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The coupling between optical and mechanical degrees of freedom has been of broad interest for a long
time. However, it is only until recently, with the rapid development of optical microcavity research,
that we are able to manipulate and utilize this coupling process. When a high ) microcavity couples
to a mechanical resonator, they can consolidate into an optomechanical system. Benefitting from
the unique characteristics offered by optomechanical coupling, this hybrid system has become a
promising platform for ultrasensitive sensors to detect displacement, mass, force and acceleration.
In this review, we introduce the basic physical concepts of cavity optomechanics, and describe some
of the most typical experimental cavity optomechanical systems for sensing applications. Finally, we
discuss the noise arising from various sources and show the potentiality of optomechanical sensing
towards quantum-noise-limited detection.

Keywords optical microcavities, mechanical resonators, cavity optomechanics, optical sensing,
integrated photonics
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Fig. 1 (a) Schematics of an FP cavity with a movable end mir-
ror. (b) Ilustration of a microdisk cavity and the radiation forces
resulting from the circulating optical power. The calculated elec-
tromagnetic field profile is mapped on the disk. (c¢) Simulated fun-
damental radial breathing mode of the microdisk. The inset shows
the cross section view of the structure deformation. Black lines
denote the initial position of the boundaries.

With improved understanding of the basic physics of
optomechanical interactions and rapid progress in high
quality factor (@) microcavities and mechanical res-
onators, the realm of micro/nano photonics sees the
possibility of integrating optomechanical devices within
photonic circuits [6-8]. Conventional photonic circuits
are largely immobilized because methods for reconfig-
uring their response are limited. Optical forces in in-
tegrated photonics reveal an exciting new approach to
flexible, all-optical tuning and reconfiguration of on-chip
microphotonic devices. Moreover, cavity-enhanced cou-
pling between optical and mechanical degrees of freedom
can boost the sensitivity and even allows quantum level
measurement.

Over the past years, there have already been some
reviews covering about cavity optomechanics, but they
mainly focused on quantum phenomenon [9-13], or gen-
eral applications of optical forces [6, 14]. For the past
decade, highly compact and fast response optomechan-
ical sensors have developed quickly, which may act as
important elements in future ubiquitous sensor networks
[15]. For the purpose of this review, we will focus on
the basic principles and practical realizations of optome-
chanical sensing with on-chip optical microcavities.

2 Principles of optomechanical coupling

Optical microcavities confine light within small volumes
and store strong optical power on their resonant frequen-
cies [5, 16]. Compared with conventional optical cav-
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ities in the macroscale, the smaller-sized microcavities
allow densely packaged optical components, and the in-
trinsic high quality (Q) factors of some microcavities,
such as a microtoroid supporting WGMs [17], result in
reduced loss in photonic circuits. In the recent decade,
the basic research of their properties [18-20] is gradually
and steadily extended to applied research including laser
sources [21-25], modulators [26], filters [27], delay lines
[28], switches [29], and biosensors [30-34].

Mechanical resonators are typically used in electronic
circuits to generate signals of a precise frequency. Like
their optical parallel, mechanical resonators also bene-
fit a lot from the advances in nanotechnology. The de-
velopment of nano-electro-mechanical systems (NEMS)
endows them with unprecedented ability to detect phys-
ical quantities such as displacement, force, mass, charge
and inertial motion [35-38]. When coupled with optical
resonators, nanomechanical resonators can be used to
explore the quantum properties of mechanical systems.

In this section we provide a brief description of opti-
cal microcavity, mechanical resonator and their coupling
phenomena. Although quantum optomechanics is not our
main focus in this review, it is still necessary to under-
stand the fundamentals of optomechanical interaction,
especially when discussing the optomechanical phenom-
ena in the latter part of this Section and quantum noise
limited sensing in Section 5. For more detailed informa-
tion about the theory of cavity optomechanics, readers
may refer to some textbooks [39, 40] and other reviews
[12, 13].

2.1 Optical microcavity

For an optical microcavity, the equation of motion of the
optical field can be written as

a =iAa — ga + /Kox@in (1)

Here k = Kin + Kex refers to the total decay rate of the
cavity mode, with ki, being the intrinsic decay rate and
Kex being the external coupling rate. As a classical corre-
spondence, the optical field annihilation operator a rep-
resents the normalized amplitude of the electric field such
that cavity power P. = hwy{ata)/7, where 7y = nL/c
the round trip time of a photon circulating in the cavity
with L the round trip length and n the cavity refrac-
tive index. a;y represents the input field, normalized with
P, = hwda?nain}. A = wr, — w, is the detuning between
the laser and the cavity mode. The steady-state solution
of Eq. (1) reads

() = et @)

Yi-Wen Hu, et al., Front. Phys., 2013, 8(5)
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To characterize the ability of cavity for power enhance-
ment, we introduce the cavity build-up factor defined by
G = P./Py,. For a 50 um radius silica microtoroid cavity
with Q ~ 108, G can exceed 10°.

According to the standard input—output formalism in
the microcavity [41], the field amplitude coupled back
into outside is given by

Fox( (3)

Gout = Ain —

Now we obtain the transmission function generally de-
tected in experiment

(Gour) | _ | (Kin — Kex) /2 —iA |7
(@in) (Kin + Fex)/2 — 14

which is a typical Lorentzian lineshape.

