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On-chip efficient nonlinear functions are instrumental in escalating the utilities and performance of pho-
tonic integrated circuits, especially for a wide range of classical and quantum applications, such as tunable
coherent radiation, optical frequency conversion, spectroscopy, quantum science, etc. Here, we fabricated
a Z-cut lithium tantalate on insulator (LTOI) microdisk with high quality (Q ~ 10°) factors. Cascaded
three- and four-wave mixing generation simultaneously were achieved in the LTOI microdisk cavity, due
to the high Q factor with a strongly confined light field, relatively large nonlinear coefficient, and optical
damage threshold of the LTOI microdisk. The strict mode phase-matching condition and the second-
harmonic efficiency of the whole three-wave mixing processes were analyzed. Our work shows that the
LTOI microresonators with the high Q factor and its high optical damage threshold and wide transparency
range can support a variety of on-chip optical nonlinear processes, which heralds its application potential

in integrated nonlinear photonics.
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I. INTRODUCTION

On-chip efficient and compact frequency converters
are promising to be one of the key components in the
wavelength-division-multiplexing (WDM) systems and
have a range of applications, such as tunable coherent radi-
ation [1,2], telecommunications [3,4], spectroscopy, and
quantum optics [5—8]. Nonlinear optics provides a con-
venient route to access the frequencies we are interested
in. Since the nonlinear susceptibilities are very small [9]
as x@ ~ 1072 m/V, x® ~ 1072* m?/V? , the nonlinear
response of a material system can be obtained only when
laser light is sufficiently intense and the material should
better have large nonlinear susceptibilities. That means to
achieve efficient nonlinear reactions, we should load the
laser with enough intensity and choose these materials
with large nonlinear susceptibilities. Optical whispering-
gallery-mode (WGM) microcavities owing to their strong
confinement of a light field (ultrahigh quality factors and
small mode volumes) could considerably enhance the
light-matter interaction [10], making it an ideal platform
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for studying a broad range of nonlinear optical effects [11—
14], ultrahigh sensitivity sensors [15,16], and other phys-
ical applications [17,18]. It should be noted that although
the structure of optical WGM microcavities can enlarge the
intracavity laser intensity, it also has to satisfy other crite-
ria, such as phase matching, a large mode overlap among
the interaction modes, and large nonlinear susceptibilities,
etc., to obtain effective nonlinear processes [19,20].
Lithium niobate (LN), as one of the famous nonlinear
materials, has large second-order nonlinear susceptibility
and many other excellent physical properties, such as high
refractive index, strong electro-optic, acousto-optic, and
piezoelectric effects [21]. Many on-chip photonic devices
such as quantum transducers, modulators, filters, etc., [22—
25], and nonlinear processes (e.g., SHG, OPO, frequency
combs, etc. [6,2640]), based on LN have been devel-
oped. What is more, rare-earth ion-doped thin-film LN
is achieved, and on-chip microcavity lasers and waveg-
uide amplifiers are also investigated, although LN itself
has no gain characteristics based on transitions between
two electronic levels [41-48]. Nevertheless, LN has the
advantage of a large nonlinear coefficient for nonlinear
processes, there are some shortages for LN as low optical
damage threshold (0.005-0.03 GW/cm?> @1064 nm and
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FIG. 1.
SHG, second-harmonic generation; cSFG, cascaded sum-frequency
four-wave mixing.

10 ns), and UV band opacity (0.4-5.5 pm) [49], which
limits its application in high-power light-input conditions,
especially for multinonlinear processes in ultrahigh Q
microcavities and the mid-UV [50,51].

Lithium tantalate (LT) as one of the key nonlinear
nanophotonic platforms has analogous physical prop-
erties to LN. Moreover, comparing to the LN, LT
has a higher laser-radiation-induced damage threshold
(0.22 GW/cm? @1060 nm and 30 ns), higher photore-
fractive damage threshold, and a wider UV transparency
(0.28-5.5 wm)[49]. What is more, the LT can withstand
large input power, which is beneficial to get more efficient
multiple nonlinear optical processes. There is also much
research work about the LT based on its similar physical
properties to LN such as proton exchange and femtosecond
laser direct writing waveguides [52,53], periodically poled
lithium tantalate (PPLT), and nonlinear frequency genera-
tion [54—61], entangled photons [62], holographic storage
[63], strong coupling resonator [64], microwave commu-
nication [65], surface acoustic wave (SAW) resonators,
and modulators [66,67], etc. Considering the excellent
optical nonlinearity of LTOI, it may pave the way to
achieve an on-chip wide range of wavelengths coverage
via direct optical transition, which is generally considered
challenging.

