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Metasurfaces, together with graphene plasmonics, have become prominent for the emissivity con-
trol in thermal engineering, both passively through changing the geometric parameters and packing
density of the metasurfaces, and actively through graphene gating or doping. We demonstrate a
graphene-nanowire coupled plasmonic metasurface utilizing the hybrid localized surface plasmon
modes of the nanowire array and graphene. The nanowire array makes the hybrid surface plasmon
mode localized, allowing a free-space excitation. The single layer graphene, via the gating between
the underneath mirror and a top electrode, can actively tune the spectral emissivity by almost
90%. In addition, the graphene surface plasmon modes remove the strict polarization dependence of
nanowire array emission, resulting in a five-fold enhancement of the p-polarized emissivity, especially

for large emission angles.
I. INTRODUCTION

Thermal radiation, which physically originates from
the spontaneous emission of thermally induced random
currents in materials, is fundamental in many modern
applications, including biological and chemical sensing?,
thermal imaging and camouflage®3, energy conversion
and harvesting®®, and radiative cooling®. Compared to
the isotropic and incoherent thermal emission from bulk
surfaces, nanostructure-based metasurfaces have been
successfully applied to precisely control the emissivity
both spectrally” '° and spatially' 3. Based on the Pur-
cell effect, the sub-wavelength nanostructure, which sup-
ports localized surface plasmon polaritons, can serve as
an optical resonator to drastically modulate the response
of the nanostructure at designed resonant frequencies.
The coupling between these ‘meta-atoms’, which is well
described by a tight bonding model'* or coupled mode
theory!®, provides rich degrees of freedom for the design
of a metasurface.

Recently, graphene plasmonics has attracted exten-
sive attention to further boost the plasmonic effects in
thermal radiation engineering!® 1. Graphene, a two-
dimensional single layer of carbon atoms, can support
surface plasmon polaritons with a stronger optical con-
finement as compared to conventional noble metals. It
has been reported that graphene nanostructures enable
to manipulate the light in a dimension on the order of 100
times smaller than the free-space wavelength!®. This ex-
cellent beyond-diffraction-limit performance plays a crit-
ical role in bridging the nanoscale electronic devices and
microscale photonic devices. In addition, the graphene
plasmons excited in the mid-infrared range typically ex-
hibit low loss, resulting in a stronger spectral coherence
for thermal radiation?®. More importantly, the optical re-
sponses of graphene can be actively tuned by changing its
charge carrier density via gating or doping?*22. Together
with the improving maturity of graphene transfer and

patterning, graphene plasmonic metasurfaces become a
promising complement to traditional metal plasmonics
and pave the way for the ultra-fast control of thermal
radiation.

In this paper, we propose a graphene-nanowire cou-
pled metasurface working at mid-infrared wavelengths,
as shown in Figs. 1 (a) and (b). The graphene layer is
configured below the nanowire array to minimize unde-
sired wrinkles, making our structure more feasible to fab-
ricate than the cases with graphene on the top?327. The
nanowire array makes the hybrid surface plasmon mode
localized, allowing for a free-space excitation. The single
layer graphene, via the gating between the underneath
mirror and a top electrode, can actively tune the ther-
mal emission. Compared to previous studies regarding
gated graphene metasurfaces?® 3, we observe the reso-
nance mode split (Sec. III) and the P-polarization ex-
citation (Sec. IV), which provide extra designing spaces
for metasurfaces.

II. MODE HYBRIDIZATION OF GRAPHENE -
NANOWIRE COUPLED METASURFACE

To demonstrate the physics associated with the
graphene-nanowire hybrid surface plasmon mode, we per-
form finite-difference time-domain (FDTD) simulations
on both a single nanowire and a nanowire array. The
FDTD simulations are achieved via the Wiener chaos ex-
pansion (WCE) method3!32 where a series of dipoles are
assigned to the nanowire to systematically excite the sup-
ported modes. Detailed setting of boundary conditions
of the simulations can be found in Appendix A.

