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Abstract

Graphene is a single layer of carbon atoms with a honeycomb lattice structure. Its high
carrier mobility and electrostatic tunability make it a promising candidate for electro-optic
modulators in the mid-infrared frequency range, where noble metal-based plasmonic modula-
tors aren’t efficient owing to their weak light-matter interaction. In this thesis, we propose
mid-infrared electro-optic modulators based on graphene with external structure to enhance
modulation efficiency and functionality of graphene mid-infrared modulators.

First, we propose an ultracompact plasmonic waveguide modulator via graphene-covered
1/1000 of wavelength scale plasmonic nano-gap structure. Based on interference between non-
resonant background transmission and electronically tunable nano-gap mode, the modulation
depth of > 20 dB is achieved. we also show that plasmonic mode behavior in the nano-gap,
which is much shorter than graphene plasmon wavelength, is different from the conventional
wavelength scale graphene plasmon polariton resonators. The abnormal behavior in the nano-
gap is interpreted by a modified Fabry-Perot transmission model. The modulation depth of the
modulator is rather insensitive to the carrier mobility of graphene which has been an obstacle
to obtaining an efficient and robust graphene-based electro-optic modulator.

The second topic is the realization of large scale graphene plasmon resonator based on
epsilon-near-zero material. A strong correlation of dispersion of plasmon polariton in low-
dimensional material with environment provides an opportunity for dispersion engineering for
the robust fabrication of graphene plasmon electro-optic modulators. Graphene plasmon res-
onator with epsilon-near-zero material shows only a 0.2% of resonance frequency change for a
dimension of 300 nm deviation in the width of 1 pum graphene plasmon resonator. The intrin-
sic limit of mode coupling between free space photon and graphene plasmon in the proposed
structure is determined by material absorption loss in epsilon-near-zero material, indicating the
opportunity of enhancing modulation depth beyond conventional graphene plasmon resonators.
We experimentally demonstrate proof-of-concept of the proposed electro-optic modulator con-
sisting of graphene plasmon resonator with silicon carbide which is one of representative epsilon-
near-zero material at mid-infrared frequency.

Finally, we propose a thermal emission steering device based on graphene combining plas-
monic/photonic resonators. The metasurface based on a graphene-metal hybrid structure is
exploited to control the resonance of delocalized photonic mode where the resonance frequency
and emission angle are determined by the momentum of the photon. The high electric field
confinement in plasmonic metasurface structure and the photon recycling of photonic resonant

structure enhance the emissivity and steering angle of the device. The optimized structure



achieves emission angle steering > 20° for 0.5 eV of Fermi level change of graphene with nearly
unity emissivity. We also experimentally demonstrate emission steering through the proposed

structure.

Keywords Graphene, Plasmon-polariton, Metasurface, Electro-optic modulator, Waveguide,

Epsilon-near-zero, Thermal emission
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Chapter 1. Introduction

1.1 Background

1.1.1 Mid-infrared emission
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Figure 1.1: Illustration of unique optical properties of mid-infrared frequency spectrum.

The infrared waves are a portion of electromagnetic waves, which were discovered by Her-
schel around the 1800s [1]. Depending on the wavelength range, the infrared is classified as
near-infrared, mid-infrared, and far-infrared. Particularly, the mid-infrared waves, the wave-
length range of 2.5-25 pwm , have unique optical properties as shown in Figure 1.1, and thus
various applications have been studied based on these characteristics. First, for the wave-
length range of 3-5 um and 8-12 pm, optical absorption by molecular in atmospheric becomes
weak, resulting relatively transparent at this frequency range, called an atmospheric window.
The atmospheric window could be applicable for wireless communication channels and thermal
imaging. Second, following Wien’s law, the corresponding peak wavelength of thermal emission
of the hot objects is from 100K to 1100K. These temperatures are frequently met in daily life
and industry resulting in close relations with a variety of applications. Next, resonance frequen-
cies of vibration motions of molecular are concentrated in this wavelength range. Therefore,

we can realize high-performance molecular sensors potentially surpass the conventional sensor

platforms.



1.1.2 Plasmonics

l 2
X
Figure 1.2: Schematic of two semi-infinite slabs where one is dielectric (¢; > 0) and the other

is metal (€3 < 0).
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Figure 1.3: Dispersion relation of surface plasmon at air/Au (red curve) and photon in air

(blue curve).

Surface plasmon is collective oscillation of free electrons in the metal-dielectric interface,
resulting confinement of free space photon below diffraction limit via surface plasmon polariton
[2]. The dispersion relation of surface plasmon is obtained by solving Maxwell equations for two
semi-infinite layers where the permittivities of each layers have opposite signs as shown in Figure
1.2. The permittivity of each layers are assumed to be €; > 0 and ez < 0, respectively. Since
TE polarized incident light cannot excite surface plasmon, we focus on the TM polarization. A

solution of Maxwell equations for the TM polarized electromagnetic wave has a form of

E, = (E1.a; + El,zaz)eik”xe_’“z

(1.1)

E; = (B a, + Eg’zaz)eisze”zz



H1 _ HLyayezkzwefnlz

_ (1.2)
Hy = Hya et er2?
2 _ 1.2 2 2 _ 1.2 2 : :
where k5 = ki — eak§ and k] = k7 — e1k{ is index of dielectric layers.
From the Maxwell equations,
OH
VXE=—pu— 1.3
Ho~5; (1.3)
OE
VxH= — 14
€o€r at ( )
we can obtain
— ikxEl,z — I€1E17m = inOHl,y
(1.5)
—ikyFo , + koo, = iwpgHs
,‘-61]{17 = —Z'LUE()QEL
Y ’ (1.6)
— koHy y = —iwegea Fo
ik Hyy = —twpo
e : (1.7)
ikaZy = _inOElz
For the boundary conditions of Maxwell equations,
E1,1($vz)|z=0 = E2,x(337z)|z=0 (1.8)
Hyy (2, 2)|z=0 — Hay (2, 2)|:=0 = 0 (1.9)
By combining Eq.(1.6) and (1.8), we can obtain the surface plasmon dispersion relation:
A (1.10)
€1 €2
From Eq.(1.10), we can express the momentum of surface plasmon as
€162
ky =k 1.11
v 0 €1 + € ( )



To calculate the dispersion curve of surface plasmon excited at the noble metal, we replace
the permittivity of metal layer as Drude model which explains the behaviors of free electrons

in metal. The Drude model is expressed as:

2
“p

- — 1.12
w? + jwy (1.12)

€9 =

where v and w,, are scattering rate and plasma frequency of material. The parameters are set
as v = 148.2 cm™! and wp = 68867 cm ™! which are Drude model parameters of Au.

Figure 1.3 shows the real part of the momentum of surface plasmon and free space photon.
We note that the momentum difference surface plasmon polariton between free space photon
is increased as approaching resonance frequency of surface plasmon ws, = w,/V/2, resulting
subwavelength of confinement of incident light. On the other hand, the momentum of free
space photon and surface plasmon has no noticeable difference at the mid-infrared frequency
range. Therefore, it is difficult to obtain the benefit of squeezing ability of surface plasmon at

the mid-infrared frequency range.

1.1.3 Graphane
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Figure 1.4: Illustration of superior physical and chemical properties of graphene.

Graphene is an atom thickness thin layer consisting of a honeycomb lattice with carbon
atoms [3,4]. From the advent of graphene, it has been intensively studied in various research

areas owing to its superior physical and chemical properties as shown in Figure 1.4. Espe-



cially, intriguing optical properties of graphene such as electrical tunability, strong light-matter
interaction, and high carrier mobility make it a promising platform as an active device [5,6].
Furthermore, low dimensional plasmon polariton in graphene, which is excited by deep subwave-
length scale resonator structure, enhances light-matter interaction between graphene and exter-
nal light beyond the form of graphene sheet [7,8]. Although it has high absorption for one atom
thickness, the amount of absorption in view of the device is still insufficient to obtain efficient
electro-optic modulators [9,10]. To compensate for this low absorption of graphene, external
resonance structures such as Fabry-Perot photonic resonator or localized surface plasmon-based

plasmonic resonator have been combined with graphene or graphene plasmon resonator [11-13].

1.1.4 Graphane plasmonics

=

Figure 1.5: Illustration of a single graphene sheet sandwiched between two semi-infinite dielec-
tric layers with permittivity €; and €. Graphene is modeled as an equivalent surface current

boundary condition.

The dispersion relation of graphene plasmon is obtained by solving Maxwell equations for
surface current at the interface between two semi-infinite dielectric layers as shown in Figure
1.5 [14]. The permittivity of dielectric layers are assumed to be €; and €g, respectively. The
surface current is described by (Js = oFE), where optical conductivity of graphene is o. A

solution of Maxwell equations for the TM polarized electromagnetic wave has a form of

E| = (E1a, + El,zaz)eik”e_’“z

_ (1.13)
E; = (B a, + Eg,zaz)elk”e’”z
H, = H  a,ef=Ter17
e (1.14)
H, = H27yay61k”e"22
where k2 = k2 — ¢;k% and j (= 1,2) is index of dielectric layers.
From the Maxwell equations,
OH;
VxE;= _“Oa_tj (1.15)



OE;

V x H] = EOEjW (116)
we can obtain
— 1k EL — HlEl, = Z‘(,du()ffl7
R ! Y (1.17)
—tkyFs ; + koFs » = iwpoHa )y
141}117 = —iLUE()ElEl’
Y ) (1.18)
— I£1H27y = —Z'WEOGQEQJ;
ik Hl, = —iwuoEL
B : (1.19)
ik‘xHZy = —iw,uoEQ’z
For the boundary conditions of Maxwell equations,
E1’1($,Z)|Z:0 = E2,x(xyz)|z:0 (120)
Hl,y(wa 2)|z:0 - HZ,y(xy Z)’z:() = —Jm(l', z)|z:0 = _sz(ka:a kyyw)El,m’z:O (1-21)

If we assume that 0, = 0yy = 0,
we can obtain the graphene plasmon dispersion relation by combining Eq. (1.18), (1.20), and
(1.21):

€1 €9 10

+—=0 (1.22)
K1 K2 wep

To vary the Fermi level of graphene, a gate voltage is applied between graphene and con-
ductive layer which are separated by a gate oxide layer. The most widely used configuration is
SiO9 300 nm on doped Si substrate where the contrast of an optical image is maximized. In
this configuration, 300 nm of SiOq is sufficiently thick, resulting in independence of graphene
plasmon dispersion on the optical properties of doped silicon (substrate).