However, most of this research is based on LT bulk
materials. The structure is very large and difficult to inte-
grate. In this work, we fabricated high-Q-factor microdisk
resonators based on LTOI by optimizing fabrication pro-
cesses. On-chip near-infrared, visible (red, green) origi-
nating from cascade three-wave and four-wave mixing,
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Schematic of the multiple nonlinear processes generated in the LTOI microdisk and corresponding energy-level diagrams.

generation; THG, third-harmonic generation; cFWM, cascaded

were obtained simultaneously. The mode phase-matching
conditions of these nonlinear optical processes and
SH conversion efficiency were analyzed in detail. The
main nonlinear optical processes generated in our LTOI
microdisk resonators are shown in Fig. 1. Our work shows
a way to use on-chip nonlinear photonics based on LTOI to
access interested wavelengths in the near-infrared, visible,
and other interested wavelength.

II. DEVICE FABRICATION AND MEASUREMENT

The device, 50-pm-diameter microdisk resonator, is
fabricated on a Z-cut LTOI wafer, which has a sandwich
structure, from top to bottom as 600-nm-thickness LT crys-
tal, 2-pwm-thickness silica, and 500-pwm-thickness silicon
substrate (prepared by NanoLN Inc.). The main fabrication
processes are as follows: First, the disk periphery is milled
precisely at the corner edges of LTOI (for better coupling)
by using the focused ion beam (FIB) and SEM dual beam
system (ZEISS Auriga). To achieve a smoother sidewall
of the microdisk resonators, we optimized the current and
dose of the ion beam. In order to remove the residual LT
crystal from the edge of the microdisk, a microring scan-
ning pattern was used with a smaller current and dose of
ion beam.

What is more, after the FIB milling, the sample was
slightly polished by chemo-mechanical polishing (CMP)
to further smooth the microdisk periphery. At last, the sil-
ica layer underneath the LT was partially etched to form
the supporting pedestals and support the microdisk, by
immersing it in buffered oxide etching (BOE) solution.
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FIG. 2. (a) The schematic LTOI microdisk with silica pedestal,

(b),(c) are the SEM image of the LTOI microdisk edge, and opti-
cal microscope image (top view) of the whole LTOI microdisk,
respectively. (d) Experimental setup: VOA, variable optical
attenuator; EDFA, erbium-doped fiber amplifier. (e) The trans-
mission spectrum (1530 to 1560 nm) and Lorentzian fitting of a
measured mode are around 1547.23 nm, respectively.

The final shape of the LTOI microdisk is shown
schematically in Fig. 2(a). The outermost ring with a
perfectly round shape is the boundary of the LTOI
microdisk. The inner nearly round border is the boundary
of the silica pillar. Figures 2(b) and 2(c) are the SEM of
the LTOI microdisk resonator edge and optical microscope
image of the whole LTOI microdisk with a tapered fiber
from the top view, respectively. It is worth noting that the
edge of the microdisk has a smaller wedge angle due to the
CMP process [68].

Figure 2(d) schematically shows our experimental setup
for characterizing the cascaded three- and four-wave mix-
ing processes. A narrow-linewidth tunable continuous-
wave laser [New Focus TLB-6728 (telecom), linewidth <
200 kHz] was used as the pump light source. The pump
laser power can be adjusted by a variable optical attenu-
ator (VOA) at a suitable value, then it can be amplified
by an erbium-doped fiber amplifier (EDFA). After that, a
polarization controller (PC) was used to control the polar-
ization of the input light. Then, it was followed by a
99:1 single-mode fiber splitter for wave splitting. The 1%
port is connected to a power meter to monitor the input
power in real time. The pump power in the 99% port is

launched into a tapered fiber and coupled into the LTOI
microdisk. The tapered fiber, with a waist diameter of
approximately 1 ~ 2 pwm, was made by the heating and
pulling method and placed on a precise three-dimensional
(3D) piezo nano stage. Then we can flexibly change the
gap between the tapered fiber and the LTOI microdisk. It is
beneficial to optimize the coupling efficiency and make an
efficient nonlinear process a reality. The LTOI microdisk
was monitored by an optical microscope [not shown in
Fig. 2(d)] from the top view. The input laser and gener-
ated emission from the microdisk were also coupled out
by the same tapered fiber, then followed by a switch. One
path is connected to an InGaAs photodetector (PD) and
an oscilloscope (OSC) to monitor the transmission spec-
trum. Another path is linked to the optical spectrum ana-
lyzer (OSA, Ocean Optics, Inc., Model HR2000, detection
range: 200 to 1100 nm) to monitor the generated spectrum.

