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ABSTRACT

We explore the optomechanical coupling in an on-chip lithium niobate (LN) photonic crystal nanocavity. A mechanical frequency shift and
nonlinear mechanical oscillations are observed with the intracavity power increasing. A 14th harmonic oscillation is generated at the intra-
cavity power of 430 uW in the LN photonic crystal, which potentially can function as a mechanical frequency comb. The photonic crystal
structure also shows the positive temperature coefficient of frequency, while the LN crystal has a negative intrinsic temperature coefficient.
These characters of optomechanics in LN may play important roles in photon-phonon coupling or detector systems such as sensitive dis-

placement and the mass and force detection.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0016334

Lithium niobate (LN) has been widely studied and applied in
the past few decades.' * Thanks to its rich properties, lithium nio-
bate has been used to demonstrate many on-chip optical devices.
Efficient photon-pair source’ and frequency doubler™® are
designed relying on its high nonlinear coefficient. Benefiting from
the high electro-optic coefficient, lithium niobate modulators”*
have even been commercially used. Photonic crystal nanocavities
exhibit superior capability of confining light in sub-wavelength
dimension and, thus, are of great promise for light-matter
interactions.” '* Recently, we have developed high-quality one-
dimensional photonic crystal nanobeam resonators on the LN
platform,"” with optical Q up to ~10° while maintaining a small
effective mode volume of N(%)S. In this paper, we utilize this type
of device to demonstrate nonlinear optomechanical oscillations in
the lithium niobate photonic crystal nanobeam.

Cavity optomechanics has shown to be an attractive field explor-
ing the interaction between optical signals and mechanical motions."*
The radiation pressure, raised up from the momentum transfer of
photons and known as optical tweezers, has performed well in trap-
ping dielectric particles.”” What is more, quite a few of applications
based on optomechanics have been demonstrated these recent years,

such as microcavity cooling,' bio-sensing with cavity optomechanical
spring,'” and sensitive displacement sensors."”

Here, we present the measured optomechanics properties in a
LN photonic crystal nanocavity. With the intracavity power of the LN
device increasing, not only the mechanical resonance shifts and heats
up but also harmonic oscillations up to 14th order are observed in the
LN photonic crystal nanocavity.

The one-dimensional photonic crystal nanocavity with a 40 yum
length [Fig. 1(a)] was fabricated on a 300 nm X-cut congruent LN-on-
insulator (LNOI) wafer. The structure is patterned using electron
beam lithography with ZEP-520A positive resist and etched by argon-
ion milling. The buried silica layer between the LN nanobeam and the
silicon substrate is finally undercut by diluted hydrofluoric acid to
form a suspended photonic crystal nanocavity. The inset of Fig. 1(a)
is the top view of two unit cells of the device. The LN photonic crystal
nanocavity has dimensions of the width w =750 nm and a lattice con-
stant of 545 nm. It has a thickness of 250 nm, with a 2-um gap from
the silicon substrate. More details about the device design and fabrica-
tion can be found in our previous literature."’

In the LN photonic crystal nanocavity, considering the under-
coupled condition, the optical mode transmission T'(1) is modified by

Appl. Phys. Lett. 117, 081102 (2020); doi: 10.1063/5.0016334
Published under license by AIP Publishing

117, 081102-1


https://doi.org/10.1063/5.0016334
https://doi.org/10.1063/5.0016334
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0016334
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0016334&domain=pdf&date_stamp=2020-08-25
https://orcid.org/0000-0003-1649-7093
https://orcid.org/0000-0003-3969-7119
https://orcid.org/0000-0003-1244-2335
mailto:ypchen@sjtu.edu.cn
mailto:qiang.lin@rochester.edu
https://doi.org/10.1063/5.0016334
https://scitation.org/journal/apl

Applied Physics Letters ARTICLE

(b)

Transmission

(d)

Optomechanical signal

Wavelength

FIG. 1. (a) Scanning electron micrograph (SEM) of the phtonic crystal nanocavity.
Inset: two unit cells of the device with dimensions of w= 750 nm and lattice con-
stant a=>545nm. (b) Displacement fields of dispersive coupling of the device
modes. (c) Changes of dispersive and dissipative coupling of the resonance line
shape, respectively. (d) Amplitude of the optomechanical signal almost goes to zero
at peak point.

