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ABSTRACT: Dielectric metasurfaces made of high refractive
index and low optical loss materials have emerged as promising
platforms to achieve high-quality factor modes enabling strong
light—matter interaction. Bound states in the continuum have
shown potential to demonstrate narrow spectral resonances but
often require asymmetric geometry and typically feature strong
polarization dependence, complicating fabrication and limiting
practical applications. We introduce a novel approach for designing
high-quality bound states in the continuum using magnetic dipole
resonances coupled to a mirror. The resulting metasurface has
simple geometric parameters requiring no broken symmetry. To
demonstrate the unique features of our photonic platform we show
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a record-breaking third harmonic generation efficiency from the metasurface benefiting from the strongly enhanced electric field at
high-quality resonances. Our approach mitigates the shortcomings of previous platforms with simple geometry enabling facile and
large-area fabrication of metasurfaces paving the way for applications in optical sensing, detection, quantum photonics, and nonlinear

devices.
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ptical resonators with high quality factors (Q factors)

can trap optical modes, strongly enhance electric fields,
and boost light-matter interaction. High-index dielectric
resonant metasurfaces can achieve high-Q resonances due to
the low optical loss, confined and enhanced electric field in
dielectric resonators,’ and various mechanisms that minimize
the radiative leakage including using high-order modes,”* Fano
interference,"”” and bound states in the continuum
(BICs).*™' BICs, originally proposed in atomic systems,'"
have recently been applied to guide the design of nano-
photonic systems with novel functionalities."*”"> BICs are
localized wave states that exist in the continuous extended
spectral region and do not exchange energy with free space.
Thus, they have two unique defining features viz. infinitely long
lifetime and infinitely high Q factor. Ideal BICs cannot directly
be excited by far-field radiation, but “quasi BICs” were
proposed to allow the leakage of small radiation into free space
by tuning their geometry9 or excitation parameters.lé_19 Quasi
BICs with finite but high Q factors have been used to construct
resonant metasurfaces for applications including biosen-
2021 Jasers,”*® and, most recently, nonlinear optical
processes.”* ™’

The main limitation of metasurfaces comprising quasi BIC
modes working at normal incidence is the requirement of
broken structural symmetry. Typically, this distorts the original
symmetry-protected BIC modes and allows small radiative
leakage which results in high-Q resonance.” Thus, accurately
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and reproducibly controlling the asymmetry is critical because
both the Q factor and the resonant wavelength are very
sensitive to the degree of asymmetry.”””* This makes the
nanofabrication of such platforms challenging. Furthermore,
the symmetry breaking makes the high-Q resonances depend-
ent on the polarization angle of the incident light,25 which can
be disadvantageous in applications that use nonpolarized light
such as photodetection and imaging. In a symmetric nanodisk
made of high-index materials, the in-plane magnetic dipole
(MD) mode featuring a broadband resonance has been used
for a perfect magnetic mirror,”’ phase control,”” and the
enhanced optical nonlinearity.”*** In contrast, the out-of-plane
MD modes are natural quasi-nonradiative states but they can
only be efficiently excited by azimuthally polarized light,> ™’
which is not practical for most applications. Finally, most of the
reported dielectric metasurfaces lack high-Q optical absorption
and are not suitable for applications such as hyper-/
mult318spectral photodetection and thermal radiation con-
trol.>*~*!
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In this work, we have developed a simple approach for
creating BIC modes using arrayed Si pillars to support radiative
in-plane MD resonances on a reflecting mirror separated by a
dielectric spacer layer. The evolution from ideal BICs to quasi
BICs is controlled by metasurface-mirror distance and the size
of Si pillars. These geometrical parameters are easily controlled
using conventional fabrication methods without a need for the
broken geometric symmetry. A high-Q optical absorber
governed by the BIC is theoretically proposed and
experimentally realized in the metasurface. To further
demonstrate the unique optical properties of the novel
metasurface, we study its performance as an efficient nonlinear
platform to enhance frequency conversion using third
harmonic generation (THG). A large THG enhancement
factor of up to S X 107 is observed compared to an unpatterned
Si film. The conversion efficiency is 1.8 X 107° at a relatively
low peak pump intensity of 0.4 GW/cm®

A three-dimensional (3D) schematic of the designed
metasurface is shown in Figure la. The structure consists of

a

Figure 1. Si metasurface on a gold mirror. (a) Three dimensional
schematic of the metasurface. The inset shows the cross section of the
unit element with corresponding materials. (b) Simulated electric field
and magnetic field distributions of the horizontal MD mode. The
geometric parameters used in the simulation are the diameter of the
pillars D = 340 nm, height of the pillars & = 30S nm, spacing s = 95
nm, and the periods along both directions 2D = 680 nm.

