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Abstract

1D photonic crystal nanolaser wrapped by a de-
formable polydimethylsiloxane is demonstrated with
wide wavelength tunable range. By studying its wave-
length response to non-axial deformations both in ex-
periments and simulations, a novel strain sensor with
capability of identifying the applied planar strain direc-
tion, type, and strength can be expected.

1. Introduction

Photonic crystals (PhCs) have long been regarded as a
good platform to realize various efficient nano-photonic
devices in hard and soft photonic integrated circuits (PICs).
In recent years, owing to the rapid developments of weara-
ble devices and systems, PhC devices have also been uti-
lized in strain sensing by the optical responses to different
lattice deformations in literatures [1-3]. However, most of
them are realized by 2D PhCs, which possess disadvantages
of large layout footprints in PICs and/or low sensitivity
caused by continuous lattice structures. In our previous work,
we have demonstrated a discontinuous 1D PhC nanoblocks
laser [4] with small device footprint and large wavelength
response to the applied stretching. Unfortunately, all these
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Fig. 1 (a) Schematic and parameters of 1D PhCs wrapped by
PDMS. (b) (top) Spatial distributions of a and w of the PhC
nanocavity and (bottom) the top- and magnified tilted-view SEM
images before embedding into PDMS. (c) Images of PDMS sub-
strate with PhC devices array under (left) compression and (right)
optical microscope. (d) Theoretical mode profile in |E| field of the
confined dielectric mode in the nanocavity along the xy-plane.
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Fig. 2 Lasing spectra of the single nanolaser under 10% compres-
sion to 10% stretching.

reports assume that the applied strain direction is known in
advance, which means they actually cannot identify an un-
known planar strain when serving as a strain sensor. In this
report, a novel strain sensor based on deformable 1D PhC
nanolasers with capability of identifying the direction, type,
and strength of planar strain is proposed.

2. Design & Experimental Results

Schematic of our proposed nanolaser shown in Fig. 1(a)
is consisted of 1D periodic nanorods (PhCs) wrapped by a
deformable polydimethylsiloxane (PDMS). The lattice con-
stant (a), width (w), and length (L) of 1D PhCs are all de-
fined in the inset of Fig. 1(a). To locally confine the first
photonic band within this structure, w and a both linearly
increase by 10-nm increments from the center to the edges
of the PhCs to form a mode-gap confined nanocavity, as
shown by the top- and magnified tilted-view SEM images in
Fig. 1(b). The nanocavity before embedding into PDMS in
Fig. 1(b) is manufactured by a series of lithography and
etching processes, which is followed by embedding into a
PDMS substrate using transferring techniques [4]. Figure
1(c) shows the images of PDMS substrate with PhC de-
vices array under compression and optical microscope.
Figure 1(d) shows the theoretical |E| field of the first band
confined in this nanocavity by 3D finite-element method.
The sufficiently high quality factor (Q) of 6,700 and a small
mode volume of 1.25(A/n)’ show its capability for lasing.

In measurements, single mode lasing near wavelength of
1530 nm is obtained from the device under a laser pulse
pumping with 15 ns width at room temperature, as shown in
Fig. 2. By further applying compression from 0 to 10% and
stretching from 0 to 10% to the PDMS substrate, a very
wide wavelength tunable range of 156 nm (from 1452 to
1608 nm, almost spans the entire S+C+L band) is success-
fully demonstrated with a single nanolaser device, as shown
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Fig. 3 (a) Schematics of lattice deformations of 1D PhC nanolaser
caused by non-axial (left) compression and (right) stretching. (b)
Theoretical wavelength shifts of devices with different o under
different stretching and compressing from 0 to 5%.

in Fig. 2. This results in a high wavelength tunability of 7.8
nm under 1% deformation, which agrees with our previous
results and the conclusion of its strain sensing capability [4].

So far, the applied strains (stretching/compression) are
all along the periodic direction (x-axis) of 1D PhCs. Figure
3(a) shows the schematics of lattice deformations of the
nanolaser under the compression and stretching orientated to
PhC periodic direction by an angle of a. In Fig. 3(a), the
compressive strain applied to the device will give rise to a
stretching orthogonal to the strain applying direction simul-
taneously because of positive Poisson ratio (~ 0.495) of the
PDMS. That is, when 0° < a < 90°, the nanolaser will show
wavelength shift composed of the lattice decreasing
(blue-shift) and increasing (red-shift) by the compressive
strain and a resultant stretching strain along the orthogonal
direction. When o = 0, the lattice decrement (blue-shift) is
totally contributed by the applied compressive strain. In
contrast, when a = 90", the resultant stretching orthogonal to
the strain applying direction is responsible for the lattice
increment (red-shift). Figure 3(b) shows theoretical wave-
length shifts of the nanolasers with different & under differ-
ent stretching and compression from 0 to 5%. It is worthy to
note that all the curves intersect at the point P (a0 ~ 57°),
where the wavelength shifts that come from compressing
and resultant stretching are equal and the nanolaser shows
no response to the applied strain.

To verify above properties, we propose and demonstrate
a layout design consisted of 1D PhC nanolasers 4 to G ar-
ranged with o from 0° to 90" by 15° increment, as shown
by the inset SEM image in Fig. 4. In measurements, we
apply a compressive strain from 0 to 5% (1% increment)
along x-axis to these devices, whose lasing spectra are
shown in Fig. 4. Taking 5% compression for example, the
wavlength shift (44.5.,) for device 4 shows a blue-shift of
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Fig. 4 Lasing spectra from the devices with different o from 0° to
90" (devices A~G, as shown by the inset SEM image) under dif-
ferent compressions from 0 to 5%.

-35.6 nm, while it shows gruadually decreased blue-shifts
for devices B, C, and D. For device E, the 4/_5,, becomes a
red-shift of 3 nm, where the resultant stretching along y-axis
dominates the wavelength shift. For device G, 44_5¢, shows
red-shift of 17.4 nm, which completely comes from the re-
sultant stretching along y-axis. The recorded 445, of
nanolasers with different & denoted by open circles in Fig.
3(b), as well as those under different comprssions, all agree
with the simulation results very well.

Therefore, the results shown in Fig. 3(b) could be a
database for the layout design shown in Fig. 4 in strain
sensing. Via fitting the measured wavelength shifts from the
devices 4 to G under an unknown arbitary planar strain with
the curves in Fig. 3(b), the direction, type, and strength of
the applied strain can be easily estimated.

3. Conclusions

We have demonstrated a 1D PhC nanolaser buried in a
deformable PDMS with wide wavelength tunable range of
156 nm. We further studied the wavelength response of this
device to non-axial deformations both in experiments and
simulations. These results can be served as a database for
our proposed layout design, which enables a novel sensor
with capability of identifying an unknown planar strain, in-
cluding its direction, type, and strength.
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