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Abstract: Optomechanical nanocavities open a new hybrid platform such that the interaction between
an optical cavity and mechanical oscillator can be achieved on a nanophotonic scale. Owing to
attractive advantages such as ultrasmall mass, high optical quality, small mode volume and flexible
mechanics, a pair of coupled photonic crystal nanobeam (PCN) cavities are utilized in this paper
to establish an optomechanical nanosystem, thus enabling strong optomechanical coupling effects.
In coupled PCN cavities, one nanobeam with a mass meg~3 pg works as an in-plane movable
mechanical oscillator at a fundamental frequency of O /27 = 4.148 MHz. The other nanobeam
couples light to excite optical fundamental supermodes at 1542.858 and 1554.464 nm with a Q,, larger
than 4 x 10*. Because of the optomechanical backaction arising from an optical force, abundant
optomechanical phenomena in the unresolved sideband are observed in the movable nanobeam.
Moreover, benefiting from the in-plane movement of the flexible nanobeam, we achieved a maximum

1/2

displacement of the movable nanobeam as 1468 fm/Hz""“. These characteristics indicate that this

optomechanical nanocavity is capable of ultrasensitive motion measurements.

Keywords: photonic crystal nanobeam; optomechanical coupling; optical force; displacement sensitivity

1. Introduction

Cavity optomechanical systems, which integrate mechanical oscillators with optical
cavities into micro-/nanoscale photonic devices, have reinforced the interaction between
optical modes and mechanical modes to an unprecedented level [1,2]. By carefully design-
ing the quality factor (Q) and tight subwavelength confinement of a nanophotonic cavity,
an optical force arising from the strong optomechanical coupling can be excited and modify
the behaviors of the nanomechanical oscillator [3]. Therefore, ultrasensitive measurements
based on nanophotonic devices can be achieved in optomechanical systems to monitor the
physical variation of force [4-6], acceleration [7-10] and displacement [11-14].

Generally, optomechanical systems established on photonic platforms include Fabry—
Perot (F-P) cavities [15], whispering gallery mode (WGM) cavities [16] and photonic crystal
(PhC) cavities. Considering the high-quality factors and small mode volumes, as well as
good on-chip integrability with photonic integrated circuits (PICs), PhC cavities facilitate
the enhancement of optomechanical interaction and have attracted great attention in sens-
ing applications [17-19]. Leveraging advanced nanofabrication technologies, photonic
crystal nanobeam (PCN) cavities have exceptional advantages due to their ultracompact
size and mass, ultrasmall mode volume and high integrability with PICs. More impor-
tantly, when a PCN cavity is achieved with a flexible nanomechanical structure, the strong
optomechanical coupling in the nanoscale nanobeam has been demonstrated to greatly
affect its mechanical stiffness and damping [20]. As a result, these flexible PCN cavities in
optomechanical systems are of particular interest for engineering sensing applications of
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displacement and force. In 2013, researchers from Caltech Painter lab [11,12] experimentally
demonstrated squeezed light in zipper PCN cavities for displacement sensing. The in-
plane differential mechanical motion driven by optical force modified the slot gap between
two nanobeams and hence modulated the optical readouts. Another suspended paddle-like
PCN cavity with hundreds of femtograms of mass [6] was demonstrated to be exploited
in the measurement of mechanical motion. Under the effect of optical force, nonlinear
optomechanics occurred when the optical mode was coupled into the square of mechan-
ical displacement with an excited in-plane optomechanical motion coupling coefficient
of 1 THz/nm?. Furthermore, benefiting from its ultrasmall mass and flexible mechanics,
PCN cavities are attractive candidates for force sensing. Force sensors based on split PCN
cavities were widely studied using a suspended moving nanobeam [4]. Strong optome-
chanical coupling in the PCN cavity was realized when a torque-induced motion of sus-
pended nanobeam tuned the splitting gap. A torque sensitivity of 1.2 x 1072 Nm/ Hz!/?
in ambient conditions was realized in an optomechanical system. These optomechani-
cal nanocavity systems also provided a unique platform for magnetic field sensing with
magnetostrictive materials deposited on the surface of a movable nanobeam [21]. Due
to its high torque sensitivity, this optomechanical split PCN nanocavity could detect a
minimum magnetic field strength of 44-60 uT. In these PCN-cavity-based motion-sensing
schemes, most nanobeams in the cavities are doubly anchored on the device layer, thus
enabling large mechanical rigidity and greater optical force applied to drive its motion.
Consequently, the optomechanical coupling strength is generally smaller than that in the
flexible mechanical structure. To obtain a larger optomechanical coupling strength, another
coupled PCN cavity with a cut-off point on each side of the nanocantilever [22] was demon-
strated to excite cavity optomechanics. However, in addition to the optical-force-induced
motion, the large thermal-optical effect also caused the mechanical elastic deformation of
the movable cantilever and dominated the optomechanical damping effect. As the large
mechanical oscillation of the optomechanical nanocavity reached the nonlinear regime,
self- and cross-saturation were observed and hence caused mode competition between two
in-plane mechanical modes. This mode competition resulted in the significant amplification
of mechanical oscillation and contributed to a bistable optomechanical system. Inspired by
these optomechanical effects and sensing characteristics in the coupled PCN cavities, in
this paper, an optomechanical nanocavity consisting of two PCNs is proposed with high
optomechanical coupling strength and large optical-force-driven displacement. In this
coupled PCN cavity, one of the PCNs is cut off to obtain a flexible nanobeam acting as a
movable mechanical oscillator; the other fixed nanobeam is contacted with a dimpled fiber
taper to excite the optical mode. The interaction between the optical mode and mechanical
mode in this coupled PCN cavity gives rise to an optical force to modify the mechanical
motion of movable nanobeam. Finally, noise analysis is performed on the optomechanical
system to evaluate the sensitivity of displacement.

