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Supplementary Note 1. Absolute efficiency, relative efficiency and SMSR

The main performance metrics used in this study are the absolute efficiency, relative efficiency, and side
mode suppression ratio (SMSR). The main variables of the metrics are the measurement angle 6 and the applied
gate bias V. The measurement angle 6 is defined as an angle between the normal vector of the metasurface and
the vector from the center of the metasurface to the center of the powermeter. The absolute efficiency #as(8, Va)
is defined as shown in Eq. S1 below:

Pvs(6,Ve)
Pinc .

Where Pwms(6, Vo) is the integrated light power reflected from the metasurface within the angular range of (6 -

Nabs(6,Vg) = (S1)

A6I2, 6+ AGI2) at the gate bias Vs, and Pincis the incident power. Here, the angular field-of-view of the powermeter
Afis AG = 7.125°. By definition, the absolute efficiency can have a value between 0 and 1. The relative efficiency
nrel(8, Vo) is the performance metric which evaluates how well the beam is concentrated in a single direction. It is
defined as shown in Eq. S2 below:

Nabs (0, Vi)
Y0 Mabs (6, V5) .

In this paper, the relative efficiency is defined as the absolute efficiency at an angle 6 to the sum of the absolute

Nre1(0,Vg) = (S2)

efficiencies measured from all measurable angles. By definition, the relative efficiency can have a value between
0 and 1. SMSR(Vg), a metric similar to the relative efficiency and already widely used, is defined as shown in Eq.
S3 below:

Nabs (Omaxsides VG)
Nabs (Omax mains Vs)
Here, Omaxmain aNd Hmaxsice are the angles at which the absolute efficiency maximizes in the main and side lobes,

SMSR(V;,) = 10 logy,

(83)

respectively. The SMSR can theoretically reach -«o dB when the side lobes are perfectly suppressed.



Supplementary Note 2. Electrical properties of the device
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Fig. S1. Electrical properties of the electro-optic beam switching metasurfaces. a Top view image of the
sample chip. The scale bar is 3 mm. Gate bias Vs dependent b leakage gate-source current density, ¢ graphene
sheet resistance, and d calculated carrier density in the graphene. Here, the gate bias at the CNP of this graphene
VCNP is10 V.

2.1 Leakage current of the dielectric substrate

To measure the gate-source, source-drain current on this metasurface, electrodes were placed around the
metasurface as shown in Fig. Sla. The gate electrode is electrically connected to the back reflector, which is the
bottom electrode. The source and drain electrodes are located on the front side of the sample chip and have a mirror
symmetric structure. These two electrodes are connected by graphene to form a channel with channel length L =
1.0 mm and channel width W = 2.5 mm. The top electrode formed by the graphene and the metasurface, the bottom
electrode (a back reflector), and the dielectric substrate between them form a metal-dielectric-graphene capacitor.
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The dielectric substrate is 200 nm of low-stress silicon nitride (SiNx) and 30 nm of aluminum oxide (Al2O3). SiNx
exhibits a significant leakage current at high gate bias Vg and is prone to breakdown, limiting the usable Fermi
level range of the device. Depositing 30 nm of Al.Os onto SiNx by atomic layer deposition mitigates this leakage
current*?. Fig. S1b shows that this dielectric substrate reliably endures gate bias swing cycles from Vg =-80 V to
Ve = 70 V without breakdown and presents negligible hysteresis, suggesting a low density of trap sites in the

dielectric substrate.

2.2 Calculation of the doped carrier density in the graphene
From the graphene channel formed between the source and drain electrodes, the carrier density doped in
the graphene can be deduced. Figure S1c shows the measured DC sheet resistance as a function of gate bias Ve.
The DC sheet resistance Ry is described by Eq. S4 below:
L/w
Tyoreh’

Here, Reontact 1S the contact resistance between the electrode and graphene, x is the carrier mobility and ny is the

(54)

Riot = Rcontact T Rchannel = Reontact

carrier density in the graphene channel region. The ny: is expressed by Eq. S5 below:

2
ClVenp — Vil
Nyor = \]n(z) + (— : (S5)

e

C is the capacitance of the metal-dielectric-graphene capacitor. no is the residual charge density present even in
the charge neutrality point (CNP)3. By combining Eq. S4, S5 and fitting the data in Fig. S1c (black dots), the values
Of Reontact, No @and x can be determined (red solid line). Figure S1d shows ny: as a function of gate bias Ve. Due to
the residual charge density no = 1.263x10' cm™, ny: exhibits a larger carrier density than zero even at the CNP
(Ve = 10 V). Because of this residual charge density, the experimental value measured at the CNP may present

discrepancy with the electromagnetic simulation which calculates Fermi level of graphene at the CNP as 0 eV.



Supplementary Note 3. Metasurface design parameter optimization
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Fig. S2. An overview of the optimization flowchart explaining the implementation of the genetic algorithm and
the definition of the applied figure of merit (FoM). Case A is indicated in red and case B is indicated in blue.