To obtain the dispersion relation of graphene plasmon on the gate oxide and conductive
substrate which considers the effect of substrate on graphene plasmon dispersion, we solve
Maxwell equations for the situation as shown in Figure 1.6. A solution of Maxwell equations for
the TM polarized electromagnetic wave has a similar form with Eq. (1.13) but adds a reflected

term for an exponentially decaying wave on layer 2.



Figure 1.6: Illustration of a single graphene sheet on top of gate oxide (layer 2) and semi-infinite

conductive substrate (layer 3).
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H, = Hljtyayeikmxemz + Hl—,yayeikmxe—mz (1.24)

Hj = Hg,yayeik”e"“

where 1% = k2 — ¢;k% and j (= 1-3) is index of dielectric layers. The superscript (+ and —) in
the form of second dielectric layer means propagating waves on +z (+, incident) and —z (—,
reflected) directions, respectively.

From the same steps, we can get dispersion of graphene plasmon on gate oxide and conductive

substrate:
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1.2 Objective

Although there are many studies to improve the performance of mid-infrared graphene-
based electro-optic modulators in the forms of waveguides or metasurfaces, there are many
constraints such as the minimum size of modulators and fabrication sensitivity. Furthermore, the
main focus is just to enhance modulation efficiency, obtaining other functionality still remains
deficient. Therefore, we try to solve the above-mentioned problems (1) reducing the minimum

size of a modulator, (2) suppressing fabrication sensitivity, and (3) obtaining new functionality.

1.3 Outline

In this thesis, we propose three types of mid-infrared graphene-based electro-optic modu-
lators. First, we propose an ultracompact electro-optic transmission waveguide modulator with
an active length of a few nanometers beyond the size limitation of graphene plasmon waveg-
uide modulator where efficient modulation could be achieved for the size of the wavelength of
graphene plasmon. In the size of gap far smaller than graphene plasmon wavelength, exotic
transmission modulation is achieved by a completely different operation mechanism with con-
ventional waveguide modulator. Second, we try to overcome fabrication sensitivity and poor
coupling efficiency issues by combining graphene plasmon resonator with epsilon-near-zero ma-
terial. Dispersion engineering of graphene plasmon by exploiting environment sensitivity of low
dimensional material enables to enlarge the size of graphene plasmon resonator to pum scale in
the mid-infrared range. Last, we propose a graphene-metal hybrid metasurface with a delocal-
ized photonic mode resonator to steer the thermal emission of the device. Beyond conventional
active thermal emission device which controls emissivity for frequency spectrum, we control the

angular spectrum of the thermal emission device.
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Figure 1.7: Schematics of proposed graphene-based electro-optic modulator structures for each

topics.



Chapter 2. Ultracompact plasmonic waveguide modulator
based on graphene-nanogap structure

2.1 Introduction

From the advent of plasmonics, various plasmonic structures have been widely studied
to confine free space photons into a small area under the diffraction limit [15-17]. Early in
plasmonics, the size of plasmon polariton is comparable to free space photon. With the rapid
development of plasmonics and nanostructure fabrication technology, the free space photon is
confined within a few of nanometers scale which is smaller than \y/100, where Aoy denotes the
free-space wavelength [18-20]. Based on strong light-matter interaction induced by extreme
confinement of plasmon polariton, several applications have been proposed and demonstrated
as shown in Figure 2.1(b) [21-24]. Despite the excellent performance, the purpose of these
studies is limited to proof-of-concept which is difficult to apply to practical plasmonic devices.
Furthermore, the plasmonic structures are composed of noble metals which lack tunability by an
external electrical signal, demanding additional active materials to realize practical electro-optic
modulator for the deep subwavelength scale.

Recently, there have been several reports that metallic 2D material such as graphene [25]
and black phosphorus [26] supports deep subwavelength scale plasmon-polaritons. Approxi-
mately, \g/100 of plasmon realizes compact modulator beyond conventional noble metal mod-
ulator. Unlike noble metals, tunability of Fermi level via external electrostatic gating makes
it possible to obtain an electronically tunable plasmonic response. In particular, graphene
plasmon has been widely employed in electro-optic devices such as molecular sensors [27-29],
active metasurfaces [12, 13], and photodetectors [30]. Owing to extremely large momentum of
graphene plasmon polariton, the graphene plasmon resonator is shrunk to a few tens of nanome-
ters. Furthermore, a recent study shows that a few nanometers of graphene plasmon resonance
structures can modulate plasmonic response [31].

The tunable optical properties of low-dimensional materials has also been employed to
realize compact electro-optic waveguide modulators, where deep subwavelength confinement of
plasmon-polariton modes in 2D material allows for significant reduction of the device footprint
[32, 33]. Reducing dimensions of devices bring various benefits of high integration density,
high-speed operation, and low energy consumption [34]. For 2D material-based devices, the
achievable minimum dimension is constrained by polariton wavelength A, ~ A\g/100 owing to
satisfying interference conditions. Furthermore, the modulation efficiency of graphene plasmon-
based electro-optic modulator strongly depends on the carrier mobility of graphene. Since

commercially available graphene grown by chemical vapor deposition (CVD) method has low
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carrier mobility, it is desirable to realize robust device about graphene quality.

In this topic, we propose an efficient mid-infrared electro-optic plasmonic waveguide trans-
mission modulator with an active device length of \y/1000, where the length scale is shorter
than an order of graphene plasmon wavelength. The proposed scheme overcomes the size lim-
itation of the conventional graphene plasmon waveguide modulator. The interference between
non-resonant background transmission and resonant nano-gap mode transmission makes it pos-
sible to achieve an electrostatically tunable transmission response by controlling phase change
in a graphene sheet. Engineering geometric parameters result in a high modulation depth of >
20 dB. Unlike conventional graphene plasmon devices, the modulation performance is weakly

affected by the carrier mobility of graphene.
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2.2 Transmission behavior

2.2.1 Device structure

g9
_ |
h I Au
' Graphene
d | ISi0, Wﬂ,—
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Figure 2.2: Illustration of the proposed plasmonic MIM waveguide modulator. Each MIM
waveguide supports the TM( guided mode whose transmission is modulated by the gate voltage

applied to top and bottom metal cladding layers, respectively

Figure 2.2 shows the schematic of the proposed nano-gap plasmonic switch, consisting of
a graphene-insulator-metal (GIM) structure sandwiched by two identical metal-insulator-metal
(MIM) waveguide structures. Input signal generated by an integrated or an external light source
is applied to the left MIM waveguide. The input signal is modulated at GIM-MIM active area,
and the modulated output transmission is collected by the right MIM waveguide. The materials
of the cores (insulator) and claddings (metal) are SiOy and Au, respectively. The frequency of
the input light source is g is chosen to be 1333 cm™!. In this frequency, an unwanted signal
loss that results from optical phonon scattering in graphene [10,35] and optical absorption in
Si0Og [36] becomes negligible. The core thickness (d) is chosen to support only fundamental
transverse magnetic mode TMy and to obtain efficient coupling between deep subwavelength
nano-gap modes. The cladding thickness (h) is chosen to be thicker than the penetration depth

of Au to prevent leakage of waveguide mode.

2.2.2 Numerical analysis configuration

We solve Maxwell’s equations and characterize the plasmonic waveguide modulator by finite
element method (FEM). Figure 2.3 shows the schematic of numerical analysis configuration
to calculate coefficients for the semi-analytical transmission model. The port slit boundary
conditions are applied to the cross-sections of MIM waveguides to calculate the coefficients of
transmission and reflection for input MIM waveguide mode. To analyze the mode behavior in
the switch, various coefficients are calculated as shown in the below equations.