2. Principles

In an optomechanical system, the strong optomechanical coupling is realized in the
interaction between the optical cavity and the motion of the mechanical resonator. In
this proposed cavity scheme, the optical force comes from the optomechanical coupling
effect and can be related to the gradient of optical cavity energy Fopt = figoyme, where n.
and 7 are the stored photon number and Planck constant, respectively. In these coupled
nanobeams, the optomechanical coupling strength is exponentially proportional to the slot
gap (s) between the beams g\ = Wcav/Lom with a coupling length Loy~ woePs. The
value of Loy is determined by wy, approximately equal to the beam width, and the decay
factor B, equal to half of the slot gap with reference to previous works [23,24]. Considering
the effect of Fopt, the optomechanical interaction equation to indicate the light amplitude
coupled with mechanical displacement is given as

« = —5a +2i(A6+gOMx) &+ /Kexin )
x=—Q0px— I'mx+ Fopt/meff
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where « and a;, are the classical correspondence of the cavity mode and input field mode,
respectively; k and kex refer to the total and external decay rates of the cavity mode;
Aj= W1, — Weay represents laser detuning between the laser and optical cavity; and O,
and I'y, are the natural frequency and damping ratio of the mechanical oscillator. This
coupled optomechanical equation indicates the optomechanical backaction effect between
the mechanical motion and optical force.

An optomechanical PCN cavity not only allows for high-resolution displacement
measurements but can also optically modify the behavior of mechanical motion. The
optical force results in the detuning-dependent amplification or damping of mechanical
motion. Perturbative analysis shows that in the sideband unresolved limit (O, < ), the
effective mechanical frequency (Q),,) and damping rate (I';,) are given by the following
relations [24],

2.2
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where « is the waveguide-loaded optical cavity energy decay rate, and A% = (A6)2 +«2. In
the unresolved sideband, Equation (2) implies that the spring of the mechanical oscillator
will be softened under the red laser detuning (Aj < 0) and hardened under the blue laser
detuning (A, > 0). Furthermore, Equation (3) indicates that extra damping leads to cooling,
while antidamping leads to the amplification of mechanical motion.

When it comes to the measurement of mechanical displacement, through the optome-
chanical coupling between displacement x and cavity resonance w_cav, the mechanical
motion can be transduced to the variation of the light field. In this work, the behavior of
the mechanical oscillator is measured and analyzed by an electric signal analyzer (ESA). As
detecting the optical transmission allows measuring mechanical displacement, the optical
power received by the photodetector is converted to a power spectral density signal as [7],

SESA (w,g) = 10-1log[1000(g ﬁ%nml’mgOM x)? /7] 4)
where g, =40,000 V/W and Z = 50 () are the transimpedance gain of the Newport 811 pho-
todetector and the resistance of the ESA, and n;,, quantifies the optical loss in the fiber taper
between the cavity and the detector via n;,= Pget/Pin (Pin and Pge; are the input power
and the optical power reaching the detector). Based on the optomechanical parameters
from the experimental results in Section 4 and the relationship between displacement and
optical power in Equation (4), the optical displacement sensitivity can be determined as
7.77 "W /pm.

