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We report the first observation, to the best of our knowledge, of sum-frequency generation in on-chip lithium
niobate microdisk resonators. The sum-frequency signal in the 780 nm band, distinct in wavelength from second-
harmonic signals, was obtained in lithium niobate microresonators under the pump of two individual 1550 nm
band lasers. The sum-frequency conversion efficiency was measured to be 1.4 × 10−7 mW−1. The dependence of
the intensities of the nonlinear signals on the total pump power and the wavelength of one pump laser was in-
vestigated while fixing the wavelength of the other. This work paves the way for applications of on-chip lithium
niobate microdisk resonators ranging from infrared single-photon detection to infrared spectroscopy. © 2017
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1. INTRODUCTION

Whispering gallery mode (WGM) microresonators with high
quality (Q) factors and small mode volume have abilities to
dramatically boost light-material interactions. They find applica-
tions ranging from ultrasensitive sensing [1–3] to low-threshold
lasing [4]. They also provide a platform for fundamental studies,
such as nonlinear optics [5–10], cavity quantum electrodynamics
[11], optomechanics [12,13], PT symmetry [14,15], and topo-
logical photonics [16].

In comparison with Fabry–Perot and photonic crystal
microcavities, WGM microresonators allow simultaneous res-
onances at very different wavelengths due to light confinement
via total internal reflection. WGM microresonators can obtain
high-Q in the whole transparent window of the material that is
employed to make the microcavity. As a result, WGM micro-
resonators are natural candidates for investigations and appli-
cations of nonlinear optical effects associated with different
wavelengths [6,7,9,10].

Nonlinear optical effects associated with multiple wave-
lengths with low power pumps can be realized in multiple-
resonance WGM resonators with high Q factors. Third-order
nonlinear effects, such as stimulated Raman scattering [4],
stimulated Brillouin scattering [17], and four-wave mixing

[18,19] were reported in silica, calcium fluoride, and silicon
nitride microresonators. The common feature of these materi-
als is possessing central symmetry. Therefore, under the dipole
approximation, the lowest order of nonlinear effects in these
materials is the third order, which provides the possibility to
realize optical comb [19] and nonreciprocal light transmission
[17,18] in WGM microresonators.

Second-order nonlinear optical effects were mainly realized
in microcavities made from materials such as lithium niobate
(LN) [6–10], lacking central symmetry. As a well-known
versatile nonlinear optical medium, LN has second-order non-
linear properties with χ�2� as high as 41.7 pm/V. Nonlinear
optical effects such as second-harmonic generation (SHG)
[6,7], sum-frequency generation (SFG) [8], and optical para-
metric oscillation (OPO) [9,10] were intensively explored in
millimeter-sized LN WGM resonators fabricated by diamond
polishing.

Benefiting from progress in micro-fabrication techniques,
on-chip LN WGM microresonators were fabricated by
several groups [20–25]. The highest measured Q of LN
WGM cavities on a chip can be higher than one million [25].
SHG [23,26–28] and parametric downconversion (PDC) [29]
were demonstrated in on-chip LNmicroresonators. Electrooptic
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[25,30], thermooptic [31,32] and optomechanical effects [33]
were reported as well in LN microdisk resonators.

Compared with SHG [23,26–28] and optical PDC [29],
SFG has the ability to efficiently covert low-frequency weak
light down to single photon to high-frequency light with
the aid of a strong pump. Therefore, it is widely used in the
detection of infrared signals lacking cheap and efficient photo-
detectors by converting them into visible light that can be ef-
ficiently monitored with cost-effective detectors. Although
SFG was reported in millimeter-sized LN WGM resonators
not suitable for integration [8], the realization of SFG effect
in on-chip LN microdisks is still a challenging task due to
the difficulties in producing high-Q on-chip LN resonators
and their dramatically decreased mode density.

In this paper, we report the first observation of SFG in LN
microdisk cavities on a chip. The 780 nm band SFG signal,
usually together with SHG signals, was generated by pumping
the LN resonator with two individual lasers working in
communication band. The influences of various experimental
conditions on the intensity and wavelength of nonlinear optical
signals were studied systematically.

