Applied Surface Science 620 (2023) 156779

Contents lists available at ScienceDirect

Applied
Surface Science

Applied Surface Science

ELSEVIER

journal homepage: www.elsevier.com/locate/apsusc

Full Length Article

Optical sensing and switching in the visible light spectrum based on the
bound states in the continuum formed in GaP metasurfaces

Zhaotang Li f‘, Mingcheng Panmai“, Lidan Zhou ®, Shulei Li >, Shimei Liu?, Jianhua Zeng ¢,
Sheng Lan ™"

@ Guangdong Provincial Key Laboratory of Nanophotonic Functional Materials and Devices, School of Information and Optoelectronic Science and Engineering, South
China Normal University, Guangzhou 510006, China

Y State Key Laboratory of Optoelectronic Materials and Technologies, School of Electronics and Information Technology, Sun Yat-sen University, Guangzhou 51006,
China

€ School of Optoelectronic Engineering, Guangdong Polytechnic Normal University, Guangzhou 510665, China

4 School of Physics and Electronic Information, Shangrao Normal University, Shangrao 334001, China

ARTICLE INFO ABSTRACT

Keywords:
Dielectric metasurface

We propose dielectric metasurfaces supporting BICs in the visible light spectrum based on GaP cuboids. An
artificial “molecule” composed of two identical GaP cuboids, which exhibits highly directional scattering, is used
as the unit cell to construct the metasurfaces. It is found that the Q factor of the BIC is extremely sensitive to the
gap width between the two GaP cuboids. A Q factor as high as 2 x 107 can be achieved when the gap width of all
GaP cuboids in the metasurface becomes equal. An exponential decrease in the Q factor is observed when the gap
width deviates from the optimum value. We show that optical sensing with sensitivities of 135 nm/RIU and 45
nm/RIU can be realized by using x-and y-polarized white light. By integrating a tungsten disulfide (WSyg)
monolayer on such a metasurface, we demonstrate that the BIC in the hybrid metasurface can be optically
manipulated by injecting excitons and trions in the WS monolayer. Our findings are helpful for understanding
the physical origin for the BIC formed in a metasurface and useful for constructing novel photonic functional

Bound state in the continuum
Gallium phosphide nanoparticle
Mie resonance

devices by combining such metasurfaces with two-dimensional materials.

1. Introduction

Metasurfaces composed of periodically arranged elements have
attracted great interest in recent years because of their abilities in con-
trolling the optical properties of electromagnetic wave, such as ampli-
tude, phase, wavefront, and polarization [1-5]. Although all-metallic
metasurfaces have been successfully employed to manipulate the optical
properties of light, it is difficult to obtain optical resonances with high
quality (Q) factors in the visible light spectrum because of the large
Ohmic loss of metals [6-8]. For this reason, all-dielectric metasurfaces
composed of dielectric nanoparticles with high refractive indices have
become the focus of many studies because they support bound states in
the continuum (BICs) with high Q factors, which imply potential ap-
plications in various fields [9-16]. Physically, BICs with infinitely large
Q factors exist only in metamaterials with infinite size at least in one
dimension, such as a two-dimensional metamaterial or a metasurface
with infinite size [17-20]. They are generally clarified into two types
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which are referred to as symmetry-protected BICs [11,12,14] and acci-
dental (or F-W) BICs [21-24]. The former BICs are decoupled with the
radiation continuum by the symmetry of the constituent elements (or
dielectric nanoparticles) with respect to the incident light by exploiting
mainly the dark axis of electric or magnetic dipoles [14,16,25]. Breaking
of symmetry can be realized by using oblique incidence or by intro-
ducing defects in dielectric nanoparticles [25-27]. As a result, quasi-
BICs with reduced Q factors can be readily excited in the metasurface.
It is generally accepted that symmetry-protected BICs cannot be excited
unless the symmetry is broken [25,28]. For the symmetry-protected BIC
generated by a dielectric cylinder or block, it is revealed that its radia-
tion is governed by a magnetic dipole (MD) parallel to the direction of
the light incidence, which appears as a doughnut perpendicular to the
incident light.

