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Polarization-modulating switchable and selectable image display through an
ultrathin quasi-bound-state-in-the-continuum metasurface
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Active manipulation on absorption takes an essential place in nanophotonic light modulators, which
always suffer from static tuning ability, limited depth, and insufficient modulating efficiency. In this study,
we propose an alternative strategy utilizing the symmetry-protected-type bound state in the continuum
(SPBIC) to satisfy a tunable critical-coupling absorber with high modulating mobility. To demonstrate our
concept, we illustrate an ultrathin critical-coupling absorbing system composed of germanium metasur-
face and monolayer graphene through elaborately maneuvered quasi-SPBIC, which provides substantial
local field enhancement to boost the light absorption of graphene. The intensity of such critical-coupling
absorption can be efficiently tuned by modulating the polarization of the incident waves with an efficiency
of 97.1%. Via this polarization control, we demonstrate digital switch “0-1” and switchable and selectable
image-displaying functions in simulation. Such functions are obtained in one single-designed array by
incident polarization while requiring no additional structural change. Our results may pave the way for
next-gen nanophotonic metadevices.
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I. INTRODUCTION

Nowadays, modern nanophotonics aims to efficiently
manipulate optical properties at the nanoscale for integrat-
ing multiple optical functions in a single compact chip,
which makes sense in ultrafast switching and information
processing in optics [1,2]. Generated by coupling between
the photons in the incident wave and the electrons in met-
als or insulators, surface plasmon polaritons (SPPs) can
exceed the diffraction limit of traditional optics to localize
light in the subwavelength range. As a result, metasurfaces
based on the SPP mechanism, especially the SPP perfect
absorbers, have been widely applied in sensing, commu-
nicating, and imaging [3–6]. Nevertheless, there are many
natural flaws in SPP absorbers based on precious metals.
For example, the majority of SPP absorbers have high
Ohmic loss and allow only static regulation, which hinders
the applications in practice.

High-index dielectric metasurfaces, expected to be
promising alternatives to plasmonic metasurfaces, have
emerged in widespread applications [7,8]. Utilizing the
control over the induced electromagnetic Mie resonances,
all-dielectric metasurfaces can offer efficient light local-
ization and manipulation, providing excellent application
potentials in future on-chip device designs [8–10]. In
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recent years, many different kinds of all-dielectric meta-
surfaces that support Fano and magnetic dipole (MD) res-
onances have been studied to restrain and maneuver light
in a subwavelength scale [11–13]. On the other hand, due
to the nature of flexible tunability, low Ohmic loss, strong
locality, and ultracompact configuration, graphene, the
most famous two-dimensional (2D) material, has attracted
tremendous interest from researchers. Regrettably, being
the obstacle to application, monolayer graphene has a frail
light absorption of 2.3% in the visible and infrared ranges
[14], resulting in weak light-matter interaction.

Bound states in the continuum (BICs), initially men-
tioned as a theory in quantum mechanics [15], have been
broadly researched in multiple fields of wave physics:
water [16], acoustics [17,18], microwaves [19], and
nanophotonic optics [20–22]. In specially designed peri-
odic nanophotonic structures under the free-space light
cone, some exceptional cases of Fano resonances gener-
ated from the coupling between two resonances, which
have different damping rates, can collapse to a BIC with
the theoretically infinite quality (Q) factor, leading the
Fano features to vanish as the resonance becomes ide-
ally unable to couple with free-space radiations [19,23].
Notably, in a symmetrical periodic structure, such as in
a photonic crystal slab, the modes above the light cone
in the band structure can couple to the continuum of the
extended modes. Therefore, they are generally radiative.
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Nevertheless, on account of the symmetry mismatch
between the mode profiles and the external propagating
modes, some bound states can even exist at � point above
the light cone. When the operating frequency at � point is
lower than the diffraction limit, the only radiating state will
be the plane wave in the normal direction with an odd elec-
tromagnetic field under C2 symmetry [24,25]. In this cir-
cumstance, all even modes at � point are BICs, the mode
profiles of which show no overlap with radiating waves,
and such a unique BIC is called the symmetry-protected
(SP)BIC. Practically, by introducing microstructural per-
turbation to disrupt the symmetry so that an SPBIC can
couple with the extended states in the continuum, it can be
transformed into the quasi-bound-states in the continuum
(QBICs), which is a type of leaky mode with tremendous
but finite Q factors, appearing close to the BIC [26]. The
extraordinary Q factor of a QBIC can impulse massive
enhancement on the local electric field in the nanoscale
[27], which can heighten the light-matter interactions and
is believed to support promising applications in sensors
[28], lasers [29], absorbers [30], and nonlinear devices
[31,32]. As an alternative method to promote light-matter
interaction, the QBIC mechanism is rarely mentioned in
graphene-based absorbers.