Si pillar array on a gold ground film separated by a SiO, spacer
layer. The Si pillars support various Mie resonances including a
first-order in-plane MD resonance. This MD resonance of the
metasurface is retrieved numerically (eigenfrequency solver in
COMSOL Multiphysics) and its electric and magnetic field
distributions are shown in Figure 1b. The circular loop-shaped
electric field and the horizontal in-plane dipole-like magnetic
field are the critical characteristics of the MD resonant mode.
The electric field of the mode is predominantly confined in the
Si pillar, therefore the relatively large third-order nonlinear
susceptibility of Si (y® = 2.8 x 107'® m?/V?) can be effectively
utilized in nonlinear optical processes.

The BIC in our proposed metasurface originates from the
coupling between the MD resonator and its image due to the
presence of a mirror, as shown in the inset of Figure 2a. First,
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we use temporal coupled mode theory (TCMT) to
demonstrate our approach by treating the ideal case analyti-
cally.*** Assuming that the mirror is a lossless perfect electric
conductor (PEC), we can simplify our structure to a system
with two identical horizontal MD resonators separated by 2d,
where d is the distance between the center of Si pillar and the
PEC mirror. The time evolution of the two resonators with
amplitudes of a; and a, can be expressed by eq 1
0

a Wy K 7|1 —e2 [,
i—| | = — iz
ot a, K @, 2| _pi2k a, W

where ), is the resonant frequency of each resonator, y,/2 is
the radiative decay rate to the half space, k is the propagation
constant between the resonators, and k is the near-field
coupling rate. The determined eigenvalues from eq 1 are w, =
w, + k + iy[ = exp(i2kd) — 1] and the corresponding
eigenvectors are y, = [1, £1]7, respectively. It should be noted
that the MD resonator and its image underneath the PEC
mirror must be in phase. Therefore, the only meaningful
eigenvector is y, = [1, 1]T with the eigenfrequency of @, = wj
+ K + iy,[exp(i2kd) — 1]. When the phase shift 2kd equals to
27 (or any integral multiple of 27), the imaginary part of the
eigenfrequency reaches zero and the eigenmode becomes a
BIC which has an infinitely large Q_factor. When the phase
shift starts to detune from 27, the eigenmode becomes a quasi-
BIC mode with a nonzero imaginary part of the eigenfrequency
and a large but finite Q factor.

Next, the eigenfrequency solver is used to calculate the
complex eigenfrequencies of the MD mode in the metasurfaces
with a PEC mirror. The results are plotted as dashed lines in
Figure 2a,b and the Q_ factor is defined by Q = Re(w,)/
2Im(w,). The imaginary part of the eigenfrequency reaches
almost zero and the corresponding Q factor reaches ~10"
when the SiO, thickness is 105 nm. The maximum Q_ factor
value is limited in the calculation by mesh size and tends to
infinity for infinitely small mesh size resulting in an ideal BIC
formation in the absence of radiative decay. Practical metals
are not ideal PECs and introduce a nonradiative loss in the
system which deteriorates the Q factors. When the simulations
are repeated by substituting PEC with a gold film, the
properties of the system change as shown in Figure 2a,b (solid
lines). The resultant eigenfrequencies and Q_factors have the
same trend as in the case with PEC except for a minor shift due
to the nonradiative loss. Eigenfrequency change induced by a
lossy mirror is analyzed inSupporting Information, Note B.
The imaginary part of the eigenfrequency has a nonzero
minimum when SiO, thickness is 95 nm corresponding to the
nonradiative loss in the metasurface system with a maximum Q
factor reaching 800. Despite the nonzero imaginary part, the
radiative decay disappears, indicating that the resonator does
not exchange energy with free space similar to the lossless BIC
mode. When detuning the thickness from this point the
radiative decay starts to contribute to the imaginary part of the
eigenfrequency and the Q factor decreases. Besides the SiO,
thickness, the diameter of Si pillars can affect the phase shift
2kd because k = nw,/c, where @, is mainly determined by the
diameter of Si pillars, n is the effective refractive index between
the mirror and the center of the pillar, and c is the speed of
light in the vacuum. Simulated results with varied Si pillar
diameters are shown in Figure 2¢,d demonstrating that the BIC
mode can be obtained by controlling diameters while keeping
the SiO, spacer thickness fixed.
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Figure 2. Theory of the BIC. (a) SiO, spacer thickness-dependent eigenfrequencies. In the simulations, the diameter of Si pillars is 370 nm and the
period is 740 nm. The inset shows the coupling between the MD resonance and its image. (b) Q factors as a function of SiO, spacer thickness. (c)
Eigenfrequencies and (d) Q factors as a function of the Si pillars’ diameter. In the simulations, SiO, thickness is 95 nm and the period is 2 times of
the diameter of Si pillars. In panels a—d, dashed lines and solid lines represent two cases of using PEC mirror and gold mirror, respectively.
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Figure 3. Linear reflectance spectra of the BIC metasurface. (a) Simulated reflectance spectra of the metasurface. SiO, thickness is 95 nm and the
period is 2 times the diameter of Si pillars to keep the same fill fraction defined by the ratio of Si and total area. (b) Experimentally measured
reflectance spectra of the metasurface. The inset shows the SEM image of the sample. (c) Three measured representative reflectance spectra
corresponding to two PA cases (blue and red lines) and the BIC case (green line). (d) Extracted Q_factors from simulated and experimentally

