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Sharp electromagnetic resonances play an essential role in physics in general and optics in particular.
The last decades have witnessed the successful developments of high-quality (Q) resonances in
microcavities operating below the light line, which however is fundamentally challenging to access from
free space. Alternatively, metasurface-based bound states in the continuum (BICs) offer a complementary
solution of creating high-Q resonances in devices operating above the light line, yet the experimentally
demonstratedQ factors under normal excitations are still limited. Here, we present the realizations of quasi-
BIC under normal excitation with a record Q factor up to 18 511 by engineering the symmetry properties
and the number of the unit cells in all-dielectric metasurface platforms. The high-Q quasi-BICs exhibit
exceptionally high conversion efficiency for the third harmonic generation and even enable the second
harmonic generation in Si metasurfaces. Such ultrasharp resonances achieved in this work may
immediately boost the performances of BICs in a plethora of fundamental research and device applications,
e.g., cavity QED, biosensing, nanolasing, and quantum light generations.

DOI: 10.1103/PhysRevLett.123.253901

High-Q resonances are universal resources across differ-
ent branches of physics, e.g., in acoustics, electronics, and
electromagnetics, etc. They describe the high capacity of a
physical system for storing energy. In nanophotonics, the
high-Q resonances directly enable serial enchanting devel-
opments in both fundamental research [1] and device
applications [2]. The mainstream method of achieving
high-Q optical resonances at nanoscale is to employ total
internal reflection that operates below the light line. For
instance, the microcavities based on whispering gallery
modes and 2D photonic band gap cavities exhibit extraor-
dinary abilities of creating high-Q resonances and there-
fore enable the observations and manipulations of exotic
optical phenomena in a chip scale [3], such as parity-time-
symmetric physics [4], broadband momentum transforma-
tion [5], exceptional points enhanced sensing [6], silicon
Raman lasers [7], and efficient nonlinear harmonics gen-
erations [8]. On the other hand, the total internal reflection
inevitably imposes an intrinsic challenge of realizing

efficient couplings between light from free space and the
highly confined cavity modes despite such couplings being
significantly improved with special techniques [9–11] and
novel cavity engineering [12].
Bound states in the continuum (BICs) are wave solutions

that are embedded in a radiative continuum but completely
decouple from the continuum [13]. They can be regarded as
the condition that discrete states forming Fano resonances
become completely orthogonal to the radiative continuum
[14,15], i.e., eigenmodes process infinite Q factors.
Therefore, these modes are inaccessible from external
excitations belong to such a continuum. Because sitting
in the radiative continuum, the BIC associated modes could
be potentially accessible from the free space when they
becomes quasi-BICs with minimized but perceptible inter-
action with the continuum. Specifically, triggering the
transition from BICs to quasi-BICs accessible from the
radiative continuum is of paramount importance for build-
ing practical devices that are able to harness the function-
alities of BIC modes [16–19].
Recently, all-dielectric resonant metasurfaces are emerg-

ing as a versatile tool to realize quasi-BICs in finite
structures associated with BICs under normal excitations
by engineering the structure symmetry of the individual
scattering units with Mie resonances [20,21]. Fano reso-
nances originated from BICs achieved in such a low-loss
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flat platform have boosted a variety of applications that are
in favor of high-Q resonances and tight light confinements
at nanoscale [22–25]. E.g., all-dielectric high-Q metasur-
faces have recently enabled the ultrasensitive detection of
molecular fingerprints and hyperspectral imaging for bio-
sensing without the utilization of spectrometers [26–28].
The high-Q metasurfaces were also successfully employed
to build novel flat light emitting devices via engineering of
spontaneous emission [29,30], stimulated emission [31,32],
and nonlinear harmonic generations [33–35].
In the experiments, the Q factor consists of the radiative

part Qr and nonradiative partQnr via 1=Q¼1=Qrþ1=Qnr.

