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D
eveloping flexible single-crystal sili-
con electronics and photonics is a
modern instance of the archetypal

human versus nature conflict. The enthu-
siasm of this effort is stimulated by a natural
quandary: the well-established integrated
electronics and photonics are manufac-
tured on silicon-based substrates, which
are rigid; on the contrary, all organisms are
soft and curvilinear. This seemingly intrinsic
incompatibility is resolved by the discovery
that nanomembranes with thickness less
than a few hundred nanometers can have
flexural rigidities more than 15 orders of
magnitude smaller than those of bulk wa-
fers (>200 μm) of the same materials.1,2 A
hybrid platform which enjoys both the high
performance of inorganic materials and the
flexibility of organic materials is believed to
have a vast range of unprecedented appli-
cations which could not be implemented by
either inorganic or organic platforms alone.
Since direct growth of single-crystal silicon
on curvaceous and conformable organic
surfaces is not possible, a hybrid platform
is usually formed by physically transferring

single-crystal silicon nanomembranes onto
flexible plastic substrates.3�16 Although still
in its infancy, this hybrid approach has been
extensively explored for applications in epi-
dermalelectronics,3,13 implantabledevices,4,8,9

flexible silicon integrated circuits,5,12,16 flexi-
ble solar cells,10 bionic devices,14 etc.
This hybrid platform also paves the way

for flexible silicon photonics. Single-crystal
silicon also has superior optical properties at
telecommunication wavelengths, including
a high refractive index and extremely low
absorption loss, the likes of which cannot be
obtained with organic materials. Having a
high refractive index allows for sharp bends
(of a few microns) without a significant
increase in propagation loss.17 As the bend-
ing radius of a flexible device is usually
larger than a few millimeters, the loss intro-
duced by the deformation itself is negligible
compared to the scattering loss caused
by surface roughness. This hybrid system
also inherits the low absorption loss of
single-crystal silicon. We have demonstrated
stamp printing of single-crystal silicon nano-
membrane-based multimode waveguides
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ABSTRACT Flexible inorganic electronic devices promise numerous applications, especially in fields

that could not be covered satisfactorily by conventional rigid devices. Benefits on a similar scale are also

foreseeable for silicon photonic components. However, the difficulty in transferring intricate silicon

photonic devices has deterred widespread development. In this paper, we demonstrate a flexible single-

crystal silicon nanomembrane photonic crystal microcavity through a bonding and substrate removal

approach. The transferred cavity shows a quality factor of 2.2 � 104 and could be bent to a curvature of

5 mm radius without deteriorating the performance compared to its counterparts on rigid substrates.

A thorough characterization of the device reveals that the resonant wavelength is a linear function of the bending-induced strain. The device also shows a

curvature-independent sensitivity to the ambient index variation.
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onto polyimide films with a propagation loss of
1.1 dB/cm, which is comparable to the loss on a
silicon-on-insulator (SOI) platform.18 As usual, great
opportunities are accompanied by great challenges.
First, photonic devices are usually long in the long-
itudinal direction and short in the transverse direction,
resulting in an aspect ratio exceeding a few thousand.
This high aspect ratio cannot be accommodated
by conventional stamp printing processes developed
for flexible inorganic electronics. Moreover, the
performance of photonic devices heavily relies on
the integrity of its geometry with limited tolerance
to geometrical defects. Although the stamp printing
procedure does not have intrinsic limitations, the
“peeling” and “printing” operations are more likely
to generate geometrical defects due to engineering
issues. This paper introduces a viable high yield
transfer method, with which we demonstrate a flexible
crystalline silicon photonic crystal microcavity which
could be bent to a curvature of 5 mm radius, without
any appreciable optical loss. The device's potential as
a deformable sensor is also explored.

RESULTS AND DISCUSSION

Figure 1A�D briefly depicts the transfer sequence.
A detailed description can be found in the Supporting
Information. As shown in Figure 1A, the photonic de-
vices are patternedona2 cm� 2 cmsilicon-on-insulator

(Soitec SOI) chip with a 250 nm single-crystal silicon
layer, 3 μm buried oxide layer (BOX), and a 675 μm
silicon handle using electron beam lithography and
reactive ion etching (HBr/Cl2). The patterned chip is
flipped over and bonded onto a 125 μm thick polyimide
substrate (Dupont Kapton HN) through adhesive bond-
ing with SU-8 (Microchem) (Figure 1B). The native oxide
on the SOI chip is removedby1:6 bufferedoxide etchant
prior to bonding because the adhesion between SU-8
and SiO2 is weak. Prior to bonding, the polyimide film is
mounted on a rigid substrate. SU-8 is spin-coated on
both the polyimide film and the SOI chip, both of which
are baked at 65 �C for an extended period of time to
improve surface quality as SU-8 has impressive self-
planarization capability when heated above its glass
transition temperature.19,20 The SU-8 layer on the poly-
imide film is partially exposed to generate Lewis acid,
which initiates cross-linking when the unexposed SU-8
on SOI is brought in contact. The pressure is applied by
a homemade bonder, which is shown in Figure S3. After
bonding, the silicon handle is removed by mechanical
polishing followed by deep reactive ion etching (DRIE),
as shown in Figure 1C. The DRIE process is tailored
to reduce the processing temperature. The etch
rate is about 2.7 μm/cycle with a selectivity of 80:1 to
silicon dioxide (SiO2), making the 3 μm thick BOX
an excellent etch stop layer, which is then removed
by concentrated 49% hydrofluoric acid. Finally, the