In this work, another strategy to achieve critical-
coupling absorption by utilizing the SPBIC is proposed,
and the potential alternative applications in optical switch-
ing and image displaying are discussed. First, an all-
dielectric metasurface is demonstrated, which supports an
SPBIC in the long-wave-infrared (LWIR) range. By intro-
ducing perturbation to disrupt the in-plane symmetry, such
an SPBIC can be transformed into QBICs and signifi-
cantly enhances the local electric field. Then we introduce
the monolayer graphene (MG) into the resonator system,
and the light absorption of it is enormously boosted by
the QBIC resonance in the metasurface, and by tuning
the Fermi level EF of MG and optimizing the asymmetry
parameter of the metasurface, critical-coupling absorption
is satisfied. Behaviors of the absorption band are analyzed,
and the results indicate high mobility on active tuning for
both wavelength and bandwidth. Further studies show that
the intensity of such critical-coupling absorption can be
efficiently tuned by the polarization angle of the incident
wave, leading to a high modulating efficiency reaching
97.1%, which exceeds several existing works [33–35]. Per-
formance of designs for optical “0-1” digital switch and
switchable and selectable image display is demonstrated
based on such polarization-sensitive features, indicating
promising potential for next-gen nanophotonics applica-
tions.

II. SIMULATIONS AND RESULT ANALYSES

The geometrical diagrams of one single unit cell for our
proposed all-dielectric metasurface with in-plane broken

symmetry are illustrated in Fig. 1. The period of the unit
cell is px = py = 1000 nm. The outer and inner radii of the
Ge nanoring on the SiO2 substrate are ro = 370 nm and
ri = 120 nm. As is shown in Fig. 1(b), the split with an
angle θ , symmetrical along the x-z plane, which crosses
the x axis, is introduced to break the in-plane symmetry,
making it a C-shaped ring. In Fig. 1(c), the z = 0 nm plane
is defined as the interface of the Ge ring and the substrate.
The ring’s thickness h1 = 100 nm. Commercial software
Lumerical FDTD Solutions is used to conduct our simu-
lations and analyses. Ge (Germanium)-Palik model in the
material database of FDTD Solutions is used to fit the
index of Ge, and the index of SiO2 is set as 1.44 for the con-
venience of simulation. For the simulating region, periodic
boundary conditions are set in x and y directions, while
the perfect-match layers (PMLs) are set in z directions.
A uniform mesh with the step sizes dx = 7 nm, dy = 7
nm, and dz = 10 nm is set. Auto shutoff min remains the
default 1 × 10−5, and the structure system is excited by
a plane wave propagating along −z direction and polar-
izing along y directions with amplitude |E| = 1, unless
otherwise noted.

As illustrated in Fig. 2(a), we first consider an ideally
standalone array (without the SiO2 substrate) composed of
the original symmetrical hollow Ge nanorings without the
split θ . Bloch boundary conditions in x and y directions and
a dipole cloud are utilized to excite all the modes supported
by the array. Figure 2(b) shows the photonic band structure
of this array, revealing that this periodic ring array supports
an SPBIC eigenmode at the � point in the first Brillouin
zone. Such a BIC originates from the magnetic dipole
(MD) resonance supported by the exquisitely designed
nanorings at the � point, with its corresponding frequency

(a) (b)