T =

(4)

2.2  Mechanical resonator

The Newton equation of motion for a harmonic oscillator
with effective mass meg is

[Fex(t) + FL(1)] (5)

T+ YmT + wrzn:zz =
Meff

where Fix(t) denotes the external force driving the me-
chanical mode, and Fy,(t) is the noise force, typically
the Langevin force originating from thermal Brownian
motion. Generally we concern about the mechanical dis-
placement spectrum, which can be obtained through the
Fourier transformation of Eq. (5)

(W) = X (@) [Fex (w) + FL(w)] (6)

1
7
Megt (W2, — W?) — IMegYmw (M)

Xax (W) =

Here xxx(w) is termed as the mechanical susceptibility.
If we replace the classical mechanical quantities with
phonon creation b and annihilation b operators

T = Zype(b+ bT), P = —iMefWmTypr(b — bT) (8)
where x,pr = \/1/(2Megwm) the zero point fluctuation

(:cipf = (0|2?|0)), then the Hamiltonian of the mechani-
cal harmonic oscillator can be expressed as

H = hwn (bTh +1/2) (9)

2.3 Optomechanical coupling

Now we turn to a system composed of an optical mode
(we) and a mechanical mode (wy,). If they are uncoupled,
the free Hamiltonian of the system is

Hy = hwea'a + hwmb'b (10)

Taking the FP cavity shown in Fig. 1(a) for example,

Yi-Wen Hu, et al., Front. Phys., 2013, 8(5)

when the cavity length changes x by some kind of forces
(external, internal or noise force), it shifts the optical
resonant frequency by dw

Ow,
wc(:c)—wc+5w_wc+:cax (11)

Thus, the optical and mechanical modes are coupled to-
gether. We can define optomechanical coupling coeffi-
cient, gom = Ow./Ox. This is the key parameter in op-
tomechanics since it links optical with mechanical free-
doms. This mechanical modulation of cavity resonant
frequency can be easily observed through cavity trans-
mission spectrum. The interaction Hamiltonian from op-
tomechanical coupling should be written as

Hiy = hgom:CCLTCL = hgoaTa(b + bT) (12)

Here go = gom@,pr denotes the single photon coupling
strength. This implies the existence of optical force,
which can be expressed as a derivative of H;y; with re-
spect to mechanical displacement x

a—IL—[int

Fopt = - = _hgomaTa (13)

In optomechanical sensing, on the one hand, this optical
force can be used to construct novel tunable sensors and
they show distinct advantages over other traditional tun-
ing method on bandwidth, speed and efficiency [42]. On
the other hand, the optical force introduces an additional
noise source, which should be analyzed carefully when
sensing toward quantum limit, which will be discussed
specifically in Section 5. Considering Fp¢ and ignoring
other forces in Eq. (5), we have the coupled optomechan-
ical equation of motion in classical form

& =1(A + gomT)ax — ga + /KexQlin (14)
hgom|a|?
§ = o — w4 Pemla® (15)
Meft

where o and «yy are the classical correspondence of @ and
ain, respectively. Note that nonlinear differential equa-
tions Eqgs. (14) and (15) are the basis of many optome-
chanical nonlinear phenomena.

2.4 Optomechanical phenomena

The coupling between optical and mechanical fields leads
to both static and dynamical optomechanical effects. For
the static case, the mechanical equilibrium position will
be changed and optical bistability may occur. For the dy-
namical case, the finite cavity decay rate x introduces re-
tardation effect between the motion and the optical force,
hence the so-called optomechanical dynamical backac-
tion. In the following, we discuss the above optomechan-

477

wm
Q
.-
w
>
=
(=%
R
)
&
2
B
:
)
-
=




7 2]
Q
-y
cf"n
)
|
(=9
i
(=}
s
)
=]
)
=
=]
[
=

REVIEW ARTICLE

ical phenomena.

2.4.1 Optical bistability

From Eq. (13), optical force F' = —higomnc(z). Due to
optomechanical coupling, n.(z) depends on mechanical
displacement z [see Eq. (14)]

max
n

TLC(.”L') =a” (‘T)a(‘f) = 1+4(A J:gomx)z/KQ (16)

Therefore, the potential Vi, (corresponding to Hiyg in
system Hamiltonian) resulting from optical force can be
written as

1
Vint = 7§an§1ax arctan[2(A + gom®)/K] (17)

However, since z is also coupled with o as shown in
Eq. (15), there may exist different static solutions for
the same detuning A. Alternatively speaking, there exist
more than one equilibrium position x, leading to what we
term as optical bistability (Fig. 2). This bistability phe-
nomenon has been observed in macroscopic FP cavities
[43] and also in microcavities [44, 45].

x10°

1.5 — gom=1 GHz/nm

- - - gm=1.5 GHz/nm
woofN e gom=2 GHz/nm

—_
(=3
|

Cavity photon number 7,
IS
(93
|

0.0

T T T T T T T T T
-1.0 -0.5 0.0 0.5 1.0
Laser detuning 4 /GHz

Fig. 2 Optical bistability in an optomechanical system. A hys-
teresis behavior can be clearly seen from the dependence of cavity
photon number n. on laser detuning A. The calculation parameters
are set as follows: meg=30 mg, wm=2000 Hz, k£ = 2Kkex=1.5x108
Hz, P,,=1 uW, gom is given in the figure.

