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Abstract
An optomechanical crystal nanobeam cavity, only by increasing the radius of air holes in the
defect region, is proposed and optimized for a high optomechanical coupling rate. In our
proposed cavity, the photonic and phononic defect modes are simultaneously confined by each
corresponding bandgap, and the overlap of the optical and mechanical modes can be improved
simply by adjusting the radius of the air holes. Accordingly, an optomechanical coupling rate (g)
as high as 1.16MHz is obtained, which is the highest coupling rate among the reported
optomechanical crystal cavities. What’s more, the proposed cavity also exhibits a high
mechanical frequency of 4.01 GHz and a small effective mass of 85 fg for the fundamental
mechanical mode.

Keywords: acousto-optical devices, optomechanics, photonic crystals, optical resonators

(Some figures may appear in colour only in the online journal)

1. Introduction

Recently, optical forces, including the radiation pressure
forces [1, 2] and the optical gradient forces [3, 4], have been
used to control nanoparticles or manipulate nanoscale wave-
guides and resonators. Among them, cavity optomechanics
[5–8], exploring the interaction of optical and mechanical
modes in various optical cavities, have developed quickly in a
wide range of applications, including laser cooling of the
mechanical motion to its quantum ground state [9–11], pho-
ton—phonon translation [12], sensing [13, 14], and so on,
because the radiation pressure forces acting on the micro/
nanoscale mechanical objects can be enhanced by the high
optical field intensity in the cavities. Thanks to the develop-
ment of nanofabrication techniques, optomechanical resona-
tors such as vibrating microtoroids [15], vertically coupled
disk resonators [16], and laterally coupled ladder photonic
crystal cavities [17, 18] have been studied recently. For an
optomechanical system, the coupling between mechanical and
optical modes is the key point, and a high coupling rate is
necessary for various applications based on cavity opto-
mechanics. In order to enhance the coupling between
mechanical and optical modes, various optomechanical

structures have been reported. A typical one is optomecha-
nical crystals [19] or phoxonic crystals [20, 21], which can
simultaneously form phononic and photonic crystal bandgaps
by their periodic structures. Introducing defects into the one-
dimensional optomechanical crystals forms optomechanical
crystal nanobeam cavities, where both photons and phonons
can be confined in a very small region around the cavity
center. A high optomechanical coupling rate (g) of 910 kHz
was realized in this kind of nanobeam cavity [9] by a rather
complicated design of the nanobeam structure with irregular
elliptical air holes. The optomechanical coupling rate is much
higher than that of other kinds of optomechanical cavities
[4, 22, 23], and, as a result, mechanical motion can be cooled
down to its quantum ground state at a bath temperature
of 20 K.

In order to further improve the optomechanical coupling
rate with simple and regular patterns, we propose an opto-
mechanical crystal nanobeam cavity only by increasing the
radius of air holes in the defect region. The high coupling rate
can be achieved by changing the ratio of radius and period
(r0/a) to improve the overlap of optical field and mechanical
field and confine them in a smaller region. The simulation
results show that an optomechanical coupling rate as high as

Journal of Optics

J. Opt. 17 (2015) 045001 (7pp) doi:10.1088/2040-8978/17/4/045001

2040-8978/15/045001+07$33.00 © 2015 IOP Publishing Ltd Printed in the UK1

mailto:kaiyucui@tsinghua.edu.cn
http://dx.doi.org/10.1088/2040-8978/17/4/045001
http://crossmark.crossref.org/dialog/?doi=10.1088/2040-8978/17/4/045001&domain=pdf&date_stamp=2015-02-26
http://crossmark.crossref.org/dialog/?doi=10.1088/2040-8978/17/4/045001&domain=pdf&date_stamp=2015-02-26


1.16MHz can be obtained, which is the highest coupling rate
for the reported optomechanical crystal cavities. The
remarkable thing is, the proposed nanobeam cavity also
exhibits a high mechanical frequency (ωm) of 4.01 GHz with
an effective mass (meff) of only 85 fg.