(c)

ri

FIG. 1. (a) Schematic of the proposed all-dielectric metasur-
face. The parameters: px = py = 1000 nm, ri = 120 nm, ro =
370 nm, and h1 = 100 nm. The thickness of the SiO2 substrate
is infinite. (b) Schematic of breaking the in-plane symmetry. A
split with an angle θ , which is symmetrical along the x-z plane
crossing the x axis, is set on a side of the Ge ring. The asymmetry
parameter s is accordingly defined as ρ = sin θ/2 . (c) Schematic
of the front view of the metasurface. The interface between the
Ge ring and the SiO2 substrate is defined as the z = 0 nm plane.
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below the diffraction limit of the given periodic structure.
Under this circumstance, the only radiating states are the
plane waves spreading in normal directions, with the elec-
tromagnetic field vectors being odd under C2 symmetry
[22,36]. Therefore, due to the symmetry mismatch, the
MD mode becomes entirely “trapped” and unable to cou-
ple with modes in the free space, leading to the theoretical
infinite Q factor. As shown in Fig. 2(c), the excited-field
energy is strongly confined in the Ge ring, with the typ-
ical in-plane circulating displacement currents, which is
the character of an MD mode. Figure 2(d) demonstrates
the far-field electric distribution of such an eigenmode,
also showing the typical MD radiation pattern of Mie-
like modes. When the perturbation is introduced to break
the in-plane symmetry, such an unstable SPBIC can be
transformed into QBICs.

We have proved the statement above through our sim-
ulations. For examining the resonance situations in the
proposed metasurface, the Ge ring with the proposed
symmetry-breaking split is placed on a SiO2 substrate. (It
is worth noticing that, in the practical preparation, gener-
ally, the substrate is of huge contrast in thickness compared
with the metasurface, so we set the thickness of the sub-
strate infinite in our simulations for simplification.) and
transmission spectra under variant split angle θ are ana-
lyzed. As is shown in Fig. 3(a), when in-plane symmetry is
disrupted by the introduced split as the perturbation, nar-
row dips appear in the transmission spectra, which nicely
fits the classic Fano resonance line shape [17], represented
in the following formula:

T(ω) = T0 + a0
(q + 2(ω − ω0)/ζ )2

1 + (2(ω − ω0)/ζ )2 , (1)

where T0 is the background transmission, a0 and q are con-
stant real coefficients, ω0 is the resonant frequency, and ζ

is the overall resonant damping rate of the resonator. The
electric distributions of the QBIC mode under θ = 8◦ in
Fig. 3(b) shows that the electric field inside the gap area
is significantly enhanced. The result in Fig. 3(c), where
we conduct the multipole expansion for the case of θ = 8◦
through an open-source method provided by Hinamto and
Fujii [37], can help to understand the mechanism behind.
The expansion shows that such QBIC resonance is domi-
nated by the MD response, while the contribution from the
electric dipole (ED), which represents the radiating chan-
nel coupling to the outgoing waves, is small. When one
breaks the in-plane symmetry, the MD’s opposite dipole
moments become no longer equal, which makes the sys-
tem’s net dipole moment nonzero. Therefore, the “trapped”
MD mode at the � point is no longer confined, which
means it becomes able to couple and exchange energy with
other modes in the free space, leading to tremendous local-
field enhancement in the split, and showing the asymmetric
Fano shape. Additionally, the features of QBIC mode are

(a)

(c)

(b)

(d)

SPBIC

FIG. 2. (a) Schematic of the periodic Ge-ring array. (b) Pho-
tonic band structure of the periodic Ge ring array. The con-
fined symmetry-protected BIC is marked with a red circle. (c)
The near-field electric distribution of the BIC eigenmode (λ =
1870.01 nm) presented for the z = 50 nm plane. The white
arrows indicate the directions of in-plane displacement currents.
(d) The far-field electric radiation pattern of the eigenmode.

closely related to θ : as is illustrated in Fig. 3(a), when θ

increases in an appropriate range, the transmission dips
will manifest slight blueshift and widening. In order to
study these behaviors, Q factors of the QBIC modes under
different θ are calculated in Fig. 3(d). Here, the asymmetry
parameter s is defined as s = sin(θ/2) , and the Q factor is
plotted as a function of s (under log10-log10 scale for intu-
itive illustration of the relationship between s and Q). The
result shows that the Q factor acts an apparent behavior for
s in a proper range, conforming with the inverse quadratic
relationship:

Q(θ) = Q0 [s(θ)]−2 . (2)

Here, s(θ) = sin(θ/2) and Q0 is a constant irrelevant to
θ , which is determined by the structure [38]. The result
indicates that one can actively tune the coupling rate
effectively in the proposed metasurface. When monolayer
graphene is introduced into this resonator system, its light
absorption can be boosted by the strongly enhanced local
field. Critical-coupling conditions for the absorber can be
satisfied by utilizing such tunable features of the QBICs.
And according to this mechanism, the absorber will also
be actively tunable.