measured reflectance spectra.

The reflectance of the metasurface can be approximated by a
model,*” where the transmittance is ignored because of the 100
nm thick gold film. The reflectance is described by eq 2

(0w —-Q) + (I, -T,)
(0 -Q)F + ([ +T,)°

2)

where Q = Re(w,) is the central resonant frequency of the
whole metasurface system, I', and I';, denote the radiative and
the nonradiative rate of the system, and I, + [, = Im(w,).
The reflectance reaches minimum on resonance corresponding
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to the maximum of absorption (100% — R). The maximized
absorption reaches 100% when I', = I',,, namely at the critical
coupling condition, and we obtain a perfect absorber (PA)
featuring high-Q_resonance because of the existence of the
BIC. Full-wave simulations are used to calculate the reflectance
spectra of metasurfaces with different diameters of Si pillars
and the same SiO, thickness (see Figure 3a). At the special
BIC point where the diameter is 370 nm (see Figure 2c), there
is no radiative leakage (I, = 0), and thus the reflectance
spectrum remains at 100%. However, the radiative rate I,
deviates from zero when the mode is detuned from the BIC

https://doi.org/10.1021/acs.nanolett.1c04764
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Figure 4. Fundamental wavelength-dependent THG spectra. The gray shaded areas show the linear reflection spectrum from the metasurface. The
contour maps show the experimentally measured THG spectra from the sample at varied pump wavelengths. (a,b) Experimental results for Si pillar
diameter of 340 and 300 nm, respectively. (c,d) Simulated results for the same geometry as in panels a and b, respectively.

point by changing the diameter. Two points PA1 and PA2 with
the absorption of 100% are observed at the diameters of
respectively 340 and 400 nm, where the critical coupling
condition I', = ', is satisfied. The radiative rate I, can also be
controlled by the SiO, thickness, and simulated reflectance
spectra with varied thicknesses and fixed diameter are shown in
Supporting Information (Figure S3) featuring a similar “PA1-
BIC-PA2” transition.