Es einaaakoLs

CMN = (2.1)

Eje—masakoLy
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Figure 2.3: (a) T-junction, and (b) the open-ended MIM waveguide. The numbers indicate the
incident and reflection slit boundary condition ports, and colored arrows show the propagation

direction of the input MIM waveguide mode.
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where Ej is the complex amplitude of the transverse electric field component of TMy mode mea-
sured at the port number i; n, kg, and L; are the effective index of the TMy mode, free space
wavevector, and distance between port ¢ and the nanogap waveguide junction. The subscripts
AAA and ASA mean air-Au-air and air-SiOg-air, respectively. The 7y and ¢;; are reflection
and coupling coefficients, respectively, for different interfaces where i, j = N (nanogap), M
(MIM waveguide), and F (free space). tp is background transmission coefficient.The exponen-
tial term denotes compensation terms to exclude propagation loss and phase delay accumu-
lated during propagation in the MIM waveguide regions. In tp calculation, the Fermi level
of graphene is assumed to be 0.01 eV to exclude graphene plasmon transmission. Coefficient
rap = Fget™aaakoLs / Eqe maaakolr ig caleulated in the open-ended waveguide structure shown
in Figure 2.4(b). Graphene is modeled as a thin layer with an effective relative permittivity
e = 1+i0/eowT, where the layer thickness 7 is assumed to be 0.3 nm. The optical conductivity
of graphene ¢ is calculated within the random phase approximation in local limit as a function

of frequency w and Fermi level Er. Dielectric functions of Au and SiOg are taken from [36].
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2.2.3 Transmission characteristics

Figure 2.4(a) shows transmittance (T) of the MIM waveguide mode across the gap as func-
tions of Fermi level (Ex) and gap width g. The thickness of core d and cladding h are set
as 50 nm and 30 nm, respectively. We note that resonant transmission of MIM waveguide
mode shows obviously different behaviors depending on the gap width. For g > 40 nm, where
the gap width approaches graphene plasmon wavelength, the transmission profile is similar to
asymmetric Fano resonance. This resonant transmission profile results from the interference
between the resonant graphene plasmon transmission and non-resonant background transmis-
sion. For the graphene sheet surrounded by metallic walls, the n-th order Fabry-Perot resonance

condition [37] is given by,

dm + Bag = (n+ 1) (2.6)

where, g is the propagation constant of the graphene plasmon and ¢g,,; ~ 7 is the phase shift
at the side metallic wall. The betag is available only for Er > 0.08¢V where graphene has

positive imaginary part of optical conductivity (o).
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Figure 2.4: (a) The transmittance T map as functions of Fermi level Er and the geometric
parameter g. For the carrier mobility of graphene w = 10,000 cm?/Vs , the optimized geometric
parameters are: core thickness d = 50 nm, cladding thickness & = 30 nm. (b) The distribution

of the normalized Re[Ey] inside the each nanocavity geometries at minimum transmittance when
Er =0.24 €V (top), and Er = 0.26 eV (bottom).

The black dashed curves in Figure 2.4(a) indicate the dispersions of zeroth, first, and second-
order Fabry-Perot graphene plasmon resonances. The Fermi level of first and second-order
graphene plasmon resonances are well matched to resonant transmission modulation Fermi level,

where gap width is comparable with graphene plasmon wavelength [32]. On the other hand, as
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the gap width is reduced to a few nm, Fermi levels of Fabry-Perot graphene plasmon resonance
and transmission modulation are apparently different. In this regime, the resonant transmission
profile becomes more symmetric and broader. Furthermore, the transmission modulation cannot
be described by the conventional Fabry-Perot graphene plasmon resonance model. As the gap
width becomes narrower than graphene plasmon wavelength, the influence of plasmonic nanogap
mode is no more negligible, starting to occur strong interaction with graphene plasmon mode.

As shown in Figure 2.4(b), electric field distributions of resonant modes for different gap
widths also show distinct behaviors. For the wide gap regime (¢ = 80 nm, top), the electric field
is concentrated on the surface of graphene, and the magnitude of the electric field is rapidly
decreased as far away from the surface. Conversely, the electric field in a narrow gap (¢ = 5
nm, bottom) is concentrated in the air gap region between two opposite metal claddings and
does not show vertical magnitude variation inside the gap. It implies that this unprecedented
transmission behavior is closely related to the nano-gap mode rather than the graphene plasmon

mode.
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2.3 Modulation mechanism

2.3.1 Mode characteristic
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Figure 2.5: Conceptual illustatration of the modes in the proposed plasmonic waveguide mod-

ulator.

To reveal operation mechanism underline resonance behavior at a few nanometers gap
width, we try to analyze the mode characteristics of the proposed plasmonic waveguide modu-
lator. We schematically illustrate the charge distribution of the plasmonic modes in the plas-
monic waveguide modulator as shown in Figure 2.5. The graphene plasmon mode is a tightly
confined electric field at the surface of graphene by the collective oscillation of two-dimensional
electrons. The nano-gap mode is an oscillation of gap plasmon mode at the gap between two
opposite metal claddings. The background mode is the transmission of the MIM waveguide
mode without coupling into the graphene plasmon mode or the nano-gap mode. Since the mo-
mentum and propagation loss in the graphene is closely related to the carrier density in the
graphene layer, the characteristic of graphene plasmon mode inherently depends on the Fermi
level. Conversely, the background mode rarely interacts with graphene due to its large mode
volume, resulting in constant transmission regardless of Fermi level. Therefore, Fermi level
dependency of the graphene plasmon mode and the background mode isn’t changed for gap
width.

The nano-gap mode shows distinct behaviors depending on the gap width g. For large gap
width, light-matter interaction between the graphene and nano-gap mode is weak, resulting in
Fermi-level independent transmission by the nano-cavity mode. On the other hand, narrowing
gap width enhances light-matter interaction between the graphene and nano-gap mode, and
the resonance characteristic of nano-ga[] mode starts to be controlled by the Fermi level of
graphene. Furthermore, strong light-matter interaction between the graphene and the nano-gap
mode makes it difficult to distinguish the transmission contribution of each mode. Therefore,
we have to calculate transmission of combined two modes instead of transmission calculation of

individual modes.

16



(b) f\rNF

Au I le ifnGh
Graphene UTNM

Au

(c) ™NF
e N N N T
oo L4 1] l

Figure 2.6: (a) Conceptual schematic of electronically tunable nano-gap mode at narrow gap
width. (b) Illustration of the nanogap coupling and transmission mechanism. The nanogap
transmission is decomposed into independent terms of mode coupling ¢ and reflection r, where
the gap-confined MIM mode has the propagation constant fng. (¢) Schematic of nano-cavity

mode transmission by summation of partial transmissions

2.3.2 Modified Fabry-Perot model

To understand the behavior of the mode which are combined graphene plasmon mode
and nano-gap mode, We try to analyze the electronically tunable combined nano-gap mode as
schematically shown in Figure 2.6(a). Since the contribution of the graphene plasmon mode is
implicitly included in coupling coefficient cyy and reflection coefficient ryyr, we have developed a
Fabry-Perot resonance-based semi-analytical model as shown in Figure 2.6(b). The transmission
of Fermi level-dependent nano-gap mode, which is mainly described by Fabry-Perot resonance
for vertical direction, is calculated by infinite series of the partial transmissions occurring at
every round trip of the nano-gap plasmon as schematically shown in Figure 2.6(c). The complex

partial transmission for each iteration is given as:

ty = enne ™ rype™NS oy = envenme® N g
ty = eyne NG pe NGy e INGRy R eINGR e = ¢ (rprNpe?iPNeh) 2.7)
2ifnchy\N—1
tn = t1(ramrnpe?Neh)
Therefore, the cumulative transmission via the nano-gap mode tng is
9] 24 h
Ine = Ztk _ t1 _ exmenne?Nehryg (2.8)

= (= rrnpeNGm)NTL T T — rgyrypeieh ‘

Here, Ong is the vertical propagation constant of the nanogap plasmon.

17



@ or ‘ — ‘ 1,0  (C) 050 ; ‘ : 0.2

08¢ PR 15 20451 10.1
-~ /’ ~ - T:'\ (8] ~
9 I . - [0} =
-g 06—~ P . s - o =
= ’ Se ~o g 2 040 10.0 z

o 7’ : -~ - _Q.
Boe-- : --- £ ¢ | 2
. —_ < L -
02l . fg 105 0.35 010
L e
00 - - — - - 0.0 0.30 . . . 02
b T T T T 090 . : , 02
( ) 1.0 Full-Wave Simulation 1 (d)
— = Semi-Analytical Model

08| = | | =
- 2085 01 g
= 2 0.80F 100 3
Q. L I o
E 0.4 2 8
< F lo1 @

02+ 0.75 0.1

00F, ‘ ‘ ‘ ‘ J 0.70 ‘ s w 02

00 01 02 03 04 05 0.2 .03 04
Fermi level Ec (eV) Fermi level (eV)

Figure 2.7: (a) Transmission through the nanogap mode (¢ng, dashed) and background trans-
mission (tp, solid). (b) Net transmission amplitude (|tng + tg|) obtained from the analytical
model (dashed) and full-wave simulations (solid). The amplitude (red) and phase (blue) of the
(c) coupling exy = emn and (d) reflection ray coefficients. The structural parameters are set

as d = 50 nm, h = 30 nm, and g = 5 nm. The graphene carrier mobility p = 10,000 cm?/Vs.

To unravel the operation mechanism of the broadband transmission modulation in the
proposed plasmonic waveguide modulator, we decompose the total transmission into two chan-
nels: the background transmission (¢g) and the transmission through the electronically tunable
nanogap mode (fng), as schematically shown at Figure 2.6(b). The background transmission tp
is inherently independent of Fr as mentioned in 2.3.1. In contrast the transmission through the
tunable nanogap mode tng varies as a function of Er unlike wide gap width nano-gap mode,
and it is described by modified Fabry-Perot model for the nano-gap transmission Eq. (2.8).