In particular, Qnr covers surface roughness, structure
disorder, the deviation of fabricated structure from
the design, etc. To date, the highest Q factors of the
all-dielectric metasurfaces under normal excitation reported
so far are rather low (a few thousand, see Table I) mostly
due to the relatively low value of Qnr in the optical domain
and therefore have greatly hindered the exploration of new
physics under strongly enhanced light-matter interaction
as well as their potential device applications in nonlinear
optics [5,8,33–36]. Leveraging by the significantly
enhanced Qnrð∼105Þ, in this Letter, we have achieved
high-Q quasi-BICs with record Q factors up to 18 511
in all-dielectric metasurfaces by engineering the in-plane
symmetry and the number of the unit cell simultaneously.
As straightforward applications, we further demonstrate
exceptionally efficient third harmonic generation (THG)
and even observe the second harmonic generation (SHG) in
high-Q Si metasurfaces.
We consider symmetry protected BIC modes in Si

blocks arranging in a square lattice, as shown in Fig. 1(a).
Such a periodic metasurface supports a BIC with an
infinite Q factor at the Γ point of the first Brillouin zone
[see Figs. 1(b) and 1(d) for S1 ¼ 0 and S2 ¼ 0 nm]. The
electromagnetic field distribution of the eigenmode, shown
in the inset of Fig. 1(b), reveals the magnetic dipole (MD)
nature of the BIC with its dipole moment along the
Z axis. In order to excite a high Q factor MD resonance

TABLE I. Comparison of Q factors measured under normal
excitation conditions for all-dielectric metasurfaces.

Year References Wavelength (nm) Q factor

2014 [37] 1376 483
2016 [38] 1000 350
2017 [39] 1500 300
2017 [29] 1300 1011
2018 [40] 1490 1946
2018 [32] 825 2750
2018 [33] 2320 150
2018 [26] 5700 200
2019 [27] 855 144
2019 This work 1588 18 511
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FIG. 1. Transition from BICs to quasi-BIC. (a) Periodic arrangement of Mie resonators supporting BICs (W ¼ 400, H ¼ 500, and
P ¼ 720 nm). (b) Band structure related to the MD BIC mode. Inset: the electromagnetic field distribution of the BIC mode in a single
unit, where the color code presents the amplitude of the magnetic field, the blue arrows indicate the in-plane electric field vectors, and
the white square outlines the structure. (c) N × N Si blocks with symmetric defects that supports quasi-BICs. (d) Dependence of the Qr
of quasi-BIC eigenmodes (infinite size) on the degrees of in-plane symmetry breaking for two types of symmetry breaking methods.
(e) The transmission spectra of 9 × 9 Si blocks with symmetric defects excited by normally incident x-=y-polarized plane waves from
the z direction (S1 ¼ 60 and S2 ¼ 160 nm). The electromagnetic field distributions of the quasi-BIC and the one in the center unit cell at
the resonance are shown by the insets.
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associated with the MD-BIC mode under normal excita-
tions, symmetry breaking should be exploited to trigger
the transition from BICs to the quasi-BIC modes [23–25]
[see insets of Fig. 1(c)]. The smaller degree of symmetry
breaking is, the higher Qr can be obtained [23–25].
Therefore, introduction of asymmetry as small as possible
is crucial for achieving high-Q quasi-BICs. The conven-
tional way of symmetry breaking is simply removing
material at one corner of the unit cell, which can be
regarded as the asymmetric defect [see the lower inset of
Fig. 1(d)] [38]. Alternatively, we propose to introduce
symmetric defects by removing the same volume of
material in the unit cell, as shown in the upper inset of
Fig. 1(d). The symmetric defects still preserve the mirror
symmetry of the structure respective to the XZ plane. As
clearly shown by the eigensolutions of the infinite metasur-
face, the reduction of Qr with the increase in the size
(2 × S1) of the symmetric defect is much slower than that of
the asymmetric one [see Fig. 1(d)]. Therefore, the sym-
metric defect to the largest extent maintains theQr from the
MD-BIC meanwhile making them externally accessible as
a quasi-BIC. The transmission of the metasurface manifests
itself as a sharp clean transmission peak with the MD
signature (Mz) in the telecom band verified by the corre-
sponding multipolar decomposition results [41].
It should be kept in mind that true BICs only exist when