The metasurface is fabricated using standard film deposition,
electron beam lithography (EBL) and reactive ion etching
(RIE) process (see Note A in Supporting Information for
details). All metasurfaces have the same array size of 100 X 100
um’. The scanning electron microscopy (SEM) image of a
representative Si array is shown in the inset of Figure 3b.
Without loss of generality, in this work we consider samples
with varying Si pillar diameter (and not varying spacer
thickness) to simplify fabrication. Figure 3b shows the
experimental reflectance spectra of the fabricated samples
which are in a good agreement with the simulation results
(Figure 3a) and are exhibiting the same “PA1-BIC-PA2”
transition. The only minor difference between simulations and
measurements is an extra middle resonant branch in the left-
top region of the measured map. This additional resonant
mode observed in the experimentas results from the out-of-
plane electric dipole mode excited by the oblique incident TM
polarized light which provides the out-of-plane electric field
component (see Supporting Information Figure S4 for the
analysis of reflectance spectra at different incidence angles).
Even with an iris added at the back focal plane of the objective
to reduce the numerical aperture, the oblique incident light
with small incidence angles (<2.5°) still contributes to the
excitation out-of-plane modes in the experimental results.
Three representative measured spectra corresponding to PAl,
BIC, and PA2 are plotted in Figure 3c. There is no resonant
dip observed in the reflectance spectrum of the metasurface
with the diameter of 370 nm. The deepest resonant dips with
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the reflectance of 20% and 10% are found in the metasurface at
the diameters of 340 and 400 nm and the full width at half-
maximums (fwhms) of the resonance are 7.5 and S nm
corresponding to Q factors of 172 and 282, respectively, which
are larger than those observed for various plasmonic
narrowband PAs.*®™* All extracted Q factors from the
measured and simulated spectra with different pillar diameters
are shown in Figure 3d. The Q factor dependence as a function
of the diameter follows the same trend as shown in the
eigenfrequency analysis in Figure 2d which further confirms
the origin of the high-Q resonance as BICs induced by the MD
mode. Experimentally extracted Q factors vary from 35 to
~600 depending on the pillar diameter, which is slightly lower
than simulation values. This difference can be attributed to the
fabrication imperfections and the limited array size. The
fabrication imperfections include inhomogeneous diameters,
which results in inhomogeneous broadening of the spectra, and
the surface roughness and oxidation of Si pillars after dry and
wet etching processes, which introduce optical loss at the
surface. The roughness average (Ra) of Au film, SiO, film, and
Si film is 0.83, 0.94, and 1.16 nm, respectively. The
ultrasmooth template stripping metal and van der Waals
materials with the atomically smooth surface could be potential
ways to further reduce the surface loss.*”*” On the other hand,
the limited array size spatially cuts the periodical extension of
the structure and, thus, allows more radiative channels, which
further limits the Q factor. These factors can also result in the
reduction of measured peak absorption compared with the
simulations.

One of important applications benefiting from such a high-Q
resonance is nonlinear frequency conversion as the harmonic
generation is proportional to the local field enhancement.
Here, we demonstrate strongly enhanced THG from the BIC
metasurface excited using femtosecond (fs) laser pulses. Figure
4a,b shows the pump wavelength-dependent THG from two
metasurfaces with different pillar diameters of 340 and 300 nm

https://doi.org/10.1021/acs.nanolett.1c04764
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metasurface (D = 320 nm) and the unpatterned Si film on the same sample. The blue spectrum has been multiplied by 100 for clarity. The pump
power is 0.55 mW on the metasurface and 13 mW on the Si film. (c) A log—log plot of measured average THG power from the same sample in (b)
as a function of average pump power. Red and blue markers are measured points upon increasing and decreasing the pump power, respectively.
Dashed lines represent the linear fitting results in the log—log plot, and the slopes close to 3 reflect the cubic power dependence. (d) Simulated and
experimentally measured THG intensities from the same sample as in (b) pumped by light beam with different linear polarization angles. The
nonlinear results in panels b—d are all acquired at the fundamental wavelength of 1250 nm corresponding to the linear resonance of the

metasurface.

featuring experimental Q factors of 172 and 64, respectively. A
significant enhancement of THG at the metasurface resonance
is observed. In both samples, the THG intensity is maximized
when the pump wavelength matches with the linear resonance
of the metasurface and is dramatically decreases when the
pump wavelength is off-resonance. Interestingly, the THG
emission wavelength is more insensitive to the change of the
pump wavelength for high-Q sample than it is for the low-Q
metasurface (white dotted lines in Figure 4,b). Thus, the peak
wavelength of the broadband fs THG emission does not always
exactly equal one-third of the fundamental wavelength
especially within the high-Q resonance region. This unusual
feature is also demonstrated by full-wave nonlinear simulation
of THG using finite-difference time-domain (FDTD) method
(Figure 4c,d). This can be attributed to the spectrally selective
enhancement of the pump electric field by the resonance. For a
high-Q resonance, the resonant bandwidth is comparable to
and narrower than the spectral line width of the fs pump pulse.
Thus, the wavelength corresponding to the maximum pump
electric field is determined not only by the wavelength of the
pump pulse in free space but also by the resonant wavelength
of the metasurface. The effect is amplified with the increase of
the Q factor.