Such resonance features of QBIC we have found in such
an all-dielectric metasurface are believed to be able to
provide the enhancement on light-graphene interactions,
which can be defined as a parameter by the light-absorbing
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(a)

(c) (d)

(b)

FIG. 3. (a) Transmission spectra of the metasurface with an infinite SiO2 substrate when in-plane symmetry is broken with different
split θ . The position of the example spectrum under θ = 8◦ is indicated by a white line, and its simulated and Fano-fitted spectra is
shown on the right side. (b) When θ = 8◦, the electric energy field in the metasurface at the resonance point (λ = 1826.09 nm). The
in-plane field vectors are indicated by white arrows. (c) The multipole expansion for the resonance under θ = 8◦. (d) Graph of plotting
Q factor as a function of the asymmetry parameter s (under log10–log10 scale).

efficiency [39]:

PA(ω) = 0.5ω

∫
ε"(ω)|E|2(ω)dV. (3)

Here, ω is a variant frequency, ε"(ω) is the imaginary
dielectric constant, and |E| is the electric field. The absorp-
tion power is integrated over the volume that graphene
occupies. One can tell from this formula that, graphene’s
light-absorbing power is strongly correlated with the elec-
tric field overlapped between graphene and the dielectric
metasurface. In our simulation, the monolayer graphene
(MG) is modeled as a broad 2D dielectric layer covering
the whole period, and placed on top of the C-shaped ring,
which is the z = 100 nm plane, as illustrated in Fig. 4(a).
The surface conductivity σ of MG is obtained through the
Kubo model [40]:

σ(ω, EF, Γ , T) = Ng(σintra + σinter), (4)

σintra = −ie2

π�(ω + 2iΓ )

∫ ∞

0
ξ

[
∂fd(ξ)

∂ξ
+ ∂fd(−ξ)

∂ξ

]
dξ ,

(5)

σinter = ie2(ω + 2iΓ )

π�

∫ ∞

0

∫
d(ξ) − fd(ξ)

(ω + 2iΓ ) − 4(
ξ

�
)2

dξ , (6)

where

fd(ξ) =
[

exp
(

ξ − EF

kBT

)
+ 1

]−1

(7)

and

Γ = ev2
F

2μEF
(8)

is the scattering rate. The quantities in the model are
as follows: T = 300 K is the temperature, Ng = 1 is the
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(a)

(b) (d)

(c)

FIG. 4. (a) Schematics of the proposed graphene-metasurface system. Monolayer graphene (MG) is laid on top of the C ring, which
is defined as the z = 100 nm plane. (b) Light-absorption spectra of the system under variant θs with MG EF = 0.2 eV. The absorption
under the critical-coupling condition when θ = 7.1◦ is illustrated on the right. (c) Critical-coupling absorption spectra with different
MGs EF = 0.1, 0.15, 0.2, 0.25, and 0.3 eV. (d) For (c), the peak wavelength and FWHM of the absorption band as functions of θ and
EF.

number of the graphene layer, σintra is the intraband con-
ductivity contribution, σinter is the interband conductivity
contribution, vF = c/300 = 106 m/s is the Fermi velocity,
μ = 1 m2/(V s) is the carrier mobility, and EF is the Fermi
level of graphene. And it has been proved that in meta-
surfaces, one can actively tune EF easily by applying gate
voltage through electrodes placed on MG and the substrate
[41], so for the purpose of simplification, we consider only
MG on different EF by varying the values of corresponding
physical quantities in our simulations.

In this case, the light absorption of the graphene-
metasurface system is calculated, and the results are shown
in Fig. 4(b). Taking the monolayer graphene on the Fermi
level EF = 0.2 eV as an example, we sweep the light
absorption with increasing θ , and get a blueshifting and
widening boosted absorption band, which behaves correla-
tively with the transmission dip in Fig. 3(a) brought by the
QBIC resonance. When analyzing the proposed graphene-
metasurface as a single-mode optical resonator, according
to the temporal coupled-mode theory (TCMT), the light
absorption of the system can be presented as [42,43]