the metasurface is symmetric and infinite [see Fig. 1(a)].
However, in reality, the physical sizes of the metasurface,
which consist ofN × NMie resonators arranged as an array,
are finite [13,48]. For example, a typical finite (9 × 9)
metasurface supporting high-Q MD quasi-BICs under the
excitation of a normally incident y-polarized plane wave is
shown in Fig. 1(e) with the corresponding electromagnetic
field distribution shown in the inset. The quasi-BIC is

polarization dependent and can be switched off when
excited by the x-polarized plane wave due to the structural
symmetry. TheQr of theMD resonance can be significantly
increased accompanied with the redshifts of the quasi-BICs
by reducing the volume removed from the Si block (defect
size), as can be seen from the calculations of the 21 × 21 Si
block array in Figs. 2(a) and 2(b). At the same time, the Qr
can also be greatly boosted up together with the blueshift of
resonances by increasing the number N of the unit cell
[31,37,49], which shows a quadratic dependence on N, as
presented in Figs. 2(c) and 2(d). These conclusions are
similar to the case of the one-dimensional chain of reso-
nators operating in the microwave regime [48]. As a result,
engineering the structure symmetry and the number of the
unit cell simultaneously provide efficient tuning knobs to
control bothQr and the resonancewavelengths of the quasi-
BICs in all-dielectric metasurfaces. We note that the quasi-
BICs can also exist in the finite structurewithout introducing
defects in the unit cell; however, such modes are hardly
detectable from the scattering in the far field [41].
To experimentally verify our proposal, we have fabri-

cated a serial N × N (N ¼ 5, 9, 15, 19, 21, 27) T-shape
monocrystalline Si block array with distinct defect sizes on
a quartz substrate [41]. Figure 3(a) presents a scanning
electron beam (SEM) image of the fabricated metasurface,
showing high-quality symmetric T-shape Si blocks in a
square array. We first investigate the characteristics of
quasi-BICs as a function of the defect size. The normalized
transmission spectra of metasurfaces (21 × 21 unit cells)
with different defect sizes are shown in Fig. 3(b) [41]. The
sharp peaks in the transmission spectrum are the signatures
of the quasi-BICs and they can be very well fitted by either
Lorentzian or Fano shapes without any noticeable back-
ground or side peaks. Such sharp and clean resonances are
particularly appealing in the biosensing application for
reducing the cross talk when resolving the adjacent
resonances [26–28]. With the reduction of the defect size,
the spectral linewidth of the quasi-BIC clearly reduces
together with redshifts of the resonance wavelength. The
corresponding Q factors of the quasi-BICs in Fig. 3(b) are
plotted in Fig. 3(c), in which the experimental results are
well predicted by our numerical simulations in Figs. 2(a)
and 2(b). Based on the measured Q factors and the
simulated Qr [see Fig. 2(b)], Qnr is deduced in the order
of 105, which validates the high quality of the fabricated
metasurfaces [see the inset of Fig. 3(c)]. The other
parameter that can be exploited to boost the Q factor is
the number of the unit cell, N × N. The representative
transmission spectra for metasurfaces with the same defects
but different numbers of the unit cell are shown in Fig. 3(d).
With the increase of the array size, the resonance wave-
lengths of metasurfaces blueshift together with significant
enhancements of the Q factors, which is also consistent
with the features of the quasi-BICs calculated by the
simulations in Figs. 2(c) and 2(d). It should be pointed
out that the intrinsic fabrication uncertainty might result in
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FIG. 2. Engineering the Qr and resonance wavelengths of the
quasi-BIC in all-dielectric metasurfaces. (a) The calculated
transmission spectra of 21 × 21 Si blocks with different defect
sizes. (b) Qr extracted from (a) as a function of the defect size.
(c) The calculated transmission spectra for Si metasurfaces
(S1 ¼ 60 and S2 ¼ 160 nm) with different array sizes. (d) Qr
extracted from (c) as a function of the array size.
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a few nanometers shifting of resonant wavelength. In order
to clearly show the relation between the Q factor and the
array size, the statistics of the measuredQ factors for all the
fabricated devices with slightly different parameters are
plotted as a function of N as shown in Fig. 3(e). Both
average and maximal values of the measured Q factors
dramatically increase with N. The maximal Q factor
measured in our samples is as high as 18 511 from a 27 ×
27 Si blocks array. Such a record high value, to the best of
our knowledge, significantly outperforms any of the
reported Q factors of the existing metasurfaces under
normal excitation, as listed in Table I. The Q factor can
be further improved by fabricating smaller defects with
specialized process.
The optical harmonic generation (HG) is one of most

