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Electrically Tuning Quasi-Bound States in the Continuum
with Hybrid Graphene-Silicon Metasurfaces

Zigiang Cai, Xianzhe Zhang, Tushar Sanjay Karnik, Yihao Xu, Taeyoon Kim, Juejun Hu,

and Yongmin Liu*

Metasurfaces have become one of the most prominent research topics in the
field of optics owing to their unprecedented properties and novel applications
on an ultrathin platform. By combining graphene with metasurfaces,
electrical tunable functions can be achieved with fast tuning speed, large
modulation depth, and broad tuning range. However, the tuning efficiency

of hybrid graphene metasurfaces within the short-wavelength infrared (SWIR)
spectrum is typically low because of the small resonance wavelength shift

in this wavelength range. In this work, through the integration of graphene
and silicon metasurfaces that support quasi-bound states in the continuum
(quasi-BIC), the critical coupling as well as transmittance spectrum tuning

is experimentally demonstrated. The spectrum tuning is substantial even with
less than 30 nm resonance wavelength shift thanks to the high quality factor
of quasi-BIC metasurfaces. The tunable transmittance spectrum is measured
using Fourier transform infrared spectroscopy (FTIR) with a modified reflective
lens to improve the accuracy, and the electrical tuning is realized utilizing the
“cut-and-stick” method of ion gel. At the wavelength of 3.0 um, the measured
transmittance change (AT =T, — T,.i,) and modulation depth (AT/T,,,)
can reach 22.2% and 28.9%, respectively, under a small bias voltage ranging
from —2 to +2 V. This work demonstrates an effective way of tuning metasur-
faces within the SWIR spectrum, which has potential applications in optical

cell size and thickness much smaller than
the wavelength.'3] As the 2D version of
metamaterials, metasurfaces can control
the amplitude, phase, polarization, and
angular momentum of light in a prescribed
manner. Many intriguing functions and
applications have been demonstrated by
metasurfaces, such as nonlinear optics,!**!
planar lenses,l”-) holograms,!*%!!] yltrathin
polarizers,>13] etc. In recent years, pho-
tonic bound states in the continuum (BIC)
based on metasurfaces have attracted inten-
sive interest.['*15] The BIC state represents
a non-radiating localized resonant mode
that coexists with a continuous spectrum of
radiating waves.['®! Since the BIC mode is
decoupled from the radiating waves, it has
an infinitely large quality factor (Q-factor).
By breaking the symmetry of metasurfaces,
the BIC will turn into quasi-BIC with a
finite yet high Q-factor, which is inversely
proportional to the square of the asym-
metry factor @.l'”! For this reason, we can
readily control the Q-factor by modifying

modulation, reconfigurable photonic devices, and optical communications.

1. Introduction

Metasurfaces are planar, ultrathin optical components composed
of arrays of artificial structures called meta-atoms, with unit
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a, which is especially useful in the studies
of strong light-matter couplings,['*2!] non-
linear optics,?22*] molecule detection,!?*l
wavefront shaping,[®! etc. People are
also interested in tunable quasi-BIC metasurfaces!?*-3¢] utilizing
different tuning methods, including optical tuning,!?”-?%! thermal
tuningl3234%] and electrical tuning.[293033.36]

