
Electrostatic Steering of Thermal Emission with Active Metasurface Control of
Delocalized Modes

Joel Siegel,∗ Margaret Fortman, and Victor Watson Brar†

Department of Physics, University of Wisconsin-Madison, Madison WI 53606 USA

Shinho Kim‡ and Min Seok Jang§

School of Electrical Engineering, Korea Advanced Institute of Science and Technology, Daejeon 34141, Korea

Phillip Hon and Luke Sweatlock
NG Next, Northrop Grumman Corporation, Redondo Beach, California 90278, USA

(Dated: September 1, 2023)

Abstract We theoretically describe and experimentally demonstrate a graphene-integrated meta-
surface structure that enables electrically-tunable directional control of thermal emission. This de-
vice consists of a dielectric slab that acts as a Fabry-Perot (F-P) resonator supporting long-range
delocalized modes bounded on one side by an electrostatically tunable metal-graphene metasurface.
By varying the Fermi level of the graphene, the accumulated phase of the F-P mode is shifted,
which changes the direction of absorption and emission at a fixed frequency. We directly measure
the frequency- and angle-dependent emissivity of the thermal emission from a fabricated device
heated to 250◦. Our results show that electrostatic control allows the thermal emission at 6.61µm
to be continuously steered over 16◦, with a peak emissivity maintained above 0.9. We analyze the
dynamic behavior of the thermal emission steerer theoretically using a Fano interference model, and
use the model to design optimized thermal steerer structures.
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The mid infrared (MIR) is an important band for appli-
cations ranging from free-space laser communications[1]
to chemical sensing [2, 3]. An optimal MIR source for
these applications would be narrowband, and also of-
fer high speed directional control, such that the beam
can be rastered over a range of angles, or have a con-
trollable focal point. Typically, such beam-steering is
achieved by reflecting a beam using mechanical devices
such as gimbal-mounted mirrors[4], optical phased arrays
of antenna[5, 6], or liquid crystal-based devices[7]. While
each of these techniques have their own set of advantages
and disadvantages, one limitation common to them all is
that they require an external source of light, such as a
quantum cascade laser.

An alternative source of MIR light is one that can
be found everywhere, thermal radiation. Any material
at a non-zero temperature will emit radiation over a
broad range of frequencies which, at moderate temper-
atures (0-700 ◦C), is peaked in the MIR. Though ther-
mal emission is typically viewed as incoherent, isotropic,
and broadband, recent advances in nanoengineering have
demonstrated that it is possible to engineer the emis-
sivity of a structured material to create narrowband[8]
directional[9] emissions that exhibits coherence. These
include metasurfaces composed of non-interacting, local-
ized resonator elements tuned to specific wavelengths,
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such as metallic nanoantennas[10] or semiconducting
nanostructures that exhibit sharp quasi bound-state-
int the continuum resonances[11, 12]. To achieve co-
herent directional emission, meanwhile, structures that
support long-range delocalized modes can be utilized.
These include surface waves that are out-coupled via
gratings[9, 13, 14], F-P cavities[15], photonic crystals[16–
18], epsilon near zero modes[19] and delocalized modes
formed by coupled resonators[20–22]. In all of these
demonstrated devices, heating is all that is required to
produce the desired light as the relevant optical modes
are excited thermally, thus providing an elegant source
of MIR radiation.

Imparting tunability into such devices - which could
allow for dynamic beam control and frequency shifting
- requires the integration of materials with variable op-
tical properties. Materials with temperature-dependent
phases and/or indices, such as GST[23–25], VO2[26–29],
or Si[30] have been utilized to create metasurfaces that
control the magnitude and phase of scattered light in re-
flection or transmission geometries, but such materials
are unsuitable for thermal emission devices that oper-
ate at high, constant temperatures. Alternatively, ma-
terials with indices that depend on carrier density, in-
cluding graphene, III-V quantum wells and indium tin
oxide (ITO), can be utilized to bestow electrostatic tun-
ability on metasurfaces, and devices that control phase,
frequency, and intensity of reflected light have been
demonstrated[31–36]. These materials are also chemi-
cally and phase stable at high temperatures, which has
enabled them to be integrated within thermal-control
metasurfaces to electrostatically tune the intensity and
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frequency of incandescent light in the mid-IR[37–39].
Unfortunately, such materials also introduce ohmic loss
which can, in some geometries, suppresses formation of
the long-range delocalized modes that are necessary for
coherent, directional thermal emission. As such, dynamic
angular tuning of thermal emission is an outstanding
problem in the field of thermal metasurfaces.

In this work, we theoretically describe and experimen-
tally demonstrate a thermal emission device that can
be tuned electrostatically to control the directionality
of thermal emission within a narrow bandwidth. We
show experimentally that by using a tunable graphene-
integrated metasurface as a boundary for a delocalized
F-P cavity mode, the thermal emission from a surface
at 6.61 µm (1508 cm-1) can be continuously steered by
± 16◦ by changing the carrier density of the graphene
sheet. Theoretical calculations, meanwhile, show that an
optimized geometry using real materials could achieve ±
60◦ of continuous tuning.

For dynamic thermal emission steering, we utilize an
electrically tunable F-P resonance of a SiNx dielectric
layer sandwiched by a gold back reflector and a graphene-
based active metasurface as illustrated in Fig. 1(a).
The graphene metasurface consists of 30 nm thick, 1µm
wide gold strips spaced 40 nm apart on top of HfO2 (5
nm)/graphene/Al2O3 (30 nm) trilayer, sitting on the 2
µm think SiNx membrane with the 100 nm gold back
reflector that also serves as a back gate electrode. The
gaps between the gold strips are filled with a bilayer of
30 nm gold and 100 nm SiOx. The sub-wavelength period
of the structure suppresses far-field diffraction except for
the zeroth order.