3.1 Parameter setting

The device used in this study was optimized according to the process outlined in Fig. S2. The metasurface
is designed with five subunits (1 <i < 5) per period, where each subunit consists of a width and a gap. Therefore,
the optimization parameters of the metasurface consist of 12 variables, including five widths (w;), five gaps (gi),
the gold strip height (h), and the operation frequency (fo). To ensure good adhesion of the gold strip to the dielectric
layer, Ti adhesion layer is applied, which has the thickness of 0.1h, determined by the gold strip height. The lower
and upper bounds for each optimization parameter are as follows: 400 nm < w; < 3000 nm, 100 nm < g; < 1200

nm, 20 nm < h <70 nm, 30 THz < fo < 50 THz. The optimization parameters are constrained not only by these



bounds, but also by the limitations of the optical setup, which corresponds to the minimum detectable angle Gmin =
-25°, and the requirement to suppress higher diffraction orders except for the Oth and -1st orders. For a metasurface
with period P and incident light at an angle Gi.c = 45° with wavelength 1o = coffo, where co is the speed of light in
vacuum, these constraints are expressed as in Eq. S6, S7 below:

Ao

Sinb i, < sinfi,. — ) <1, (S6)
: 229
sinB,c — - > 1. (ST

The carrier mobility of the graphene is assumed to be 500 cm?V-1s?,

3.2 Calculation of FoM

The metasurface used in this study operates based on the working principle that the absolute efficiency of
each order changes as the Fermi level of graphene transitions between two values. For the optimization, two
specific Fermi levels, Ers = 0.1 eV (corresponding to the CNP) and Er; = 0.45 eV, are used. Depending on which
diffraction order predominantly occurs at each Fermi level, there are two possible cases, A: Oth order diffraction
at Er; and -1st order diffraction at Er,, and B: -1st order diffraction at Er; and Oth order diffraction at Er,. In each
case (x = A, B), the figure of merit (FOMy) is calculated using the minimum absolute efficiency #aps minx = MiN(#abs A,
navs;8) and the minimum relative efficiency #rer,minx = MiN(7rera, 7re1,8) Of the predominant diffraction orders at the

two Fermi levels. The FoM equation is derived by transforming the error function erf(x) = \/iﬁfoxe‘fzdt, which

is in the form of step function, as shown in Eg. S8 below:

FoM, = (erf((Mapsminx — 0.1) X 8) + 1) X (erf((nre,minx — 0.8) x 4) + 1) /4. (S8)
Here, the values 0.1 and 0.8 represent the target minimum absolute efficiency and the target minimum relative
efficiency respectively, as the desired performance for beam switching. The absolute efficiencies are calculated
using RETICOLO V9, an open MATLAB RCWA (Rigorous Coupled-Wave Analysis) library*®°, with a Fourier
order of 175. Between the two calculated FoM values, the larger FoM is selected as the final FoOM = max(FoM a,
FoMg).

3.3 Genetic algorithm

The optimization process is conducted using a genetic algorithm, which treats each set of optimization
parameters as a “gene”®’. By altering the composition of the gene pool, which is a set of genes, across generations,
the genetic algorithm derives the optimal set of parameters. The gene pool consists of four main categories:
survivor genes, random genes, crossover genes, and mutation genes. These genes are generated through the

following processes.



* Survivor genes: The top 10% of genes from the previous generation, ranked by their FoM, are
selected as survivor genes.

* Random genes: Random genes are generated randomly from the parameter space, constrained
by the lower and upper bounds of each parameter. The values of each parameter follow a uniform
distribution within the parameter space.

* Crossover genes: Crossover genes are generated from three randomly selected survivor genes
from the current generation. For each parameter in a crossover gene, a random selection is made
from the corresponding parameters of the three parent genes.

» Mutation genes: Mutation genes are generated by selecting one survivor gene from the current
generation as a parent. Each parameter of the mutation gene is determined in one of three ways,
with specific probabilities assigned to each method. First, a value is sampled from a normal
distribution centered on the parent gene’s parameter, with a standard deviation of 5%, which is
also bounded by the parameter space (50% probability). Second, a value is directly inherited from
the parent gene (37.5% probability). Third, a value is randomly sampled from a uniform
distribution within the parameter space (12.5% probability).

Only genes generated by the above method that satisfy Eq. S6, S7 are included in the gene pool. Initially,
the gene pool starts with 100 random genes. As generations progress, the number of random genes (N;) gradually
decreases and approaches zero while the numbers of crossover genes (N¢) and mutation genes (Nm) increases. By
the end of optimization, mutation genes constitute the majority. The detailed changes in the numbers of each type
of gene, including the number of survivor genes (Ns), across generations are as follows:

generation = 0: (Ns, Ny, N¢, Nm) = (0, 100, 0, 0),

1 < generation < 10: (Ns, Ny, N¢, Nm) = (10, 54, 18, 18),

11 < generation < 20: (Ns, Nr, N¢, Nm) = (10, 0, 45, 45),

21 < generation < 40: (Ns, Ny, N¢, Nm) = (10, 0, 30, 60),

41 < generation: (Ns, Nr, N¢, Nm) = (10, 0, 18, 72).

After 64 generations, the genetic algorithm ends as FoM converges. The convergence of FOM over generations
with the changes in #absmin @nd #7remin Can be observed in Fig. S3a. The final optimal structure derived from the
optimization process has gold strip width w; = (1176, 914, 1491, 1436, 1735) nm, gap gi = (464, 100, 100, 185,709)
nm, gold strip height h = 64 nm, and operation frequency fo = 40.49 THz. Theoretically, this structure has FoM of
0.689, exhibiting the absolute efficiency of 0.216 and the relative efficiency of 0.927 in the -1st order diffraction
at Er; = 0.1 eV, and the absolute efficiency of 0.217 and the relative efficiency of 0.925 in the Oth order diffraction
at Er, = 0.45 eV. The Fourier order convergence of the calculated FOM, #absmin, @and #re,min fOr both the optimal

structure and the fabricated structure (as presented in Fig. 1) in RCWA simulations can be checked in Fig. S3b, c.
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Fig. S3. The convergence of simulation results with increasing generation and Fourier order. a Maximum
FoM (blue) and corresponding #abs min (red) and #re,min (Yellow) per generation in the genetic algorithm. b Fourier
order convergence analysis of FOM, #apsmin, and #re1.min fOr the optimal structure and c the fabricated structure.



