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a b s t r a c t
We review recent developments in the study of optical forces in integrated photonics. Our initial predictions suggested that freely suspended, parallel silicon waveguides should exhibit signiﬁcant forces due to
mode coupling. Symmetric and anti-symmetric modes give rise to attractive and repulsive modes respectively, analogous to bonding and anti-bonding orbitals in solid state physics. Experimental demonstrations of forces in waveguide and microresonator systems rapidly followed. We review recent work on
applications of optical forces to on-chip manipulation of light signals.
Ó 2011 Elsevier Ltd. All rights reserved.

1. Introduction
It has long been known that light can exert a force on objects, an
effect known as radiation pressure. One well-known application of
optical forces is optical trapping [1,2], a technique that uses laser
light to manipulate nanoscale objects. In the optics ﬁeld, the force
of light on the parallel mirrors making up a Fabry–Perot cavity has
been studied for both classical [3] and quantum–mechanical applications [4,5].
Our work [6] has introduced the idea of using optical forces to
precisely control the positions of microscale optical waveguides
and resonators. Optical waveguides, which act like ‘‘photonic
wires,’’ and microresonators, devices that conﬁne light to the scale
of the wavelength, are important elements for developing photonic
integrated circuits [7–11]. Ultimately, photonic integrated circuits
may manipulate photons the way that electronic circuits manipulate electrons. The development of photonic circuits that can ﬁlter,
buffer, and reroute optical signals is expected to transform optical
communications [12], enable high-speed optical interconnects between multi-chip computer processors [12–16], and provide a
platform for quantum communication [17]. However, current photonic circuits are largely static; methods for reconﬁguring their response are limited. Optical forces in integrated photonics, or
optomechanical effects, represent an exciting new approach for
achieving ﬂexible, all-optical tuning and reconﬁguration of on-chip
microphotonic devices.
In Section 2, we review the basic physics of the optical force between waveguides and microresonators. We brieﬂy review the
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early experiments that demonstrated motion due to optical forces
in integrated microphotonic systems. In Section 3, we outline the
calculation methods for accurately determining optical forces in
realistic structures. In Section 4, we review a range of microphotonic device geometries that exhibit strong optomechanical effects.
In Section 5, we summarize recent work on applications of optical
forces to on-chip manipulation of optical signals such as switching,
ﬁltering, and buffering of signals. Lastly, in Section 6, we conclude
with opportunities and challenges for future work.
For the purposes of this review, we assume familiarity with basic concepts and device structures of micro- and nanophotonics, in
particular photonic crystals [18] and microresonators [19]. We focus on applications of optomechanics to the control and repositioning of on-chip, integrated microphotonic devices. Other
fascinating aspects of optomechanics, such as optomechanical
ground-state cooling and associated quantum phenomena, are covered elsewhere [20–22].
2. Optical forces: basic effect and early experiments
In 2005, Povinelli et al. theoretically investigated the optical
forces between parallel waveguides [6], shown in Fig. 1a. We
showed that a mechanical force arises from the overlap of the
guided waves propagating in the two waveguides. The sign of the
force can be either attractive or repulsive, depending on the relative phase of light in the waveguides. The ‘‘bonding’’ mode, which
is symmetric with respect to the two waveguides, gives an attractive optical force, whereas the ‘‘anti-bonding,’’ or anti-symmetric
mode, is repulsive. By controlling which mode is input into the
waveguides, input light can be used to pull the waveguides together or push them apart. Physically, the force originates from
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Fig. 1. Optical forces between parallel waveguides. (a) Schematic structure; multicolored arrow indicates the direction of light propagation. (b) Calculated, normalized,
optical force as a function of waveguide separation. Insets show modal proﬁles, with red/blue indicating positive/negative values of the electric ﬁeld component parallel to
the air gap.