The working principle of our device is illustrated in
Fig. 1(b). The graphene-based metasurface covering the
top surface of the SiNx membrane acts as a partially re-
flecting mirror to form a vertical F-P cavity. By applying
an electrostatic potential (VG) across the dielectric lay-
ers, the Fermi level of graphene (EF ) is modulated and so
are the complex reflection and transmission coefficients
of the top graphene metasurface. Consequently, the con-
dition for the resonance shifts, causing a shift in the peak
emission angle (θ) for a given frequency. These changes
can be qualitatively understood by treating the top meta-
surface as a two-dimensional sheet with an effective sur-
face admittance, which is justified since the metasur-
face thickness is about two orders of magnitude shorter
than the wavelength of the free space light[6, 31, 40]. In
this model, the subwavelength metallic stips with narrow
gaps make the overall optical response of the graphene
metasurface to be highly capacitive (i.e. large imagi-
nary impedance) at a low carrier concentration. As the
conductivity of graphene raises with increasing EF , the
metasurface exhibits a reduced, but still high, capaci-
tance and also acquires a larger conductance, changing
the reflection/transmission characteristics. The quanti-
tative surface admittance model for the graphene meta-
surface is discussed in detail in Supplementary Notes 1,
2, and 3.

Recognizing the emissivity ϵ(ω, θ) of a reciprocal ob-
ject is equal to its absorptivity α(ω, θ)[41], one can un-
derstand the mechanism of the directional shift in ther-
mal emission more intuitively by analyzing the absorp-
tion process. Since the transmission channel is blocked
by the back reflector,

ϵ = α = 1− |rtot|2 = 1− |rdirect + rFP|2, (1)

where rtot is the total reflection, which can be decom-
posed into the direct reflection from the top surface
(rdirect) and the resonant reflection due to the F-P inter-
ference formed by multiple reflections inside the dielectric
layer (rFP). The interplay between rFP and rdirect, both
of which are dependent on EF , determines the overall ab-
sorption (and thus the emission) of the device. The ab-
sorption peak occurs when rFP and rdirect destructively
interfere with each other by having similar amplitudes
and a π phase difference.
We first theoretically investigate the behavior of the

proposed device using full-field electromagnetic simula-
tions based on the finite element method as summarized
in Fig. 2. The dependence of rdirect on θ and EF for
TM polarized light is shown in Fig.2(c). rdirect can be
obtained by simulating the reflection by the graphene
metasurface sitting on a semi-infinite SiNx layer without
a back reflector. Since the top graphene metasurface does
not support any distinctive resonance around the tar-
get frequency of ω = 1498 cm−1, the direct reflectance,
Rdirect = |rdirect|2, exhibit a generic weak dependence on
θ within the range of 0◦ to 50◦. As the carrier density
of graphene increases, the metasurface becomes less ca-
pacitive, leading to better impedance matching as elabo-
rated in (Supplementary Notes 1 and 3). Consequently,
Rdirect monotonically decreases with increasing EF . The
phase of the direct reflection, ϕdirect = arg{rdirect}, re-
mains nearly constant round 0.9π within θ ∈ (0◦, 50◦)
and EF ∈ (0.2, 0, 65)eV.

Unlike rdirect, rFP shows a strong dependence on both
θ and EF due to its resonant nature. The F-P resonance
occurs when the out-of-plane wavevector inside the di-

electric, kout = nk0
√
1− sin2 θ, satisfies the constructive

interference condition:

2kouth+ ϕtop + ϕbottom = 2πm, (2)

where kouth is the phase accumulation associated with
vertical wave propagation across the dielectric layer, ϕtop

and ϕbottom are the reflection phase from the top and bot-
tom surfaces, respectively, andm is an integer. ϕbottom ∼
π does not dependent on EF since the bottom surface is
a mere gold back reflector, which behaves like a perfect
electric conductor at mid-infrared frequencies. ϕtop, in
principle, could depend on EF for metasurfaces with an
admittance comparable to the surrounding medium, but
in our device the admittance is large and, thus, the de-
pendence of ϕtop is weak for EF ∈ (0.2, 0.65) eV. (see
Supplementary Note 1 for a detailed analysis). As a re-
sult, at a fixed frequency, the resonance angle θFP slightly
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FIG. 1. The schematic of the fabricated thermal steering device. The zoomed view shows the geometry of a graphene-Au
slit metasurface unit cell. (b) Schematic view of electrically tunable directional thermal emission by the graphene metasurface
on the delocalized F-P photonic resonator. The emission angle of the structure is controlled by the Fermi level and incident
angle-dependent resonant absorption condition. The inset shows decomposed total reflection into two reflection channels:
direct reflection rdirect and F-P reflection rFP. (c) scanning electron microscopy image of graphene metasurface on top of SiNx

membrane. The width (w) and gap (g) of Au slit array are 1 µm and 40 nm, respectively.

decreases from 34◦ to 28◦ when EF increases from 0.2 eV
to 0.65 eV as indicated as a blue dashed curve in Fig.2(a);
And, at a fixed θ, the resonance frequency ωFP slightly
blueshifts with increasing EF . The F-P resonance be-
comes weaker with increasing EF as the top graphene
metasurface becomes less reflective and more absorptive,
raising both the radiative and dissipative decay rate of
the resonant mode. However, while ϕtop shows only a
small dependence on EF , the overall phase shift due
to the F-P resonance (ϕFP) includes phase accumulated
while passing into and out of the F-P cavity, through
the complex transmission coefficients tin and tout, which
show considerably more dependence on EF . (see Supple-
mentary Note 3)