Physically, the transmission or reflection of a metasurface is deter-
mined by the scattering of the constituent elements and the coherent
interaction between them. Therefore, it becomes important to study the
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scattering of the unit cell used to construct the metasurface. As
mentioned above, the symmetry-protected BICs reported in previous
studies are usually dominated by MDs oriented in the direction of light
incidence. Such a MD is supported by a single dielectric element, such as
a cylinder or a cuboid. Based on previous studies, normally incident light
can be deflected by using an artificial “molecule” consisting of two Si
nanoparticles [29,30]. It is realized by exploiting the constructive and
destructive interference between the Mie resonances supported by such
an artificial “molecule” [29]. If a large deflection angle of 90° can be
achieved, it implies the disappearance of the transmitted light or the
existence of an optical resonance with an infinitely large Q factor in the
transmission spectrum. In this case, the Si dimer is decoupled with the
radiation continuum, generating a BIC without breaking the geometrical
symmetry. Actually, it was demonstrated that such a situation can be
realized in an artificial “molecule” consisting of two Si nanospheres.
When such a Si “molecule” is irradiated by using a radially-polarized
light beam, a sharp bending of the light beam with an angle of 90°
can be observed [30]. The underlying physical mechanism is the
destructive interference between the toroidal electric dipole (TD) and
the magnetic quadrupole (MQ) excited in the Si “molecule” in the di-
rection of light incidence. In this case, a sharp bending of the incident
light is realized, leading to a bidirectional scattering perpendicular to
the incident light. Enlightened by this phenomenon, it is expected that a
dielectric metasurface composed of periodically arranged dielectric
“molecule” may support a symmetry-protected BIC of a different nature.

From the viewpoint of practical application, the high-Q optical res-
onances formed in a metasurfaces, such as the BICs, can be employed to
realize optical sensing with high sensitivities. In practice, optical sensing
based on the modifications in the spectral shape, resonant wavelength
and intensity of an optical resonance induced by the variation in the
dielectric environment has been successfully demonstrated [31-36]. For
the BIC formed in a metasurface, its resonant wavelength usually ex-
hibits a strong dependence on the refractive index of the surrounding
environment because of the strong localization of the electric field in the
unit cell. This feature is commonly exploited to realize optical sensing.
On the other hand, the high Q factor of the BIC implies a high sensitivity
or a large figure of merit (FOM) for the optical sensor.

Physically, an optical resonance with a high Q factor implies
significantly enhanced interaction with light. Therefore, a dielectric
metasurface is usually employed to enhance the linear and nonlinear
optical responses of a two-dimensional material or a perovskite thin
film, which can be readily integrated on the dielectric metasurface
[37-39]. For example, it was found that the second harmonic generation
is greatly enhanced by placing a WS, monolayer on a Si-based meta-
surface and exciting the WS, monolayer at the BIC of the metasurface
[37]. On the other hand, the BIC should be quite sensitive to the small
variation of the dielectric constant of the surrounding environment. For
example, a small increase in the imaginary part of the dielectric constant
of the dielectric nanoparticle by optically induced free carriers [40,41]
or the surrounding environment by adding a graphene on top of the
metasurface will lead to a dramatic reduction or even the disappearance
of the BIC [13]. This unique feature offers us the opportunity for
manipulating the BIC of a dielectric metasurface with an attached two-
dimensional material through injecting excitons and trions with laser
light. Since the exciton resonances for many commonly used two-
dimensional materials (e.g., WSy and MoS;y) or perovskites (e.g.,
CsPbBrs) are located in the visible light spectrum, it is highly desirable
to seek a semiconductor with a negligible loss in this regime. Unfortu-
nately, Si-based metasurfaces cannot support BICs with high Q factors in
the visible light spectrum because its imaginary part is not sufficiently
small [42].

In this article, we propose a GaP-based metasurface that supports a
BIC in the visible light spectrum. We reveal that the BIC originates from
the interference of the Mie resonances supported by a GaP “molecule”
composed of two identical GaP cuboids. We find that the Q factor of the
BIC depends exponentially on the gap width between the GaP cuboids
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and the maximum value is achieved when the gap width of neighboring
GaP cuboids becomes equal. We show that optical sensing with FOM
larger than 10° can be realized by using such GaP-based metasurfaces.
We demonstrate numerically that the BIC in a WSy/GaP hybrid meta-
surface can be optically manipulated by injecting excitons and trions in
the attached WS, monolayer.