2. Cavity designs

The two-dimensional (2D) schematic of the proposed opto-
mechanical crystal nanobeam cavity and a three-dimensional
(3D) unit cell are shown in figure 1, which consists of a single
row of holes embedded in a 515 nm-wide (w) ridge wave-
guide. This structure is formed in the device layer of a silicon-
on-insulator (SOI) chip with a refractive index of 3.48. The
buried oxide in the SOI chip is removed to form an air-bridge
structure. The thickness of the device layer is 220 nm,
denoted by h. The optomechanical crystal nanobeam cavity
consists of two mirror regions and one defect region. In the
mirror regions, the lattice constant (a) and radius (r0) of the
periodic air holes are 402 nm and 105.7 nm, respectively,
while the radius of the air holes in the defect region gradually
increases from r0 to r4 by a step of 0.16 r0, as shown in
figure 1.

The principle for our design can be explained by the
photonic and phononic bands of the optomechanical crystal
with the given periodic structures. The photonic band diagram
of TE modes is calculated by the plane-wave expansion
method with two different r/a of 0.263(105.7 nm/402 nm) and
0.342(137.5 nm/402 nm), which is shown in figure 2(a). The
light line (blue line) is the dispersion curve for light in
vacuum and divides the diagram into two regions. The
radiative modes lie above the light line in the gray region, and
the guided modes lie in the region below the light line. It can

be seen that the frequency of the guided optical mode
increases with a larger ratio of r/a. Therefore, by introducing
a defect with holes of a larger radius in the periodic structure,
there will be a defect mode in the bandgap (dark gray region)
when kx is chosen at the Χ symmetric point, where kx is the
wave vector along the x direction.

Based on the same principle, the phononic defect mode
can also be formed in the same structure, which is presented
in the phononic band diagram of figure 2(b). Here, the pho-
nonic bands are calculated by the finite element method
(FEM) with periodic boundary conditions applied in the x
direction and free boundary conditions in the y and z direc-
tions [17, 19]. In the calculation, the density of silicon is set at
ρ = −2330 kg m ,3 and the full anisotropic elasticity matrix is
used, where (C11, C12, C44) = (166, 64, 80) GPa. When the
ratio of r/a is increased to 0.342, the phononic frequency is
decreased. As a result, there is a defect mode in the bandgap
(dark gray region) of the periodic structure with r/a= 0.263
when kx is chosen at the Γ symmetric point, and the phononic
bandgap is between 3.9–5.3 GHz. Thus, taking into account
the generation of photonic and phononic defect modes, we
can form the photonic and phononic defect modes in each
bandgap simultaneously by only increasing the radius of the
air holes in the defect region of the proposed nanobeam
cavity.

3. Mechanical modes of the nanobeam cavity

The mechanical properties for our proposed structure are
mainly evaluated by three figures of merit, including the
mechanical eigenfrequency of the nanobeam cavity, the
mechanical quality factor (Qm), and the effective mass. The
mechanical eigenfrequency is the resonant frequency of
phonon in the nanobeam cavity. The mechanical quality
factor describes the loss of mechanical energy for the nano-
beam cavity. The effective mass is proportional to the volume
of the mechanical mode, which represents the effective
localization of the mechanical mode within a material of
constant mass density and elastic moduli. In our investigation,
the mechanical properties of the nanobeam cavity are
numerically simulated via the 3D FEM, where fixed boundary
conditions are applied at both ends of the nanobeam cavity

Figure 1. The 2D schematic of the proposed optomechanical crystal
nanobeam cavity and a 3D unit cell.

Figure 2. (a) The optical band structure for propagation along the x-axis in the unit cell with different ratios of r/a; (b) the mechanical band
structure for propagation along the x-axis in the unit cell with different ratios of r/a.
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along the x direction, and free boundary conditions are
applied in the y and z directions.

