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Quasi-Bound States in the Continuum Enhanced
Second-Harmonic Generation in Thin-Film Lithium Niobate

Xiaotian Zhang, Linye He, Xin Gan, Xiaocong Huang, Yixuan Du, Zhenshan Zhai,
Zhuang Li, Yuanlin Zheng, Xianfeng Chen, Yangjian Cai,* and Xianyu Ao*

This work reports the second-harmonic generation (SHG) in a z-cut thin-film
lithium niobate (LN) under nearly normal-incident linearly-polarized pumping.
To utilize the largest nonlinear term which is along the out-of-plane direction
in the z-cut LN film, the film is patterned with a 2D periodic array to support
symmetry-protected bound states in the continuum (BICs) bearing strong
out-of-plane electric field component. Enabled by such optical resonances near
the BIC condition at the pumping wavelength, significant enhancement in
SHG compared to an unpatterned film is observed. This approach, combining
transparent thin-film nonlinear materials with tailored BICs, offers prospects
for engineering compact coherent light sources in a broad wavelength range.

1. Introduction

Lithium niobate (LN) features excellent piezoelectric, electro-
optic, photorefractive, and nonlinear optical effects. Most impor-
tantly, LN is optically transparent in a wide spectral range span-
ning from ultraviolet to the mid-infrared with a moderate re-
fractive index (~ 2.2 in the visible regime). These outstanding
optical properties make LN a versatile material in optoelectron-
ics and nonlinear optics. For instance, LN electro-optic modu-
lators have played a key role in high-speed optical communi-
cation networks,['* and periodically poled LN has been widely
used for second-order nonlinear frequency conversion.l’! As the
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nonlinear optical effects are intrinsically
weak, traditional bulk LN nonlinear
devices require long interaction lengths
together with phase matching to achieve
efficient conversion. With breakthroughs
in fabrication techniques, thin-film LN
cleaved from bulk crystals through ion
slicing and wafer bonding onto silica-
coated substrates have been made com-
mercially available. Such a thin-film LN
on insulator (LNOI) platform,[®1° con-
trary to bulk counterparts, can provide
much higher optical mode confinement
to render a shorter interaction length.
As for nonlinear optical frequency
conversion, second-harmonic generation (SHG) has been
demonstrated in thin-film LN waveguides,''""’] micror-
ing cavities,['®191 microdisk cavities,?>»! photonic crystal
cavities,**2] and Bragg cavities.”? Among them, cavities usu-
ally are resonant at least at the pump wavelength, leading to
strong and efficient nonlinear optical interactions.

When considering free-space coupling with pump beams im-
pinging upon the nonlinear device along the film thickness di-
rection, the characteristic distance of interactions can be at the
sub-wavelength scale. In this regime, the nonlinear conversion
can be dramatically promoted via the recently emerged concepts
of anapolel**32] and bound states in the continuum (BICs)[33-#0]
in nanophotonics. The term anapole refers to a configuration of
electromagnetic fields with zero net dipolar radiation.[!*3] On
the other hand, BICs!*!l are nonradiating eigenmode of an open
system. Excitation of such nonradiating configurations or states
can suppress radiative losses, create strong near-field enhance-
ments inside nonlinear nanostructures at the pump wavelength
and thus amplify the effective power exciting the nonlinear pro-
cesses. Particularly, spatially extended BIC modes in 2D periodic
arrays are of special interest for enhancing nonlinear optical pro-
cesses, as they allow the thin-film volume of nonlinear materials
to be well exploited.?3*°! Furthermore, strict phase-matching is
not required in such thin resonant nanostructures. In practice,
BICs degrade into quasi-BICs with a limited yet still high qual-
ity (Q) factor, due to structure imperfections and finite extent, or
by breaking the in-plane inversion symmetry intentionally.[*] As
for LN, resonantly enhanced SHG has been demonstrated using
bright modes in periodic arrays composed of in-plane symmetric
unit cells such as 1D gratings!*! and 2D cone arrays,[*’*8] how-
ever, the field enhancement by such broad resonances was mod-
erate. The experimental realization of BICs in LN is rare,[*’! de-
spite the fact that several numerical studies showed the potential
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of quasi-BICs[>%52 (and also anapolel>®) for thin-film LN-based
nonlinear resonant nanophotonics.

