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ABSTRACT

Active Controllable Light-matter Interaction in the Flatland

Zizhuo Liu

Ultrathin optical platform including two-dimensional materials and metasurfaces have
emerged as potential candidates for novel nanophotonic applications. In this dissertation, |
will present the possibility to achieve full active control of the electromagnetic waves with
the platform in the flatland. We could achieve the amplitude control, which will be useful
for absorbers and sensors, the spatial phase control, which might lead to holograms and flat
lenses, and the temporal phase control, which would find use as frequency converter and
isolator. 2D materials plasmonics using monolayer black phosphorus will be calculated
and discussed to utilize the intrinsic anisotropic properties from black phosphorus. The
extrinsic control by using metal antennas will also be shown in both simulations and
experiments for realization of anisotropic absorption by treating black phosphorus as a
semiconductor. 1 will cover the special patterning method using DNA-mediated
nanoparticles, which will form the cornerstone to build the desired metasurfaces. By
controlling the DNA length, the performance of the metasurfaces could be tuned to switch

functionality. Active features of graphene and engineered phase control of metasurfaces
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will be discussed to fulfill time-varying metasurfaces. Two additional examples of the
spectra control will be also discussed. One is to enhance the transmission through the gold
nanoslits with the surface plasmons of graphene. The other is to build the dynamic absorber
with phase transition materials vanadium dioxide by tuning the temperature. Then | will
briefly show the possibility to combine the anisotropy in plane for the hyperbolic
metasurfaces and the emerging inverse-design methods that will help for the flatland

optical component designs.
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CHAPTER 1

Introduction

1.1. Motivation: Why flatland optics?

In 1884, a famous satirical science fiction written by Edwin A. Abbott was published in
United Kingdom with the name “Flatland: A romance of many dimensions”. The book was
pseudonymously written by “A Square”. And in the book, the author described a two-
dimensional universe occupied by lines, triangles, squares, polygons and circles, which
were used to stand for different classes in the two-dimensional kingdom. Similar to the
described scenario of bizarre properties in the flatland world, flatland optics could also lead
to quite interesting properties for both fundamental studies and useful applications.

The light-matter interaction has been one of the most important process in the whole
universe. Controlling the light-matter action has enabled fruitful technology breakthroughs
that change the way of human living. However, conventional optical component in the bulk
forms suffers from the weight and functionality with the emerging need of the light-weight
optical devices when the world is embracing the virtue reality (VR), augmented reality (AR)

or mixed reality (MR).

a
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Figure 1.1. (a) DO lenses compared with conventional lenses, adapted from www.canon.com. (b) Headset for

the VR, AR, MR in the future, adapted from www.pexels.com

Conventional lenses with large magnification usually come with a very cumbersome
form. Carrying them for photographers could be a really tiring job. By introducing the
diffractive optical elements, Canon has proposed so-called DO lenses (Figure 1.1(a)) to
make the lenses smaller in length. The light path could be largely controlled by replacing
the convex and concave mirrors with the subwavelength structures. With the optical
components become thinner and thinner in the flatland, we would expect the lenses could
be made even thinner. At the same time, active control of the flatland optical components
becomes a necessary task to fulfill the key components in the screen for the headsets

(Figure 1.1(b)).

1.2. Two dimensional materials in the flatland

In the flatland optics kingdom, atomically thin two-dimensional (2D) materials have
formed a great family to prospert. 2D materials are usually indicated to van der Waals
layered materials, which could be exfoliated into few layers or monolayer form. They
exhibit interesting electronic, optical, mechanical and thermal properties due to their
thicknesses?. The 2D materials offer a new class of platform to achieve novel electronic
and photonic properties in ultracompact sizes. They can be easily integrated with other
optoelectronic platforms and there is no “lattice mismatch” issue. Compared with their bulk

parental materials, they could show quite novel electronic and optical properties. Although
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such materials have inherently monolayer to few-layer thicknesses, it has been showed that
2D materials can interact strongly with the incident light. And nowadays, there are various
2D materials with different structures and bandgaps, which make them possible to cover a

really broad spectrum, as shown in Figure 1.2.

Ultraviolet rays Visible light Infrared rays Microwaves Radiowaves

hBN Mos, Black phosphorus Graphene
(insulator) (semiconductor) (semiconductor) (semimetal)
Y
‘V‘vmw
P w e
vy

Figure 1.2. Various 2D materials cover a broad spectrum. hBN has large bandgap and works as dielectric.
TMDCs has bandgaps in the visible spectra. Black phosphorus covers the spectra from visible to infrared.

Broadband material graphene could work even in microwaves and radiowaves®.

In particular, graphene emerged as a monolayer plasmonic platform®. Theoretical and
experimental studies confirmed that both propagating and localized surface plasmon modes
can be excited in an atomically thin, nanostructured graphene*®. Until the discovery of the
graphene as a plasmonic material, noble metals such as silver and gold have been the
material of choice both for fundamental and applied research. And besides graphene, it has
been shown that mono to few-layer black phosphorus (BP) supports anisotropic plasmonic
dispersion due to different effective mass along different crystal directions®. 2D plasmonic
materials provide a unique opportunity by confining plasmons in an extremely thin optical

material and also represent a great challenge for light-matter interactions due to their
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inherent atomically thin thickness. With such highly localized electric fields in 2D
plasmonics, it is possible to build and integrate devices in smaller sizes that exhibit novel

electronic and optical properties compared with traditional bulk plasmonic materials’.

1.3. Metasurfaces in the flatland

Together with 2D materials, metasurfaces also features light-matter interaction in the
ultrathin structures composed of artificially designed, subwavelength-thick metallic and/or
dielectric resonant elements®1°. As opposed to the conventional optical devices like lenses,
mirrors, waveguides where device thicknesses are on the order of a wavelength or larger,
metasurfaces facilitate strong light-matter interactions by modifying and controlling light
propagation within extremely-thin, space-gradient resonators and scatterers. Metasurfaces
can be easily designed at will to yield a specific, desired optical performance. In recent
years, there has been tremendous progress in designing, realizing and demonstrating wide
variety of optical metasurfaces such as flat lenses, holograms, polarization converters,

anomalous deflectors, photonic spin Hall effect and so on'!,
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Figure 1.3.1. Analogy of the generalized Snell’s law. The metasurface acts like a wall with varying height

along the seashore.

The mechanisms for the metasurfaces for phase engineering could be explained with the
generalized Snell’s law*2. Richard Feynman has used a famous illustration to explain the
refraction of light. When considering how the light would choose path in two mediums
with an interface, we could imagine a lifeguard who wants to save a drowning man.
Assuming the lifeguard runs faster than swims, the lifeguard needs to choose a point in the
seashore to start swimming to save time to reach the drowning man. The optimal path in
this scenario will no longer be straight line and the light path of the refraction follows exact
the same way. When we include the metasurfaces in the light path, the metasurfaces will
introduce the abrupt phase change profile in the interface, which is like the wall with

varying height along the seashore. Instead of choosing the previous path, our lifeguard
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would prefer to start swimming at a different point to bypass some high walls, as shown in
Figure 1.3.1.

The generalized Snell’s law for both the refraction and reflection will take the form:

_ _ 1 dd
n; sin(6;) — n; sin(0;) = ko dx

in(6,) — sin(6) = ——
sin(6,) — sin(6; = ke dx

The index i, t and r indicate incident, transmitted and reflected, correspondingly. The
additional terms in the right of the equation are the introduced phase change profile along
the interfaces.

The first demonstration of the generalized Snell’s law was using V-shape gold antenna
arrays on a silicon wafer®2 as shown in Figure 1.3.2(a), which studied the symmetric mode
and antisymmetric mode supported in this configuration. Eight antennas in one unit cell of
['=11 um covered the phase change of 0 —2m at around 8 um wavelength. Both
anomalous reflection and refraction with the mid-IR beam incident were observed. Later
people utilized similar antennas configuration with sizes shrunk to make them work at a
broadband wavelength from 1.0 to 1.9 um. The broadband performance is believed
coming from the broad effective resonances of the V-antennas over the interested
wavelengths and the phase change is also approximately linear!4.

Inspired by the proof-of-principle demonstrations, people have worked other reflect-
arrays to fulfill the anomalous light guiding with higher efficiency. The most common
platform is composed of the metallic antennas and back mirror separated by a thin dielectric
layer. The formed cavity could reflect most power of the light to the desired direction

without other scattering. And the coupling between the antennas with the image dipole
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provides the necessary phase control. Figure 1.3.2(b) shows one example using trapezoid
reflect-arrays to guide broadband visible light to the anomalous angle. Instead of using
multiple gradient optical resonators, the single gradient building block in one unit cell
could also provide the desired phase change and high-efficiency light guiding. The spatial-
variant surface produces the anomalous reflected rainbow from red to blue. Besides
plasmonic metal antennas, dielectric metasurfaces also emerge as the potential low-loss
candidate for light-guiding applications. In one of the flagship work for dielectric
metalenses?®, titanium oxide nanofins (Figure 1.3.2(c)) were adopted to build the devices
with NA = 0.8 and efficiencies of 86, 73, and 66% at wavelengths of 405, 532, and 660
nm. Another interesting subarea is building active tunable metasurfaces. Figure 1.3.2(d)
shows one example utilizing the field-effect modulation of the complex refractive index of
conducting oxide layers to achieve dynamic electrical control of the phase and reflection

from the metasurfaces'®.
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Figure 1.3.2. Various fulfillments and applications of metasurfaces. Figures are adapted from the references

mentioned in the text.

1.4. Scope of this dissertation

In this dissertation, 1 will show the possibility to achieve full active control of
electromagnetic waves with the optical platform in the flatland. The electromagnetic wave
can be described using following approximation:

E = ee'®
where € is the wave amplitude that can be relaxed to a slowly-varying component
compared with the wavelengths in space scale and the periodicities in time scale. For plane
waves, the phase ¢ takes the form of kn - x — wt. Specifically, the wave vector and the

frequency can be deducted from the phase factor:
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a¢
Jat

kn = Vg, w=
Thus | would like to show three major types of controls: amplitude control (€), spatial
phase control (k), and the temporal phase control (w).

In Chapter 2, I will cover the amplitude control by incident light polarization, which will
be useful for absorbers and sensors. Specifically, 2D materials plasmonics using monolayer
black phosphorus will be calculated and discussed to utilize the intrinsic anisotropic
properties from black phosphorus. | will also show a general approach to model 2D
materials with effective thin film. Then the extrinsic control by using metal antennas will
also be shown in both simulations and experiments for realization of anisotropic absorption
by treating black phosphorus as a semiconductor.

After showing the amplitude control, I will discuss the spatial phase control for the
applications of tunable metasurfaces with DNA dynamics, which might lead to holograms
and flat lenses. In Chapter 3, I will cover the special patterning method using DNA-
mediated nanoparticles, which will form the cornerstone to build the desired metasurface.
By controlling the DNA length, the performance of the metasurface could be tuned to
switch functionality.