2.4.2  Optical spring and damping effect

To analyze the dynamical behavior, we make a linear
approximation (@ = @ + da) to Egs. (14) and (15). Ex-
pressing them in the frequency domain, we obtain

—iwda = (14 — g)&x + igomaz (18)
—Megw’s = —mcﬁwﬁliriwm’ym:chhgom(64*5a+64504*)
(19)

Compared to the uncoupled case, the optomechanical in-
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fluence can be considered as the change of mechanical
susceptibility from xxx(w) t0 Xxx(w),

1 1
Xoox (W) Xxx(W)
1 1
= hgoulal® (20)

(A to)+in/2  (A—w) —in2

Combined with Eq. (7), it can be found that the eigenfre-
quency and damping rate of mechanical mode have been
modified due to optomechanical coupling. The physical
origin of such phenomena comes from the nonlinear and
non-adiabatic dynamics associated with the mechanical
displacement and the internal cavity power. Quantita-
tively, since 1/xxx = Megr (W2, — w?) — iMegymw, the real
part of Eq. (20) should correspond to the mechanical
eigenfrequency change (see Fig. 3, left panel)

gdlalPwm A4 w A—w
&Um(w) = A 5 2 + A P <2
w (A4+w)+5 (A-w)+ 5
(21)

N 2 8 /i =20
T | 4
= 0 01
g ! @
s 2 Tz -8
= 6 3 0 3 62 6 3 0 3 6
@ 3 = 8
 2]omk=2 g W /k=2
5 g 2 g
g -1 E 0
= 2{m ERRSIO)
g 3 - -8
s 2 -1 0 8 | 0 1 2
S 4 2 4 T7=o3
% N W,/ =0.2 IS zwmx— .

0 0

-2 -2

-4 (C) -4 (f)

-0.4 -0.2 0.0 -04 02 0 02 0.0

Laser detuning 4 /GHz Laser detuning 4 /GHz

Fig. 3 Optical spring and optical damping effects calculated from
Eq. (21) and (22) with different wm/k. (a—c) Optical spring ef-
fect. (d—f) Optical damping effect. Parameters are set as follows:
meg = 10 pg, k = 100 MHz, gom = 0.03 GHz/nm, P, = 1 pW.

This frequency shift can also be regarded as modifi-
cation of structure stiffness since wy, = v/k/meg (k is
the stiffness coefficient) and is just the so-called “optical
spring effect”. In experiment, the mechanical stiffness of
a nanobeam has been increased by 200 times [46].

As mentioned above, the imaginary part of Eq. (20)
should be the optical damping term (see Fig. 3, right
panel)

Yopt = 5'-)/m
_ g3lal*wm K B K (22)
w o [(A+w)2+E (A-w)24 5

Yi-Wen Hu, et al., Front. Phys., 2013, 8(5)
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This effect is the basis for intrinsic optomechanical cool-
ing [47-49]. When wy, < &, as shown in Figs. 4(c) and
(f) the mechanical oscillator will be spring softened for
a red-detuned laser beam (A < 0), and spring-hardened
for a blue-detuned laser (A > 0). However when in the
resolved sideband regime (wy,, > k), the optical spring
effect vanishes at certain detunings [Figs. 4(a) and (b)]
and the radiation pressure contributes only to cooling or
amplification [Figs. 4(d) and (e)].
(2)

——

(b)

(d)

(e)

S

Fig. 4 Schematics of some representative on-chip optomechan-
ical configurations. (a) FP cavity with one of the Bragg mirrors
embedded in a mechanical beam. (b) Released microring cavity
coupled with substrate. (¢) Double-disk cavity. (d) Microdisk cou-
pled with a mechanical beam. (e) Photonic crystal zipper cavity.
(f) Mechanical beams embedded in a photonic crystal cavity. The
arrows denote the direction of mechanical oscillation.

In optomechanical sensing, these two phenomena pro-
vide a promising method to actively tune the mechanical
Q. Specifically, when vopt > 0, they lead to mechanical
cooling and the mechanical linewidth broadening; while
if yopt < 0, this optomechanical coupling implies me-
chanical amplification and the mechanical linewidth be-
comes narrower, which may be employed to improve the
sensitivity of some sensing applications.

Yi-Wen Hu, et al., Front. Phys., 2013, 8(5)

3 Experimental optomechanical systems

Following pioneering microcavity optomechanics study
in microtoroid systems [50, 51], a variety of alternate
microphotonic device geometries have been investigated.
Various mechanisms have been studied for enhancing the
optical force. Below, we review some of the most typical
architectures.

FP cavities are among the most widely used cavities
because of their simplicity and high finesse. In on-chip
optomechanical systems, there are generally two obsta-
cles to overcome when using an FP cavity: one is to
make two mirrors integrated on a chip and the other is
to involve in a moving part within. A typical solution
is to employ DBRs (distributed Bragg reflectors) based
FP cavity [52, 53]. One DBR is fixed and the other acts
as the mechanical flexible part, as shown in Fig. 4(a).
However, as the DBR mirrors cannot show very high re-
flectivity, this resulting relatively low optical ) may limit
the sensitivity of this kind of device in some applications.