The eigenfrequencies of the fundamental, second-order,
and third-order mechanical modes of the nanobeam cavity are
4.01 GHz, 4.34 GHz, and 4.7 GHz, respectively, and the
displacement fields (Q(r)) of these modes are shown in
figures 3(a)–(c). The mechanical frequency of 4.01 GHz for
the fundamental mechanical mode is much higher than that of
several hundred MHz in [7, 8]. The radius of the air holes in
the defect region gradually increases by a step of 0.16r0 from
r0 to r4, while the other parameters are the same as those
mentioned above.

The mechanical quality factor is affected by various
intrinsic and extrinsic mechanisms, e.g., the Akhieser/
Landau–Rumer mechanism, clamping, thermoelastic damp-
ing, defect motion, and air damping, etc [24]. Among these,
the Akhieser/Landau–Rumer mechanism, clamping loss, and
thermoelastic damping are the dominant loss mechanisms for
the nanobeam cavities. Therefore, Qm is given by

= + +
Q Q Q Q

1 1
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1

_
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The Akhieser/Landau–Rumer losses are mainly from the
interaction between phonons and thermal phonons, which
describe the absorption of phonons by the material. The
Akhieser mechanism is valid for an acoustic wavelength
much larger than the mean free path of the thermal phonons.
On the other hand, the Landau–Rumer mechanism is valid for
an acoustic wavelength less than the mean free path of the
thermal phonons. The absorption coefficients for the above
mechanism are given by [25]
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where γ is the Grüneisen parameter, T is the temperature, κ is
the thermal conductivity, cs is the acoustic velocity, and CV is
the volumetric heat capacity. Qm_AL can be estimated from
the equation as ω α=Q c_ 2 .m AL m s The calculation results
show that Qm_AL of the mechanical fundamental mode is
about 3.3 × 104 at the temperature of 300 K, where the
equation derived from the Akhieser mechanism is used. When
the temperature is 20 K, the calculated Qm_AL can reach

1.2 × 106, where the equation derived from the Landau–
Rumer mechanism is used.

Thermoelastic damping, as an intrinsic material damping,
arises from the coupling of the displacement field to a tem-
perature field. The normalized thermal profile for the
4.01 GHz fundamental mechanical mode at 300 K is simu-
lated and shown in figure 4(a). The corresponding mechanical
quality factor considering the thermoelastic damping effect
(Qm_TE) is around 2.72 × 104, while Qm_TE is decided by the
temperature. With the temperature decreased, Qm_TE increases
and reaches 4.7 × 105 at 20 K.

Clamping loss is attributed to acoustic energy leaking
into the substrate via the clamping points of the nanobeam.
The corresponding mechanical quality factor regarding
clamping loss, denoted as Qm_CL, can be obtained from the
complex eigenfrequency, which is calculated by adding per-
fectly matched layers at both ends of the nanobeam as an
efficient impedance-matched nonphysical material for
absorbing the radiating elastic waves without reflection. The
mirror regions of the nanobeam can effectively reflect the
elastic waves, so it’s possible to reduce the clamping loss
simply by increasing the number of air holes in the mirror
regions. Figure 4(b) shows the curves of Qm_CL and Qm

versus different numbers of air holes. It can be seen that with
the number of air holes in the mirror regions increasing from
1 to 20, Qm_CL rises from 102 to 107. As a result, Qm is greater
than 1.5 × 104 when the number of air holes in the mirror
regions is more than five at 300 K. When the temperature is at
20 K, Qm can be greater than 3.4 × 105 with more than 15 air
holes in mirror regions. In addition, a full phononic shield,
proposed in [9, 26], can also be used for our cavity to further
improve the mechanical quality factor.

Figure 3. (a)–(c) The displacement fields of the fundamental,
second-order, and third-order mechanical modes of the nanobeam
cavity.