3. PCN Design and Experimental Setup
3.1. Cavity Design and Fabrication

In the optomechanical nanomechanical resonators, a pair of silicon PCNs are coupled
to each other. To interpret the device design, a single-PCN structure is introduced using
finite-element simulations performed in Lumerical FDTD. As presented in Figure 1a, the
single-PCN cavity consists of a center defect region and two side-mirror regions. Regarding
the design steps given in Refs. [25,26], the design of the proposed PCN starts with deter-
mining the central unit cell, as shown in the inset of Figure 1(a-1,a-2). The unit cell here is
determined by several geometric parameters, including silicon thickness t = 220 nm, width
w = 560 nm, the radius of the air hole ry = 128 nm and lattice constant a = 365 nm. Accord-
ing to the relationship between the mirror strength and filling factor given in Ref. [26], the
minimum radius of the air hole in the dielectric band edge is solved as r7 = 106 nm. In the
defect region, the radii of the remaining 7 air holes on each side are tapered by following
a symmetric power function to reduce the optical loss. When two optical modes of the
PCN cavity are coupled, based on the well-established temporal coupled-mode theory [27],
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the photonic bands in the coupled PCN cavity break into pairs of bonded (even) and
antibonded (odd) parity supermode bands because of the strong coupling between two
PCN cavities. Figure 1b shows a plot of the simulated field profile of the fundamental and
second even (simulated resonances A; .= 1562.006 nm and A .= 1604.762 nm) and odd
modes (simulated resonances A; o= 1551.756 nm and A o= 1593.235 nm) under the vary-
ing slot gap of 120 nm. In the even modes TE; . and TE; ;, the even mode profile of electric
field polarization Ey is transversely symmetrical. In addition, it should be noted that there
is a peak electric field intensity in the center of the slot gap between the nanobeams, which
leads to a stronger coupling strength in the slot gap. Therefore, cavity resonances at the
even modes are preferred to apply strong optical forces to the movable nanobeam. As can
be seen in the simulated dispersion curves of Figure 2, the symmetric even modes with
the field mode located in the slot gap tend toward a blue shift with an increscent slot gap.
By contrast, the odd modes are blue-shifted with an increasing slot gap. The direction
of the optical force for photons stored in the even mode thus tends to drive the movable
nanobeam toward an in-plane movement.

(a)

T 7T I Tt —7
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Figure 1. Cavity structure and simulated optical mode field profiles. (a) Schematic of the coupled
photonic crystal nanobeam (PCN) cavity, with the unit cell section shown in (a-1), dimensions: Si
layer thickness t, lattice constant a, width w, and hole radius r, and with the SEM photograph of the
cavity center shown in (a-2), dimension: gap separation s; (b) FDTD simulation of the first two orders
of the electrical field (Ey) mode profiles, with the center dotted red line indicating the location of the
center air hole; (c) top-view SEM image of the coupled PCN cavity with the slot gap of 117 nm.

The proposed coupled PCN cavity is fabricated on a silicon-on-substrate (SOI) wafer
with a 0.22 pm thick silicon layer and a 3 pm buried silicon dioxide layer. Figure 1c shows
the scanning electron microscope (SEM) images of the fabricated nanobeam cavity. In the
fabrication process. The cavity pattern is first defined as a 220 nm thick E-beam resist
(ZEP520) layer using electron beam lithography (EBL) and then transferred to the silicon
layer by inductively coupled plasma (ICP) etching. Finally, the suspended nanobeam is
released by wet etching using a buffered hydrofluoric acid (BHF, BOE 6:1) solution to
remove the buried oxide layer beneath the silicon device layer.
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Figure 2. FDTD simulation of the first and second-order supermode resonance wavelength tuning
versus the coupling gap.