Supplementary Note 4. Design parameter tolerance

4.1 Optimal structure
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Fig. S4. Results of the Monte Carlo simulation for the optimal structure. a Distribution of 7aps min Values, with
a mean of 0.216 and a standard deviation of 0.021. b Distribution of #re,min Values, with a mean of 0.908 and a
standard deviation of 0.038. ¢ Distribution of FoM values, with a mean of 0.650 and a standard deviation of 0.052.
d Distribution of optimal operation frequencies, with a mean of 40.5 THz and a standard deviation of 0.103 THz.

To evaluate the impact of structural errors from the fabrication process on beam switching performance,
the structural tolerance of the optimal structure is assessed using a Monte Carlo simulation®. Considering the
characteristics of the electron beam lithography (EBL) process, where structural errors primarily occur, fabrication
errors (4i) are applied to each subunit by changing the values of w; and gi to wi+4i and gi-4; respectively, while
maintaining the total length of each subunit (w; + gi) and gold strip height. Here, 4; follows a normal distribution
with a mean of 0 nm and a standard deviation of 15 nm. The #absmin, 7retmin, and FOM of the errored structures are



investigated at their optimal operation frequencies, by sweeping the operation frequency within the range of 40.49
THz+1 THz. Figure S4a-d shows the results of the Monte Carlo simulation for 1000 cases. Most of the FoM values
of the errored structures are distributed above 0.6, with a mean of 0.650 and a standard deviation of 0.052, which
is comparable to the FoM of the optimal structure, 0.689. Additionally, as shown in Fig. S4d, the adjusted operation
frequencies are closely distributed around the operation frequency of the optimal structure, 40.49 THz. This
theoretical analysis suggests that fabrication errors around 15 nm do not significantly degrade the device’s beam
switching performance or significantly shift the operation frequency.

In addition to the structural parameters, we examine how the carrier mobility of graphene affects beam
switching performance. The mobility tolerance is evaluated by plotting a 2D spectrum of the FoM as a function of
operation frequency for carrier mobility values ranging from 10 to 2000 cm?V-1s%, as shown in Fig. S5. When the
carrier mobility is 2000 cm?V-1s?, a maximum FoM of 0.708 is achieved, which is only marginally higher than
the FoM of 0.689 obtained with the carrier mobility of 500 cm?V-1s used in the optimization process. Furthermore,
even when the carrier mobility decreases to 150 cm?V-is?, the FOM remains at 0.512, indicating that the beam
switching performance is not significantly degraded by reduced carrier mobility and is robust to the change of

carrier mobility.
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Fig. S5. 2D spectrum of the FoM as a function of operation frequency and graphene carrier mobility for the optimal
structure. The location of optimal operation frequency fo = 40.49 THz at the carrier mobility of 500 cm?V1s? is
indicated by white dashed lines.

4.2 Fabricated structure
The fabricated metasurface does not maintain a uniform pattern across the entire area due to the proximity

effect occurring during the EBL process, leading to spatial inhomogeneity® (see Supplementary Note 5). As a
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result, each structural parameter from different partitions may have a different optimal operation
frequency. However, since a single operation frequency is used during measurement, it is important to investigate
how spatial inhomogeneity affects the beam switching performance of the fabricated structure. This effect is
introduced into the Monte Carlo simulation using the same method applied in the structural tolerance analysis for
the optimal structure, except that the operation frequency is fixed to a single value. The Monte Carlo simulation
is conducted for 1000 cases with fo = 41.17 THz, graphene carrier mobility of 200 cm?V1s?, Er; = 0 eV, and Er;
= 0.42 eV, based on the experimentally measured absolute efficiency spectra. Fabrication errors with a standard
deviation of 15 nm are applied. As shown in Fig. S6, the results Show #apsmin With @ mean of 0.098 and a standard
deviation of 0.03, and #re1,min With a mean of 0.723 and a standard deviation of 0.123. These values indicate some
degradation compared to the simulation result of the fabricated structure without errors, where #apsmin = 0.127 and
Nrelmin = 0.773.

Figure S7a illustrates the mobility tolerance of the fabricated structure, evaluated using the same method
as for the optimal structure. At a carrier mobility of 200 cm?V-1s, FoM of 0.272 is achieved, which is significantly
lower than the maximum FoM of 0.639 observed at a carrier mobility of 2000 cm?V-1s, The detailed mobility
tolerance for the optical efficiencies for each diffraction order at the operation frequency of 41.17 THz is shown
in Fig. S7h-e. Unlike when the Fermi level is at the charge neutrality point, a carrier mobility of 200 cm?V-1s? is
insufficient for these values to reach saturation when the Fermi level is 0.42 eV. Precise electron beam patterning
with proper proximity effect correction and high-mobility graphene would improve the performance of the device

by reducing the discrepancy between design and fabrication.
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Fig. S6. Results of the Monte Carlo simulation for the fabricated structure. a Distribution of #absmin Values,
with a mean of 0.098 and a standard deviation of 0.03. b Distribution of #re.min Values, with a mean of 0.723 and a

standard deviation of 0.123.
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Fig. S7. Carrier mobility tolerance of the fabricated structure. a 2D spectrum of the FoM as a function of
operation frequency and graphene carrier mobility for the fabricated structure. The location of optimal operation
frequency fo = 41.17 THz at the carrier mobility of 200 cm?V-1s is indicated by white dashed lines. b The absolute
efficiencies for the Oth and c -1st order diffractions, and d the relative efficiencies for the Oth and e -1st order
diffractions of the fabricated structure at fo = 41.17 THz as a function of carrier mobility, at the CNP (blue) and Er
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These results contrast with the high tolerance observed in the optimal structure, and this discrepancy is
related to the incidence angle tolerance. The optimal structure achieves its best performance at an incidence angle
of 45°, which is the same value used throughout the simulations. However, as shown in the 2D spectrum in Fig.
S8, the optimal incidence angle of the fabricated structure shifts above 45°, indicating that the mobility tolerance
analysis of the fabricated structure at a fixed 45° incidence angle may not correspond to that of the optimal structure.
Supporting this, the fabricated structure exhibits a high FoM of 0.550 at an incidence angle of 52.5° and an
operation frequency of 40.41 THz, even with a low carrier mobility of 200 cm?V-!s, This suggests that at its
optimal incidence angle, the fabricated structure is likely to exhibit higher mobility tolerance. Due to limitations
of the experimental setup, measurements are not performed at incidence angles other than 45°. If measurements