Figure 1. (A�D) Transfer process. (A) Pattern the photonic crystal microcavity on SOI. (B) Flip bond the SOI chip onto the
polyimide film with SU-8 epoxy. (C) Remove the silicon handle and BOX layer with mechanical polishing, DRIE, and wet
etching. (D) Peel off the polyimide film from the mechanical support. (E) Transferred 2 cm� 2 cm silicon nanomembrane on
polyimide film. SEM image of (F) L13 photonic crystal microcavity, (G) input section of the photonic crystal waveguide, (H)
magnified image of the transferred photonic crystal microcavity, and (I) SWG coupler.

A
RTIC

LE



XU ET AL. VOL. 8 ’ NO. 12 ’ 12265–12271 ’ 2014

www.acsnano.org

12267

polyimide film containing the silicon nanomembrane
devices is peeled up from the rigid carrier (Figure 1D).
Figure 1E shows the transferred 2 cm � 2 cm silicon
nanomembrane. Figure S4 demonstrates that the film
could be bent to a small curvature. The advantages of
adhesive bonding include relatively low bonding tem-
peratures, insensitivity to the bonding surface topology,
and the ability to join virtually any two materials
together. During the transfer procedure, SU-8 comple-
tely fills the holes and trenches in and around the
photonic devices, providing mechanical support
and protecting the delicate devices from mechanical
failure. After transfer, oxygen plasma may be used to
remove the SU-8 inside the holes for applications that
require exposing the optical field to the outside world.
Figure 1F�I shows the scanning electron microscope
(SEM) images of the transferred L13 photonic crystal
microcavity (Figure 1F�H) and the subwavelength
grating (SWG) couplers (Figure 1I. Movie S1 in the
Supporting Information shows that the film can bend,

twist, and consistently return to its original form. It
could also be cut as easily as a piece of paper.
Figure 2A illustrates the structure of the L13 photo-

nic crystal microcavity comprising a linear photonic
crystal microcavity side-coupled with a W1 photonic
crystal waveguide (PCW). The cavity, which is formed
by removing 13 holes along the Γ�K direction, is
located two rows away from the W1 waveguide. The
two holes at the two ends of the cavity are moved
outward by a distance s= 0.15a to reduce radiation loss
and increase the quality factor (Q).21 This optimized
hole displacement is selected by experimentally com-
paring the Q of cavities with different hole shift.21

The W1 PCW is formed by removing one row of holes
along the Γ�K direction. The lattice constant a equals
393 nm in this work. The hole radius r is 108 nm, giving
a r/a of 0.275. The thickness of the silicon slab t is
250 nm. An eight-period photonic crystal adiabatic
taper is designed to improve the coupling efficiency
between the strip waveguide and the PCW.22 The

Figure 2. (A) Schematic of the L13 cavity. (B) Band diagram of the PCW (solid black curve). The L13 cavity resonance
frequencies are indicated by dotted lines. Inset: |Hy|

2 of the three resonant modes. (C) Transmission spectra of the L13 PC
microcavity device on SOI with deionized (DI) water as the top cladding (blue) and with glycerol as the top cladding (red). (D)
Transmission spectra of the L13 PC microcavity device on polyimide film with DI water as the top cladding (blue) and with
glycerol as the top cladding (red). (E) Zoomed-in image showing resonance Ra on SOI device with different top claddings. (F)
Zoomed-in image showing resonance Ra on transferred device with different top claddings. Resonance wavelengths are also
indicated in the figures.
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dispersion relation of the W1 PCW (solid curve) is
simulated by three-dimensional plane wave expan-
sion, as shown in Figure 2B. The resonance frequencies
are also indicated by the dotted lines. The |Hy|