Then | will show the possibility for temporal phase control, which would find use as
frequency converter and isolator. | will move to the topic of time-varying metasurfaces in
Chapter 4, in which | combine both the active features of graphene and engineered phase

control of metasurfaces. With the power of this specific platform, we could potentially

achieve frequency conversion in the flatland.
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In Chapter 5, two additional examples of the spectra control will be discussed. In the
first part, |1 use the excitation of the continuous graphene plasmons to enhance the
transmission through the gold nanoslits. In the second part, 1 will show how to build a
dynamic absorber with phase transition materials vanadium dioxide by tuning the
temperature.
Then in Chapter 6, some outlooks of the flatland optics about 2D materials and
metasurfaces will be discussed. | will briefly show the possibility to combine the anisotropy
in plane for the hyperbolic metasurfaces. | will also present the emerging inverse-design

methods that will help for the flatland optical component designs.
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CHAPTER 2
Amplitude control by incident light polarization

2.1. Black phosphorus as an emerging anisotropic material

Black phosphorus (BP) is a recently emerging 2D layered material that can be exfoliated
to few layers and monolayer'’. BP is one allotrope of phosphorus, which is
thermodynamically stable at room temperature compared with other allotrope forms. In a
monolayer BP, the phosphorus atoms form a hexagonal lattice with a puckered structure
resulting in in-plane anisotropic properties®®. In center of the Figure 2.1, one schematic of
the puckered crystal structure is shown. The Raman scattering spectra and
photoluminescence measurements from BP revealed its highly anisotropic properties™®.

As shown in Figure 2.1, black phosphorus has been recently utilized for many potential
applications. It could be used to enhance the power density to fulfill flexible
supercapacitors®, support bipolar transition in field effect transistors?, detect poisonous
gas?? and work as photodetectors®. BP enjoys a lot of special properties to be potential
alternative compared with conventional plasmonic materials and semiconductor.

In this chapter, I will cover the plasmonic properties of monolayer BP as well as using
noble metal plasmons to enhance absorption in thin film BP. Plasmons are known to control
the local electric field to enhance the light-matter interaction. The controlled electric field
would lead to the desired absorption amplitude. Specifically, for BP with anisotropic

optical response, we could control the amplitude with the polarization of the incident light.
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Figure 2.1. Black phosphorus has been utilized for many applications. Figures are adapted from the references

mentioned in the text.

2.2. General approach to model 2D surface with effective thin film

Before the emerging 2D material plasmonics, noble metals like gold and silver have been
the material of choice in the fields of plasmonics for either fundamental or applied research.
Compare with traditional noble metals, surface plasmons supported by 2D materials have
both large localization and long propagation length due to its monolayer thickness.

I would like to start with the general approach to model the 2D materials in our

calculation. The finite-difference time-domain (FDTD) methods with Lumerical FDTD
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solutions, a commercialized software package will be employed through this dissertation
to calculate the electromagnetic responses from different materials and structures.

For 2D materials, there is intrinsic difficulty to model the collective response due to the
out-of-plane quantum confinement. In the numerical simulations, we need to work with the
surface conductivity with infinitesimal thickness, which is not easy to fulfill in the FDTD
method. However, as shown below, we could actually use an effective thin film model to
describe the collective response from 2D films with certain assumptions.

Let us first consider the case treating the 2D materials with infinitesimal thickness.
Assume we put the 2D surface between two mediums (11) and (111), as shown in Figure
2.2.1. In this case, we will use the surface conductivity from the 2D materials as the
boundary conditions. By solving the Maxwell equations, we could easily obtain the
dispersion relation as:

€3 € —LOjj
ks k, e€w

Where €3 and €, are the permittivity for two mediums, g;; is the surface conductivity

along certain crystal direction, k5 and k., are the wavevectors in two mediums.

1I] 2D surface

Figure 2.2.1. Model to calculate the dispersion relation for collective response from 2D surface.
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In the other scenario, let’s treat the 2D material as a thin film with really small thickness,
like 1 nm. The actual number should be determined through the convergence test. Now we
consider the triple-layer structures with two layers of dielectric separated by 2D film, as

shown in Figure 2.2.2.

IIl 2D thin film

.
|

Figure 2.2.2. Model to calculate the dispersion relation for collective response from 2D thin film.

In this setting, the dispersion relations could also be easily obtained by solving the

Maxwell equations?*:

ki Koky | ks
e-2kia 61 €26 €3
ki _kaki ks

where indices indicate the 2D film (1), medium (2) and medium (3) separately. The 2D

dielectric function can be modeled with thickness a:

LOj;

€1 = €jj = €+ cowa

where €, is the background dielectric constant for its bulk form. Since 1 nm is still quite
small, we can expand the dispersion into dominant terms and plug in the dielectric function

to get:
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€3 €  —loj;
ks k, €ow
which is identical compared with the case treating it as monolayer material without

thickness.

2.3. Excitation of localized surface plasmons in black phosphorus

Here, we propose and numerically demonstrate that localized surface plasmons can be
excited in nanostructured monolayer black phosphorus. We present the study of the
electromagnetic response of periodically patterned black phosphorus sheet. We consider
the parameters varied in a wide range and the different absorption spectrum is compared
due to the inherent anisotropy in BP. In particular, we analyze the confinement of the
electromagnetic field in both BP nanoribbon and nanopatch arrays. We demonstrate the
anisotropic behavior by replacing BP nanoribbons in x-direction (armchair direction) and
y-direction (zigzag direction). The performance of the structures may allow for the
realization of new plasmonic devices which will take advantage of the directional
dependence of its plasmon properties.

The photonic properties of a monolayer BP can be described by employing a simple
semiclassical Drude model. The conductivity is given as®:

iDj e

= — D,
n+) T my

9jj
where j denotes the direction concerned and D; is the Drude weight. A similar expression

2
has been utilized for graphene? with D = “hiz The electron mass along the x direction and

y direction can be described by:
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h? h?

== oy = —
Y 2v,

The parameters are determined by fitting the known anisotropic mass. For monolayer

h? h?

, Ve = . We choose the electron
0.4-m0 14—m0

BP, we have y =4?aeVm , A=2eV,n. =

doping n = 10*3cm™2 as well as n = 10 meV to describe the relaxation rate. a is the

scale length of the BP and g is the width of the Brillouin zone.

The dielectric function for a thin film reads (with 2D conductivity):
€jj = €r %

For a monolayer BP, the relative permittivity is given as €,, = 5.76.

In the FDTD simulations, BP film thickness (a) is chosen to be 1 nm. This audacious
assumption will speed up the simulation time and resemble the real results as long as the
simulation mesh is fine enough in the BP film. In our simulation setup, we choose the mesh
to be 0.25 nm.

In our designs, periodic monolayer BP nanoribbons are placed on a transparent insulator
and an optically thick gold mirror. The metallic mirror is used to reflect light and suppress
the transmission. Compared with free-standing BP nanoribbons, the dielectric layer
between the BP and gold mirror forms a Fabry—Perot cavity and therefore increases the
interaction of light with monolayer BP. Dielectric thickness can be chosen to maximize the
absorption using Fabry—Perot interference. In our simulations, the dielectric thickness is

chosen to be 5 pm. We performed full-field electromagnetic simulations with the

wavelengths between 20 - 80 um. For the optical constants in the simulation, we used a
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constant, nondispersive refractive index of n = 1.7 for the dielectric spacer and perfect
electric conductor model for the metallic mirror.

Localized plasmon resonances can be excited with an incident light when electric field
is perpendicular to the nanoribbons (Figure 2.3.1(a))). Since metallic mirror suppresses the
transmission, absorptivity (A) can be calculated with a simple formula A= 1 — R, where R
is the reflectivity from the simulated structure.

Because BP exhibits anisotropic optical and electronic properties along x- and y-
directions, we anticipate polarization-dependent localized plasmon resonance behavior for
monolayer BP nanoribbons along the armchair and zigzag directions. In order to investigate
the effect of anisotropic optical properties on the plasmonic behavior of the BP, we
performed electromagnetic (EM) simulations for two different nanoribbon structures as
shown in Figure 2.3.1(b). The structural parameters for both x- (armchair) and y- (zigzag)
directions are chosen to be the same. Having the period p = 250 nm and the monolayer BP
ribbon width w = 150 nm, the absorption spectrum is plotted in Figure 2.3.1(b). For both

cases, an absorption peak has been observed for s polarized light. Because of the mass
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Figure 2.3.1. (a) Schematics of periodically patterned BP nanoribbons. (b) Anisotropic absorption spectrum
can be observed in BP ribbon arrays along x- and y-direction. The arrows in the inset indicate the polarization

of the electric field.

anisotropy, the smaller mass along x indicates higher resonance frequency therefore shorter
wavelength. Compared with the zigzag direction (red line), the absorption peak in armchair
direction is higher and the resonance line width is narrower. This result suggests that the
black phosphorus is optically more lossy for the zigzag direction at the corresponding
resonance wavelength. As mentioned before, because graphene has also been described
with the similar Drude model but with different Drude weight, the plasmons in BP

nanoribbons also behave differently in scales compared with graphene nanoribbons.

a

Figure 2.3.2. (a) Calculated electric field amplitude, E, for one BP nanoribbon unit cell (along x-direction).
(b) Calculated total electric field intensity (|E|?) for one BP nanoribbon unit cell (along x-direction).

Electromagnetic field is localized around the edges of the nanoribbon.
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The sideview electric field profile of the vertical component (E,) shown in Figure 2.3.2(a)
is plotted with the case of the nanoribbon arrays along x-direction at the resonance
wavelength (31.5 pm). Positive and negative dipoles can be easily seen indicating a
localized plasmon resonance behavior. The edges of the BP nanoribbon distort the in-plane
component of the electric field. Also, for the edge surface plasmon modes, the electric field
enhancement is mostly pronounced around the edges, which resemble the edge modes in
graphene ribbon structures. Figure 2.3.2(b) confirms that the total electric field intensity is
localized around the two edges of the BP nanoribbon.
In Figure 2.3.3, we show the side-view electric field distribution for the ribbons
patterned along y direction. Compared with Figure 2.3.2, the field resembles the x case

however with lower amplitude.

a

100
l 80

Figure 2.3.3. (a, b) Side-view electric field distribution of one BP ribbon along y direction. Electromagnetic

field is localized around two edges of the ribbon.
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Figure 2.3.4 shows the absorption of freestanding BP nanoribbons and graphene
nanoribbons with the structure parameters described for Figure 2.3.1. Compared with
Figure 2.3.1(b), the absorption in both armchair and zigzag cases has decreased, which is
due to the weak light-matter interaction in the atomically thin BP film. The peak positions
have also moved to new wavelengths, which is caused by the changing of environmental
index below the BP film. In this case, the overall shape of the spectrum keeps similar.
Compared with freestanding graphene, BP interacts much weaker with light, which could
be confirmed from the permittivity data. We’ve run the simulation for free standing
graphene nanoribbons with Fermi level 0.64 eV and mobility 10000 cm?/Vs The

resonance appears at smaller wavelength with much sharper shape.

—BP 0°
0.4} —— BP 90°
Graphene

Absorption
o
[N}

00 LJM

10 20 30 40 50
Wavelength (um)

Figure 2.3.4. Absorption spectrum of the freestanding BP nanoribbons along x and y direction and

freestanding graphene nanoribbons.
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To enhance the light-matter interaction as well as absorption, we design the Fabry-
Perot setup below the BP film. In the simulation setup, the thickness of the dielectric
between the BP ribbons and the bottom metal will influence the absorption in the BP. With
various dielectric thickness, the electric field as well as the absorption in BP film can be
tuned. Figure 2.3.5 shows the absorption spectra for both x and y cases with thickness
changing from 1um to 30 um. The period and widths kept at 250 nm and 150 nm separately.
The absorption resonance for the ribbons along x direction is at about 31.5 um and it keeps
at the same position when we change the dielectric thickness since it is just determined by
the size of the BP nanostructures. We observe the absorption reaches maximum at certain

thickness.
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Figure 2.3.5. (a) Schematics of periodically patterned BP ribbons with t indicating the dielectric thickness.
(b, ¢) Absorption maps of two directions with fixed period 250 nm, fixed widths 150 nm and various dielectric

thicknesses.
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Figure 2.3.6 provides the explanation for the thickness dependency. The electric field
intensity is plotted for the x cases with thickness 4.6 um, 9.2 um and 13.8 pm. The first
and third one indicates the absorption at the maximum, while the second shows the
absorption minimum. Since the dielectric constant is chosen at 1.7, the effective
wavelength of the resonance is about 18.5 um. These three numbers of the thickness are
just the lengths of the quarter, half and three-quarter effective wavelengths. At 4.6 um and
13.8 um, the electric field intensity reaches maximum which increases the absorption
either. At 9.2 um, the electric field intensity is almost O and the absorption is mainly

reduced.