On the other hand, since the first demonstration of isolated
high-quality mono-layer graphene through mechanical exfoli-
ation in 2004,1*”] the tunable optical properties of graphene
have been extensively studied.*®3%! By incorporating graphene
into metasurfaces, people have developed novel devices that
can be electrically tuned. These devices offer the advantages
of fast tuning speed, high modulation efficiency, broadband
tunable electro-optical properties, compatibility with the silicon
fabrication process, as well as compactness.[“*] The tunable
graphene metasurfaces show great potential in numerous appli-
cations, including polarization tuning,>*!) phase tuning,!>*-*
photodetectors,[>>-62] chemical sensing,[**%*] tunable lenses, %8
etc. However, in most cases, the tuning wavelengths are limited
to the mid-infrared or far-infrared range. In contrast, tunable
graphene metasurfaces in the SWIR range have been rarely re-
ported, primarily due to the weak intraband transition that de-
termines the resonance wavelength shift in this spectrum.[*!
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Figure 1. Design of the hybrid graphene-silicon metasurface. a) Schematic of the unit cell. Graphene is placed on top of an array of silicon nanobars
fabricated on a silica substrate. The key geometric parameters are period P = 1600 nm, width of the rectangular bar W = 400 nm, height h = 300 nm,
length Ly = 1370 nm, and L, = (1 — a) - Ly, where a is defined as the asymmetry factor. b) SEM image of the silicon quasi-BIC metasurface without
graphene (left), as well as cross-section views of the unit cell (right). The blue arrows in opposite directions in the xy-plane are the excited electric
dipoles (p; and p,), and the red dashed lines in the top right and bottom right figures correspond to the positions for electrical field plots in figure
c,d), respectively. c,d) Normalized electric field distributions |E/Ey|, where Ej is the input electric field, of the silicon metasurface without graphene at
quasi-BIC resonance in the yz- and xy-planes, respectively. In the two plots, a = 0.2 and the wavelength is 2.75 um.

Although it has been reported that critical coupling is achiev-
able by integrating graphene with BIC metasurfaces,!®7! in situ
tuning of graphene/quasi-BIC metasurfaces remains underex-
plored.

Here, we report hybrid graphene-silicon metasurfaces to elec-
trically tune quasi-BIC. We first adjust the asymmetry factor
to approach the critical coupling, which is manifested as an ab-
sorption close to 50% according to the coupled-mode theory.!”?]
By reaching the critical coupling condition, we can enhance the
interaction between graphene and light, thus maximizing the
modulation efficiency. Measurements are performed with a mod-
ified FTIR reflective lens that can suppress beam divergence
to achieve high Q-factor. Next, by utilizing ion gel to provide a
large capacitance without diminishing the quasi-BIC resonance,
we demonstrate that the transmittance spectra of the quasi-BIC
metasurface can be effectively modulated even with a small res-
onance wavelength shift, thanks to the relatively high Q-factor of
quasi-BIC. The experiment results agree well with the simulation
results.

2. Results and Discussion

As shown in Figure 1a, the unit cell of our hybrid graphene-
silicon metasurface contains two silicon rectangular nanobars
that form a dimer structure, with graphene placed on the top.
The silicon metasurface was fabricated through dry-etching of
300 nm silicon layer with a Cr etch-mask. The details about fabri-
cation can be found in Section S1 (Supporting Information). The
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scanning electron microscope (SEM) image of the fabricated sil-
icon metasurface is presented in the left panel of Figure 1b. The
roughness on the sidewalls of the silicon metasurface, as can be
seen in the SEM image, can reduce the Q-factor of quasi-BIC res-
onance in the experiment.l”>’* To take it into account in the sim-
ulations, the refractive index of silicon is set to be ng; = 3.4302 +
0.005i if not mentioned otherwise. More details about simulation
can be found in Section 4. The difference between the lengths of
the two nanobars determines the asymmetry factor a = (L, —
L,)/L,. At the BIC resonance, two electric dipoles with opposite
directions can be excited, denoted as p; and p, in the right panel
of Figure 1b. When « equals 0, the net electrical dipole moment
is 0, corresponding to a BIC with an infinite Q-factor. When «
is larger than 0, there is a net electrical dipole moment that can
couple to the free-space light with polarization along the y-axis,
corresponding to a quasi-BIC with a finite Q-factor. In the follow-
ing, the polarization of incident light is always along the y-axis if
not specified otherwise. As mentioned in the introduction, Q «
a~2. This scaling law provides a simple way to manipulate the Q-
factor by modifying the geometry. Figure 1c,d shows the normal-
ized electric field distributions of the quasi-BIC mode at the reso-
nance wavelength of 2.75 um when a = 0.2. The pronounced light
confinement around the silicon nanostructures makes the quasi-
BIC metasurface an ideal platform to achieve strong graphene-
light interactions.