Figure 4. (a) The normalized thermal profile for the 4.01 GHz
fundamental mechanical mode at 300 K; (b) the curves of Qm_CL and
Qm versus different numbers of air holes in the mirror regions.
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Finally, the effective mass is computed from

∫ ρ= ( )m Q r Q r V( ) ( ) d , (3)eff
2

max
2

where Q r( ) max is the maximum displacement [27]. The
effective mass of the fundamental, second-order, and third-
order mechanical modes are computed to be 85 fg, 167 fg, and
170 fg, respectively. Compared with other optomechanical
systems, like doubly clamped beams (meff = 190 μg) [28],
mirotoroids (meff = 10 ng) [15], two vertically stacked ring
cavities (meff = 85 pg) [16], and 2D photonic crystal cavities
(meff = 200 fg) [7], the effective mass of our proposed struc-
ture is very small.

4. Optical mode of the nanobeam cavity

In our proposed structure, the confinement for the optical
cavity mode in the x direction is mainly governed by the
distributed Bragg reflection of the air holes. As shown in
figure 2(a), by increasing the radius of the air hole in the
center of nanobeam cavity, there will be a defect mode in the
photonic bandgap, which can be confined in the defect region.
The confinement in the y and z directions, on the other hand,
is due to total internal reflection [29]. The optical properties of
the nanobeam cavity are studied by using the 3D finite-dif-
ference time-domain method. Figure 5 shows the calculated
electric field component Ey distribution of the TE mode at a
frequency of 200 THz.

5. Optomechanical coupling rate

In the optomechanical nanobeam cavity, the optical and
mechanical modes are mutually coupled. The optical force
generated by the injected photons inside the nanobeam cavity
makes a slight structural deformation around the center of the
cavity. In turn, the optical field is modified by the moving
dielectric boundary [30] and the change of refractive index
caused by the strain field, which is called the photo-elastic
effect [31]. To quantify the interaction between photons and
phonons, the optomechanical coupling rate is defined as

ω α=g x d d/ , (4)zpf o

where ωo is the angular frequency of the optical mode and α
is the amplitude of the mechanical displacement field [26].
ω αd d/o demonstrates the strength of optomechanical trans-
ductions and is calculated by first-order electromagnetic

perturbation theory. xzpf is the zero-point motion of the

mechanical mode and expressed as ω= ℏx m2 ;zpf eff m here
ωm is the angular mechanical frequency. Given the con-
tribution of the moving dielectric boundary and the photo-
elastic effect, the total optomechanical coupling rate can be
approximately divided into two parts.

ω
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gmb is calculated by using the perturbation theory for Max-
well’s equations with shifting boundaries and expressed as
[32]

∮
∫
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where q is the normalized displacement field, n̂ is the unit
normal vector at the surface of the unperturbed cavity; E and
D are the unperturbed electric field and the electric dis-
placement field, respectively; the subscripts ∥ and ⊥ denote
the field components parallel and perpendicular to the
boundary surface, respectively; Δε is defined as ε ε− ;si air and
Δε−1 is defined as ε ε−− −

si
1

air
1 [30].

The contribution of the photo-elastic effect is from the
change of the refractive index caused by the variation in
strain. Based on the same displacement field, ε αd d is given
by [33]

ε
α

ε
ε

ε= − pSd

d
, (7)

0

⎛
⎝⎜

⎞
⎠⎟

where p is the rank-four photo-elastic tensor and S is the
strain tensor. The photo-elastic coefficients for silicon are
(p11, p12, p44) = (−0.094, 0.017, −0.051) [31]. Based on these,
the full first-order correction attributed to the photo-elastic

Figure 5. Mode profile of the electric field component Ey for the
nanobeam cavity.

