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Fig. 2 PCN-based nonlinear optomechanical system for optomechanical frequency comb measurement. (a) Overall SEM image of

nonlinear optomechanical system; (b) SEM image of two mechanical oscillators in the nonlinear optomechanical system;

(c) SEM image of curved nonlinear beam of nonlinear oscillators in the device to be measured; (d) design of the nonlinear

mechanical oscillator; (e) SEM image of optical evanescent coupling of dimpled fiber taper and device on chip
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Table 1 Structure parameters of the nonlinear optomechanical system

Structural parameter Label Size /pm
Length of curved nanobeam [=2L, 14. 000
Width of curved nanobeam w 0.120
Pre-bent height h 0. 500
Distance between two curved nanobeams d, 1. 880
Distance between two clamp beams in the first spring (top) d, 5. 000
Distance between two clamp beams in the first spring (bottom ) d, 1.630
Length of clamp beam in the first spring L, 1. 200
Gap between two PCN cavities s 0.125
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Fig. 3 Simulation results of different modes in the optomechanical system. (a) Optical resonance modes (top: the odd mode of the first

order resonant; bottom: the even mode of the first order resonant); (b) in-plane mechanical oscillation modes of first-order linear

mechanical oscillators (top) and second-order nonlinear mechanical oscillators (bottom)
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OA: optical attenuator; DUT: device under test; PCN: photonic crystal nanobeam; FPC: fiber polarization controller;
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Fig. 4 Measurement setup of the optomechanical system
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Fig. 5 Optical transmission spectrum of optical resonator. (a) First two orders optical resonances; (b) resonance of TE, . mode with

Lorentzian fitting

IP mode of k,

IP mode of k,

s

&

2 4 6 § 10 12 14 16 18 20
Frequency /MHz
K6 & 2-DOF ik T Bt ) REEH) RE 3% (1 4 0 FEM 3152
i TP AL
Fig. 6 Measured RF spectrum of the 2-DOF optomechanical

system (insets are FEM-calculated IP modes)

HE TR A D E A 25 uW B XF TE,, 38 9% 18 40 LA
WRARML KR 1 pm #7815 15826 REAE
H Fr 4 Bt (6~18 MHz) i PSD i &, 32 56 32 A% 12 1
N RGEME AR IR T A — YRR T
PSD 143 401 7(a) FE 7(b) fiin o ARG 5 5 i
[ 5(h) T e A [ 4 ek 107 64 X 38, 4 R s, PSD 3% 1 o]

PLAr R A XA C XA 30O TR X A % B IX A W 256 AL
PR AR X 3o 7E DXl A (RO 2% 35 2R PR D o, RGE 0
R RF IS A 7(0) iR , iz X0 RF 5 26 R &
gy sz B 7 MR R O )l A 3 3 2500 (optical spring
and damping)1EH HiZ 800 5 F3 15 I K A7 B S %A G .
& 7Ce) i B T 7R B 58 — g AR VIR o i N IR s
PSD 5% 3 B ALK 18 H 450 5 RN ML AR 2k T 24 B 5 OB A%
W U AR TR AR AR A A OB R R IE X R 4
Z HN S IIVE G AR A RE M o B OB A8 DK T 4
X B, BP 1573. 471~1573. 512 nm B £1 2 38 38 i X
B, 7(d) IR, PR T 14 BILAR R I 06 1 0] 357 H B
T AR A b o A BRI S5 . i T S A M
FZIX I A RE 3k, % 15 7(d) #E A7k, v LA & Bk
S SR AR 55 A DAL IR i W 431 3 Sy v A5 X BR
B2 TN I = N e = = N S S 1 SO T o
81. 5 kHz, W& 7(e) (D7~ , B IG5 6 M0 FAHALL , i
FRAESCHLMOR AR . BLAh, TS AL T R W
O T 2K, P Y E WU L 22 th B | RE 152k
SN FEIENE RN I N = e I B R 23 B £ B |
5 2 DX C W, 30 2 B YA 45 ) B A0 5 R s