Since the amplitude of rFP is similar to that of
rdirect near the broad F-P resonance, what mainly de-
termines the overall absorption is their phase difference,
ϕFP − ϕdirect. We note that the Fano interference be-
tween a non-resonant and) a resonant scattering chan-
nel has been widely adopted to create a sharp resonant
response[42, 43]. The dependence of ϕFP − ϕdirect on
EF and θ, which is dominated by ϕFP due to the near
constant ϕdirect ≈ 0.9π, are plotted in Fig. 2(b). ϕFP

monotonically decreases with θ because the propaga-
tion phase across the dielectric layer, kouth, decreases
as kout shortens. ϕFP also decreases with EF as the
capacitive phase shift of the top graphene metasurface
reduces. As a result, the condition for the Fano res-
onance, ϕFP − ϕdirect = π, shifts from θres = 31◦ to
0◦ as EF alters from 0.2 eV to 0.6 eV. This change in

the phase matching condition drives an overall change in
the angular-dependent absorptivity/emissivity, shown in
Fig.2(d), and thus allows the device to thermally emit at
an angle that can be tuned by varying EF .

In order to experimentally verify the possibility of ac-
tive thermal emission steering, we fabricated the pro-
posed device using e-beam lithography over a 4× 4 mm2

area (see Methods), heated it to 250 ◦C, and measured its
angle-dependent thermal emission spectra while varying
the EF by applying different gate voltages VG. A polar-
izer was used to accept only TM polarized emission, and
the acceptance angle of the emitted light was 3◦. The
emissivity of the structure is calculated by normalizing
the emitted radiation of the device to the emitted radia-
tion of a reference carbon nanotube blackbody[44].

The measured surface normal emissivity spectra for
θ = 0◦ at VG = 560, 0 and −560 V, shown in Fig.3(a), ex-
hibit a well-defined resonance peak at around 1.500 cm−1

that blueshifts as the Fermi level of graphene increases,
indicating that the thermal emission peaks are electro-
statically tunable with minor variation in the intensity.
The measured emissivity spectra also shows a strong an-
gular dependence as shown in Fig.3(b). At a constant
doping level (VG = −560 V), the emission peak shifts
from 1508 cm−1 to 1543 cm−1 as θ changes from 0◦ to
30◦. There are also higher order features present around
2400 cm−1 (see Supplementary Note 4) that show similar
but more limited shifting. Finally, Fig.3(c) demonstrates
the dynamic thermal emission steering by showing how
the emission angle is modulated by altering the doping
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FIG. 2. Two distinct angular reflection spectra (a) |rFP|2 and (c) |rdirect|2. The blue dotted line indicates the F-P resonance
condition. (b) The phase difference between two reflection coefficients (rFP−rdirect). (d) Calculated emissivity angular spectra.
The black dotted line indicates the resonant absorption condition. The angular spectra are calculated for frequency ω = 1498
cm−1.

level of graphene at a fixed target frequency ω = 1508
cm−1. At VG = −560 V, we observe that the emission
peak is most intense at normal incidence and decreases
in intensity as the angle is increased. As the applied gate
voltage increases to 560V, the lobe shifts from normal
incidence to increasing angles, up to 16◦, allowing for
continuous tuning in that range.

These experimental results can be compared to simu-
lated emissivity spectra shown in Figures 3(d-f). In these
simulations, the value of EF at VG = −560 V was chosen
as a fitting parameter and found to be −0.62 eV, indi-
cating that the sample is heavily hole-doped, which is
consistent with previous studies of graphene grown and
transferred using similar procedures[45]. Using this ini-
tial value of EF , the Fermi energies at other gate voltages
were derived with a simple capacitance model. The over-
all qualitative behavior of the simulations is consistent
with our experimental finding, but the emission lobes are
broader and the change of emission angle of the emitter
is smaller in our experiment than was theoretically pre-
dicted. The likely sources of this inconsistency are the
metastructure geometric and material parameter varia-
tions across the full 4 x 4 mm2 device (see Subsections
A and B in Supplementary Note 5), and carrier density
variation during the heating process due to the tempera-
ture dependence of the SiNx, Al2O3, and HfO2 dielectric
properties[46–51]. The estimated carrier density is also
affected by substrate and interface charge traps, which
can act to decrease the overall doping range (see Meth-
ods). We also note that the modulation depth at θ ≈ 0◦

is predicted to be larger than what is observed exper-
imentally, and we attribute this mostly to decreases in
the magnitude of the graphene carrier density due to the
filling of charge traps, as well as small potential misalign-
ment of the heating stage. (see Methods) The intensity
of emission at large angles can also be reduced due to
ellipsoidal elongation of the measurement area which, for
small device areas, can extend the active zone to include
some low emissivity, unpatterned gold areas.

To further explore the potential of the proposed ther-
mal steerer device, we investigate the maximum real-
izable emission angle under the limitation of realistic
geometric and material parameters. The Fermi level
of graphene is assumed to be electrostatically tunable
between 0 eV and 0.6 eV, considering typical dielectric
strength of SiNx and numerical optimizations of the geo-
metric parameters of the device were performed to maxi-
mize the angle tunability. To prevent performance degra-
dation due to non-local effects (see Supplementary Note
5 for more discussion), we set the minimum gap width to
30 nm and carried out simulations in the frame of classi-
cal electrodynamics. Figure 4(a) shows the structure of
the optimized device. The gap and width of Au slit array
are 30 nm and 740 nm, respectively. The HfO2 is thinned
to 1 nm which is achievable smallest value that could
avoid quantum tunneling effect. The bilayer Au/SiOx

area eliminated to enhance interaction between graphene
and Au slit array. The optimization results show that it
is possible to achieve ∼ 60◦ thermal emission angle steer-
ing with unity peak emissivity (Fig.4(b)). The achievable
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FIG. 3. Comparison between simulated and measured emission spectrum for various conditions. (a,d) Frequency emission
spectra as a function of applied gate voltages for normal incidence (b, e) and incident angles at a constant applied voltage
−560V. (c,f) The angular emission spectra at the measured (calculated) frequency of 1508 (1498) cm−1. Experimental
measurements were obtained for 0◦ < θ < 30◦ and are mirrored for visual clarity.