Since the optical response of quasi-BIC metasurface largely de-
pends on the angle of incidence,”>77] it is crucial to minimize
the beam divergence of the incident light. One simple way to
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Figure 2. FTIR measurement using the original and modified reflective lenses. a) Schematics of the original reflective lens used in FTIR in the xy-plane
(top) and yz-plane (bottom). Without any modifications, the divergence of the incident beam is 16.5°. R; = 5.0 mm and R, = 12.5 mm, corresponding
to the inner and outer radii of the light cone right after the reflective lens. b) Schematics of the modified reflective lens. After applying black tape, the
portion of the light beam with large incident angles is blocked, and the beam divergence reduces to less than 6°. The width and length of rectangular
window created by the black tape are w =5 mm and [ = 15 mm, respectively. The red dashed lines in the top panels of a,b) mark the positions of the
cross-section views shown in the bottom panels. c,d) Measured transmittance spectra for quasi-BIC metasurfaces with different asymmetry factors a =
0.2, 0.3, and 0.4, using the original reflective lens c) and the modified reflective lens d).

reduce the beam divergence is to apply black tape on the reflec-
tive lens used in FTIR.I®! Figure 2a shows that without the tape,
collimated light is reflected by two mirrors and then focused on
the sample with a range of incident angles. The measured spec-
trum is an integrated average for all incident angles. Therefore,
the high-Q quasi-BIC resonances cannot be accurately charac-
terized with the original reflective lens, as shown in Figure 2c.
By applying black tape to block light components with large an-
gles of incidence, the incident light is confined to a narrower
range, as illustrated in Figure 2b. And the high-Q quasi-BIC reso-
nances are clearly observable from the measured spectra plotted
in Figure 2d. We deliberately orient the rectangular window along
the y-axis, so that the incident light mostly lies in the yz-plane.
Such an arrangement can help reduce the influence of beam di-
vergence. More discussions on how the incident angle influences
the optical response can be found in Section S2 (Supporting In-
formation).

After we fabricate the quasi-BIC metasurfaces with asym-
metry factors @ = 0.2, 0.3, and 0.4, we then use FTIR to
measure the transmittance (T) and reflectance (R) spectra.
The absorptance (A) spectra can be calculated by A = 1 —
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T — R. Based on the coupled mode theory, the absorptance

of a resonant mode in a two-port system can be expressed
as:["2l

2y,y
(- “’0)2 + (o + 7’)2

A= (1)

Here y, and y are the intrinsic loss rate and radiative loss rate,
respectively. w, is the resonant frequency, and w is the frequency
of light. The radiative loss y originates from the optical radia-
tion of the resonant mode. It is related to the asymmetry factor
following the relationship y « «? in quasi-BIC metasurfaces.['’]
The intrinsic loss rate y,, on the other hand, arises from multi-
ple sources, such as the scattering of surface contaminations or
edge roughness, ohmic loss from plasmonic resonance, absorp-
tion in materials, etc. Under the critical coupling condition, that
is, y, = 7, absorptance A reaches its maximum value 50% when
® = w,. For the graphene/quasi-BIC metasurface, y and y, can
be tuned by varying a and the number of graphene layers, respec-
tively. Therefore, the optimal condition for strong coupling and
50% absorptance can be achieved.[®>70]
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Figure 3. Reflectance and transmittance spectra of the quasi-BIC metasurface, as well as the absorptance spectra after graphene transfer. a) Simulated
reflectance and transmittance spectra of the quasi-BIC metasurface. The Q-factor decreases when a increases. b) Measured reflectance and transmit-
tance spectra of the quasi-BIC metasurface. The dotted lines are the fitting curves for transmittance using the Fano resonance formula. c) Simulated
absorptance spectra with graphene added on top of the metasurface. Np denotes the number of graphene layers. d) Measured absorptance spectra

after transferring graphene onto the metasurface.

