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Stretchable Photonic Crystal Cavity with Wide Frequency Tunability
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ABSTRACT: We report a new approach for realizing a flexible photonic crystal (PC) cavity that enables wide-range tuning of its
resonance frequency. Our PC cavity consists of a regular array of silicon nanowires embedded in a polydimethylsiloxane (PDMS)
matrix and exhibits a cavity resonance in the telecommunication band that can be reversibly tuned over 60 nm via mechanical
stretching—a record for two-dimensional (2D) PC structures. These mechanically reconfigurable devices could find potential
applications in integrated photonics, sensing in biological systems, and smart materials.
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hotonic crystals (PCs), which enable tight confinement

and precise control of optical fields in the micrometer-scale
dimensions, provide a promising platform for on-chip photonic
and optoelectronic devices, such as lasers, filters, sensors, and
quantum optical devices.'”> These structures typically consist
of arrays of holes etched into a semiconductor substrate that
lacks mechanical flexibility. Consequently, the control over
their optical properties over a wide frequency range is difficult
without making permanent changes to the device geometry or
materials.%”

To date, many different approaches have been developed to
tune the resonance frequency of PC cavities postfabrication.
Methods based on temoperature change,8 free carrier injection,9
and gas condensation'® enable reversible frequency tuning but
suffer from limited tuning ranges (typically less than 10 nm)
because of small changes in the refractive index contrast
afforded by these methods. In contrast, compositional or
structural changes to the PC cavities allows wider tuning
ranges, but the resulting changes are irreve1‘sible,6’7 limiting
their utility. Clearly, reversible tuning of cavity resonances over
a wide range remains a significant challenge.

In this Letter, we report a new strategy to address this
problem by embedding a nanowire (NW)-based PC in a low-
index polydimethylsiloxane (PDMS) substrate (Figure 1),
forming a mechanically compliant composite structure. As
demonstrated in a variety of other photonic structures,
mechanical deformation is an effective way to yield large
resonance tuning.'' ~'* The cavity within our PC is defined by
reducing the diameter of 19 NWs arranged in a line within a 2D
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hexagonal NW array. The length of our resonant cavity can be
reversibly stretched or compressed, providing a facile route to
tune the resonance frequency over a wide range.

Because the dielectric contrast of our PC is essentially the
inverse of that found in a traditional PC cavity defined on a
high-index semiconductor substrate, our PC cavity supports
transverse magnetic (TM) modes (the electric field of the
cavity mode is polarized along the NW length and
perpendicular to the PC plane).>™>'® We used both finite-
element (MIT photonic bands) and finite-difference time-
domain (FDTD, Lumerical) simulations to design and optimize
the NW dimensions and spacing (see Supporting Information).
As shown in Table S1, the NW-polymer PC cavity can support
several well-defined resonant modes with theoretical quality
(Q) factors exceeding 4000.

Figure 1a lays out the fabrication scheme for flexible PCs. We
fabricated the PC cavities by first defining an array of NWs via a
top-down silicon etching process'” (Figure 1b). We then
transferred them into the PDMS matrix after thinning the NW
bases through a reactive ion etching process (Figure lc; see
Supporting Information for detailed fabrication processes).
Figures 1d,e show the completed PC cavity in a PDMS mesa
that elevates the cavity from the bulk PDMS substrate.

We probed the optical properties of the PC cavities by
exciting their photonic modes using the evanescent field of a
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Figure 1. Flexible PC cavities. (a) Schematic for flexible PC cavity fabrication: we define the PC patterns on Si (100) wafer by electron-beam
lithography; deposit 40 nm Al as an etch mask; etch silicon to form Si NWs; deposit 20 nm SiO, by atomic layer deposition; selectively etch SiO, on
the substrate; thin the NW bases by etching; pattern a window by photolithography; pour and cure PDMS; and then finally peel off the PDMS. (b)
Scanning electron microscope (SEM) image of the PC cavity tilted at 45°. Design dimensions: regular NW diameter is 200 nm; defect NW diameter
is 140 nm; NW length is 1.2 ym. The hexagonal lattice spacing is 500 nm. (c) Zoom-in view of an undercut NW at the PC edge, also tilted at 45°.
(d) SEM image of the PDMS mesa structure containing several PC cavities. (e) Optical image of the top-down view of a PC embedded in PDMS.