Figure 6. Optomechanical coupling rates versus different r0/a in the
proposed optomechanical crystal nanobeam cavities.
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effect is [26]
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Based on the expressions (5)–(8), the optomechanical
coupling between the optical mode and the fundamental,
second-order, and third-order mechanical modes are calcu-
lated. The coupling rates are 1160 kHz, 0.4 kHz, and
299 kHz, respectively. From the results, we can see that the
coupling between the optical mode and the fundamental
mechanical mode is higher than the coupling between the
optical mode and high-order mechanical modes. As a result,
we mainly investigate the coupling characteristic between the
optical mode and the fundamental mechanical mode.

To investigate the influence of structural parameters on
gmb and gpe, we calculate those with different r0/a, as shown
in figure 6. With r0/a increasing from 0.2 to 0.263, g dra-
matically increases from 708 kHz to 1160 kHz. Then g
decreases when r0/a > 0.263. Actually, g is decided by the
overlap of optical fields and mechanical fields, according to
equations (6) and (8). From figure 6, it can be seen that the
photo-elastic effect contributes more to the coupling rate
under a fixed r0/a. With r0/a increased from 0.2 to 0.263, gpe
dramatically increases from 573 kHz to 1090 kHz. According
to equation (8), gpe is mainly decided by the overlap of optical
and strain fields. Here, the strain field is the differential of the
displacement field. As shown in figures 7(a)–(c), when r0/
a= 0.2, the distribution of the optical field is larger than that
of the strain field. The small overlap results in a low coupling
rate, while with the increase of r0/a, the mode volume (V) of
the optical mode is reduced. As shown in figures 7(d)–(f), the
optical field is confined in a small region, which is close to
that of the strain field. Therefore, the high overlap of these
fields improves the coupling rate. Then, when r0/a is
increased to 0.3, the overlap of the optical and stain fields

decreases, which results in the reduction of gpe from
1090 kHz to 917 kHz. On the other hand, gmb descends from
74 kHz to −163 kHz with r0/a increased from 0.263 to 0.3. As
a result, the optomechanical coupling rate reaches the max-
imum of 1.16MHz at r0/a= 0.263, then decreases when r0/
a> 0.263. In our proposed structure, the high coupling rate
can be achieved by changing r0/a to improve the overlap
between the optical field and the mechanical field and confine
them in a small region.

The optomechanical coupling rate quantifies the inter-
action between a single photon and a single phonon. Thus, it
will not be affect by the thermal environment. In addition,
there is another parameter, named the optomechanical gain
factor, to describe the interaction between the optical and
mechanical modes, as seen in [34, 35]. The optomechanical
gain factor is inversely proportional to the mechanical dis-
sipation rate. So, it will be reduced by the mechanical loss
from the thermal environment.

Recently, an optomechanical coupling rate of 148 kHz in
a photonic crystal cavity has been measured in experiment
[36, 37]. The experimental setup provides a feasible solution
to determine the optomechanical parameters for the opto-
mechanical systems. In the future, the optomechanical cou-
pling rate of our proposed nanobeam cavity will be measured
in experiment. Based on the high optomechanical coupling
rate, further experiments can be envisioned, such as laser
cooling of the nanobeam cavity to its ground state.

6. Conclusion

In this paper, an optomechanical crystal nanobeam cavity is
proposed and optimized for a high optomechanical coupling
rate. Only by adjusting the radius of the air holes, the pro-
posed structure can simultaneously confine the photonic and
phononic defect modes by each corresponding bandgap and
improve the overlap of the optical and mechanical modes. As
a result, an optomechanical coupling rate as high as 1.16MHz
is obtained, which is the highest coupling rate among the
reported optomechanical crystal cavities. Moreover, the
nanobeam cavity exhibits a high mechanical frequency of
4.01 GHz with a small effective mass of 85 fg.

Figure 7. (a)–(c) Optical, strain, and mechanical fields of the nanobeam cavity with r0/a= 0.2; (d), (e) Optical, strain, and mechanical fields of
the nanobeam cavity with r0/a = 0.263; (g)–(i) Optical, strain, and mechanical fields of the nanobeam cavity with r0/a= 0.3.
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