The gold nanowire (or nanowire array) is placed di-
rectly on top of the single graphene layer [Fig.1 (a)] (per-
mittivity acquired from33). A 30 nm thick layer of HfO,
(permittivity acquired from3?) is under the graphene act-
ing as the dielectric spacer for electrical gating. Another
70 nm thick gold (permittivity acquired from?®) layer un-
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FIG. 1. (a) Schematic of graphene-nanowire coupled meta-
surface. P, and Py, represent the periodicity of the nanowire
array in the z-and y-directions, respectively. (b) Cross-section
of the graphene-nanowire coupled metasurface. Electrical gat-
ing of graphene is achieved via the underneath Au mirror and
the top electrode.

der the HfO5 layer serves as an optical mirror as well as
the electrical gating electrode. Then the layered struc-
ture is supported by 90 nm SiOy (permittivity acquired
from3%) on top of a silicon substrate (permittivity ac-
quired from373?) as shown in Fig. 1 (b). The sizes of the
single nanowire are optimized to be 150 nm (a-direction)
by 2.5 pum (y-direction) by 180 nm (z-direction); as well
as the periodicities of the nanowire array P, = 0.5 um
and P, = 3 pm. The optimization criterion and processes
are detailed in Appendix B.

Figure 2 (a) shows the first direct emission resonant
mode of a single nanowire on top of the intrinsic graphene
layer. It manifests a typical dipole-like resonance charac-
teristic with charges accumulated at the two ends of the
nanowire. Without gating, only the localized plasmon
mode from the gold nanowire can be observed, since the
intrinsic graphene performs like a dielectric layer.

By gating the graphene layer, it behaves like a metallic
material due to the extra free electrons, and thus surface
plasmon modes can be excited at the metal-graphene in-
terface. The single nanowire then functions as the near-
field scattering tip to efficiently excite the surface plas-
mon modes along the graphene layer. As we excite the
graphene-nanowire system, not only the nanowire reso-
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FIG. 2. E, field profiles at A = 10.8um that illustrate (a) the
fundamental resonant mode of the single gold nanowire on
the intrinsic graphene layer, (b) the hybridized surface plas-
mon mode excited within the single nanowire on the gated
graphene layer with the Fermi level at 0.4 eV, and (c) the hy-
bridized surface plasmon mode excited within the nanowire
array on the gated graphene layer with Fermi level at 0.4 eV.
Field profiles captured at the graphene-nanowire (array) in-
terface. The color scale represents the field magnitude.

nant modes but also the graphene surface plasmon can
be excited, as shown in Fig. 2 (b). With the single
nanowire deposited on the graphene layer functioning as
the scattering tip, the surface plasmon modes supported
by the graphene layer will continuously extend to the en-
tire graphene layer until their energy completely decays.

However, if an array of nanowires is introduced and
forms a metasurface above the graphene layer, the contin-
uous surface plasmon modes supported by graphene will
then be transformed into the localized ones. As one can
see from Fig. 2 (¢), the graphene surface plasmon modes
are excited and trapped by the contact points between
the nanowires and graphene layer. Such hybrid surface
plasmon modes are the key to achieve active modulation
of the optical properties (Sec. III) of the metasurface via
gating the graphene layer, which is a pure electrical pro-
cess. Therefore, the modulation speed is mainly limited
by the electrical RC time constant of which the typical



number is on the order of 10 GHz*%*2, and is much faster

than the speed of thermal modulation, typically less than
20MHz*3.

III. EMISSIVITY MODULATION OF THE
GRAPHENE-NANOWIRE METASURFACE

Here we demonstrate the active modulation of the
emissivity of the graphene-nanowire coupled metasur-
face. The parameters of the nanowire array are the same
as used in Sec. II, and the Fermi level of graphene is
gated to be 0.1 or 0.4 eV. The emissivity of the system
is calculated by simulating its absorptivity to the plane
wave polarized along the principal axis of the nanowire,
based on Kirchhoff’s law. The corresponding metasur-
face emissivity can then be found to dramatically change
from 0.05 to 0.8 at the wavelength about 10.5 pm when
the Fermi level of the graphene is tuned from 0.4 eV to
0.1 eV, as shown in Fig. 3 (a).

Such a control of the emissivity at a certain wavelength
is achieved based on the shifting and splitting of the
nanowire resonant modes. As shown in Fig. 2 (c), the
hybrid plasmonic mode is formed by two main contribu-
tions: the intrinsic resonant modes of the gold nanowires
themselves; and the localized surface plasmon modes ex-
isting inside the cavity created by the adjacent nanowires
and the graphene layer. When the graphene layer is
not gated, no surface plasmon mode is supported, and
the original resonant peak of the gold nanowire is pre-
served at 10.5 pum. When the graphene layer is electri-
cally gated, it becomes metallic and starts to support the
surface plasmon modes. The first resonant mode of the
gold nanowire hybridizes with the graphene surface plas-
mon modes of different orders and splits into multiple
peaks around the original peak wavelength.

