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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 atuirb&avelengths 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. Z004 American Institute of Physics.
[DOI: 10.1063/1.1649803

Real-time reconfigurability is desirable for photonic membrane and, hence, strain-induced perturbation of the mi-
crystal based telecommunication devices, as a means of prorocavity. Compared with electro-optit methods, piezo-
visioning optical networks and compensating for perfor-electric strain-tuning is more practical toward silicon-based
mance variations due to tight manufacturing tolerances Oftegrated photonic systems, given the weak Kerr nonlineari-
external disturbances. To this end, the modulation of photoyies in silicon. Moreover, compared with therfi@methods,

nic crystal optical properties through application of small yie;gelectric strain-induced tuning permits nanowatt power

strain was recently proposédPermanent deformations on consumption per active device as opposed to milliwatts, mi-

t_he photonic crystal unit ce_II or defects have also been_'nvesérosecond response times as opposed to milliseconds, and
tigated for control of polarizatioh,coupled resonators field

P . S ) spatially localized tunability for high-density integration.
distributions® and quality factors in microcavity lasefts. b y y g y g

: toni . 0 )
Here we demonstrate the design and experimental obse\(ylth the small-strain perturbation, order of 0.1%, the pro

vations of tunable microcavity resonances through direct apposed device is expected to achieve at least greater tian 10
plication of strain from integrated piezoelectric microactua—ere""ted cg/clgs, as performed on r_elated. deformable
tors. The conceptual design of the strain-tunable platform ignembranes? without observable mechanical fatigue.
illustrated in Fig. 1. Four piezoelectric microactuators, each ~AS shown in Fig. 2a), the microcavity is formed by the
consisting of a tri-layer of platinurtPt) top electrode, a lead introduction of a point defect into a periodic array of holes in
zirconate titanat¢PZT), and a Pt bottom electrode, are an- the high-index contrast Si waveguide. The waveguide has
chored onto the Si© deformable membrane. An optical submicrometer dimensiong=176 nm andw=541 nm), is
waveguide with a photonic band gap microcavitylocated single-mode, and sits on a low-index SiQidge (toy

on the membrane between the microactuators. Active strais-296 nm). The periodic structure, with lattice constant
from the PZT microactuators, when placed under differentiakplits the lower order guided mode to form a photonic band
applied voltages, results in plane-strain deformation of thgyap. The introduction of a defect—by adding dielectric ma-
terial between two holes at the center of the periodic
3Electronic mail: cheewei@alum.mit.edu structure—permits a spatially localized resonant state to exist
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FIG. 1. Cross-section schematic of the strain-tunable microcavityt
drawn-to-scalp The microcavity employs a one-dimensional photonic crys-

tal to confine light along the direction of the submicron optical waveguide, L . . -

. ; ) ; L FIG. 3. Measured transmissions of the microcavity, depicting the band edge
and total internal reflection for confinement in the transverse direction. Eacfgjmd resonance at 1555.2 nm witlQeof 159+ 10. The dotted lines depicted
piezoelectric microactuator has 2380 active length, 23:m width, and 0.3 ) T P

- FDTD calculations, based on measured device dimensions. The superim-

um thickness. . o
posed shorter wavelength modulations on the transmission are from
electron-beam stitching errors in the waveguide fabrication. Inset: imaged

in the band gap. The design has dimensiars429 nm, ay top view of microcavity with guidance in the waveguides.

=643 nm, andd=189 nm. The electric field distribution is
found through three-dimension@D) finite-difference time-  Polar coordinates with appropriate boundary conditions to
domain (FDTD) computations. Figure (B) shows the elec- obtain analytical expressions of the hole elliptical displace-
tromagnetic energy distribution sliced through the middle ofments. These displacements and the relevant FDTD fields are
the microcavity. The observed strong field confinement givegtilized to compute well-defined surface integrals of the un-
a modal volume of 0.05am?, about 54/2n)3, wherex is  Perturbed fields over the perturbed interface, as described by
the resonant wavelength amdthe silicon refractive index. the perturbation theory. The results are repeated for various
The microcavity quality facto), defined as\/ox wheres\  a@pplied stress perturbationsr to determine the correspond-
is the full-width half-maximum of the microcavity transmis- ing resonance shiftd\. For example, for a 0.05% strai\
sion, is estimated to be 175. Applications of the microcavitylS predicted to be 2.1 nrtnormalized for operation at 1.55
include high-density optical filters and spontaneous-emissionm wavelengthsfrom a full 3D computation. While there
enhancement devices. are three components—hole ellipticity, defect lenggh and

