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ABSTRACT
High-quality (Q) microcavities, which significantly enhance wave mixings through optical resonances, play an important role in the investiga-
tion of light–matter interaction. For second-harmonic generation (SHG) in quadratic microcavities, satisfying a double-resonance condition
is crucial for enhancing the nonlinear conversion. However, directly revealing a precise double-resonance condition can be demanding and
has seldom been implemented. In this work, we introduce a method to synchronize the fundament wave and its second harmonic during the
transmission measurement, and directly distinguish the double-resonance detuning. We also investigate the impact of each detuning on the
cavity-enhanced SHG spectral line shape and intensity. The approach provides a method to help deeper understand of the nonlinear coupling
processes and benefit research on cavity-enhanced nonlinear optics.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0276408

I. INTRODUCTION

In recent years, whispering-gallery-mode (WGM)
microcavities,1–4 based on total internal reflection, have gained
significant attention as a versatile platform for optical physics and
device applications, such as nonlinear optics,5–10 lasing sources,11,12

optical sensing,13,14 quantum photonics,15–18 and cavity opto-
mechanics.19,20 Due to their small mode volumes and ultralow
optical losses, WGM microcavities enable efficient confinement
of photons within the cavity for extended durations, thereby
significantly enhancing the interaction between light and matter.
They are particularly well-suited for investigation of a plethora
of applications in nonlinear optics, including second-harmonic

generation (SHG),21–23 sum/difference frequency generation
(SFG/DFG),24,25 third-order harmonic generation (THG),26,27 opti-
cal parametric oscillation (OPO),28–30 and spontaneous parametric
downconversion (SPDC).31–33

Efficient enhancement of nonlinear optical processes in a
microcavity demands simultaneous fulfillment of several conditions:
tight mode confinement, optimal mode overlap, long interaction
length, large effective nonlinear coefficient, and phase matching con-
dition. Moreover, resonances of the involved optical fields must
occur simultaneously. Due to material and geometric dispersion,
precise design and fabrication of resonators’ structure are essen-
tial for ensuring simultaneous resonances at desired frequencies,
which can be difficult. In fact, tuning mechanisms such as the
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thermo-optic34 and electro-optic effects35 are commonly employed
to compensate resonance frequency shifts caused by fabrication
imperfections. In SHG experiments, reaching optimized nonlin-
ear conversion is widely regarded as an indicator of the condi-
tion where both the waves simultaneously satisfy the resonance
requirements.36–40 However, the condition can be vague with fre-
quency detunings, and direct experimental measurement of the
double-resonance detuning, which is important, has yet to be
reported. The specific impact of double-resonance detuning on
nonlinear effects has not been discussed.

In this Letter, we demonstrate an approach to visually observe
the effect of double-resonance detuning on the cavity-enhanced
SHG spectrum by synchronously scanning the FW and its SH to
obtain the transmission spectrum of quadratic microcavities. The
cavity-enhanced efficient SHG process is carried out in a periodically
poled lithium niobate (PPLN) microring on the thin-film lithium
niobate (TFLN) platform. Through SHG in another PPLN nonlin-
ear waveguide, we can scan the WGM microcavity simultaneously
in the FW and SH bands, achieving strict one-to-one correspon-
dence between the FW and SH WGMs in the frequency domain
and precisely determine the resonance detuning of each wave. We
also leverage the thermal-optical effect to precisely manipulate the
double-resonance detuning of the microcavity, directly revealing the
double-resonance dynamics of SHG in the quadratic microcavity.
This work paves a way for a deeper understanding of nonlinear
processes in nonlinear microcavities, which may also be useful in
non-Hermitian nonlinear photonics investigation.41

II. WGM MICROCAVITY DESIGN AND FABRICATION
We implement such a scheme to directly observe the double-

resonance detuning of a WGM microcavity through a cavity-
enhanced SHG scheme using a PPLN microring resonator on the
z-cut TFLN platform, as shown in Fig. 1(a). The type I (oo-e) SHG
process in the TFLN microring involves the fundamental transverse
electric (TE00) and magnetic (TM00) modes at frequencies of ωFW
and ωSH in the telecom and near-visible ranges, respectively. The
perpendicularly polarized optical modes are particularly suited for
proofing our scheme considering the large thermo-optical coeffi-
cient difference of LN.34 In our design, the radius of the microring
R = 201.5 μm. The cross section of the microring is shown in
Fig. 1(b). The thickness h of the TFLN is 520 nm, and the side-
wall angle α of the ridge waveguide is 60○. The top width W and
the etching depth t are 1.55 μm and 320 nm, respectively.