13.8um

9.2um
4.61m

Figure 2.3.6. (a, b, ¢) Schematics and electric field intensity with three particular thicknesses. The BP is

placed exactly at either the maximum or the minimum of the field intensity in these thicknesses.

We have also performed additional simulations for different nanoribbon widths as well
as different periodicities in order to understand the effect of the nanoribbon array

parameters on the observed plasmon resonance behavior. In Figure 2.3.7, we summarize
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our results for monolayer BP nanoribbon arrays with various widths. In these simulations,
the periodicity of the arrays is kept at 250 nm, as shown from the side-view in Figure
2.3.7(a, b) for ribbons along both x- and y-directions. The width is changed from 0 nm (no
BP) to 250 nm (continuous BP). Absorption spectra as a function of wavelength and
varying widths for nanoribbon arrays along x- and y-directions are plotted in Figure 2.3.7(c,
d), respectively. It is clear that the absorption peak position and therefore the resonance
wavelength increases to longer wavelengths with increasing nanoribbon width, which
follow the scaling behavior of localized plasmons. The wider BP nanoribbons support the
electromagnetic oscillations at longer wavelengths. The shift trends are similar for both
armchair and zigzag directions, but the absorption peak is much larger for armchair
direction (x). In Figure 2.3.7(e, f), we plot the absorption spectra for different nanoribbon
widths along x- and y-directions separately. It can be seen that with increasing width, the
resonance peaks become broader due to the increasing optical losses at longer wavelengths.
One interesting property we note is that there is an absorption maximum of 0.47 for 190

nm width nanoribbon with a periodicity of 250 nm.
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Figure 2.3.7 (a, b) Schematics and perspective side view of the BP ribbon arrays along x-and y-direction
separately. (c, d) Absorption map of two directions with fixed period 250 nm and various widths. (e, f)

Absorption spectra for various widths of two directions.

Additional simulations are performed for different periodicities changing from p = 150
to 500 nm for fixed nanoribbon width of w = 150 nm. Results are summarized in Figure
2.3.8. For small periodicities (periodicity is closer to the nanoribbon width), there is a
strong coupling between neighboring nanoribbons resulting in a change for the resonance

wavelength positions. The absorption increases for reduced periodicities mainly due to the
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smaller gap between the nanoribbons and stronger inter-ribbon coupling. However, for
larger periodicities where the interaction between neighboring BP nanoribbons are weak
the position of the absorption peak shifts to shorter wavelengths. Also, the total absorption
decreases due to the smaller volume of the BP in certain areas. For the large period case,

the resonance almost stays at the same wavelength as expected for a localized plasmon

resonance, and the plasmon wave vector follows the trend q ~% :
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Figure 2.3.8. (a, b) Absorption map of two directions with fixed width 150 nm and various periods. (c, d)

Absorption spectra for various periods of two directions.

We’ve run additional simulation for the case of large period when the resonance peak is

not changing when increasing the period and keeping the same BP nanoribbon width. In
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this large period case, the resonance position is mainly determined by the ribbon width
only. So we’ve run the sweep with different nanoribbon width (changing from 100 nm to
450 nm) with large period (period to width set as 3:1) and mark the plasmonic dispersion
by picking up the resonance peak positions.

There could be the anomalous reflection phase at the ribbon edges. And the exact
formula could possibly be written as g=(constant)xm/w, such as graphene ribbon case?.
Since we don’t have any experimental data, it is not fair to assume an arbitrary phase here
to calculate the actual wave vector g. We just plot the dispersion by comparing the
“plasmon resonance” vs “m/W”, which mimics the plasmon behavior shown in BP (Figure

2.3.9).
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Figure 2.3.9. Dispersion relations of BP nanoribbons in armchair and zigzag direction.

Inspired by the anisotropic plasmonic response of the BP nanoribbon arrays along x and
y-direction, we can construct BP nanopatch arrays (square shaped isolated BP

nanostructures) as shown in Figure 2.3.10(a). For consistency and ease of comparison with
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earlier discussions, we choose the nanopatch array parameters as p = 250 nm and w = 150
nm in both x- and y-directions. When light is polarized along the x-direction (0°), we
observe a high absorption resonance peak at shorter wavelength. For y-polarization, that is,
the polarization angle is 90°, the resonance shifts to longer wavelengths as expected due to
higher effective mass along the zigzag (y) direction. Compared with Figure 2.3.1(b), the
resonance wavelengths are kept at the same position as expected. But the absorption

intensity is reduced, which can be explained due to the discontinuity of the ribbons in the

0.3
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Figure 2.3.10. (a) Schematics of periodically patterned BP nanopatches. (b) Anisotropic absorption spectrum

can be observed when applying light with different angles.

case of nanopatch arrays resulting in lower BP volume. Interestingly, for polarization angle
of 45° localized plasmon resonances for armchair and zigzag directions can be excited
simultaneously. Absorption intensity reduces at respective plasmon resonance wavelengths

due to reduced light intensity at corresponding x- and y-directions.
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Figure 2.3.11. (a) Calculated electric field amplitude, E, for one BP nanopatch unit cell (along x-direction).

(b) Calculated total electric field intensity (|E|?) for one BP nanopatch unit cell (along x-direction).

In order to understand the resonance behavior for monolayer BP nanopatch arrays, we
calculated the amplitude and electric field intensity using EM simulations. Figure 2.3.11(a)
plots the amplitude of the E, for x-polarization (0°) right above the BP film and clearly
illustrates the electric dipole behavior expected in structures exhibiting localized plasmon
resonances. Total electric field intensity profile shown in Figure 2.3.11(b) implies that the
electric field is mostly localized at the left and right edges corresponding to the polarization
of the light. The electric field intensity is highest around four corners of the square due to

the sharpness in shape.
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2.4. Plasmon for enhanced light-matter interaction

After discussing treating BP as the plasmonic material to enhance the light-matter
interaction. We will discuss the possibility to use the extrinsic plasmons to enhance the
absorption in thin BP film by treating it as a semiconductor.

Plasmonic nanostructures are widely utilized in enhancing light-matter interactions by
strongly localizing electric fields around localized surface plasmon resonances (LSPRS).
In particular, optical emission and absorption in layered 2D materials including
semiconducting transition metal dichalcogenides (TMDCs) can be enhanced significantly
around LSPR frequencies?’?°. BP has attracted interest as an optoelectronically active 2D
semiconductor® 18 213034 "ynlike gapless graphene or TMDCs with wider bandgaps, the
moderate 0.3 eV bulk bandgap of BP makes it a promising electronic and optoelectronic
material to enable optical performance from visible to mid-IR wavelengths®*L,
Additionally, BP exhibits an anisotropic optical response due to its puckered crystal
structure*?-*, allowing for polarization-dependent photoresponse due to its strong intrinsic
linear dichroism®>!, This unique property makes BP stand out from other existing
materials working in the visible wavelengths, either 2D TMDCs or conventional
semiconductor such as silicon. Observing and controlling the anisotropy of BP can lead to
the new trail for designing optoelectronic devices fulfilling novel functionalities. Although
isotropic plasmon-enhanced optical absorption in TMDCs has been investigated®>>°,
plasmon-enhanced photoresponse in anisotropic BP has not yet been achieved. Aside from
the plasmon-enhanced light-matter interaction, we further extend possibilities of plasmonic

nanostructures to include the coupling of an anisotropic plasmonic lattice rotationally
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commensurate with an anisotropic semiconductor, a concept never previously
demonstrated. These hybrid structures provide significant control over the polarization-
dependent optical properties of the plasmon-BP hybrid material system*® °¢, which not only
enable polarization-dependent optical absorption and photoresponse enhancement but also
elucidate the coupling mechanisms between the extrinsic anisotropy of plasmonic antennas
and the intrinsic anisotropy of BP. Moreover, as other examples of anisotropic 2D materials
emerge®* %8 our work could serve as a model framework for future studies on anisotropy
control.

What we want to demonstrate here is a hybrid material platform composed of
encapsulated BP flakes and plasmonic resonators that exhibit polarization-controlled
optical anisotropy. We show that by exciting the silver LSPRs in periodic isotropic
nanodisk or anisotropic rectangular nanopatch arrays, the absorption as well as the
photoresponse in BP can be enhanced either in a similarly isotropic or an anisotropic
manner due to the strongly localized plasmon-induced electrical field penetrating into the
BP flake. The hybrid plasmon-BP thin film platform proposed in this study is likely to
enable the design and realization of high-performance polarization-sensitive and
anisotropic optoelectronic devices including photodetectors, photovoltaic devices, and

thermal emitters.

2.5. Isotropic silver antennas for optical anisotropy control

In this study, we investigate symmetric as well as asymmetric plasmonic nanostructures to

investigate polarization-controlled optical and optoelectronic properties of exfoliated BP
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flakes. We first utilized periodic silver nanodisk arrays on top of BP flakes as an isotropic,
symmetric plasmonic resonator platform exhibiting polarization-independent LSPR
(Figure 2.5.1(a)). The device fabrication started with the exfoliation of BP flakes onto a
300 nm SiO2/Si substrate. After the exfoliation, we fabricated two 10/40 nm of Ni/Au
electrodes separated by 10 um as contact pads (In Figure 2.5.1(b), one additional set of
electrodes were prepared for spare use, while only the top set was used in the measurements)
and then encapsulated the entire device with a 10 nm thick Al2Os thin film grown by atomic
layer deposition (ALD) to protect the BP from degradation®. Following encapsulation,
structural characterization was performed using atomic force microscopy (AFM) and
optical microscopy. AFM results indicated that the BP flake has a uniform thickness of 36
nm. Periodic silver nanodisk arrays (Figure 2.5.1(c)) were fabricated using electron-beam
lithography followed by electron-beam deposition of silver and lift-off. Figure 2.5.1(d)
shows a scanning electron microscopy (SEM) image of silver nanodisk arrays on top of
BP. The crystal orientations of armchair (x) and zigzag (y) directions (shown in Figure
2.5.1(c)) were determined by measuring the reflection spectrum by exciting BP with

linearly polarized light with varying polarization angles.



47

10 um

Figure 2.5.1. (a) Schematic of periodically patterned silver disks on exfoliated BP. (b) AFM micrograph of a
BP flake prior to plasmonic antenna fabrication with the height profile for trace 1 shown in the inset. The
thickness of the BP flake is 36 nm. (c) Optical microscope image after deposition and lift-off. The shaded
area on top of the device denotes the silver plasmonic arrays. The crystal orientations, x and y, are labeled in
red. The scale bar is 10 pm. (d) SEM image of the silver nanodisk array on top of the BP flake. The inset

shows a zoomed-in version of the plasmonic nanodisks. The scale bar is 5 um and 500 nm respectively.