3.2. Dimpled Tapered Fiber Evanescently Coupled Cavity

The coupled PCN cavity is optically coupled via a near-field probe consisting of a
dimpled tapered optical fiber. The microdimple on the center of the tapered fiber can avoid
high optical loss and bad coupling efficiency arising from the large contact length with the
device. Figure 3a shows the dimpling process. An 8 um polished pencil lead is used to
press against the fiber taper tightly (see Figure 3b). Afterward, a microflame is employed
to heat the contact point for about 2 s. Finally, the tapered fiber and pencil lead tip are
separated carefully, and the dimpled tapered fiber with a diameter of 1 um and a nominal
radius of curvature of 25 um is prepared for the near-field evanescent coupling, as shown
in Figure 3c. With the dimpled optical fiber taper evanescently coupled with the nanocavity,
light is pumped into the nanocavity from a tunable laser source and extracted back out. As
seen in Figure 3d, the tapered fiber is brought in optical contact with the PCN device and
aligned in parallel to the nanobeams. It should be noted that the fiber taper is physically
attached to the rigid side of the anchored PCN cavity. The dimple is positioned in contact
with the top surface of the fixed nanobeam so that there is no impact on the mechanical
motion of the movable nanobeam.

3.3. Fiber Taper Measurement Setup

In this work, fiber taper evanescently coupled with a PCN cavity is employed in a
vacuum environment (with a vacuum pressure of about 8.6 x 1073 mBar), as illustrated
in Figure 4a. The input laser light from the tunable laser (TL, Santec TSL510, Yamanashi,
Japan) is selectively adjusted to excite transverse electric (TE) mode through a fiber polarizer
controller (FPC) to ensure efficient optical coupling between the fiber taper and the cavity.
Afterward, the output TE-polarized light is launched into the coupled PCN cavity (device
under test (DUT)) by the physical touch of the dimpled fiber taper and DUT. The escaped
light from the cavity is coupled back into the fiber taper. The transmitted optical power
through the fiber taper is then measured by a high-speed photodetector (PD, Newport
1802, Irvine, CA, USA) and is split into two channels. To characterize the optical properties
of the coupled PCN cavity, one channel signal is connected with the data acquisition
device (DAQ). Synchronization is established between the DAQ and TL to ensure the
wavelength sweeping of the tunable laser. The other channel signal is implemented to
measure the mechanical properties of the coupled PCN cavity using an electrical signal
analyzer (ESA, Agilent N9020A, Santa Clara, CA, USA). In the detection of mechanical
spectra, the wavelength of the laser should be set and swept near the cavity resonance
by simultaneously controlling ESA and TL. Both optical and mechanical spectra data are
finally processed in the computer. It should be noted that all measurements are operated in
the vacuum chamber, as shown in Figure 4b. The precise alignment of the PCN cavity and
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fiber taper is achieved by a pair of miniature piezoelectric positioners (Mechonics MX 35,
Miinchen, Germany).

U-shape tapered fiber

Pencil lead Fiber mount a

Press down
Alcohol
lamp flame

(@)

(b)

Figure 3. Dimpled tapered fiber fabrication and evanescent coupling method. (a) Dimpling process;
(b) microphotograph of the polished wedge-shaped pencil lead pressing against the tapered fiber;
(c) microphotograph of the dimple at the center of U-shape tapered fiber; (d) schematic diagram of
near-field coupling position between fiber taper and PCN cavity.

Figure 4. (a) Experimental system (light-yellow rectangular box indicates the device under test (DUT)
test in the vacuum chamber); (b) alignment setup of the fiber taper-DUT under a vacuum chamber.

4. Results and Analysis

Using the measurement setup in Figure 4, the performance of the proposed coupled
PCN cavity is justified by observing the resonance of the cavity. First, to diminish the
thermo-optic effect on the intercavity and ensure a Lorentzian transmission spectrum,
as shown in Figure 5a, the optimal light pumped into the PCN cavity is calibrated as
Pin= 30 uW. As light reduces from 500 to 20 uW, it can be seen that the shape of the reso-
nance is gradually adjusted to a symmetrical morphology in line with a Lorentzian curve.
Due to the high transmittance of the dimpled fiber taper, the first and second supermodes
are observed in the transmission spectrum with the tunable laser sweeping from 1520
to 1620 nm. Figure 5b reveals that the fundamental supermodes TE; , (A = 1542.858 nm)
and TE; o (A = 1554.464 nm), as well as the second supermodes TE, , (A = 1588.563 nm)