The significant spectral separation between the FW and SH
modes presents a challenge for efficient dual-band coupling. To
address this, we employ a single pulley waveguide to access efficient
dual-band coupling to assist the transmission spectrum measure-
ment in the both bands, which can be more effective than using an
additional SH extraction waveguide.42,43 We optimize the coupling
parameters through the finite-difference time-domain (FDTD) sim-
ulation to satisfy the outstanding coupling in the near-infrared and
the near-visible band and thereby access efficient dual-band cou-
pling. In addition, we also performed a gap scan in the experiment
to identify an appropriate coupling condition. The optimal width of
the coupling waveguide Ww and the coupling gap is determined to
be ∼850 and 500 nm, respectively. The length of the pulley coupler
is determined to be 67 μm (θ = 19○), as shown in Fig. 1(c).

FIG. 1. (a) Schematic of the PPLN microring resonator on TFLN. Insets: simu-
lated TE00 and TM00 mode profiles of FW and SH, respectively. (b) Schematic
cross section of the nanowaveguide. (c) Diagram of the coupling region. (d) Optical
image of the microring before electrical poling. Panels (e) and (f): false-color SEM
images of the etched pulley coupler and waveguide (before poling), respectively.

The fabrication method for the TFLN microcavity is simi-
lar with that in Ref. 44. Electron beam lithography (EBL) using
hydrogen-silsesquioxane (HSQ) photoresist is used to define the
waveguide mask. Ridge waveguides are then fabricated using induc-
tively coupled plasma (ICP) with argon ion milling. An optical image
of the fabricated TFLN microring resonator is shown in Fig. 1(d),
with zoomed-in scanning electron microscope (SEM) images of the
coupling region and waveguide presented in Figs. 1(e) and 1(f). The
smooth surface and sidewalls of the waveguide demonstrate the high
quality of our fabrication process.

A first-order quasi-phase matching (QPM) condition for
the type-I SHG process is achieved by periodically polling the
TFLN microring along its radial direction. The QPM condition is
mSH − 2mFW −M = 0 and m = 2πnR/λ, where m is the azimuthal
number and n is the effective refractive index. Figure 2(a) plots the
calculated poling period (Λ) with respect to the FW wavelength,
showing that a poling period of 6.663 μm corresponds to the FW
wavelength of 1560 nm with M = 190.

The poling process is initiated by depositing poling electrodes
(10 nm thick titanium and 70 nm thick gold) with a tooth width of
2.2 μm onto the etched LN microring using EBL and lift-off tech-
nique; also see Fig. 2(b). The tooth width is designed to be smaller
than half of the polling period to accommodate for domain broaden-
ing and to ensure a duty cycle of ∼50%. The silicon substrate serves as
the electrical ground. Periodic ferroelectric domain inversion is then
achieved by applying a strong electric field to the crystal through the
electrodes, i.e., electric poling, at an elevated temperature of 260 ○C.
A period of ∼6.67 μm with a duty cycle of ∼50% is achieved, as shown
in Fig. 2(c).
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FIG. 2. (a) Numerical simulation of the poling period for first-order type I QPM, with
Λ = 6.663 μm@1560 nm. The inset illustrates QPM conditions. (b) Microscope
image of the radial poling electrodes. (c) False-color SEM image of a part of the
PPLN microring resonator after HF etching.

III. THEORY
To gain more physical insight, we provide a detail discussion on

SHG theoretical modeling. For SHG in a resonant nonlinear cavity,
the wave amplitude of the injected FW, AFW , and the generated SH,
ASH , can be modeled according to the coupled mode theory,5

dAFW

dt
= (iΔω1 −

κ1i + κ1e

2
)AFW +

√

κ1eAin
FW − ig∗A ∗

FW ASH , (1)

dASH

dt
= (iΔω2 −

κ2i + κ2e

2
)ASH + igA 2

FW . (2)