Microring resonators attract a lot of attention in inte-
grated photonic circuits due to their simple fabrication
and applications in various optical communication and
interconnect systems [54, 55]. Optomechanical system
can be easily formed with them when a nanomechani-
cal beam is released from a part of the microring cavity,
as seen in Fig. 4(b). To overcome the damage for optical
and mechanical properties while undercutting the device,
Pernice et al. [56] added two photonic crystal couplers to
support the mechanical beam. Li et al. [57] combined slot
waveguide structure with a racetrack cavity (an exten-
sion of microring) and also obtained improved optical Q.
These optimizations are important because a higher op-
tical @ cannot only enhance the optical force, but also
improve the detection sensitivity. To reduce the mechan-
ical stiffness and increase the sensitivity of optical forces,
structures of spokes and coupled rings [46] can be intro-
duced.

WGM resonators confine optical field inside a circular
dielectric by total internal reflection [58, 59]. One dis-
tinct advantage for WGM cavities over other microstruc-
tures is their ultrahigh optical @ (exceeding 10%) due to
reflow process [17]. Like other structures, many efforts
have been made to decouple the optical and mechani-
cal freedoms for WGM cavity, which is desirable for op-
tomechanical devices because the optical and mechanical
freedoms can thus separately optimized for specific ap-
plications. Generally there are two ways to undertake
this problem: one is to modify the structure of the cav-
ity itself, such as spoke-supported [60] or double-layer
structures [Fig. 4(c)] [61-65]; the other is to introduce
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mechanical resonators from outside, such as membranes,
cantilevers or beams [Fig. 4(d)] [66-70]. In both types of
structure, there exist technological challenges to achieve
high optomechanical coupling gom while maintaining ex-
cellent and flexible optical and mechanical properties.
Photonic crystal microcavities can also confine light
in ultra-small mode volumes and exhibit high optical Q.
Much work exploits these attributes to achieve strong op-
tomechanical effects. Chan et al. [71] and Eichenfield et
al. [72] have designed and experimentally demonstrated
a periodically patterned “zipper” system with large op-
tomechanical coupling. The zipper is made up of two par-
allel, patterned nanobeams [as shown in Fig. 4(e)] each
of which is designed to support an optical microcavity
mode. Coupling between the modes gives rise to attrac-
tive and repulsive forces. In Ref. [73], a single nanobeam
structure is designed and realized to confine both the
optical modes and the mechanical vibration modes to
the scale of the optical wavelength. Localized mechani-
cal modes are created using a phononic band gap micro-
cavity, analogous to the optical case. The authors sug-
gest that the strong optomechanical coupling between
optical modes (200 THz optical resonance frequency)
and high-frequency mechanical modes (2 GHz mechan-
ical resonance frequency) will allow extremely sensitive
mass detection via optical readout. Notomi et al. the-
oretically analyzed microcavities in parallel photonic-
crystal slabs [74]. Intriguingly, the authors suggest that
if the mechanical displacement between the structures
occurs faster than the response time of the optical cav-
ity (proportional to the optical period times the optical
Q), wavelength conversion will occur. This phenomenon
is analogous to the frequency shifts predicted and mea-
sured in microphotonic systems with time-varying lin-
ear refractive index. Sun et al. [75] demonstrated a new
optomechanical device system which allows highly effi-
cient transduction of femtogram nanobeam resonators. A

double-beam nanomechanical resonator is embedded in
a photonic crystal slab cavity [see Fig. 4(f)]. As mechan-
ical and optical modes are formed almost in the same
area, strong optomechanical interaction exists.

In the previous discussion, we have listed out most typ-
ical cavity structures used in optomechanical sensing. In
Table 1, we sum up some characteristic parameters of
representative works in the past few years and several
conclusions can be made from this table. First, most
devices employ silicon-based material, and this results
from their fabrication compatibility and excellent opti-
cal/mechanical properties. Second, vacuum condition is
required to achieve high mechanical quality factor. Al-
though the above two points are the current trends now,
there are some obvious drawbacks. For example, till now
the highest optical and mechanical quality factors cannot
be achieved within a single material, and vacuum envi-
ronment imposes relatively rigorous condition on experi-
mental apparatus. The comparison of merits and demer-
its between different devices is not provided here, but
it should be noted that since the optomechanical effects
that can be exploited in each type of sensors are differ-
ent, as is discussed in the next section, a variety of de-
vice designs are promising to find their niche in on-chip
applications. Actually, optomechanics are merging with
more and more optical/photonic areas. Other platforms
such as optofluidics [76] and metamaterials [77] are also
found to be good candidates for on chip optomechanical
coupling or optical force enhancement.

4 Optomechanical sensing applications

4.1 Displacement, force and mass sensing

High-sensitive displacement sensing is the basis of many
other sensing applications because the variations of many

Table 1 Summary of selected experiments on optomechanical coupling in integrated photonic devices.