The dark line in the middle of the PC is the line defect.

tapered fiber (Figure 2a, see Supporting Information).'®"

When the laser polarization was perpendicular to the device
plane, the transmission spectrum of a PC cavity showed two
peaks that were clearly above the background Fabry-Pérot
interference fringes (Figure 2b). These two peaks disappeared
when the laser polarization was changed to be parallel to the
device plane, confirming that the peaks indeed correspond to
TM modes of the cavity. By fitting the observed peaks to
Lorentzian functions, we determined the line width of each
mode. The Q factors of the two modes were determined by
dividing the peak wavelength by the line width, yielding Q
factors of ~3300 and 3000, respectively.

We assigned these two peaks as el and e2 modes (Figure
2c), the two highest-Q modes obtained from FDTD
simulations (Queory ~ 25000 and 5000). This assignment
was based on several factors. First, these two modes are most
prevalent in line-defect photonic crystal cavities similar to our
PC design.’”*' Second, although the absolute values of the
resonance positions differ from those predicted from FDTD
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simulations (most likely due to fabrication imperfections such
as tapering of the NW sidewalls), the experimental peak spacing
of 2.4 nm is close to the 2 nm spacing between the calculated
el and e2 resonant wavelengths. Finally, and most importantly,
the relative intensities of the el and e2 modes changed when
we altered the fiber alignment, in a manner expected from their
mode profile. The e2 mode has a node at the cavity center, and
consequently, the excitation of this mode was suppressed when
the excitation fiber was positioned across the cavity center at an
angle with respect to the cavity line, as shown in Figure 2d.
When we moved the fiber away from the cavity center,
however, stronger excitation of the e2 mode occurred as
expected from better mode overlap. We note that the positions
of the resonances in Figure 2d are blue-shifted by 6 nm
compared to those in Figure 2b because the dielectric
pertubative effects of the fiber are reduced as the fiber is
skewed by 5°."

Because our PC cavities are defined on a mechanically
compliant substrate, the resonance wavelengths of the cavities
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Figure 2. Transmission measurements for mode identification. (a) Schematic for transmission measurements. Tapered SMF-28 fiber, coupled to a
laser, a polarization controller (Pol. Cont.) and a photodetector, is lowered down to be in contact with the PC cavity. (b) Transmission spectra of TE
and TM polarizations. Lorentzian fit gives FWHM of 0.48 and 0.53 nm for both peaks, respectively. (c) Electric-field amplitudes for el and e2
modes. (d) When the tapered fiber was aligned off-axis from the line defect, the e2 mode was suppressed (left panel). The intensity of the e2 mode
increased (right panel) when the fiber was moved off-centered from the defect. The insets show the cartoon drawings of fiber on the cavity. The
angle between the fiber (blue line) and the line defect (vertical black line) is exaggerated for visual convenience. The crossing point of the dashed

lines indicates the cavity center.
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Figure 3. Resonance shift as a function of temperature and solvent swelling. (a) Resonance peak (el) red-shifted as temperature increased. (b)
Resonance (el) shift as a function of time that PDMS stayed in a solvent bath. (c) As TBA evaporated over time, the resonance moved back to the
original position (without solvent swelling) with exponential time dependence.

can be tuned in a variety of ways. First, similar to conventional
PC cavities,® our cavity can be tuned thermally using a Peltier
stage to heat the PDMS. To track the tuning of the resonance
wavelength, we monitored the el mode because it was the
more prominent of the two peaks. As expected from the
thermo-optic effect from Si and thermal expansion from PDMS,
we observed a linear red-shift of 0.04 nm/°C when we raised
the temperature of the PC cavity (Figure 3a).