These cavity resonances are modeled by the photon decay rate, κ
(κ = 1/τ, τ is the photon lifetime), including the internal rate, κi, and
the external rate, κe, with a frequency detuning of Δωi from its cen-
tral resonance of ωi (i = 1, 2 represents the FW and SH, respectively).
The detuning is Δω1 = ωFW − ω1, Δω2 = ωSH − ω2. In addition, g is
the coupling coefficient, which is proportional to the mode area,
mode overlap, and effective nonlinear coefficient. Under the small-
signal approximation and considering the steady state (dA/dt = 0),
the generated SH power is

PSH =
∣g∣2

ω2ω2
1

4Q2
2/Q2e

4Q2
2(Δω2/ω2)

2
+ 1

16Q4
1/Q1e

2

[4Q2
1(Δω1/ω1)

2
+ 1]2

P 2
FW , (3)

where Qi and Qie stand for the loaded quality factor and external
(coupling related) quality factor, respectively. PSH is affected by reso-
nances of both the FW and SH, i.e., the double-resonance condition.
When Δω2 = Δω1 = 0, the FW and SH waves simultaneously match
the resonant modes, fulfilling the double-resonance condition, and
yield the maximum output.

In general, the FW and SH resonances are offset. The off-
set can be manipulated via simple temperature control, thanks to
the difference thermal-optic response of both the resonances. The
dynamic resonance chasing process is illustrated in Fig. 3. When
the input FW is resonant with a cavity FW mode (λ1), the SH sig-
nal is generally not precisely resonant with the corresponding SH
mode (λ2) of the cavity due to dispersion (state I). Considering the
TFLN microring cavity, the extraordinary refractive index of LN has
a larger thermal-optical coefficient than the ordinary one. Taking
the thermal-optical effect, both the FW and SH resonances undergo

FIG. 3. Schematic of the dynamic resonance chasing. λ1 and λ2 are the central
wavelengths of the cavity resonances. The blue and red arrows indicate the inject
FW and generated SH wavelengths, respectively.

redshifts as the temperature increases, and the wavelength of SH res-
onance should increase to catch the resonant mode because the SH
(e) mode moves faster than the FW (o) mode (states I–III). The SH
signal can align with the SH mode at a specific FW frequency. The
double-resonance condition is then fulfilled, where the SH mode fre-
quency is twice the frequency of the FW mode and both the input
FW and generated SH waves are correspondingly resonant (state II).
As the temperature increases, the SH resonance (λ2) surpasses the
SH signal (λSH) while the FW is kept resonant (λFW = λ1). At this
point, the double-resonance condition is no longer satisfied (state
III). Δλ = λ1 − 2λ2 denotes double-resonance detuning. The evolu-
tion of nonlinear SHG is observed by modulating double-resonance
detuning. This is fundamentally important in the coupling mode
equation. However, precisely determining the resonance detuning
in an experiment can be demanding and has seldom been reported.

IV. EXPERIMENT AND RESULTS
To solve this problem, we propose to visually observe the

double-resonance detuning by synchronously scanning the trans-
mission spectrum at the FW and SH bands, that is, synchronous
dual-band scanning. The experimental setup is shown in Fig. 4(a).
An external cavity tunable laser at the telecom bands (Toptica CTL)
serves as the source. The input laser is first amplified by an erbium-
doped optical fiber amplifier (EDFA) and then divided into two
beams by a 90%:10% beam splitter (BS). One beam, path I, adjusted
by a polarization controller (PC) is coupled into a PPLN ridge
waveguide using lensed fiber. The SH signal is used to scan trans-
mission spectra of the WGM microring at the SH band. To obtain
a wideband tunable SH source, an array of PPLNWG with dif-
ferent topwidths for various QPM wavelengths is used. Efficient
SHG can be performed in a wide range using different PPLNWGs.
In our experiment, the dual-band (FW and SH) scanning can be
performed at all resonances in a wide bandwidth from 1530 to
1580 nm. The series of the generated SH spectrum through our
PPLNWG array is shown in Fig. 4(b). It should be noted that broad-
band SHG can also be achieved using a chirped PPLN waveguide;
however, the PPLNWG array offers much higher frequency con-
version efficiency in the experiment, which is more favorable for
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FIG. 4. (a) Experimental setup for FW-SH dual-band
transmission measurement of the TFLN microring. EDFA
(erbium-doped fiber amplifier); BS (beam splitter); PC
(polarization controller); PPLNWG array: PPLN ridge
waveguide array, VOA (variable optical attenuator);
WDM (wavelength-division multiplexer); TEC (thermoelec-
tric cooler); PD (photodetector); and OSC (oscilloscope).
(b) A series of typical SH spectra in a PPLNWG array with
different colors corresponding to different waveguide top
widths. (c) SH signals (red) vs the FW input (blue). Insets:
images of generated SH scattering from the top and the
edge. (d) and (e) Resonance spectra of FW (TE00) and SH
(TM00) WGM modes. (f) On-chip SHG power and on-chip
FW power relation.