For a specific geometry, Sng and rnp are independent of the the Fermi level of graphene,
while The dependency of exy (and exy) on the Fermi level Er is weak (Figure 2.7(c)). There-
fore, the modulation of ¢Ng is mainly determined by the dependence of coefficient ryy on the
Fermi level of graphene. We note that the phase factors of ryr and Ny are close to zero due to
the huge wave impedance difference between free space and dielectric. In addition, the phase of
enMm and ey are close to zero and , respectively, due to the electric field continuity boundary
condition which is similar to E-type T junction. As a result, the phase of tnyg slowly changed
aroung 7, occuring destructive interference with background transmission tg as shown in Figure
2.7(a). It results in efficient modulation of transmission of the proposed plasmonic waveguide
modulator. The resulting amplitude and phase of txg as a function of Eg, which shows a broad

and symmetric Lorentzian-like resonant peak shape. The amplitude of {xg has a maximum at
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Figure 2.8: Amplitude of the transmission coefficients of the tunable nano-gap mode, tng for
frequency spectra as a function of Fermi level Er. The simulation parameters are set as h = 30

nm, d = 30 nm, g = 5 nm, and u = 10,000 cm?/Vs, respectively.

the resonance Fermi level of Ep = 0.26 eV where destructive interference effect is maximized
due to 7w phase difference.

Figure 2.7(b) compares the total transmission amplitude of waveguide modulator obtained
from full-wave simulation and semi-analytic model, showing that the proposed semi-analytic
model successfully describes the dependence of 7' on Ep. At resonance Fermi level (Ep = 0.26
eV), the 7 phase difference between tng and tg with similar amplitudes induces the transmission
minimum (off state, Tig). By defining the 0.01 eV as the “on” state (T5y), the calculated
modulation depth, transmission ratio Tty /Tog, is larger than 100. The required gate voltage
for the switching operation is only 11.5 V, which can be further reduced by changing definition
of the on-state Er closer to the off-state Fp. In addition, the extreme miniaturation of device
active area owing to nanogap, 1000 times shorter than the free space wavelength, and more
than 10 times shorter than the graphene plasmon wavelength, is advantageous for high-density

integration, high-speed, and energy efficient operations.

2.3.3 Zeroth order Fabry-Perot resonance

In the proposed device, the extremely thin metal cladding thickness h makes it difficult to
do an intuitive interpretation of the Fabry-Perot resonance of tunable nano-gap mode. Although
we numerically show that summation of phase terms in Eq (2.6) satisfies the zeroth-order mode
Fabry-Perot resonance condition, it is demonstrated in the Fermi level spectrum, not in the
conventional frequency spectrum [38]. To compare the resonance mode in the proposed device

and conventional zeroth-order Fabey-Perot resonance, we calculate the amplitude of transmis-
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sion coefficient of tunable nano-gap mode in the proposed device as a function of frequency for
various Fermi levels. To avoid hybridization and significant absorption by the optical phonon
of SiOq, the refractive index of SiOg is assumed to be constant with 0.896. The calculated
results exhibit clear broad and symmetric resonance peaks with different resonance frequen-
cies depending on the Fermi levels of graphene. The resonance frequency shift corresponds to
phase change of reflection coefficient rny which is a function of graphene optical conductivity.
Since the Fermi level variation of graphene at fixed frequency is essentially identical with the
dispersion of graphene optical conductivity in the frequency spectrum, we observe minimum
transmission frequencies are different for each Fermi level which satisfies the Fabry-Perot res-
onance condition. Therefore, we can conclude the Fabry-Perot resonance of tunable nano-gap

mode is identical with conventional zeroth-order Fabry-Perot resonance.
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2.4 Tailoring transmission modulation

2.4.1 Analysis of structural parameters effect
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Figure 2.9: (a) Amplitude of the transmission coefficients tng, and ¢g as a function of Fermi
level Ey for various gap width g. (b) Phase difference of txg and tg, ¢éng — @B, as a function of
Er and g. The transmission dip Fermi levels where destructive interference condition is satisfied
(¢ne — ¢ = ) is denoted by black dotted line. The simulation parameters are set as d = 50
nm, h = 30 nm, and p = 10,000 cm?/Vs, respectively.

The geometric parameters of the device can change the transmission modulation charac-
teristics by altering reflection/coupling coefficients in the semi-analytical models as shown in
Figure 2.4(a). As the gap width widens, resonant transmission spectrum becomes broad due to
the weakening confinement of tunable nano-gap mode which results in an increase of leakage
out to free space and other MIM waveguides (decrease of |rxm| and |rNr|) as shown in Figure
2.10(a). In addition, the weakening of reflection at the surface of graphene needs more carri-
ers to provide phase change which satisfies the destructive interference condition, resulting in
transmission dip shift toward a higher Fermi level. Although widening gap width results in
weak confinement, the difference between |tng| and |tg| isn’t noticeably changed at resonance
Fermi levels of different geometric parameters, and thus transmission dip has sufficiently small
regardless of gap width.

Figure 2.10 illustrates the dependence of transmission 7" on the cladding thickness h and the
core thickness d. We note that the resonance transmission spectra show distinct behaviors for the
h and d. For d = 50 nm, the Fermi level of transmission dip is linearly dependent on h (Figure
2.10(a)). This behavior could be explained by equivalence between metal thickness and phase
accumulation in the propagation of tunable nano-gap mode in the semi-analytical model (Eq.
(2.8)). In the modified Fabry-Perot model, the phase change by propagating mode 2ifngAh is
proportional to cladding metal thickness due to the increase of optical path. As a result, the
resonance Fermi level where destructive interference between tnyg and tg occurs is shifted as

shown in Figure 2.10(c). On the other hand, for h = 30 nm, the Fermi level of transmission
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Figure 2.10: The transmittance (7), amplitude of transmission coefficients (|tng| and |tg|), and
phase difference of transmission coefficients (¢ng - ¢p) are calculated as a function of graphene
Fermi level for (a-c) the fixed core thickness d = 50 nm and (d-f) the fixed cladding thickness
h = 30 nm, respectively. The dotted lines in (c¢) and (f) denote the destructive condition ¢ng -

¢B = . The other simulation parameters are g = 5 nm and w = 10,000 cm?/Vs, respectively.
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Figure 2.11: The maximum modulation depth as a function of d and h. The carrier mobility
of graphene is set as uw = 10,000 cm?/Vs. The white dashed lines indicates specific levels of
modulation depth

dip stays constants but the resonance peak becomes narrower for the thickening core (Figure
2.10(d)). As d increases, the increase/decrease of reflection/coupling coefficients results in
resonant transmission peak of tunable nano-gap mode narrows due to increase of difference
between the effective index of tunable nano-gap mode and MIM waveguide mode. Since the
phase difference between ty¢ and tp isn’t changed, the resonance Fermi level remains without
shift. We note that The amplitude of background transmission |tg| increases as thickening core.
As increase of difference between |tg| and |tng|, the off state transmission Ty is increased due to
less destructive interference. As a result, modulation depth (T5,/T5f¢) of the device decreases

as shown in Figure 2.11.

2.4.2 Robustness for carrier mobility of graphene

In realization of a graphene plasmon-based electro-optic modulator, device performance
is mainly limited by the carrier mobility of graphene. The non-radiative loss in the graphene
is inversely proportional to the carrier density of graphene, and thus higher carrier mobility
provides better device performance. However, in the experimentally measured carrier mobility
of graphene is a thousand of cm?/Vsfor the graphene obtained by large-area graphene synthesis
method such as CVD method. Although mechanically exfoliated graphene has a few million
of cm?/Vs, it is difficult to obtain a sufficiently large area to exploit it as a practical device.
Therefore, getting high performance for low carrier density of graphene is a key issue of a
graphene-based mid-infrared electro-optic modulator.

To characterize the sensitivity of switching behavior on the carrier mobility of our device,
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Figure 2.12: Transmittance as a function of Er for different carrier mobility p of graphene.
Geometric parameters are h = 30 nm, d = 50 nm, and g = 5 nm. Inset: transmittance in ”on”

and ”off” states as a function of .

the transmittance for various carrier densities of graphene is calculated as shown in Figure
2.12. We note that switching behavior is stable under variation of carrier mobility although
modulation depth is decreased as raised off state transmission 7T,g. This robustness on carrier
mobility is originated from the operating mechanism of the device, which employs nano-gap
mode rather than propagation of graphene plasmon which is highly sensitive to non-radiative

loss.
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2.5 Conclusion

In this topic, we theoretically investigate a distinct transmission modulation behavior in a
few nanometers gap graphene-covered plasmonic waveguide modulator under different operation
mechanisms from a wavelength-scale graphene plasmon resonator. The interference between the
transmission of electrically tunable nano-gap mode and background transmission achieves more
than 20 dB of modulation depth for Ag/1000 of active device length which is more than 10 times
shorter than the wavelength of graphene plasmon. In addition, the switching behavior of the
device is robust under carrier density variation which has been an important issue for graphene
plasmon-based electro-optic modulators. The high modulation depth and robustness for carrier
density make the proposed waveguide modulator a promising platform for integrated-plasmonic

Systems.
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Chapter 3. Realization of large scale graphene resonator using
epsilon-near-zero substrate

3.1 Introduction

The extreme light confinement and gate tunable resonance frequencies of graphene plasmon
make it a promising candidate for mid-infrared electro-optic modulators. However, the excita-
tion of plasmon-polariton in a graphene resonator demands deep subwavelength scale patterning
technology. In the mid-infrared, the corresponding length scale of the graphene plasmon res-
onator is a few tens of nanometers, where the quality factor of the graphene plasmon resonator is
highly sensitive to fabrication errors such as edge roughness and size variation as shown in Table
3.1. In addition, huge momentum mismatch between graphene plasmon-polariton (A, ~ Ag/100)
and free space photon (Ag) results in poor mode coupling [10,13,42].