The diameter and periodicity of the Ag nanodisk resonator arrays are optimized by
performing full-field electromagnetic simulations based on the FDTD method. Ag
nanodisks with a diameter of 320 nm that were arranged periodically with a periodicity of
420 nm in both directions result in an LSPR wavelength of ~600 nm. These structural
parameters result from the optimization for the best performance of BP absorption

enhancement after many electromagnetic simulations. In the simulation setup, the
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dispersive anisotropic complex dielectric permittivity of BP was obtained from a
previously published material model®®. We assumed a constant refractive index of 1.6 and
1.46 for the Al203 and the SiOg, respectively. The complex dispersive refractive indices of
Ag and Si were fitted from the Palik database®. We calculated and measured the reflection
spectra of a 36-nm thick BP flake without and with Ag nanodisk arrays. Figure 2.5.2(a)
and 2.5.2(c) show the calculated and measured reflection spectra of the BP flake with ALD
layer prior to plasmonic nanodisk patterning. We observed different reflection intensities
for various incident light polarization angles arising from the anisotropic response of BP.
Here, we used this reflection measurement technique to differentiate the armchair and the
zigzag crystal directions. The armchair direction (0°) of BP has lower reflectivity and thus
higher optical absorption compared with the zigzag direction (90°). For polarization angles
of 30° and 60°, which were not along the principal axes, the reflection power followed the
trends in between while the scatter fields would be of elliptical form due to the
birefringence of BP. We also noticed there were small dips near 600 nm in reflection
measurements shown in Figure 2.5.2(c). These dips were attributed to small portion of
phosphorene oxides which were inevitably formed during the encapsulation, as has been
observed in previous studies*> 4+ 46, Since these dips are so small, we do not expect they
could play important roles when combined with the metal LSPR resonances. Figure 2.5.2(b)
and 2.5.2(d) plot simulated and measured reflection spectra of a BP flake with Ag nanodisk
arrays. In both simulations and measurements, a reflection dip around 600 nm was
observed due to the LSPRs of the periodic Ag nanodisk array. We notice a slight resonance
wavelength and reflection amplitude mismatch between our simulated and measured

results, which is attributed to the differences between the material index in the literature
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and our BP samples as well as deviations from the ideal geometry of Ag nanodisks that

occurred during nanofabrication.
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Figure 2.5.2. (a, ¢) Calculated and measured reflection spectra of a 36 nm thick BP flake without Ag
nanodisks. (b, d) Calculated and measured reflection spectra of the hybrid material system composed of the

plasmonic nanodisk array fabricated on top of the BP flake.

In Figure 2.5.2, we plot the reflection from the entire sample including reflections from
the Ag nanodisks, BP flake, and the SiO»/Si substrate. However, for practical
optoelectronic applications, it is the optical absorption in the BP itself that is responsible
for photocarrier generation. Therefore, it is important to quantify the optical absorption in

the semiconducting BP flake by isolating it from the absorption from the Ag nanostructures
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and the silicon substrate. In simulations, it is straightforward to calculate the optical
absorption in BP by placing power monitors within the BP flake. Figure 2.5.3(a) and
2.5.3(b) plot the simulated optical absorption spectra in BP without and with Ag nanodisk
arrays for four different linear polarization angles. As mentioned earlier, BP exhibits higher
optical absorption when incident light is polarized along the armchair direction (0°). The
optical absorption gradually decreases once the polarization angle is increased and reaches
the minimum value once it is parallel to the zigzag direction (90°). The absorption
enhancement stems from the enhanced localized electric field induced by LSPRs of Ag
nanodisks. The larger the enhanced electric field could penetrate into the BP film, the
higher the absorption enhancement will be. We would expect better performance with
thinner ALD layer separating the resonant elements and BP, while the drawback is the
shorter time before degradation. In Figure 2.5.3(b), we observe enhanced optical absorption
at ~600 nm corresponding to the LSPR wavelength of the Ag nanodisks. There is a slightly
blue shift of the resonance peaks when increasing the polarization angles. We believe it is
coming from the influence of the intrinsic higher absorption along armchair direction near
~620 nm, as observed in Figure 2.5.3(a).

Quantifying the optical absorption in the BP thin film, as opposed to the entire system,
using optical measurements alone is not possible since Ag nanodisks and the Si substrate
also absorb light. However, one can make use of an electrical measurement technique to
collect photo-generated carriers in the BP flake resulting from optical absorption. In
particular, we performed photocurrent measurements for BP flakes without (Figure
2.5.3(c)) and with (Figure 2.5.3(d)) the Ag nanodisks. The BP photoresponse spectra

without Ag nanodisks exhibit flat, non-resonant behavior that agrees well with the optical
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absorption simulations shown in Figure 2.5.3(a). On the other hand, we observe enhanced
photoresponse from the BP thin film at ~600 nm in the presence of plasmonic
nanostructures for all polarization angles. Specifically, the photoresponse enhancement is
2 and 10 times for armchair and zigzag directions, respectively. We note that one must take
care while interpreting the electrical measurements compared with the optical absorption,
since photogenerated carriers require both generation and transport to the contacts to be
measured as photocurrent. And previous studies have revealed that the photoresponse in
BP film was dominated by thermoelectric and bolometric process instead of photovoltaic
effect. Indeed, we observe that the measured photoresponse spectra exhibits a broader
linewidth when compared with the absorption spectra. Similar behaviors could be observed
in the previous work*® 2 The broadening is most likely due to the loss from the contact
resistance and the Schottky barriers. Since the previously noticed resonance blue shift in
the absorption spectra is ~10 nm, the phenomenon is not observed in the photocurrent
measurements where the full width at half maximum (FWHM) of the resonance is ~100

nm.
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Figure 2.5.3. (a, b) Calculated absorption in BP and the hybrid BP/plasmonic array structure. (c, d) Measured
photoresponse in BP and the hybrid BP/plasmonic array structure. Dots and the lines are referred to the raw

measurements and the fitted lines.

2.6. Anisotropic silver antennas for optical anisotropy control

As well as enhancing optical absorption and photoresponse in an anisotropic BP flake in
the presence of isotropic plasmonic nanodisk resonators, it is also possible to control
absorption and enhancement asymmetrically by using anisotropic plasmonic resonators
that cause different LSPR wavelengths for different incident polarization angles. In other

words, we aim to combine the extrinsic anisotropic plasmonic structures with the intrinsic
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anisotropic properties, to obtain a system with enhanced anisotropy compared with planary

BP film.
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Figure 2.6.1. (a) Schematic of periodically patterned rectangular silver patches on BP. (b) AFM image of the
BP flake with the height profile for trace 1 shown in the inset. The thickness of the flake is 38 nm. (c) Optical
image after nanostructures patterning with the denoted crystal orientation. The shaded area on top of the

device denotes the silver plasmonic array. The scale bar is 10 pm.

Towards this end, we used rectangular plasmonic silver nanopatch arrays (Figure
2.6.1(a)) as an extrinsically anisotropic resonator element. Silver rectangular nanopatches
with lengths of 270 nm in the x direction and 200 nm in the y direction were arranged
periodically with the same periodicity as before (i.e., 420 nm). The exfoliated BP flake

used in this case is 38 nm thick as characterized with AFM (Figure 2.6.1(b)). We measured
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the reflection spectra of the BP flake with different incident light polarization angles to
determine the crystal orientation, which is denoted in the optical image in Figure 2.6.1(c).
During the nanofabrication process, we aligned the silver rectangles to line up with the
desired x and y crystal directions as designed in electromagnetic simulations. Figure 2.6.2(a)
and 2.6.2(b) plot the calculated absorption inside the 38 nm thick BP flake before and after
the nanofabrication of silver rectangles, respectively. The LSPR along the x direction (a =
270 nm) resides at ~620 nm. However, since the length of the silver antenna along the y
direction is shorter (b = 200 nm), the resonance peak is blue-shifted to shorter wavelengths
as expected. Due to different LSPR with respect to incident polarization, we observe an
anisotropic absorption enhancement, where the absorption is enhanced for incident light
polarized parallel to the x (intrinsically strongly absorbing) direction due to the excitation
of the LSPR, but minimal enhancement is observed for polarization along the y
(intrinsically weakly absorbing) direction. We also measured the photoresponse with the
results plotted in Figure 2.6.2(c) along with the SEM image of the silver patches shown in
the inset. The photoresponse for the zigzag direction is unchanged, whereas it is enhanced
for the armchair direction in the presence of the silver rectangular nanopatch resonators,
leading to a broad resonance peak at ~650 nm with ~1.5-fold enhancement. We note that
the absorption and photocurrent response is already small for BP flakes along the zigzag
direction, which implies that even a minor electrical field enhancement will lead to a
photoresponse. This explains why we observe certain enhancement for the zigzag direction
at ~550 nm, which corresponds to the LSPR wavelength for b = 200 nm length silver

antennas.
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Figure 2.6.2. (a, b) Calculated absorption for BP alone and the hybrid BP/plasmonic array structure. (c)
Measured photoresponse comparison for BP alone and the hybrid BP/plasmonic array structure. Dots and the
lines are referred to the raw measurements and the fitted lines. The SEM image of the silver patches is

provided in the inset. The scale bar is 2 um.

2.7. Chapter summary

In conclusion, in this chapter we cover two cases for the amplitude control with BP by
controlling the incident light polarization.

In the first case, we propose and numerically demonstrate localized surface plasmons
modes in monolayer BP using nanoribbon and nanopatch arrays. Anisotropic behavior in
the absorption spectra are predicted when exciting BP plasmons along two different

directions (armchair and zigzag). Various structure parameters are examined to analyze the
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material properties and the localized nature. Furthermore, we find that the electric field is
mostly localized around the edges of the structure. It is possible to design a symmetric
metasurface with BP and fulfill the polarization conversion due to the anisotropic
absorption. And BP could also be used to build a polarization sensor at IR wavelengths
even with symmetrical structures.

In the second case, we have demonstrated for the first time the coupling of an anisotropic
plasmonic array aligned to an anisotropic semiconductor to increase optical absorption and
photoresponse. Indeed, this is also the first plasmonic resonators on BP, enabling the
polarization-controlled optical anisotropy in the visible wavelengths. Periodic silver
nanodisk arrays were utilized to facilitate LSPRs and enhance light-matter interaction in
BP for both crystal orientations. Furthermore, by coupling the intrinsically anisotropic
optical properties of BP with an extrinsically anisotropic plasmonic lattice, we achieved
the enhancement of the BP photoresponse along only the armchair direction, further
improving the optical anisotropy about 50% more. Since BP also has anisotropic properties
in the near IR, our work will provide the concepts and the guidelines to fulfill similar
polarization-controlled performances with IR resonators. And similarly, the concepts
presented here should prove useful when coupling plasmonic nanostructures with other,
less well understood anisotropic 2D materials. We believe the hybrid devices consisting of
plasmonic nanostructures that exhibit strong optical resonances with BP will enable high-
performance polarization-dependent and anisotropic photodetection, as well as radiative

and thermal emission in the future.
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CHAPTER 3
Spatial phase control for tunable metasurfaces

3.1. DNA-mediated nanoparticle assembly

The spatial phase control of the wavevector in the flatland is majorly controlled with the
generalized Snell’s law as described in Chapter 1. Metasurfaces are majorly fabricated with
building blocks in naoscales with precise and controlled positioning® 3, which is the key
part to introduce the abrupt wave vector change at the interface to form the desired phase
gradient.

Traditional method usually uses electron beam lithography and deposition to generate
patterns. However, to get deep subwavelength structures, high energy electron beam is
needed to obtain desired precision. Moreover, most of the structures cannot be changed
after the fabrication. For applications requiring active control, there is barely space to play
with to change the structure.

In this section, a novel patterning method developed by our collaborator will be
introduced. By combining top-down lithographic patterning with bottom-up assembly, it
is possible to generate highly precise nanostructures through DNA-mediated interactions
in lithographically defined templates®®. The nanoparticles and the substrate are
functionalized with DNA and hybridized with complementary linkers so that they could be
connected, as shown in Figure 3.1.1(a). The process starts with the silicon substrate
deposited with 100 nm gold. After coating PMMA and electron beam exposure with

development, the nanoparticles are attached to the generated trenches. After removing the
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PMMA, we could acquire the nanostructures. Figure 3.1.1(b) shows the typical process

routine.
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Figure 3.1.1. (a) Complementary linkers to connect the nanoparticles and the substrate. (b) Process combining

top-down lithography and bottom-up assembly. The figures are adapted from the mentioned reference®.