To study the effects of small strafiorder 0.1% or legs  lattice constana—in the strain perturbation, the major con-
on the microca\/ity, we emp|0y first-order perturbation tribution is determined to be from Changes in the defect
theory!! to obtain a semianalytical result for the strain- length. A two-dimensional2D) computation gives a similar
induced shiftA\ in the resonant Wave'ength of the microcav- final result fOI’A)\, although the various contributions differ
ity. First, the results of the 3D FDTD calculation are linearly from the more accurate 3D computation. Other effects such
interpolated to obtain the fields at the dielectric interfaces@s index change due to applied stresses are found to be sec-
Next, a closed-form solution for the elliptical displacementsondary, changing\\ by less than 1% fractional difference,
of the dielectric interfaces is derived from classicalfor a strain of 0.1%.
mechanicé_z The apphed stresses are assumed to be free Fabrication of the device necessitates the combination of
from discontinuities and the strain components are solved i-ray and electron-beam lithography with thin-film piezo-
electric microfabrication. X-ray lithography, with a Cu
source at 1.3 nm, is used with a mask fabricated using
electron-beam lithography to obtain 130 nm minimum fea-
ture sizes for operation at 1.58m wavelengths. A scanning
electron micrograph of the fabricated microcavity is illus-
trated in Fig. 2a). The fabricated thin-film microactuators
have a piezoelectric dielectric constant of 1200 and a piezo-
electric coefficientd;; about —100 pC/N. The completed
chip, before packaged for testing, is shown in Fi¢g)2
integrated piezoslectric To test the microcavities, two tunable laser diodes are
[ used to provide a measurement window from 1430 to 1610
nm. A polarization controller and a fiber-coupled lens assem-
bly were used to couple light into the structure. The resulting
waveguide mode was imaged onto a photodetector and the
signal was processed with a lock-in amplifier. The inset of
Fig. 3 shows the top view of the coupled waveguides and the
FIG. 2. Images of completed microcavity chip and numerical experimentéﬂicroca\/ity' captured with infrared cameras. Waveguide
on the field distribution(a) Scanning electron micrograph of the embedded transmission losses were investigated through the Fabry—
microcavity patterned by x-ray lithography. Inset: side-view of Si wave- Perot resonance methgddd@yjsing the cleaved facets of

guide on SiQ ridge. Scale bar: 500 nnfb) Electric energy distribution at -y 4yequides in devices without microcavities, and were de-

middle 2D slice of microcavity, at resonande) Top view of completed .

strain-tunable microcavity with integrated piezoelectric microactuators.termlned to be between 5 and 7 dB/cm.

Scale bar: 10Qum. The measured microcavity transmission spectrum, with-
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@ , ®) ( ity of silicon photonic band gap microcavities in optical
i R, = st ragon roinead = experiments. it waveguides, using direct application of piezoelectric induced
Neicorg o] IO i # strain. The tuning of the cavity resonance was first predicted

i o Il j < theoretically through first-order perturbation theory on

Zoo . L L] FDTD computations. By combining x-ray lithography,

I ‘ 3 electron-beam lithography, and thin-film piezoelectric micro-

-10 ,"g -005 fabrication, we built the tunable microcavities for operation
> at 1.55 um. Experimental measurements demonstrate the
1e55 AL woos “0aos G| 005" cavity resonance shifts, within the band gap, when a strain is
applied through the integrated microactuators, in agreement
FIG. 4. Measurements and analysis of strain-tuned microcavity resonancegvith our predictions. The results and analysis presented in

(a) Measured dynamic tuning of microcavity resonances under different dcthis |etter provide confidence that dynamic strain-tuning of
biased applied voltages, for tensile and compressive stresses to the micro-h toni tal devi . lizable step t d tical
cavity. The shifts in resonance for each applied voltage are averaged ovéfnotonic crystal devices Is a realizablé step toward practca

multiple measurements for each value of voltage. The variance in resonafthotonic crystal implementations. Possible applications in-
wavelength, without any active tuning, is determined to be 0.02 nm fromclude postfabrication trimming for passive silicon-based in-
multiple measurementgb) Comparison of strain-tuned experiments with tegrated photonic systems active feedback compensation for
first-order perturbation computations. The vertical error bar®.07 nm) . ' . . .
are from variations on the nonlinear least squares fitting algorithm; the hori-e)(terr‘al disturbances, and device reconflguratlon toward tun-
zontal error bars (2571073%) are uncertainties in the Computer Microvi- able optical filters. For the latter, a larger tuning range would
sion displacement measurements. be required, and it is possible for up to 8 rith2% strain at
1.55 um optical wavelengths. This would be accomplished

ou actve i, is hown n ig 3. TheHigherrequenf SeIerg 8 rger orce i e icrocaviy i ecuctor,
band edge is at approximately 1450 nm, with excellent ’

matching between experiment and theory without any fitted ST 1 dissipated, or in the membrane thickriéss.
parameters. The microcavity resonance is observed at 1555.2 The authors thank Salil Desai, Juan Ferrara, Jeffrey T.

nm, with the FDTD predictions deviating by a 3.8% frac- Hastings, James M. Daley, and Dennis M. Freeman for their
tional difference. Although this repl‘esents a 59.3 nm deV|a'i'nva|uab|e assistance. The work is Supported by the Micro-

tion, the percentage deviation is well within the numericalphotonics Center and the Department of Mechanical Engi_

I’esolution Of the FDTD and the measurement aCCUI’acy Of thﬁeering at the Massachusetts |nstitute of Techn0|ogy_

device dimensions. The measui@ds 159, below the FDTD

predictions of 175. This discrepancy is likely due to residual | _

fabrication imperfections leading to increase in cavity Iosses.zg' \,G"égémManfot(/b;%ﬁ’:'a&’ |Anp1)gldapgyséhsgr?égoiﬁéz&oll)\hochizuki e
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measure displacement with nanometer precisiofihe re- 17;?6‘;0“ F%U”datictm,bcl?ve'anfif HefightsythOH_v 1998i Ft>- 1b50-_ f ,

- . ; : igher-order perturbations suffer from the incomplete basis of our eigen-
Sl‘”tso are, in excellent agrgement. for an -applled strain of problem in terms of the electric field. However, we could cast the eigen-
0.04%, first-order perturbation theory predicta\a of 1.55 problem in terms of the magnetic fielsuch thatv - xH=0 is satisfiedto

nm while our experimental measurements showA)a of compute higher-order corrections. Issues of fast-convergence, however,

1.54+0.17 nm. We expect, however, larger deviations for would need to be solved.

. . . . 18 fAt . . . .
Iarger applled strains, since our predICtIOI’lS capture only the A variational approach tq the elastic _straln energy in thfe double anqhored
membrane suggests residual stress is the largest contributor, following the
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