Figure 3 compares the simulated spectra with the measure-
ment results, showing good agreement with each other. The sim-
ulated reflectance and transmittance spectra for « = 0.2, 0.3, and
0.4 are depicted in Figure 3a, corresponding to Q = 108.7, 51.6,
and 27.4, respectively. The measured reflectance and transmit-
tance spectra are shown in Figure 3b with Q-factors equal to 90.5,
53.0, and 32.5, respectively, which are extracted from Fano fitting.
The measured Q-factor for @ = 0.2 is smaller than the simulation
result, which is likely due to the lower accuracy of FTIR for mea-
suring high-Q BIC resonance. Figure 3c,d plot the simulated and
measured absorptance spectra after transferring different layers
of graphene onto the quasi-BIC metasurface. As discussed be-
fore, the critical coupling is reached when y =y, resulting in
the maximum absorptance of 50%. When « increases from 0.2
to 0.4, radiative loss rate y increases, requiring more layers of
graphene to approach the critical coupling. This trend has been
confirmed in both simulation and experiment. As presented in
Figure 3c, with monolayer graphene, the peak absorptance de-
creases when « increases, indicating a weaker coupling between
graphene and the quasi-BIC resonance. After increasing the lay-
ers of graphene, the absorptance for ¢ = 0.3 and 0.4 increases
but is still lower than a = 0.2 case, as illustrated by the dashed
lines in Figure 3c. Measured absorptance spectra are plotted in
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Figure 3d, in which a = 0.2 with monolayer graphene shows the
highest absorptance, agreeing with the simulation results. In the
experiment, more layers of graphene are needed to reach the ab-
sorptance level comparable to simulation results. Specifically, for
a=0.3, it takes 2 layers of graphene to achieve ~#30% absorptance
in simulation, while in experiment, it requires 3 layers. For a =
0.4, the simulation shows that the absorptance can reach more
than 25% with 3 layers of graphene, whereas the experiment re-
quires 5 layers to achieve comparable absorptance. One possible
reason is that during the graphene transfer process, there are al-
ways polymer residues left on top of graphene, which increases
the distance between the subsequently transferred graphene and
the metasurface, leading to reduced coupling between graphene
and quasi-BIC resonance. Such a phenomenon has also been ob-
served in our previous work,*”) and is more significant with a
large number of graphene layers, since more polymer residues
are accumulated on the sample surface. In conclusion, the quasi-
BIC metasurface with @ = 0.2 has the strongest interaction with
monolayer graphene, which is verified by both simulation and
experiment results.

The study of the quasi-BIC metasurface loaded with graphene
helps us to find the optimal structure for the electrical tun-
ing experiments. Since a = 0.2 shows the strongest interaction
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Figure 4. Electrical tuning of the hybrid graphene-silicon metasurface. a) Schematic of the electrical tuning setup. A layer of ion gel is placed on top of
the graphene-silicon metasurface. There are three Au electrodes, which serve as source, drain and gate, respectively. The source and gate electrodes are
connected to a voltage source to provide a bias voltage V. b) Optical microscope image of the metasurface with electrodes. The gate electrode is out of
view in this image. c) Measured transmittance spectra under different V. The dashed lines are the fitting curves based on the Fano resonance formula.
d) Simulated transmittance tuning when Ex = 0.1 and 0.5 eV. In the simulation, the incident angle is 15° without beam divergence and the refractive

index of silicon is ng; = 3.4302 + 0.005i.

with monolayer graphene, we use this configuration to perform
the electrical modulation measurements. Note an « value that
is either too large or too small can undermine the tuning per-
formance. We have conducted simulations to clarify this point,
which can be found in Section S3 (Supporting Information).