synchronous dual-band scanning. The other beam, path II, incor-
porated a variable optical attenuator (VOA) and a PC is used to
sweep the transmission spectra of the microring at the FW wave-
lengths. Light from both paths is then combined by a 50%:50% BS
and via a lensed fiber launched into the TFLN microring, which
is held on a feedback-controlled heater with a tuning range from
−10 to 75 ○C at a resolution of 0.01 ○C. The temperature controller
ensures precise control of the device temperature to manipulate the
double-resonance detuning. The fiber-to-chip coupling loss at FW
and SH is estimated to be 8.5 and 13.0 dB/facet, respectively. The
output is coupled out via another lensed fiber and then filtered
by a wavelength-division multiplexer (WDM) and detected using
photodetectors (PDs).

Figure 4(c) shows the SH signal spectrum by sweeping the
TE-polarized FW with an input power of 1 mW. The thermal
broadening of the WGM resonance is negligible. The arrows in the
transmission spectrum indicate the TE00 mode family, with a free

spectral range (FSR) of 0.80 nm, consistent with the theoretical pre-
diction. The input FW and generated SH signal modes satisfying
perfect double-resonance and QPM conditions are observed at the
wavelengths of 1537.354 and 768.677 nm, respectively. The devia-
tion from the theoretical value is attributed to the non-uniformity in
film thickness. The insets show the image of the scattered SHG from
the TFLN microring and the waveguide output. Figures 4(d) and
4(e) show resonance spectra of the FW and SH WGMs, respectively.
The FW (SH) resonance is slightly under-coupled (over-coupled)
with a loaded Q factor (QL) of 1.28 × 105

(3.18 × 105
). The Q fac-

tor is several times lower than state-of-the-art PPLN microrings with
a similar geometry.31 Although a smaller Q factor is detrimental to
SHG conversion, it gives rise to greater system stability for observ-
ing the double-resonance dynamics, as the thermal effect is more
stable.

In the experiment, the on-chip SHG efficiency is optimized by
finely tuning the resonance frequencies of the FW and SH modes
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via temperature control. The relationship between the optimized on-
chip SH and FW power is shown in Fig. 4(f). In the undepleted
pump regime (PFW < 550 μW), a linear-fitted slope of 1.98 con-
firmed the expected quadratic scaling and a small-signal normalized
SHG efficiency of 7085%/W. According to Ref. 36, when the critical
coupling and double-resonance conditions for FW and SH modes
are fulfilled, maximum SHG conversion efficiency can be achieved.
The theoretically attainable maximum SHG efficiency in our PPLN
microring device is ∼25 300%/W, based on the calculation in Ref. 36.
The discrepancy is possibly attributed to the imperfect QPM grating,
non-ideal coupling between the microring and the bus waveguide.

We directly distinguish the double-resonance detuning by syn-
chronously scanning the FW and SH WGM mode transmission
spectra. The energy conservation during SHG guarantees that the
frequency of the SH light generated in the PPLNWG in path I and
the FW light in path II have a strict one-to-one correspondence. This
ensures an accurate measurement of the double-resonance detun-
ing in the nonlinear microcavity, compared to the method using
separate visible and near-infrared tunable lasers for the transmis-
sion measurement. The distinct thermal shifts of the two interacting
modes then allow us to leverage temperature tuning to modulate
double-resonance detuning. Under the same temperature condi-
tions, we disconnect path I and obtain the cavity generated SH signal
spectrum and the FW transmission spectrum of the microring. The
FW transmission spectrum is used to relate the SH signal spec-
trum to the double-resonance spectrum obtained by synchronously
scanning path I and path II. The accuracy of our method is, there-
fore, ultrahigh, which is also adoptable for ultrahigh-Q nonlinear
microcavities in the same manner.

