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The majority of photonic crystals developed till-date are not dynamically tunable, 

especially in silicon-based structures. Dynamic tunability is required not only for reconfiguration 
of the optical characteristics based on user-demand, but also for compensation against external 
disturbances and relaxation of tight device fabrication tolerances. Recent developments in 
photonic crystals have suggested interesting possibilities for static small-strain modulations to 
affect the optical characteristics1-3, including a proposal for dynamic strain-tunability4. Here we 
report the theoretical analysis, device fabrication, and experimental measurements of tunable 
silicon photonic band gap microcavities in optical waveguides, through direct application of 
dynamic strain to the periodic structures5. The device concept consists of embedding the 
microcavity waveguide6 on a deformable SiO2 membrane. The membrane is strained through 
integrated thin-film piezoelectric microactuators. We show a 1.54 nm shift in cavity resonances 
at 1.56 µm wavelengths for an applied piezoelectric strain of 0.04%. This is in excellent 
agreement with our modeling, predicted through first-order semi-analytical perturbation theory7 
and finite-difference time-domain calculations. The measured microcavity transmission shows 
resonances between 1.55 to 1.57 µm, with Q factors ranging from 159 to 280. For operation at 
infrared wavelengths, we integrate X-ray and electron-beam lithography (for critical 100 nm 
feature sizes) with thin-film piezoelectric surface micromachining. This level of integration 
permits realizable silicon-based photonic chip devices, such as high-density optical filters and 
spontaneous-emission enhancement devices with tunable configurations. 
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1. INTRODUCTION  
 

Tunable optical elements have been sought for active control against external disturbances, 
switching modules in integrated optics, and compensation for fabrication mismatches and tight process 
tolerances. We develop the concept of strain-tuning for periodic optical devices – such as diffractive 
gratings and photonic crystals – on a deformable membrane piezoelectrically actuated with sub-
nanometer resolution as a means to achieve tunability. The strain-based approach to tuning of periodic 
optical elements is appealing for two reasons: (i) it provides the capability of tuning the performance of 
silicon microphotonics, where electro-optic effects are negligible and devices have commonly been tuned 
only by thermal means, and (ii) achieves ultra-fine resolution with low power and voltage requirements 
through piezoelectric actuators. Moreover, in contrast to thermal means, piezoelectric strain-tuning 
provides significantly faster response and better localization of tunability. Both devices we developed 
extend the concept of strain-tuning towards optical microelectromechanical systems (MEMS) and 
photonic crystals. In the tunable diffractive gratings, strain-tuning permits precise analog control of the 
diffraction angle on the order of a microradian. Prior work on “digital” tunable gratings involve the 
control of an individual grating beam or a set of beams [8,9]; previous demonstrations on analog tunable 
gratings involve either thermal actuation [10,11], or vertical and lateral movement of vertically stacked 
grating structures [11]. Compared to these tunable grating implementations, our device has shown a more 
precise angular resolution for a smaller tuning range [12]. 
 

In this work, we report on strain-tuning for photonic crystals to achieve sub-nanometer lattice 
deformations. Sub-nanometer strain tuning has many potential applications such as tunable low-threshold 
microlasers, filters and signal routers in silicon microphotonics. Effect of static strain on the periodic 
lattice of coupled vertical microcavity resonators has been reported [2] and a theoretical design for shear-
modulated 2-dimensional photonic crystals on bulk piezoelectrics has been proposed [4]. Herein we 
present piezoelectric strain-tuning towards a 1D photonic band gap microcavity to achieve active tuning 
of the resonant frequency. The microcavity design we used is based on the work first reported by Foresi 
and coworkers [6].  
 

The general design concept of the strain-tunable platform for microphotonics is illustrated in 
Figure 1. The platform is a double-anchored membrane made of either platinum or silicon-silica, and 
actuated by thin-film piezoelectric actuators. The applied strain is transferred to the optical element of 
interest; in particular, the 1D photonic band gap microcavity is described this paper. This dynamic strain 
permits active control of its defect resonance. The detailed design is presented in section 2 and the 
fabrication is detailed in section 3. Experimental results are presented in section 4 and section 5 
concludes, presenting future opportunities developed by this research. 
 
2. DESIGN 
 

As shown in Figure 2a, the microcavity is formed by the introduction of a point defect into a 
periodic array of holes in the high-index contrast Si waveguide. The waveguide has sub-micrometer 
dimensions (t = 176 nm and w = 541 nm), is single-mode and sits on a low-index SiO2 ridge (tox = 296 
nm). The periodic structure, with lattice  constant   a,   splits  the  lower  order guided mode to form a 
photonic band  gap.   The introduction of a defect  – by adding dielectric material between two holes at 
the center of the periodic structure – permits a spatially localized resonant state to exist in the band gap. 
The design has dimensions a = 429 nm, ad = 643 nm, and    d = 189   nm. The electric field distribution is 
found through 3D finite-difference time-domain (FDTD) computations. Figure 2b shows the 
electromagnetic energy distribution sliced through the middle of the microcavity. The observed strong 
field confinement gives a modal volume of 0.055 µm3, about 5(λ/2n)3, where λ is the resonant 
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