FIG. 4. (a) Schematic of structure to obtain potentially
achievable maximum emission angle steering performance.
The bilayer Au/SiOx is eliminated and geometry parameters
are modified. The angular emission spectra of the optimized
device for Fermi level of 0 and 0.6 eV at ω = 1614cm−1.

performance is greater than most metasurface-based elec-
trically tunable beam steering devices[52] and is compa-
rable to state-of-the-art MEMS-based beam steering de-
vice where field of view[53]. The improvements in the
optimized structure in comparison to the experimentally

measured sample are due to three main effects. First,
the optimized structure utilized a smaller, 30 nm spacing
between the gold strips. This acts to increase the elec-
tric field concentration within the graphene and minimize
stray fields connecting the gold strips, allowing more in-
teraction with the graphene and a stronger effect of the
graphene on the metasurface properties. Second, a thin-
ner HfO2 layer is used in the optimized structure, which
brings the graphene closer to the gold and also increases
the electric field intensity within the graphene sheet (see
Supplementary Notes 2 and 5). And, third, in the op-
timized structure we assume a greater range of EF tun-
ability, which is consistent with the potential properties
of the dielectrics, but could not be achieved in our exper-
iments due to our methods of contacting the sample (i.e.
wirebonding) which weakened the dielectric strength and
restricted the range of VG.

CONCLUSION

In conclusion, we have demonstrated a thermal emit-
ter that can continuously change the angle of emission in
the mid-IR for a designated frequency. We show that by
including a graphene-metal metasurface as a boundary, a
delocalized F-P optical mode can be tuned to exhibit res-
onances with angular and frequency dependencies that
depend on the carrier density of graphene, which can
be tuned electrostatically. The net result is a surface
that has an emissivity that is strongly angular depen-
dent and tunable. 16◦ of thermal emission steering at
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A Fabrication of Device

6.61 µm was demonstrated experimentally, and we out-
line design strategies that could increase the tunability
to almost 60◦. This work lays the foundation for next
generation beamsteering devices that do not require an
external lightsource, and could be broadly applicable for
remote sensing and thermal camouflage applications.

METHODS

A. Fabrication of Device

2 µm thick, 5mm x 5mm SiNx membranes on a 200 µm
thick Si frame were purchased from Norcada. Metal
deposition of the back-reflector consisted of a 2.5 nm
chromium adhesion layer and 100 nm of gold. Atomic
Layer Deposition (a Fiji G2 ALD) was used to grow a
30 nm film of Al2O3 on the top of the SiNx membrane.
Once the Al2O3 was grown, a prepared graphene sheet
was transferred on top of the Al2O3 film. Graphene was
purchased from Grolltex and was grown on a Cu foil.
To remove the foil, first a protective layer of PMMA
(950k, A4, MicroChem Corp.) was added on top of
the graphene. The Cu foil was etched away with FeCl3
(CE-100, Transene) then the graphene/PMMA stack was
rinsed in a series of deionized water baths until transfer to
the prepared membranes. Once transferred, the PMMA
was removed by soaking in 60 ◦C acetone for 1 h. After
the graphene transfer, a 5 nm film of HfO2 was grown via
atomic layer deposition. To prepare the SiNx membranes
for the next steps, the Si frame of the sample was glued
to a carrier Si chip with PMMA (950k, A8, MicroChem
Corp.). The prepared substrate was then coated with a
negative tone hydrogen silesquioxane resist (HSiQ, 6%,
DisChem Inc.) at 100 nm. The sample was then exposed
and patterned using the Elionix ELS G-100, an electron
beam lithography tool. After exposure, the samples were
developed in MF-321 for 90 s, with a 30 s rinse in DI
water and then a 30 s rinse in IPA. The development
process converts the exposed HSiQ to SiOx. For metal
deposition of the top, a metal mask was placed above
the substrate to create electrically disconnected regions.
The deposition consisted of a 2.5 nm chromium adhesion
layer and 30 nm of gold. Following these processing steps,
the graphene was found to be heavily hole-doped, simi-
lar to what has been observed in previous works[37, 45],
Gate-dependent resistivity measurements showed an in-
crease in resistance for positive gate bias, but no maxi-
mum resistance was observed that would indicate charge
neutrality. These measurements also exhibited hystere-
sis, consistent with what has been observed elsewhere,
and indicative of surface, interface, and substrate charge
traps that can be populated with charge as VG is changed.
At high biases, these traps can screen the applied gating
field without doping the graphene, leading to deviations
from the simple capacitance model that we use to esti-
mate the graphene carrier density for a given VG[54–56].

B. Thermal Emission Measurements

The emission measurements were performed using a
Bruker Vertex 70 FTIR, where thermal emission from a
heated sample was used as the lightsource of the inter-
ferometer. The device was mounted on a rotation stage,
and thermal emission from the device is collected by the
aperture in the FTIR[44]. A carbon-nanontube source
was used as our blackbody reference measurement. The
finite size of the aperture creates a 3◦ acceptance angle,
and there is also some uncertainty in the overall angle due
to mechanical play in the stage holder and sample tilting
within the sample holder. We estimate this uncertainly
to be ≤ 3◦ based on measurements with an alignment
laser reflected off of an unpatterned area of the sample
surface.