However, just with this kind of recipe is not enough since the assembled nanoparticles
might randomly fall in the trenches. Thus, our collaborator also fulfills the orientation
control by controlling the optical trench sizes. Figure 3.1.2 compares three different type
of trenches. For circle trenches, no orientation control could be achieved. For non-optimal
square trenches, the nanocubes will still randomly fall in the trenches with high yields to
attach the nanocubes. But with carefully choosing the size of the trenches, the angular

offset could be precisely controlled and the nanocubes will stay at the desired position.
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Figure 3.1.2. Orientation control performance with round trenches, large trenches and perfect trenches.

3.2. Tunable metasurfaces for light guiding

One particular advantage of using DNA in the patterning is that we could combine the
DNA dynamics with the device designs to achieve a highly tailorable system that no other
technique can generate. Specifically, as shown in Figure 3.2.1(a) and (b), due to the
existence of DNA, there is a gap mode resonance could be excited other than the lattice
mode and localized mode. The gap mode is quite dependent on the distance between the
nanocube and the substrate, which indicates that if we could control the size of the DNA,
we could potentially control the gap mode resonance as well.

One way to control the DNA length is using the ethonal (EtOH) to introduce the

dielectric environment to tune the Column force around the DNA®*. It has been shown that



60
by changing the environment EtOH concentration, the length of the DNA could be largely
tuned, as shown in Figure 3.2.1(c). Typically, in this system with gold nanocubes, with 0%
EtOH (water buffer), the length of the DNA is around 20 nm, while with 80% EtOH, the
length of the DNA will contract to around 3 nm. As mentioned before, the gap mode is
quite sensitive to the distance between the particles and the substrate. Figure 3.2.1(d) shows
the measured reflection spectra with three different EtOH concentration. The resonance
positions could be largely tuned from 650 nm to 775 nm.

To build the abrupt phase profile along the surface, we need to make use of the resonant
elements to introduce large enough phase change. Thus, we usually design the structures
to have the desired performance near the resonance. Here we would like to achieve
anomalous reflection with the building blocks of gold nanocubes to work around 600 nm
to 700 nm. This is the wavelength range just between two lowest resonance positions for

0% EtOH and 80% EtOH so that we could benefit from the gap mode resonances.
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Figure 3.2.1. (a, b) Gap mode between the gold nanocube and the substrate. The figures are adapted from the
mentioned reference®®. (c) DNA length dependence of the EtOH concentration. The figures are adapted from

the mentioned reference®. (d) Measured reflection spectra for the cubes with different EtOH concentration.

In Figure 3.2.2(a), | show the designed metasurface structures for anomalous absorption.
The structure is composed of three different elements: one cube arrays, two cube arrays
and three cube arrays. The corresponding reflective phases are shown in Figure 3.2.2(b).
They could form the phase gradient along the space to achieve the metasurface light
guiding. One thing to notice here is that the phase shift is just a proof of concept to indicate
the phase shift. The calculated phase is based only on isolated element. The actual structure

will also include the coupling between the elements. In Figure 3.2.2(c), we show the



62
scanning electron microscope (SEM) image for the fabricated metasurface. The yield of

the structure is quite good.

a b

Figure 3.2.2. (a) Designed metasurfaces with gold nanocubes patterned with one cube arrays, two cube arrays
and three cube arrays. (b) Calculated phase profile for three elements. (¢) SEM image of the fabricated

periodic structures.

To analyze the deflection, | calculated the far field power at various collection angels
from -90° to 90°. Figure 3.2.3 show results of far field reflection power at different
wavelengths. It could be seen that when the DNA length is 3 nm (Figure 3.2.3(a)), we
achieve the anomalous reflection around -60° in a quite broad bandwidth from 610 nm to
690 nm. While for the DNA length of 20 nm (Figure 3.2.3(b)), most reflected power is
reflected to 0°. More specifically, if we slice the result at 670 nm (Figure 3.2.3(c) and

(d)). We could clearly compare the power in two scenarios.
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Figure 3.2.3. (a, b) Calculated reflected power for the wavelengths from 610 nm to 690 nm for 3 nm DNA
length and 20 nm DNA length. (c, d) Calculated reflected power at 670 nm for 3 nm DNA length and 20 nm

DNA length.

To better illustrate the idea, we calculate the electric field distribution near the around
the structure at 670 nm. As shown in Figure 3.2.4, for 3 nm DNA length, the reflected
power is guided to the anomalous angle while for 20 nm DNA length, the structure is
acting like a mirror and most of power will be reflected at 0°. One thing to notice here is
that the electric field power distribution is calculated in the near field. So, the angel
shown in Figure 3.2.4 is not around 62°, which is the far field angle in Figure 3.2.4(c).
This is because the refractive index near the structure is 1.36 for EtOH but the far field

environment refractive index is 1.
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Figure 3.2.4. (a, b) Calculated electric field power distribution around the structure for 3 nm and 20 nm.

3.3. Experimental characterization with oblique incident light

To verify our proposed metasurface experimentally, we build the angle-resolved system
with the incident collimated light and the rotation arm to detect reflected power at different
collection degrees as shown in Figure 3.3.1(a). The sample is imbedded in the imaging
chamber (Figure 3.3.1(b)) so that we could change the EtOH concentration around the
sample at will. Here | took the pictures with the incident light coming directly at 0°. In
Figure 3.3.1(c), we could observe that most of the light was directed to the left part. When

I rotated the sample, the light was guided to the right side (Figure 3.3.1(d)).
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Figure 3.3.1. (a) Experimental setup with the angle-resolved system. (b) The imaging chamber including the
sample for the tunable environment for different EtOH concentration. (c, d) Pictures of the 0° incident light

with anomalous reflection while rotating the sample.

However, in this scenario, we couldn’t directly compare the power at the anomalous
angle and the normal angle since it is not possible to rotate the arm to detect the power at
the same direction of the incident light. To compare the anomalous power and the normal
power, we determine to have the incident light at an angle. Then the normal power will be
guided to the other side with the same reflection angel. But the anomalous power will be
guided to certain angle in between.

Specifically, since we shoot for the tunability at 670 nm, the incident angle is set at 62°.
We recalculate the far field power similar to Figure 3.2.2 at this scenario. As shown in

Figure 3.3.2, with 3 nm DNA length, most of the power is guided to the angle near 0°. And
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for large DNA length at 20 nm, the light is reflected to 62°, just like a mirror following the
reflection law. Similarly, we slice the reflected power at 670 nm. We could easily identify

the dominant anomalous power at 3 nm and the dominant normal power.
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Figure 3.3.2. (a, b) Calculated reflected power for the wavelengths from 610 nm to 690 nm for 3 nm DNA
length and 20 nm DNA length. (c, d) Calculated reflected power at 670 nm for 3 nm DNA length and 20 nm

DNA length.

In Figure 3.3.3, we present the measurement results with the exact same incident angle of
62°. We put five different wavelengths filters (610 nm, 635 nm, 650 nm, 670 nm, 690 nm)
and measure the power around anomalous angle and normal angle. The power at other
angles are at the same level of the environment noise. In both cases, we normalize the

overall amplitude the reflected power from the gold substrate measured at the normal angle
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(62°). Data points other than those five wavelengths are fitted in between. Figure 3.3.3(c)
and (d) show the reflected power comparison at 670 nm. We could observe quite good

agreement with the calculated results at Figure 3.3.2.
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Figure 3.3.3. (a, b) Measured reflected power for the wavelengths from 610 nm to 690 nm for 3 nm DNA
length and 20 nm DNA length. (c, d) Measured reflected power at 670 nm for 3 nm DNA length and 20 nm

DNA length.

3.4. Chapter summary

In conclusion, we have demonstrated a tunable metasurface at visible wavelengths based
on DNA dynamics. By changing the environmental EtOH concentration, the length of the

DNA, thus the gap mode of the nanocubes could be actively controlled. We show both in
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simulation and in experiment that with 80% EtOH, we could have small DNA length
around 3 nm and the metasurface could work as an anomalous deflector. While with 0%
EtOH, we will have large DNA length around 20 nm and the metasurface will work similar
to a mirror. The electric field power distribution also verifies the idea of the tunability. We
believe out platform provides both novel and unique tunable light guiding performance by
utilizing the gap mode. With the emergence of the dielectric metasurfaces, the DNA-
mediated platform could also be combined with the dielectric nanoparticles in the future
for building metalenses. Our work here provides a proof of concept to fulfill the tunable
metalenses. And due to the special properties of many available DNA properties, the

platform will find more use with other mechanism in active applications.
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CHAPTER 4
Temporal phase control for time-varying metasurfaces

4.1. Temporal modulation and optical isolator

As described before for the normal metasurfaces, resonant elements with different sizes
and shapes are arranged together to enable a space-varying phase across the metasurface.
Additional phase jump induced by metasurfaces relaxes the conservation of the tangential
momentum, leading to anomalous reflection and transmission thus enabling new classes of
optical devices. There is an additional possibility allowed by the Snell’s law, which is to
use a time-varying phase change rather than commonly used a space-varying phase-
change®®. By introducing a time-gradient phase discontinuity using a metasurface, it is
possible to mimic a Doppler-like wavelength (energy) shift in optical devices. Time-
varying phase-change breaks the Lorentz reciprocity enabling novel optical devices such
as optical isolators without using nonlinear materials. The introduction of the temporal
modulation can also couple larger amount of energy, which overcomes the geometric
limitations of ultrathin metasurfaces.

One example of using time-varying metasurfaces to build the optical isolator is
illustrated in Figure 4.1. Assume we obtain a time-varying metasurface that could increase
the frequency of the incident light by Aw. When we combine the metasurface with two
filters with w and w + Aw, the first light path will be possible. But if we reverse the light

path, the Lorentz reciprocity is not conserved and we actually obtain a optical isolator.
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Figure 4.1. Time-varying metasurfaces with increased frequency for optical isolator®®.

4.2. Graphene microribbons with modulated Fermi levels

Although time-varying metasurfaces offer new ways to control light-matter interactions, it
is rather challenging to realize time-varying metasurfaces especially at optical frequencies.
In order to yield noticeable wavelength/frequency change at optical frequencies, phase
needs to be controlled extremely fast (on the order of 500 THz) which is quite difficult to
achieve with existing optical modulation techniques. On the other hand, it is rather
straightforward to realize time-varying metasurfaces at microwave frequencies using
varactors. Here, we theoretically propose a time-varying metasurface design based on
graphene micro-ribbons that can be used to induce wavelength change for reflected waves
at terahertz frequencies.