could be taken over a wider range of incidence angles, it is anticipated that the device would show better beam
switching performance experimentally.
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Fig. S8. 2D spectrum of the FoM as a function of operation frequency and incidence angle for the fabricated

structure at the carrier mobility of 200 cm?V-!s. The location of optimal operation frequency fo = 41.17 THz at
the incidence angle of 45° is indicated by white dashed lines.
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Supplementary Note 5. Spatial inhomogeneity within the metasurface
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Fig. S9. Spatial inhomogeneity distribution of the incident Gaussian beam power and the structure within the
metasurface area.

During the metasurface fabrication, a proximity effect can occur during e-beam lithography over a large
area. Due to this proximity effect, at the edges of the metasurface, structures can form with different gold strip
widths w; (1 <i<5) from the center while the length of the subunit w;i+g; is the same. Also, since the incident laser
is a Gaussian beam, there is a difference in illuminated intensity depending on the position of the metasurface. Fig.
S9 presents the spatial inhomogeneity of the incident Gaussian beam power and the structure by dividing the entire
metasurface area into 5x5 regions. The average width error Awayg (red numbers) is defined as the average of the
differences between the gold strip width w; with that of the center region Wi center. (i.€. AWavg = (Zi=1-5 (Wi-Wi center) )/5.)
The gold strip widths of each region are measured with a scanning electron microscope. The black numbers are
the theoretically calculated ratio of Gaussian beam power, that obliquely illuminates the region with 459 to the
total incident Gaussian beam power. Here, the Gaussian beam diameter is 213 pm. 37.8% of the incident Gaussian
beam illuminates the center region. Most of the remaining 62.2% of the beam illuminates the regions that exhibit
marginal average width errors. In order to reconstruct the optical response of the corresponding metasurface with
electromagnetic simulation very accurately, both spatial inhomogeneity of the Gaussian beam and the metasurface

structure might need to be considered.
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Supplementary Note 6. Analysis using locally periodic approximation
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Fig. S10. Analysis using locally periodic approximation. Schematics of divided unit-cells (top panel), spatial
reflection amplitude distributions (middle panel), and spatial reflection phase distribution (bottom panel) of
metasurface divided in three different ways. Metasurfaces are divided into five unit-cells by vertical lines crossing
a the left side of the gold strip, b the center of the gold strip, or ¢ the center of the gap.

We analyze the electro-optic beam switching mechanism using a unit-cell method based on the locally
periodic approximation (LPA). We divide this metasurface into five subwavelength unit-cells with different gold
strip widths and gaps to get the spatial distribution of the local optical response. There are several ways to divide
the metasurface grating into unit-cells. This is illustrated in Fig. S10 (top panel). According to LPA, the local
optical response of each unit-cell is assumed to be equal to the optical response of a virtual structure of which the

unit-cell is spatially repeated infinitely periodically®®. Figure S10 shows the spatial distribution of the complex
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reflectivity |rlexp(ip) within one grating period of the metasurface divided by three different methods. The
simulations were performed at a frequency of fo = 41.17 THz with RETICOLO V9, an open MATLAB RCWA
library*®. The electro-optic beam switching behavior of this structure deflected to the -1st order diffraction at the
CNP should exhibit a spatially increasing reflection phase distribution from 0 to 2z within one grating period and
a uniform reflection amplitude distribution®!, but the bottom panel of Fig. S10 shows that none of these methods
reproduce this behavior. This is because there is hon-negligible interference between neighboring unit cells, and
each cannot be considered in isolated metaatoms. Thus, in order to design or analyze our electro-optic beam

switching metasurfaces, we should utilize another method beyond the LPA.
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Supplementary Note 7. Poles, zeros, and Riesz projection

7.1 Fermi level dependency of the position of poles and zeros
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Fig. S11. Movement of the pole and zero positions of this metasurface as the graphene Fermi level changes.

Figure S11 shows movements of the QNM pole and the zeros corresponding to the Oth and -1st order
diffraction by the graphene Fermi level |Ef|. The behavior of these poles can be explained by perturbation
theory23, The resonance frequency shift Aw can be approximated to the first-order, leading to:
_ﬂfAe(r)lE(r)Izdv

2 [eIEMm)|*dv
Where wo and E(r) are the resonance frequency of the mode and its electric field, respectively. &(r) and Ae(r) are

Aw =

(89)

the permittivity distribution of the materials and its variation by the tuning parameter, respectively. For this
metasurface, the tuning parameter is the Fermi level Er of graphene, and Ae(r) has a non-zero value only at
graphene sites. The volume integral is performed over one grating period of the metasurface. Since the metasurface
has a more non-local electric field than a typical graphene metasurface!*1®, the electric field E(r) is weak enough
to apply a first-order perturbation approximation in Eg. S9, and the resonant frequency shift Aw is roughly
proportional to the change in graphene permittivity Ae(r). As |Eg| increases, the QNM pole first redshifts slightly
and then blueshifts as |Er| becomes larger. This is directly related to the change in the real part of the graphene

permittivity with |Eg|. As |Ef| becomes larger, the graphene becomes more conducting, and the real part of the
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graphene permittivity becomes more negative (Ae(r) < 0). Therefore, according to Eq. S9, resonance frequency
Aw blueshifts for large |Er|. And since the position of zeros are determined by the interference between the QNMs
and the background response, they show a similar behavior to the QNM poles.