To study the electrical tuning performance of the hybrid
graphene-silicon metasurface, we applied ion gel, a transparent
polymer that can provide extremely large capacitance.[”>84 It can
be easily fabricated by spin-coating and implemented on vari-
ous electronic devices, including electrically tunable graphene
metasurfaces,®>®] using the “cut-and-stick” method. Character-
ization details of the electrical and optical properties of our syn-
thesized ion gel can be found in Section S4 (Supporting Informa-
tion). Figure 4a illustrates how we use the ion gel to electrically
tune the hybrid metasurface, and Figure 4b shows the fabricated
hybrid metasurface with electrodes. By applying a bias voltage V,,
ions with opposite charges accumulate around the source and
gate electrodes, forming a nanometer-thick electric double layer
that functions as a capacitor.®* Figure 4c demonstrates mea-
sured transmittance spectra when V, is +2 V. During the mea-
surement, we decrease the sizes of the rectangular window de-
fined by black tape, which can further minimize the divergence
of incident light while sacrificing the signal to noise ratio. Specif-
ically, the dimensions of the rectangular window are decreased to
w = 2.5 mm and [ = 12 mm, which reduces the beam divergence
to 2.4”. More discussions on how the window sizes influence the
measurement results can be found in Section S2 (Supporting In-
formation). Extracted from the Fano fitting curves, the measured
transmittance decreases from 76.8% to 54.6% when V, changes
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from +2 to —2 V at 3.0 um. Corresponding AT and AT/T,,,, are
equal to 22.2% and 28.9%, respectively. Figure 4d presents the
simulation results. As shown in this figure, when the Fermi en-
ergy E;. increases, the resonance wavelength (4,,,) decreases due
to a change of graphene’s conductivity. This effect can also be ob-
served in Figure 4c, since a negative V, can increase the doping
level of graphene. This “blue-shift” of 4,,, contributes to the spec-
tral tuning of our hybrid graphene-silicon metasurface. We have
also noticed that the measured transmittance tuning is smaller
than the simulated one, which is due to the finite beam diver-
gence in our experiments. Other factors that can contribute to the
difference between experiment and simulation are fabrication de-
fects, finite thickness of ion gel, light scattering by the edge of
black tape, etc. It is worth mentioning that the simulation result
presented in Figure 4d does not reflect the full potential of our
device, because a lossy term has been added to the refractive in-
dex of silicon to account for the influence of sidewall roughness.
If there is no influence from fabrication imperfections or beam
divergences, simulation result shows that AT and AT/T, ,, can
reach 70.1% and 97.8%, respectively. More details can be found
in Section S5 (Supporting Information).

To further explore the tuning behavior of our device, we mea-
sured the transmittance spectra by gradually changing V, from
+2 to —2 V with 1 V in each step, as shown in Figure 5a. The res-
onance wavelength, at which the transmittance shows the min-
imum, and the Q-factor for each bias voltage can be extracted
from the Fano fitting curves, as presented in Figure 5b,c, re-
spectively. The measured resonance wavelength shift (A4,,) is
25.8 nm when V, is tuned from -2 to +2 V. Such a small A4,
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Figure 5. Details of the tuning performance. a) Measured transmittance spectra at different V,. The dashed lines are the fitting curves based on the
Fano resonance formula. b) Resonance wavelengths at different V,,. c) Q-factors at different V,,. The Dashed lines in (b) and (c) are guide for eye.

for graphene metasurfaces in SWIR has also been observed in
our previous work.[*] Although it is much smaller than the
A4, of graphene metasurfaces designed in the mid-infrared
range, which is typically several hundreds of nanometers,>*%"]
the transmittance tuning is still substantial because of the en-
hanced Q-factor thanks to the quasi-BIC resonance. The Q-factor
also changes with the bias voltage, as inferred from Figure 5c.
When V, is negative, the corresponding E; is high, which results
in lower light absorption of graphene due to Pauli exclusion prin-
ciple. The Q-factor is mainly determined by the defects in silicon
nanostructures in this range and is weakly related to V,. When
V, increases to a positive value, the corresponding Ej. becomes
low, leading to higher light absorption of graphene due to the
interband transition. The Q-factor is primarily determined by ab-
sorption of graphene in this case, which can be readily controlled
by V.

