image the wheel using four analyzer rotation states (0°, 45°,

90°, 135°) with the polarizer rotation angle fixed at 45°.

Pattern Design Experimental Images
¢ = 45°

X $,=90° ¢ =135°

Figure 6.7 Experimental color codes generation

Left panel: The designed pattern is a wheel consisting of eight equal segments, each occupied by nanoantennas with

the orientation marked by the orange-colored numbers. Right panel: the photographed images under four analyzer

angles with polarizer fixed at 45°. The diverse colors from all eight segments under each analyzer angle are picked
to construct the color codes in Figure 6.4(b) of the main text.

Figure 6.7 shows the wheel pattern design and the experimentally obtained images. Each
nanoantenna orientation state renders a different color at a given analyzer rotation angle, thus
allowing us to construct a color code sequence for each nanoantenna orientation examined with
four analyzer states, as shown in Figure 6.4(b) of the main text. Assigning an individual 3-bit
information state to each 4-color code, we, therefore, establish a unique correspondence between
the nanoantenna orientation state and the 3-bit information. As discussed in the main text, the
redundancy in analyzer angles is conducive to more robust data readout and is suitable for more

advanced APM data storage systems (see Section 6.4.4 of Supplementary Information).
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6.4.3 Reading APM stored information

This section uses an example to illustrate how the binary information stored in a single
APM nanopixel is read out using the setup in Figure 6.4(c) of the main text. A nanopixel with the

nanoantenna orientation state of% is first imaged with 0°-analyzer — the camera records a maroon

color (Figure 6.8(a)). As the sample moves, the sample nanopixel is then sequentially imaged with
analyzers at 45°, 90°, and 135° rotation states, so that orange, beige, and blue colors are acquired
by the camera, respectively (Figures 6.8(b-d)). During the entire imaging process, the rotation state
of polarizer is fixed at 45°. A local cache stores the maroon-orange-beige-blue 4-color sequence
from the given nanopixel, and looks it up in the color codes (Figure 6.8(b) of the main text), to
retrieve a binary code of 001 stored in this nanopixel. Several nanopixels in a frame are imaged at
once; therefore, the readout speed is significantly increased compared to the conventional single-

point readout systems (see Supplementary Section 6.4.5).
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Figure 6.8 Reading binary information stored in an APM nanopixel
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The nanopixel containing g-oriented nanoantennas is imaged with Analyzer at 0°, 45°, 90° and 135° rotation states,
respectively, and renders maroon (a), orange (b), beige (c), and blue (d) colors. The color sequence in (d) is matched

with the look-up table of Figure 6.4(b) in the main text, to retrieve the binary code 001.



114

6.4.4 Enhanced data storage capacity

As stated in the main text, our APM can be used in data storage applications where the
information is stored in the nanoantenna orientation states. In the main text, we demonstrate the
concept using eight nanoantenna orientations experimentally — the photographed colors generated
from these orientations are easily distinguishable even by the naked eye. Here, we show with a
numerical simulation that the data storage capacity can be further enhanced by utilizing 16
different nanoantenna orientations, so that each orientation can represent a 4-bit word (a tetrad),
thereby doubling the data storage capacity compared to the demonstration in the main text. Figure
6.9 shows the simulated color codes of the 16 nanoantenna orientation states obtained with the
four analyzer rotation states (0°, 45°, 90°, 135°) at a fixed polarizer angle of 45°. It can be
concluded that the 16-color sequences uniquely represent the nanoantenna orientation states,
therefore, can be used to retrieve the corresponding information states. It is to be noted, however,
that as the data storage capacity increases, some of the color sequences become indiscernible by
the naked eye. Improving the robust read-out may require (i) a higher spectral resolution of the
camera, (ii) optimization of the angular states of both antennas and analyzer, and (iii) the use of
the overdetermined number of the analyzer rotation states (as we already do for the 3-bit states in

the main text).
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Code Chart
00
¢
G 45°
>
© 90°
c
< 135°
Ant.
Ori.