7.2 Quasinormal mode analysis with extended imaginary frequencies

In addition to the QNM introduced in the main paper, there are other QNMs of this metasurface that are
very far from the real operation frequency. If we extend the imaginary frequency in Fig. 4a, there is another QNM
below the QNM; introduced in the main paper as shown in the Fig. S12a. Figure S12c, d decomposes the complex
diffraction coefficients of this metasurface into the contributions of the two resonant QNMs and a ‘new’
background response. The new background response is the sum of the contributions from QNMs that are further
away from the real operation frequency than QNM:1". QNMj is a much more lossy resonance than QNMy, so its
contribution (blue dotted lines) has a very broad resonance lineshape along the real frequency axis. This resonance
is almost spectrally uniform, shifting slightly up and down with Er. The new background response (yellow dotted
lines, BG) exhibits a non-resonant and almost independent behavior with respect to Er. The complex sum of the
complex diffraction coefficients of QNM- and the new background response, QNM2+BG, gives the green solid
lines which agrees well with the behavior of the black dotted lines in the upper panel of Fig. 4b. The gray line in
the Fig. S12d is the phase difference between QNM; and the QNM2+BG, which agrees well with the black solid
lines in the lower panel of Fig 4b. This implies that the ‘background’ response spectrum in Fig. 4b can be
decomposed as the sum of the QNM and the new background response spectrum, and the marginal Er dependence

of the ‘background’ response in Fig. 4b can be attributed to the presence of QNM inherent in it.
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Fig. S12. Quasinormal mode analysis with extended imaginary frequencies. Spectra of the complex diffraction
coefficient |rlexp(ip) with extended imaginary frequencies. a Logarithm of the amplitude log(|r|) and b phase ¢
are depicted for the Oth and -1st order diffraction at the CNP and Er = 0.42 eV. ¢ Amplitude |r| and d phase ¢/z
spectra decomposed with contributions of the QNM;:, QNM: and the background response (BG) using Riesz
projection (dotted lines). In ¢, reconstructed amplitude spectra (gray solid lines) show good agreement with the
electromagnetically simulated spectra (black circles). Green solid lines in ¢ and gray solid lines in d are auxiliary
spectra that exhibit similar behavior with the ‘background’ response spectra in Fig. 4b. explaining its marginal Er
dependence.
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Fig. S13. Decomposed (QNM, BG) and reconstructed (QNM+BG) electric field intensity profiles over one grating
period of the metasurface at the CNP and Er = 0.42 eV. The scale bar is 1 pm.
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Fig. S14. Decomposed (QNM, BG) and reconstructed (QNM+BG) magnetic field intensity profiles over one
grating period of the metasurface at the CNP and Er = 0.42 eV. The scale bar is 1 pum.
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7.3 Riesz projection and contour integrals
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Fig. S15. Cauchy’s integral contours. Cauchy’s integral contours (Cgg, black dashed lines) to perform the Riesz
projection (Fig. 4b) at a the CNP and b Er = 0.42 eV, and to decompose electromagnetic field profiles (Fig. S13,
S14) at ¢ the CNP and d Er = 0.42 eV. In ¢ and d, contour Cy is a circle with a radius of 0.01 THz centered at fi
(red x-marks).

To decompose complex diffraction coefficients or electromagnetic profiles, Riesz projection is performed.
We firstly define g(wo) as the analytic continuation of the physical observable of interest. Applying Cauchy's

residue theorem to q(wo), We obtain the expansion shown below?’:

a(@0) = ) qi(@0) + aa(wo). (310)
k=1
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Where gsc(wo) corresponds to the contribution of QNMs outside the region of interest, which is the non-resonant
background response. The gx(wo) is the Riesz projection of g(wo), for a particular k-th pole. gk(eo) and gec(wo) are
defined by the following contour integrals:

1 ) 1 g n
2ol w w— w
qi(wo) = —5— 9 do = — 1 " dw, (S11)
2mi Je, w — wo 2mi Jo, @ — Wo A L0 — oy
m=k
q(w)
qec(Wo) = 5— dw. (S12)

21l Jo, @ — Wo
Here, the contour Cgg includes both the frequency of interest wo = 2xf; and the poles wk = 2xfk, and the contour Cy
includes only a single k-th pole. If the position of the pole is precisely defined, then using the algorithm proposed
in Ref. 18, g« can be computed using only Cgg instead of the contour integral over Cy. To apply this algorithm, we
utilize RPExpand, an open MATLAB library!’. To compute the Riesz projection for complex diffraction
coefficients, the integration contours Cgg are set as shown in Fig. S15a, b. The contours are set to include the real
frequency range f = [38.5, 42.9] THz (red solid lines) and the frequency of interest fo (black x-mark), as well as
the QNM resonance frequency f¢ (red x-mark), which varies with Er. To decompose the Oth and the -1st order
diffraction coefficients, the integrands are calculated at 150 and 120 discrete points along the corresponding
contour line Cgg, respectively. To calculate the electromagnetic field intensity E(r, fo) and H(r, fo) in Fig. S13,
S14, Cgg is set as shown in Fig. S15¢, d. Cy is set as a circle with a radius of 0.01 THz centered at fy. To decompose
the electromagnetic field intensity, integrands are calculated at 150 and 25 discrete points on Cgc and C,
respectively. Here, each integrand value is calculated using S*, an open Python RCWA library, and the number of
the Fourier orders utilized in the RCWA simulation is 175. All material permittivities used in the simulation are

analytically continued to the complex frequency as described in the Supplementary Note 12.
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Supplementary Note 8. Optimization of a metasurface with relaxed constraints

8.1 2-level beam switching

As relaxed constraints, the graphene carrier mobility is increased from 500 cm?V-1s? to 1000 cm?V-1s?,
Additionally, the lower bounds for the gold strip width wi, and gap gi are reduced to 20 nm, while the upper bound
for the gold strip height h is increased to 100 nm. To account for the reduced minimum feature size, RCWA
simulations are performed with a Fourier order of 350. Except for these adjustments, the optimization process
follows the same methodology as described in Supplementary Note 3, including the restriction condition in Eq.
S6, S7. The final optimal structure is derived with the parameters w; = (1110, 1449, 22, 1096, 1194) nm, g; = (483,
312, 386, 26, 20) nm, h = 41 nm, and f, = 44.16 THz.