the shift of the mechanical resonator position dx, as the following
equation:"”

dT = <gOM68—CZO+geg—;;>dx~ (6]
The mechanical motion dx of the nanobeam cavity can modulate the
external photon decay rate ), into the coupling taper fiber, with the
external dissipative coupling coefficient of g, = dy,/dx. The optical
force can also raise up the other mechanical motion that modifies the
nanocavity size, resulting in a dispersive coupling to the cavity fre-
quency wy, with a coupling coefficient of goy = dwy/dx. Here, we
notice that the dissipative optomechanical signal depends linearly on
the unipolar parameter of |0T/9y,|, and the dispersive optomechani-
cal signal is in a linear relationship with the bipolar parameter of
|0T /Dy |. The two couplings have different power density spectra. In
the case of dissipative coupling, the maximum power density can be
obtained at the center of the optical mode. However, a valley can be
observed in mechanical power spectral density at the center wave-
length of the optical mode for the dispersive mode [Figs. 1(b)-1(d)].
Figure 2 shows the schematic of the experimental setup, where a
tunable continuous-wave laser (New Focus TLB-8800) is used as a
light source. 1% of the laser is split into a Mach—Zehnder interferome-
ter to calibrate the optical frequency detuning. 99% of the laser fol-
lowed by a variable optical attenuator (VOA) and polarization
controller (PC) then launched into a tapered and dimpled optical fiber
to couple light into and out of the LNOI device. 5% of the output
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FIG. 2. Schematic of the experimental setup.
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power from the LNOI device supplies a feedback to the lock box and
helps stabilize the laser. The major part of the laser launched into
device raises up an optomechanical coupling, and a set of mechanical
modes are encouraged and can be observed from the real-time spec-
trum analyzer. In addition, the LN chip was placed on a thermoelectric
cooler (TEC) with a fixed temperature set at 27 °C. The temperature
of the TEC was stabilized by a temperature controller to prevent the
temperature induced drifting of the device.

To identify the optomechanical coupling, we need to select a
proper intracavity power, which is enough to excite a measurable
mechanical mode and not too high to lock the laser at both sides of
the optical mode. In our experiment, with the highest intracavity
power at the mode center about 8 W, the optical transmission and
the power spectral density curve can be achieved [Figs. 3(a) and 3(b)].
It is worth stating that uneven wavelength sampling of Fig. 3(b) is just
because of the limited laser accuracy that we can control. A valley is
clearly located at the center of the power density curve, corresponding
to the same wavelength of the center of the optical mode.

The device used in this work has an optical mode at the wave-
length of 1504.7nm, with a Q-factor of 6.29 x 10* [Fig. 3(c)].
Excluding the background spectrum that already has some radio fre-
quency signals without intracavity power in the LN device, the stron-
gest mechanical signal is at the frequency of 1.7 MHz, which turns out
to come from a dispersive coupling. The intrinsic quality factor of the
1.7 MHz mechanical mode is 65.38 in the air environment [Fig. 3(d)].
We will concentratedly study around the 1.7 MHz mechanical mode
in this paper.

To characterize the power dependence of the optomechanical
oscillation, still we lock the laser halfway down on the blue side of the
optical resonance. Figure 4 shows the mechanical frequency and mea-
sured power, dependence with the intracavity power varying in a large
range from 4.3 yW to 430 uW. The mechanical resonance experiences
a linear frequency shift in Fig. 4(a), with the power rising up, at a rate
of about 625Hz /uW. As shown in Fig. 4(b), the mechanical mode
power density increases slowly with the intracavity power before
100 uW. After that, it experiences a strong heating up with the intra-
cavity power increasing. However, something interesting happens:

Appl. Phys. Lett. 117, 081102 (2020); doi: 10.1063/5.0016334
Published under license by AIP Publishing

117, 081102-2


https://scitation.org/journal/apl

Applied Physics Letters

ARTICLE scitation.org/journal/apl

FIG. 3. (a) Transmission of the optical
mode with the highest intracavity power
about 8 uW. (b) The power spectral den-
sity change with the wavelength for the
1.7MHz mechanical mode. (c) Optical
mode with a Q factor of 6.29 x 10* at the
wavelength of 1504.7 nm. (d) Mechanical

mode with a Q factor of 65.38.
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when the intracavity power comes to 150 uW, the mechanical power
density slows down. The mechanical mode increasing stopped after
220 uW, and a slow dropping down can even be observed when the
intracavity power goes on increasing. Until now, we mainly focus on
characterizing the dispersive coupling induced mechanical resonance
at the frequency of about 1.7 MHz. The saturation of the mechanical
model intensity after 220 W seems it does not meet the principle of
energy conservation, which means that the extra applied energy must
have gone to somewhere else.