Device type Device material Vacuum meg /g wm /Hz QumP QoP Jom Year
(opt+mech)? (Y/N) /(GHz-nm™1)
Microtoroid-nanostring [67] Silica+SiN¢ Y 49x 10712 6.74x 107 4x10* 4x10% 0.024 2009
Double disk [61] Silica+Silica Y 1.45 x 10719 5.34 x 107 4070 1x10% 207 2009
Double ring [46] SiN+SiN N 85x 1071 1.2x10% 2 6.8 x 10* 80 2009
Slot ring-released waveguide [57] Si+Sic Y Not given 7.4 x 108 2400 6 x 10* 2804 2010
Waveguide-DBR cavity [53] Si+Si Y 6.8 x 1072 6.3 x 10> 2x10* 5000 28 2011
Microdisk-bend cantilever [78] Si+Si N 7.3x 10713 14 5 1x10°  3.14-19 2011
Photonic crystal zipper [79] SiN+SiN Y 1x 1078 1.73 x 10° 1.4 x 10 9500 35 2012
Microdisk-nanobeam [69] Silica+SiN Y 9 x 10712 1.8 x 107 4.8 x 10° 6.5 x 10* 0.003 2012
Photonic crystal-embedded beams [75] Si+Si Y 2.5 x 1071 6.28 x 10° 1230 2x10* 70 2012

2 optical cavity material+mechanical resonator material.

b Qm: mechanical Q; Qo: optical Q.

© SiN: silicon nitride; Si: silicon.

4 The value is estimated from the data provided within the reference.

480 Yi-Wen Hu, et al., Front. Phys., 2013, 8(5)
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other physical parameters can convert to position shift
of a certain component. Generally, the mechanical dis-
placement can be converted into optical transmission
signal through optomechanical coupling coefficient gom,
and read out by a photodetector or optical spectrum
analyzer. Early study [Fig. 5(a)] showed that coupled
microspheres have comparable or better displacement
sensitivity than traditional sensors based on large-scale
FP resonators [80, 81]. This sensitivity originates from
the separation-induced normal modes splitting of the
coupled resonators. A further improvement in sensitiv-
ity over the edge-coupled configuration was predicted
for vertically coupled hemispherical resonators [81]. Al-
though the experimental realization of such hemispheres
has remained unattainable, other practical optomechan-
ical configuration such as the double disk cavity [Fig.
5(b)] or zipper cavity, can be well employed for displace-
ment sensing.

Displacement is linked with force by mechanical sus-
ceptibility xxx as defined in Eq. (7). Force sensing is
fundamental in biosensing to diagnose the dynamic pro-

(a) Separation /nm (b)
0 500 1000 1500

200
S’

e r— ]

% ] |-100
T
0.5

Force /nN

- -200
1

dii

cess of bio-molecules [82]. In the present, force sensors
based on micro-beams are widely studied [83]. Minia-
ture Structures with high mechanical frequency and low
stiffness are highly preferred here because they are more
immune to environmental vibration and more sensitive.
When combining with optical cavities (see Fig. 6), these
sensors can enhance the ability to resolve the motion of
micro-beams through g, and improve bandwidth which
is proportional to cavity optical @ [78, 84]. What’s more,
by applying active optical feedback (optical spring and
damping effect), the mechanical properties can be mod-
ified to suppress noise [69, 85]. Another interesting ap-
plication of optomechanics force sensing is the capability
to compensate for or measure Casimir force [96], which
has already attracted attention in MEMS technology for
years [87, 88].

Mass sensors are a very important components in nan-
otechnological measurement. Traditionally, mass spec-
trometer is used for nanoparticle sensing (even single
atoms). But the particle has to be ionized before the
mass can be extracted. In recent years, nanomechanical
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Fig. 5 Force and displacement sensing with optomechanical systems. (a) Optical attractive and repulsive force as a
function of separation for two coupled microspheres. Asymmetric and symmetric modes are shown in the top and bottom
insets. (b) Left: Scanning electron micrograph (SEM) of two double-ring microcavities. Right: Cross section simulation of
the supported optical symmetric and asymmetric modes. The separation change of these type of structures can be rapidly
detected by highly sensitive optical readout and they can both be used for force or displacement sensing. Figures reproduced
with permission from (a) Ref. [80] (© 2005 Optical Society of America; (b) Ref. [46] © 2009 Nature Publishing Group.

(a) (b)

Fig. 6 (a) Top view SEM of a bend cantilever coupled microdisk. The nano-size sharp tip in the middle of the cantilever can
be used as a probe for atomic force microscope (AFM). (b) Oblique view of the same structure of the cantilever-microdisk
system. Reproduced from Ref. [78], Copyright (© 2011 American Chemical Society.
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oscillators are adopted in mass detection. They have al-
ready enabled extraordinary sensitive measurement of
mass down to 1 x 1072'g in vacuum and 1 x 10~ '°g
in liquid environment. Generally, the external samples
with mass Am depositing onto the surface of a mechan-
ical resonator will lead to the resonant frequency-shift
Awn,,

2Megr

Am Awp (23)

wm

It can be clearly seen that, to achieve high mass sensi-
tivity, resonator mass has to be low, and the mechani-
cal frequency as well as quality factor should be high to
reduce the minimum detectable frequency change. Some
efforts [89, 90] using cavity optomechanics for mass sens-
ing have been made and one distinct advantage over
previous methods based on nanomechanical resonators
is the all optical actuation and detection. However, the
thermal and optical noise resulting from the instabil-
ity of taper coupling limits the detection resolution to
picograms [90]. This is because tapered waveguide cou-
pling requires careful alignment and the slim coupling re-
gion are relatively sensitive to mechanical or other vari-
ations in the surrounding environment. To reduce this
noise, free space [91-93] or integrated bus waveguide [94,
95] coupling may be an efficient scheme.