In this work, we report symmetry-protected BICs in a z-cut LN
thin film patterned with 2D periodic nanostructures, and demon-
strate resonantly enhanced SHG under nearly normal-incident
linearly-polarized pumping. The SHG enhancement is mainly
driven by the optical resonances at the pump wavelength. The
largest nonlinear coefficient in the z-cut LN thin film is along the
out-of-plane direction, while the involved quasi-BIC modes pos-
sess strong out-of-plane electric field component and thus can
efficiently couple the pumping electric fields to the out-of-plane
component of the nonlinear polarization. Here the 2D periodic
array on thin-film lithium niobate was defined by soft lithography
over a large area. The high near-field enhancement within the
nanostructures resulted in more than 400 times enhancement
of SHG compared to the flat LN thin film. The connection be-
tween the quasi-BIC modes and the SHG enhancement was con-
firmed by the correlation between angle-resolved measurements
of white-light transmission and second-harmonic (SH) emission.

2. Results and Discussion

Figure 1a depicts our thin-film LN device, consisting of a square
lattice of LN cones on a residual LN film. The conic shape is
a result of dry etching. We fabricated the nanostructure using
680 nm thick z-cut LN thin film bonded on 2 um thick silica on
silicon substrate (NanoLN). Figure 1b illustrates the fabrication
procedure. Briefly, a square array of high-aspect-ratio photoresist
nanopillars was first defined on the LN wafer by solvent-assisted
nanoscale embossing, using a poly-(dimethylsiloxane) (PDMS)
stamp containing the negative surface structure of the photore-
sist pillars (the stamp was created in a previous publication!>*]).
Since the z-cut LN film is isotropic in the device plane, no special
care was required for mask alignment. The etching of LN was per-
formed using inductively coupled plasma (ICP) with photoresist
nanopillars as the etching mask. Figure 1c shows the photograph
of the fabricated sample. Scanning electron microscopy (SEM)
images of the fabricated LN structure are shown in Figure 1d.
We estimated that the cones had a top radius r; = 245 nm, bot-
tom radius r, = 350 nm, height h = 350 nm, and lattice spacing
a, = 720 nm, although the actual structure deviated from ideal
cylindrical cone shapes.

Such a periodic system supports symmetry-protected BICs
with an infinite quality factor at " point of the irreducible Bril-
louin zone, as the singly degenerate modes shown in Figure 2a,b.
Here the system (without considering the silicon substrate) was
modelled using a 3D finite-element eigenfrequency solver (COM-
SOL multiphysics), by setting up a unit cell surrounded with ab-
sorbing boundary conditions on the top and bottom surfaces of
the computational domain, and Bloch boundary conditions on
the remaining surfaces. The singly degenerate modes A, B, C,
and D atI" point are decoupled from the external radiation contin-
uum due to symmetry mismatch (Figure 2b), but can become ob-
servable when the mirror symmetry is broken, caused by, for ex-
ample, off-normal incidence. Due to the slab geometry, one set (A
and B) degrades into quasi-BICs excitable by TE-polarized light
at off-normal incidence; while the other set (C and D) degrades
into quasi-BICs excitable by TM-polarized light at off-normal in-
cidence. We focus on the latter because the largest nonlinear coef-
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Figure 1. Design and fabrication of the thin-film LiINbO; nonlinear de-
vice. a) Schematic of the array structure consisting of a square lattice of
LiNbO; cones on a residual LINbO; film. The extraordinary axis of LINbO;
is along the z-axis. The pump beam impinges on the device from the sub-
strate side, and the second-harmonic is collected in the forward direction.
b) Main steps of the fabrication process. c) Photograph of the sample.
The patterned area is 1 cm X 1 cm. The red spot on the patterned area
is the second-harmonic emission pumped by femtosecond pulses around
1300 nm wavelength. d) Cross-sectional and top-view SEM images of the
fabricated LiNbO; structure. The LiNbO; cones (with top radius ry =
245 nm, bottom radius r, = 350 nm, and height h = 350 nm) are arranged
in a square lattice (with the center to center spacing ag = 720 nm) on a
residual LiNbOj; layer of 330 nm thick.

