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Strong optomechanical interaction in a bilayer photonic crystal
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We fabricated bilayer photonic crystal (PhC) as large as 20X 30 wm possessing 200-nm-thick slabs and a
200-nm-thick air gap. Input power dependence of reflectance spectra indicates air gap reduction by 3.6 nm.
Combining it with finite element method calculation we estimate optomechanically generated force per unit
stored energy as 0.4 uN/pJ, exhibiting strong optomechanical coupling. RF spectrum of reflected light reveals
intensity modulation by thermal vibration of bilayer PhC, which also shows strong interaction of optical

resonance mode and mechanical mode of bilayer PhC
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Optomechanical interaction based on the radiation force
has been studied for over a century since Maxwells pioneer-
ing work,! which has been applied in various phenomena
ranging from optical tweezers,” optical microelectromechani-
cal system (MEMS),> and laser cooling of macroscale
mirrors.* In general, optomechanical coupling between light
and matter is insignificant since a photon does not have rest
mass, but its effect can be enhanced for a structure with
small mass and strong light confinement. Indeed, recent
progress in miniaturized photonic structures such as micror-
ing cavities® or toroidal cavities® has enabled successful ob-
servation of various interesting phenomena, such as laser
cooling of micromirrors/microcavities’ and optically driven
mechanical oscillation via radiation pressure.®?

In order to enjoy larger optomechanical coupling, we
should employ smaller and higher-Q cavities with appropri-
ate mechanical degree of freedom. In terms of this issue,
optical cavities based on photonic crystals (PhCs) are appar-
ently advantageous since ultrahigh-Q and wavelength-sized
cavities [0>10° and V,;;~ (\/n)?, where V, is the cavity
mode volume] have been demonstrated only in them.!®!!
From this background, we proposed bilayer PhC slab struc-
tures [shown in Fig. 1(a)] in 2006.'? This bilayer PhCs can
maintain various superior features of conventional single-
layer PhC slabs such as ultrahigh-Q with small V. In the
previous paper, we showed that this configuration leads to
enormously large optomechanical coupling since we can in-
troduce the mechanical displacement in the vicinity of the
intensity peak of the microcavity mode. Recently, similar
bilayer cavity systems based on microring cavities have been
reported,'>!# but the fabrication of bilayer PhCs has not been
reported yet. In this Rapid Communication, we report suc-
cessful realization of bilayer PhC slabs and observation of
mechanical displacement due to strong radiation force gen-
erated by band-edge modes,!> which demonstrates large op-
tomechanical coupling in bilayer PhCs.

Here we employ simple structures fully clamped 2D PhC
membranes shown in Fig. 1(a). The optical resonant modes
interested are based on band-edge modes in PhCs. This con-
figuration allows us to input/output light in the vertical di-
rection very efficiently without implementing waveguides.
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We can expect large F=—-dU/dz, general form of exerted
radiation force (U=N#hw, is stored energy inside cavities and
7 is spatial coordinate of vertical direction) because dw, /dz
for band-edge modes is mostly the same as that for defect
modes. Although we cannot expect ultrahigh-Q nor ultras-
mall V, for band-edge mode, we regard it is an important
feature to demonstrate the large optomechanical interaction
based on F=-dU/dz in the bilayer PhCs. In addition, the use
of the band-edge mode is practically very effective to gener-
ate strong radiation force because one can easily couple an
intense light beam without causing significant optical nonlin-
ear absorption.

In this work, bilayer PhCs were fabricated from an InP
(200-nm-thick)/InGaAs (200 nm)/InP (200 nm)/InGaAs
(1000 nm) multilayer. Two InP layers serve as PhC slabs, and
the other two InGaAs layers are used as sacrificial layers. A
periodic hole pattern arranged in a square lattice was defined
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FIG. 1. (Color online) (a) Schematics of experiment. The struc-
ture is fully clamped (all-side clamped) (b) Top-view scanning elec-
tron microscope image, (c) Bird’s-eye view (upper) and cross sec-
tion (lower) of bilayer PhC. Period is 750 nm and hole radius at the
center is 270 nm. (d) 2D photonic band structure of TE mode with
n=2.8 (effective index for TE mode). Inset is the lateral plot of
|Hz|? at the " point indicated by red dot (e) Vertical mode profiles
of |Hz|? in the double slab at the I' point indicated in (d).
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FIG. 2. (Color online) (a) Resonant wavelength of band-edge
modes as a function of air gap width. Band-edge modes for the
lattice constant of 750 nm hole radius of 270 nm were calculated
using plane-wave expansion method and exponentially fitted. (b)
force per unit stored energy as a function of air gap width. Positive
value means attractive one. (c) Reflectance spectrum of the bilayer
PhC with 20 X 30 wum. Insets show the zoom-in of each resonance
curve and fitted to Lorentzian.