the interaction of dipoles induced in the dielectric waveguides by
the electromagnetic ﬁeld of the light wave. The optical force scales
linearly with input power.
The calculated optical force in a typical system is shown in
Fig. 1b. The waveguides each have cross sections of 310 nm by
310 nm, and the wavelength in air is 1550 nm. In the ﬁgure, the
force per unit length of the waveguide is divided by the input
power and plotted as a function of waveguide separation. For
waveguide separations larger than 60 nm, the symmetric and
antisymmetric modes correspond to attractive (positive sign) and
repulsive (negative sign) forces, respectively. The magnitude of
the optical force decays monotonically with increasing separation.
The decay is due to reduced optical coupling between the waveguides, that is, reduced overlap between the evanescent tails of
the individual waveguide modes. For smaller waveguide separations, strong coupling between the waveguides can signiﬁcantly
perturb the individual waveguide modes. In this regime, the optical
force of the antisymmetric mode changes sign.
From Fig. 1b, we can see that for the symmetric (attractive)
mode, the optical force increases with decreasing gap. However,
if the gap is too small, the Casimir force becomes comparable to,
or larger than, the optical force [23]. Devices with gaps as small
as 80 nm have been used in experiments [24].
Interestingly, the optical force between waveguides is in a
direction parallel to the direction of light propagation. This is different than the traditional case of radiation pressure, where the
optical force on a surface is parallel to the direction of light propagation. The radiation pressure can be simply derived from
momentum conservation arguments: reﬂection of a photon from
a surface must correspond to transfer of mechanical momentum
to the surface. Similarly, the optical force on the mirrors of a
Fabry–Perot cavity acts perpendicular to the direction of light
propagation [3]. For parallel waveguides, the situation is notably
different: the momentum acquired by each individual waveguide
is perpendicular to the propagation direction, and the momenta
of the two waveguides are equal and opposite.
Theoretical work by ourselves and other authors predicted optical forces in other waveguide structures [25,26], coupled microphotonic resonators [27,28], and double-layer photonic crystal
slab cavities [29]. For two closely-positioned resonators, coupling
between the resonant modes can yield attractive or repulsive
forces in a similar way to parallel waveguides.
Initial theoretical work on optical forces was followed rapidly
by experimental demonstrations. Van Thourhout and Roels [30]
have written a recent comprehensive review.

In 2008, a suspended waveguide coupled to an underlying substrate was designed [31] and fabricated [32] by Li et al. A schematic
is shown in Fig. 2a. The authors demonstrated an attractive optical
force that is induced by the overlap between the evanescent tail of
waveguide mode and the underlying oxide substrate. Waveguide
displacement was inferred from the optical transmission using an
on-chip interferometer scheme. Further experiments demonstrated attractive and repulsive forces in coupled microresonators,
shown in Fig. 2b. Rosenberg et al. [33] and Wiederhecker et al. [34]
measured attractive and repulsive optical forces in verticallystacked microdisk resonator systems.
3. Methods for calculation of optical forces
Accurate calculations of optical forces in realistic, 3D structures
can be performed using electromagnetic modeling techniques.
One method for force calculation is to evaluate the Maxwell
stress tensor (MST) numerically [35]. This general, ﬂexible technique allows one to directly calculate the force based on the full
electromagnetic ﬁeld distributions, which can be obtained from
an appropriate full-vectorial electromagnetic solver. The MST
method has been used to evaluate optical forces in many contexts
[25,29,36–38]. To compute the optical forces acting on a movable
component, the Maxwell stress tensor is numerically integrated
over a closed surface surrounding the component:

Z X
Fa ¼ -T ab nb da;
s

ð1Þ

b

where a and b indicate direction x, y or z, n is the outward normal to
the closed surface S, and the stress tensor,

1
T ab ¼ eEa Eb þ lHa Hb  dab ðeE  E þ lH  HÞ:
2
Typically, the time scale for mechanical response is longer than the
optical period, and the time-averaged force over the optical period
may be considered [38]. The disadvantage of the MST method is
that since it requires the knowledge of the full electromagnetic
ﬁelds, it is computationally intensive and can become prohibitive
for large system size.
We have shown previously [6] that for inﬁnitely long waveguides with no radiation loss, the force between two waveguides
can be calculated from the derivative of the eigenmode frequency
with respect to separation. This relationship follows from express-
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Fig. 2. Optical forces (a) between waveguide and substrate, and (b) between vertically-stacked microrings. Light is coupled into the rings by a bus waveguide. For both (a) and
(b), the structure is shown on top, with a multicolored arrow labeling the direction of light propagation. The modal proﬁles are shown on the bottom, with red/blue indicating
positive/negative values of the electric ﬁeld component perpendicular to the air gap. Yellow arrows show the direction of the optical force. The system in (a) has an attractive
mode only, whereas (b) has both symmetric (attractive) and anti-symmetric (repulsive) modes.