2. Materials and methods

Numerical Simulation: In this work, we used a multi-physics software
(COMSOL) to study metasurfaces with infinite sizes. In the numerical
simulation, a periodical boundary condition was employed in the x and y
directions and perfectly matched layers in the z direction to absorb the
outgoing waves. In all cases, we used a plane wave propagating in the z
direction to excite the metasurface. The complex refractive index of GaP
was taken from literature [43] while that of SiO5 was set to be 1.45. We
calculated the transmission spectra of the metasurfaces and simulated
the electric field distribution and radiation pattern of the GaP “mole-
cule” used to construct the metasurfaces in the wavelength domain. The
Q factor of the quasi-BIC supported by a metasurface was derived from
the complex eigen-frequency, which can be expressed as w + iy. Here,
wo and y denote the real and imaginary parts of the complex eigen-
frequency. The Q factor was derived by

Q=w/2y (€)]
3. Results and discussion
3.1. BICs formed in GaP-based metasurfaces

We started from a detailed comparison of the complex refractive
indices of Si and GaP in the wavelength range of 500-800 nm, as shown
in Fig. 1a and 1b. It is noticed that the real part of the refractive index of
Si is reduced from 4.3 to 3.7 while that of GaP is reduced from 3.6 to 3.2
in this wavelength range. Although the refractive index of GaP is smaller
than that of Si, its value is large enough to support distinct Mie reso-
nances in the visible to near infrared spectral range. In Fig. 1b, it is
observed that the extinction coefficient of Si is reduced from 0.07 to
0.006. This value originates from the indirect bandgap absorption of Si
and it is small enough to support Mie resonances with finite Q factors.
However, this value is not sufficiently small to sustain BICs with high Q
factors because a small increase in the extinction coefficient will lead to
a dramatic reduction in the Q factors of the BICs. In sharp contrast, it is
remarkable that the extinction coefficient of GaP becomes zero for
wavelengths longer than ~ 560 nm. It implies that a metasurface built
with GaP nanoparticles may support optical resonances with extremely
large Q factors, such as BICs.

In Fig. 1c, we show schematically the configuration of a GaP-based
metasurface proposed and studied in this work. It is excited by using a
plane wave propagating along the —z direction and polarized along the y
direction. The GaP metasurface is constructed by a square lattice of GaP
“molecules”, each of which is formed by two identical GaP cuboids, as
shown in Fig. 1d. From the viewpoint of practical application, the GaP
metasurface can be fabricated on a SiOy substrate by using wafer
bonding, electron lithography and reactive ion etching [44]. In Fig. 1d,
we depict the geometrical parameters characterizing the GaP “mole-
cule”, including the length (1), width (w), and height (h) of the GaP
cuboid, the gap width (g) between the two GaP cuboids, and the period
(p) of the square lattice.

We first examine the high-Q optical resonance appearing in the
transmission spectrum of a GaP metasurface with p = 310 nm, [ = 240
nm, w = 110 nm, h = 150 nm, and g = 40 nm, as shown in Fig. le. It is
noticed that the optical resonance exhibits a typical Fano lineshape,
which is generally formed by the interference of two optical modes. This
optical resonance is intentionally designed at the exciton resonance of
WS, monolayer (~615 nm) so that it can be manipulated via the
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injection of excitons and trions into the WS, monolayer, as demon-
strated later. The Q factor of the optical resonance is found to be ~ 3635.
If we replace the GaP cuboids with Si cuboids, the high-Q optical reso-
nance disappears completely owing to the larger extinction coefficient of
Si (see Fig. le). It indicates that the imaginary part of the complex
refractive index of the dielectric material plays a crucial role in the
formation of high-Q optical resonances. From this viewpoint, GaP is a
promising candidate for constructing dielectric metasurfaces supporting
high-Q BICs in the visible to near infrared spectral range.

We examine the electric field distribution on the top surface of the
GaP cuboid, which is important for the coupling with WS, monolayer.
The electric field distribution in the XY plane is shown in the inset of
Fig. 1f. It is found that the electric field is strongly localized in the gap
region between the two GaP cuboids with an enhancement factor of ~
23. The electric field in the gap region is oriented along the Y direction.
These features are suitable for the coupling with the excitons in WSy
monolayer, which oriented in the XY plane. On the other hand, a small
variation in the refractive index of WS, monolayer will have great
impact on the high-Q optical resonance supported by the GaP meta-
surface. Thus, it offers us the opportunity for optically controlling the
transmission properties of the WS,/GaP metasurface, implying potential
applications in all-optical switching.