4.2 Inertial sensing

Inertial sensors are used to detect and measure acceler-
ation, tilt, vibration, gyration. Today they are not only
used in aircraft and spacecraft to form the inertial guid-
ance system, but are also gradually entering people’s
everyday life. Accelerators, for example, have already
become an indispensable component in many consumer
electronics such as smartphones and tablet PC. Early in
2001, Lain et al. [96] proposed an acceleration sensor us-
ing a fiber stem supported high () microsphere to achieve
1 mg sensitivity and 250 Hz bandwidth [Fig. 7(a)]. The
relative low sensitivity resulted from the small gon, of
microsphere-waveguide coupling. Actually, we can write
a similar susceptibility for acceleration as in Eq. (7):

1

2 2) _ i
w2, — w?) — iymw

Xaa(w) = ( (24)

If w < Wiy Xaa(w) ~ 1/w?2 and we get a(w) ~ z(w)w?,.

On the one hand, just as mentioned in the last subsec-
tion, acceleration sensing is also based on displacement
sensing, and prefers low mechanical frequency for high
detection sensitivity. On the other hand, its sensitivity
should also be proportional to gom, because this coeffi-
cient transduces the mechanical change to optical sig-
nal. As a result, many efforts have been done to im-
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prove these two aspects. FP cavities are still among the
most extensively studied structures for optical acceler-
ation sensing [52, 97, 98]. Although down to ng sensi-
tivity has been achieved, to realize compact and sensi-
tive structure is still a challenge for researchers. Zandi
et al. [52] demonstrated an on-chip planar accelerome-
ter. Two proof masses are connected to a DBR-based
FP cavity to provide both low mechanical frequency and
high efficient optomechanical transduction. This struc-
ture can achieve gom, ~ 40 GHz/nm. However, the DBR
structures limit optical @ to about 660, and the readout
method based on traditional optical spectrum analyzer
also decrease the resolution to about 400 ug. To enhance
the performance, Krause et al. [79] make use of zipper
cavity which owns similar g, but much higher optical
@ ~ 10000 and smaller proof mass [see Fig. 7(c)]. By
measuring the transmission output from a photodetec-
tor on a lock-in amplifier, much better resolution (10
ug) can be achieved. If precise nano-size gap can be con-
trolled, double disk structure [99] may show even better
sensing performance since gom can be as large as 1000
GHz/nm and the WGM-based cavity is also potential to
own higher optical @ [61].

(a) Photodetector {  (b)
o

Fig. 7 Inertial sensing with optomechanical systems. (a) A mi-
crosphere based accelerometer. The induced flexure-arm displace-
ment can be monitored through transmission spectrum. (b) A
torque sensor made up of a torsional nanoscale resonator evanes-
cently coupled to optical microdisk whispering gallery mode res-
onators. (c) SEM image of a optomechanical accelerometer base
on a photonic crystal zipper cavity. Top left: electric field profile
for the zipper cavity. The top beam is mechanically bonded on the
substrate and the bottom beam is attached to the proof mass. Top
right: Schematic displacement profile of the fundamental in-plane
mechanical mode used for acceleration sensing. Figures reproduced
with permission from (a) Ref. [96] © 2001 Elsevier; (b) Ref. [100]
© 2013 American Institute of Physics; (c) Ref. [79] © 2012 Nature
Publishing Group.
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Other inertial sensors also gradually attract re-
searchers’ attention. For example, if the mechanical res-
onator is rotatable, a torque sensor can be formed [see
Fig. 7(b)], which are valuable for ultra-sensitive optical
magnetometer [101, 102].

4.3 Micro- and nanoparticle manipulation

To drag a micro/nano particle into the sensing area is
one of the most important steps for particle sensing [106—
108]. This area belongs to optical trapping, a quite hot
research field since the end of last century, and here we
will only discuss briefly a small portion of it regarding
optical trapping with on-chip microcavities. Traditional
trapping method are generally based on a tight focused
laser beam, while major limitations of this technique are
its bulky volumes and inefficient energy utilization. On
chip devices, however, are highly desirable to overcome
these shortcomings. In the recent years, optical waveg-
uide based micro/nano-particle trapping and manipula-
tion drew a lot attention due to its unique transporting
feature [109]. Compared to a waveguide trapping config-
uration, microcavity trapping presents two primary ad-
vantages [103-105, 110]: i) the build-up factor G leads
to strong optical force enhancement, and ii) cavity per-
turbation induced by the trapped object could serve as
a highly sensitive probe for analyzing the physical prop-
erties (size, refractive index, absorption) of the objects.