C. Optical Simulations

The frequency-dependent dielectric functions of Al2O3,
Cr, Au and SiOx were taken from the Palik data[57]. The
dielectric functions of HfO2 and SiNx were obtained from
infrared ellipsometry[31]. Heat-induced dielectric func-
tion change of SiNx is corrected through the higher-order
F-P resonance peak which is insensitive to Fermi level
modulation (see Supplementary Note 4). The graphene
was modeled as a layer with zero thickness, and its optical
conductivity was calculated by Kubo formula [58]. The
carrier mobility of graphene is assumed to be 300 cm2/Vs
which is comparable to a previously reported value [31].
The reflection/transmission coefficients and absorption
spectrum of the proposed structure were calculated by
full-wave simulation with the finite element method.
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Supplementary Note 1. Derivation of surface admittance of a metasurface

Figure S1: Detailed configuration of metasurface and reflection/transmission coefficients.

The metasurface can be modeled as a thin conductive layer with effective surface admittance Ys

because the thickness of the metasurface is much thinner than the wavelength of the incident light[1, 2].

For normally incident light, Ys can be solved for from the boundary condition Hz(0
+) − Hz(0

−) =

YsEx(0). For the metasurface on top of the semi-infinite dielectric layer (Fig. S1(b)), the normalized

surface admittance Ỹs is expressed in terms of transmission and reflection coefficients (t and r) of a

metasurface as:

Ỹs,t =
Ys,t

Y0
=

Yi

Y0
(
2

t
− 1− Yt

Yi
) (S1)

Ỹs,r =
Ys,r

Y0
=

Yi

Y0
(
1− r

1 + r
−−Yt

Yi
) (S2)

Here, Y0, Yi and Yt are the admittance of free space, input, and output media. For the top (bottom)

excitation, Yi and Yt are air (SiNx) and SiNx (air), respectively. Figure S2(b) shows that the values of

calculated admittance Ỹs,t and Ỹs,r are different. The surface admittance for both directions would be

identical if the metasurface had zero thickness due to the same tangential electric fields at the top and

bottom surfaces. However, the finite thickness of metasurface invalidates that condition and leads to two

different surface admittance. In Note 1, we use normalized surface admittance derived from transmission

coefficients.

We note that the dynamic behavior of the metasurface due to the Fermi level of graphene could be

understood from the analysis of the surface admittance components. The real part (normalized surface

conductance G̃s) and imaginary part (normalized surface susceptance B̃s) of the normalized surface

admittance (Ỹs = G̃s−iB̃s) provide information on absorption and scattering of the metasurface[3]. The

normalized surface conductance G̃s indicates the strength of the scattering process with the absorption

of the metasurface. Because metal has much higher conductivity than graphene, the conductance of the

metasurface is approximated to the conductance of graphene. Figure S2(c) shows higher conductance of
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Figure S2: Conductance G̃ (left axis) and susceptance B̃ (right axis) of metasurface for different (a)

excitation directions and (b) derivation variables (r and t) for EF = 0.5 eV. The (c) conductance G̃ and

(d) susceptance B̃ for different Fermi levels of graphene.

the metasurface is obtained with an increase (decrease) of the Fermi level (frequency). In contrast, the

normalized surface susceptance B̃s indicates the strength of the scattering process without absorption

of the metasurface. The susceptance of the metasurface is determined by a capacitance (C) and an

inductance (L) derived from geometry and material parameters, where the surface susceptance Bs of

metasurface is proportional to (−iωL + (−iωC)−1)−1 with the convention of e−iωt. Since the period

of the metal slit array is much shorter than a free space wavelength, the surface susceptance of the

metasurface shows a capacitive response. We note that the kinetic inductance of graphene is inversely

proportional to the optical conductivity of graphene[4]. Thus higher Fermi level of graphene results in

lowering surface susceptance of metasurface.
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Figure S3: Conductance G̃ (left axis) and susceptance B̃ (right axis) of metasurface for different excita-

tion directions derived from (a) transmission and (b) reflection coefficient.

Next, we calculate angle-dependent normalized surface admittance of the surface current which

could be expressed in terms of angle-dependent transmission and reflection coefficients as:

Ys,t

Yi
= secθt(

2

t
− cosθt

cosθi
− Yt

Yi
) (S3)

Ys,r

Yi
= secθt(

cosθt

cosθi

1− r

1 + r
−−Yt

Yi
) (S4)

where the angles θi and θt represent the angles of incidence and transmission, respectively. Figure S3

shows that the surface admittance remains constant regardless of the incident angle which is consistent

with the ideal surface current model. This implies that the surface admittance derived from normal

incident light could be exploited to derive angle-dependent reflection and transmission coefficients of

the metasurface.
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Supplementary Note 2. Analysis of plasmonic structure in metasurface

Figure S4: Schematic of two different types of metasurfaces, MS1 and MS2, which differ based on the

presence of a plasmonic metal slit array.

To investigate the impact of a plasmonic structure in the proposed graphene-metal hybrid meta-

surface, which serves as an electrically tunable mirror layer, we calculate the reflection coefficient

for different geometric parameters of the plasmonic structure. The influence of the plasmonic struc-

ture is studied by comparing two different metasurface configurations MS1 and MS2 as shown in

Fig. S4. Figure S5(a) and (b) illustrate the calculated amplitude (|rtop, 0.3 eV|) and phase difference

(∆ϕtop = ϕtop,0.3 eV − ϕtop,CNP) of reflection coefficients as a function of gap width g with Fermi levels

CNP (charge neutral point) and 0.3 eV. By comparing Fig. S5(a) and (c), we observe that the ampli-

tude of the reflection coefficient is mainly influenced by the slit width w, which represents the surface

coverage of the highly reflective metal film. On the other hand, the phase modulation for the Fermi

level is determined by the electric field intensity at the surface of graphene, which is determined by the

compressed transmitted electromagnetic wave as the form of plasmonic wave. As a result, the phase

difference is significantly affected by both geometric parameters. We emphasize that the shape of the

resonance peak in the Fabry-Perot (F-P) resonator and the resonance frequency shift for the Fermi level

modulation are determined by the reflection coefficient of the metasurface. Therefore, proper metasur-

face design is crucial for achieving a sufficiently high and sharp emissivity peak with a considerable

resonance frequency shift for Fermi level modulation.
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Figure S5: The amplitude |rtop,0.3 eV| and phase difference ∆ϕtop = ϕ0.3 eV − ϕCNP for slit (a, b) and

gap (c, d) widths g and w, respectively. The black dashed line shows the reflection coefficient of bare

graphene structure MS2. The amplitude (e) and phase difference (f) of metasurface MS1 for constant

ratio (g/w) = 25.
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Supplementary Note 3. Fabry-Perot model analysis

Figure S6: Schematic of F-P model for a structure consisting of graphene-plasmonic metasurface/thick

oxide slab/metal reflector.