In order to find out the physical origin of the high-Q optical reso-
nance, we performed a multipolar expansion analysis for it, as shown in
Fig. 1f. The formulas used to derive the Mie resonances involved in the
interference are expressed as follows [28]:

77/‘1d3

MD = 2C/(r x j)d*r

(2a)

(2b)

Wavelength (nm)

1
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Here, c is the speed of light in vacuum, a and f represent the Car-
tesian coordinate components x,y, and z. In Eq. (2), the current density is
given by:

J(r) = —iwey [er(r) —er,d]E(r). 3)

The radiated power of the multipolar moments was calculated as
follows:
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As shown in Fig. 1f, the high-Q optical resonance originates from the
interference of the TDy and MQ,, modes supported by the GaP “mole-
cule”. This behavior is quite similar to that observed in the excitation of
a Si nanoparticle dimer by using a radially polarized beam [30]. The
only difference is that the Q factor of the optical resonance is signifi-
cantly enhanced due to the collective interaction of periodically ar-
ranged GaP “molecules”. It is also revealed that TDy and MQ,; are the
subradiant modes (narrow modes) while MD, is the superradiant mode
(broad mode) in the formation of the Fano resonance. Accordingly, it is
found that TD, and MQ,; can be excited by a MD source oriented along
the x-axis direction (i.e., MD,) and placed at the center of the “molecule”
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(see Fig. S1).

Previously, the transmission properties of dielectric metasurfaces
constructed with dielectric molecules of different materials have been
investigated [26,27,37,45-52]. Most studies focus on Si-based meta-
surfaces supporting high-Q optical resonances in the near infrared
spectral range. In these cases, the symmetry of the unit cell is inten-
tionally broken in order to reveal the BIC in the transmission spectrum.
For example, the length or width of a constituent cuboid is intentionally
reduced [26,27,37,46-51]. In order words, the dielectric “molecule” is
composed of two “atoms” with different sizes. It is generally observed
that the Q factor of the quasi-BIC decreases rapidly with increasing
asymmetry. Here, we show that the symmetry of the GaP “molecule” is
not the most important factor that influences the Q factor of the quasi-
BIC. Instead, the gap width between the two GaP cuboids plays a
crucial role in determining the Q factor of the quasi-BIC.

Now we consider a GaP metasurface with structural parameters p =
310 nm, [ = 240 nm, w = 110 nm, and h = 150 nm. In Fig. 2a, we show
the transmission spectra calculated for the metasurfaces with different
gap widths (g). An optical resonance, which is attributed to the quasi-BIC
supported by the metasurface, is observed at ~ 610 nm. It possesses an
asymmetric Fano lineshape, implying the existence of mode interfer-
ence. The quasi-BIC becomes narrower when g approaches 45 nm. It
disappears in the transmission spectrum at g = 45 nm because of the
large Q factor. In this case, the linewidth of the quasi-BIC (~2.6 x 10°
nm) is smaller than the wavelength interval (~0.01 nm) used in the
calculation of the transmission spectrum. By using a smaller wavelength
interval (~1 x 10 nm), it can be revealed again in the transmission
spectrum of the metasurface, as shown in the inset. In this case, it is
noticed that the quasi-BIC possesses an asymmetric Fano lineshape and
the transmittance is reduced to ~ 0.50. Now we examine the depen-
dence of the resonant wavelength and the Q factor of the quasi-BIC on
the gap width (g) between the two GaP cuboids, as shown in Fig. 2b. It
was found that the resonant wavelength of the quasi-BIC remains almost
unchanged when g is varied. In sharp contrast, the Q factor of the quasi-
BIC is extremely sensitive to the change of g and it exhibits a maximum
value of ~ 2.5 x 107 at g = 45 nm. When g deviates from g = 45 nm, an
exponential decrease of the Q factor is observed. For example, the Q
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factor at g =45 nm is larger than that at g = 30 or 60 nm by five orders of
magnitude. The exponential decrease of the Q factor of the quasi-BIC is
quite similar to that observed in previous studies when the asymmetry in
the constituent is increased. At first glance, the GaP “molecule” used to
construct the GaP metasurface is a symmetric structure. A careful in-
spection reveals, however, that the gap width on both sides of the GaP
cuboid is asymmetric in most cases. For example, the gap widths of the
left GaP cuboid with its neighbors are 60 and 30 nm when g is chosen to
be 30 nm. When g is set to be 45 nm, the gap widths for each GaP cuboid
in the metasurface is equal (45 nm) and the Q factor of the quasi-BIC
reaches a maximum. In this case, it is remarkable that the unit cell of
the metasurface can be reduced to a single GaP cuboid. However, the
quasi-BIC is not observed if we use a single GaP cuboid only as the unit
cell to calculate the transmission spectrum of the metasurface. As dis-
cussed above, the quasi-BIC originates from the interference of the TD
and MQ, which are supported only in a GaP “molecule” rather than a
single GaP “atom”. From the electric field distribution shown in the inset
of Fig. 2a, it is found that the electric fields in the two GaP cuboids are
out of phase. This out-of-phase electric field distribution cannot be
achieved in the unit cell composed of a single GaP cuboid. Although this
type of BIC is not relevant to the breaking in the geometrical symmetry,
we think it still belongs to symmetry-protected BIC because it is closely
related to the symmetry of the lattice. In previous studies, it is noticed
that the change in the Q factor induced by the increase in asymmetry is
usually accompanied with a large shift of the resonant wavelength of the
quasi-BIC [27]. In our case, the resonant wavelength of the quasi-BIC
remains nearly unchanged when the Q factor is exponentially manipu-
lated by varying the gap width. This is an advantage when the quasi-BIC
is employed in the construction of photonic devices.