In addition to temperature change, swelling of the PDMS
matrix by exposure to chemical solvents can also tune the
resonance frequencies. Specifically, we investigated the optical
response of our cavities to three common organic solvents:
ethanol, isopropanol (IPA), and tert-butanol (TBA), whose
maximum swelling ratios in PDMS at room temperature are
4%, 9%, and 21%, respectively.”* Figure 3b plots the resonance
shift as a function of time spent in the solvent (the transmission

250

spectrum was recorded 150 s after the sample was removed
from the solvent). Within the experimental time window (360
s), all four solvents caused a linear red-shift of cavity
resonances. Furthermore, solvents with larger swelling ratios
induced larger resonance shifts for a given immersion period.
Because the refractive indices for ethanol, IPA, and TBA are all
smaller than that of PDMS, the refractive index of the swollen
PDMS should be smaller compared to regular PDMS,* leading
to a blue-shift of the cavity resonance if the index change were
the main cause of the observed shift. Experimentally, we
observed red-shifts of the resonances instead (Figure 3b),
indicating that the dominant factor for the observed resonance
shift was cavity length increase due to PDMS swelling. Indeed,
we measured the PDMS expansion to be ~2% at the maximum
resonance shift induced by TBA, coinciding with the measured
1.4% shift in the resonance wavelength. As TBA evaporated, the
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wavelength of the resonance returned to the preswelling value
with a typical time constant of 165 s (Figure 3c), confirming
that reversible tuning is indeed possible.

Finally, we measured the optical response of our cavity under
uniaxial mechanical stretching. Stretching the cavity allows us to
alter the cavity length and thereby shift the resonance
wavelength. To lengthen the cavity, we stretched it along the
cavity line using a custom-built mechanical stage. To compress
the cavity, we stretched it orthogonally to the cavity line.
Because the Poisson ratio of PDMS is close to 0.5, when it is
stretched orthogonal to the cavity line, it shrinks in the
directions orthogonal to the strain in order to conserve its
volume—thereby compressing the cavity length.** As expected,
the stretching along the cavity line resulted in a red-shift of the
resonance up to 32 nm before the amplitude of the el mode fell
below the background level (Figure 4a,b). The stretching in the
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Figure 4. Cavity resonance shift under mechanical stretching. (a)
Representative transmission spectra showing resonance shift as the
PDMS was being stretched. The discontinuity comes from the fact that
when the resonance shifts out of the scanning range of the first laser
(1480—1580 nm), a second laser (1580—1680 nm) was used for
measurement. Inset: Q factor (el mode) as a function of resonance
shift. (b) Resonance (el) shift as a function of strain along the cavity.
The black line is a linear fit. Strain is defined as the percentage change
of the cavity length. Two stretching directions were explored (as
shown in the optical images): along or orthogonal to the line defect.

orthogonal direction, on the other hand, caused a resonance
blue-shift by up to 35 nm (Figure 4b), yielding the total
resonance tuning of 67 nm via mechanical deformation. As the
lattice periodicity is perturbed, the Q factor changes as shown
in Figure 4a inset and Figure S2. Ultimately, Q factor
degradation at larger strains limits the range of resonance
frequency tuning. The resonance shifted linearly as a function
of strain for both directions, demonstrating that the PDMS
matrix was within the linear elasticity regime.'*® Importantly,
when strain was removed, the cavity resonance returned to the
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original value, confirming that the method allows for both
reversible and wide-bandwidth tuning.

Although changes to the cavity length likely dominate the
observed resonance shift, the anisotropic stretching of the
PDMS also alters the lattice constant. To determine if these
two factors could accurately describe our observations, we
simulated the resonance shift using FDTD after adjusting the
cavity dimensions to those corresponding to the maximum
strain situation, assuming uniform strain across the entire
structure (the simulations of mechanical deformation by
COMSOL confirm the validity of this assumption (see
Supporting Information)). The simulation results confirmed a
red-shift of 30 nm for strain along the line defect and a blue-
shift of 29 nm for strain orthogonal to the defect, in very good
agreement with experimental observation.

The results presented here demonstrate that a combination
of high-index dielectrics and stretchable polymeric materials can
be used to construct flexible PC cavities with broadband,
controllable, and reversible frequency tuning. This resonance
shift, in turn, can be utilized to quantitatively sense the strain
exerted on the cavity. Moreover, similar strategies could be
employed in other material systems for operation at other
wavelength ranges, in active materials to enhance light—matter
interactions, and to realize new flexible photonic devices w1th
increasingly complex functlonahtles including waveguides,*®
modulators,”” and metamaterials.”® For instance, it should be
possible to construct ﬂex1ble photonic crystal cavities using
diamond nanowire arrays,”® where the cavity resonance can be
tuned to the zero-phonon line of mtrogen—vacancy centers for
quantum electrodynamics (QED) experiments.’
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