In order to deeply understand the operation mechanism of the proposed structure, we develop the

semi-analytical solution of the reflection coefficient for the proposed structure based on F-P interference

(Fig. S6). To simplify the reflection coefficient equation of the structure, the dielectric film stack is

merged into a single film, where reflection at the bottom interfaces of Al2O3 and HfO2 films are ig-

nored. The graphene layer thickness is excluded from the thickness of the dielectric stack because it

was modeled as a zero-thickness conductivity sheet layer. Note that the subwavelength period and the

non-resonant response of the metasurface suppress higher-order diffraction and deflection for incident

light. We directly calculate the reflection (r) and transmission coefficients (t) from the definition in

electromagnetic wave theory. The F-P reflection coefficient of the proposed structure is

rFP =
tintoutrbottome

2ikouth

1− rtoprbottome2ikouth
(S5)

where kout and h are the out-of-plane wavevector and the thickness of the dielectric layer. The wavevec-

tor kout is a function of refractive index and incident angle, and thus total phase accumulation is sum of

kouth at each film.

We note that a rich free electron density of noble metal makes it difficult to obtain a noticeable

electro-optic effect in the bottom and top metal layers. Therefore, the modulation of the resonant fre-

quency of the proposed structure is determined by the Fermi-level dependent surface admittance of the

metasurface. Figure S7 shows the reflection and transmission coefficients for normally incident TM

polarized plane wave as a function of Fermi levels. In the extreme case (EF → CNP), the amplitude

and phase of rtop has high value of 0.82 and 0.83π which is close to planar metal film because metal slit

array covers > 95% of surface area. In contrast, the increase (decrease) of conductance (susceptance)
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Figure S7: The amplitude (left axis) and phase (right axis) of transmission (a,b) and reflection (c,d)

coefficients for different Fermi levels.

of the metasurface reduces the amplitude and phase of reflection coefficients for higher EF or lower ω.

Similarly, the transmission coefficients tin,out also transit from a metal mirror-like response to a lossy

dielectric response for EF and ω.

In the F-P model, the total absorption A can be calculated as 1 − |rtot|2 = 1 − |rdirect + rFP|2. Note

that the amplitude and phase variation (rdirect/ϕdirect) of the direct reflection is significantly smaller than

the amplitude and phase (rFP/ϕFP) of the Fabry-Perot reflection as shown in Fig. S8(a) and (b). Thus,

the dynamic behavior of total absorption is primarily determined by rFP/ϕFP. The dynamic behavior of

these coefficients can be understood by analyzing the dependence of F-P reflection spectra rFP on the

Fermi level and the incident angle. The resonance frequency of rFP is determined by the phase condition

2kouth + ϕtop + ϕbottom = 2πm, where ϕtop and ϕbottom are the phase of reflection coefficient rtop

and rbottom respectively, and m is an integer. Given the nearly constant reflection phase of the bottom

electrode, the reflection phase change of metasurface ∆ϕtop is compensated by the change of out-of-

plane wavevector kout, which contributes to propagation phase ϕp = 2∆kouth. As ϕtop is inversely

proportional to the Fermi level, the kout at resonance frequency should be increased for higher Fermi

level, leading to a blue shift in F-P resonance. Figure S8(d) shows that the resonance frequency ωr
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Figure S8: The (a) amplitude and (b) phase of reflection coefficient rFP and rdirect for different Fermi

levels of graphene (c) The amplitude of rFP (left axis) and total absorption derived from F-P model (right

axis). (d) The resonance frequencies ωr and ωFP as a function of graphene Fermi levels. (e) The F-P

model total absorption (left axis) and phase difference (right axis) for different Fermi levels of graphene.

(f) The total absorption from FEM-based full wave simulation and F-P model.
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Figure S9: The amplitude (left axis) and phase (right axis) of transmission (a,b) and reflection (c,d)

coefficients for different incident angles.

derived from the phase condition for maximum absorption (ϕdirect − ϕFP = π) is larger than the F-P

resonance frequency ωFP, and that the change of ωr is faster than ωFP for Fermi level modulation. At the

F-P resonance condition, the phase of rFP is equal to the sum of phases of transmission coefficients tin

and tout where the π phase difference condition is not satisfied. Since ϕdirect − ϕFP > π and ∂(ϕdirect −
ϕFP)/∂ω < 0, the resonance frequency of maximum absorption ωr becomes greater than F-P resonance

frequency ωr. In addition, phase modulation of rdirect, tin, and tout for Fermi level provides additional

phase difference between ϕdirect and ϕFP, thus the resonance frequency shift of ∆ωr is larger than ∆ωFP.

On the other hand, the parameters and variables in the F-P reflection formula also depend on the

incident angle θ of the excitation light. Figure S9 shows the incident angle-dependent reflection and

transmission coefficients. In the discussion of angle-dependent calculation, the incident angle is defined

as the angle in the air. The amplitude and phase of coefficients show slower variation for incident angles

than the Fermi level of graphene. Larger amplitude change of tout than tin originates from the input

admittance difference (Eq. S1 and 2). We emphasize that the shift of F-P resonance frequency comes

from phase accumulation change of propagating wave (2∆kouth) because the change of reflection and

transmission coefficients for incident angles are smaller than the change of out-of-plane wavevector.