ing the force as a derivative of the electromagnetic energy U with
respect to waveguide separation, g:





dU 
dðNhxÞ
dx
U dx
F ¼   ¼ 
¼ Nh  ¼ 
;

dg k
dg
dg k
x dg k
k

ð2Þ

where N is the number of photons, x is the eigenmode frequency,
and k is the wave vector.
An optomechanical coupling constant can be deﬁned as
gOM = dx/dg. The value of gOM is proportional to the force per photon (F/N) on the mechanical system. Larger values of gOM indicate a
larger change in the optical properties of the system for a given
mechanical displacement.
It is often convenient to consider the force per unit length of the
waveguide, normalized to the input power P. Under conditions of
ﬁxed power input to a guided-wave mode, the electromagnetic
ﬁeld energy U scales as the input power over the group velocity:
U = PL/vg. The normalized force is:


F
1 dx
¼
;
PL
v g x dg k

ð3Þ

Consequently, reducing the group velocity of a mode tends to increase the optical force per unit waveguide length at ﬁxed input
power. The force may alternately be written as a derivative of the
effective index neff with respect to separation [31]:

F
1
¼
PL v g neff


dneff 
;
dg 

ð4Þ

k

In Eqs. (3) and (4), the derivatives are taken at ﬁxed wave vector.
The derivative can be alternately be recast at ﬁxed frequency [39]:


F
1 dneff 
¼
;
PL c dg x

ð5Þ

Derivative methods generally assume that the optomechanical system is closed and does not exchange energy with the surrounding
media. The force between two microcavities can also be calculated
as a derivative of the cavity mode frequency with respect to separation, provided that the cavity quality factor is large [27,29]. For microresonator systems, the optical force is proportional to the
electromagnetic ﬁeld energy stored in the resonators.
Rakich et al. have shown that for general linear, lossless systems, the force can be written in terms of the scattering matrix

[40]. This method is particularly useful for systems that can be
accurately described by coupled-mode theory [41], such as systems of multiple microresonators coupled to waveguides, in which
full-ﬁeld calculations can prove prohibitive.
Given the value of the optical force at a given optical power level, a resulting static displacement can be calculated by solving the
corresponding mechanical problem. A typical approach is to use ﬁnite element software, such as COMSOL, for this purpose.
4. Microphotonic device geometries exhibiting strong
optomechanical effects
Following initial work on waveguide and microresonator systems, a variety of alternate microphotonic device geometries have
been investigated. Various mechanisms have been studied for
enhancing the optical force. These include tailoring the overlap between photonic and mechanical modes, exploiting guided resonance modes, reducing the group velocity of propagating light,
and incorporating plasmonic materials. Below, we review work
on these interesting microphotonic device concepts.
4.1. Microcavity systems
Photonic-crystal microcavities can be designed to conﬁne light
in ultra-small mode volumes and exhibit high optical quality factors, Q [42–45]. Recent work has exploited these attributes to
achieve strong optomechanical effects.
Chan et al. [46] and Eichenﬁeld et al. [47] have designed and
experimentally demonstrated a ‘‘zipper’’ system with large optomechanical coupling. The zipper is made up of two parallel, patterned nanobeams (shown in Fig. 3a) each of which is designed
to support an optical microcavity mode. Coupling between the
modes gives rise to attractive and repulsive forces. A relevant ﬁgure of merit in the structure is the optomechanical coupling length,
LOM = x/gOM, where x is the optical resonance frequency. Experimental values lower than 3 lm were obtained.
In this system, optomechanical coupling results in an ‘‘optical
spring effect:’’ due to the presence of optical forces, the mechanical
resonance frequency and spring constant are shifted. In experiments, a modiﬁed stiffness of ﬁve times the intrinsic mechanical
stiffness of the nanobeam was observed.
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Fig. 3. Schematic of photonic crystal cavities showing opto-mechanical coupling. (a) ‘‘zipper’’ cavity, (b) nanobeam cavity, and (c) double-layer photonic crystal slab cavities.
In (a) and (b), the lattice constant near the center of the device is decreased slightly (not shown) to form a microcavity.