III. EXPERIMENTAL RESULTS

We first characterized the optical Q factor of LTOI
microdisk resonators in the communication band. A small
optical power was loaded into the cavity to avoid cav-
ity thermal effects but also keep it enough to measure
the transmission spectrum of the device. The transmis-
sion spectrum (1530 to 1560 nm) was obtained, shown
in Fig. 2(e). The loaded optical Q factors of two WGM
modes around 1547.22 nm, are 7.55 x 10° and 1.23 x 10°,
respectively. The LTOI microdisk exhibits lower optical
losses, after optimizing the fabrication processes.

Then, with the selected pump laser (around 1556.86
nm) power increasing and the optimized coupling con-
dition, the visible signals (red, 778.43 nm, and green
519.03 nm) generation are observed firstly, which orig-
inated from the three-wave mixing (SHG), four-wave
mixing (THG, cFWM), and cascaded three-wave mixing
processes (cSFG). Figure 3(a) shows the visible signals
observed by the optical spectrum analyzer at different input
powers in the device. What is more, with the pump power
increasing, the generated visible signals even became vis-
ible to the naked eye. Figure 3(b) shows the optical
image of the scattered visible signal generated in the LTOI
microdisk with different input pump power.

It is well known that the phase-matching condition is
very useful for effective nonlinear processes. Consider-
ing our microdisks were fabricated on a 600-nm Z-cut
LTOI and there is no periodic polarization domain reversal.
The phase matching in the Z-cut LTOI microdisk between
the fundamental and higher harmonic modes might be
the mode phase matching (MPM). To further analyze
these processes, we simulated possible mode profiles of
the pump and visible signal in the device, shown in Fig.
3(c), where we use indices n and m to denote radial and
azimuthal mode numbers for the TE/TM,, ,, profiles in
the microdisk. The indices » and m can be calculated
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FIG. 3. (a) The recorded spectrum of the visible signal (SHG,
c¢SFG/THG). (b) Optical microscope image of the scattered visi-
ble signal with different pump powers (19.89, 23.15, 67.53, 74.14
mW, respectively.). (¢c) Simulated mode profiles of the pump.
(d) Effective indices as functions of the wavelength of TE; ;73 e,
TM1,157,tela TM6,346,ViS7 and TE10,519,vis in the telecom and visible
band, respectively. (e¢) Generated SH and TH intensity with dif-
ferent input pump power. (f) SHG power versus on-chip pump
power square.

based on the simulation and experimental results. The
TE modes supported by the Z-cut LTOI microdisk, cor-
respond to the ordinary polarization and the TM modes
correspond to the extraordinary polarization. By calculat-
ing the effective refractive indices of these corresponding
mode profiles, we can find that the MPM was satisfied
around 1556 nm, shown in Fig. 3(d), where the inset is
a partial enlargement of the TE; 1734 (FW in the tele-
com band), TMg 346vis (SHG signal, red, around 778.63
nm), TEo519.vis (¢SFG signal, green, around 519.03 nm)
effective refractive indices, respectively. The effective
refractive indices of mode profiles (TE 173 te1, TMg 346.vis»
TE0519.vis) are very close in the 1556—1560 band, and the
closest phase-matching area is around 1556 nm at the tem-
perature of 25°C. That is approximately consistent with our
experimental results. It is worth pointing out that only d;
was utilized in the x ¥-based nonlinear processes of the Z-
cut LTOI microdisk, by calculating the effective nonlinear
coefficients.

Figure 3(e) shows the generated SH and TH signal inten-
sity with different pump powers. Figure 3(f) shows the
SH conversion efficiency is around 13.3 & 0.4%/W. It is
worth noting that, for the simultaneous existence of SHG,
THG, and cSFG, there is slight difference in the rela-
tionship between the pump power and the SH intensity.
Although, in the pump power undepleted condition, we can
use quadratic fitting estimation. For the visible signals in
these processes, the dynamics of the generated SH and TH
modes can be described as follows [69]:

dB . , .

— = apB — iy |A|" — iynl4|C,

dt

ic (D
- = acC — iy |A]? — iy»n)A|B,

where 4, B, and C are the fundamental mode, the SH
mode and the TH mode, respectively. o; = —io; — «;,j =
A,B,C, and 0; = w; o — w; is the detuning between the
resonant mode and photon frequency. «; =« o + & 1,
where «; o and k;; are the intrinsic decay rate and the
external coupling rate of the corresponding wave, respec-
tively. 121, 22, Y31 represent the coupling strength of SHG,
cSFG, and THG, which depend on the mode-overlapping,
momentum-conservation condition, and the geometry of
the microcavity, etc. We can solve the intracavity photon
amplitude of the SH mode as

. A 2 A 4
B_ iynacldl” — yaoysld] ’ @)

agac + vhHlA2

where |4|*> = ZKA,IPpump/ha)A|aA|2, Pyump 1s the pump
power and / is the Planck constant. Then, the generated
SH power can be obtained as

Psy = 2k, 1hwp|B|

iyaraclAl? — yoysilAl* 2
agac + yhlAI?