Crystals 2021, 11, 462

7 of 12

and TE (A = 1601.716 nm), are observed in the spectrum. Overall, these experimental
wavelengths comply with simulated results with a small deviation due to the imperfect fab-
rication. Furthermore, using Lorentzian fitting in the fundamental even mode, as presented
in Figure 5¢, the experimental total Q-factor of resonance is justified as 4.49 x 10%. Similarly,
the measured Q-factors of the other fundamental odd mode, the second odd and even
mode are identified as 5.61 x 10%, 3.53 x 10* and 1.60 x 10%, respectively. In addition, four
groups of coupled PCN cavities with a slot gap ranging from 117 to 182 nm are experimen-
tally demonstrated, as shown in Figure 5d. Considering the inconsistency between various
devices, here, the wavelength difference shift between the even and odd fundamental and
second modes are taken to evaluate the optomechanical coupling strength. These measured
results agree well with the simulated measurement in Figure 2, and the optomechanical
coupling constant can be determined by the slope of the gap-dependent dispersion curve.
Here, we focus on the fundamental even mode, and its optomechanical coupling constant
is calculated to be g, /27 = 118.6 GHz/nm by the approximate linear fitting.

508 E
= ES
g 06 P _=30uW 3
= - S
= P =100uW|| =S
g 04 . 2
Y ——P, =250uW N
k= —P_=500uW 2
= mn =
502f 25 02} TE
2 (a) Lo TE (b)
0 " L " " 0 \l'e ) L
1553 1554 1555 1556 1557 1558 1520 1540 1560 1580 1600 1620
Wavelength (nm) Wavelength (nm)
1.0 13 ,
—~ 12f . \. m TE,
= NS A TE,
f; E 11 Al 2 ~ -
el TS~._ A 1
%’ e TN T~ <L S(TE e-TE2,0)=—0.0452 Xs+16.748,
2 S10r S T~~o_ R2-09793 1
£ = RS A -
3 29t " . Teeell
.- 2 ~ N \‘~
= . 2 So T
E 0 = Data point ;: 8 F0(ATE] e-TE1.0)=—0.0951x5+22.864, ~ {
Zo <1 Lorentzian fit R2-0.9617 .
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©) (d) -
0.0 ..
T T T T 6 1 L L L ' S
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Wavelength (nm) Slot gap (nm)

Figure 5. Optical characterization of the coupled PCN cavities. (a) Nonlinear transmission response under different pump

light power; (b) transmission spectrum of the coupled PCN cavity; (c) resonance dip at the TE1,e mode with Lorentzian

fitting; (d) resonant wavelength difference shift varying with slot gaps.

As mentioned above, the high optical Q-factor of the resonance contributes to optical
force between two nanobeams and thus drives the optomechanical oscillation. More
specifically, in this coupled PCN cavity, we focus on the optical force arising from the
even mode to drive the movable nanobeam toward an in-plane movement. Therefore,
by setting the wavelength of the pump light at the shoulder of the optical resonance,
an optical-force-induced temporal mechanical oscillation can be observed by the power
spectrum density (PSD) of the transmitted optical intensity with an electric signal analyzer
(ESA). As shown in Figure 6, several mechanical motion modes of the movable nanobeam
in the ambient atmosphere and vacuum are observed. Compared with the finite-element-
method (FEM) simulation results, two in-plane modes IP1 (Q)y, /27 = 4.148 MHz) and
IP2 (O /27 = 27.792 MHz), and two out-of-plane modes OP2 (), /27t = 8.297 MHz) and
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OP3 (Om /27 = 15.606 MHz), are identified with an effective mass mqg= 3 pg. Therefore,
the corresponding spring constant of the fundamental in-plane motion mode is calculated
as kypp = mg Q% = 2.04 N/m, and hence its root-mean-square (RMS) motion amplitude is

inferred as xgpms = 1/ kgT/ mefoIZnN 45 pm. In addition, it is very clear that mechanical
linewidths I', of the mechanical modes are vastly different in air and vacuum conditions.
For example, based on Lorentzian fitting, the mechanical Q-factor (Q,= Qm/I'm) of the
fundamental in-plane motion mode IP1 in the ambient atmosphere is obtained as ~25
with a linewidth of I'm= 259.4 kHz, which is limited by the air damping in the ambient
environment. However, in the vacuum measurement, the mechanical linewidth of IP1
mode is dramatically suppressed to 1.5 kHz, and thus its mechanical Q-factor reaches up
t02.76 x 10°.