In Ref. [48], Painter and co-workers designed and experimentally demonstrated a nanobeam structure (in Fig. 3b) that conﬁnes
both the optical modes and the mechanical vibration modes to the
scale of the optical wavelength. Localized mechanical modes are
created using a phononic band gap microcavity, analogous to the
optical case. The authors suggest that the strong optomechanical
coupling between optical modes (200 THz optical resonance frequency) and high-frequency mechanical modes (2 GHz mechanical
resonance frequency) will allow extremely sensitive mass detection via optical readout.
Notomi and coworkers have theoretically analyzed microcavities in parallel photonic-crystal slabs [29]. A schematic doublelayer cavity is shown in Fig. 3c. Intriguingly, the authors suggest
that if the mechanical displacement between the structures occurs
faster than the response time of the optical cavity (proportional to
the optical period times the optical Q), wavelength conversion will
occur [49]. This phenomenon is analogous to the frequency shifts
predicted and measured in microphotonic systems with time-varying linear refractive index [50,51].
4.2. Guided resonance systems
When light is normally incident upon a 1D- or 2D-periodically
patterned slab, it can excite guided resonance modes, which propagate

in the plane of the slab while leaking partially to the surrounding
air [52]. Early work examined forces between identical, parallel
photonic-crystal slabs (Fig. 4a). Liu et al. [53] showed theoretically
that optical forces are enhanced near guided resonances. In an ideal
system, inﬁnite-Q resonances, or ‘‘dark states’’ can be designed,
and the force will diverge as 1/Q near the resonant frequency.
Experiments on a similar system were reported by Roh et al. [54].
Changes in separation between the slabs due to optical forces were
inferred from the optical reﬂection spectrum. Displacements of
approximately 3.6 nm were obtained for 20 mW of power. The
force per photon, 0.051 pN/photon, was similar to values obtained
in double-layer disk cavities [33] and zipper cavities [47].
Rodriguez et al. [55] have theoretically studied asymmetric systems consisting of a photonic-crystal slab above an unpatterned,
layered substrate, shown in Fig. 4b. This system may offer advantages in terms of fabrication. The asymmetric system supports both
quasi-symmetric and quasi-antisymmetric modes with opposite
signs of the force. As for symmetric structures, the sign of the force
can be changed by tuning the frequency of the incident light.
Assuming the photonic-crystal slab can move, changing the separation between slab and substrate, bistable behavior is predicted
[56]. The precise conditions for bistability are affected by the Casimir force, suggesting that observations of bistability could be used
to infer the magnitude of the Casmir force. In addition, the optical

Fig. 4. Guided-resonance optomechanical devices: (a) double-layer photonic crystal slab supporting guided resonances, and (b) asymmetric guided resonant structure
composed of photonic crystal slab and silicon–silica substrate.
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force might be used as a way of controlling or preventing stiction,
which results from Casimir attraction.
One advantage of such guided-resonant devices is that light can
be coupled into the mode at normal incidence using free-space optics, potentially allowing ease of alignment. However, the mass of
guided-resonant slabs is usually bigger than that of photonic crystal cavity devices, which may reduce the mechanical resonance frequency and hence increase the characteristic response time for an
optical force.
4.3. Slow-light enhanced systems
A variety of microphotonic devices support propagating modes
with slow light speeds. Povinelli et al. have examined the effect of
slow light on optical force enhancement [36]. The system considered is shown in Fig. 5a. Light propagates in the air gap between
the two ﬁlms, pushing them apart. The optical force is proportional
to the light intensity in the propagating mode. Under conditions of
ﬁxed power input to a guided-wave mode, the light intensity scales
as the input power over the group velocity (see Eq. (3)). Consequently, reducing the group velocity of a mode increases the optical force for ﬁxed input power. In the extreme case, as the light
group velocity approaches zero, the optical force diverges.
The slow-light enhancement mechanism is not unique to the
particular waveguide structure in Ref. [36]. In Ref. [57], we calculated the forces between a suspended, one-dimensionally periodic
photonic-crystal waveguide and an underlying substrate, as shown
in Fig. 5b. For constant wavelength, the force is enhanced when the
waveguide-substrate separation is adjusted to tune the propagating mode close to cutoff. Moreover, the force is non-monotonic
as a function of increasing separation.
The main challenges for slow-light enhancement are input coupling and scattering losses. To efﬁciently inject power into a slowlight mode, input tapering strategies are generally required
[58,59]. Moreover, the increase in scattering loss with decreasing
group velocity [60–62] will limit the achievable enhancement
factors.
4.4. Plasmonic systems
Surface Plasmon Polaritons (SPP’s) are propagating electromagnetic modes formed at metallic-dielectric interfaces [63] that offer