2. SAMPLES AND EXPERIMENTAL SETUPS

SFG experiments were performed in an LN microdisk resona-
tor of 40 μm radius and 500 nm thickness. The resonator was
fabricated from an LN on insulator (LNOI) chip produced by
NANOLN by using UV lithograph, reactive ion etching, and
hydrogen fluoride wet etching in turn [25]. The quality factors
in 1550 and 780 nm bands of the resonator that we used were
measured to be 3.7 × 105 and 3.1 × 105, respectively.

The experimental setup for the SFG experiment is illus-
trated in Fig. 1. Light from a picosecond (ps) laser and that
from a continuous wave (cw) laser were launched into a
50:50 fiber combiner after passing through individual polari-
zation controllers. Both of the two lasers are working in
1550 nm band serving as pumps. Most energy of the pumps
(99%) was sent to a tapered fiber made by thermally pulling a
1550 nm single-mode fiber and then partially coupled into the
LN microdisk; the other 1% was detected by a power meter to
measure the pump power. The light transmitted and coupled
into the tapered fiber from the LN resonator was then split into
two beams by using a 1550 nm 90:10 fiber splitter. The 90%

port was sent into a grating spectrometer to detect the upcon-
version signals, while the output of the 10% port was received
by an infrared photodetector to measure the quality factors of
the resonator and to monitor the coupling between the tapered
fiber and the resonator. The wavelength of the cw laser can be
scanned forward and backward by applying a sawtooth voltage
generated from an arbitrary function generator. The sawtooth
voltage serves also as the trigger signal for the oscilloscope.

In order to efficiently and simultaneously couple the pump
beams in the 1550 nm band and nonlinear signals in the
780 nm band into and out of the LN resonator, a tapered fiber
with relatively thinner diameter was employed. The waist diam-
eter of the tapered fiber was less than 2 μm. The position of the
tapered fiber with respect to the LN microdisk was optimized
to maximize the SFG signal. We found that, when the SFG
signal reaches its maximum value, plenty of modes with quality
factors extending for several orders are efficiently or even over-
coupled. Additionally, the resonance dips in the transmission
spectrum were broadened and shifted to the longer wavelengths
due to the thermal effect and the increase in effective refractive
index induced by the introduction of the coupling tapered
fiber. The distortions in transmission spectrum bring us diffi-
culties in finding the quantum numbers of the WGMs regard-
ing the nonlinear optical process. The WGM quantum
numbers are usually obtained by comparing the theoretical res-
onance wavelengths of the eigenmodes of the resonator in the
absence of the tapered fiber to the measured spectrum in a weak
coupling condition rather than in the strong coupling regime.

3. EXPERIMENTAL RESULTS AND
DISCUSSIONS

We first incident one light beam from either the ps laser or the
cw laser into the LN microdisk while slowly scanning the laser
wavelength. When the input wavelength matches the resonance
of the resonator and thus its second harmonics, we observed a
second-harmonic signal from the grating spectrometer.
Figures 2(a) and 2(b) show the typical second-harmonic signals
with pulse and continuous pumps, whose transmission versus
time is shown in Figs. 2(d) and 2(e), respectively. Then, we
simultaneously sent both the ps laser and the cw laser into
the microdisk. Sum-frequency signal with a frequency distin-
guished from the second harmonic of either pump was ob-
served and is shown in Fig. 2(c) as an example. In this
situation, the transmission of the tapered fiber coupled to
LN microdisk is the algebraic sum of the two pumps, as dem-
onstrated in Fig. 2(f ). It is worth noting that the ∼2 nm line-
widths of the SFG and SHG signals are just the readouts of the
spectrometer when we placed at its entrance a relative broad
slit, with which the nonlinear optical signal can be found more
easily. Such a broad linewidth is not the actual value for the
nonlinear signals from a high-Q microresonator. The true value
determined by the linewidth of the LNmicrodisk resonator was
confirmed by narrowing the slit to be less than the detection
limit 0.2 nm of the employed spectrometer. Note that the mea-
sured nonlinear conversion efficiency was not influenced by the
slit width because the spectrometer was always calibrated after
the width of the slit was changed.