As shown in Fig. 3 (a), when the Fermi level is 0.1 eV,
the carrier density in graphene is relatively low and hence
surface plasmon modes are not supported in graphene.
The original nanowire resonant mode peak is still pre-
served at 10.5 pm. As we increase the Fermi level up to
0.4 eV, the major resonant peak at 10.5 um splits into
three peaks at 8.7 pm, 9.7 um, and 11.7 um due to hy-
bridization of the plasmon modes in the gold nanowire
and in graphene. The corresponding electric field profiles
of these three peaks are plotted in Figs. 3 (b)—(d). Differ-
ent spatial periodicities of the electric field are observed
in the three cases and label the order of the modes, among
which peak #1 is the surface plasmon mode of the lowest
order, and peak #3 is the highest order mode in the wave-
length range of interest. The number of the hybridized
peaks around the original nanowire resonant modes and
the spectral distance between them can be controlled by
the gap distance between the adjacent nanowires. Ideally,
carefully designing the pattern periodicity and the gold
nanowire parameters can shift the desired wavelength to
a target value in the mid-infrared spectrum.

IV. P-POLARIZATION ENHANCEMENT OF
THE GRAPHENE-NANOWIRE METASURFACE

Due to the highly polarized dipole-like radiation mode
of the single nanowire, the nanowire metasurface usually
exhibits a low emissivity when excited by the p-polarized
electromagnetic wave [i.e., the E-field polarization is per-
pendicular to the principal axis of the nanowires, as
shown in Fig. 4 (a)]. Here we demonstrate that such a P-
polarized emissivity can be significantly enhanced for the
graphene-nanowire array system when graphene is gated,
especially for large incident angles, as indicated by « in
Fig. 4 (a).

Figure 4 (b) plots the emissivity of the metasurface
when the Fermi level of graphene is set to 0 eV. In this
case, the incoming plane wave source cannot efficiently
excite the metasurface due to the polarization mismatch,
which results in the relatively low emissivity. Despite
the overall low value, a peak centered around 8.5 pm
can be noticed for the cases where a = 26.7° and a =
33.3°, and another centered around 11 gm can be noticed
for a = 33.3°, which correspond to the surface plasmon
modes of the graphene excited by the scattered light from
nanowires and can be utilized to enhance the p-polarized
emissivity of the system.

To achieve this, we electronically gate the graphene
layer so that its Fermi level reaches 0.6 eV. The simulated
spectral emissivities are plotted in Fig. 4 (¢). A narrow
peak centered at the wavelength of 11.3 pum is observed
for the incident angle a of the light between 13.3° to
33.3°. Specifically, compared to the ungated cases shown
in Fig. 4 (b), a five-fold increase in the emissivity at the
wavelength of 11.3 pum is observed for the cases where
the incident angle « is between 20.0° to 33.3°.

Such enhancement of the p-polarized emissivity is
attributed to the cross polarization excitation of the
nanowire modes with the assistance of the graphene
surface plasmon modes. Even though the p-polarized
wave cannot effectively excite the resonant modes of the
nanowire array, the scattered light from the nanowires
will be able to excite the surface plasmon modes inside
the graphene layer, especially for the large incident angle
«. The surface plasmon modes of the graphene may then
serve as a secondary source to excite the dipole-mode of
nanowires, which produces the sharp peak near the in-
trinsic resonance frequency of nanowires.

The Fermi level of graphene and the incident direc-
tion of the source play a key role in a successful cross
polarization excitation. In Fig. 5, we compare the field
profiles at the nanowire-graphene interface at different
conditions. Compared to the successful excitation [Fig.5
(a)], the surface plasmon modes of graphene in the y-
direction are not pronounced when the incoming light is
normally incident [Fig.5 (b)] due to the varnished k| of
the incoming light, and when the Fermi level of graphene
is 0 eV [Fig.5 (c)] due to the lack of free carriers to sup-
port the plasmon mode. Hence the cross polarization
excitation is not achieved, which results in the low ab-
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FIG. 3. (a) The modulation of the absorption (emission) spectrum for the graphene-nanowire metasurface. Nearly 90% of the
change in the absorption spectrum around 10.5 ym in wavelength is observed when the Fermi level of graphene is changed from
0.1 eV to 0.4 eV due to the mode splitting. (b)—(d) E, field profiles corresponding to peaks #1 to #3, respectively. The field
profiles are captured in the x — z plane 1ym away from the center of nanowires. The color scale represents the field magnitude.
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FIG. 4. (a) Schematic of the oblique incidence of the P-polarized light onto the metasurface at angle . The periodicity of
the nanowire array is 0.3 pm in the z-direction and 3 pm in the y-direction. The angular dependent spectral emissivity of the
metasurface when the graphene Fermi level is tuned to be (b) 0 eV, and (c) 0.6 eV.

sorption.

