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Abstract— We present an easy-to-implement
microelectromecha-nical system-based tunable photonic crystal
(PC) resonant cavity. This cavity is formed by embedding the
tip of an electrostatically bendable cantilever into the center
of a PC nanobeam structure. Owing to the presence of the
cantilever, band edge resonant modes occur within the cavity
that allow light transmission through a photonic barrier. When
a voltage is applied, the cantilever deflection perturbs the optical
fields of the band edge modes; this results in the modulation
of both resonant wavelength and quality factor of the modes.
The resonant wavelength of the cavity redshifts 13.5 nm when
97 volts is applied.

Index Terms— Cantilever; electrostatic; cavity; photonic crys-
tal

I. INTRODUCTION

PTICAL resonant cavities in photonic crystals (PCs)
Oprovide high quality factor (Q-factor) and small mode
volume, and can be used to modify the interactions between
light and matter. The capability to tune the optical properties of
the PC cavities is essential to increase the adaptability of the
PC-based resonators to different optoelectronic applications.
Active media are often incorporated into the PC structures
to tune the PC resonances. For example, the infiltration of
liquid crystals into the PC cavities has enabled both the
electrical and the thermal modulations of the effective refrac-
tive indices of the cavities [1], [2]. Many nonlinear electro-
optical modulation approaches have been studied to tune PCs,
using lithium niobate [3], [4], vanadium dioxide [5], optical
carrier injection [6], and gradient optical force [7], [8]. In
addition, fast light modulations at several gigahertz with low
power consumption have been demonstrated, using a reverse-
biased two-terminal p-n junction [9] and a three-terminal
metal-oxide—semiconductor field-effect transistor-like diode
[10]. This makes it possible to realize all-silicon-based mono-
lithically integrated optoelectronic systems.

Microelectromechanical systems (MEMS) approach has
been used to tune the optical properties of metamaterials by
embedding nanocantilevers inside split-ring resonators (SRRs)
[11] and complimentary SRRs [12]. By moving a dielectric
plate towards a PC line-defect waveguide [13], or changing
the height difference between a flexible PC waveguide and
silicon rods [14], the optical transmittance of the waveguide
can be tuned. Also, an array of plugs has been proposed to
modulate the transmission of light through a PC structure
[15]. In addition, our theoretical study [16] indicates a strong
influence of the mechanical movement of a cantilever on the
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defect-mode field inside a PC. Despite these efforts, most
MEMS-based tunable PCs require sophisticated structures,
fabrications, and actuation methods.

In this paper, we demonstrate a novel MEMS-based tunable
PC cavity that involves directly embedding the tip of a
cantilever into a PC nanobeam-based waveguide structure,
which we name as a PC-Cantilever Cavity (PC?). The device
is depicted in Fig. 1(a), where a nanobeam and a cantilever are
integrated into the same Si device layer of a Si-on-insulator
(SOI) wafer. The top thin Si device layer serves as an electrode
while the thick handling Si layer of the SOI substrate acts as
a ground for the device. This allows forming the PC> in the
top Si layer using e-beam lithography, reactive ion etching,
and wet etching-based release techniques. When a voltage is
applied between the top and the bottom Si layers, the generated
electrostatic force will bend the cantilever and thus perturb the
optical field in the resonant cavity.

II. DESIGN AND FABRICATION

Essentially, the PC? design is a modified version of a
nanobeam cavity [17], [18]. The PC as shown in Fig. 1(a)
has a triangular lattice with a periodicity of P = 500 nm and
a hole size of D = 400 nm. In the nanobeam, a linear array
of air holes is designed on each side of a central defect. The
periodicity of the linear air holes is fixed at p = 300 nm, while
the radii of the air holes gradually decrease from the center
outwards along the horizontal direction. The air hole nearest
to the central defect has the maximum radius d, = 125 nm,
while the air hole connecting to the feeding waveguide has
the minimum radius djp = 88 nm. To form a tunable cavity
on the optical passage of the nanobeam, we removed several
air holes from the PC lattice and filled the vacant region with
the tip of a sword-like cantilever. The width and length of the
cavity are Wi = 200 nm and L = 2.8 um, respectively. The
width of the vacant region in the PC for housing the cantilever
is W =420 nm.

Fig. 1(b) shows the scanning electron microscopic (SEM)
images of the PC3. The fabrication process flow for this device
is briefly described in Fig. 1(c). Basically, the fabrication
started with an SOI wafer with a 450-nm-thick top Si device
layer and a 1-um-thick buried oxide layer as a sacrificial
layer. The top Si layer was doped with phosphorous of
2.5 x 10?0 cm™3, partially oxidized, and then etched to obtain
a 200-nm-thick Si layer by a wet chemical etching method.
Subsequently, the patterns of the PC? were formed in a resist
layer of poly(methylmethacrylate) or PMMA using e-beam
lithography, and then transferred to the top Si layer by deep
reactive ion etching. Next, wet etching was used to release
the cantilever by partially removing the buried oxide, while the
two tapered feeding waveguides and the root part of the sword-
shape structure (Fig. 1(b)), which supports the cantilever, still
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Fig. 1. (a) Schematic of the proposed PC3 with the tip of a cantilever directly
inserted into a PC-based nanobeam. (b) SEM photographs of the PC3. The

inset gives a closed-up view of the tip of the cantilever. (c) Schematic of the
key fabrication processes for manufacturing the PC3.

remained anchored to the substrate. Thus, the proposed device
was realized.