A = 2γ δ

(ω − ω0)2 + (δ + γ )2 , (9)

where γ is the radiation rate of the photonic resonator and
δ is the dissipative loss rate of the absorbing material. In
our proposed system, δ can be represented by the dissipa-
tive loss rate of MG, as it is the only lossy medium in the
system. At the resonant frequency ω = ω0, the maximum
of absorption intensity is achieved, where the value A0 is

determined only by the ratio of δ and γ as

A0 = 2γ δ

(δ + γ )2 = 2
2 + γ

δ
+ δ

γ

, (10)

and once γ = δ, the critical-coupling condition of this
system will be satisfied, under which the two-port single-
mode resonator will reach the theoretical maximized light
absorption Amax = 0.5. In other words, the complex eigen-
frequency of a resonant leaky mode can be expressed as
ω = ω0 − iγ , and the radiative Q factor can be defined
as QR = ω0/2γ . As for an absorptive medium, the Q fac-
tor of its intrinsic absorption QA = ω0/2δ. Therefore the
critical coupling condition can be described as QR = QA.
Moreover, QA is also associated with the refractive index
of the absorptive materials in a system [44]. For mono-
layer graphene, nMG can be obtained from Refs. [45,46]. To
obtain QA, the effective refractive index should be consid-
ered at first, which is a function of the index and thickness
of MG and the Ge metasurface under normal incidence:

neff = nMGtMG + nGehl

tMG + hl
, (11)

where nMG and nGe are the refractive index of mono-
layer graphene and germanium, respectively. tMG = 0.34
nm is the thickness of MG. Take MG with EF = 0.2
eV, for example, the effective refractive index is neff =
4.11867 + 0.00988i at λ = 1831.99 nm, which makes
QA = Re[neff]/2Im[neff] = 208.4. To match QR = QA,
from the Q − s relationship in Fig. 3(d) one can estimate
that the target θ is around 7◦. Finally when θ = 7.1◦, the
eigenfrequency of the QBIC is found to be 163.755 +

034039-5



ZONGLIN LI et al. PHYS. REV. APPLIED 21, 034039 (2024)

0.786i (THz), which makes QR = 208.4, satisfying the
critical-coupling condition and bringing Amax = 0.5 as
shown in Fig. 4(b). For monolayer graphene, the surface
conductivity δ changes with different EF, which manip-
ulates δ to vary [47,48]. In this study, we consider five
kinds of monolayer graphene with increasing EF from 0.1
to 0.3 eV. Calculation of the Kubo formula shows that
δ decreases with the increasing EF from 0.1 to 0.3 eV,
which leads the dissipative loss rate δ of graphene to decay.
To satisfy the critical-coupling condition γ = δ, the radi-
ation rate of the system γ should be tuned down, which
means one, according to Fig. 3(c) should increase the split
angle θ to tune down the coupling rate of the proposed
metasurface.

The result in Fig. 4(c), which presents the critical-
coupling absorption spectra under EF = 0.1, 0.15, 0.2,
0.25, and 0.3 eV, has confirmed this claim above.
When achieving critical-coupling conditions, θ decreases
inversely with the increasing EF. On the other hand, the
features of the critical-coupling absorption band are ana-
lyzed in Fig. 4(d), where the wavelength point of the
absorption peak and the FWHM, which is highly correl-
ative with δ and γ as

Wmax /2 = 2(δ + γ ) (12)

are calculated as functions of EF and θ . The result demon-
strates that when θ increase under critical-coupling con-
ditions, the absorption band also shows the behavior
of linear blueshifting and widening, which is consistent
with the result in Fig. 4(b). The above results indicate
promising application in the field of tunable absorbers, for
our proposed graphene-dielectric-metasurface hybrid res-
onator can not only satisfy single-mode critical-coupling
absorption but also allow active adjustments on both the
absorbing frequency position and bandwidth.

III. APPLICATION DISCUSSION

Generally speaking, the traditional applications of
adjustable graphene-based absorbers concentrated on sen-
sors or filters [49–51]. Here, we study the rarely mentioned
applications: optical switch and image display, and intro-
duce the possible potential applications based on our pro-
posed graphene absorber. First, the polarization effect of
the incident wave is considered. Because of MD’s depen-
dence on the incident polarization, the excitation of MD
in the resonator will change as one rotates the incident
polarization direction (noted as IPD). Such polarization-
dependent performance originates from the interference
of Mie-resonant multipoles [52,53]. Based on this, we
introduce an alternative method to analyze the in-plane
symmetry of the metasurface, which is to examine the
symmetry relative to IPD. It is worthwhile to notice that,
for normal (vertical) incidence, the plane wave is TEM