T T

——Spectrum in air u
— Spectrum in vacuum

=50 -

-60 |

=70 |

=80+

-90 |

PSD (dBm/Hz)

-100 |

-110

-120§

| 1 1 1

5 10 15 20 25 30

Frequency (MHz)

Figure 6. Mechanical spectra measurement in the ambient atmosphere and vacuum condition. The
insets indicate the measured mechanical mode with their FEM profiles (including two in-plane
motion modes IP1 and IP2 and two out-of-plane motion modes OP2 and OP3).

In this optomechanical coupled PCN cavity, the optical force created by the photon
inside the intercavity not only drives the in-plane motion of movable nanobeam but
can also modify the effective rigidity (optical spring effect) and effective mechanical loss
(damping effect) as a function of laser-cavity detuning (A{)). To experimentally characterize
these effects, the wavelength of the pump light (A1) should be set aside the resonance
(A= 1554.464 nm) first and then scan across the optical resonance. In the blue-detuned
(A > 0or A, < Ac) regime, as the measured mechanical spectra presented in Figure 6,
both the mechanical frequency and linewidth of the IP1 motion mode vary as the function
of the input laser wavelength. As the laser wavelength approaches optical resonance, the
mechanical spectrum shifts as the laser detuning (see the inset in Figure 7) with accompany
of the linewidth narrowing and broadening. On the one hand, the mechanical frequency
shifts with A{) to modify the effective rigidity, attributed to the optical spring effect. On
the other hand, the linewidth changes because the optical force causes antidamping and
damping in the blue-detuned regime. Total adjustment of the mechanical frequency and
linewidth of the IP1 mode is obtained as shown in Figure 8 with the laser sweeping across
the optical resonance. In this work, the proposed optomechanical PCN cavity is performed
in the unresolved sideband (), < k). Optical stiffening and linewidth narrowing of
the IP1 mode are observed under the blue-detuned laser pumping. Conversely, optical
softening of the IP1 mode and linewidth broadening are monitored in the red-detuned
laser excitation. Both curve fittings in Figure 8a,b are according to Equations (2) and (3),
respectively, where all numerical parameters are obtained from the experimental results
in this optomechanical system. It can be seen that the experimental results have good
agreement with the theoretical fitting, which indicates that the optical spring and damping
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effects of the movable nanobeam are generated from the strong optomechanical coupling-
induced optical force. In other words, the thermo-optic effect caused by the heat in the
input light is so weak that it can be negligible in this work.

-60 —
270 —
-80 —

90 -

PSD (dBm/Hz)

-100 —

-110 -

4.

_—

155445

1554.46

T —— —

— e 1554.44
12 1554.42 155443 1 (nm)
waveleng

eChaniCa‘l & . -
Te A2 =

quency, (M) 41 155441
Figure 7. Mechanical spectra measurements with laser detuning in vacuum condition. The inset
shows peak shape of the spectrum varies with laser detuning.

Considering that the mechanical frequency and linewidth of the in-plane mechanical
mode are sensitive to laser-cavity detuning, it can therefore be applied in high-precision
motion sensing with an improved resolution. Furthermore, the motion of the suspended
flexible nanobeam can be integrated with potential mechanical schemes, and it could be
exploited in the detection of applied external signals. Instead of monitoring wavelength
variation in the traditional optical dispersion-sensing method [28], this optomechanical
sensing principle concentrates on detecting the mechanical oscillation of the movable
nanobeam. Due to the optical-force-driven mechanical movement of the flexible nanobeam,
the optomechanical coupling is modulated by the slot gap variation. Under laser-cavity
detuning, the mechanical frequency of the in-plane motion can be modified, attributed to
the optical spring effect in the unresolved sideband. Referring to the experimental results
in Figure 8a, an approximately linear slope of frequency shift versus laser detuning near
the optical resonant wavelength can be calculated as ‘Z&‘i‘ =—271.37 kHz/nm. In this case,
A, is caused by the mechanical motion, and a 1 nm displacement of the movable nanobeam

results in a mechanical frequency shift of about 270 kHz. As a result, the variation of
as
is amplified and converted to the mechanical response of the in-plane mode. On account of
the critical parameters of the optomechanical system, the minimal detectable wavelength
shift can be determined as dA = I'm/|dQm/dA} |= 6.94x107° nm, finally yielding the
sensing resolution of 6A/Acay ~ 1076, This enhanced sensing resolution is competitive
and even much higher than that achieved in conventional optical dispersion methods as
long as the proposed optomechanical system could be equipped with higher optical and
mechanical Q-factors and optomechanical coupling strength.

mechanical frequency is obtained as § = — ( )(5)\, where optical dispersion change JA
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Figure 8. Mechanical frequency O, (a) and linewidth I'y, (b) of the mechanical motion mode IP1 as a
function of laser detuning around the wavelength of 1554.464 nm. Both theoretical fitting curves are
calculated using O, I'm, Weay and k from the experiment (mgg= 3 pg, w,, /27w = 192.993 THz,

cav

Kk = 4.22 GHz, O /27 = 4148 MHz, I'n, /27t = 1.62 kHz, g, /27 = 151.6 GHz/nm, Pj,= 30 uW).