promising applications of all-dielectric metasurfaces and it
can be greatly enhanced by the electromagnetic resonances,
e.g., the Mie and Fano resonances [33–35]. Based on the
high-Q all-dielectric platform realized above, we have
investigated the HGs in the finite size metasurface by
pumping at the resonant wavelength with picosecond
pulses (∼5 ps) [41]. It should be pointed out that we use
the metasurface with 9 × 9 units for nonlinear optical
measurement as we have a picosecond laser whose
spectral linewidth is matched to that of the quasi-BIC
resonance. The THG and SHG from our metasurface and

5 15 25 35

103

104

130 140 150 160

0.4

0.6

0.8

1.0

1.2

1487 1509 1512 1536 1557
0.0

0.2

0.4

0.6

0.8

1.0

130 140 150 160
100

105

1010

1540 1550 1560

0.0

0.5

1.0

27
21 19 15

9 5

N

Wavelength(nm)

N
or

m
al

iz
ed

tr
an

sm
is

si
on

Q
fa

ct
or

N

104

Q
fa

ct
or

2S
1
(nm)

S
1
65S

1
70S

1
75S

1
80

N
or

m
al

iz
ed

tr
an

sm
is

si
on

Wavelength (nm)

Q
nr

2S
1
(nm)

S
1
65S

1
70S

1
75S

1
80

(a)

(d) (e)

(b) (c)

FIG. 3. Experimental demonstration of high-Q quasi-BICs in Si metasurfaces. (a) SEM image of the fabricated device. (b) Trans-
mission spectra of metasurfaces (21 × 21 Si blocks array) with different defect sizes in the unit cell. (c) The extracted Q factors from
(b) as a function of the defect size. Inset: the calculated Qnr for the devices. (d) Representative transmission spectra of Si metasurfaces
with different array sizes. Here the targeted defect size is S1 ¼ 65 nm. (e) Statistics of measured Q factors for all the fabricated Si
metasurfaces with different array sizes.

1581 1584 1587 1590

0.0

0.2

0.4

0.6

0.8

1.0

515 520 525 530 535 540
0

10k

20k

30k

40k Tshape
Si film

TH wavelength (nm)

In
te

ns
ity

(C
ou

nt
s/

0.
02

s)

0

100

200

300

400
In

te
ns

ity
(C

ou
nt

s/
10

s)

780 785 790 795 800 805
0

10k

20k
Tshape
Si film

SH wavelength (nm)

In
te

ns
it

y
(C

ou
nt

s/
10

s)

0

100

200

In
te

ns
it

y
(C

ou
nt

s/
40

s)

1

0.01

0.1

1

(a)

(c)

(e)

(d)

(f)

(b)

SHGSHG THGTHG

30.3

SHG Slope ≈ 2

Pump power (mW)

P
ow

er
of

S
H

G
(p

W
)