using e-beam lithography. Cl,-based ICP etching is used to
transfer the pattern into the InP/InGaAs multilayer system.
The InGaAs layers were selectively etched by citric acid.'®
We employed CO, supercritical drying method!” to prevent
stiction as a result of the capillary force. All sides of the
bilayer PhC were fully clamped. By adopting these proce-
dures, we successfully fabricated bilayer InP PhC slabs as
shown in Figs. 1(b) and 1(c) which are scanning electron
microscope images of a 20X 30 wum bilayer square air-hole
PhC with the lattice constant of 750 nm and air gap of 200
nm. In this sample, the hole radius was gradually modulated
from 270 nm at the center to 200 nm at the edge. This modu-
lation makes the band-edge modes loosely confined with the
full width at half maximum of 3.0 wm, which was approxi-
mately matched with the input light beam width. Although
in-plane standing-wave modes are formed by the modula-
tion, the optomechanical response can be explained with a
simple band-edge mode described in the Figs. 1(d) and 1(e)
due to its weak confinement. We confirmed that the modula-
tion does not alter essential properties except the coupling
efficiency with the input beam.

We adopted a band-edge mode at the I" point often used in
vertical emitting lasers [red dot in Fig. 1(d)], a well-known
high-Q mode owing to its in-plane symmetry as well as low
group velocity.'¥!° In our bilayer systems, the band-edge
modes in two slabs are coupled each other to form two
coupled modes with even and odd symmetry with respect to
the vertical direction. Figure 1(e) shows intensity profile of
symmetric (hereafter we denote this as the S) and antisym-
metric (AS) modes in bilayer PhCs. Figure 2(a) shows two
coupled modes as a function of the air gap width calculated
by the plane-wave expansion method. Similar to our previ-
ous studies,'> coupled modes in bilayer PhCs exhibit strong
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FIG. 3. (Color online) (a) Reflectance obtained by wavelength
scanning with varying the input power. Dotted line indicates the
initial resonance position A=1567.1 nm Wavelength scan is always
done from short to long wavelength. Resonance shift is defined
from initial wavelength to the abrupt kink on the spectra. Inset
shows the linearity between input power and redshift of resonance.
(b) Reflectance spectra by wavelength sweeping across S-mode and
(c) AS mode. In (b), input powers were 0.1 mW (thick black curve)
and 13 mW (thin red curve). (c) was taken with low power (thick
black curve) while irradiating cw pump beam at A=1568.0 nm
with input power of 13 mW (thin blue curve)

dependence on the gap width because two slab modes are
strongly coupled via a small air gap. The radiation force per
unit electromagnetic energy in the cavity can be calculated
by F/U=-1/w(dw/dz). The force calculated from Fig. 2(a)
is plotted in Fig. 2(b), which shows that considerably large
force can be generated in this cavity. For convenience, we
take the positive sign as the attractive force. Note that the S
mode exerts an attractive force while the AS mode exerts a
repulsive force.