The out-of-plane wavevector is given as koxcosθox = kout where kox and θox are the wavevector and the
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Figure S10: (a) The amplitude of rFP (left axis) and total absorption derived from F-P model (right axis)

for different incident angles. (b) The resonance frequencies ωr and ωFP as a function of incident angles.

(c) The F-P model total absorption (left axis) and phase difference (right axis) for different Fermi levels

of graphene. (d) The total absorption from FEM-based full wave simulation and F-P model.

propagation angle in the oxide layer. Since the propagation angle has the relation with incident angle θ

as noxsinθox = sinθ, a larger incident angle reduces propagation phase accumulation. To compensate for

the phase decrease by cosθox, kox should be increased, which is equivalent to a blue shift of resonance

frequency. Unlike the resonance frequency change for Fermi level modulation, the resonance frequency

change of ∆ωr and ∆ωFP for incident angle are similar due to the difference in the phase modulation

method as shown in Fig. S10(a).

We note that the maximum absorption phase condition, ϕdirect − ϕFP = π, is worked when the am-

plitude of resonant mode is comparable with non-resonant direct reflection at the resonance frequency.

The strength of F-P resonance is inversely proportional to the Fermi level due to increased free carrier

absorption in the graphene (Fig. S11(a)). Therefore, this assumption cannot be satisfied at a high Fermi

level, and the difference between resonance frequencies, ωr, derived from the phase condition and the

model-based calculation becomes larger as the increase of Fermi level (Fig. S11(b)). On the other

hand, the maximum absorption phase condition is worked regardless of the incident angle due to the

conservation of F-P resonance strength (Fig. S11(c)).
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Figure S11: The amplitude of rFP and rdirect for different (a) Fermi levels of graphene and (c) incident

angles. The resonance frequencies ωr and ωFP as a function of (b) Fermi levels and (d) incident angles.

Calculation of emission angle at measured frequency is required to obtain desired functionality of the

proposed device. However, this process requires the calculation of angular spectra for broad frequency

spectrum and various Fermi levels. Instead of finite element method(FEM)-based full-wave angular

spectrum calculation, we try to obtain angular spectrum from reflection and transmission coefficients

derived from the surface admittance model. The Fresnel coefficients of the graphene metasurface are

described by the following equations:

r =
Ỹicosθt − Ỹtcosθi − Ỹs,rcosθicosθt

Ỹtcosθi + Ỹicosθt + Ỹs,rcosθicosθt
(S6)

t =
2Ỹicosθi

Ỹtcosθi + Ỹicosθt + Ỹs,tcosθicosθt
(S7)

The calculated total absorption derived from these coefficients agrees well with the absorption calculated

using FEM, as depicted in Fig. S12(a).

As a further step, we developed a graphical method that enables the rapid identification of required

Fermi levels to achieve the desired emission angle at a given operating frequency. Figure S12(b) illus-

trates the calculated resonance frequencies ωr of the device as a function of the incident angle of light.
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Figure S12: (a) The total absorption from FEM-based full wave simulation and surface admittance-based

F-P model. (b) The resonance frequency ωr as a function of incident angles for various Fermi levels of

graphene. The black line indicates the resonance frequency for EF = 0.6 eV.

In this plot, we include a straight line with the measurement frequency as the y-intercept. The inter-

section point of the resonance frequency curve and the straight line indicates the emission angle at the

measurement frequency. This approach allows for the rapid estimation of the emission angle, which is

essential for thermal emission steerer design.
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Supplementary Note 4. Higher order Fabry-Perot resonance peak

Figure S13: The measured emission spectrum in high frequency regime as a function of (a) applied

voltages and (b) incident angles.
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Supplementary Note 5. Analysis of degradation factors

A. Elemental absorption analysis

Figure S14: (a) The absorbed power by different material elements with EF = 0.5 eV. (b) The total,

graphene and SiNx absorption for EF = 0.2 eV and EF = 0.6 eV.

To deeply understand the resonance behavior in the F-P resonator with a non-resonant metasurface,

we performed FEM simulation to calculate elemental absorptions. The absorption of elements was cal-

culated from 1
P0

∫
S

1
2Re(J ·E∗)dS for graphene sheet and 1

P0

∫
S

ω
2 Im(ϵc)|E|2dS for finite thickness films

where P0, J, E, and ϵc are incident wave power, current density, electric field, and complex permittivity

of materials. Figure S14(a) shows the elemental absorption of Graphene, SiN, and other components.

It is important to emphasize that the dominant absorption occurs in the graphene sheet and SiNx mem-

brane. Consequently, the total absorption peak is formed by the summation of these two absorption

components. As a result, the resonance peak of the total absorption exhibits a broader frequency range

and a larger shift than a single F-P resonance peak, as illustrated in Fig. S14(b).
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B. Geometry and material parameters

We analyze the impact of material and geometry on the device caused by imperfect fabrication. Figure

S15(a) shows the total absorption of the device for various geometric parameters. The deviation in

structural parameters was determined by considering the fabrication tolerance specific to each fabrication

process. Among the geometrical parameters, the gap width, slit width, and HfO2 thickness exhibit

noticeable resonance peak frequency shifts and broadening. This is because electromagnetic energy

density at the surface of graphene is influenced by two geometric factors: exposed graphene area (gap

width/slit width) and metal-graphene distance (HfO2 thickness). Even a 2 nm thickness variation in

HfO2 thickness considerably alters the modulation performance of resonance frequency. The broadening

of the resonance peak is directly proportional to the Fermi level due to enhanced free carrier absorption.

In contrast, variation in the thickness of other elements (Al2O3, SiOx, and Slit) have negligible effects

on the optical properties of the device.