As shown in Fig. 1f, we performed a multipolar expansion analysis
for the transmission spectrum of the metasurface in a logarithmic co-
ordinate and identified the physical origin of the quasi-BIC as the
interference of the TD, and MQy, supported by the GaP “molecule”. In
Fig. 2¢, we plot the intensities of the constituent Mie resonances as a
function of the gap width. It is found that MD,, which radiates in the 2z
direction, is another Mie resonance that contributes to the quasi-BIC. It
is not sensitive to the variation of g. As expected, an exponential increase

Fig. 2. (a) Transmission spectrum calculated for the
metasurfaces with structural parameters of p = 310
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is observed for the TD, and MQ,, when g approaches 45 nm. A detailed
inspection reveals that the ratio of TD, to MQ,; remains nearly un-
changed when g is varied (see Fig. S2). For g = 45 nm, MD,, is negligible
as compared with TDy and MQ,; and the destructive interference be-
tween them in the z direction leads to a large Q factor of the quasi-BIC. It
should be emphasized, however, that MD, also participates the forma-
tion of the quasi-BIC in this case. Being as a superradiant mode with a
broad linewidth, the interaction of MD, with TD,/MQ,; (subradiant
modes) leads to an asymmetric Fano lineshape and a reduction of the
transmission (see the inset of Fig. 2a). For g = 30 or 60 nm, it is noticed
that the intensity difference between MD, and TDy/MQy, is less than one
order of magnitude. Since MD, is a radiant mode, the quasi-BIC becomes
more loss and possesses a much smaller Q factor of only ~ 102 The
electric field enhancement, which is important for practical applica-
tions, is dramatically reduced when the Q factor of the quasi-BIC is
decreased. For g = 45 nm, an enhancement factor as large as |E|/|Eo| ~
1140 is achieved. However, this value is reduced to ~ 23 when g = 40
nm.

In order to gain a deep insight into the radiation of the quasi-BIC, we
simulated the three-dimensional radiation patterns of the GaP “mole-
cules” with different gap widths, as shown in Fig. 2d. For g = 30 nm, the
radiation pattern is dominated by the radiation in the x direction.
However, there exists a severe leakage into the substrate. For g =40 nm,
the leakage into the substrate is reduced significantly and an 8-shaped
radiation pattern is observed. For g = 45 nm, the radiation in the z di-
rection (i.e., out-of-plane radiation) disappears completely and a perfect
8-shaped radiation pattern is achieved.

In order to understand the correlation between the radiation pattern
and the interference of TD, and MQ,;, we present the radiation patterns
of TDy and MQy; in Fig. 3a. The radiation pattern of TD,, appears as a
doughnut while that of MQ,, appears as a flower lobe. The interference
of TDy and MQy; leads to the cancellation of the radiation in the z di-
rection and the enhancement of the radiation in the x direction.
Consequently, an 8-shaped radiation pattern is obtained. The coupling
between the neighboring unit cells results in a surface wave propagating
in the metasurface. If g is chosen appropriately, the radiation loss of the
surface wave is quite small, leading to an extremely large Q factor, as
schematically shown in Fig. 3b. It was found that the symmetric gap
widths on both sides of each GaP cuboid can also be realized by changing
the period of the metasurface or the width of the GaP cuboid when the
other parameters are fixed (see Fig. S3a-d). Anyway, the largest Q factor
is achieved when the gap widths on both sides of each GaP cuboid is
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equal.

