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Boosting second-order optical nonlinear frequency conversion over subwavelength thickness has long
been pursued through optical resonance in micro- and nanophotonics. However, the availability of thin film
materials with high second-order nonlinearity is limited to III-V semiconductors, which have low
transparency in the visible. Here, we experimentally demonstrated strongly enhanced second harmonic
generation in one-dimensional heterostructure cavities on thin film lithium niobate. A guided-mode
resonance resonator and distributed Bragg reflectors are combined for both efficient coupling and
electromagnetic field localization. Over 1200 times second harmonic generation enhancement is
experimentally realized compared with flat thin film lithium niobate through optimizing the trade-off
between quality factor and mode volume, leading to a record high normalized conversion efficiency of

2.03 x 107> cm?/GW under 1.92 MW /cm? pump intensity. Our approach could inspire the miniaturi-
zation and integration of compact resonant nonlinear photonic devices on thin film lithium niobate.
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Lithium niobate [LiNbO; (LN)] has been regarded as the
key material in optics because of its excellent optical
properties [1-5]. In recent years, the successful fabrication
of submicrometer-thickness single-crystal LN on a low-
index substrate has started a new platform of “lithium
niobate on insulator” (LNOI) [6-8]. The high-index con-
trast of LNOI and the recently developed micro- and
nanostructuring techniques enable the fabrication of sub-
wavelength LNOI waveguide devices. Till now, LNOI is
emerging as an important material platform for photonics
and optoelectronic systems, with a variety of high-
performance devices demonstrated on it—for instance,
an ultrahigh-speed electro-optic modulator operating at
low voltages [9-12]; high-efficiency nonlinear generation
devices based on periodically poled LN [13—15]; photonic
crystal [16—-18], microdisks [19,20], and ring resonators
[21,22]; and a broadband frequency comb system [23,24].

In particular, the high second-order nonlinearity y®) and
wide transparency window of LN make it the ideal material
for second-order nonlinear optical interactions, including
second harmonic generation (SHG) [25-27], sum fre-
quency generation [28,29], and difference frequency gen-
eration [30]. To enhance nonlinear processes in LNOI
waveguides, the quasi-phase-matching method has been
used to compensate the phase velocity mismatch [14]. A
gradient metasurface was employed to realize phase-
matching free wavelength conversion in a LNOI waveguide
[26]. In addition, a high quality factor (Q factor) photonic

0031-9007/21/127(15)/153901(6)

153901-1

crystal cavity has been used for phase-matching free SHG
in the subwavelength dimension [17]. Considering the field
enhancement in optical resonant structure and convenient
free space coupling, resonant metasurface [31,32], guided
resonance resonators, and dielectric loaded resonators [33]
based on LNOI have also been proposed. A Q factor
around 10 and several times enhancement of the SHG
efficiency were realized on LN metasurface at visible
wavelengths [34], which are yet to be improved.
Therefore, experimental demonstration of larger enhance-
ment of SHG for resonant LNOI structures is of paramount
importance, which could be achieved under a higher Q
factor and stronger optical field confinement, as the non-
linear interaction strength is proportional to the light
intensity inside the structure.

For decades, guided-mode-resonance (GMR) resonators
have been intensively studied due to the optical field
enhancement and convenient free space excitation [35—
40]. With proper design of the structure parameters, high-Q
optical resonance at the I' point (corresponding to normal
incidence) can be realized. Especially, in the situation of a
GMR resonator composed of only a few cycles, strong field
localization and enhancement could be realized in combi-
nation with photonic band-gap structure like a distributed
Bragg reflector (DBR), forming a heterostructure cavity.
These characteristics make the GMR resonator a best
candidate to achieve high-efficiency nonlinear frequency
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conversion in thin film materials under free space
excitation.

In this Letter, we experimentally demonstrate strongly
enhanced SHG efficiency from nonlinear GMR hetero-
structure cavities on LNOI. The device is fabricated on
x-cut LNOI thin films using electron beam lithography
(EBL) and inductively coupled plasma (ICP) etching.
Because of the strong optical field confinement provided
by DBR on both sides of the one-dimensional GMR
resonator, a Q factor over 5000 was realized under normal
incidence of a focused Gaussian beam, which is the highest
in the LNOI platform. Using a device with a moderate Q
factor (around 2000) and stronger optical field confinement,
the SHG intensity was enhanced by over 1200 times under a
pump power density of 1.92 MW/cm?, leading to a
normalized conversion efficiency of 2.03 x 10~ cm?/GW.