polarized, while here for the convenience of our descrip-
tion, the y-polarized wave is noted as TE incident and
the x-polarized wave is noted as TM incident. As demon-
strated in Fig. 5(a), when the proposed metasurface with
a split θ is considered, in the initial scenario under TE
incidence, the metasurface is of broken in-plane symmetry
relative to IPD; when IPD is rotated, the net dipole moment
contributed by the unequal dipole moment on each side
of IPD will followingly decrease, causing the drop of the
intensity of MD QBIC resonance and limiting its ability to
boost the local field; and when under TM incidence, the
metasurface becomes symmetrical again relative to IPD,
which is equivalent to transform the QBIC mode back into
another type of SPBIC supported by an alternative MD
with equal dipole moment on each side of IPD (x axis).
This equal MD will shut down the radiating channel, which
makes the mode confined again and terminates the strong
local-field enhancement.

Our further research has proved the mechanism above.
Taking the proposed critical-coupling absorber with θ =
7.1◦ and EF = 0.2 eV, for example, we gradually rotate
IPD with an angle α and test the absorption spectra, and
the result is shown in Fig. 5(b). The result shows that the
absorption peak decays with increasing α strictly at the
same wavelength without shift. If separately considering
the metasurface (without monolayer graphene), the trans-
mission spectra also exhibit the similar shiftless behavior,
as shown in Fig. 5(c). When it comes to the absorption
spectra under TE incidence and TM incidence, as shown
in Fig. 5(d), which lead to the highest and unenhanced
absorption, respectively, the maximal difference of the
absorbing intensity �A ≈ 0.485, and the modulation effi-
ciency reaches 97.1%. Such high efficiency exceeds many
existing works [33,34]. We have also analyzed the decay-
ing behavior of the absorption peak, and the result is shown
in Fig. 5(e), where the peak absorbing intensity is plotted
as a function of α and fitted in a Sine model:

Apeak(α) = 0.258 + 0.243 sin
[
(α + 43.973)π

88.325

]
. (13)

All these signs indicate that the absorbing intensity of the
graphene-metasurface system is related to the MD QBIC
resonance. To prove this claim, MD intensity in the multi-
pole responses of the metasurface under θ = 7.1◦ is tested
in Fig. 5(f). The result shows that from TE to TM inci-
dent, the MD response vanishes, correlating with Fig. 5(d).
Moreover, with increasing α, the MD response also shows
a gradual decrease, which is analyzed in Fig. 5(g), and
fitted in a Sine model:

MDpeak(α) = 32220400

+ 32221000 sin
[
(α + 44.994)π

89.994

]
. (14)
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(a)

(b) (c)

(d) (e)

(f) (g)

FIG. 5. (a) Examining the in-plane symmetry and excited MD with reference to IPD. (b) critical-coupling absorption spectra (θ =
7.1◦, EF = 0.2 eV) under variant incident polarization α from 0◦ to 90◦. The shiftless absorption peak is indicated by a dashed line. (c)
Transmission spectra when θ = 7.1◦, under variant α from 0◦ to 90◦. The shiftless transmission dip is indicated by a dashed line. (d)
Absorption spectra of the critical coupling system under α = 0◦ and 90◦, respectively. (e) The declined curve of the peak absorbing
intensity in (b). (f) MD responses of the metasurface when θ = 7.1◦, under α = 0◦ and 90◦, respectively. (g) The declined curve of the
peak intensity of MD responses with variant α.

The Sine form of MDpeak(α) agrees well with Apeak(α),
confirming that the polarization-sensitive MD resonance
dominates the intensity of the maximized absorption.

Based on the above mechanism of polarization-
modulating absorption in our proposed graphene-metasur-
face absorber, an optical digital “0-1” switching function is

achieved. In the demonstration in Fig. 6(a), a 4 × 4 array
is composed of the critical-coupling units with θ = 7.1◦
and EF = 0.2 eV, for example, and exposed under the nor-
mal incident light. The amplitude of the transmitting light
|E|trans is used to measure the array’s status. As shown
in Fig. 6(b), when under the original incident plane wave
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(a) (b)

(c)

(d)

FIG. 6. (a) Schematic of the IPD-modulating “0-1” array,
composed of the critical-coupling unit in Fig. 5(b). (b) Contrasted
amplitude patterns of the transmitting light under TE and TM
incidence, respectively, at λ = 1831.99 nm. (c) Demonstrations
of the switchable image-displaying design for different letters in
40 × 40-pixel size, presented in grayscale and Viridis, which can
be turned off by TM IPD. (d) Demonstrations of selecting the
displaying part of the image by IPD in a “Tai Chi”-shaped array.
The red boxes indicate differential designs for each part of the
array.