Graphene’s optical conductivity therefore complex refractive coefficients can be tuned
dynamically by changing its Fermi level via applied electrostatic potential®®. FDTD
simulations are performed to calculate phase-change through graphene micro-ribbon arrays

for different Fermi levels. By adjusting the Fermi level of graphene with a specific temporal
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modulation frequency, graphene micro-ribbon metasurface has been shown to reflect
terahertz electromagnetic waves with either increased or decreased frequency when
compared with the incident waves. Here, we demonstrate a simple yet an efficient time-
varying metasurface design that will provide guidelines for experimental realization of
such metasurfaces at terahertz frequencies and beyond. To understand the concept of time-
varying metasurfaces, we will use a simple numerical analysis. As mentioned in Chapter
1, the frequency of the light could be determined by:

d¢

(A):—E

Time-varying phase change, which can be introduced via temporal modulation, will
change the frequency of reflected electromagnetic wave by Aw = — ag—f. In order to realize

time-varying metasurfaces, phase of reflected-wave needs to be modulated temporally such

that 222 4 0.
at

Here, we propose to use graphene micro-ribbons whose Fermi level can be tuned by
applying voltage. The optical conductivity, as mentioned before, as well as the complex
refractive indices of graphene depends strongly on the Fermi level Er. However, it is rather
challenging to achieve large enough phase change using a continuous graphene film due to
weak wave-matter interactions as a result of its monolayer thickness. We propose to use
graphene micro-ribbon arrays rather than a continuous graphene film simply to enhance
wave-matter interactions that yields relatively larger phase changes due to resonant
behavior at certain frequencies. Graphene micro-ribbon arrays provide a unique platform
to excite the localized surface plasmons at terahertz and infrared wavelengths. Our time-

varying metasurface design is schematically shown in Figure 4.2.1, where graphene micro-
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ribbon arrays are placed on top of a transparent spacer layer and a thick metal substrate.
The ribbon width and the periodicity of graphene micro-ribbon arrays are chosen to be 25
pum and 50 pm. These structural parameters result from the optimization of the graphene
micro-ribbon arrays after many electromagnetic simulations such that large-enough phase
change can be achieved around the wavelength of 300 um (around f = 1 THz) for
different Fermi levels of graphene. The refractive index of the dielectric spacer (polyimide)
is set to a constant value of n = 1.7. The dielectric layer thickness is optimized to be 10 pm
to enhance the overall performance. The metal at the backside is assumed to be a perfect
electric conductor (PEC) serving as a mirror to reflect waves back into the dielectric spacer.
As we will illustrate later, the reflected waves will change the frequency due to the time-

varying phase change from the metasurface.

Figure 4.2.1. Schematic drawing of the graphene micro-ribbon array placed on top of a 10 um thick dielectric
spacer and a metallic mirror. Arrows with different colors are drawn to indicate the frequency change of the

wave upon reflection.
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Calculated reflection spectra of graphene micro-ribbon arrays for three different Er
values are plotted in Figure 4.2.2(a). For EF = 0.3 eV, there exists a dip in the reflection
spectra around 300 um indicating a resonant behavior due to a localized electromagnetic
response from micro-structured graphene. Increasing Er from 0.3 eV to 0.9 eV results in a
shift of the resonance wavelength towards shorter wavelengths. Figure 4.2.2(b) shows the
side-view electric field distribution of the E, for one ribbon at the wavelength of 300 pm
and Er = 0.6 eV. Localized resonant dipoles around the edges of the ribbon can be clearly

seen in Figure 4.2.2(b).
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Figure 4.2.2. (a) Calculated reflection spectra of graphene micro-ribbon array metasurfaces for three different
graphene Fermi energies. (b) Simulated electric-field distribution (E,) for a single graphene micro-ribbon

unit cell.

4.3. Figure of Merit for frequency change

Figure 4.3.1 plots phase changes at 5 different wavelengths as Fermi energy is changed
from 0.1 eV to 1 eV with 0.1 eV step size. In order to achieve highest increase in the

frequency of terahertz waves, metasurface should be operated at frequencies where largest
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phase change occurs (typically around the resonance frequency). However, reflection will
be significantly lower and waves will be mostly absorbed by the ultrathin graphene
metasurface due to resonant behavior. A better approach is to slightly deviate the operation
frequency away from the resonance frequency such that there is still moderate phase
change with suitable reflection from the graphene metasurface.

Time-varying metasurface enabling a frequency change in reflected terahertz waves can
be obtained by changing the Fermi level, therefore the complex refractive indices of
graphene as a function time. In Figure 4.3.2(a) we plot a temporal modulation pattern for
changing the Fermi level of graphene. In this case, the derivative of Fermi level is negative
in every period. In order to understand the operation principle and key parameters such as
the frequency change, we are going to utilize a simple analytical formula and make certain
assumptions. When terahertz waves with a wavelength of 200 um (f = 1.5 THz) are
incident on the graphene metasurface, overall phase change is calculated to be 4¢ ~ 5
(Figure 4.3.1) for Fermi Levels changing from 0.1 eV to 1 eV. Assume Fermi levels are

modulated by At ~ 10~%s, which requires 1 GHz alternative current (AC) to be applied on

the graphene (Figure 4.3.2(a)). For such a scenario, the frequency change is Aw ~ — % =

5 GHz with a quality factor of %wz 0.021. Here, we choose a moderate temporal

modulation frequency for realistic applications, however faster modulation speeds that
might be achieved in the future will induce larger frequency change, since the frequency
change is proportional to the modulation frequency. As mentioned earlier one of the
significant drawbacks for operation around resonance frequency is low reflection from the

metasurface. For this particular wavelength of 200 pum, reflection is almost zero for a Fermi
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level of 0.6 eV (Figure 4.2.2(a)), where largest phase jump occurs (Figure 4.3.1). Let us
consider a different scenario in which the operation frequency is chosen to be away from
the resonance frequency resulting in a smaller phase change but better reflection
performance. For terahertz waves with a wavelength of 300 um, Fermi level change from
0.4 eV to 1 eV leads to a decrease in A¢ = 0.03. Here, we only consider the Fermi level
range between 0.4 eV to 1.0 eV, since in this range the phase change is monotonously
decreasing. One could also choose the Fermi level range of 0.2 eV to 0.4 eV where phase
change is increasing with increased Fermi level. However, in order to compare our results
with previously discussed wavelengths, we decided to focus only on the region where we

observe a similar behavior of reduced phase change. Still assuming the same temporal

modulation pattern with 1 GHz AC frequency, we obtain Aw ~ — % =3x 1072 GHz and

the quality factor is about 1.9 x 10™%. It is expected that due to smaller phase change, the
frequency change is also smaller. However, it is worthy of note that even such frequency
change is quite fascinating, which is hardly achievable with traditional optical devices. And

in this case, the overall reflection is always above 70% as can be seen from Figure 4.2.2(a).
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Figure 4.3.1. Simulated phase change enabled by graphene micro-ribbon metasurface at different
wavelengths for different Fermi levels tuned from 0.1 eV to 1.0 eV with 0.1 eV steps. Note that the phase
change scales for each plot are different to better illustrate the phase change trend. Highest phase change

occurs at 200 um where reflection is minimum for 0.6 eV Fermi level.

The frequency change of the reflected wave is an important parameter and we choose it
to be a figure of merit (FOM) to compare the performance of our graphene based time-

varying metasurfaces for different operation wavelengths. In Figure 4.3.2(b), we plot the
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frequency change as a function of the operation wavelength, assuming 1 GHz AC current
is applied to change the Fermi Level of graphene. For wavelengths longer than 200 pum,
the frequency change is calculated by the phase difference of the monotonously decreasing
region as discussed in the case of 300 pm. As one can see from Figure 4.3.2(b), the largest
frequency change occurs around 200 um, where the reflection is calculated to be almost

zero for a Fermi level of 0.6 eV, indicating a strong resonance.
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Figure 4.3.2. (a) Proposed temporal modulation pattern for changing the Fermi levels of graphene. (b)
Calculated frequency change of reflected terahertz waves for different operation wavelengths of time-varying

metasurface.

Compared with space-varying metasurfaces, 21 phase change for one designed element
is not required for time-varying metasurfaces. In the previous case, the phase modulation
enabled by spatial distribution of varying sizes of resonators is passive and the device needs
to cover almost 2m phase change to accumulate the overall gradient as well as the
additional wavevectors. In time-varying metasurfaces, since the modulation is controlled
actively, the restriction is no longer an essential design guideline but a preferred one. With

larger phase change approaching 2, it is easier to obtain higher quality factor.
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4.4. Chapter summary

In conclusion, we propose and theoretically demonstrate a graphene micro-ribbon array-
based time-varying metasurface providing a novel platform to modulate the
electromagnetic wave frequency in ultra-thin devices. The graphene micro-ribbon arrays
are able to work on different frequency regions and fulfill various aims for optical
performances. Compared with space-varying metasurfaces, the time-varying metasurfaces
offer the opportunities to control the light in a more active manner. It is possible to combine
both space-gradient patterns and temporal modulation at the same time to build more
complicated devices, such as multifunctional anomalous deflectors and optical isolators.
We believe our design will pave the way towards novel metasurface designs and enable

mimicking the Doppler-like phenomenon in future optical devices.
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CHAPTER 5

Further spectra engineering with active controllable materials

5.1. Applications with active controllable materials

In this Chapter, | will cover two more spectra engineering topics, which includes the
excitation of the graphene surface plasmons and the control of dynamic properties of
vanadium dioxide (VO,). Both materials have active controllable properties. Specifically,
I will focus the applications for the enhanced transmission and the dynamic absorption.

Enhanced transmission of light using nanostructured metals has always been of great
interest in the field of plasmonics®’. With the aid of near-field effects, the transmission of
the electromagnetic waves can be enhanced or depressed. Extraordinary light transmission
through single sub-wavelength apertures nanohole arrays have been studied thoroughly.
With similar motivations, electromagnetic transmission through a metal film with the
mediation of surface plasmons has also been proposed. Much of the work on enhanced
transmission has been shown to be frequency-selective due to size-dependent optical
resonance frequencies. And we would like to show a counter-intuitive model to increase
the mid-infrared (mid-IR) transmission over a broad range of frequencies by using an
absorptive, continuous graphene film, which has shown broadband properties in many
applications.

The other application to be covered in this Chapter is the dynamic absorber with thin
film light interference. Resonant light absorption has been investigated extensively in
recent years with various materials and different resonance mechanisms. Conventional

approach is to enhance the absorption by structuring either the absorbing material or using
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resonant elements such as optical antennas to enhance the local electromagnetic field inside
the absorbing media®". Alternatively, planar devices composed of thin-film materials
have been recently investigated as an optical absorber platform’", that are used for
applications such as modulators’®’, photodetectors’®'®, and thermal emitters®®-#2, Most of
these planar lithography-free devices rely on the interference of the reflected light with the
incident light to enhance the absorption. In particular, multilayer thin films with Fabry-
Perot resonance response have been investigated thoroughly®® 8- However, those
platforms require at least wavelength-scale dielectric cavities to form the resonances,
making the whole devices quite thick. Thus, it is favorable to design a platform, which
could mimic the resonant behavior of the lithography cavity while still remains compact as
the devices incorporating nanostructures. One possible solution is to use highly absorbing
materials, which could drastically decrease the thickness to fulfill the effective interference.

And VO, is great candidate for the job.

5.2. Enhanced transmission control by exciting graphene surface plasmons

First, let us see how we could demonstrate enhanced infrared transmission through gold
nanoslit arrays. The performance is achieved at mid-IR frequency range via excitation of
surface plasmon polaritons (SPPs) at the graphene/metal interface. We theoretically
demonstrate that with the excitation of the SPPs in continuous graphene, mid-IR radiation
transmitted through nanoslit arrays with narrow slit widths can be enhanced over broad
range of frequencies. This type of hybrid structure offers new opportunities for the study

and the control of propagating SPPs in a continuous graphene sheet.
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Metallic slit arrays or so-called wire grid structures are widely used as optical polarizers
especially in the infrared spectral range. A wire grid polarizer is composed of a grid of
metallic strips with the periodicity much smaller than the wavelength of the radiation. For
p-polarized light, that is, when the magnetic field is parallel to the metallic strips, it can
travel through the slits while s-polarized light will be reflected back. When using narrow
slit width between the metallic strips, the light transmission is also quite poor for p-
polarized light. Here, we propose to enhance the mid-IR transmission from the gold
nanoslit arrays by coupling with graphene SPPs.
In the mid-IR wavelength range, the optical properties of doped or gated graphene will
be dominated by optical intraband transitions, instead of interband transition and phonon-
induced scattering. In this case, the optical response of the graphene can be modeled with

a semiclassical Drude-like expression?>:

o(w) =—+
and the plasmon dispersion relation reads:

2 .
q(w) = Hcolerters) Co(eratérs) (1 + i) w2

e2Ep
where gq(w) is the wave vector in graphene, €,; and €,, are relative permittivity
surrounding the graphene sheet, E is the Fermi level and 7 is the relaxation time. In our
simulations, we optimize and choose the Fermi level to be at 0.3 eV, which maximizes the

performance in the wavelength region of interest. The relaxation time t is connected with

the mobility p as well as the Fermi-level: 7 = % and v is the well-known Fermi
F

velocity (10 m/s). The mobility in the simulation is chosen to be 10000 cm?/Vs.