the ability to conﬁne light to the deep subwavelength scale. There
has been interest in determining whether the enhanced light
intensity can be exploited to yield large optical forces. Woolf
et al. [64] have theoretically analyzed the forces generated by SPP’s
between metal slabs. They determined that semi-inﬁnite metal
waveguides separated by an air gap (MIM geometry as shown by
Fig. 6a) give rise to an attractive force, while ﬁnite-thickness metal
waveguides separated by an air gap (IMIMI geometry as shown by
Fig. 6b) yield either attractive or repulsive forces, depending on the
mode. The authors focus consideration on modes with long-range
propagation characteristics, for which the ﬁeld overlap with the
metal, and consequently the loss, is relatively low.
Two papers have calculated force enhancements in hybrid plasmonic waveguides consisting of dielectric waveguides coupled to
metallic substrates (Fig. 6c). Refs. [65,66] show that the force between a silicon waveguide and a metal substrate is up to an order
of magnitude larger than the force between the same waveguide
and a dielectric substrate, given the same cross-sectional power.
However, this conclusion applies only for relatively small waveguide-substrate gaps. The plasmonic enhancement is non-resonant, and thus can be used for a broad range of wavelengths.
However, due to ohmic loss, the hybrid plasmonic mode decays
in the propagation direction. As a result, the enhancement will only
be maintained for distances shorter than the plasmon decay
length, typically on the order of 10’s of microns.
5. Applications of on-chip information processing
As discussed above, optical forces have been calculated for a
range of microphotonic device geometries, and mechanical motion
arising from optical forces has been measured in a variety of experiments. In this section, we will discuss some of the applications of
these effects in on-chip information processing, such as ﬁltering,
switching, and other operations.
Optomechanical techniques offer particular advantages and disadvantages relative to other methods for tuning the response of a
microphotonic system. Mechanical motion results in a large
change in the effective index of a microphotonic structure, as compared to other tuning mechanisms such as thermal, electrooptic,
and carrier injection. Thermal tuning through 10 K, for example,
changes the index of silicon by less than 0.07%. Mechanical motion
changes the refractive index by order unity, due to the large index
difference between silicon and air. The characteristic time scale for
optomechanical effects is determined by the mechanical motion. If
the device is operated in steady state, the time scale is determined
by the mechanical period (proportional to the inverse mechanical
resonance frequency). This number sets a lower limit on the time
scale for response. If the optical signal is switched on abruptly,
the mechanical displacement will equilibrate on a time scale determined by the product of the mechanical period and the mechanical
quality factor.
With these general features in mind, we discuss how optomechanical effects can be used to construct novel, tunable, on-chip
optical components. These include devices for nonlinear signal
processing, optical power regulation, wavelength ﬁltering, selfadaptive microcavities, slow-light effects, and tunable lasers.
5.1. Nonlinear signal processing

Fig. 5. Devices that enhance optomechanical effects via slow light: (a) waveguide
formed by reﬂective multilayer ﬁlms, (b) one-dimensionally periodic photonic
crystal waveguide coupled with silica substrate.

The essence of an optical nonlinearity is that the propagation
characteristics of a device change with incident power. This is
the case for optomechanical effects. Light results in a force that
physically moves the device, affecting light propagation.
Pernice et al. [67] have examined the mechanical Kerr nonlinearity between a movable silicon waveguide and an underlying
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Fig. 6. Optical forces generated in plasmonic devices: (a) semi-inﬁnite metal plates separated by an air gap, (b) ﬁnite-thickness metal waveguides separated by an air gap, and
(c) a hybrid plasmonic system with a dielectric waveguide and a metallic substrate.