8.2 3-level beam switching

The same relaxed constraints used in the optimization of the 2-level beam switching metasurface are
applied. However, for the design of the 3-level beam switching metasurface, which utilizes a 0° incidence angle
and the Oth, -1st, and 1st order diffraction channels, the restriction conditions of the parameter set are modified to
suppress higher diffraction orders, as described in Eg. S13, S14:

Ao

—<1 1

P <1, (S13)
220

—> 1. 14
> (S14)

For RCWA simulations, a Fourier order of 300 is used. The final optimal structure is derived with the parameters
w; = (1503, 1178, 1446, 1972, 538) nm, gi = (1073, 248, 141, 79, 179) nm, h = 74 nm, and f, = 45.89 THz.
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Supplementary Note 9. Device fabrication steps

a b c
Low-stress Back reflector Atomic Layer Deposition
SiN,, Membrane Deposition of Al,O,

---------------------------------

Electrode Deposition Graphene Transfer E-beam lithography
g h i
O, plasma ashing Au nanobar Deposition Lift-off
Low-stress SiN,, [l Silicon Al,O4
Il Graphene Gold PMMA

Fig. S16. Steps for fabricating the device. a A 200 nm-thick low-stress silicon nitride membrane supported by a
silicon frame is prepared. b A 70 nm gold back reflector with a 3 nm Ti adhesion layer is deposited on the backside
of the silicon nitride membrane using a thermal evaporator. ¢ A 30 nm Al,O3 layer is deposited on the front side
of the silicon nitride membrane using atomic layer deposition (ALD). d Electrode lines consisting of 7 nm of Ti
for adhesion and 70 nm of gold are deposited on the front side of the silicon frame using photolithography and a
thermal evaporator. e The monolayer graphene is wet-transferred to sufficiently cover the electrode lines and the
entire membrane. f PMMA is deposited on the graphene layer and subsequently patterned on the designated area
of the membrane where the metasurface will be formed using e-beam lithography (EBL). g The part of the
graphene exposed by the patterned PMMA is etched using an O, plasma asher. h 6 nm of Ti for adhesion and 64
nm of gold are deposited on the exposed Al.Os layer and patterned PMMA using a thermal evaporator. i The
grating is formed by removing the PMMA and the gold deposited on it using a lift-off process with acetone.
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Supplementary Note 10. Reduction of the background signal fluctuation

The powermeter we utilize for our optical measurements (PM16-401, Thorlabs) has an inherent
background signal fluctuation. This fluctuation appears linearly on measurement time scales of a few hundred
seconds. Measuring the background optical signal in a dark-state with no incident laser light before and after the
main measurement, we compensated the raw data with a linear function of time to calculate the time-compensated
power Pcompensated 85 Shown in Eq. S15 below:

Pdark,end - Pdark,start(

Pcompensated (t) = Praw(t) - ( t— tstart) + Pdark,start)- (815)

tend — Ustart

Where Praw is the raw power measured at time t. In other words, it is the power value reflected from the metasurface
during the gate bias cycle. Paarkstart and Paarkend are the background power measured in the dark-state before and

after the main measurement, respectively. tsart and tens are the start and end times of the measurement, respectively.
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Supplementary Note 11. Effects of a nitrogen atmosphere
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Fig. S17. Effects of a nitrogen atmosphere around metasurfaces. a Modulation cycles of reflected power from
the metasurfaces over time. The nitrogen purging is turned on (red lines)/off (black lines) during the cycles. b
Graphene sheet resistance-gate bias graph over time after nitrogen purging is turned on. Vene is slightly shifted
and saturated over time. ¢ The graphene sheet resistivity over time at Ve = 70 V and Vg = -80 V, the two ends of
the gate bias sweep cycle.

11.1 Nitrogen purging to prevent the graphene burning

During the measurement, the high power of the focused CW laser can degrade the graphene in real time.
This is due to local heating caused by the high power of the laser and the high absorption of the graphene
metasurface, which makes the graphene to oxidize and disappear. To remove oxygen molecules around the
graphene metasurface, a nitrogen atmosphere is provided around the metasurface. Figure S17a presents the
modulation range of the reflected laser power from the metasurface when nitrogen purging is on and off. Several
modulation cycles are measured over time while varying the gate bias from Vg = 50 V to Vg = -50 V. When
nitrogen purging is off and oxygen is present around the metasurface, the modulation range decreases rapidly after
a few cycles. When nitrogen purging is on, oxygen is removed around the metasurface preventing the graphene to

be burnt out, and a modulation range is maintained for many modulation cycles.
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11.2 Dirac voltage stabilization during the nitrogen purging

When the nitrogen purging is started, the Dirac voltage of the graphene marginally shifts during the first
few gate bias cycles. This is presumed to be due to the adsorbates, which are adsorbed on the graphene when it is
exposed to the air, detaching during the nitrogen purging and gate bias cycles®®. Figure S17b shows the overall
shift in the sheet resistance-gate bias curve from the start of nitrogen purging until the Dirac voltage stabilizes. At
both end gate biases of V¢ =-80 V and V¢ = 70 V (Fig. S17¢), graphene sheet resistance converges to a certain
value and stabilizes over the cycle. All measurements in this experiment are conducted after confirming this

stabilization.
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Supplementary Note 12. Material refractive index fitting
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Fig. S18. Results of fitting the refractive index of low-stress silicon nitride. a Real part (left panel) and
imaginary part (right panel) of the fitted refractive index of low-stress silicon nitride (red solid line) as a function
of wavelength. For comparison, the refractive index data of silicon nitride from G. Cataldo?? (blue dashed line)
and J. Kischkat? (red dashed line) are also plotted. b Reconstructed (red solid line) and measured (black dashed
line) reflection spectra of the silicon nitride membrane with (left panel) and without (right panel) the deposition of
a back reflector.