State 0000 0001 0010 0011 0100 0101 0110 0111
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1000 1001 1010 1011 1100 1101 1110 1111

Figure 6.9 Simulated 4-color sequences encoding 4 bits of information (16 states)

The nanoantenna orientation states change from 00 to 115—6" with a step of 1”—6 The code chart shows that the reflected

4-color sequences obtained with analyzers with four rotation states (0°, 45°, 90°, 135°) uniquely match the
nanoantenna orientation states. The experimental setup is identical to the setup shown in Figure 6.4(c) of the main
text.

6.4.5 The estimate of data readout speed

In this section, we discuss the theoretical limit of the data readout speed using the system
shown in Figure 6.4 of the main text. In the following calculations, we consider a 3-bit APM, i.e.
each nanopixel of area 500 x 500 nm? stores 3 bits of information. The data readout system is an
image-based parallel processing system, meaning that all the information in a frame (see main text
for the definition of a frame) can be retrieved at once by taking an image of the frame. As a result,
the factors to consider regarding the readout speed are: 1. The number of bits per frame; 2. The
time required for a camera to take an image of the frame; 3. The time required for the translational
stage or disc spinner to move from one frame to another. In the following, we first calculate the

three factors, respectively, and then obtain the readout speed by combining them.
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1. The number of bits per frame: The frame area is mainly limited by the field of view
of the objective lens. In our experiment, we use an objective lens with a field of view (diameter)
of 0.18 mm, which means the maximum frame area is

1 2 1 2
Afrgme =T (E Dfmme) =7 (E 0.18 mm) = 2.54x 1078 m?

. . . A 2.54x1078 m?
and the number of nanopixels in each frame is N,,,, = Z“me laree—— 10°
np

Since each nanopixel stores 3 bits of information, the number of bits stored in one frame is
Nbits == ?)an == 3 X 105

2. The Frame Read-out Time: a high-speed color camera (e.g. iX Camera i-SPEED 726)
is capable of taking images with a resolution of 1064x102 (108,528 pixels, enough to image the
10° nanopixels in one frame) at a speed of 200,000 frames per second (FPS). Therefore, the time
required to take one color image with high enough resolution is

L - _5x107s.

teamera = 755 = 50000051

3. Time required for the translational stage or disc spinner to move from one frame
to another: In this calculation, we assume a disc spinner with a spinning speed of 5,000 RPM (or
523.6 rad/s) and an APM disc of radius 60 mm (same as a Blu-ray disc). Since the linear velocity

varies at different radii, we take an average radius of 30 mm, giving a linear velocity of
Viin = WRy;sc = 523.6rad/s X 30 mm = 15.71 m/s.

Therefore, the time required to move from one frame to another is

t . _ Df‘rame _ 0.18 mm
spin Viin 15.71m/s

=1.14x107°s.

Combining the results of 1, 2 and 3, the data readout speed of our proposed system is

Npits _ 3x10° bits
tcamerattspin  5X10765+1.14x1075 s

PapPm — =1.83 X 1010 bitS/S,

or 18.3 Gbits/s. Compare with the maximum data readout speed of 128 Mbits/s in Blu-ray

discs[324], and our system shows a readout speed that is 143 times faster.

We note that although a frame needs to pass four cameras to have its information retrieved,
the time required to read information from one frame is not multiplied by four. This multiplication

is not required because we implement the parallel data acquisition with four cameras in the readout
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setup, which take X + 3 images to read the information from a given APM, with X being the
number of frames in the APM (see analysis in main text). As X gets large enough, X + 3 can be

well approximated by X, effectively representing the case of taking a single image per frame.