0.01

0.1

1

10

THG Slope ≈ 3

Po
w

er
of

T
H

G
(n

W
)

N
or

m
al

iz
ed

in
te

ns
it

y

Pump wavelength (nm)

SHG
THG

YYYY

FIG. 4. THG/SHG generations in all-dielectric metasurfaces.
Comparison of THG (a) and SHG (b) in all-dielectric metasurfacs
and a reference Si thin film with the same thickness as the
metasurfaces. (c) Dependence of THG/SHG on the polarization
of the pumping laser. (d) The polar plots of the THG/SHG signals
(fixing the pumping at y polarization). (e) Power dependences of
SHG/THG in logarithmic scale, showing quadratic and cubic
power scalings, respectively. (f) Dependences of THG/SHG on
the pumping wavelength.
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an un-patterned Si film are compared in Figs. 4(a) and 4(b).
By pumping at the resonance using a picosecond pulsed
laser, the THG signal is more than 5 orders of magnitude
stronger than that from the bare Si film with the same
thickness as the metasurface. Counterintuitively, pro-
nounced SHG, generally absent in Si due to its centrosym-
metric crystallography, is also observed in our Si
metasurface while the SHG from the reference Si film is
barely seen. The pronounced SHG from our metasurfaces
can be attributed to the combination of enhancements of
local field from high-Q resonances and the optical non-
liearity from the etched surfaces of Si. The links between
the enhanced THG/SHG and the quasi-BIC can be seen by
varying the polarization of the pumping laser. As shown in
Fig. 4(c), the intensities THG and SHG reach to the
maximal values when the pumping laser is y polarized,
which is consistent with polarization dependence of the
transmission spectra in Fig. 1(e). The analysis of the
polarizations of THG and SHG confirms that the SHG
are governed by symmetry-breaking-induced nonlinearity
at a surface [8], while the THG are dominated by the bulk
nonlinear response of Si, as shown in Fig. 4(d). The THG
and SHG are further verified by the power-dependent
double logarithmic plots, showing characteristic cubic
and quadratic power scaling respectively, as shown in
Fig. 4(e). We note the normalized THG conversion effi-
ciency of 1.4 × 10−8=W2 in our work is at least 5 orders of
magnitude higher than state-of-the-art achieved in Si
metasurfaces, as shown in Table S1 [41]. The enhance-
ments of THG/SHG due to the resonances of the metasur-
face is further visualized by the dependence of HG on the
pumping wavelength, shown in Fig. 4(f). When scanning
the wavelength of the pumping laser across the quasi-BIC,
both THG and SHG reach to the maximal values at the
resonance wavelength and dramatically reduced under the
off-resonant conditions. The simultaneous enhancements
of both THG and SHG unequivocally reveal the great
potential of our high-Q metasurfaces for nonlinear optics.
In particular, by scaling the resonances beyond 2.1 μm to
avoid two-photon and free-carrier absorption effects in Si
material at 1550 nm, efficient high-order harmonic gen-
erations could be immediately expected in our devices [33].
In summary, we have managed to boost the Q factors of

all metasurfaces under normal excitation via engineering
the quasi-BIC. A quasi-BIC with a record Q factor as high
as 18 511 under normal excitation was experimentally
demonstrated in a Si metasurface (19 × 19 μm2). Our
design and fabrication are versatile so that it can be easily
scaled to different wavelengths, e.g., mid-IR for sensing and
adopted with active material, e.g., GaAs for coherent light
generation. To further boost the Q factor of the quasi-BIC
originated from BICs, reducing intrinsic disorder in the
fabrication or employing quasi-BIC originated from
topologically protected BICs could be explored in future
investigations [50,51]. The advent of high-Q BICs in

metasurfaces could immediately bring fascinating opportu-
nities both in fundamental physics and device applications,
from magnetic cavity QED, coherent and quantum light
generations, to ultrasensitive biosensing and high-harmonic
generations, etc., in the popular flat optics platform.
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