To characterize the resonant modes in the fabricated bi-
layer PhC sample, we adopted the reflectance spectrum mea-
surement. A light beam from a tunable laser was focused
vertically onto the sample in air using an objective lens with
a numerical aperture (NA) of 0.42. The beam diameter was
estimated to be about 2 um. Polarization direction of the
light is parallel to the one of the axes of the square lattice of
the bilayer PhC. In Fig. 2(c), we plot the reflectance spec-
trum obtained with a small input power of 32 nW. There are
two distinctive dips in the spectrum at around 1567.1 and
1457 nm, which clearly indicate resonant features. The mea-
sured Q factors for these resonances are 1600 and 700, re-
spectively. The measured wavelengths agree very well with
the calculated values for the S mode with A=1559 nm and
for the AS mode with A=1463 nm, respectively, in Fig. 2(a).
To examine the effect from the radiation force on our sample,
we investigated the input power dependence of the reflec-
tance spectra around the S mode, as shown in Fig. 3(a). The
spectra were measured by sweeping the wavelength of the
incident laser across the S mode (A=1567.1 nm) at various
input power from 0.1 to 19.7 mW. In Fig. 3(a), we can see a
clear redshift in the resonance dip as the input power in-
creases. With an input power of 19.7 mW, the resonance
mode, which was initially at A\=1567.1 nm, is redshifted by
1.4 nm. This result agrees very well with our expectation of
generating attractive force and decreasing air gap when S
mode is excited The corresponding change in the air gap is
estimated to be Ad=—4 nm from Fig. 2(b). The cusplike
spectral shapes are due to the occurrence of optical
bistability,”® which is a direct consequence of the fact that the
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resonant wavelength depends on the input power. Similar
bistability has been observed in other optomechanical
systems.!3?! The result in Fig. 3(a) strongly suggests the
optically induced displacement, but we need to check the
thermal contribution because the thermal heating also causes
redshift.??> Linearity of wavelength shift in the inset of Fig.
3(a) excludes the nonlinear heating process such as two pho-
ton absorption (primary heating process in InP). Hence the
thermal effect may not be the cause of the redshift. To more
directly confirm whether the spectral shift is caused by the
mechanical or thermal effects, we performed another experi-
ment which distinguishes the shift orientation according to
the symmetry of two modes. First, we measured the reflec-
tance spectrum around the S mode with substantially intense
pumping power at 13 mW and obtained the reflectance spec-
trum seen in Fig. 3(b) which results in a resonance shift of
AXN=+0.9 nm. Next, we measured the reflectance spectrum
of the AS mode with a weak probe light while strongly
pumping the S mode simultaneously. The S mode pumping is
done by a laser fixed at A=1567.95 nm which is just 0.05
nm shorter than a bistability kink in Fig. 3(b). This cw pump-
ing fixes the system so that it is detuned by AA=+0.9 nm
with respect to the S mode. Simultaneously we measured the
reflectance spectrum around the AS mode with a low input
power. We show the result in Fig. 3(c), which exhibits a clear
blueshift in the resonance of as large as 0.8 nm. This result
cannot be explained by the thermo-optic effect which only
causes redshift, and well explained by the mechanical move-
ment of slabs.

To examine the contribution more in detail, we quantita-
tively compare it with theoretical estimation. From the result
in Fig. 2(b), we can estimate the blueshift to redshift ratio for
two modes to be AN,/ AN,.4|=1.09. This value is slightly
larger than the experimental value of 0.8 nm/0.9 nm=0.89.
Thus, this small derivation might be due to the thermo-optic
effect. The corresponding temperature increase AT is maxi-
mally 3 K at the condition in Figs. 3(b) and 3(c). Using this
result, we can derive that 90.7% (1.27 nm) of the observed
redshift is due to the slab displacement. From the result of
the photonic band calculation [Fig. 2(b)], the corresponding
gap change is Ad=-3.6 nm. In this case the thermomechani-
cal effect due to the thermal-expansion results in less than 30
p-m. deflection of slab. Thus, we can conclude that we suc-
cessfully displaced the gap by 3.6 nm with radiation force as
a result of optical pumping with 13 mW in our bilayer PhC
systems.

Next, we estimate the force generated in our experiment
and discuss the strength of optomechanical coupling in the
bilayer PhCs. The finite element method (FEM) calculation
shows that each PhC slab has a spring constant of 6.1 N/m.
From the deduced gap change, the force is calculated to be
10.8 nN at 13 mW input. By taking the Q value of the S
mode (Q ~ 1600), the electromagnetic energy stored in the S
mode is roughly 27 fJ. With these values, the minimum F/U
value is determined as 0.4 uN/pJ. We regard this value is
consistent with the theoretical value (0.23 wN/pJ) within
measurement errors. The reason of the slight discrepancy
might be due to inaccuracy in estimating the actual air gap
width. We observed that the air gap width varies sample to
sample by 50 nm probably due to the residual strain. Thus,
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FIG. 4. (Color online) (a) Fundamental vibration modes with
even (f=1.79 MHz) and odd parity (f=1.81 MHz). (b) Radio fre-
quency (RF) spectra of reflected light at A=1566.5 nm (thick black
curve) and A=1568.2 nm (thin red curve). (c) Relative peak power
in RF spectrum as a function of wavelength. Reference value was
taken to the peak power at A=1566.5 nm.

