
APPLIED PHYSICS LETTERS VOLUME 84, NUMBER 8 23 FEBRUARY 2004
Strain-tunable silicon photonic band gap microcavities
in optical waveguides
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We report the design, device fabrication, and measurements of tunable silicon photonic band gap
microcavities in optical waveguides, using direct application of piezoelectric-induced strain to the
photonic crystal. We show, through first-order perturbation computations and experimental
measurements, a 1.54 nm shift in cavity resonances at 1.56mm wavelengths for an applied strain of
0.04%. The strain is applied through integrated piezoelectric microactuators. For operation at
infrared wavelengths, we combine x-ray and electron-beam lithography with thin-film piezoelectric
processing. This level of integration permits realizable silicon-based photonic chip devices, such as
high-density optical filters, with active reconfiguration. ©2004 American Institute of Physics.
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Real-time reconfigurability is desirable for photon
crystal based telecommunication devices, as a means of
visioning optical networks and compensating for perf
mance variations due to tight manufacturing tolerances
external disturbances. To this end, the modulation of pho
nic crystal optical properties through application of sm
strain was recently proposed.1 Permanent deformations o
the photonic crystal unit cell or defects have also been inv
tigated for control of polarization,2 coupled resonators field
distributions,3 and quality factors in microcavity lasers.4

Here we demonstrate the design and experimental ob
vations of tunable microcavity resonances through direct
plication of strain from integrated piezoelectric microactu
tors. The conceptual design of the strain-tunable platform
illustrated in Fig. 1. Four piezoelectric microactuators, ea
consisting of a tri-layer of platinum~Pt! top electrode, a lead
zirconate titanate~PZT!, and a Pt bottom electrode, are a
chored onto the SiO2 deformable membrane. An optica
waveguide with a photonic band gap microcavity5 is located
on the membrane between the microactuators. Active st
from the PZT microactuators, when placed under differen
applied voltages, results in plane-strain deformation of
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membrane and, hence, strain-induced perturbation of the
crocavity. Compared with electro-optic6,7 methods, piezo-
electric strain-tuning is more practical toward silicon-bas
integrated photonic systems, given the weak Kerr nonline
ties in silicon. Moreover, compared with thermal8,9 methods,
piezoelectric strain-induced tuning permits nanowatt pow
consumption per active device as opposed to milliwatts,
crosecond response times as opposed to milliseconds,
spatially localized tunability for high-density integration
With the small-strain perturbation, order of 0.1%, the pr
posed device is expected to achieve at least greater than9

repeated cycles, as performed on related deforma
membranes,10 without observable mechanical fatigue.

As shown in Fig. 2~a!, the microcavity is formed by the
introduction of a point defect into a periodic array of holes
the high-index contrast Si waveguide. The waveguide
submicrometer dimensions (t5176 nm andw5541 nm), is
single-mode, and sits on a low-index SiO2 ridge (tox

5296 nm). The periodic structure, with lattice constanta,
splits the lower order guided mode to form a photonic ba
gap. The introduction of a defect—by adding dielectric m
terial between two holes at the center of the perio
structure—permits a spatially localized resonant state to e
2 © 2004 American Institute of Physics
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in the band gap. The design has dimensionsa5429 nm,ad

5643 nm, andd5189 nm. The electric field distribution i
found through three-dimensional~3D! finite-difference time-
domain ~FDTD! computations. Figure 2~b! shows the elec-
tromagnetic energy distribution sliced through the middle
the microcavity. The observed strong field confinement gi
a modal volume of 0.055mm3, about 5(l/2n)3, wherel is
the resonant wavelength andn the silicon refractive index.
The microcavity quality factorQ, defined asl/dl wheredl
is the full-width half-maximum of the microcavity transmis
sion, is estimated to be 175. Applications of the microcav
include high-density optical filters and spontaneous-emiss
enhancement devices.

To study the effects of small strain~order 0.1% or less!
on the microcavity, we employ first-order perturbatio
theory11 to obtain a semianalytical result for the strai
induced shiftDl in the resonant wavelength of the microca
ity. First, the results of the 3D FDTD calculation are linea
interpolated to obtain the fields at the dielectric interfac
Next, a closed-form solution for the elliptical displacemen
of the dielectric interfaces is derived from classic
mechanics.12 The applied stresses are assumed to be
from discontinuities and the strain components are solve

FIG. 1. Cross-section schematic of the strain-tunable microcavity~not
drawn-to-scale!. The microcavity employs a one-dimensional photonic cr
tal to confine light along the direction of the submicron optical wavegui
and total internal reflection for confinement in the transverse direction. E
piezoelectric microactuator has 233mm active length, 23mm width, and 0.3
mm thickness.

FIG. 2. Images of completed microcavity chip and numerical experime
on the field distribution.~a! Scanning electron micrograph of the embedd
microcavity patterned by x-ray lithography. Inset: side-view of Si wav
guide on SiO2 ridge. Scale bar: 500 nm.~b! Electric energy distribution at
middle 2D slice of microcavity, at resonance.~c! Top view of completed
strain-tunable microcavity with integrated piezoelectric microactuat
Scale bar: 100mm.
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polar coordinates with appropriate boundary conditions
obtain analytical expressions of the hole elliptical displa
ments. These displacements and the relevant FDTD fields
utilized to compute well-defined surface integrals of the u
perturbed fields over the perturbed interface, as describe
the perturbation theory. The results are repeated for var
applied stress perturbationsDs to determine the correspond
ing resonance shiftsDl. For example, for a 0.05% strain,Dl
is predicted to be 2.1 nm~normalized for operation at 1.55
mm wavelengths! from a full 3D computation. While there
are three components—hole ellipticity, defect lengthad , and
lattice constanta—in the strain perturbation, the major con
tribution is determined to be from changes in the def
length. A two-dimensional~2D! computation gives a simila
final result forDl, although the various contributions diffe
from the more accurate 3D computation. Other effects s
as index change due to applied stresses are found to be
ondary, changingDl by less than 1% fractional difference
for a strain of 0.1%.