substrate. In such a system (Fig. 2a), light in the waveguide induces
a force that attracts the waveguide to the substrate. The resulting
motion changes the effective index of the waveguide mode. Because the optical force increases with intensity, the net effect is
an intensity-dependent mode index that can be described by a
mechanical Kerr coefﬁcient. The mechanical Kerr coefﬁcient is several orders of magnitude larger than the ordinary Kerr coefﬁcient
of silicon. We have studied the mechanical Kerr effect in coupled-waveguide systems (Fig. 1a), where the force between waveguides can be either attractive or repulsive [39]. We have shown
that either sign of the force results in a positive, giant mechanical
Kerr coefﬁcient and shown how the magnitude can be optimized
with appropriate device parameters.
We have also theoretically proposed that optomechanical effects could be used to achieve all-optically tunable birefringence
[68]. We have analyzed birefringence in a system of two coupled
waveguides (Fig. 1a). By tuning the pump power injected in the
waveguide, the separation between the waveguides can be adjusted. The change in separation affects the relative phase between
TE and TM polarized modes. For appropriate values of the pump
power, the device acts as a polarization converter, changing linear
to circularly polarized light.
The ability to achieve mechanical Kerr effects and opticallytunable polarization rotation suggest that optomechanical effects
can be used in a variety of switching conﬁgurations. The use of
non-resonant devices should allow wide bandwidth response.
5.2. Tunable directional coupler
One example of a waveguide switch is a directional coupler
[69]. The standard directional coupler design consists of two parallel waveguides. Light input to one waveguide transfers to the other
waveguide over a characteristic length scale called the coupling
length. For proper adjustment of the device length, L, all input light
is transferred to the drop port. Tuning the effective index of the
waveguides changes the coupling length, also changing the fraction of power that is output at the through and drop ports.
Fong et al. [70] have used optical forces to demonstrate an alloptically tunable directional coupler. Each of the waveguides is a
slot waveguide (Fig. 7). An optical pump signal is used to induce
an optical force, which reduces the slot width. The change in slot
width causes a change in effective index of each slot waveguide,
changing the behavior of the coupler. The authors demonstrated
that the output power of a probe signal at the drop port could be
tuned from 0.1% to 70% using 1.3 mW pump power. Dynamic modulation was also demonstrated.

Fig. 7. Optically-tunable directional coupler, in which the effective index of each
arm is tuned via an adjustable slot width. Figure adapted from [70].

5.3. Optical power regulation
Optomechanical response also offers the opportunity to control
or regulate transmitted power levels. In Ref. [57], we have calculated optical forces between a periodically-patterned, movable silicon waveguide and a substrate (Fig. 5b). For a given wavelength of
operation, the separation between waveguide and substrate will
determine whether light propagates or falls in the photonic bandgap of the device. For proper design, increasing the optical power
will pull the waveguide toward the substrate, moving the waveguide into the bandgap and prohibiting propagation. This effect
should limit the total amount of power that can be transmitted
through the device.
The design of novel devices that perform the reverse function,
only allowing transmission above certain power levels, will allow
the regulation of power levels on chip. In combination with gain
elements, optomechanical elements could thus provide a way to
adaptively shape the average power of signal bit streams.
5.4. Wavelength ﬁltering
Optical forces provide a method to achieve wideband tuning of
microcavity resonances, with potential applications to ﬁltering and
routing.
In an early paper, Eichenﬁeld et al. [71] demonstrated an alloptical tunable ﬁlter based on a high-Q silicon nitride microresonator coupled to a movable silica waveguide. The optical force
due to a strong pump beam pulls the waveguide toward the