2 dis-
tribution of the resonant modes are shown in the inset
of Figure 2B. Among the three resonances, resonances
Rb and Rc are above the SiO2 light line (n ∼ 1.45 at
1550 nm), resulting in higher radiation loss and
lower Q. Resonance Ra is of the most interest not only
because of its high Q, but also because of its higher
group index (ng ∼ 13.2), which provides greater inter-
action between the slowly traveling photons and
analytes compared to a strip waveguide. For device
characterization, SWGs are designed and integrated to
couple light in and out of the transferred devices.23 The
transmission spectrum is obtained by analyzing the
light coupled out from SWG with an optical spectral
analyzer (OSA). The transmission spectra of the L13
cavity with water (n ∼ 1.33 at 1550 nm) as its top
cladding before and after being transferred to a new
substrate are shown by the blue curves in Figure 2C,D.
The presence of water, which is highly absorptive in
the near-infrared wavelength range (absorbance:
R ∼ 800 m�1 at 1550 nm), increases the absorption
loss and lowers the Q to 9 � 103. After transfer,
resonance Ra (1548.47 nm) blue shifts to 1547.62 nm,
while the quality factor remains unchanged. The blue
shift of resonances is due to the expansion of the holes
induced by the transfer process. To determine the bulk
sensitivity of the device, glycerol (n∼ 1.46 at 1550 nm)
is dropped on top of themicrocavity, and the transmis-
sion spectra from the devices on SOI and on polyimide
are measured again, as indicated by the red curves in
Figure 2C,D, respectively. The Q factor increases to
2.2 � 104 because glycerol is transparent in the wave-
length range of interest. The resonance shift induced
by the refractive index change of the top cladding is
8.82 nm, corresponding to a sensitivity of 68 nm/RIU
(refractive index unit), which is comparable to the
devices demonstrated on rigid SOI platforms.24�26

The bending characteristics of the flexible photonic
crystal microcavity are investigated with the measure-
ment setup shown in Figure 3. The two ends of the
sample are constrained on the jaws of a caliper but
allowed to rotate freely. The specimen is buckled
upward or downward by sliding the movable jaw
inward. The system allows the distance between the
two jaws to be controlled with an accuracy better than
0.1 mm. Light is also coupled via single mode fibers
into and out of the device through SWGs. The SWGs
have been designed to have repeatable performance
on curvatures with different bending radii. A detailed
description of the SWGs is provided in the Supporting
Information. The bending shape of the specimen can
be approximated by a sinusoidal function (eq S3). The
bending radius at the peak of the curvature is esti-
mated by the second derivative of the sinusoidal curve,

as shown in eq S5.27 We investigated four different
types of axial bending: longitudinal face-out bending
(LFO), longitudinal face-in bending (LFI), transverse
face-out bending (TFO), and transverse face-in bend-
ing (TFI). For longitudinal bending, the bending direc-
tion is parallel to the light propagation direction
(z axis), while it is perpendicular for transverse bending
(x axis). In face-out bending (bending radius R > 0), the
silicon nanomembrane experiences tensile stress in
the bending direction, and in face-in bending (R < 0),
it experiences compressive stress in the bending direc-
tion. The strain γbend of the silicon nanomembrane in
the bending direction equals the distance from the
neutral surface, dn, divided by the bending radius R.
The absolute value of R is between infinity (flat) and
5 mm. The corresponding absolute value of the strain
|γbend| in the bending direction is between 0 and 1.2%,
as indicated in Figure S9. The experimentally observed
shifts of resonance 1 in LFO, LFI, TFO, and TFI bending
are shownby the red dots in Figure 4A�D, respectively.
The resonance shifts to longer wavelength when
the specimen is under tensile strain (γbend > 0) and to
shorter wavelength when it is under compressive
strain (γbend < 0). The strain sensitivity is summarized
in Table 1. The resonant shift exhibits a linear correla-
tion with strain. The sensitivities for LFO, LFI, TFO, and
TFI are 0.673, 0.656, 0.588, and 0.591 pm/με, respec-
tively, as calculated by linear regression. The device is
observed to be slightly more sensitive to longitudinal
bending than transverse bending.
The effects of bending are 2-fold: distort the geo-

metry and transform the isotropic refractive index
tensor into anisotropic. Geometrical distortion includes
turning the circular holes into elliptical holes, changing
the lattice structure, and altering the cavity properties.
As the hexagonal lattice is distorted into a pseudohex-
agonal lattice, the hexagonal symmetry in the recipro-
cal lattice is broken and the irreducible Brillouin zone
splits into three, shifting the photonic band gap struc-
ture and the guided mode, as shown qualitatively in
the insets in Figure 4A�D.28 Because of the asymmetry
of the device, as implied in Figure 1F, the deformation