Fig. 1. Illustration of the experimental setup for investigation of
nonlinear effects in LNmicrodisks. AFG, arbitrary function generator;
PD, photodetector.
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We found that a series of the SFG signals show up, when the
wavelength of the cw pump is tuned to a broad spectral range
with the ps laser wavelength fixed. In experiments, we notice
that, within a spectral range from 769.3 to 777.4 nm, the SFG
signal arises more than 30 times. The average distance in wave-
length between two adjacent SFG frequencies is about
0.28 nm, which is much smaller than the free spectrum range
∼4.6 nm of the LN microdisk used in our experiment. This
phenomenon reveals that WGMs with different quantum
numbers are involved in the SFG process. As an example, five
upconversion signal spectra labeled as n, which range from 1 to
5, are shown in Fig. 3. The peaks in red in Fig. 3 stand for SFG
signal, the blue is for SHG of the cw laser, and the black in-
dicates SHG of the ps laser. In order to clearly show different
signals, the vertical coordinates of the nth spectrum in Fig. 3 are
shifted by �n − 1� × 30 pW. The intensities of nonlinear optical

signals depend on various factors including the spatial overlap
of the involvedWGMs and the overlap of the frequencies of the
pump and signal beam with the resonances of the resonator.
Therefore, the intensities of SFG and SHGs fluctuate dramati-
cally, as shown in Fig. 3. Particularly, only the SFG signal and
SHG of ps laser were observed in line 1; SHG of the cw laser,
which should appear in the position indicated by the black
arrow, did not arise. The disappearance of SHG of the cw
pump indicates its wavelength is off-resonance.

When the wavelength of the ps laser is fixed at a particular
value with a maximum SHG, and the cw laser wavelength is
scanned around a resonance wavelength of the LN microdisk,
the change in intensities of the SHG and SFG signals with
respect to the frequency detuning of the cw laser is shown in
Figs. 4(a)–4(c). The SHG of the cw laser and SFG signal reach
their respective maximums when the continuous laser passes
through the resonances of the microdisk. The maximum non-
linear signal is the consequence of the resonance enhancement of
the pump intensity within the resonator under the phase-match
condition, which increases the nonlinear conversion efficiency.
In contrast, the SHG of the ps laser has a minimum conversion
[Fig. 4(a)] because of the resonance wavelength shift of the LN
microdisk due to the thermal effect under strong pump and the
competition for pump energy between the SFG and SHG sig-
nals. Significant thermal effects are clearly seen from the ob-
served transmission spectrum under strong pump condition,
as shown in Fig. 4(e) in comparison with Fig. 4(f ), which is
the corresponding transmission spectrummeasured under weak
pump condition. These transmission spectra were detected
while scanning the wavelength of the cw pump by applying a
sawtooth voltage, as shown in Fig. 4(d). The transmission spec-
trum in the presence of a weak pump obviously shows that three
individual modes contribute to the nonlinear optical process,
which results in the step changes and the multiple maximums
in Figs. 4(a)–4(c).

The dependence of the SFG on the pump power was also
investigated. The input power of both the cw and pulsed

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 2. Spectra of nonlinear optical signals and the corresponding
transmission of the pump. SHG signals of (a) pulsed and (b) cw
pumps, respectively. (c) SFG (red bold line) and SHG signals (blue
and black lines) obtained when both cw and pulsed pump lasers were
coupled into the LN resonator. (d)–(f ) Typical transmission of the
pump correspond to (a)–(c), respectively. The wavelengths (input
power) of the cw and pulsed lasers were 1547.0 and 1554.6 nm
(8.02 and 0.52 mW), respectively.