The experimental measurement of the dynamic resonance
chasing and the corresponding SHG yielding in the TFLN microring
is shown in Fig. 5. We select different double-resonance detuning
conditions and plot the corresponding FW-SH dual-band trans-
mission and the generated SH signal spectra. When the double-
resonance detuning is large (i.e., in the fully single-resonance
regime), the SH signal spectrum exhibits a double-peak structure,
with the two peaks corresponding to the resonance of each FW
and SH mode, as shown in Fig. 5(a). The FW single-resonance
yields a stronger intensity than the SH single-resonance because, at
the SH single-resonance wavelength, nearly no FW light is coupled
into the microring. As the temperature increases, the SH reso-
nance mode gradually approaches and catches the FW resonance
mode with reducing the double-resonance detuning, as depicted in
Figs. 5(b)–5(e). Consequently, the peak values of the two peaks grad-
ually converge and the SH signal spectrum evolves into a single-peak
mode. The peak of the SH signal is closer to the SH resonance wave-
length due to the fact that the SH mode has a higher loaded Q
factor in the experiment. Comparing the SH intensities in Figs. 5(a)
and 5(e), the enhancement factor under the double-resonance con-
dition is two orders of magnitude higher than that under the
single-resonance condition. It should be noted that the fitting of the
generated SH spectra is based on the prediction of Eq. (3), where
both the resonance detuning is preknown according to our FW-SH
dual-band scanning during the transmission measurement. In addi-
tion, this approach holds promise for application to other nonlinear
optical processes, such as SFG, DFG, and OPO. Due to a lower con-
version efficiency, electromagnetically induced transparency such
as transmission spectrum45 or mode splitting46 induced by strong

FIG. 5. (a)–(i) Transmission spectra
at FW-SH dual bands and generated
SH signal spectra with different double-
resonance detuning. The upper curve
shows the transmission spectra of the
FW (blue) and SH (red) WGMs under
synchronous scanning, with the dashed
lines indicating Lorentzian fitting. The
lower curve is the generated SH signal
spectra, with the dashed lines corre-
sponding to the calculations based on
Eq. (3). (Intensity is not to scale.).
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FIG. 6. (a) Resonance shifts vs the temperature for FW and SH WGMs. (b) SH
signal spectra with different resonance detuning (Δλ).

coupling between optical modes of different colors was not observed
in our experiment.

The temperature dependence of the FW and SH resonance fre-
quencies, obtained by fitting the FW and SH transmission spectra,
is shown in Fig. 6(a). Both resonances redshift with the increased
temperature due to the thermo-optic effect and thermal expan-
sion.47 At a temperature of 24.24 ○C, the double-resonance condi-
tion is satisfied and the FW resonance wavelength is 1537.354 nm.
Figure 6(b) displays a set of SH signal spectra at different double-
resonance detuning (Δλ). We plot the peak SHG intensity for
different double-resonance detuning, with a Lorentzian linewidth
of 0.009 nm. As expected, the peak SHG intensity occurs under the
double-resonance condition,36–39 where both FW and SH waves are
enhanced in the microcavity.

Before our study, the dynamics of double-resonance was only
inferred from the SH spectrum but has not been directly observed
in experiment. By synchronously scanning the resonance of the FW
and SH WGMs, we can visually observe the influence of double-
resonance on the SHG efficiency and spectral line shape. The result
also shows without ambiguity that the precise double-resonance
condition is a must for efficient cavity-enhanced SHG. Our method
reveals the exact resonance detuning during the nonlinear wave
mixing, which would help gain insight into the non-Hermitian
degeneracies in nonlinear photonics.

V. CONCLUSION
In summary, we have proposed and demonstrated a method

to directly distinguish double-resonance detuning of the SHG pro-
cess in a nonlinear microcavity by synchronized scanning of the
cavity in the FW and SH dual bands. It offers the key advan-
tage that the scanning frequency of FW and SH waves is rigorous
with one-to-one correspondence, which is critical for testing exact
double-resonance detuning. We also leverage the thermal-optical
effect to precisely manipulate the double-resonance detuning of the

microcavity, directly revealing the double-resonance dynamics of
SHG in the quadratic microcavity. This work would be beneficial
to applications such as cavity-enhanced frequency conversion and
non-Hermitian nonlinear optics.
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