A schematic of the proposed structure is shown in
Fig. 1(a). The GMR resonator is fabricated on a LNOI
wafer, which is composed of a 500-nm-thick x-cut LN thin
film, a 3-um-thick SiO, buffer layer, and a 500-ym-thick
quartz substrate. The GMR resonator is composed of the
center grating coupler (GC) and two side DBRs. The one-
dimensional GC supports GMR and acts as a free space
coupler. The length of the GC is only 11 periods, which is
chosen for a good match with a small incident spot. Two
130-period side DBRs are used to block light from lateral
leakage. The whole structure is arranged in the y axis.
The length of the grooves L is 30 um. Phase shift (PS)
regions are employed for phase matching between GC
and DBR regions, which could be used to adjust the
resonant wavelength and strength of resonance. Such a
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heterostructure cavity is also referred to as a cavity-
resonator-integrated guided-mode resonance filter [41,42].
Figure 1(b) shows the cross-section view of the structure
and a sketch of the nonlinear frequency conversion from
fundamental harmonic (FH) pump to SHG signal beam. A
focused z-polarized FH pump is back illuminated on the
GC region, and the SHG signal is collected from the front.
The period of the DBR a; is set as 410 nm, corresponding
to a photonic band gap around 1550 nm. On the other hand,
the period of the GC a, is set as 815 nm, to ensure the
resonant wavelength around 1550 nm. The etching depth h
of the GMR resonator is 100 nm. Widths of the etched
grooves W are kept the same in the GC and DBR regions,
which are set as 150 nm. The angle of the groove sidewall is
25° with respect to the surface normal.

The resonance polarization is designed as z polarized to
utilize the maximum nonlinear coefficient tensor compo-
nent dy; of LN. A finite difference time domain (FDTD)
method is used to characterize the field localization and
enhancement effect of the GMR resonator with z-polarized
incidence. Primarily, photonic band structures of an infi-
nite GC and DBR are calculated and shown in Figs. 1(c)
and 1(d), respectively. Dispersion of the GMR shows a
monotonic blueshift as the wave vector increases. Near the
I" point, it falls into the band gap of the DBR; thus, the
electromagnetic field will be confined within the GC
region. Figure 1(e) shows the calculated electric field inte-
nsity distribution of the whole resonator along the x-y plane
at 1546.5 nm, using a PS width of g = 560 nm. An 8-um-
diameter Gaussian beam is used to excite the resonance at
normal incidence. Because of the high-index contrast with
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FIG. 1.

(a) Schematic of the proposed LNOI GMR resonator, consisting of the center coupling grating and side DBRs. (b) A sketch of

the pump and SHG signal beams at the sample. (c) Calculated band structure of a one-dimensional DBR with lattice constant
a, = 405 nm. (d) Dispersion property of the GMR in a one-dimensional photonic crystal with lattice constant &, = 810 nm. The inset
shows the electric field profile of GMR in one unit cell at the I" point. (e) Simulated electric field intensity distribution of the GMR.
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Si0,, the field is mostly confined in the LN layer with
strongly enhanced intensity, while along the y axis, the field
intensity decreases rapidly as it enters the DBR region. It is
noted that the maximum field enhancement in the hetero-
structure cavity is slightly smaller than that of the pure
GMR resonator, which is due to the imperfect phase match
and light scattering at the PS regions.

To achieve strong optical resonance in the heterostruc-
ture cavity around 1550 nm, we fabricated a series of
devices with different structural parameters. The width of
the PS region g, period of the GC a, (DBR a,), and duty
cycle of the GC (DBR) are the main parameters considered
for optimization of the device performances. For conven-
ience, periods of the GC and DBR are changed simulta-
neously, such that the relative position between the resonant
wavelength and photonic band gap stays almost the same.
On the other hand, the width of the PS region is changed to
adjust the resonant wavelength, while the band gap stays
unchanged. Duty cycles of the GC and DBR are adjusted
by changing the width of the etched grooves w.

Figure 2 shows the scanning electron microscopic
(SEM) images of a fabricated device in top view and
cross-sectional view. The whole structure was patterned via
EBL using ARP 6200.11 positive resist, which was then
transferred to the LN layer using ICP etching with Ar ions.
The etching depth is around 100 nm, and the angle of the
groove sidewall is about 25° with respect to the surface
normal. As can be seen, the high quality of the fabricated
device implies high performance of the resonator, as
shown below.