6.4.6 Dielectric permittivity of Al

During fabrication, we use an unpatterned sample to grow Al under the same conditions as
the APM sample and characterize the dielectric permittivity of Al using this sample with a
Variable-Angle Spectroscopic Ellipsometer, VASE (J. A. Woollam Co., W-VASE). Figure 6.10
shows the permittivity data fitted by a dispersive material model with one Drude term and three
Lorentz oscillator terms,
Ay
k€f — ()2 — iBhv

g(hV) =& + igz = f1w + z

For k™" oscillator, Ax is the amplitude, Ex is the center energy, and B is the broadening of
the oscillator. v is the photon energy in eV, &1 is an additional offset term. In our fitting for Al
permittivity, 1., = 1.4842, and the other parameters are listed in Table 6.1:

Table 6.1 Drude-Lorentz fitting parameters for Al film

k A (eV?) B (eV) E (eV)
1" 141.60 0.13445 0

2 8.8166 0.30195 1.5293
3 9.9312 0.61558 1.7383
4 20.048 1.9767 2.0991

*The Drude term

This experiment-based Drude-Lorentz model is used in all numerical simulations presented

in this work.
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Figure 6.10 Real (black) and imaginary (red) parts of the measured Al dielectric function
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7. CONCLUSIONS AND OUTLOOK

In this dissertation, | have summarized my efforts in creating a number of metasurfaces
with highly diversified functionalities: building plasmon resonators, enhancing photodetector
performance (with fractal metasurface and gap plasmon metasurface, respectively), enabling
thermoplasmonic characterization, generating tunable nanoscale colors, and augmenting the
current data storage technology. Besides these, | would like to name two works that are not
included in this dissertation: accelerating light beam and on-chip synchrotron radiation enabled by
metasurface. These two works were led by R. Merlin group at University of Michigan, and |
fabricated two metasurfaces that can bend light to propagate in curved trajectories with radii of
curvature from 100 to 400 um. Specifically, in the on-chip synchrotron radiation work, we
successfully “emulated” a spiraling electron with an optical pulse, and probed the evolution of the
nonlinear polarization that is generated from this pulse, which is analogous to the synchrotron
radiation from a spiraling electron traveling at a speed 3 times faster than the speed of light. |
would recommend the readers refer to Henstridge et al., Optica 5 (6), 678-681, 2018, and
Henstridge et al., Science 362 (6413), 439-442, 2018 for these two works.

One important aspect of metasurface’s major applications that is not covered in my PhD
research is metalenses. Metalenses are a group of metasurfaces specially designed to replace the
conventional bulky optics for imaging applications, they achieve light focusing by imparting
appropriate optical phase discontinuities at a pixelated surface. Since arbitrary phase discontinuity
can be provided by chosen optical elements, besides being ultimately thin, well-engineered
metalenses often exhibit better performances than conventional bulky optics, such as reduced
aberration and large numerical aperture. The metalenses, and other functional metasurfaces, are
discussed in detail in a review article that | contributed to writing, and can be found in Choudhury
et al., Nanophotonics 7 (6), 959-987, 2018.

Following intense research activities, metasurfaces are now starting to make way to
commercialization. Some start-ups, as well as several industry-leading companies, have started
investigating using metasurfaces in imaging, display, vision protection, augmented/virtual reality,
and solar energy harvesting. A bright future is promised for metasurfaces, yet challenges persist.

To date, most metasurfaces are designed empirically thus the performances are not necessarily
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optimized. To address this problem, research efforts are burgeoning towards metasurface
optimization using machine learning techniques. If successful, such techniques would require
much less human input and deliver more enhanced results. However, as my advisor Dr. Vladimir
M. Shalaev has pointed out, the most valuable asset of an elite physicist (or engineer) is his/her
keen intuition, which is acquired via intense knowledge accumulation, and constitute the “little”
human input to the machine-learning optimization process that makes a huge difference in the
optimization time and final output. So, as of now, for researchers and scientists in this field, there
is little need to worry about being outperformed and replaced by machines.

Finally, 1 would like to acknowledge that my achievements are made possible by the
pioneers in the field of optics and photonics prior to me, whose dedications created a world of
unimaginable marvels, simply from four equations written down by James Clerk Maxwell and one
by Erwin Rudolf Josef Alexander Schrédinger. | hereby present my utmost respect for those who
elegantly summarize the hidden mechanics that govern the progression of the universe and
everything within it, as well as to those who wield such mechanics to do general good. | wish my

discoveries would be deemed instrumental and inspirational by some that come after.
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