To figure out what happened to the nanocavity after 150 uW,
we check the mechanical frequency from 0 to 8 GHz. Comparing
the distribution of modes with the intracavity power below and
above 150 uW, the major difference appears at the frequency of
40 MHz (Fig. 5). In Fig. 5, the intracavity powers of blue, red,
orange, and purple curves are 0 uW, 43 uW, 136 uW, and 430 uW,
respectively. There are some additional small peaks shown as the
first curves are environmental noise. To characterize detailedly the

1.62 1.64 1.66 1.68 1.7
Frequency (MHz)

1.72 174

difference in mechanical oscillation, we set the spanning range
from 0.5 MHz to 29.5 MHz and take more detailed power depen-
dent data as shown the inset figure in Fig. 5. In Fig. 5, the first peak
from the left is the fundamental mechanical mode, which has the
same intensity trend as shown in Fig. 4(b). The second peak with a
twice frequency is a second harmonic oscillation signal. At most, a
14th harmonic oscillation at the frequency of about 27.2 MHz is
observed in testing. The mechanical harmonic generation turns
out to be a step-by-step process. The fundamental oscillation heat-
ing up process slows down at around 150 uW, and the 2nd har-
monic mode arises at the same time. Then with the power going
up, the third, fourth, and more harmonic mode arise one-by-one,
which is similar to a “nonlinear mechanical oscillator.””’ In the
low intracavity power condition, the radiation-pressure arising
from the momentum transfer of photons cannot show the obvious
high oscillations, and then it is hard to measure it. With the intra-
cavity power increasing and exceeding a certain value (220 yW in
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FIG. 4. Power dependence of the optomechanical oscillation. (a) Mechanical fre-
quency shifts and (b) Mechanical mode intensity changes with the intracavity power
increasing from 4.3 W to 430 p\W.

our experiment), more energy can be coupled into the high oscilla-
tions and then the 14th harmonic oscillation can be observed.

In addition, the device is found experiencing differently with
temperature changing. To characterize the temperature dependence of
the device, the TEC’s temperature setting is accurately modified by the
temperature controller. The temperature scanning range is from
19.5°C to 27.5°C, by the step of 0.5°C. The tunable laser is locked
halfway down on the blue side of the optical mode, and the intracavity
power is fixed at 21.5uW. Figure 6 shows the mechanical spectra
obtained from a Real-time spectrum analyzer (RSA) with different
temperature settings. It tells that the mechanical mode intensity does
not show a change while the mode frequency experiences a continuous
shift with the temperature increasing. The mechanical frequency of
the nanocavity shows a positive temperature coefficient, at a rate of
30kHz /°C, which is equivalent to a rate of about 2%/°C. We know

kL
g882

(dBm/Hz)

g

Power Spectral Density

Power Spectral Density (d{Bm/Hz)
E 225 2 & £ 2
1 | 1 1 | 1 1 |

2
=

<.
w
—
=

[ A A T ST G
Frequency (MHz)

FIG. 5. Frequency spectrum obtained from the real-time spectrum analyzer, with
the frequency range of 0—40 MHz. The intracavity powers of blue, red, orange, and
purple curves are 0 uW, 43 uW, 136 uW, and 430 W, respectively. The inset upper
figure shows that the more detailed high harmonic optomechanical oscillations
observed in the LN device. The bottom inset shows the mechanical displacement
profile of the labeled mode (27.2 MHz), simulated by the finite element method.
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FIG. 6. Temperature dependence of the optomechanical coupling with the intracav-
ity power of 21.5 uW. The temperature varies from 19.5°C to 27.5°C.

that bulk LN would become mechanically soft with an increasing tem-
perature because of the negative correlation between the stiffness con-
stant and the temperature. Therefore, the mechanical mode frequency
may decrease with the temperature increasing. However, there are dif-
ferent cases for our device on the LNOI. Thin film SiO, in the LNOI
can be used to compensate the relative temperature dependence of the
stiffness constant of LN, which can make the positive temperature
coefficient of frequency (TCF).”' We think that is one of the main rea-
sons that we can observe the mechanical frequency has a strong posi-
tive response to temperature in our device. Although our photonic
crystal nanobeam is suspended, the other region of the LN thin film is
involved in the thin film SiO,.

In conclusion, the optomechanical coupling in the photonic crys-
tal nanocavity introduces interesting phenomena. While characteriz-
ing the power dependence, we noticed that the mechanical mode
heating up slows down after a specific power. Nonlinear mechanical
oscillations are generated after the specific power, and at most a 14th
harmonic oscillation is observed in our experiment. A strong positive
temperature dependence is achieved around room temperature. The
LN photonic crystal nanocavity turns out to be a good platform for
the potential sensitive displacement sensing, the temperature-to-
mechanical sensing, or the nonlinear mechanical oscillation generator,
which may function as a mechanical frequency comb.
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