88

J. Ma, M.L. Povinelli / Current Opinion in Solid State and Materials Science 16 (2012) 82–90

microresonator, changing the resonance frequency at a probe
wavelength. The pump wavelength was tuned to change the waveguide-resonator separation, shifting the probe transmission
spectrum.
Two papers have demonstrated tunable ﬁlters based on power
tuning of a pump beam. Conceptually, the devices used are similar
to Fig. 2b; stacked microrings support coupled optical modes. The
rings are mechanically supported by hub-and-spoke structures
(not shown), which can be tailored to control the effective spring
constant of the mechanical modes.
Rosenberg et al. [33] demonstrated the use of optical forces to
tune the microcavity resonance in a double-ring, silica ‘‘spiderweb’’
structure. The optical force changes the separation between the
rings, shifting the resonance. Static tuning was demonstrated with
an efﬁciency of 2.5 nm/mW. Dynamic tuning was demonstrated
with a switching time less than 200 ns.
Wiederhecker et al. [72] later used optical forces to tune the
optical resonance of a silicon nitride ‘‘double wheel’’ microcavity.
Tuning of 30 nm was achieved with an efﬁciency of 2.3 nm/mW.
The authors argue that the tuning range is ultimately limited by
the onset of mechanical regeneration.
In both these papers, the transmission line shape is a dip, or
rejection ﬁlter. It has been suggested that modiﬁed devices and
measurement conﬁgurations could be used to demonstrate related
functions, such as routing, switching, buffering, dispersion compensation, pulse trapping and release, and tunable lasing [33].
The wide tunability suggests these functions could be achieved
over the full telecom C- or L-bands [72].
5.5. Self-adaptive microcavity
Rakich et al. [28] have proposed theoretically that optical forces
can be used to design self-adaptive microcavities, cavities which
tune themselves to the incident laser frequency. This behavior is
achieved by careful design of the optomechanical potential in a
modiﬁed, double-ring system, shown in Fig. 8. The waveguide on
the right is used to couple light into the rings. The force between
rings is attractive at large separations and repulsive at small ones.
As a result, the ring separation will adjust to a stable, intermediate
separation value. Using the optical forces between an additional
pair of coupled waveguides (shown on the left) to further shape
the optomechanical potential, the system can be designed so that
the stable ring separation always corresponds to a resonance frequency equal to the incident laser frequency.
The concept of a self-aligning microcavity may provide a route
to more robust on-chip microcavity devices [73]. Temperature
variations, fabrication error, and other factors all inﬂuence the resonant frequencies of microcavities. Using optomechanical effects, a
reference laser could be used to lock multiple microcavity devices
on a chip (such as ﬁlters) to a standard frequency.

The main challenge in demonstrating self-adaptive behavior is
fabrication feasibility. The design of Ref. [28] requires two device
layers. Each layer contains at least one waveguide and microring,
and all devices within the layer must move together. Creative approaches and/or modiﬁed designs may be required to demonstrate
self-adaptive concepts experimentally.
5.6. Slow light
Recent papers by Painter and coworkers have suggested the use
of optomechanical effects to achieve slowing of light [74,75]. Motivated by the dramatic demonstration of stopped light in atomic
gasses [76], resulting from electromagnetically-induced transparency (EIT), much recent work has attempted to demonstrate slow
light in practical, on-chip microphotonic systems [77–79]. Applications of slow light, such as buffering and optical memories, are
found in both classical and quantum information processing.
The maximum pulse delay that can be achieved in a slow light
system is fundamentally limited by the lifetime of a ‘‘dark state,’’ a
resonance of the system that is weakly coupled to the outside
world. The dark-state lifetime scales as the product of the resonance period times the quality factor. Painter and coworkers have
suggested the use of a mechanical resonance as the dark state; the
mechanical period is typically much longer than the optical period.
In Ref. [74], the authors experimentally demonstrated a reﬂection
spectrum characteristic of EIT in a optomechanical device. The
structure is similar to Fig. 3b, however, the microcavity is formed
by changing the hole size and shape near the center of the device,
and the holes are elliptical rather than rectangular. At low temperature (8.7 K), an optically tunable delay of 50 ns with near-unity
optical transparency was achieved. A method for tunable control
of the optomechanical constant in time would further allow trapping and release of ﬁnite-bandwidth pulses.
5.7. Tunable lasers
The ability to tune the operating wavelength of a semiconductor
laser by mechanically modifying the optical cavity is an intriguing
application of optomechanical devices. Alegre et al. [80] have analyzed laser tuning in photonic crystal ‘‘zipper’’ cavities (similar to
Fig. 3a). They propose to use two optical resonances, one corresponding to a master (or pump) frequency, and the other to the
slave (or lasing) frequency. The optical force resulting from pump
light would be used to adjust the separation between two nanobeams that make up the zipper. The change in separation will shift
the frequency of the lasing mode. A particular advantage of the zipper structure is the ability to obtain large optomechanical coupling
constants [80]; the shift in the lasing frequency scales as the product of the optomechanical coupling constants for the pump and
lasing modes. However, wavelength-tunable lasers could also be
realized through other microscale resonant photonic topologies
with optomechanically adjustable air gaps. Tradeoffs between considerations such as output power, wavelength tunability, frequency stability, and mode proﬁle will affect the choice of design.
6. Summary and comparison of device designs

Fig. 8. Schematic design of a self-tuning resonator, adapted from Ref. [28].