Furthermore, noise of the optomechanical system is analyzed to extract the displace-
ment sensitivity. Here, displacement-noise PSD arises from the contributions of thermal
Brownian motion noise S, optical shot noise S, detector noise S3¢t and backaction noise

SE? [7,29]. Therefore, total displacement-noise PSD can be represented as,

BA det
= Sxthx(w) + Sf(I):(w) + Sxx ((U) + Sxi
Zfzwlgtzi 2n,

e (@ —0F) "+ (WO /Qm)?

1 L NEPE ©)

2thM N¢
Pdet+2( ) K (wzfﬂfn)er(me/Qm)z a2

Meff

p + NG’

where 7 is Planck’s constant, nge is the quantum efficiency of a photodiode,
G = g4 (1 = Ty )ninPin8op is optomechanical gain with the transmission ratio Tq = 0.6,
NEP is noise-equivalent-power and NEP = 2.5 pW/+/Hz for the Newport 1811 detector.
Based on the realistic parameters of the proposed optomechanical coupled PCN cavity at
room temperature, these sources of noise (here, two frequency-independent noises Sdet
and S} are joint and called technical noise) in Equation (5) are calculated and visualized in
Figure 9a. It can be seen that thermal fluctuation noise dominates all other noises near the
mechanical resonance of IP1 at room temperature. Furthermore, noise floor (the green line
in Figure 9a) defined by the technical noise near the mechanical resonance is obtained as
30 fm/ Hz'/2. Therefore, on account of all noises in the optomechanical PCN cavity, the me-
chanical displacement sensitivity of the movable nanobeam is evaluated as 150 fm/ Hz'/2.
An experimental noise assessment is performed by fixing the input laser at this shoulder
of optical resonance to observe the spectrum response near the mechanical resonance. As
shown in Figure 9b, the experimental displacement PSD is obtained by converting the
power PSD using the optomechanical gain. At the mechanical resonance of the IP1 mode, a
maximum displacement amplitude of 1468 fm/ Hz!'/2 is observed, and it is about 10 times
larger than the theoretical total noise (the red line in Figure 9b). As given in Equation (5),
with a moderate optomechanical coupling and high performance of optical cavity, the
improvements to enhance the displacement sensitivity should be dependent on a better
optimization of the mechanical oscillator with a maximizing Qn, and a reduced mass mg.
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Figure 9. Noise analysis of the optomechanical coupled PCN cavity. (a) Theoretical calculation of the
frequency response of different noise sources; (b) experimental noise around the IP1 mode.

5. Conclusions

In this work, cavity optomechanics were experimentally demonstrated by observing
the dynamical backaction behaviors of a movable nanobeam in a coupled PCN cavity. Due
to the high performance of the optical Q-factor and flexible-mechanic-induced large optome-
chanical coupling coefficient g, /27 = 118.6 GHz/nm, an optical-force-induced optical
spring and damping effect were observed from the laser-detuned mechanical spectra. Ben-
efiting from the high transmission efficiency of fiber taper—cavity coupling scheme, a lower
optical input was required, and thus the thermal effect was vastly eliminated to enhance mo-
tion sensitivity. Compared with traditional dispersion sensing, this optical spring effect en-
hanced the minimal detectable wavelength shift up to §A = 6.94 x 1072 nm on account of
the linear slope of the frequency shift versus laser detuning as |[dQ)n /dA} | ~271.37 kHz/nm.
Furthermore, analysis on the displacement PSD and noise of the optomechanical system
preliminarily proved that a maximized in-plane motion of 1428 fm/Hz!/? of the movable
nanobeam could be achieved with a mechanical motion sensitivity of 150 fm / Hz'/2. In the
future, engineering design and integration with micro-electromechanical systems on the
proposed optomechanical nanocavity could enable more extensive applications using the
demonstrated motion-sensing mechanism.
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