To characterize the device, an incident beam from a 1550
nm wavelength tunable laser was coupled to the device through
an input grating coupler, and the output light was collected
by a multimode fiber aligned to an output grating coupler on
the other side of the device. An optical spectrum analyzer
with a wavelength range of 1520 nm to 1620 nm was used to
detect the transmission spectrum of the output light. To bend
the cantilever, a D.C. voltage was applied between the top Si
device layer and the back of the SOI substrate. All alignments
were achieved under a microscope with the help of a motorized
stage.

III. RESULTS AND DISCUSSION

To understand how the mechanical bending of the embedded
tip of the cantilever can influence the transmission spectrum
of the PC3, we first performed electromechanical simulations
using the finite element analysis software COMSOL Multi-
physics. This provided us with the mechanical deflections of
the cantilever under different applied voltages. The obtained
deflections were then used in the physical model of the
cantilever for optical simulations. The optical simulations used
an open-source freeware package MEEP, where the computed
region covered the 200-nm-thick Si device layer and two 300-
nm-thick sandwiching air layers in the thickness direction of
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Fig. 2. (a) Normalized transmittance at different deflections of the cantilever:
Az = 0, 100 and 200 nm. (b) Resonant wavelength shift versus bending of
the cantilever. (c¢) 3D schematic of the nanobeam-based PC3. (d)—(f) Electric
field (amplitude) distributions at the resonance mode of the nanobeam-based
PC? with the deflection of Az = 0 nm (d), 100 nm (e), and 200 nm (f). Each
figure contains three parts showing the field distributions in the plane of X-Y,
Y-Z, and X-Z across the lines A-A’, B-B’, and C-C’, respectively.

the PC slab. The thick handling layer of the SOI substrate was
excluded from the computation because the modal profiles
in the PC? could hardly reach the handling substrate. All
the boundaries of the computing region were applied with
150-nm-thick perfectly matched layers, and 20 periods of the
photonic lattice in the I' — M direction were calculated. Fig.
2(a) shows the normalized transmittance under different dis-
placements of the cantilever (Az). The valley with zero trans-
mittance between 1350 nm and 1520 nm corresponds to the
photonic bandgap of the nanobeam. Fig. 2(b) summarizes the
relationship between the wavelength shift of the transmission
peak and the bending of the cantilever. A theoretical maximum
shift of 17 nm is obtained when the cantilever completely
bends out of the slab. The impact of the cantilever’s deflection
on the band edge resonant mode exhibits a nonlinear behavior,
possibly because the optical field evanescently decays from the
PC surface. As the cantilever deflects along the decay length
of the field, its impact on the resonance becomes significant.

The origins of the resonance peaks can be understood from
Fig. 2(d)—(f), which show the modal profiles of the PC3 under
different bending conditions. For example, in Fig. 2(d), at
resonance, the highest field intensity in the PC> locates in
the defect region occupied by the cantilever. The electric field
is confined well within the cavity region in all the three
dimensions, because the planar PC structure helps confine the
in-plane field while in the out-of-plane direction the cantilever
is thin enough to allow the transmission of light along the
cantilever.
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Fig. 3. (a) Measured (right panel) and simulated (left panel) normalized

transmittance of the PC3under 0 V, 45 V, and 97 V. (b) Measured and
simulated resonant wavelength shifts under different applied voltages. The
inset gives the measured versus simulated results of the resonant wavelength
shifts AZ.

TABLE I

PERFORMANCE COMPARISONS FOR MEMS-BASED OUT-OF-PLANE TUN-
ABLE PC CAVITIES IN THE NEAR-INFRARED WAVELENGTH RANGE

PC cavity structure Maximum Maximum Applied
Q-factor wavelength voltage

shift range
Double-coupled PC cavity [19] ~72,000 ~0.0635 nm 0-12V
Split-beam PC cavity [20] ~67,500 ~0.1167nm | 040V
This work ~371 ~13.5 nm 0-97 vV

Fig. 3(a)—~(b) show the measured transmittance of the PC>
under different applied voltages. As the voltage increases
from 0 to 97 V, the peak resonant wavelength is found to
redshift from 1534 to 1547.5 nm, while the corresponding
Q-factor reduces from 371 to 218. There is a good linearity
between the measured and simulated wavelength shift, and
the minor wavelength difference may be due to possible
fabrication errors and inaccuracy of the model used in the
optical simulation.

Table 1 compares the maximum Q-factor, maximum res-
onance wavelength shift, and applied voltage among several
MEMS-based out-of-plane tunable PC cavities operating in
the near-infrared wavelength range. The result shows that
although the Q-factor of our device is relatively low, the
device exhibits a considerable large resonance wavelength
shift, possibly owing to the direct insertion of the cantilever’s
tip into the small breaking gap in the center of the nanobeam
structure.

IV. CONCLUSION

In this work, we have demonstrated a MEMS-based tunable
PC? device that involves inserting the tip of a cantilever into a
nanobeam structure. The planar integration approach simplifies
the fabrication process. The PC? design increases the tunability
of the PC resonance. The results show that at 97 V, a maximum
resonant wavelength shift of 13.5 nm was obtained for the PC3
device.
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