Fabrication of the device necessitates the combinatio
x-ray and electron-beam lithography with thin-film piez
electric microfabrication. X-ray lithography, with a CuL

source at 1.3 nm, is used with a mask fabricated us
electron-beam lithography to obtain 130 nm minimum fe
ture sizes for operation at 1.55mm wavelengths. A scanning
electron micrograph of the fabricated microcavity is illu
trated in Fig. 2~a!. The fabricated thin-film microactuator
have a piezoelectric dielectric constant of 1200 and a pie
electric coefficientd31 about 2100 pC/N. The completed
chip, before packaged for testing, is shown in Fig. 2~c!.

To test the microcavities, two tunable laser diodes
used to provide a measurement window from 1430 to 16
nm. A polarization controller and a fiber-coupled lens asse
bly were used to couple light into the structure. The result
waveguide mode was imaged onto a photodetector and
signal was processed with a lock-in amplifier. The inset
Fig. 3 shows the top view of the coupled waveguides and
microcavity, captured with infrared cameras. Wavegu
transmission losses were investigated through the Fab
Perot resonance methodology13 using the cleaved facets o
waveguides in devices without microcavities, and were
termined to be between 5 and 7 dB/cm.

The measured microcavity transmission spectrum, w

-
,
h

ts

-

.

FIG. 3. Measured transmissions of the microcavity, depicting the band e
and resonance at 1555.2 nm with aQ of 159610. The dotted lines depicted
FDTD calculations, based on measured device dimensions. The sup
posed shorter wavelength modulations on the transmission are
electron-beam stitching errors in the waveguide fabrication. Inset: ima
top view of microcavity with guidance in the waveguides.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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out active strain, is shown in Fig. 3. The higher-frequen
band edge is at approximately 1450 nm, with excell
matching between experiment and theory without any fit
parameters. The microcavity resonance is observed at 15
nm, with the FDTD predictions deviating by a 3.8% fra
tional difference. Although this represents a 59.3 nm dev
tion, the percentage deviation is well within the numeric
resolution of the FDTD and the measurement accuracy of
device dimensions. The measuredQ is 159, below the FDTD
predictions of 175. This discrepancy is likely due to resid
fabrication imperfections leading to increase in cavity loss
It should be possible to significantly increaseQ to well over
103 by well-known techniques, such as a small increase
the modal volume or a forced cancellation of the lowest
der multipole term in the far-field radiation field.14

When a dc bias is applied to the piezoelectric micro
tuators, the maximumDl is determined to be10.63 nm for
16 V ~tensile stress! applied and20.91 nm for 15 V~com-
pressive stress! applied. The tension and compressi
stresses are possible based on the location of the microc
and the specific set of microactuators activated. Figure~a!
shows the strain-tuned resonances for the various app
voltages. The fitted Lorentzians are generated throug
trust-region nonlinear least squares algorithm15 with R2 val-
ues of 0.9460.03. For the particular dimensions of the m
crocavity,Q degrades by about 3% when under tension a
improves when under compression. This is due to the dep
dence ofQ on the field profile and position14 in the band gap,
both of which change under the applied strain.

Figure 4~b! compares the measurements with the fir
order perturbation predictions. The applied strain is e
mated through Computer Microvision, an instrument that c
measure displacement with nanometer precision.16 The re-
sults are in excellent agreement: for an applied strain
0.04%, first-order perturbation theory predicts aDl of 1.55
nm while our experimental measurements show aDl of
1.5460.17 nm. We expect, however, larger deviations
larger applied strains, since our predictions capture only
first-order perturbation.17

In summary, we investigated the real-time configurab

FIG. 4. Measurements and analysis of strain-tuned microcavity resona
~a! Measured dynamic tuning of microcavity resonances under different
biased applied voltages, for tensile and compressive stresses to the m
cavity. The shifts in resonance for each applied voltage are averaged
multiple measurements for each value of voltage. The variance in reso
wavelength, without any active tuning, is determined to be 0.02 nm fr
multiple measurements.~b! Comparison of strain-tuned experiments wi
first-order perturbation computations. The vertical error bars (60.17 nm)
are from variations on the nonlinear least squares fitting algorithm; the h
zontal error bars (2.731023%) are uncertainties in the Computer Microv
sion displacement measurements.
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ity of silicon photonic band gap microcavities in optic
waveguides, using direct application of piezoelectric induc
strain. The tuning of the cavity resonance was first predic
theoretically through first-order perturbation theory
FDTD computations. By combining x-ray lithograph
electron-beam lithography, and thin-film piezoelectric micr
fabrication, we built the tunable microcavities for operati
at 1.55 mm. Experimental measurements demonstrate
cavity resonance shifts, within the band gap, when a strai
applied through the integrated microactuators, in agreem
with our predictions. The results and analysis presented
this letter provide confidence that dynamic strain-tuning
photonic crystal devices is a realizable step toward pract
photonic crystal implementations. Possible applications
clude postfabrication trimming for passive silicon-based
tegrated photonic systems, active feedback compensatio
external disturbances, and device reconfiguration toward
able optical filters. For the latter, a larger tuning range wo
be required, and it is possible for up to 8 nm~0.2% strain! at
1.55 mm optical wavelengths. This would be accomplish
by delivering a larger force to the microcavity via a reducti
in the membrane residual stress, wherein most of the ela
energy is dissipated, or in the membrane thickness.18
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