To investigate the impact of deviations in material optical properties, we performed calculations

of the total absorption for different carrier mobilities (graphene) and permittivities (Al2O3, SiOx, and

HfO2). Figure S16(a) shows that at moderate carrier mobilities (> 300 cm2/V·s), the resonance peak

of the total absorption exhibited tolerance to deviations. However, excessively low carrier mobilities

broaden the resonance peak and decrease the resonance frequency shift for Fermi level modulation.

Considering the potential damage induced by fabrication processes such as oxide deposition and e-beam

exposure, the lower modulation performance observed in the fabricated devices of this project could be

attributed to this effect. On the other hand, for calculating the total absorption spectra of the device for

different frequency-dependent permittivity Kϵr, where K is the scaling factor, it was observed that there

is a small resonance frequency shift with a slight change in broadness for high permittivity deviations.

Therefore, in the proposed scheme, the deviation in material properties of oxide layers has minimal

effect on the calculation of the total absorption.
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Figure S15: The total absorption for different geometric parameters (a) gap width, (b) slit width, (c) slit

thickness, (d) SiOx thickness, (e) HfO2 thickness, and (f) Al2O3 thickness with EF = 0.3 eV and 0.6 eV,

respectively.
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Figure S16: The total absorption for different material parameters (a) carrier mobility of graphene, the

real part of permittivity of (b) Al2O3, (c) SiOx, and (d) HfO2 with EF = 0.3 eV and 0.6 eV for different

scaling factor K, respectively.
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C. Nonclassical effects in metal-graphene interaction

Figure S17: The total absorption for different models with EF = −0.48 eV (red) and −0.62 eV (blue).

The normalized magnitude of electric field distribution at resonance frequency with EF = −0.62 eV.

The white dot line is zero thickness graphene layer. The total absorption of local and nonlocal models

for different gap sizes with (c) 5 nm and (d) 1 nm of HfO2 thickness.

For the proposed structure, the length scale of metallic structures (graphene and slit array) is close

to the electron wavelength in materials. Therefore, nonclassical effects that are not considered in clas-

sical electromagnetic simulations, such as the nonlocal effect, quantum tunneling effect, and quantum

confinement effect, need to be taken into account. Additionally, the 30 nm thickness of metal slit is

thick enough to avoid optical property change by the quantum confinement effect[5]. In the case of the

quantum tunneling effect between graphene-metal structures, it becomes observable for gap distance

less than 1 nm [6]. Thus, 5 nm passivation HfO2 layer between the metal slit array and graphene does

not enter the quantum tunneling regime. Therefore, the nonclassical effect of concern is the nonloal

effect, which has been observed in metallic structures on the scale of a few tens of nanometers. This

effect arises from the nonideal spatial concentration of electrons due to quantum pressure in electron

wave functions.

To investigate the nonlocal effect, we employ a hydrodynamic model for Au slit array and graphene
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sheet. The currents density J inside metal and graphene sheet induced by electric field E with frequency

ω can be described by the following equation in the nonlocal frame[7, 8]:

β2∇(∇ · J) + (ω2 + iγω)J) = iωω2
pϵ0E (S8)

where ϵ0, γ and ωp are the vacuum permittivity, damping coefficient and plasma frequency, respectively.

The nonlocal parameter, β, depends on the Fermi level and dimensionality. We solve the equation

using PDE and wave optics modules in COMSOL commericial FEM software. Figure S17(a) compares

the total absorption of the device for different simulation configurations: full local, graphene nonlocal,

metal nonlocal and full nonlocal. The results indicate that the fabricated device is rarely affected by

the nonlocal effect. This can be attributed to two factors: (1) non-resonant scattering of the metal slit

array (2) the increased effective gap width due to electric field spreading. However, when the thickness

of HfO2 is decreased to 1 nm, the nonlocal effect starts to affect the resonance peak due to increased

electric field confinement in the gap region.
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Supplementary Note 6. Potential angle steering capability

Figure S18: (a) The schematic of geometry modification for optimization. (b) The total absorption of

optimized structure ideal structure for different gap sizes and models with EF = 0.6 eV. (c) The total

absorption of optimized for various Fermi levels of graphene. The angular absorption spectrum for (d)

CNP/0.6 eV at 1614 cm−1 1614 cm−1and (e) CNP/0.3 eV at 1536 cm−1.

In this study, We primarily focus on demonstrating dynamic control of directional emission angles,

and the change of emission angles of the fabricated device was limited to 16◦. However, the proposed

design scheme has the potential for a much larger emission angle change through the optimization of

structural parameters and slight modifications to the configuration, as shown in Figure S18(a). The re-

sults of the structural parameter effect analysis indicate that the strength of interaction between graphene

and the metal slit array strongly influences the emission angle θ. To maximize electromagnetic field
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intensity at the surface of graphene, we propose ideal structure where HfO2 layer, located on top of

graphene, is reduced to 1 nm. This configuration ensures the smallest distance between graphene and

the metal slit array without the quantum tunneling effect. The gap and slit widths are optimized for the

largest emission angle change.

Considering the significant degradation of performance due to the nonlocal effect for gaps less than

30 nm, the minimum gap width is limited to 30 nm. For Fermi level modulation at the charge neutrality

point (CNP) and 0.6 eV, we obtain a emission angle change of approximately 60◦ for gap and slit widths

of 30 nm and 740 nm, respectively. Here, we focus on maximizing angle change. However, if the goal is

to achieve emission steering with narrow beam, we can obtain a narrower beam by setting a high Fermi

level at 0.3 eV, as shown in Fig. S18(e). In this case, the maximum emission angle change is 40◦ due to

reduced Fermi level modulation. Additionally, by employing other materials with smaller material loss

than graphene, we anticipate the possibility of even narrower beam steering.
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