€)

= 2KB,1ha)B|

Considering the detuning o; = 0, Eq. (3) can be written as

PSH = ZKB’lha)B
4V222)’321"j,lpgump/("jhzwi) + K(2:V221

(KBKCthwA/(zKA,IPpump) + V222)2 .

(4)

From Eq. (4) we can find that the power relationship
between the fundamental wave and SH is no longer
the quadratic equation. Of course, we can still use the
quadratic equation to analyze the SHG processes under
low pump power and weak TH generation. Also, we can
know that, for stronger SH intensity, we need to design the
microcavity (geometry, dispersion, phase-matching condi-
tions) carefully to suppress the direct TH and the cSFG
processes.

What is more, accompany with the visible signal gen-
eration, a weak near-infrared signal was also generated
[shown in Fig. 3(a) black dotted ellipse]. We kept increas-
ing pump power and achieved stronger near-infrared sig-
nal. Figure 4(a) shows the recorded spectrum under the
input pump power at 36.19 mW, with the near-infrared
signal (red dotted circle and inset, around 1037.75 nm).
Figure 4(b) shows the power dependence of the near-
infrared signal on the different pumps in the telecom band,
by keeping increasing the input power to around 78.89
mW. The wavelength of the generated near-infrared sig-
nal fluctuated slightly with the pump power increasing that
may be caused by the thermal effect and photorefractive
effect under the high input power condition. By analyzing
the photon energy-conservation condition, we found that
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FIG. 4. (a) The recorded spectrum of the visible signal (SHG,
c¢SFG/THG, and cFWM signal with 36.19-mW pump power.
(b) cFWM near-infrared signal generation with different input
power. (c) Effective indices as functions of wavelength in the
telecom (FW), visible (SHG), and near-infrared (cFWM). (d)
The near-infrared signal intensity with the pump-power cubic.

w4 + wp = 2wniF, Where wnir 1 the frequency of the near-
infrared signal. Then we further calculated the effective
refractive indices of the input pump wave (FW), its SH sig-
nal (SHG), and the generated near-infrared signal (cFWM)
as shown in Fig. 4(c), respectively. It shows that the mode
phase matching was nearly satisfied too. That means the
near-infrared signal originated from a ¢cFWM nonlinear
process in the LTOI microdisk resonator, which is a y ®-
x® nonlinear optical process. And, the cFWM process
was degenerate. Figure 4(d) shows the near-infrared sig-
nal intensity upon the different pump power. The cubic
relationship between the near-infrared signal and the pump
power is also in agreement with the experimental data.

It is worth mentioning that the cFWM in the visi-
ble band is usually neglected due to the infrared band
pump light and the low Q of visible modes in the micro-
cavity [70]. Generally speaking, the efficiency of the
third-order nonlinear process is very low, especially for
the very weak x©® susceptibilities. However, we can
use the high-Q microresonator and large pump power
to achieve the x-based nonlinear processes. Although
the conversion efficiency was relatively low, one may
design the dispersion, mode overlap area, and domain
structure carefully and improve the @ factor to obtain
high conversion efficiency. Of course, for these multiple
nonlinear processes, more factors may need to be con-
sidered, and more research is needed to achieve high
conversion efficiency, especially the interference effect
among multinonlinear optical processes generation simul-
taneously [69].

IV. CONCLUSIONS AND DISCUSSION

In conclusion, we fabricated 50-pum-diameter microdisk
resonators on a Z-cut LTOI, which have high Q factors
(10°) in the telecom band by optimizing the fabrication,
which can significantly enhance the intensity of the intra-
cavity light field. With the loaded pump power increasing,
the telecom band, the near-infrared, and visible (red, green)
light are also simultaneously achieved, which originated
from the three-wave, cascaded three-wave, and four-wave
mixing processes. x@-x@ and x@-x®-based nonlin-
ear frequency generation has been realized simultaneously
in an LTOI microresonator. The SHG intensity and con-
version efficiency were analyzed, and one can improve
the efficiency by optimizing the microcavity geometry,
pump wavelength, power, phase-matching conditions, etc.
And more optical nonlinear processes, for example, opti-
cal parametric oscillators (OPOs) and difference frequency
generation (DFG), can be generated by designing periodi-
cally poled domain structures and the device dispersion in
the LTOI microdisk. More broad spectral span frequency
combs and even UV signals may also be achieved by care-
ful dispersion design combining the relatively high damage
threshold of LTOI microresonators. All these nonlinear
process generations in the LTOI microdisk show the great
application potential for LTOI in integrated nonlinear pho-
tonics. And its outstanding physical properties make it can
be an excellent nonlinear photonics and hybrid photonics
platform.
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