In Table 1, we provide a comparison of selected experiments on
optical forces in integrated photonic structures. For each experiment, we provide the mechanical resonance frequency of the device, the mechanical Q factor, the displacement obtained as well
as the optical power used to do so, the optical Q factor, the optomechanical coupling constant, and the mechanical spring constant.
We divide the experiments by device type. Several conclusions
emerge from the table.
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Table 1
Summary of selected experiments on optical forces in integrated photonic devices.
Device type
Waveguides
Single strip waveguide coupled with substrate
[32]
Parallel strip waveguides [81]
Parallel strip waveguides [82]
Microcavities
Vertically-stacked wheels [33]

Device
material

fmech
(MHz)

Qmech

Displacement normalized to power
(nm/mW)

Qopt

gOM/2p
(GHz/nm)

k (N/m)

Si + SiO2

8.87

1850

2.5/1 (at mechanical resonance)

N/A

10*

3.6

*

Si
Si

18.64
5.773

SiO2

7 (22.5)

**

5400
6000

2/3.2 (at mechanical resonance)
Not given

N/A
N/A

3
3*

16.8
Not
given

Not
given
2

17.7/1.7

106

31

9.25

20/3

10

8.8(+)
12.6(-)

1.2

50–150
1300

Not given
Not given

104–105
38,000

123
70*

110
Not
given

4

Vertically-stacked wheels [34]

Si3N4

0.6 (8)

**

Photonic-crystal cavities
‘‘Zipper’’ cavity [47]
Nanobeam cavity [48]

Silicon nitride
Si

8 (19)
2250

**

Waveguide integrated with cavity
Slot waveguide with reduced gap in cavity [24]

Si

760

500

Not given

60,000

200*

Not
given

Guided resonance structures
Double-layer photonic crystal [54]

InP

1.81

2

4/19.7

700(-)–
1600(+)

43*

6.1

(+)/() Indicate values for attractive/repulsive modes.
Indicates that the value was estimated from data provided in the reference.
Values in parentheses indicate effective frequencies due to optical stiffening.

*

**

Waveguide devices offer the relative advantages of broadband
operation and relative ease of fabrication. However, experiments
have demonstrated relatively low optomechanical coupling
strength (gOM). The optomechanical coupling can be increased by
integrating the waveguide with a cavity.
Microcavity devices (e.g. microrings, or ‘‘wheels’’), exhibit relatively large displacements per unit of optical power compared to
waveguide devices. However, photonic-crystal nanobeam microcavities offer much higher resonant frequencies (and hence, speed
of operation), due to their reduced mass.
Guided-resonance devices allow for normal-incidence coupling
from free space. However, the large mass of the structure corresponds to low mechanical resonance frequencies.
It is also important to note that the comparison between devices is not captured by these ﬁgures of merit alone; from the discussion in Sections 4 and 5 above, it should be apparent that the
physical effects of optical forces that can be exploited in each device are different. We believe that a variety of device designs will
ﬁnd their niche in applications to on-chip optical signal
manipulation.

7. Outlook and challenges
In summary, since the initial theoretical studies on optical
forces between microphotonic devices, experimental progress has
been rapid. New, creative ideas for exploiting optomechanical effects in highly tunable, on-chip devices are emerging daily.
Optomechanical effects offer the ability to tune devices by a
much wider spectral range than other all-optical approaches, at
the expense of relatively slow response speeds (typically several
to hundreds of megahertz). In order to achieve high-speed, tunable
optomechanical devices, efforts are needed to speed up the
mechanical response. Proposals for obtaining GHz mechanical response speeds are of particular interest. The design of systems with
large optomechanical coupling to higher-order mechanical resonances with large vibration frequencies are promising [46,83].
Using such strategies, it may be possible to build a GHz-rate

all-optical modulator controlled by optical forces in the siliconon-insulator platform.
To date, most experimental work has fabricated optomechanical devices in silicon, silicon nitride, and silicon oxide, materials
with large Young’s modulus. The displacement driven by optical
force is usually on the order of 10’s of nm, even in optical resonance-enhanced systems designed to have reduced mechanical
stiffness [33,34]. To achieve larger displacements, and correspondingly larger tunability, it is of interest to explore the use of
mechanically compliant materials, such as polymers, that can sustain a greater degree of deformation.
Lastly, the demonstration of optomechanical effects in integrated, on-chip systems containing multiple devices is a major
goal. Careful design will be required to insure that the required
optical power scales favorably with the number of devices.
Schemes for optical power recycling will likely be required to enable on-chip all-optical positioning, tuning, and reconﬁguration
of complex photonic circuits.
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