82
The optical gratings are commonly used to excite surface plasmons®. Here, the gold
nanoslit arrays provide an ideal frame to compensate the momentum mismatch to excite
the surface plasmons in graphene. As shown in Figure 5.2.1(a), continuous graphene is
placed underneath the gold grating with silicon as the substrate, which could be fulfilled in
experiment by transferring graphene film on silicon followed by patterning gold nanoslit
arrays. The silicon is used as the transparent substrate in the wavelengths of interest. The
p-polarized EM wave is normally incident in all the simulations. We use FDTD technique
to simulate the optical response of the graphene/gold nanoslit arrays which has 500 nm
periodicity and 20 nm slit width. The thickness of the gold is chosen to be 50 nm and the
graphene is modeled as an anisotropic material with 1 nm thickness. The transmission
spectra of gold nanoslit arrays without and with graphene are plotted in Figure 5.2.1(b).
For the gold nanoslit array case, the transmission of the radiation covers the mid-IR region
broadly with 20% to 40% due to the polarizer effect with small slit width between the gold
strips. After placing graphene underneath the gold grating in the simulations, we observe a
broad transmission enhancement up to 40% to 60%, which is quite surprising since
graphene is just a monolayer and lossy material. The physical mechanism for this enhanced
transmission will be discussed later.
The transmission enhancement is strongly dependent on the structure parameters, i.e. the
periodicity and the slit width. To figure out the effect of these parameters, the transmission
spectra with different periodicities and slit widths are simulated for two cases: without

graphene and with graphene.
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Figure 5.2.1 (a) Schematics of continuous graphene film at the bottom of the gold nanoslit arrays. (b)

Transmittance of the structures of gold nanoslit arrays with and without graphene for periodicity p = 500 nm

and d =20 nm.

The transmission spectra shown in Figure 5.2.2 were obtained by changing the
periodicity from 200 nm to 1000 nm and keeping the slit width fixed at 20 nm. As shown
in Figure 5.2.2(a), when there is no graphene, the transmission increases with decreasing
periodicity and larger transmission happens at longer wavelengths. When the periodicity
is extremely small compared with the wavelength, the gold nanoslit structure can be
described with an effective index model which indicates the flat transmission spectra®.
After combining with graphene, we observe that the transmission is enhanced for the entire
spectrum, especially for larger periodicities at longer wavelengths, as shown in Figure
5.2.2(b). The transmission spectra of several periodicities are selected and plotted
separately in Figure 5.2.2(c) for comparison. There are oscillations in the transmission
spectrum due to Fabry-Perot type reflection of the graphene surface plasmons from the
nanoslit period boundaries. Increasing the periodicity will induce higher order reflections

and thus increase the number of oscillations. The enhancement ratio is obtained by dividing
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Graphene

the transmission with graphene to that without graphene (ER = T ), as plotted in

TGold

Figure 5.2.2(d). Since we are keeping the slit width fixed at 20 nm while increasing the
periodicity, the transmission reduces significantly in the case of gold nanoslit arrays.
Therefore, it is easier to enhance transmission with larger periodicity, hence larger

enhancement factors.
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Figure 5.2.2 (a) and (b) Transmittance spectrum of gold nanoslit arrays without and with graphene for

different periodicities (fixed slit width 20 nm). (c) Transmittance of selected periodicities of the structures

Graphene

with graphene at the bottom. (d) Enhancement factor (EF =1 T )for selected periodicities compared
Gold

by two cases.

Additional simulations are performed by keeping the periodicity fixed at 500 nm and

changing the slit width. Simulated transmission spectra for varying slit widths from 0 nm
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(continuous gold) to 100 nm are shown in Figure 5.2.3(a) and 5.2.3(b). The transmission
is rather low for slit widths smaller than 20 nm. Increasing the slit width results in higher
transmission. Similar to the periodicity effect, larger transmission also happens at longer
wavelengths. After combining with graphene, we observe how the oscillations perform
with varied slit widths. When the slit widths are larger than 40 nm, the transmission dips
can be observed. And the dips move to higher wavelengths for wider slit widths, which
indicates the localized features of the graphene surface plasmons in the slits.

The spectra of several slit widths as well as the corresponding enhancement ratios are
plotted in Figure 5.2.3(c) and 5.2.3(d). The enhancement is getting larger with smaller slit
widths which resembles the performance of the case with large periodicities when
considering in terms of the duty cycles. Actually the enhancement ratio can be quite large
when the slit width is about 10 nm in simulations. In the case of small slit widths, the
transmission without graphene is approaching zero with large portion of reflective gold in
one period. And the transmission dips shift to longer wavelengths when the slit widths get
wider, which is the typical trend in localized surface plasmons. For 100 nm slit width case,

higher order resonance can also be observed in this wavelength region.
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cases.

To further investigate the physical explanations of the phenomenon observed in the
spectra, we plot the vertical component of the electric field in side-view for the structure
proposed before (500 nm periodicity and 20 nm slit width) at the wavelength of 13um.
When there is no graphene, as shown in Figure 5.2.4(a), since gold serves much like the
perfect conductor in mid-IR wavelength region, the electric field is mostly concentrated
around the small slit. After combining with the graphene, the electric field is enhanced

overall (Figure 5.2.4(b)), especially in the slit and on the graphene. The zoomed-in version
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shown in Figure 5.2.4(c) indicates the plasmonic characteristic of the graphene with which
the surface plasmons propagate. Due to the excitation of the SPPs in graphene sheet, more
light can be coupled to the structure therefore increasing the overall transmission. Since
the graphene surface plasmons are propagating back and forth horizontally in the period,
the interference of them will lead to the oscillations in the spectra. When the periodicity is
increasing with the fixed slit width, the overall effective permittivity of the gold grids is
also increasing. And in this case, since the wavevector of the graphene SPPs also becomes
larger, more SPPs are expected to propagate through one period, which accounts for the

increasing of the oscillations in Figure 5.2.2(c).



100 4

50

-50 4

-100 -

100

50

-50 4

-100 -

10

-10 4

88

=2
-6
-10
Graphene
I 15

5

: -5
-15
-25

---""""“'."'!&N':'Q‘?““”--- | |
._

Figure 5.2.4 (a) Side-view electric field distribution of the gold nanoslit arrays structures. (b) and (c) Side-

view electric field distribution of the hybrid structures.

5.3. Dynamic near-perfect absorption with controlled temperatures

Now let us move to the application of building the dynamic absorber with VO,. The

absorber is designed to operate at near infrared (near-IR) wavelengths. It is composed of

VO, thin film

on a gold reflecting substrate. VO, is a phase transition material that

undergoes phase transition at 68 °C. Phase transition occurs through formation domain

switching during which nanoscale metallic islands are formed inside an insulating film®&”
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%, If the temperature is well above the transition temperature, metallic domains will merge
together and form completely metallic thin film. The optical losses in VO, gradually
increases as well. The absorption thus could be tuned by controlling the environmental
temperature. Moreover, when the imaginary part of the VO, refractive index increases to
the order of the real part, the losses cannot be considered as a perturbation anymore and
the light is quickly attenuated due to the resonance behavior in the thin film’. Previously,
thin-film VO, absorber on sapphire substrate has been proposed for mid-IR wavelength
region®®. Tunable absorption near visible wavelength region is also investigated with Pt
back reflector. A comprehensive study for choosing epsilon-near-zero substrate has been
showed and verified on tunable aluminum-doped zinc oxide substrate®®. Here, we
quantitatively utilize the effective medium theory to model the tunable optical response of
VO, in the intermediate states, which could serve as a useful tool to understand this ultra-
thin film absorption platform. Particularly, the metallic percentage factors in the material
model are fitted for selected temperatures. We propose using gold substrate as a broadband
reflective back mirror and obtaining the near-IR absorption resonances. This indicates that
the absorption of the intermediate state is not necessarily due to the metamaterial structure.
And the gold substrate could serve as an epsilon-near-zero material to fulfill the
requirement for near-perfect absorption and make the absorption almost only occur in VO,
in the near-infrared region. The performances for VO, film in 100 nm and 200 nm thickness
are compared to both verify the effective medium theory model and show the possibility

to shift the target resonances by changing the layer thickness. The mechanism of the thin
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film absorption is also elaborated with the electric field distribution and absorbed power
density map.

The tunable absorber design is schematically shown in Figure 5.3.1. The VO, thin film
was first grown on a double side polished sapphire substrate. Then the sample was flipped
over and an optically thick gold layer (150 nm) was deposited just on top of the VO, film.
The near-IR light source was incident from the sapphire side and the sample was placed on
a metal ceramic heater (below the gold layer) to control the temperature of the VO, film.
Fourier transform infrared (FTIR) spectrometer was used to measure the reflection (R)
from the sapphire side. Since the back gold layer served as a mirror in this case, no
transmission could be observed. Thus, the absorption (A) in VO, could be deducted as A =

1-R.

_____Sapphire

Vo,

. Gold

Figure 5.3.1. Schematics of VO, film grown on double polished sapphire with deposited gold. The near-IR

light source was incident from the top side and the ceramic heater was placed below the gold.
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To obtain the theoretical absorption of the proposed devices, FDTD modeling was used
to calculate the optical response. The refractive index of the sapphire was chosen as 1.7
and the complex dispersive refractive index of gold was fitted from the Palik database®?.
The refractive indices of VO, in both dielectric (room temperature) case and metallic (hot
temperature) case were taken from previous experimental study®’. To calculate the optical
response of the VO, in the intermediate states, we employ a Lorentz-Lorenz model to
evaluate the binary mixture of two different permittivity. With this effective medium
model, we could describe total response from both the surrounding dielectric VO, and the
metallic nanoscale islands®®. For the intermediate state, the polarization density P; could
be written as the mixture of the polarizations in dielectric (P;) and metallic states (P,, )*°:

Pi=aP,+ (1 —-a)P,;
where a is the percentage of the metallic state. In particular, @ = 0% indicated the room
temperature case and a@ = 100% indicated the hot temperature case. The polarization
density could be expressed with the Clausius-Mossotti relation. Thus, we obtained the

corresponding permittivity with different metallic percentage factor a:

€ —1 €Em—1 €
- =aq= +(1—a)d
€ +2 Emt2 €q + 2

Comparing with the previously employed Bruggeman model®” %2 our effective medium
model could also describe all the intermediate states but only one fitting parameter « is
needed. After obtaining the permittivity for dielectric and metallic cases, the model could
predict the optical collective response for states in between. As compared later with the

experimental results, our effective medium model works quite well.



92

The VO, films were put in x-y planes with periodic boundary conditions in the
simulation, as shown in Figure 5.3.1. Broadband near-IR plane waves were incident from
z directions. Along the z directions, perfect matched layers were used to absorb all the
electromagnetic power coming out to the boundaries. Electric field distribution was
gathered by the field profile monitors around the structures.