3.2. Dependence of the BIC on the polarization of the excitation light

The quasi-BIC discussed above appears in the transmission spectrum
of the metasurface when it is excited by using a plane wave polarized
along the y direction. If we excite the metasurface with a normally
incident plane wave polarized along the x direction, we can obtain a
quasi-BIC located at ~ 580 nm, as shown in Fig. 4a. In this case, the
quasi-BIC appears as a Fano dip in the transmission spectrum. Based on
the multipolar expansion analysis, it is revealed that the quasi-BIC is
formed by the interference of MD, and EQ,,. Similarly, the subradiant
and superradiant modes involved in the formation of the Fano resonance
are identified as MD,/EQ,; and ED,. In addition, it is verified that MD,/
EQ,; can indeed be excited by an ED source oriented along the x-axis
direction (i.e., ED,) placed at the center of the “molecule” (see Fig. S4).
The interference of the MD,, and EQ,; modes leads to the cancellation of
the radiation in the z direction, exhibiting a perfect 8-shaped radiation
pattern in the x direction. This behavior is quite similar to that observed
in the quasi-BIC shown in Fig. 3. In Fig. 4b, we present the evolution of
the transmission spectrum of the metasurface with increasing gap width
(g value). Similarly, the largest Q factor is observed for the quasi-BIC in
the metasurface with g = 45 nm. If we examine the z component of the
electric field (see the inset), it is found that the electric fields in the two
GaP cuboids are out-of phase. This behavior indicates the existence of
two anti-parallel EDs in the z direction, forming an EQ mode (EQ,;). In
Fig. 4c, we show the dependences of the resonant wavelength and Q
factor of the quasi-BIC on the gap width. Still, the resonant wavelength is
not sensitive to the change of the gap width. In sharp contrast, an
exponential decrease of the Q factor is observed when g deviates from g
= 45 nm where the largest Q factor is achieved. In Fig. 4d, we plot the
intensities of the three Mie resonances (EDy, MDy, and EQy;) involved in
the formation of the quasi-BIC based on the multipolar expansion
analysis. It is noteworthy that the intensities of the MD, and EQ,; depend
exponentially on the gap width and the ratio between them remains
almost unchanged (see Fig. S5). In comparison, the ED, participating the
interference is not sensitive to the variation of the gap width. Thus, it is
easily understood why the largest Q factor is achieved at g = 45 nm. We
examine the radiation patterns for the GaP “molecules” with different g
values, as shown in Fig. 4e. For g = 30 nm, the radiation pattern is
dominated by the 8-shaped one originating from the interference be-
tween MD,, and EQ,.. The existence of EDy leads to the leakage into the

(b)

Fig. 3. (a) Three-dimensional (upper panel) and two-dimensional (middle panel) radiation patterns of the TD, amd MQ,; modes in the xz plane, and the two-
dimensional radiation pattern in the xz plane resulting from the interference of them (lower panel). (b) Surface wave resulting from the coupling of the radia-

tions of GaP molecules and propagating in the xy plane.
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Fig. 4. (a) Transmission (T) spectrum calculated for a
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substrate and air. When g is increased to 40 nm, the leakage is greatly
reduced. At g = 45 nm, the leakage in the z direction disappears
completely and a perfect 8-shaped radiation pattern is observed. In order
to understand the correlation between the radiation pattern and the
interference of MD, and EQ,;, we present the radiation patterns of MD,,
and EQ,; (see Fig. S6). In Fig. 4f, we show the transmission spectra
calculated for the metasurface excited by using plane waves with
different polarization angles ranging from 0° to 90°. Here, the polari-
zation angle is defined as the angle between the polarization direction
and the x axis. Except for 0° and 90°, one can see two quasi-BICs in the
transmission spectrum of the metasurface. Apparently, the resonant
wavelengths of the two quasi-BICs are determined by the length and
width of the GaP cuboids. Therefore, one can adjust the wavelengths of
the two quasi-BICs for practical applications. For example, the wave-
lengths of the two-BICs can be designed at the resonant wavelengths of
the two excitons (A and B excitons) of WS, monolayer by appropriately
choosing the length and width of the GaP cuboid.

3.3. Optical sensing based on the quasi-BIC

Apparently, the high-Q BICs supported by GaP metasurfaces can be
employed to realize optical sensing with high sensitivities. In general,

the sensitivity (S) of a sensor with a unit of nm/RIU is defined as [34,35]:
S = Adwc/An (5a)

Here, Algc is the wavelength shift of the BIC induced by the varia-
tion of refractive index of An. The corresponding FOM is calculated by

Wavelength (nm)

FoM = 5 _5¢

= 5b
W pic (5b)

Here, Agic, W and Q denote the resonant wavelength, linewidth and Q
factor of the BIC.