To calculate the optical force exerted on the particle,
an alternative way of Eq. (13) is using Maxwell stress
tensor formalism [111]. The time averaged force exerted
on a particle with volume V' is entirely determined by
the electromagnetic field on the surface OV:

(F) = 7{9 () (s (25)

where ;(r, t) is the Maxwell stress tensor, and is given
by Tij = E(EiEj — 5ijE2/2) + (BiBj — 5ijB2/2)/,LL. This ex-
pression is just an alternative way to describe the Lorentz
force: f = pE+J x B [112], and can be divided into two
parts (gradient and scattering force). When regarding
a spherical non-absorbent Rayleigh particle (size much
smaller than the wavelength of light), we have [113, 114]

nird (m? —1
Fyoqg = ——2 VE? 26
grad 2 <m2+2> (26)
Ip 1287519 (m? — 1\ °
Fscat == _O T mn (27)
c 33 \m?2+2
where m = np/ny,, with ny and n, representing the

refractive index of the surrounding medium and the
nanoparticle whose radius is denoted by r. As we can see,
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Flyraq is proportional to r3 while Fyea is proportional to
r®. This implies compared with the scattering force, the
gradient forces gain rapidly in significance as the par-
ticle size decreases. Some representative works on par-
ticle manipulation employing optical microcavities are
demonstrated in Fig. 8, and show good stability and ac-
curacy. The sizes of particles used among these works,
however, are still large (~ 1 um) compared with nano-
size molecules, and their optical forces are only about 1
order of magnitude larger than the forces in waveguide
structures. In the recent few years, there have been some
efforts concentrating on force enhancement employing
higher @) microcavities or hybrid plasmonic structures
[106-108, 115-118], which are inspiring for realizing high
efficient manipulation (transporting, storage and rout-
ing) of nanoparticles using microcavity based platform.

5 Noise analysis and sensing towards
quantum limit

In any practical measurement, signals are mixed with
noises arising from contributions of various sources. Due
to strong photon—phonon interaction, optomechanical
devices discussed in this review can be highly susceptible
to optomechanical backaction effect. This effect will mod-
ify the frequency and damping rate with as shown in Egs.
(21) and (22). As the quantity of modification is propor-
tional to cavity power, stable optical input power and
coupling should be the optimization considered first in
high-sensitivity measurement. Besides, the optical power
perturbation coming from the thermal-optic coefficient
(dn/dT) sometimes may also have a large backaction ef-
fect.

If the input optical power is low or well stabilized,
the influence of both the optomechanical and thermal-
optical backaction effect can be ignored or eliminated
by an offset calibration. However, there are some other
noises that will always exist and can degrade sensing per-
formance. In the following we will discuss three types of
them, which are the most common physical limitations
especially when taking optical sensing to the limit. The
discussion is for displacement measurement and can be
easily extended to other quantities.

5.1 Thermal noise

Thermal noise is one of the fundamental limits to the
precision of mechanical measurement. It can be regarded
as a driving force that excites the mechanical resonance
with an energy around k7. Before the discussion on
thermal noise, we should first take a look at power
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Fig. 8 Particle manipulation with optomechanical systems. (a) SEM images and transmission spectra of microring resonators
used for optical manipulation. (b) Tracked positions of a single particle trapped on the 5 um (top) and 10 wm (down) radius
microring, showing a clear circular motion. (c) Microparticles add-drop device based on a microring resonator. (d) Controlled
trapping of particles by exciting different order whispering gallery modes. Figures reproduced with permission from (a, b) Ref.
[103] © 2010 American Chemical Society; (c) Ref. [104] © 2010 Optical Society of America; (d) Ref. [105] © 2011 Optical

Society of America.

spectrum density (PSD), which is defined as the Fourier
transformation of autocorrelation function. For the PSD
of displacement, it is defined as

+oo
S(w) = / (@(t)2(0))e“ dt

— 00

(28)

Sxx cannot be directly measured in practical experiment,
what we measure is a average value in a limited duration.

~ . i " T iwt
T(w) = \/F/o (t)e™'dt

Wiener—Khinchin theorem tells as Z is an excellent ap-

proximation of PSD once the average time is much longer

than the system’s characteristic cycle
lim (|2(w)[?) = Sxx(w)

T—00

(29)

(30)

And the integration of PSD gives the average of displace-
ment

/ T )

5 = (2%) (31)
oo 27

Fluctuation dissipation theorem (FDT), on the other
hand, quantifies the relation between the fluctuations
at thermal equilibrium and the linear response of the

system. Specifically, here it links Sy (w) with Yy in
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Eq. (7)
2h
SXX(UJ) = mImXXX(W) (32)
then
2k TV 1
Sxx = 33
W= T e @

This is the spectral density of thermal motion of any sim-
ple harmonic oscillator. In many experiments, it is the
thermal noise far from the resonant frequency that mat-
ters. So it is clear that, in order to keep thermal noise
as low as possible, less mechanical damping and larger
effective mass are preferred. From Eq. (33), the mean
value of thermal motion is
9 kgT
(%)t = Py (34)

5.2 Shot noise

The Heisenberg uncertainty relation of number-phase
for coherent states determines the limited precision of
A¢ = 1/(2AN). The quantization of electromagnetic
field brings fluctuation of photon number, which is de-
scribed by optical shot noise. For a coherent photon
state, the photon number obeys Poisson distribution:

Yi-Wen Hu, et al., Front. Phys., 2013, 8(5)
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AN = VN , where N is the mean number of photons.
However, for photons circulating in a microcavity, this
fluctuation is also influenced by the cavity loss and laser
detuning. In Eq. (1), we have neglected the noise term
Vk fin. If added and after linearization (a = &+ da), the
equation of motion becomes

6a:(m—g) x 8+ K fin (35)

The noise operator fi, is characterized by its aver-
ages and correlation functions. The mean value is zero:
(fin) = 0, and the non-zero correlation is

(fmOVFL () = 0(t 1)) (36)

Then the photon number fluctuation can be yielded via
autocorrelation function [119],

AN? = (a¥(t)a(t)a’ (0)a(0)) — (a' (t)a(1))?
= a*(a(t)a’(0))
= i x A5 (37)

This implies that the fluctuation of photon number
should be replaced by

Sn(w) = \/” (K/2)2 + (w + A)?

On the other hand, the dependence of the phase of the
output filed on mechanical displacement Az [11]:

(38)

_ 4gomAx

Ad (39)

Then we get the displacement sensitivity (A = 0) to

K w
SEhot () = ————[1 +4(=)? 40
When w < k, this noise is a white noise and can be
reduced with large optical power. However, increasing
power will strengthen the backaction effect as discussed
below.

5.3 Quantum backaction noise

The fluctuation of photon number will also disturb the
optical force Fopy [See Eq. (13)]
4h2g? 1
Sba = 7, om
Fr(w) =7 k14 (2w/k)?

(41)

This force will introduce a quantum backaction displace-
ment noise

See(w) = x| S (42)
For a proper n., the sum of shot noise and backac-

tion noise achieves a minimum value, which is the so-
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called standard quantum limit (SQL) [11]. If measured
at the mechanical resonance, w = wy, it equals to
h/(Megymwm), which correspond to zero-point fluctua-
tions of the mechanical resonator with a measurement
time 1/4y. This determines the ultra resolution which is
independent of temperature.

5.4  Sensing towards quantum limit

From the discussion above, we find that thermal noise is
an intrinsic property of a mechanical oscillator in contact
with a heat bath at temperature T', while the contribu-
tions of shot noise and backaction noise are dependent on
cavity photon number and optomechanical transduction
mechanism. This provides us with flexible ways to con-
trol sensing performance. For thermal noise, one obvious
optimization is to prepare mechanical resonators in the
ground state, i.e., to lower its temperature. This should
occur when kpT'/(fuwy) < 1 and this cooling can also be
achieved with optomechanical interaction [10]. For shot
noise and backaction noise, they can be reconfigured with
varying input power and also, tuned by optical spring
and damping effect.

It should be noted that in different sensing application,
these three types of noise may impose quite different re-
quests on device design. For example, to decrease the
noise level in displacement and mass sensing, high me-
chanical resonance frequency and small mass is generally
preferred; for acceleration sensing, however, it is just the
reverse since resonators with low mechanical frequency
and large mass can induce a larger displacement shift
when undergoing the same acceleration [see Eq. (24)].

6 Discussion and summary

Although the field of cavity optomechanics is still in its
infancy, it is expanding rapidly both in terms of basic
physics and applications [120-123]. More researchers are
pulled into the field and more advanced devices are be-
ing developed. For sensing applications, cavity optome-
chanics possess certain advantages and challenges. For
example, today most NEMS devices still require electri-
cal actuation, which in many cases limits the operational
bandwidth. Cavity optomechanical devices allow both
optical actuation and readout, therefore providing faster
sampling and scanning rates than electrical counterparts.
Furthermore, G-Hz optomechanical devices at high fre-
quencies directly links the signal domains at microwave
frequencies in optical circuits, hence avoiding the com-
plexity and cost of optoelectronic signal conversion [124].
On chip devices mentioned in this review all allow for the
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integration of microlaser sources to replace the expensive
and bulky external cavity lasers. In addition, optome-
chanical cavities can offer the unique resource of strong
optical backaction effect. The optical spring and opti-
cal damping effect allows for dynamic tuning of the me-
chanical resonance frequency and bandwidth. Moreover,
backaction cooling provides a scheme to damp or cool
the mechanical resonator without degrading the resolu-
tion [79)].

It is worth noting most experimental realizations till
now has selected the material of devices as silicon, sil-
icon nitride or silica, i.e., materials with large Young’s
modulus. One reason for this is the fabrication of these
devices is compatible with CMOS technology; another is
they generally have robust mechanical or optical proper-
ties such as high @). However, the displacement of them
driven by optical force is at most on the order of tens of
nm, even in cavity enhanced systems designed to have re-
duced mechanical stiffness. To achieve larger sensitivity
and tunability, it is meaningful to exploit mechanically
compliant materials such as polymers, which can reduce
cost and easily combine with microfluidic platforms.

In summary, we have described the basic physics,
experimental systems and sensing applications in the
context of cavity optomechanics. With currently rapid
experimental success worldwide, it reveals an increas-
ing chance to promote optomechanics from basic science
to novel technologies. More and more optomechanical
sensors are realized and their performance can already
compete with their electronic counterparts. Looking into
the future, the visionary role of cavity optomechanical
sensing can be regarded as a light-mechanics interface
to realize composite configurations integrating motion,
mass or force sensors with information processing units
within a monolithic photonic circuit.
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