Two samples with 100 nm and 200 nm thickness of VO, were prepared and measured
with identical procedures. The measurements were taken by controlling the ceramic heater
from room temperature 23 °C to hot temperature 120 °C with every 2 °C increments. To
observe the hysteresis behavior'®, the reverse measurements were also taken by 2 °C
decrements by cooling down the ceramic heater. The detailed measurement results
including both the temperature-increasing and decreasing cases are presented in the Figure
5.3.3. In Figure 5.3.3(a) and Figure 5.3.3(c), we plot the selected normalized spectra taken
from 100 nm and 200 nm thickness VO, samples in the temperature-increasing
measurement. The phase transition happens around 68 °C. For both samples, we observed
a red shift in the absorption peak position when transforming from the insulator state to the
intermediate state. During the transition, the intensity of the resonance becomes higher and
leads to almost perfect absorption around 1.5 pum for 100 nm VO, and 3 pm for 200 nm
VO, layers. The absorbing film thickness is in the order of A/15, which is very thin
compared with the common Fabry-Perot cavities. While increasing the temperature, the
VO, gradually becomes metallic beyond which no resonant behavior could be observed. In
this case, the electromagnetic field partially penetrates the lossy VO, film and

approximately 60% of the light was still absorbed over a broad range of wavelengths.
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Figure 5.3.3(b) and Figure 5.3.3(d) present the corresponding simulation results. The

metallic percentage factors were fitted for various temperatures to match the peak positions

in the 100 nm thickness film measurements. Good agreement is shown between the

calculated (Figure 5.3.3(b) and Figure 5.3.3(d)) and measured (Figure 5.3.3(a) and Figure

5.3.3(c)) optical responses, both in magnitude and in spectral profile. The calculated and

measured absorption peak positions slightly deviate, which could be attributed to the

differences in the growth conditions of our sample and the VO, measured in previous

reference®. Nevertheless, it seems that the effective medium theory for VO, models the

intermediate states quite well. The near perfect absorption performance is also well

presented in the simulation results.
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Figure 5.3.2. Measured absorption with more temperature data points for 100 nm thickness case (a and c)

and 200 nm thickness case (b and d).
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Figure 5.3.3. Absorption spectra with various material states. To compare the trend, the scale of the
absorption is offseted by additional translation. The amplitude of the absorption for each material state is still
in the range of 0 and 1 but with additional translation of 1,2,3,4 and 5 from states 2 to 6. (a, ¢) Measured
absorption at selected temperatures for 100 nm thickness VO, and 200 nm thickness VO, respectively. (b,
d) Calculated absorption with fitted metallic percentage factors for 100 nm thickness VO, and 200 nm

thickness VO, respectively. The fitted dash lines track the shifts of resonance positions.

The expected hysteresis properties of the VO, based absorber have been observed in both
cases as well. The absorption spectra at resonant wavelengths (1.5 um for 100 nm VO, and
3 um for 200 nm VO,) as a function of temperature are plotted in Figure 5.3.4(a) and
Figure 5.3.4(b), respectively. For both cases, ~15 °C hysteresis range was observed in the
measurements. Note that the absorption for 200 nm VO, is substantially more sensitive to
temperature change and that high absorption occurs only at narrow range of the temperature
(~2 °C). On the other hand, in 100 nm VO,, the absorption remains quite high over a range

of about 20 °C.
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Figure 5.3.4. Measured absorption intensity as a function of increasing temperature and decreasing
temperature at 1.5 um wavelength for (a) 100 nm thickness VO, and at 3 um wavelength for (b) 200 nm

thickness VO,.

To better understand the absorption mechanism, we calculate the absorption maps and the
electric field distribution (as a function of wavelength and vertical position) of an

intermediate state with metallic percentage a = 10%. The absorbed power density is
calculated spatially using the equation P = —%wIEIZE”, where w is the angular optical

frequency, €’ is the imaginary part of the dielectric permittivity and |E|? is the intensity of
the electric field. The maps for the 100 nm VO, layer cases are depicted in Figure 5.3.5(a)
and Figure 5.3.5(c). It is clearly seen that near the interface of the VO, layer and back gold,
the absorbed power is weak. The highest absorbed power is obtained around 1.5 um and 3
um for 100 nm VO, and 200 nm VO, respectively, which match the peak positions in the
absorption spectra. The intensities of the electric field distributions (Figure 5.3.5(c) and
Figure 5.3.5(d)) indicate that at the mentioned resonance peaks, the interference leads to

weak electric field density at the interface of VO, layer and back gold. This explains why
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the light is absorbed mostly in the top part of VO, film, near the sapphire side. As
mentioned before, the enhanced electric field intensity near the top part stems from the
reflection phase shift due to the high losses in the VO, film. The near-perfect absorption
occurs at the wavelengths where the destructive interference largely suppresses the
reflection. Note that at wavelengths far from the resonances, the electric field inside the

VO, films is relatively weak.
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Figure 5.3.5. Calculated electrical field intensity distribution and absorption maps for (a, ¢) 100 nm thickness
VO, and (b, d) 200 nm thickness VO,. The left two plots show the absorbed power density maps. The

positions of the VO, films are indicated by the dashed line.
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5.4. Chapter summary

In conclusion, we first investigate the graphene/gold nanoslit arrays hybrid structure. By
making use of the excitations of SPPs in continuous graphene, it is possible to enhance the
mid-IR transmission broadly through the gold nanoslit arrays structures. In addition,
various structure parameters and the electric field distribution have been investigated with
FDTD simulations to understand the underlying mechanism. This hybrid structure can also
potentially help the study and control of propagating SPPs in continuous graphene sheet.
Then we investigated theoretically and experimentally a tunable thin absorber structure
based on VO, phase transition. By enhancing the electromagnetic field above the reflector,
the near-IR absorption in VO, thin films can be largely enhanced. The absorption intensity
can be tuned by controlling the ambient temperature around the phase transition
temperature. We utilized the effective medium model to fit the spectral properties of the
intermediate states at selected temperatures. Good agreements were obtained between the
calculated and measured optical responses. We also compare the hysteresis properties of
VO, layers with electric field distribution and absorption maps. We believe this study will
both enhance the fundamental understanding of the material properties of VO, and
motivate new device design implementations including thin photodetectors, modulators

and tunable emitters.
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CHAPTER 6
Summary and Outlook

6.1. Hyperbolic metasurfaces with ultra-compact optical component

One future direction following the work | shown in this dissertation could be the hyperbolic
metasurfaces, which could locally modify the phase, polarization and amplitude of the light
to achieve exotic scattering properties, such as negative refraction, hyperlensing, and the
generation of vortex beams.

The term “hyperbolic” is due to its hyperbolic dispersion of the material. Usually the
hyperbolic metamaterial or metasurface needs to have positive permittivity at one direction
and negative permittivity at the other direction at certain wavelengths. Figure 6.1(a) shows
one of our previous work of using black phosphorus and silver alternating layers to achieve
the hyperbolic metamaterials with different wavelengths working region®®’. For example,
in region |, the permittivity is negative along z direction but positive along x and y
directions. And we could also differentiate other regions with the negative permittivity at
either x or y direction but with positive permittivity at z direction, or with positive
permittivity at all three directions.

Making use of the confined surface plasmons polaritons, it is also possible to realize the
in-plane near field guided light propagation for on-chip networks and in-plane imaging. IN
this case, we need to introduce the in-plane anisotropy. And black phosphorus is an ideal
material to fulfill that intrinsically. We could also use nanostructured graphene of thin
metals to achieve the in-plane anisotropy. Figure 6.1(b) shows an example of using an

isotropic metasurface (sheet 1) with an anisotropic c-nearzero metasurface (sheet 2)1%2,
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Sheet 1 is excited by two z-oriented dipoles (depicted by magenta arrows) separated by a
distance of 60 nm and located on the layer 2 nm from the interface. The color map
illustrates the z-component of the electric field along the sheets. Insets show the
isofrequency contour of each layer. This specific hyperbolic metasurface provides

dispersion-free propagation and resolves the sources with subwavelength details preserved.
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Figure 6.1. (a) Hyperbolic metamaterials with permittivity along different directions!®*. (b) Hyperbolic

metasurfaces for hyper lensing%,

6.2. Inverse design for efficient parameters design

The other direction of future opportunities could be using the up-to-date inverse design
methods to efficiently guide the metasurface parameters design. Compared with the
conventional forward design by heuristically choosing the structure parameters for specific
optical performances, the inverse design goes through the process backward. The figure of
merit is determined at the first, like the desired spectra. Then the algorithm will try to solve

the Maxwell equations inversely and predict the required structure parameters. There are a
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lot of inverse design methods in the field now, including adjoint-based method, objective-
first optimization, genetic algorithms and so on.

Here I'd like to present deep learning method'®-1% for designing metasurfaces with
DNA-mediated nanoparticles assembly. Figure 6.2 shows the framework of design
paradigm. We want to generate the desired spectra for the structure with two gold
nanocubes. We first pre-run thousands of simulations with various sizes, distances and
orientations of the cubes. We also calculate two separate spectra for the same pattern but
with different DNA lengths. Then we could try to build neural network with the spectra of
both 3 nm and 20 nm DNA lengths as the input. The output of the network are just the
parameters we need to build the structure. Once we finish training the network with the
pre-run simulation results, we could set the desired spectra for both cases of DNA lengths
and see what like of the parameters we need to set for the metasurfaces. In particular, the
desired spectra are not necessarily in the training data set. The algorithm will take care of
the fitting process.

There are two advantages of using the deep learning in this scenario. For one thing, with
a lot of controllable parameters in the structures, it is almost impossible to run the
simulations through the full sweep to understand how to adjust the peaks and dips. But
with the deep learning method, we could actually control the contribution from all the
parameters at the same time. The other advantage roots from the intrinsic control of two
spectra from the input. For conventional design method, the whole design can only work
for one specific design the environment, like the case for 3 nm DNA length. The spectra of

the same structure at 20 nm DNA length is not in control when designing the structure.
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However, with the deep learning, we could easily incorporate both spectra into the design

paradigm and achieve the switchable functionality.

20 nm

60 70
Wavelength (am)

Figure 6.2. Deep learning for absorption modulations with two nanocubes on DNA-mediated surfaces.

6.3. Summary

To summary, in this dissertation, | show the possibility to achieve full active control of the
electromagnetic waves with the platform in the flatland. We could achieve the amplitude
control, the spatial phase control, and the temporal phase control. We use intrinsic
anisotropy monolayer black phosphorus and the extrinsic control by combining metal
antennas and thin film black phosphorus to achieve the polarization-controlled absorption
and photodetection. The special patterning method using DNA-mediated nanoparticles
assembly is presented, which provides an alternative platform to build the desired
metasurface. The spatial phase control is achieved by patterning the nanoparticles at the
substrate with designed phase profile. By controlling the DNA length, the performance of
the metasurface could be tuned to switch functionality. We also achieve the temporal phase

control by combining the active features of graphene and engineered phase control of
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metasurfaces to fulfill time-varying metasurfaces. The ultrathin devices show quite a large
degree for frequency conversion. Other than the three main parts of the control, | also
discuss the enhanced transmission through the gold nanoslits by exciting the continuous
graphene surface plasmons. An additional way of control if using temperature to tune the
optical response of phase transition materials vanadium dioxide to build dynamic absorber.
Some outlooks of combining the anisotropy in plane for the hyperbolic metasurfaces and
the emerging inverse-design methods are also briefly discussed. We believe the flatland
optics for the light-matter interaction control could become one of the center tasks for
future optical components design. We don’t know for sure how, when or even whether the
flatland optics structures and designing principles presented in this dissertation will lead to
a real industrial product, like a light-weight headset. But we know once it works, it will

change the future.
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