The refractive index of the low-stress silicon nitride used in the device is determined through reflectance
measurements, utilizing the same optical setup illustrated in Fig. 2a. A 200 nm-thick silicon nitride membrane is
measured both with and without the deposition of a 3 nm Ti adhesion layer and a 70 nm gold back reflector. TM-
polarized light at an incidence angle of 45° is used to measure reflectance over the wavelength range of 6.589 pm
to 9.615 um. The dispersions of the refractive index (n) and relative permittivity (¢) are fitted to the two measured

reflectance spectra using the Brendel-Bormann model, as shown in Eq. S16-S19%:

£0) = et ) 1), (s16)
=1
G a,(v) — vox a(v) + vor
1) = Zﬁak(V)Uk [W< \/zak ) ¥ W< \/Zﬂk )] B17

where
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W(x) = e <1 + ﬁfe”dt) (518)
B Vi Jo ’
a, (V) =/v2 + ivyv. (S19)

Transfer-matrix method (TMM) is used to obtain theoretical reflectance spectra?. The detailed parameter values
used for fitting to the Brendel-Bormann model are shown in Table S1.

Ew Vp1 Vo1 Vil o1 Vp2 V02 V12 02
3.753 1056 880.0 5.141 108.8 779.2 778.5 6715 1330

Table S1. Values of the Brendel-Bormann model parameters. All parameters except for e, are in cm™.

The fitted dispersion of the refractive index of low-stress silicon nitride is shown in Fig. S18a, compared with the
results obtained by G. Cataldo?? and J. Kischkat?3. The reconstructed reflectance spectra using the fitted refractive
index of low-stress silicon nitride show good agreement with the measured spectra in both cases, as shown in Fig.
S18b. For the purpose of complex frequency analysis, the complex frequency is substituted into the frequency
term in Eq. S16-S19.
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Supplementary Note 13. Angular divergence of the reflected beam
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Fig. S19. Angular radiation pattern of the reflected beam from the gold mirror (black line) and the metasurfaces
at Ve = 40 V (pink line) and Vs = -80 V (purple line). The angular divergence of main lobes of each angular
radiation pattern is denoted.

To measure the angular divergence of the reflected beam of the Oth and the -1st order diffraction, the
powermeter doesn’t have sufficient angular resolution because it collected data in the angular range of A§ = 7.125°
at once. By placing a narrow slit in front of the powermeter, the angular resolution is increased to Ad = 0.36°. The
angular divergence is measured at a frequency fo = 37.05 THz (1o = 8.092 um) with a metasurface different from
the one shown in the main paper due to their different structure parameters. The size of the entire metasurface is
the same as the metasurface in the main paper, and the beam spot diameter is 2wo =199 pum (Wp is the beam waist.),
which is smaller than the size of the entire metasurface. The angular divergence of a peak © is defined as the full
angular width at the point where the reflected power is 1/e? of the maximum reflected power of that peak, which
is expressed as © = 240/ (zwo) approximately?*. In our experimental setup, it is calculated to be 2.97°for an idealized
Gaussian beam. Figure S19 presents the measured angular radiated power. For the specularly reflected beam from
the gold mirror, the angular divergence is measured to be 3.6°. For the beam reflected from the metasurface, the
main lobe presents an angular divergence of 3.0° when the gate bias is Ve =-80 V, and 3.0° when Vg =40 V. The

measured beams show marginal deviations from the ideally calculated values. This discrepancy can be attributed
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to spatial inhomogeneity of structure, imperfect alignment of the optical setup, and imperfect incident laser beam
quality, which can slightly distort the wavefront of the reflected beam to be deviated from the ideal Gaussian beam.
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Supplementary Note 14. Simulated analysis on the operating bandwidth
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Fig. S20. Calculated a relative efficiency, b absolute efficiency, and ¢ figure of merit spectra of the fabricated
device. In between two vertical dashed lines, active beam switching behavior appears. The threshold line of each
spectrum is drawn as a red dashed line.

At a graphene carrier mobility of 200 cm?V1s?, the absolute efficiency, relative efficiency, and figure of
merit (FoM) spectra of our fabricated metasurfaces are shown in Fig. S20. To determine the frequency bandwidth
over which beam switching occurs, the relative efficiency of each target diffraction order at its corresponding
Fermi level must be 7 > 0.5. In Fig. S20a, the relative efficiency spectra for each Fermi level and diffraction
order are plotted, with the threshold line 7w = 0.5 shown as a red dashed horizontal line. For our fabricated device,
the Oth order diffraction is maximized at the graphene charge neutrality point (CNP), while the -1st order is
maximized at Er = 0.42 eV. (1) The corresponding spectra, shown as purple solid and pink dashed lines, should

be above the threshold line. (2) Simultaneously, the purple dashed and pink solid lines represent the off-target
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diffraction orders, which should remain below this threshold. The beam-switching bandwidth that satisfies both
(1) and (2) is demarcated by the vertical black dashed lines and spans 1.14 THz.