ficient d,; in the z-cut LN film is along the out-of-plane direction,
and the quasi-BIC modes evolved from mode C and mode D have
strong E,-component which might be utilized to convert the in-
cident linearly-polarized pump efficiently into the z-component
of the nonlinear polarization as

PV dy, <E2 + Ej) +d;, B2 (1)
Figure 2c shows the simulated angle-resolved zero-order
transmission spectra under TM polarization, mapping out the

same TM dispersion bands as the red lines along I'X in Fig-
ure 2a. The BIC modes are manifested by spectral narrowing and
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Figure 2. Quasi-BICs evolved from the singly degenerate modes. a) Band structure of the square lattice of LiINbO;3 cones (top radius r; = 245 nm,
bottom radius r, = 350 nm, height h = 350 nm, lattice spacing ay = 720 nm, on a residual LINbO; layer of 330 nm). b) Electric field distributions in one
unit cell for the four singly degenerate modes at I" point. The direction of the electric field is indicated with gray arrows. ¢,d) Simulated and measured
angle-resolved transmission spectra under TM-polarized plane-wave excitation. e,f) Simulated and measured angle-resolved transmission spectra under
TE-polarized plane-wave excitation. g) Angular dependence of the extracted quality factors and resonance wavelengths for mode C and mode D. The

quality factors from simulation are also shown for reference.

vanishing transmission as k, approaches zero (bands 1 and 3 in
Figure 2c). In other words, the Q factor of the quasi-BIC modes
decreases rapidly when k, is away from I" (Figure S1, Supporting
Information). The measured TM transmission spectra from the
fabricated sample under collimated white-light illumination are
shown in Figure 2d, and the one-to-one correspondence with
simulation in Figure 2c allows us to unambiguously identify
the quasi-BIC modes in the experiment. In the measurement,
mode C and mode D appeared around A. = 1322 nm and 4,
= 1298 nm, respectively. (For completeness, the simulated and
measured transmission spectra under TE polarization are shown
in Figure 2e,f. Note that the broad resonance in between mode C
and mode D can contribute to SHG as shown below.) Figure 2g
shows the Q factors extracted from fitting the measured trans-
mission spectra, together with Q factors from finite-element
simulation. Overall, the experimental Q factors were about
one order of magnitude smaller than the theoretical ones, and
both showed a similar decreasing trend when the excitation
angles became larger. The experimental Q factors can be over
1000 when excitation angles < 0.2° for the mode around A. =
1322 nm (or when excitation angles < 0.5° for the mode around
Ap = 1298 nm). In reality, surface roughness and spatial disorder
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can degrade the Q factor of the quasi-BIC modes.l>] Because
mode B and mode C had enhanced fields distributed close to
the cone surface, their Q factors were more sensitive to the local
change of the cone shape (Figure S1, Supporting Information).
Therefore, the Q factor of mode C deviated much more from the
corresponding theoretical expectation than mode D did.