Various configurations have been studied to solve the low mode coupling efficiency problem
of graphene plasmon resonators. Combining other photonic or plasmonic resonant structures
with graphene plasmon resonator significantly enhance the modulation performance of graphene-
based electro-optic modulation device. Jang et al. demonstrated that graphene plasmonic
resonator with metal slit array, which supports extraordinary transmission, enables to obtain
efficient transmission modulation [12]. Furthermore, Kim et al. shows that graphene plasmon
resonator with plasmonic resonance using metal slit array and photonic Fabry-Perot resonance
in dielectric slab achieves near-unity absorption [13]. On the other hand, the mediation by
phonon-polariton in phononic materials makes it possible to achieve the coupling between free
space photon and graphene plasmon [43]. However, these studies demand additional fabrication

steps to realize additional resonant optical structures, and the problem of fabrication sensitivity

— ( b) 100 (C) Frequency (@)

Ribbon width Ultraviolet
50.2-2 nm

Visible to near IR

Mid-IR

Graphene plasmon

Microwaves
to radiowaves

| - i et el 0
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Wavenumber (cm™) Frequency (cm™)

Figure 3.1: Representative problems faced for mid-infrared graphene plasmon resonator fabrica-
tion: (a) rough edge scattering, (b) resonance characteristic deviation and (c¢) large momentum

mismatch between free space photon (yellow dotted line) and graphene plasmon (red solid line)
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Frequency (cm™!) | Fermi level (eV) | Scale (nm) | Reference
1852 0.32 30 39]
926 0.3 90 [10]
1316 0.39 40 [40]
1389 0.65 50 [12]
1449 0.5 80 [41]
1316 0.44 50 [11]

Table 3.1: The dimension, Fermi level, and resonance frequency of mid-infrared graphene

plasmon resonators in previous studies.

of graphene plasmon resonator patterning still remains unsolved.

In this topic, we demonstrate that strong graphene plasmon resonance could be obtainable
by um scale graphene plasmon resonator using epsilon-near-zero (ENZ) substrate. The nearly
zero of an average environment permittivity magnifies the size of graphene plasmon-polariton,
resulting in the 1 pm of width graphene plasmon resonator graphene at the resonance frequency
of 955 cm™!. The plasmonic response of graphene has a 0.2% of resonance frequency change for
a 300 nm of width variation, indicating highly robust characteristics for fabrication errors. The
material absorption loss of ENZ substrate sets limitations of device efficiency. We experimentally
show proof-of-concept of the plasmonic response of graphene plasmon resonator with ENZ
substrate using silicon carbide which is one of the representative ENZ materials in the mid-

infrared.
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Figure 3.2: Illustration of graphene plasmon behaivor in the graphene ribbon sturcutre on
dielectric substrate. The W and h denote width of graphene ribbon structure and thickness of

gate oxide layer.

3.2 Operation mechanism

3.2.1 Resonance in graphene ribbon resonator

Figure 3.2 shows a schematic of graphene plasmon behavior in the graphene plasmon res-
onator on a gate oxide/conductive substrate where graphene Fermi level is tunable by electro-
static gating through the oxide layer. Here, the thickness of the gate oxide layer h is sufficiently
smaller than the graphene plasmon, making it possible to ignore the gate oxide effect on the
dispersion of graphene plasmon. The ¢, and ¢, are the phases of reflection at the edge of the
graphene ribbon and phase accumulation for the propagation of graphene plasmon in graphene
ribbon structure, respectively. The ¢, is defined as kxW where ky is the momentum of graphene
plasmon along the graphene ribbon surface. The ¢, is the permittivity of the substrate material.
The resonance frequency of the graphene ribbon resonator on the thin gate oxide layer for TM

polarized incident light is given as:

¢r + ¢p =mm (31)

where the m is integer which represents the order of Fabry-Perot resonance. We note that
Eq. (3.1) is identical to Eq. (2.6), except for resonance order definition. Unlike the phase of
reflection by metallic side wall where ¢, ~ m, reflection phase of graphene ribbon resonator
edge is ¢, ~ /3 [41]. For the assumption of o(ky, ky,w) ~ o(w) and k1 ~ ko ~ ky), the k; is
expressed as:

2wep €1 + €3

ky = _ 2
i . 5 (3.2)

For the 1st order Fabry-Perot resonance (m = 1), kx becomes
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3.2.2 Effect of substrate optical properties

We note that the momentum of graphene plasmon ky is proportional to the average per-
mittivity (€avg = (€1 + €3)/2). indicating that the momentum of graphene plasmon could be
reduced by engineering substrate permittivity. From Eq. (3.3), the reduced momentum of
graphene plasmon is equivalent to increasing the width of the graphene plasmon resonator.
Therefore, as approach €,y — 0, we can realize large-scale graphene plasmonic resonator with
the same resonance frequency.

Figure 3.3 shows the dispersion of graphene plasmon on the substrate with various e3. In the
mid-infrared, the momentum of graphene plasmon on the substrate with positive permittivity is
far from the momentum of free space photon as shown in Figure 3.3(a), resulting in confinement
of the free space photon into deep subwavelength scale. On the other hand, as permittivity
of substrate is reduced to e — —1, the momentum of graphene plasmon converges to the
momentum of free space. The calculated width at resonance frequency 1000 cm~! (Fig. 3.3(b))
shows that the width of graphene plasmon resonator is rapidly increased by the relation of

W1 = k3Ws/ky, making it possible to achieve um scale of resonator.
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3.3 Design and analysis

3.3.1 Device geometry

Figure 3.4 shows the schematic of graphene plasmon resonator on top of ENZ substrate
with thin oxide layer for electrostatic gating. A 4H-silicon carbide (4H-SiC) is selected as ENZ
substrate material because of low material absorption loss at ENZ regime and relatively easy
realization of electrostatic gating configuration owing to its moderate free electron conductivity.
Recently, 4H-SiC has been intensively studied in various electronic applications due to its high
mobility, high melting temperature, excellent chemical stability, high dielectric breakdown, and
so on. Therefore, the realization of a graphene plasmon resonator on the platform of 4H-SiC
paves the way for combining mid-infrared plasmonics and modern electronics. The Alumina
(Aly0O3) is chosen as a thin oxide layer owing to its low optical loss, a small number of interface
traps at the surface of 4H-SiC, and high capacitance for electrostatic gating.

Figure 3.5(a) shows that the real and imaginary part of permittivity of 4H-SiC. Owing to
optical phonon in 4H-SiC, a sharp Lorentzian resonance peak is observed at ~ 782 cm™tand
797.5 cm™!, resulting ENZ regime near 965 cm™!. We note that ENZ substrate is not for
conventional ENZ phenomena such as zero phase variation [44] but for small value of negative
permittivity originated from Kramer-Kronig relation. The inset in Figure 3.5(b) indicates that
the electric field distribution of graphene plasmon at resonance frequency has a strong gradient
as same as conventional graphene plasmon in the resonator.

The permittivity of undoped 4H-SiC is described by uniaxial crystal with optical phonon

resonances at mid-infrared range as shown in below equations [45]:

2 2
W . — W
L,in T,in
€SiC,in = €co,in 1+ 3 5 (34)
WT,in — W* — W7phonon,in
2 2
w — W
L,out T,out
€SiC,out — €oo,out 1+ 3 5 (35)
prut — W" — WWphonon,out

where Yphonon,in @d Yphonon,out are scattering rates of optical phonon in 4H-SiC along per-
pendicular and parallel to uniaxial crystal axis, respectively. wy, and wr are longitudinal and
transverse optic phonon frequencies, respectively. The €5, is high frequency dielectric constant

of 4H-SiC. The parameters are set as shown in Table 3.2.

3.3.2 Resonance in graphene resonator on 4H-SiC

Figure 3.7(a) shows the plasmonic response of graphene plasmonic resonator structure on
ENZ substrate. We note that resonant absorption occurs at w = 955 cm™! for width of 1 um
graphene ribbon structure. It indicates that combining graphene plasmon resonator with ENZ

substrate is an effective solution to reduce the momentum of graphene plasmon and demands
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Graphene ribbon array

Figure 3.4: Schematic of proposed device. The graphene plasmon ribbon structure is put on
AlyO3 gate oxide layer. Due to the electrostatic gating, graphene ribbon isn’t directly contact
with 4H-SiC but mediated by Al,Os.

(a) 300 . . (b) of
200+ i ENZ
1F
100} | Resonance l
Q D) s = = = = i e = = e
& [ &
o 0 - —— N )
14 Y 1t
-100 +
ol
-200 +
il
-300 \ \ \ . !
700 800 900 1000 920 940 960 980 1000
Wavenumber (cm™) Wavenumber (cm™)

Figure 3.5: The plot of real and imaginary part of permittivity of 4H-SiC for (a) nearby optical
phonon (b) black dotted box range. The image of normalized x component of electric field at

resonance freugency is inserted as inset.

Parameters Longitudinal (L) Transverse (T)
Win (cm™1) 965 782
Wout (cm™1) 971 797
Yin (cm™h) 4.5 4.5
Yout (cm_l) 4.5 4.5
€c0,in 7 7
€00,0ut 7.19 7.19

Table 3.2: The values of parameters in 4H-SiC dispersion model. The Yphonon,1, = Vphonon, T =

Vphonon, T aNd €00 I, = €00, T = €00, TeSpPectively.
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Figure 3.6: (a) Absorption spectra for Fermi level of graphene and (b) modulation depth
of proposed graphene plasmon on ENZ substrate device. The carrier mobility of graphene is
assumed to be 1000 cm?/Vs.

an order of larger plasmonic resonator than previous studies. The estimated modulation depth,
define as (Apsev — Acne)/Acnp is ~ 85% where Apsev and Acnp are absorption at Fermi
level of graphene of 0.5 eV and 0.01 eV, respectively. We note that the Q-factor of graphene
plasmon resonance is Q = wy/Awy > 100 which is higher than conventional graphene plasmon
resonators @ < 50 for u = 1000 cm?/Vs(Figure 3,9). Since the Q-factor of plasmon-polariton
is inversely proportional to optical loss in the environment, it is difficult to explain the high

Q-factor due to material absorption loss in 4H-SiC.