Fig. 3. Spectra showing nonlinear optical signals for various cw laser
wavelengths. The red, blue, and black peaks represent the SFG, SHG
of cw laser, and SHG of pulsed laser, respectively. For demonstration,
the vertical coordinate for each spectrum is shifted by 10 pW with
respect to its preceding one. The wavelength of the pulsed pump
was fixed at 1549.7 nm. The input power of the cw and pulsed pumps
were set to be 7.81 and 0.51 mW, respectively.
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pumps was tuned simultaneously by using a tunable attenuator
after the 50:50 combiner (not shown in Fig. 1). Figure 5 dem-
onstrates the intensity of the SFG and SHGs as functions of the
sum of the cw- and pulsed-laser power, which were measured
when the central wavelengths of the cw and ps lasers were set
as 1547.0 and 1554.6 nm, respectively. As shown in
Figs. 5(a)–5(c), the intensities of the SFG and the SHGs in-
crease first and then reach a maximum when total input power
rises from less than 1 to 8 mW.

The SFG conversion efficiency is defined as PSFG∕�PcwPps�,
where PSFG, Pcw, and Pps are the power of the SFG signal, the

cw pump, and the ps pump, respectively. Figure 5(d) shows the
ratio of SFG signal power to the cw pump power as a function
of the ps pump power. An SFG conversion efficiency of 1.4 ×
10−7 mW−1 was achieved by fitting the data in the yellow re-
gion of Fig. 5(d), which was measured in the unsaturated sit-
uation. According to the reported conversion efficiency for
SHG in on-chip LN microdisks, the conversion efficiency of
SFG in on-chip LN microdisks can be improved at least by
4 orders of magnitude to 10−3 mW−1 [27,28]. Theoretically,
conversion efficiency can reach 100% [34]. To improve the
inner conversion efficiency, the dispersion of the LN microdisk
should be precisely designed by optimizing the disk geometry
structure, including the thickness and radius to fulfill phase
matching for fundamental modes. The employment of lasers
with linewidth narrower than the WGMs will help us to im-
prove the pump efficiency. The extraction efficiency and the
measured total conversion efficiency can be improved by using
an add–drop coupling system consisting of two tapered fibers to
couple the pump and the signal individually.

We also investigated the impact of the pump power contrib-
uted only by the cw laser on the intensities of the nonlinear
signals, while fixing the wavelength and pump power of the
ps laser. In this case, the variation of the SFG and SHG of

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 4. Dependence of the SFG and SHG intensities on the wave-
length of the cw pump and transmission spectra of the cw pump.
(a)–(c) Nonlinear signals measured by scanning the wavelength of the
cw laser near 1547.0 nm. The wavelength of the pulsed pump was
fixed at 1554.6 nm. The input power of the cw and pulsed pumps
were set to be 10.92 and 0.71 mW, respectively. (d) Sawtooth voltage
for cw laser wavelength scan. Transmission spectra of the cw laser
around 1543.0 nm under (e) strong and (f ) weak pump, respectively.

(a)

(b)

(c)

(d)

Fig. 5. Dependence of nonlinear signals on pump power and the
deduced SFG conversion efficiency. (a)–(c) Power of SHG signals
of the cw and pulsed lasers and SFG signal with respect to the total
pump power. (d) SFG conversion efficiency deduced from (c). The
central wavelengths of the cw and ps lasers were set as 1547.0 and
1554.6 nm, respectively. The power ratio of the continuous laser
and the pulsed laser was kept as 15.4:1.
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the cw laser increases with the growth of the pump power of the
cw laser; however, the SHG of the ps laser shows opposite varia-
tion tendency due to energy transportation from the pulse
pump to the SFG.

4. CONCLUSIONS

In conclusion, we demonstrated SFG in on-chip LN microdisk
resonators for the first time, to the best of our knowledge. The
SFG signal commonly accompanied by SHG signals was gen-
erated by simultaneously pumping the LN resonator with a cw
laser and a ps laser operating at different wavelengths. We in-
vestigated the influences of the experimental conditions, such
as wavelength of the cw laser and the pump power, on the
intensities of the SFG and SHG signals. This work not only
expands the research field of nonlinear effects in micro- or
nano-photonics devices but also paves the way for applications
such as infrared single-photon detection and infrared spectros-
copy based on on-chip LN microresonators.
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