Next, we investigate the dependence of the maximum
intensity THG wavelength on the pillar diameters. The
measured and simulated results are shown in Figure Sa. The
maximum THG intensity has a similar trend compared with
the peak absorption. In other words, the THG is maximized
near the two PA points (Figure 3ab) corresponding to the
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critical coupling condition. This trend can be explained using
TCMT as follows.”*** At steady state and in the nondepleted
regime, assuming single frequency input, the THG power P;,,
is determined by eq 3

6

2I,
6 r 3
P xIA ] = P

(0 - Q)7 + (I, + T)°

)

where A,, denotes the amplitude of the resonant mode with the
incident power P,, at the frequency of @. Therefore, the THG
yield P;,/P,’ on resonance reaches the maximum at the
critical coupling point where I', = I, ,, corresponding to the PA
point of the metasurface. However, there is a small discrepancy
between the linear and nonlinear results as both measured and
simulated THG reach their local maxima for metasurfaces at
the diameters of 320 and 420 nm, instead of 340 and 400 nm
where critical coupling occurs. This can be attributed to the
broader line width of the pump laser. With the increased
duration time of the input pulse in simulations, resultant THG
has the local maximum at the diameter of 340 and 400 nm (see
Supporting Information, Figure SS). The difference of THG
intensity between the two critical coupling regions can be
attributed to the slightly different electric field enhancement
(see Supporting Information, Figure S6).

To estimate the nonlinear signal enhancement, we choose a
metasurface (D = 320 nm) with the highest observed THG.
Compared to the unpatterned Si film on the same sample, the
metasurface has a strong THG with an enhancement factor of
5 X 107 shown in Figure 5b. Furthermore, the THG power as a

https://doi.org/10.1021/acs.nanolett.1c04764
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function of the pump power is plotted in Figure Sc. With the
increased pump power, the THG power increases following
the cubic law and starts to saturate at the average pump power
of 5.3 mW corresponding to the peak power of 331 W
(considering the pulse length of 200 fs and the repetition rate
of 80 MHz) and the peak power density of 0.4 GW/cm?
(considering the laser spot diameter of 10 pm). When
reversing the measurement to decrease the pump power, we
find a similar cubic law dependence with reduced THG
intensities. This reduced THG output can point to the starting
damage of the sample (see Supporting Information, Figure
S8), possibly due to the melting of the gold film induced by the
strong absorption in the metal. The total absolute conversion
efficiency defined by Ps, o0/ Py, peak €an be estimated to be 1.8
X 107¢ at the average pump power of 5.3 mW, where the
subscript “peak” denotes the peak power. The normalized
conversion efliciency defined by P3w,peak/Pw,peak3 is 1.6 X 1071/
W2, To the best of our knowledge, both efliciencies are the
highest reported values using fs pulsed laser. The calibration
method of the measured THG power is described in
Supporting Information, Note G. Finally, polarization depend-
ence of the THG signal is shown in Figure Sd. The
experimental results are in a good agreement with the
simulations. In contrast to previously reported BIC and Fano
metasurfaces with broken symmetries, our proposed structures
have geometric symmetry and therefore there is no significant
THG difference between two orthogonal pump polarizations.
The THG intensity diminishes for polarization angles not
aligned with the periodicity of the array reaching a minimum
for 45° angle due to the C, symmetry of the array. The
minimum THG is still as high as 40% of the maximum THG
output, which can be important if polarization-insensitive
application is envisioned.

In summary, we have theoretically introduced and
experimentally demonstrated a new concept for achieving
high-Q_dielectric metasurface on a mirror governed by BIC
without requiring asymmetric structures. Such a metasurface
platform possesses spectrally selective optical absorption with
narrow bandwidth, which can be immediately used in
applications such as hyper-/multispectral photodetection,
coupling to quantum emitters, imaging, biosensing,zL38 and
nonlinear frequency conversion demonstrated in this work.
The nonlinear platform is applicable to not only THG shown
here but also second order nonlinearities by simply replacing Si
by some popular III-V materials with high second-order
nonlinear susceptibilities such as GaAs and GaP.”?°
Furthermore, other attractive nonlinear processes including
ultrafast osptical-switching,”’48 high harmonic generation
(HHG),"*" and the spontaneous parametric down conversion
(SPDC)*"** will also benefit from such a simple design. The
high degree of geometric symmetry and simplicity makes the
platform compatible with low-cost large area fabrication, such
as nanoimprinting and interference fringe photolithography.
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