3.3.3 Limitation of coupling efficiency

Here, we emphasize that coupling efficiency between free space photon and graphene plas-
mon isn’t improved noticeably even one order of larger graphene plasmon resonator. Since a
larger graphene plasmon resonator with the same order of Fabry-Perot resonance has smaller
momentum of graphene plasmon, we could obtain efficient coupling between graphene plasmon
and free space photon. However, the calculated results show low coupling efficiency even re-
lieved momentum mismatch. Furthermore, the modulation depth stays constant even a few
times of higher carrier mobility of graphene which is non-intuitive considering the response of
conventional graphene plasmon resonator.

We infer that the origin of poor modulation is substrate material absorption loss. The
causality imposed by the Kramers-Kronig relation results in the non-zero imaginary part of
permittivity ENZ frequency which is the origin of material absorption loss. To prove this claim,
modulation depth is calculated by changing the scattering rate Ypnonon of optical phonon in
4H-SiC which determines material loss in the 4H-SiC (Figure 3.7(b)). It shows that modulation
depth is rapidly increased by reducing 7Yphonon, indicating the main optical loss mechanism is

material absorption loss of ENZ substrate and alternative low loss ENZ substrate can enhance
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modulation depth of the graphene plasmon resonator.
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Figure 3.7: Modulation depth for (a) carrier mobilities of graphene and (b) scattering rate

of of 4H-SiC. The width of graphene plasmon resonator is set as 1 wm. We set ¥, phonon =

Yout,phonon = "Yphonon-

3.3.4 Fabrication tolerance

Figure 3.8 compares resonance absorption difference frequency spectra for the width of
graphene plasmon resonators on (a) a SiO3/Si substrate and (b) a 4H-SiC substrate. We note
that the variation of the resonance frequency of graphene plasmon for the width of graphene
plasmon resonator on the SiOs/Si substrate is faster than the 4H-SiC substrate. The calcu-
lated width variation for resonance frequency changes Aw/AW are 2.5 cm™'nm~! and 0.008
cm'nm™!, respectively. As a result, only a few nanometers width deviation of graphene plas-
mon resonator on the SiO2/Si substrate is identical to a few hundred nanometers width devi-
ations for the graphene plasmon resonator on 4H-SiC substrate, indicating robustness for the
fabrication process.

On the other hand, the high Q-factor of graphene plasmon resonance on the ENZ substrate
cannot be explained by dispersion engineering. In conventional resonators, the broadness of
resonance peak is determined by a non-radiative and radiative loss where full wave half maxi-
mum (FWHM) is inversely proportional to the summation of two losses, indicating broadness
of resonance peak is determined by dominant loss mechanism. In the proposed device, material
absorption in the 4H-SiC substrate is serious as discussed in section 3.3.3, and thus obtaining
a high Q-factor for the proposed device looks non-intuitive. To unravel the origin of the high
Q-factor of graphene plasmon on the 4H-SiC substrate, we calculate the absorption difference
for dispersive and non-dispersive substrates as shown in Figure 3.9. The resonance peak of
graphene plasmon on dispersive ENZ substrate is much narrower than on non-dispersive ENZ
substrate. It means that narrowing resonance peak is closely related to rapid resonance con-

dition variation of graphene plasmon resonator width where mismatch of resonance condition

suppresses resonant absorption enhancement. We emphasize that the narrowing mechanism in
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Figure 3.8: Absorption difference Ags5c.v — Acnp spectra for graphene plasmon resonator on
(a, ¢) SiO2/Si substrate and (b, d) SiC substrate. The carrier mobility of graphene is 1000
cm?/Vs.
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Figure 3.9: Absorption difference spectra for graphene plasmon on substrates with (a) dispersive
and (b) non-dispersive permittivities. The permittivity of dispersive substrate is given as Eq
(3.4) and (3.5). The permittivity of non-dispersive substrate is identical to the permittivity of
4H-SiC at the frequency of 955.4 cm~!. The mobility is assumed to be 1000 cm?/Vs.
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the ENZ substrate is completely different from conventional high Q-factor resonators where the
narrowing is closely related to the optical loss in the resonator. Although narrowing is mainly
determined by dispersion of ENZ substrate, enhanced fabrication tolerance still remains owing

to the increase of resonator size.
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3.4 Experimental demonstration

3.4.1 Substrate doping concentration effect
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Figure 3.10: (a) Absorption spectra of graphene plasmon resonator on the doped 4H-SiC (b)
and the Im[egic]/Relesic| for various carrier densities. The mobility and width of graphene

plasmon resonator are assumed to be 1000 cm?/Vs and 1 um, respectively.

Until now, we assumed that substrate is undoped 4H-SiC where the absorption of free
carriers induced by various dopants such as aluminum and nitrogen is ignored. Near optical
phonon frequencies, dispersion is determined by the Lorentzian oscillator of optical phonon
due to strong oscillator strength. Since previous studies have been focused on surface phonon
polariton of SiC, modeling based on undoped SiC provides quite accurate results regardless of
consideration of free carrier effect. On the other hand, near ENZ frequency, the permittivity by
optical phonon becomes zero, resulting in high sensitivity on other factors such as dispersion
by free carriers. Additional dispersion change by the free carrier could be expressed as Drude

term as shown in Eq. (3.6) and (3.7):

2 2 2
Wy - — W w
L,in T,in P
€SiC,in = €co,in 1+ 3 5 5 (36)
WT in — WT — WWphonon,in W= — tWcarrier,in
2 2 2
w — W w
L,out T,out P
€SiC,out = €oo,out 1+ 3 3 - + 5 ; (37)
prut —w" = ZW’thonon,out W — Zw'}/carrier,out

Here, wp and 7carrier are plasma frequency and collision frequency of free electrons, respectively.

The plasma frequency wy, is defined as \/ ngice?/Mefr€o€oo Where ngic, €, Meg, and €4, are
free carrier density in SiC, elementary charge, effective mass, and high frequency dielectric
constant, respectively, indicating carrier density is included in plasma frequency. We note that
higher carrier density increase material absorption loss as shown in Figure 3.10(b). As a result,
the absorption resonant peak of graphene plasmon is diminished as an increased carrier density,
and we cannot observe resonance feature for higher than 1 x 107 cm™2. This result means that

we have to select a lightly doped 4H-SiC wafer smaller than 1 x 10’7 cm™3 of carrier density.
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There are three types of commercially available 4H-SiC wafers: n(p)-type, high purity semi-
insulating, epitaxy substrates. The n(p)-type substrate has a very high free carrier concentration
> 1 x 10" ecm ™ which isn’t suitable to observe the resonance peak of graphene plasmon. The
high purity semi-insulating substrate has no free carrier absorption problem but we cannot
change the Fermi level of graphene by electrostatic gating through the oxide layer. For epitaxy
substrate, we can freely control the free carrier density and thickness of the epitaxy layer. Since
a few pum of thickness epitaxy layer has no noticeable change with the bare substrate, it is

adequate as a substrate to observe resonance peak of graphene plasmon.

3.4.2 Fabrication process

Al,0O5 deposition Electrode deposition

l -- Graphene transfer

E-beam lithography Channel pattering

Figure 3.11: Illustration of fabrication process the graphene plasmon resonator on 4H-SiC

substrate.

Figure 3.11 illustrates the fabrication process of the graphene plasmon resonator on the
4H-SiC substrate. First, the 30 nm of Al203 is deposited by the atomic layer deposition (ALD)
method as a gate oxide. The ALD method provides the highest dielectric breakdown for thin
dielectric film and the 30 nm of thickness is sufficiently thin to satisfy the assumption of thickness
<< Agp. The Au 80 nm/Ti 8 nm is deposited on the gate oxide via the thermal evaporation
method. The graphene is transferred to the electrode and gate oxide layer through the paraffin-
based wet transfer method [46]. The graphene channel is defined by positive photoresist GXR-
601-based photolithography. The graphene resonator with 1 um of width (2 pm of pitch) is
formed by PMMA-based e-beam lithography for the area of 200 wm x pm .
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3.4.3 Ion-gel synthesis

Although we try to modulate graphene Fermi level through oxide-based electrostatic gat-
ing, it is difficult to observe absorption modulation of graphene plasmon resonator due to the
substrate problem. Instead of electrostatic gating through the substrate, we try to bias graphene
through an ion-gel layer which frees of substrate status issue. The ion-gel is prepared by dis-
solving [EMI|[TFSI] and P(VDF-HFP) in acetone with a weight ratio of 4:1:40. The ~ 1 pm
thickness of ion-gel is coated on a sample by a spin coating method. The spin coated sample is
dried in a vacuum oven 24hrs at room temperatures. The wire bonding is done on the Au/Ti

electrode instead of an ion-gel surface due to the instability of bonding on the soft layer.

3.4.4 Measurement

We performed Fourier transform infrared spectroscopy (FTIR) measurement of the fabri-
cated device as shown in Figure 3.12(a-b). The absorption spectrum of the device is measured
by taking 1 - reflectance where reflectance is FTIR signal of graphene plasmon resonator pat-
tern normalized by FTIR signal of electrode which is sufficiently thicker than skin depth of
Au. Since resonant absorption occurs only for TM polarized incident light, polarizer is put on
the optical path of FTIR signal. Wait time is 15 minustes after achieving specific voltage, to
obtain stationary plasmonic response of the device. Figure 3.12(c) shows absorption spectra of
graphene plasmon resonator pattern for various gate voltages. The resonance absorption peak
gradually appears as increasing gate voltage change and resonance frequency is blue-shifted
where the results are well matched to conventional graphene plasmon resonator behaviors by
increasing carrier density of graphene.