1719002-6



FFIE I8 3L

1573.42 1573.44 1573.46 1573.48 1573.50 1573.52
Wavelength /nm

1573.40 1573.42 1573.44 1573.46
Wavelength

6 8 10 12 14 16
Frequency /MHz
-86
e ]
(e) [ -

|
<

PSD /(dBn/Hz)

m,

9.6 9.8 10.0 102 104 10.6 108
Frequency /MHz

#4335 F 17 8/2023 £ 9 B/RF¥EHR

1573.42 1573.44 1573.46 1573.48 1573.50 1573.52
Wavelength /nm

(a) -80

-85 F

|
©
(=)
T

PSD /(dBm/Hz)
&
(o]

-100
-105 e
-110 - L L ;
6 8 10 12 14 16
Frequency /MHz
® -82f On

e -

PSD /(dBm/Hz)
b
[\S)

128 13.0 132 134 13.6 13.8 14.0 14.2 14.4
Frequency /MHz

B 7 Stk TE, Gl 06 b ULZR 1 S AL AT A 45 S o () B JE R PEAR - I I 4R 3% J6 485 TP 1 B 1 PSD i 5 (b) — B & ME 4R 7 i N
P& 3% FEAE TP AR X ) PSD i 5 (o) X8 A 1573, 460 nm i K Ab B RF 3% 4k 5 (d) X3 B 1573. 478 nm 3 £ Ab #4956 HL BT B 42 5
(e)~(0) B 7(d) g £ 5 HE 9 15 5 il 28 1 il Kk

Fig. 7 Observation results of optomechanical frequency comb at TE2, e mode. (a) PSD map of the fundamental IP1 mode of second-

order nonlinear oscillator; (b) PSD map of the fundamental IP1 mode of first-order linear oscillator; (¢) RF spectra measured in

the zone A at the wavelength of 1573. 460 nm; (d) optomechanical frequency comb measured in the zone B at the wavelength of
1573. 478 nmy; (e)-(f) zoom-in views of the dashed squares in Fig. 7(d)
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Fig. 8

Observation results of optomechanical frequency comb at TE,, mode. (a) Optical resonance of the TE, ,mode at the input

power of 25 uW; (b) PSD map of IP1 mode of second-order nonlinear oscillator; (¢) PSD map of IP1 mode of first-order linear

oscillator; (d) optomechanical frequency comb measured at the zone C at the wavelength of 1531. 076 nm; (e)-(f) zoom-in views
of the dashed squares in Fig. 8(d) (2,./2n = 10. 22 MHz and 2,, /2= = 13. 54 MHz)
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Observation of Optomechanical Frequency Comb in a Nonlinear Cavity

Optomechanical System

Xiong Shuidong, Xia Ji’, Wang Fuyin, Hou Qingkai, Chen Hu, Yao Qiong, Cao Chunyan™
College of Meteorology and Oceanography, National University of Defense Technology, Changsha 410073, Hunan,

China

Abstract

Objective

Cavity optomechanical system enables a hybrid system where optical resonant mode and mechanical oscillation

mode are coupled together. Benefiting from the compatibility of the manufacturing process with the semiconductor
industry, a strong optomechanical interaction between the optical cavity and mechanical resonator can be achieved in
nanoscale silicon photonics devices. The nanoscale optomechanical system can considerably improve the interaction
between optics and mechanics mediated by the optical force, enabling the development of ultra-stable and ultra-narrow
linewidth mechanical oscillation signals. Cavity optomechanics research on classical mechanics and quantum systems has
been widely utilized to provide an unprecedented platform for high-precision sensing, cavity optomechanical devices and
circuits, and high-efficiency microwave-optical conversion devices. We propose a nonlinear cavity optomechanical
coupling scheme by introducing a nonlinear mechanical oscillator integrated with a linear mechanical oscillator to achieve
the high-performance optomechanical frequency comb. This novel nonlinear optomechanical system can provide a solution
for the high-performance cavity optomechanical frequency comb and hence effectively promote the development and