We first characterized the optical resonance properties
of the devices around FH using a commercially avai-
lable supercontinuum fiber laser (details of the measure-
ment setup are given in Supplemental Material [43]).
Figures 3(a)-3(c) give the transmission spectra measured
under pump light with designed polarization, and the result
of other polarization can be found in Supplemental Material
[43]. As shown in Fig. 3(a), the resonant wavelength
changes almost linearly with the period of the GC, in a
ratio of 2.64:1. As a, increases from 800 to 815 nm, a,
increases from 395 to 410 nm simultaneously. The slight
changes in the extinction ratio and linewidth are mainly due
to the variation of matching between the GC and DBR
regions. Generally, the extinction ratio and linewidth of the
resonance peak are in inverse proportion. Figure 3(b) gives

FIG. 2. (a) Top-view SEM image of the GMR resonator.
(b) Cross-sectional SEM image of the resonator.

the evolution of the resonances as W changes. At the
submicron scale, the etching speed of LN is strongly related
to the feature size of devices, resulting in a smaller etching
depth as w decreases. As a consequence, the resonant
wavelength changes monotonically but nonlinearly. It is
worth noticing that the linewidth of the resonance decreases
as the groove width becomes smaller. At w = 100 nm, the
linewidth of the resonance decreases to 0.35 nm, corre-
sponding to a high Q factor of 4445. In the proposed
heterostructure GMR resonator, the Q factor is determined
by radiation loss, as material losses of SiO, and LN are
negligible at near 1550 nm wavelengths. The radiation loss
consists of light coupling at the GC region and undesired
scattering loss at the PS region; the former is directly
related to the size of etched grooves. Thus, a higher Q
factor is achieved at small w with proper PS width.
Evolution of the resonance as a function of g is shown
in Fig. 3(c). In addition to adjusting the matching between
GC and DBR regions, changing g will also change the
length of the resonant cavity, leading to changed resonant
wavelengths. The split of the resonance peaks in Fig. 3(c) is
due to the fabrication imperfections. Correspondingly,
FDTD calculations were performed at the same structure
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FIG. 3. (a)—(c) Experimentally measured transmission spectra

as functions of (a) GC lattice constant a,, (b) groove with w, and
(¢) PS width g. The structural parameters are arranged as
(a) w = 140 nm, g = 480 nm; (b) a, = 815 nm, g = 480 nm;
and (c) w =100 nm, a, =815 nm. (d)—(f) Corresponding
FDTD-simulated transmission spectra as functions of a,, w,
and g. The spectra are normalized by experimentally measured
and FDTD-simulated transmission spectra of the flat wafer,
respectively.
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parameters as fabricated devices, as can be seen in
Figs. 3(e) and 3(f), showing good agreement between
simulation and experiment results. The difference in
resonant wavelength and extinction ratio mainly originates
from fabrication imperfections.

By optimizing the structural parameters, strong reso-
nance with an appropriate linewidth can be achieved at the
designed wavelengths. The strongly enhanced local electro-
magnetic field will increase the optical nonlinear conver-
sion efficiency. A nonlinear optical measurement system
was set up to characterize such properties quantitatively, as
schematically shown in Fig. 4(a). To investigate the
enhancement of different resonant wavelength, we used
a femtosecond pulsed laser with a central wavelength
of 1560 nm and a spectral width of about 80 nm (T-light
FC, MenloSystems) for pumping. The pump light was
focused on the GMR resonator via an objective lens (50,
NA = 0.42), after being adjusted by the linear polarizer
(LP) and half wave plate (HWP). The SHG signal light was
collected by an objective lens with greater NA (60x,
NA = 0.65) and further coupled into a multimode fiber.
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FIG. 4. (a) Schematic of the nonlinear experimental testing
setup. (b) Measured SHG intensity of the GMR resonator and
referential unpatterned wafer. The measured spectra have a
background intensity of about 600 for the whole wavelength
range, as shown in the inset. The resonance peak wavelength is
marked by the dashed vertical line. (c),(d) Evolution of SHG
enhancement and linewidth as a function of GMR linewidth.
(e) Dependence of SHG enhancement on polarization of the
pumping laser. (f) Power dependence of SHG in logarithmic
scale, showing quadratic power scaling.

The collected signal light was then guided into the
spectrometer (PYLON, Princeton) for measurement. An
860 nm short-pass filter and 650 nm long-pass filter were
used to remove the pump light and third-harmonic gen-
eration; thus, only the SHG light was left for analysis.

Compared with the flat region of the LNOI wafer,
strongly enhanced SHG was achieved at the resonant
wavelengths of different devices. Especially, a highest
enhancement of 1200 times is achieved at the structural
parameters of a; = 410 nm, a, = 815 nm, g = 480 nm,
and w = 140 nm, as shown in Fig. 4(b). The peak wave-
length of SHG is 773.87 nm, as indicated by the dashed
line. The corresponding SHG spectrum measured from the
unpatterned wafer is given in the inset for comparison,
showing a coincidence with the spectrum of pumping light
(see details in Supplemental Material [43]). Such a large
enhancement is due to the strong electric field confined in a
small area, as the SHG intensity is proportional to the
square of light intensity (the fourth power of electric field
intensity). The measured second harmonic intensity spectra
of devices with different structural parameters are also
given in Supplemental Material [43].