When these high-Q modes near BIC conditions are excited by
external waves resonantly, the optical fields inside the nanostruc-
tures can be dramatically amplified (Figure S2, Supporting In-
formation). As the z-component of the electric field at the pump
wavelength is expected to be most relevant for SHG in our de-
vice, we further show in Figure S3 (Supporting Information) the
intensity enhancement of E, averaged in the LN volume, calcu-
lated under excitation of TM-polarized plane waves. For band 1
and band 3, the volume-averaged intensity enhancement of E,
can be over 1000 when excitation angles approached zero, and
dropped by one order of magnitude within 0.5° angles. When the
pump wavelength is aligned with these resonance wavelengths,
the resulting giant pump intensity inside the nonlinear nanos-
tructure can boost the nonlinear optical processes with enhance-
ment of several orders of magnitude (Figure S4, Supporting In-
formation).
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Figure 3. Nonlinear emission from the LiNbO; device. a) Setup for SH emission and white-light transmission measurement. The sample is mounted
on a rotational stage to change the excitation angle 6 (within the horizontal xz-plane). The optical elements after the sample are mounted on another
rotational stage to change the detection angle ¢ (within the horizontal xz-plane). b) SH emission spectra from patterned and un-patterned areas. The
spectra of the OPA beam at the sample position are also shown for reference. c) Angle-resolved SH emission spectra showing the diffraction orders for
horizontal pump polarization. The white dashed lines mark the half-wavelength positions of mode C, F, and D. d) White-light transmission spectra for
horizontal (TM) input polarization when changing the excitation angle. e) Angle-resolved SH emission spectra showing the diffraction orders for vertical

pump polarization. f,g) Enlarged views of the central regions in (c) and (e).

To characterize the SH emission properties, we employed
broadband pulses from an optical parametric amplifier (OPA) to
excite SHG (based on the rotational stages shown in Figure 3a).
The spectra of the excitation beam at the sample position are
shown in Figure 3b, which covered both mode C and mode D.
The excitation was incident from the silicon substrate side, and
the SH emission was collected in the forward direction. The sam-
ple was put at a distance away from the focus to prevent burns,
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and thus the excitation beam was divergent and carried com-
ponents with nonzero transverse wavevectors. When the input
pump polarization is horizontal, the dispersion exhibits the char-
acteristic of TM polarization within the horizontal xz-plane (and
TE polarization within the vertical yz-plane). For the SH emis-
sion shown below, the sample was kept at the excitation angle of
0°, and the detector was scanned within the horizontal xz-plane
to measure the angle-resolved emission spectra.

© 2022 Wiley-VCH GmbH
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Figure 3c shows the angle-resolved emission spectra with hor-
izontal pump polarization. The SH emission is governed by the
nonlinear polarization together with the diffraction property of
the periodic array at SH wavelengths.[*8] As our periodic LN
nanostructure had a lattice spacing larger than the SH wave-
length, the SH emission exhibited four first-order diffraction
beams, in addition to the central beam close to the surface nor-
mal. The strongest SH emission was the (+1, 0) diffraction orders
with peak wavelength Agy; = 662 nm. To unveil how SHG de-
pends on the quasi-BIC modes at the fundamental wavelengths,
we show the white-light transmission side by side (Figure 3d).
The SH emission peak at Ag; = 662 nm can be unambiguously
attributed to the off-normal quasi-BIC modes evolved from mode
C, with the corresponding fundamental wavelength (FW) Apy =
2Agy slightly longer than A. = 1322 nm. For Agy = 4,/2, only
the (0,0) diffraction order was clearly visible, which appeared at
¢ = +4°. We noticed that there were also SH spots with Agy
~ 1310 nm, corresponding to the broad resonance (denoted as
mode F) lied in between mode C and mode D, and both (0, 0)
and (+1, 0) diffraction orders were visible. This mode F is dou-
bly degenerate (Figure 2a), and therefore can be excited by either
TM- or TE-polarized light with slightly different dispersion at off-
normal angles.

To assess the (0, +1) diffraction orders equivalently, we
switched the pump polarization to be vertical, and summarized
the angle-resolved emission spectra in Figure 3e. Around the
wavelength of 660 nm the (0, +1) and (0, 0) diffraction or-
ders exhibited an intensity of similar level. It might be counter-
intuitive to see that the (0, +1)-order spots corresponding to
mode F showed an intensity stronger than the other spots caused
by quasi-BIC modes, since the field enhancement of mode F
was moderate (Figure S2, Supporting Information). It should be
pointed out that the linewidth of mode F was broad and thus
matched better with the spectral bandwidth of the pump, result-
ing in a relatively high total intensity.