Figure 3.12(d) and (e) compares measurement and calculation of absorption spectra for
highly doped and undoped graphene plasmon resonators. Except for small peaks at 970 cm™!
which comes from material data difference between 4H-SiC model and purchased 4H-SiC prod-
uct, the absorption spectra are well matched each other. The small absorption difference be-
tween absorption for —2.4 V and 0.4 V results from low mobility which is degraded by strong
impurtiy scattering of ion-gel [47]. Furthremore, we calculate modulation depth of the device
from the measured absorption spectra (A24v — A4 v)/Ao.4 v, obtaining larger than 60% of
modulation depth. Although the modulaiton depth is lower than anticipated value, we can
enhance modulation depth beyond the meausred modulation depth by employing electrostatic

gating by oxide layer which has no issue on mobility degradation.
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Figure 3.12: (a) The schametic of FTIR measurement of ion-gel coated graphene plasmon res-
onator on top of ENZ substrate. (b) The optical microscsope image of the fabricated graphene
plasmon resonator pattern. (c¢) The measured absorption spectra for various bias voltage ap-
plied to graphene. (d) The measured absorption spectra of doped (—2V') and undoped (0.4V")
graphene plasmon resonators. (e) The calculated absorption spectra for 1.0 eV and CNP status

of graphene plasmon plasmon resonators. (f) The modulation depth is calculated from measured

absorption spectra.
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3.5 Conclusion

In this topic, we try to solve the fabrication sensitivity problem in the fabrication process of
deep subwavelength graphene plasmon resonators by exploiting ENZ material. The momentum
of graphene plasmon is engineered by using high sensitivity of low dimensional material on en-
vironment, obtaining larger than an order of graphene plasmon for same Fabry-Perot resonance
condition. The Modulation efficiency of the device, ~ 85 %, is limited by material absorption
of ENZ substrate, and thus we could obtain higher coupling efficiency beyond conventional
graphene plasmon resonator by engineering optical properties of the substrate. The resonance
frequency shift for width variation of graphene plasmon resonator is smaller than 300 times
compared with graphene plasmon resonator on SiOs/Si substrate. We experimentally demon-
strate that the graphene plasmon resonator with 1 um width shows resonance absorption peak
at mid-infrared range as theoretical anticipation. Although we focus on the mid-infrared range,
this strategy could be applied to shorter wavelengths by exploring and designing proper ENZ
material. We hope that the proposed scheme becomes an effective solution to realize efficient
and fabrication tolerant low dimensional material electro-optic modulators for various frequency

ranges.
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Chapter 4. Thermal emission steering using graphene
metasurface combined with delocalized photonic mode
resonator

4.1 Introduction

There has been a variety of studies to control the thermal emission of the hot object to
obtain desirable spectral and angular spectra. Early studies were focused on the machining of
bulk material, where thermal emission characteristics are mainly determined by geometry and
limited material sets. Although these studies realize excellent thermal emitters, an insufficient
degree of design freedom due to the limited material selection and too bulky emitter geometry
makes it difficult to incorporate modern micro/nanofabrication technology. Following Kirchoff’s
law, the absorptivity of a hot object is identical to emissivity, implying emissivity could be mod-
ified by engineering absorptivity of object. Recently, the metasurface, where optical properties
are controlled by subwavelength optical structure geometry on the surface of the substrate,
enables to an engineer of optical properties regardless of original material configuration [48].
Therefore, elaborate engineering of metasurface makes it possible to obtain desirable thermal
emission spectra through a compact footprint device.

Several groups reported that subwavelength scale plasmonic microstructures could achieve
near-unity emissivity with a narrow frequency spectrum [49,50]. Engineering of emissivity fre-
quency spectrum improves the efficiency of the thermal emitter by suppressing energy leakage
through an undesirable emission spectrum. The efficient narrow thermal emitter could be ap-
plicable to thermophotovoltaic, spectroscopy, infrared light source, and so on. Furthermore,
achieving active control of the emissivity spectrum has been also studied by combining meta-
surface with active materials [51]. Although previous works show excellent development of
thermal emission devices, these studies have been limited frequency spectrum engineering. On
the other hand, the engineering angular spectrum of thermal emission has also been studied by
various geometries such as phononic grating, photonic crystal, Fabry-Perot resonator, and so
on [52-55]. However, active control of directional thermal emission still has not been reported.
If we realize active control of thermal emission not only frequency spectrum but an angular
spectrum, application of thermal emission infrared light source could be expanded widely

In this topic, we propose graphene-based active thermal emission steering by combining
graphene-metal hybrid metasurface and delocalized Fabry-Perot photonic mode resonator. The
modulation of reflection at the electrically tunable metasurface enables to achieve resonance
frequency change for the Fermi level of graphene, resulting angle steering of thermal emission.

The optimized thermal emission steering device has larger than 20° of angle steering with near-
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« Mechanically engineered bulky structure
« Sensitive to configuring material

« Nano/micro scale thin optical structure
« Near unity emissivity at selective frequency

« Nano/micro scale thin optical structure

GaAs/n-AlGaAs

./.\- + Electircally tunable emissivity

GaAs substrate

Next step

Figure 4.1: Development of thermal emitter from bulky structure to plasmonic/photonic meta-

surface structure.

unity emissivity. We also experimentally show that the proposed device could achieve thermal

emission steering.
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4.2 Design and Analysis

4.2.1 Design rule
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Figure 4.2: The design rules for obtaining directional thermal emission: (a) coherence and (b)
delocalization. Figure (a) shows that electric field distributions for electric dipole array with
various phase relations. The Ni(i) and N»(7) in (a) indicate perturbation functions applied to
phase relation between elements i and i + 1. The degree of perturbation of Nj(i) and Ny(i) are

weak and strong, respectively.

To obtain a directional thermal emission device, we have to consider two aspects: coherence
and delocalization. Depending on the coherency of excitation light sources, the optical mode has
different coherency. For coherent light sources like a laser, the phase relation between resonant
optical structures is imposed by an incident angle of a light source. In this situation, we enable
to apply array antenna theory, which designs directional emission by constructive/destructive
interference of independent antenna elements with specific phases, resulting in a rather easy
realization of directional emission device based on well-developed conventional antenna theory.
On the other hand, a thermally excited optical mode in the resonant optical structure suffers
weak /strong perturbation on the phase relation by independent radiations of randomly moved
thermal dipoles, resulting in a decrease of directionality compared with emission by a coherent
light source. Although perturbation on phase relation decreases directionality of emission,
we could obtain directional emission if the perturbation is weak as shown in Figure 4.2(a).

Therefore, it is important to select high coherence optical mode as a resonant mode for a
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directional thermal emission device.

The second consideration is the localization of optical modes which indicates a degree of
spread of the spatial distribution of optical modes. In view of Fourier transform, spatially
confined electromagnetic modes have to have a broad momentum spectrum which corresponds
to a broad angular spectrum. To obtain a narrow angular selective spectrum, the electric field
of the optical mode should be spatially spread, making it possible to define the specific resonant
momentum of the optical mode. Figure 4.2(b) compares absorption spectra of localized and
delocalized modes as a function of frequency for various incident angles. For localized mode
which is calculated for graphene plasmon resonator on SiO9/Si, absorption spectra have no
noticeable change for incident angle due to the too broad momentum spectrum of the mode.
On the other hand, the delocalized mode in the thin Au-SiOs-Au substrate shows obvious
angle-dependent absorption spectra due to the resonance condition defined for the specified
momentum of the incident photon. Therefore, we have to select a coherent and delocalized

optical mode for the thermal emission steering device to obtain sufficient directionality.

4.2.2 Operation mechanism

| Delocalized mode resonator |
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Metal |

Proposed structure |
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Figure 4.3: IHlustration of the operation mechanism of proposed thermal emission steering

device. The ¢ represents phase change and accumulation of propagating delocalized wave.

Figure 4.2 illustrates schematic of operation principle of thermal emission steering device.
First, we design delocalized photonic mode Fabry-Perot resonator which have the resonance

condition for vertical direction momentum as:

27 = 2¢p + ¢ + op (4.1)
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where ¢, ¢, and ¢y, are phase change by propagating in the dielectric, reflection at top and bot-
tom layers, respectively. Since the total momentum of the photon in the dielectric is determined
by dispersion relation (nkow = ¢, where ¢, kg and n are light velocity, free space wavevector and
refractive index of dielectric, respectively), the vertical momentum of the Fabry-Perot resonance
mode determines atan(ky/ky) that is emission angle. We note that the reflection phases, ¢, and
¢y, could be controlled by replacing the mirror layer with an electrically tunable metasurface.
As a representative example, combining graphene with a plasmonic nanostructure could be ex-
ploited as an electronically tunable metasurface on top of the Fabry-Perot resonator [12,13].
For different gate voltage applied to graphene layer through bottom metal layer, the reflection
coefficient of top metasurface layer is changed, resulting in the change of resonance condition
of delocalized Fabry-Perot resonance mode. Therefore, we obtain electrically tunable thermal

emission steering by combining graphene metasurface and delocalized Fabry-Perot resonator.