Figure 4(c) shows the evolution of SHG enhancement as
a function of the GMR linewidth, where the narrowest
GMR linewidth is smaller than 0.3 nm, corresponding to a
Q factor over 5000. It is worth noting that the largest
enhancement is not achieved at the highest Q factor. The
heterostructure cavity can be seen as a GMR resonator
confined within a FP cavity. As the side DBRs are long
enough to block in-plane lateral leakage, a higher Q factor
can be achieved with decreased radiation loss of the GMR
resonator. However, in the proposed design, the radiation
loss is minimized with smaller etching depth, which will
also weaken the confinement of side DBRs, leading to a
longer penetration of the EM field into the DBR region
(analogy to Fig. S7 in Supplemental Material [43]). As a
result, weakened lateral confinement of DBRs could reduce
the local field enhancement and, thus, the SHG enhance-
ment. On the other hand, the overlap between mode profile
and the pump light also becomes smaller with a higher Q
factor, leading to smaller coupling efficiency (extinction
ratio of the transmission spectrum). Therefore, the depend-
ence of the measured SHG enhancement on the Q factor is
not simple monotonic but needs to be properly chosen to
balance the local field enhancement (determined by radi-
ation loss and DBR confinement) and coupling efficiency
of the pump light, since the efficiencies were calculated
through the overall pump power. As shown in Fig. 4(c), a
best result is achieved at a moderate Q factor. Figure 4(d)
shows the evolution of GMR linewidth and the correspond-
ing SHG linewidth, exhibiting an approximate linear
relation.

Since the GMR resonator depends on the polarization of
the pumping laser, the enhancement is supposed to have the
same polarization dependence. We rotated the HWP and
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measured SHG signal from GMR resonator and flat region
with varied pump polarization, respectively. The enhance-
ment factor could be calculated accordingly and is given in
Fig. 4(e), showing a maximal value when the pumping light
is z polarized. A good agreement between the experimental
data and the fitted sine curve is found, which further reveals
the links between the enhanced SHG and the GMR
resonator structure.

To quantitatively calculate the nonlinear conversion
efficiency of our structure, the pump light was filtered
by a fiber filter with a central wavelength of 1547.72 nm
and a spectral width of 5 nm. According to the Fourier
optics, the bandwidth of the pulse in the time domain is
inversely proportional to that in the frequency domain;
thus, the new pulse width can be calculated as

Tpew = 90 x 1073 x 80/5 ps = 1.44 ps.

The collected SHG light was imported into a photon
counting module (PerkinElmer, SPCM-AQRH-15-FC) to
measure the number of SHG photons and calculate
the SHG power through E = N X fic/A, in which N
is the measured photon number, 7 is the Planck constant,
c is the speed of light, and A is the wavelength of SHG light.
The measured power dependence of the SHG signal for
structure in Fig. 4(b) is shown in Fig. 4(f). The unambigu-
ous linear trend with a slope of ~2 in the log plot indicates
the characteristic squared relationship between the SHG
signal power and the average pumping power. The mea-
sured average power-dependent nonlinear conversion effi-
ciency is shown in the insets. In our experiment, SH
conversion efficiency of 3.92 x 1078 is achieved with the
averaged pump power of 0.12 mW, corresponding to a peak
intensity of 1.92 MW /cm? and an energy fluence of 2.77 x
107% J/cm? per pulse.

It is known that the SH conversion efficiency is propor-
tional to the intensity of pulses with fundamental fre-
quency. Therefore, we defined a normalized conversion
efficiency to theoretically quantify the SHG process as

IINorm = P‘E\II—;; (vag X Igeak) = n/III;ea-k'

Here, 7 is the SH conversion efficiency, and Igeak is the
pump peak intensity. This normalized efficiency is inde-
pendent of pump intensity and could be regarded as a
consistent and comparable parameter with other structure.
Following this, the normalized efficiency of the GMR
resonator is calculated as 2.03 x 10~ cm?/GW. We com-
pared our work with other special structures focusing on
the enhancement of SHG in LN thin films and showed the
results in Supplemental Material [43]. It can be seen that the
proposed GMR resonator here achieves the highest
enhancement and normalized conversion efficiency in
experiments so far.

In summary, we have experimentally demonstrated
record high Q-factor GMR resonators on a 500-nm-thick
LNOI wafer. The localized and strongly enhanced

electromagnetic field in the GC region of the resonator
is utilized to boost the SHG efficiency. Over 1200 times
enhancement of SHG intensity was realized under normal
incidence of the femtosecond laser, leading to a high
normalized conversion efficiency as large as 2.03 x
107> cm?/GW at a pump intensity of 0.05 GW/cm?.
Our results exhibit the potential of high-Q LNOI devices
and pave the way for numerous on-chip photonic nonlinear
conversion devices and systems in the LNOI platform.
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