application of photonic microwave source technology.
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Methods A nonlinear mechanical oscillator integrated with a linear mechanical oscillator is introduced into an

optomechanical system, and the optomechanical frequency comb is experimentally observed with a series of equally spaced
and discrete frequencies. In this optomechanical system, a zipper cavity consists of two photonic crystal nanobeam (PCN)
cavities. One PCN is doubly clamped to work as a fixed PCN for laser pumping, and the other movable PCN is integrated
with a 2-degree-of-freedom (2-DOF) vibration system to transform the optical force acting on two mechanical oscillator. In
the 2-DOF oscillator system, a curved nonlinear mechanical oscillator is integrated with a linear mechanical oscillator.
Based on the degenerated multimode mixing method, the mechanism of the optomechanical frequency comb is theoretically
analyzed. These nonlinear mechanics are coupled to the optomechanical interaction, and the response of the light field can

be eventually detected to observe the optomechanical frequency comb.

Results and Discussions The optical performance of the zipper cavity is investigated for the following detection of
mechanical spectra, and the optical spectrum is divided to identify the laser sweeping range for the observation of
optomechanical frequency comb. In this coupled PCN cavity with a high Q,, the even cavity mode has a high
optomechanical coupling strength to detect the in-plane oscillation of the 2-DOF oscillator system. The characterization of
the nonlinear optomechanical device, a power spectral density (PSD) map, is conducted to observe the mechanical
oscillations by the wavelength swept through the resonance of TE, . and TE, . modes. When the laser is swept into the
optomechanical frequency comb zone at the TE, . resonance mode, two sidebands of the mechanical resonant frequency are
generated with some symmetrical side lobes with a frequency-spacing of 81.5 kHz, which behaves very similar to an
optical frequency comb. At the TE, . resonance mode, cavity energy inside the fundamental optical mode is higher than
that of TE, . mode, so the nonlinear optomechanical system is driven by a higher optical force. The optomechanical
frequency comb at the TE, , resonance is observed with more excited side lobes with a frequency-spacing of 81. 3 kHz due
to the stronger optomechanical coupling between the 2-DOF vibrator and optical cavity induced by higher cavity energy.
As a result, the measured optomechanical frequency comb in the TE, . cavity mode is clearer than that of TE,, cavity
mode when the pump power is 25 uW, which indicates that the generation of the optomechanical frequency comb is highly

dependent on the energy in the intracavity.

Conclusions In the paper, the optomechanical frequency comb is experimentally observed in a nonlinear optomechanical
system. In this optomechanical system, a nonlinear oscillator is integrated with a linear oscillator to form a 2-DOF
oscillator. In analogue to the generation of optomechanical frequency comb, a numerical model is theoretically proposed to
analyze the nonlinear optomechanical coupling by introducing a nonlinear term. When the nonlinear force is acted on the 2-
DOF oscillator, the degenerate four-wave mixing of mechanical modes can contribute to the generation of an
optomechanical frequency comb. In the experiments, a demonstration of the optomechanical frequency comb is conducted
using the TE, ;and TE,, modes. From the analysis of the optomechanical frequency comb, it can be concluded that first,
the optomechanical frequency comb always arises at the red-detuned sideband, and it is highly dependent on the optical
power coupled into the cavity. Second, a remarkable optomechanical frequency comb is excited in the fundamental cavity
mode much more visible than that of the second cavity mode. In future practical applications, the optomechanical
frequency comb can be potentially used as a microwave photonic source, which can provide a reference clock signal in the

frequency range of MHz.

Key words optomechanical coupling; cavity optomechanical system; nonlinear mechanical oscillator; optomechanical

frequency comb
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