In order to estimate the enhancement induced by the nanos-
tructure, we increased the integration time of the spectrometer
to make the SH emission spectra from the unpatterned area vis-
ible (shown as the dashed line in Figure 3b), and also captured
the spectra at the angular positions exhibiting peak intensity in
Figure 3c with the same integration time (shown as the lines
with markers in Figure 3b). For Agy ~ 662 nm, we found that
the ratio between the peak intensity of the (+1, 0)-order spots
and that from the un-patterned area was I, )/l patternea = 125,
while g o ~ I 1) & 0.51,; o). Therefore, we observed a total
SHG enhancement of over 400 times for the patterned area rel-
ative to the un-patterned area. It should be pointed out that, this
enhancement was estimated based on the spectra at certain an-
gles relative to the spectra along the surface normal from the un-
patterned area, not the energy integrated over the solid angle of
a hemisphere. A further comparison of the enhancements be-
tween mode C and mode D was hindered by the fact that the
spectral bandwidth of our pump was much broader than the
linewidth of the quasi-BIC modes. We had not intended to opti-
mize the structure experimentally. Simulations showed that both
the Q factor and the peak SHG efficiency can vary considerably
when the thickness of the residual LN layer changes (Figure S5,
Supporting Information). Moreover, we found that the excitation
beam actually contained components propagating at large off-
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Figure 4. Far-field pattern of the (0, 0)-order SH emission. Images are cap-
tured a) without and b) with a 660 nm band-pass filter, respectively. Black
arrows on the left indicate the polarization state of the pump, and those
on top indicate the polarization direction of the linear polarizer in front of
the camera. The image area is 8.45 mm x 7.07 mm.

axis angles (Figure S6, Supporting Information): when the cen-
tral wavelength of the OPA was tuned to either longer or shorter
side, SH emission corresponding to FW modes at relatively large
excitation angles was also generated. Therefore, for a fixed FW,
only a small fraction of the excitation beam with the right trans-
verse wavevectors can excite the quasi-BIC modes at this FW and
thus really contribute to SHG.

From the enlarged views of the (0, 0) diffraction order (Fig-
ure 3f,g), we noticed that the SH emission along the surface
normal was relatively weak. To further study the profile of the
far-field emission, we captured the emission pattern of the (0, 0)
diffraction order using a CMOS camera (BC207VIS, Thorlabs) at
selected polarization directions by rotating a linear polarizer in
front of the camera. There indeed existed a dark spot at the center
of the image area for whatever input polarization (Figure 4a).
The reason should be attributed to the nature of quasi-BIC
modes at FW: when the input polarization was horizontal, those
incident components propagating parallel to the vertical incident
plane (with k, = 0) could not couple to the nonlinear polarization
due to symmetry mismatch; when the input polarization was
vertical, those incident components propagating parallel to the
horizontal incident plane (with k, = 0) could not couple to
the nonlinear polarization. The patterns in Figure 4a were a
mixture with different wavelengths. We then used a band-pass
filter (with a central wavelength of 660 nm and bandwidth of
10 nm) to isolate the strongest part (Figure 4b). We found that
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Figure 5. Relation between the FW excitation angles and the (0, 0)-order
SH emission angles. The blue to red color map visualizes the dispersion
of the SH emission in the xz-plane, obtained through adding up angle-
resolved SH emission spectra under x-polarized pumping from OPA with
the central wavelength tuned to 1280 and 1420 nm. The overlaid white
lines are the trace of the white-light transmission spectra under TM polar-
ization (with the wavelength axis divided by 2). The lines in magenta are
the copy of the white ones (4 < 650 nm) but shifted horizontally by 2.5°.

there was emission with polarization orthogonal to the pump
polarization, and the two orthogonal polarization states were
spatially separated. We also analyzed the polarization states of
the (%1, 0) and (0, +1) diffraction orders at the angular positions
exhibiting peak intensity: for horizontal (x) input polarization,
the (1, 0) diffraction orders were mostly x-polarized, while the
(0, =1) diffraction orders were mostly y-polarized.