As an example, we first calculated the sensitivity of the metasurface
shown in Fig. 1. In Fig. 5a, we show the evolution of the quasi-BIC in the
metasurface excited by using x-polarized plane wave when the refrac-
tive index of the environment is changed from n = 1.00 to n = 1.10. It
can be seen that the wavelength of the quasi-BIC is shifted from ~ 580
nm to ~ 593.5 nm. If we plot the wavelength of the quasi-BIC as a
function of the refractive index, a linear relationship is observed, as
shown in Fig. 5c. The sensitivity extracted from the linear fitting of the
relationship is S = 135 nm/RIU. Similarly, we examine the evolution of
the quasi-BIC in the metasurface excited by using y-polarized plane
wave, as shown in Fig. 5b. The quasi-BIC is shifted from ~ 611 to ~ 620
nm when the refractive index of the environment is changed from n =
1.00 to n = 1.20. As expected, a linear relationship between the wave-
length of the quasi-BIC and the refractive index is also observed, as
shown in Fig. 5d. In this case, the sensitivity is found to be S = 45 nm/
RIU.

In Eq. (5b), it can be seen that the FOM of the sensor is proportional
to the Q factor of the quasi-BIC, implying that the FOM can be improved
by using a quasi-BIC with a large Q factor. We also examined the
dependence of the resonant wavelength of the quasi-BIC on the refrac-
tive index of the surrounding environment for metasurfaces with
different gap widths (see Fig. S7). It was found that the sensors made of
different metasurfaces exhibit almost the same sensitivity. In Fig. 5e and
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Fig. 5. Transmission spectra calculated for a meta-
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5f, we show the FOMs obtained for metasurfaces with different gap
widths excited by using x- and y-polarized white light, respectively. It
can be seen that the FOMs of the sensor increases exponentially when
the gap width approaches g = 45 nm. The maximum FOM exceeds 10°
and 10° when x- and y-polarized white light is employed.

3.4. Optical switching based on the quasi-BIC

The manipulation of the Q factor of the quasi-BIC by changing the
structural parameters (such as the gap width, the period, and the cuboid
width etc.) is static and it can only be realized in the fabrication process.
For device applications, it is highly desirable to realize dynamical con-
trol and manipulation of the Q factor of the quasi-BIC. As discuss at the
beginning, the active control of the optical properties of a dielectric
metasurface can be realized by attaching a two-dimensional material on
the metasurface, forming a hybrid metasurface. The main purpose of this
work is to design a dielectric metasurface operating in the visible light
spectrum, which can be integrated with two-dimensional materials. It is
found that GaP is one of the most promising candidates for achieving
this goal because it possesses a refractive index comparable to Si and
negligible extinction coefficient for wavelengths longer than 550 nm. In
this work, we proposed the use of a WS, monolayer loaded on a GaP
metasurface to construct a WSy/GaP hybrid metasurface owing to its
unique optical properties, as schematically shown in Fig. 6a. A WSy
monolayer, which is generally fabricated by chemical vapor deposition
technique, is transferred from a Si substrate to the top surface of the GaP
metasurface, forming a WS,/GaP hybrid metasurface. It has been known
that the A exciton of WS, monolayer located at ~ 615 nm, which can be
revealed in the photoluminescence (PL) spectrum of a WS, monolayer as
a symmetric Lorentz lineshape. With increasing excitation irradiance,

the PL spectrum of the WS, monolayer will become asymmetric due to
the generation of trions and it will be gradually dominated by the
emission of trions [53]. It implies that the imaginary part of the complex
refractive index of WS, monolayer can be significantly modified by laser
irradiation. So does the real part of the complex refractive index based
on the Kromer-Kronig relation. This unique feature offers us the op-
portunity for actively manipulating the optical properties (e.g., the
quasi-BIC) of the WS,/GaP hybrid metasurface.