we can safely conclude that strong optomechanical interac-
tion in bilayer configuration has been confirmed in our bi-
layer PhCs. Note that our F/U value is similar to the values
for double-layer disk cavities'>!* and for zipper cavities?>>*
with the similar gap size, but it is 1 order of magnitude larger
than conventional optomechanical systems such as toroidal
cavity,? that is, systems other than bilayer systems or their
equivalent. Hence, advantage of bilayer systems against con-
ventional one-layer systems has been clearly demonstrated in
two-dimensional (2D) photonic crystals in our experiments.

Thus far, we have investigated optomechanical coupling
between optical resonant modes and mechanical displace-
ment. In many applications including back-action laser cool-
ing and optically driven vibration, however, it is important to
realize optomechanical coupling between optical resonant
modes and mechanical resonant modes. A vibration analysis
using FEM reveals that our bilayer PhC membrane has well-
defined even and odd fundamental vibrating modes around
fo=1.79 and 1.81 MHz as shown in Fig. 4(a). Since the
radiation force should drive odd vibrating mode (two modes
in each slab vibrate in opposite phase), there would be effi-
cient coupling between the optical mode and this odd vibrat-
ing mode.

To directly observe this phenomenon, we analyzed the
reflected power in the frequency domain using a RF spec-
trometer with constant optical pumping of 19.7 mW. Figure
4(b) shows the RF spectrum of a reflected signal with
pumped at A=1568.2 and 1566.5 nm. At the pumping wave-
length far from the optical resonance, there is no significant
peak, but when pumped in the vicinity of the resonance,
distinctive peaks appear. The frequency of the first peak is
1.8 MHz, which is reasonably close to the fundamental vi-
brating mode found in the FEM calculation. The RF peak
intensity is plotted as a function of the pumping wavelength
in the inset of Fig. 4(b). The peak is maximum at A\
=1568.2 nm. corresponding to the “steepest” point of the
Lorentzian line shape with resonance at A=1568.5 nm and 1
nm linewidth obtained in experiment. Since the RF intensity
should be proportional to the derivative of the reflectance
spectrum, this correspondence is reasonable and indicates
that the optical reflected signal from the optical resonance
mode is indeed modulated by the mechanical resonant mode.
We regard that the other RF peak at f=3.7 MHz is a second
harmonic of fy,=1.8 MHz, resulting from the nonlinear
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transfer function between the optical mode and mechanical
mode.?6

Low mechanical Q~2 (limited by air damping) implies
that the peak is due to the Brownian vibration, not a forced
one. The amplitude of the thermal Brownian vibration is
roughly estimated to be (kzT/k)"?=30 pm where kjp is the
Boltzmann constant and the spring constant k=6.1 N/m,
and T=300 K. We confirmed that the amplitude of the opti-
cal output intensity is consistent with this amplitude of
Brownian vibration. In spite of the very low Q value we can
observe such a tiny motion in our bilayer structure thanks to
the strong optomechanical coupling.

In conclusion, we successfully fabricated bilayer PhCs
and observed large optomechanical coupling by employing

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 81, 121101(R) (2010)

band-edge modes. Furthermore, efficient coupling between
optical modes and mechanical modes was confirmed by the
observation of Brownian modes in the RF signal of the re-
flected light. Our result clearly showed that bilayer PhCs can
serve strongly coupled optomechanical systems. We believe
that 2D bilayer PhCs have high potential as optomechanical
systems in terms of strong light confinement because 2D
PhCs can serve ultrahigh-Q performance as have already re-
ported. A combination of the present study with ultrahigh-Q
beam cavities in 2D photonic crystal?’ would be ideal for
such purpose. Actuation using the band-edge mode em-
ployed in this study is also promising for application as a
MEMS actuator because it can generate a gigantic radiation
force as we mentioned before.
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