Compared to conventional electro-optic beam switching devices, the absolute efficiency above 0.1 (10%)
marks a notable improvement over previous studies®?°, In Fig. S20b, within the beam switching bandwidth, the
absolute efficiencies of both the purple solid line and the pink dashed line have values near this 7ass = 0.1 threshold.
To consider both absolute and relative efficiencies, we set the figure of merit threshold at FoM = 0.0224 drawn as
a red dashed line in Fig. S20c. This threshold value is derived from the absolute (y7as = 0.1) and the relative (sl =
0.5) efficiency thresholds. The frequency bandwidth over which the FoM is above the threshold is 1.11 THz. On
the other hand, the simple full width at half maximum (FWHM) calculation of the FoM vyields 0.61 THz (red
dotted line in Fig. S20c).
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Supplementary Note 15. Three-level beam switching metasurface with ionic gating
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Fig. S21. a Simulated scattered magnetic field profiles of ionic gel type three-level beam switching device. b Its
beam switching performance as a function of Fermi level. Solid lines represent the relative efficiency (left axis)
and dotted lines represent the absolute efficiency (right axis). The scale bars are 4 um.

Because adding the ionic gel layer can affect the beam switching performance, we investigated whether
beam switching remains appreciable under the ionic gating scheme. Figure S21 indicates that three-level beam
switching is theoretically achievable even when a 1 um ionic gel layer is introduced on top of the metasurface. If
the graphene Fermi level is raised to 0.1 eV, 0.7 eV, and 1.0 eV via ionic gating, the scattered magnetic field is
directed to the Oth, +1st, and -1st order, respectively, showing that three-level switching is still possible. In this

simulation, the refractive index of the ionic gel was measured using a mid-infrared spectroscopic ellipsometry.
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Supplementary Note 16. Possible applications of th
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Fig. S22. a Simulated absolute (top) and relative (bottom) efficiencies of the Oth, +1st, and -1st reflection orders
as a function of frequency under two graphene Fermi levels: Er = 0.10 eV (solid lines) and Er = 0.45 eV (dotted
lines). Three representative target frequencies (38.6, 45.5, and 47.5 THz) are indicated by vertical dashed vertical
lines. b Absolute efficiency versus diffraction angle for the three target frequencies, shown for both Fermi levels.

At Er=0.10 eV, different frequencies are diffracted into distinct angl

es (demultiplexed), whereas at Er = 0.45 eV,

all frequencies are predominantly reflected into the Oth order (recombined).
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16.1 Freespace tunable beam splitter

Tunable beam splitters are essential components in modern quantum optics, particularly in quantum
computation®, quantum metrology®!, and quantum simulation®. In many of these systems, the beam splitting ratio
must be dynamically controlled to manipulate quantum states or to implement reconfigurable quantum gates.
Conventionally, this has been realized in integrated photonic circuits using Mach-Zehnder interferometers with
electro-optic phase shifters®. While these platforms offer high stability and scalability in chip-scale environments,
their integration often limits the interaction to waveguide-bound geometries, thereby constraining their flexibility
in broader optical architectures, especially in freespace settings.

In contrast, our proposed metasurface provides a compelling route toward freespace tunable beam splitter
which can continuously adjust splitting ratio (relative efficiency) with applied single-gate bias. Comparing the
traditional types, it offers ultra-thin form factor, low power consumption, and potential for high-speed modulation.
The demonstrated beam switching between the Oth and -1st diffraction orders (Fig. 2b-d in the manuscript), with
nearly symmetric absolute efficiencies and a wide angular separation (57°), is directly analogous to a 1x2 beam
splitter with a dynamically tunable splitting ratio. Such functionality is particularly attractive for quantum photonic
experiments that require rapid, non-mechanical control of spatial optical paths. This makes it well-suited for future
integration with cryogenic setups or compact freespace quantum modules.

16.2 Freespace tunable beam demultiplexer

This device platform can also operate as a freespace tunable beam demultiplexer, where multiple
frequency components are spatially separated or recombined in response to a gate bias. This type of functionality
is particularly relevant for spectrally multiplexed communication systems, adaptive spectroscopy, or optical
routing, where dynamic control over frequency-to-angle mapping is needed®.

In Fig. S22, we show the simulated optical efficiencies spectra of the Oth, +1st, and -1st diffraction orders
under two representative graphene Fermi levels: 0.10 eV (solid lines) and 0.45 eV (dotted lines), with normal
incidence. The optimized structure has gold strip width w; = (1294, 1861, 1350, 1915, 196) nm, gap gi = (2245,
275, 98, 46, 348) nm, gold strip height h = 33.5 nm, and a graphene carrier mobility of 1,000 cm?V-'s%. Target
frequencies 38.6 THz, 45.5 THz and, 47.5 THz are chosen to show freespace tunable beam demultiplexing
behavior. Figure S22b depicts absolute efficiency versus diffraction angle for the three target frequencies at both
Fermi levels. At Er = 0.10 eV of graphene Fermi level, distinct frequency components are each scattered into
separate diffraction orders and angles, effectively splitting an incident multi-frequency beam into spatially
resolved output channels. This corresponds to a demultiplexing mode, where input frequencies are directed to
different angular positions. In contrast, when the Fermi level is increased to Er = 0.45 eV, the device response is
dominated by the Oth order diffraction for all three frequencies, with minimal angular dispersion. This state

corresponds to a recombined or pass-through mode, where the incident light is redirected nearly entirely into the
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specular direction. This electro-optic switching between demultiplexing and recombining behaviors, achieved via
a single gate bias, demonstrates the potential of our device to operate as a tunable frequency-to-angle mapping
platform in freespace. The ability to perform this control without mechanical components or multi-electrode
addressing represents a significant step toward compact, scalable optical signal processors in mid-infrared
applications.
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