It is well known that the introduction of optical loss will lead to the
collapses of high-Q optical resonances. Thus, the wavelength of the
quasi-BIC of the GaP metasurface cannot be designed at the exciton
resonance of the WS, monolayer. On the other hand, we hope to control
the quasi-BIC by using the trions generated by laser irradiation. There-
fore, the wavelength of the quasi-BIC is intentionally chosen at the long-
wavelength side of the exciton resonance where the trion resonance will
be induced by laser light. In order to extract the laser-induced change in
the complex permittivity of WS, monolayer, we excited a WS, mono-
layer with 488-nm laser light and recorded the PL spectra of the WSy
monolayer at different laser powers. In each case, the PL can be
decomposed into the contributions from excitons and trions by fitting
the PL spectrum with two Lorentz lineshapes. In this way, one can derive
the resonant wavelengths and damping rates (i.e., linewidths) of the
excitons and trions at different laser powers. The oscillator strengths of
the excitons and trions can be extracted by fitting the scattering spectra
of a Si/WSy/Au nanocavities excited by laser light with different powers
[53]. By using the above parameters used to characterize the excitons
and trions, one can derive the complex permittivity at different laser
powers by using the following expression:
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Fig. 6. (a) Schematic showing the configuration of a
WS,/GaP hybrid metasurface excited by a laser beam.
(b) Real parts of the complex dielectric constants
extracted for WS, monolayer at different laser powers.
(c) Imaginary parts of the complex dielectric constants
extracted for WS, monolayer at different laser powers.
(d) Transmission spectra calculated for the Metasur-
face without and with an attached WS, monolayer (p
=310 nm, [ =240 nm, w = 113 nm, h = 140 nm, g =
20 nm). (e) Transmission spectra calculated for the
WS,/GaP hybrid metasurface irradiated by using a
488-nm laser beam with different powers (p = 310
nm, [ = 240 nm, w = 118 nm, h = 150 nm, g = 50 nm).
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where ¢, is the dielectric function of background, f;, w;and y; i= A", A,
B, C) are the oscillator strengths, central frequencies, and damping rates
of the excitons and trions, respectively.

In Fig. 6b,c, we show the real and imaginary parts of the complex
permittivity derived for WS, monolayer at different laser powers [53]. It
is noticed that both of them can be greatly modified by laser irradiation.
In Fig. 6d, we show the transmission spectrum of a WS,/GaP metasur-
face with p = 310 nm, [ = 240 nm, w = 113 nm, h = 140 nm, g = 20 nm.
The transmission spectrum of the GaP metasurface in the absence of the
WS, monolayer is also provided for reference. In this case, the quasi-BIC
with a Q factor of 206 is designed to be resonant with the exciton
resonance of WSy monolayer. The interaction between them results in
the formation of two hybrid states, which are manifested as two trans-
mission peaks with much smaller intensities. The Rabi splitting is found
to be ~ 26 meV while the averaged damping rate of the quasi-BIC and
the exciton resonance is estimated to be ~ 8 meV and ~ 45 meV,
respectively. Apparently, the strong coupling criterion is not satisfied in
this case because of the large difference in the damping rate (or line-
width) between the two modes. If we intentionally design the quasi-BIC
at the long-wavelength side of the exciton resonance by using a GaP
metasurface with p = 310 nm, [ = 240 nm, w =118 nm, h =150 nm, g =
50 nm, then the quasi-BIC of the WS,/GaP hybrid metasurface will
survive with a reduced intensity, as shown in Fig. 6e. Based on the laser-
power-dependent complex permittivity presented in Fig. 6b,c, we
calculated the transmission spectra of the WSy/GaP hybrid metasurface
under the irradiation of laser light with different powers, as shown in
Fig. 6e. It can be seen that the quasi-BIC is attenuated with increasing

620
Wavelength (nm)

640 660

laser power, implying the possibility for realizing the active control of
the quasi-BIC.

4. Conclusions

In summary, we proposed the use of a GaP “molecule” composed of
two identical GaP cuboids as the unit cell to construct a metasurface that
supports a quasi-BIC in the visible light spectrum. It was revealed that
the quasi-BIC is formed by the interference of the TDy and MQ,, modes
supported by the GaP “molecule” when the metasurface is excited by a y-
polarized plane wave or by the interference of the MD,, and EQy, modes
when the metasurface is excited by a x-polarized plane wave. It was
found that the gap width is an important structural parameter that de-
termines the Q factor of the quasi-BIC and the largest Q factor is ach-
ieved in the metasurface in which the gap widths on both sides of each
GaP cuboid are equal. We unveiled the underlying physical mechanism
based on the mode interference theory. We showed that the high-Q
quasi-BIC supported by the metasurface can be used as high perfor-
mance sensors. We demonstrated the active control of the quasi-BIC in
the WS,/GaP metasurface by utilizing the refractive index change in the
WS, monolayer induced by injecting excitons and trions into the WS,
monolayer with laser light. Our findings open an avenue for designing
dielectric metasurfaces operating in the visible spectrum and pave the
way for constructing novel photonic devices based on hybrid
metasurfaces.
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