Finally, we study the relation between the FW excitation an-
gles and the (0, 0)-order SH emission angles. We discuss only
the situation of Figure 3c where the SH emission spots were
mostly x-polarized when the pump was also x-polarized (TM po-
larization). In other words, there was no rotation of polarization
for this situation. As mentioned earlier, the excitation beam con-
tained components propagating at large off-axis angles, and thus
rotating the sample to change the excitation angle was not nec-
essary. We added up the angle-resolved SH emission spectra un-
der x-polarized pumping from OPA with the central wavelength
tuned to 1280 and 1420 nm to visualize the dispersion of the SH
emission (Figure 5). Further, the white-light transmission spec-
tra under TM polarization (with the wavelength axis of Figure 3d
divided by 2) were overlaid as the white lines on the above syn-
thesized angle-resolved emission spectra. We can see that the re-
lation between the angles of the SH emission and of the FW exci-
tation is basically linear, and there is a constant offset of 2.5° for
the lower bands. The emission angles of the (+1, 0) diffraction
orders can then be deduced from those of the zeroth order using
the grating equation, sing_, = sing, + Ag;;/a,.

3. Conclusion

To conclude, we demonstrated enhanced SHG from z-cut thin-
film lithium niobate under linearly-polarized pumping. By com-
paring the linear dispersion at the fundamental wavelength with
the nonlinear response, we confirmed that the resonant en-
hancement of SHG in the 2D periodic array was enabled by the
quasi bound-states in the continuum (quasi-BIC modes) bear-
ing strong E,-component. The SH emission pattern of the (0,
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0) diffraction order exhibited a dark spot at the center and con-
tained emission with polarization orthogonal to the pump polar-
ization. More degrees of freedom to control the SHG can be ob-
tained through engineering the lattice symmetry. We expect that
tunable resonant enhancement of SHG for practical applications
is achievable by combining properly tailored optical resonances
with the emerging material platform of thin-film LN which offers
a wide transparency window and excellent nonlinearity.

4. Experimental Section

Characterization of SH Emission and White-Light Transmission

The sample was mounted on rotational stages to characterize the SH
emission and the dispersion (Figure 3a). The broadband pulses used to ex-
cite SHG came from an optical parametric amplifier (OPA; TOPAS-Prime),
which was pumped by a femtosecond pulsed laser (75 fs at 1 kHz repeti-
tion rate; Solstice ACE, Spectra-Physics). The OPA output contained spec-
tral components from the visible to the near infrared regime, and there-
fore was first filtered using double-side polished silicon wafers, and then
focused onto the sample with a fused silica lens (f= 175 mm). The sam-
ple was put at a distance away from the focus to prevent burns, and thus
the excitation beam was actually divergent. At the sample position, the
excitation spot was about 750 um in diameter and the total OPA power
was 4.19 mW. The SH signal was coupled into a spectrometer (USB4000,
Ocean Optics) using an achromatic lens (with a diameter of 5.5 mm, a
focal length of 11 mm, and at a distance of about 380 mm away from the
sample) and a multimode fiber after blocking the transmitted OPA beam
by a short-pass filter. For white-light transmission measurements, a super-
continuum source (SuperK COMPACT, NKT Photonics) was coupled into
the same beam path using a flip mirror, and finally turned into an optical
spectrum analyzer (AQ6370D, Yokogawa). To extract the quality factors,
the Breit-Wigner—Fano model was used to fit the transmission spectra
under collimated white-light illumination.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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