Figure 5 (d) shows the dispersion relations of the
nanowire array, coupled with graphene with the Fermi
level of 0.6 eV, with respect to k,. It confirms the exis-
tence of the mode excited: the bottom bright line repre-
sents the peak (mode) around 11.3 pm, whereas the top
bright line agrees with the less-pronounced mode around
8.5 pm, which may correspond to the high-order mode of
the nanowire array resonance.

Such a cross polarization excitation enhances the P-
polarization absorption of nanowire arrays, and relieves
their strict dependence on the polarization of the inci-
dent light. Furthermore, the Fermi level of graphene,
together with the incident angle «, provides extra de-
grees of freedom for the thermal radiation manipulation
of the graphene-nanowire array system.

V. CONCLUSION

We develop a graphene-nanowire coupled metasurface
utilizing the hybrid localized surface plasmon modes of
the nanowire array and graphene. Thermal excitation
can excite both the resonant modes of the nanowire array
and the graphene surface plasmon modes trapped at the
contact points between the nanowire and the graphene
layer. These coupled modes can drastically tune the
emissivity of the metasurface passively through chang-
ing the geometric parameters and packing density of the
nanowire array, and more importantly, actively through
graphene gating. The peak positions and correspond-
ing magnitudes of spectral emissivity can be modulated
into target values through controlling the graphene Fermi
level via electrical gating. In addition, with the assistance
of graphene surface plasmon modes, the P-polarized
emissivity of the metasurface can be enhanced, espe-
cially for large emission angles. The graphene-coupled
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FIG. 5. Simulated E, profile at A = 11.3um at the graphene-nanowire array interface when the metasurface is illuminated by
the x-polarized plane wave under the conditions: (a) Er = 0.6 eV, a = 33.3°, (b) Er = 0.6 eV, a = 0°, and (c) Er =0 €V,
a = 33.3°. Black arrows highlight the graphene surface plasmon modes, which serve as the secondary source to excite the
nanowire array. (d) Simulated dispersion relation (colormap in the log scale) when Er = 0.6 V.

nanowire metasurface is a promising platform for dy-
namic control of mid-infrared thermal radiation.

The data that support the findings of this study are
available from the corresponding author upon request*?.
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Appendix A: Simulation Setup

The simulation setup is shown in Fig. 6. The orange
box marks the boundaries of the simulation domains.
Through the entire study, the boundary conditions (BCs)
at the boundaries in the z-direction are set to be per-
fectly matched layers (PMLs). The BCs in the lateral
directions are detailed as follows.

In Fig. 2, only the nanowire located at the center
of the simulation domain (marked by the black star) is
excited by dipole sources via the WCE method, and the
simulation boundaries in the z and y directions are set
to be PMLs. Therefore, the field profile shown in Fig.
2(c) corresponds to a finite-sized array.

In Figs. 3 and 4, infinite arrays illuminated by plane
wave sources are simulated. This is achieved by setting
the simulation boundaries in the z and y directions to be
periodic boundaries, with the exceptions for oblique inci-
dence cases discussed in Fig. 4, in which the simulation
boundaries in the x direction are set to Bloch boundaries.
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FIG. 6. Simulation setup in Ansys Lumerical FDTD Solu-
tions. Orange Boxes mark the positions of simulation bound-
aries, where the boundary conditions are applied.

Appendix B: Optimization of nanowire array
parameters

The sizes and periodicities of the nanowire arrays stud-
ied are optimized via a process similar to that used
in'"!4, and achieved by the parameter sweep function
in Ansys Lumerical FDTD Solutions.

The optimization criterion for the width and thickness
of nanowires is to maximize the absorption peak when the
array is on top of the graphene sheet with Fy = 0.1 eV
and excited by the light polarized along the nanowire.
Optimized combination of 150 nm in width and 180 nm
in thickness is chosen, as shown in Fig. 7 (a) (here the
periodicities in the z and y directions are fixed to be 500
nm and 3 pm, respectively).

The optimization criterion for the periodicities is to
maximize the P-polarization enhancement, discussed in
Sec. IV. As shown in Fig. 7 (b), the optimized periodic-
ity combination (P, = 300 nm and Py = 3 pm) is used
for this study.
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FIG. 7. Optimization process for (a) width and thickness of
nanowires, and (b) periodicities of nanowire array in the z—
and y— directions.
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