We have also measured the dynamic response of our electri-
cally tunable hybrid graphene-silicon metasurface using a quan-
tum cascade laser (QCL). The response time is &3 s, which is
slow due to the long polarization relaxation process in ion gel.”!]
Note that the intrinsic response time of graphene can be down to
several picoseconds.!”?] More details about the time-domain mea-
surements can be found in Section S6 (Supporting Information).

3. Conclusion

In summary, we have experimentally demonstrated an elec-
trically tunable graphene/quasi-BIC metasurface in the SWIR
range. When the asymmetry factor a was varied from 0.2 to 0.4,
the quasi-BIC metasurface with « = 0.2 exhibited the strongest
coupling with graphene. Measurements were conducted via a
modified FTIR reflective lens to suppress beam divergence, al-
lowing us to characterize the metasurfaces with good accuracy.
Afterward, we tested the electrical tuning utilizing ion gel. Ow-
ing to the relatively high Q-factor of the quasi-BIC resonance, we

Adv. Optical Mater. 2025, 13, 2402344

2402344 (6 of 8)

observed substantial tuning of the optical response, even with
less than 30 nm shift of the resonance wavelength. Around the
wavelength of 3.0 um, the measured transmittance change AT
and modulation depth AT/T, , were 22.2% and 28.9%, respec-
tively, under very modest bias voltages. All the experiment re-
sults agreed with the simulations. The tuning performance can
be further enhanced by optimizing the fabrication process and
the modulation speed can be increased by replacing ion-gel with
other transparent conductive materials, such as indium tin oxide
(ITO) and aluminum-doped zinc oxide (AZO). We believe that
our work can pave the way for tunable quasi-BIC metasurfaces
and broaden their applications in optical modulation, reconfig-
urable photonic devices, advanced sensing, and beyond.

4. Experimental Section

Numerical Simulation: Graphene-light interactions typically involve
interband and intraband transitions.[3393%4] The optical conductivity of
graphene can be calculated by the random phase approximation:[38:24]

262
& In |2 cosh Er +
zh? (0 +it77) 2kg T

(ho + 2E;)?

e2 [1 1 hw — 2E¢ i
— | = + — arctan ——1n = (2)
4h |2z 2kgT 27 (hew - 2E¢)? + 4(kgT)

o (@) =

In this equation, kg is the Boltzmann constant, T is the temperature,
and 771 is the damping rate. The first term describes intraband transition,
while the second term describes interband transition. Carrier mobility u =
1000 cm?/(V - s) is taken in simulation, which is retrieved from experiment
data (see Section S4, Supporting Information).

Simulations were conducted by commercial software COMSOL Multi-
physics, in which graphene was modeled using transition boundary con-
ditions. To introduce the contribution of fabrication imperfections to the
intrinsic loss rate y as material absorption in silicon,[®*] a smallimaginary
part was assigned to the refractive index of silicon: ng; = 3.4302 + 0.005i,
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so that the best agreement between simulation and experiment could be
obtained, and the real part comes from experiment data.[°®] For the elec-
trical tuning simulation, ion gel is considered as a semi-infinite dielectric
layer with refractive index n,, equal to 1.45.

Fano Fitting: The measured spectra can be fitted to the Fano reso-
nance formula:[”]

To @+ (@— ) /7)?
T= T, 3
T+ @ 14 (@0—a0) /1) % ©)

In this equation, g is the Fano asymmetry parameter, T and Ty, arise
from the background contribution. m, is the resonance frequency and y is
the loss rate. The Q-factor can be calculated by Q = wq /2.

FTIR Measurement: Measurements were performed using Bruker Ver-
tex 70 FTIR coupled with a HYPERION 1000 microscope. For the trans-
mittance measurement, the transmission through the silicon metasurface
was first measured with an adjusted aperture to collect only the light pass-
ing through the metasurface. Then the sample was moved to measure the
reference spectrum from the silica substrate. Transmittance was obtained
by normalizing the first spectrum with the second spectrum. Reflectance
was measured following a similar process but replacing the silica substrate
with a gold mirror as the reference.
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