4.2.3 Metasurface optimization

As a electrically tunable metasurface, the graphene sheet is combined with subwavelength
Au metal slit array on top of SiO» dielectric layer. The material data is referred to as published
material data [36] for Au and measured date by infrared ellipsometry. Since the ideal thermal
emission steering requires (1) large steering angle and (2) constant high emissivity, we try
to optimize metasurface to obtain (1) maximize (minimize) reflection phase ¢ (amplitude |r|)
difference between doped and undoped graphene Fermi levels states. Figure 4.4 shows amplitude
and phase change of reflection coefficients as a function of graphene Fermi level at 1500 cm™!

for geometric parameters, gap width Wy, and slit width Wy, Here, amplitude and phase

difference is defined as:

Alr| = |r|(Er = 0.5eV) — |r|(Er = CNP)
A¢p = ¢(Er = 0.5eV) — ¢(Ep = CNP)

(4.2)

where CNP is the charge natural points.

We note that the difference for phase and amplitude of reflection coefficients show similar
trends for Wgap and Wy, For narrowing gap width, the difference of amplitude Alr| and
phase A¢ are increased simultaneously due to the enhanced light-matter interaction between
graphene and incident light in the dielectric layer by gap plasmon of Au metal slit. For widening
Wiiit, reduced surface area portion of graphene decreases the difference of amplitude Alr| and
phase A¢. These results indicate that phase and amplitude of reflection coefficient are trade-off
relation. But, the gap width is limited by lithography resolution in the fabrication process, and
thus taking the value of realizable smallest gap width is the best option to obtain an electrically

tunable thermal emission steering device.
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Figure 4.4: The amplitude and phase of reflection coefficient difference of electrically tunable
metasurface for Fermi level change. In the calculation for various (a,b) gap width Wgap, ( (c,d)
slit width Wyiy), slit width Wy (gap width Weap) is fixed as 1 pm (40 nm). In all simulations,

mobility of graphene is set as 1000 cm ™.

4.2.4 Optimized structure Emissivity

Figure 4.5(a) shows a schematic of the optimized thermal emission steering device. The
thickness of the SiOy dielectric layer is chosen to satisfy vertical Fabry-Perot resonance con-
ditions and maximize emissivity by photon recycling effect [29]. The calculated emissivity of
the structure is shown in Figure 4.5(b). The emissivity is calculated from Kirchoft’s law where
absorption is equal to emissivity. Since the transmission cannot exist due to the bottom metal
reflector, absorptivity is the same as 1 - reflectance. The emissivities at resonance frequencies
for the Fermi levels of 0.5 eV and CNP are 0.9 and 0.8, respectively. The resonance peak for
Er = 0.5 eV is broader than the resonance peak for CNP due to the increased ohmic loss by a

large carrier density.
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Figure 4.5: The (a) frequency and (b) anglar emissivity spectra of the optimized thermal
emission device for Fermi levels of 0.5 eV and CNP. The slit width, gap width, height of slit,
and dielectric thickness are set as 1.2 um, 40 nm, 35 nm, and 4 um , respectively. The mobility
of graphene is assumed to be 1000 cm~!. The angular spectrum is measure for a frequency of
1393 cm~!.

4.3 Experiment

4.3.1 Large area e-beam lithography

We note that, unlike conventional mid-infrared active devices, the thermal emission steer-
ing device requires large area e-beam lithography. To obtain sufficient resolution of angular
spectrum in directional emission measurement, the divergence angle of far-field from the device
should be small enough. The diverge angle (f4;y) of thermal emission from finite-size active

area is defined as:

0k =2n/L

(4.3)
6041y = sin~ (6K /ko)

where L and kg are the length of the device and wavevector of thermal emission, respectively.
For the wavelength of 7.5 um, the demand of length of the device for 0.1° resolution is 4 mm.

Except for EUV lithography, E-beam lithography is feasible fabrication technology to make
a few tens of nm scale critical dimensions with relatively large scale periodic patterns. However,
interference between electrons, called as proximity effect, makes it difficult to realize larger
than a few hundreds of um scale patterning area. Although EUV lithography also enables the
realization of the mm scale nanopattern, enormous fabrication costs and poor accessibility make
it difficult to use it at the laboratory level. In addition, long-time EUV exposure could damage
graphene quality. Therefore, a realization of mm scale nanopattern with mm scale area through
e-beam lithography is an important issue.

For the proposed thermal emission steering device, the structure is composed of the width
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Figure 4.6: Hlustration of fabrication process the thermal emission steering device

of the metal slit array is a few hundreds of nm scale with the gap width of a few tens of nm
scale. In this structure, positive tone e-beam resist such as PMMA demands e-beam exposure
on almost all areas of an active region, resulting in a significant proximity effect. Instead of
PMMA, we try to make a pattern based on HSQ, negative tone e-beam resist, and the exposed
area is dramatically reduced compared with PMMA-based patterning. In addition, the HSQ
post formed by e-beam exposure which stands on the gap region prevents filling of the gap by

geometry deformation of the metal slit at high temperature.

4.3.2 Fabrication process

Figure 4.6 illustrates the fabrication process of the thermal emission steering device. First,
Thick Au film is deposited on the Si substrate. Then, 4 um of thick SiOextupz dielectric
layer is deposited on top of graphene through plasma enhanced chemical vapor deposition
(PECVD) method. The CVD-grown graphene sheet is transferred on the oxide layer through
the conventional wet transfer method. The 5 nm of thin HfOy dielectric layer is deposited on
the surface of graphene to prevent damage during the e-beam lithography process. Next, the
Au slit pattern is realized by HSQ-based e-beam lithography and subsequent Au 30 nm/Cr 2.5

nm deposition by an e-beam evaporation method.

4.3.3 Emissivity measurement

We performed a FTIR measurement of the fabricated device for a specific incident angle.

The emissivity of the fabricated device is calculated from measured FTIR signals of the device
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Figure 4.7: The calculated emissivity for (a) frequency and (b) angular spectra. The simulation
parameters are the same as the optimized structure. The measured emissivity for (c) frequency
and (d) angular spectra. The black dotted line is the calculation/measurement frequencies of

angular spectra.

and blackbody for different temperatures as shown below equation:

S(Thigh,device) - S(T’low,device)
S(Thigh,BB) — S(Tiow,BB)

(4.4)

where S, T, and BB denotes measured FTIR signal, temperature, and blackbody, respectively.
We note that the measurement and calculation results of emissivity for various incident angles
are well-matched although a small deviation of resonance frequencies induced by a mismatch
of material optical properties between calculation and experiment. The maximum emissivity
is smaller than 0.5 due to the collection of unpolarized emissions where TE polarization is
almost perfectly reflected by Au metal slit array. In addition, the measured angular spectra of
the device are also well matched to the calculated angular spectra as shown in Figure 4.7(b,
d). However, too thick a dielectric layer makes it difficult to measure angular spectra for
various Fermi levels of graphene. Although we cannot measure angular spectra change for the
Fermi level of graphene owing to the required high gate voltage for a few pwm scale thick oxide,
the measured angular/frequency spectra indicate electrostatic gating of graphene could steer
emission of thermal emission. We are currently trying to make a new device based on high
static permittivity with a thinner dielectric layer, resulting in better modulation of emissivity

for the same maximum gate voltage.
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4.4 Conclusion

In this topic, we demonstrate a thermal emission steering device by combining delocal-
ized photonic mode and graphene-metal metasurface structure. The resonance condition of
delocalized photonic mode which has high coherency even thermally excitation is controlled
by electrically tunable metasurface. The 0.5 eV of Fermi level change of graphene enables to
achieve > 20° of angle steering with higher than 0.8 of emissivity. We realize a large area thermal
emission steering device based on HSQ e-beam lithography. We observe that the measurement

and calculation of emissivity are well matched.
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Chapter 5. Concluding Remark

In this thesis, we try to improve the performance and functionality of graphene-based
mid-infrared modulators through the combination of graphene with external optical structures.

In the first topic, we theoretically demonstrated that an efficient transmission waveguide
modulator can be realized even though a few nanometers of active length through the combi-
nation of graphene and plasmonic nano-gap structure. The operation principle of waveguide
modulator for a length scale much smaller than graphene plasmon wavelength is different from
conventional graphene plasmon waveguide modulator. We unravel distinct transmission of the
nano-gap structure through a modified Fabry-Perot resonance model. The modulation depth
of the proposed device is > 20 dB and robust for variation carrier mobility of graphene owing
to its distinct operation mechanism.

The second topic is the implementation of large-scale graphene plasmonic resonators based
on ENZ material. The strong correlation between plasmonic polariton dispersion of low-
dimensional materials with the environment offers opportunities for dispersion engineering for
the robust fabrication of graphene plasmonic electro-optic modulators. A graphene plasmon res-
onator using an ENZ material has lower than two orders of sensitivity on fabrication error than
a conventional graphene plasmon resonator. The fundamental limit of modulation efficiency of
the proposed device is determined by material absorption loss of ENZ material, providing an
opportunity of obtaining better efficeincy. We experimentally demonstrate a proof-of-concept
of a proposed electro-optic modulator via a graphene plasmon resonator with silicon carbide,
one of the representative ENZ materials at mid-infrared frequency.

The final topic is the realization of a thermal emission steering device by combining
graphene-metal hybrid metasurface and photonic resonator. The electrically tunable meta-
surface controls the resonance of delocalized photonic mode where the resonance frequency and
emission angle are determined by the momentum of the photon. The enhanced field confinement
by plasmonic structure provides high reflection phase modulation at the metasurface, obtaining
emission angle steering > 20° for 0.5 eV of Fermi level change of graphene with higher than
0.8 of emissivity. We also experimentally demonstrate emission steering through the proposed

structure.
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