(TE incident, |E| = 1) at the resonance frequency, QBIC is
excited in the array, bringing maximized critical-coupling
absorption, manifesting a dark |E|trans pattern, which can
be defined as code “0” or status “off.” When IPD is turned
TM incident, the boosted absorption is terminated, which
causes high transmission, manifesting a bright |E|trans pat-
tern, which can be defined as code “1” or status “on.”
These two patterns with significant contrast are obtained
in the same array, which means that the function can be
realized by simply modulating IPD without any change in
structure.

Moreover, based on the polarization-sensitive switch-
ing function, a switchable and selectable image-displaying

function, which allows free design, is also achieved.
Similarly, we use the proposed metasurface with θ = 7.1◦
and EF = 0.2 eV as a pixel (1 × 1 µm2), and design images
on a 40 × 40-pixel-sized SiO2 substrate panel (and here
for the sake of rigor, the periodic boundary conditions in
x and y directions of the simulation region is modified to
PMLs, to simulate the finite structural size in actual appli-
cation). The results in Fig. 6(c), where we demonstrate the
performance of displaying different letters at the critical-
coupling wavelength λ = 1831.99 nm, present images of
high and pronounced contrast, and such display can be
switched off by manipulating IPD to TM incident. Fur-
thermore, in Fig. 6(d), we demonstrate another function to
select which part of the image array to display by IPD. The
method is to arrange each part of the image with the origi-
nal C-shaped rings and the rings rotated 90◦ anticlockwise,
respectively, which is illustrated in the inset of Fig. 6(d).
Therefore, due to the mechanism discussed in Fig. 5(a),
under TE and TM incidence, respectively, QBIC will be
separately excited in each differentially designed part of
the image array to behave strong absorption and allow par-
tial displaying selection. And from these results we deduce
that, with enough computer resources to simulate larger
arrays (i.e., more pixels), images with high-resolution ratio
can be obtained. All the results presented above indicate
promising potential applications in next-gen optical digital
switches and image display devices.

Last but not least, it is worth mentioning that, research
has proved that by increasing the uniaxial strain on
graphene samples to flatten the corrugations and ripples,
the random strain fluctuations (RSFs), the primary disorder
causing electron scattering, can be efficiently reduced [54].
This method makes sense in maintaining a stable perfor-
mance of the graphene samples in experiments. Moreover,
in a recent study from Jin et al., the authors successfully
transferred the monolayer graphene onto the top plane of a
metasurface in the experiment, and provided detailed fabri-
cation methods [55]. Such exciting successes can provide
solid technical support for the practical rationality of our
study in possible further experiments. What is more, the
topological insulators (TIs) with voltage-modulatable sur-
face states, similar to the EF of graphene, are regarded
as promising materials for the next-gen optoelectronic
devices. Recently, 2D germanene, the Ge analogue of
graphene, has been successfully grown in experiments and
proved to exhibit the TI natures [56]. This success may
provide an exciting chance for the strong coupling between
2D TIs and QBIC metasurfaces. We hope the mechanisms
we proposed in this paper can help pave the way for possi-
ble further studies on germanene-QBIC coupling systems
and their applications.

IV. CONCLUSION

In summary, we have demonstrated a resonant germa-
nium metasurface supporting MD-QBIC resonance. Due
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to the strong local field enhancement originating from
the QBIC nature, we have proved that such QBIC can
significantly boost the light-graphene interaction, lead-
ing to enhanced graphene absorption. By optimizing the
Fermi level of graphene and the asymmetry parameter
of the metasurface, a tunable critical-coupling absorber
was achieved. The influence of incident polarization was
further considered. The results showed that the intensity
of the enhanced absorption can be efficiently tuned by
maneuvering the polarization direction, providing a high
modulating efficiency up to 97.1%. Finally, we have also
demonstrated the performance of “0-1” switching function
and switchable and selectable image-displaying function
through the polarization-controlling method. Our results
may offer unique opportunities for constructing next-gen
alternative photonic metadevices.
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