Figure 3. Configuration of the bending experiment. Inset:
Sliding the movable jaws will buckle the specimen upward
or downward.
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is not symmetric either. Therefore, to give a precise
account of the deformation, the whole device is simu-
lated with finite element method (FEM) by prescribing
corresponding displacements on the boundary. Since
the dimension of the photonic crystal microcavity
(10 μm � 40 μm) is much smaller than the minimum
bending radius (5 mm), the strain could be closely
approximated by in-plane uniaxial strain. The simu-
lated deformed geometries are shown in the bottom
left insets in Figure 4A�D,which show the deformation

and relocation of the holes. The L13 cavity is also
altered by strain, leading to the change of its resonance
property. As an example, the cavity is elongated under
LFO bending, while its width shrinks due to Poisson's
effect. In addition to the geometry distortion, the
photoelastic effect also causes significant resonance
shift. The relation between the components of the
refractive index tensor and the stress can be calculated
by eqs S9�S21. Due to the complexity of the structure,
the exact calculation of stress as a function of position
is prohibitive; thus, an averaged value is therefore
adopted to estimate the refractive index tensor. The
results are shown in Figure S9. Take LFO bending again
as an example, nzz increases while nxx and nyy decrease
with increasing tensile strain. The deformed geometry
and the refractive index tensors are used as input for
finite-difference time-domain (FDTD) simulations. As
the slab photonic crystal does not support pure trans-
verse electric modes, all components of the refractive
index tensor need to be considered in the FDTD
simulations. The simulated resonance shift is shown
by the blue lines in Figure 4A�D, which matches the
experimental results with a discrepancy around 10%,
possibly caused by errors induced due to approxima-
tions and utilizing the averaged stress values in the
simulations. Another interesting phenomenon that has
been observed is theQof resonance Ra remains around

Figure 4. Bending characteristics of the transferred L13 PC
microcavity under (A) LFO bending, (B) LFI bending, (C) TFO
bending, and (D) TFI bending. The top left insets are the
schematics depicting the bending configurations. The bot-
tom left insets show the deformedgeometries generated by
FEM simulations. The right figures show the experimental
(red) and simulation (blue) correlation between resonance
Rawavelength shift and strain. The insets in the right figures
show the deformation of the holes and the corresponding
distortion of the reciprocal lattice. The small black circles
are the measured quality factors of the cavity at different
bending radii.

TABLE 1. Strain Sensitivity (pm/με)

LFO LFI TFO TFI

experiment 0.673 0.656 0.588 0.591
simulation 0.616 0.633 0.545 0.563

Figure 5. (A) Resonance shift caused by analytes with
different refractive indices. A drop of analyte can be clearly
seen adhering the surface even under bent conditions. (B-Q)
Transmission spectra of resonance Ra in different bending
cases: (B�E) LFO; (F�I) LFI; (J�M) TFO; (N�Q) TFI. For each
bending case, four different bending radii are selected due
to the limited space, including 5, 15, 35, and 70 mm. Blue
curve: water top cladding. Red curve: glycerol top cladding.
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9 � 103 under different bending conditions due to
the high index contrast between silicon and its clad-
ding materials, as indicated by the black circles in
Figure 4A�D.
As aforementioned, ultrathin monocrystalline de-

vices are expected to not only exhibit excellent flex-
ibility but also show comparable performance to their
rigid counterparts. For a flexible and conformal photo-
nic sensor, it would be even more valuable if its
sensitivity is independent of the bending radius. To
determine the effect of bending on sensitivity, mea-
surements are performed with water and glycerol, just
like the previous discussion. The results are summar-
ized in Figure 5. A number of different bending radii
have been investigated, and the results are summar-
ized in Figure 5A. The device exhibits an average
sensitivity of 68 nm/RIU under different bending con-
ditions, which is identical to the sensitivity when the
specimen lies flat. Four different bending radii (5, 15,
35, and 70 mm) are plotted in Figure 5B�Q for each
bending configuration. The bending could delocalize
the resonant mode field into the cladding and subse-
quently affect the sensitivity. In the face-out bending,

for instance, the resonant mode field tends to deloca-
lize into the top cladding. The overlap factor increases
as the bending radius reduces, and thus the sen-
sitivity could increase. Due to the relatively large
bending radii and small strain, this phenomenon is
negligible. The results also imply that the flexible
photonic crystal microcavity can be reliably used on a
curved surface.

CONCLUSION

We have demonstrated a flexible monocrystalline
photonic crystal microcavity sensor using a bonding
and silicon handle removal-based transfer technique.
The demonstrated photonic crystal microcavity shows
a quality factor up to 2.2� 104. The high-performance
sensor device could bend to a curvature of 5mm radius
without deteriorating the quality factor. The resonant
wavelength shift is linearly correlated to the uniaxial
strain. As a refractive index sensor, the flexible cavity
demonstrates a deformation-independent sensitivity,
which is crucial for real applications. This effort proves
the feasibility of achieving intricate high-quality photo-
nic devices on plastic substrates.

METHODS
Device Fabrication. The device is fabricated on commercially

available silicon-on-insulator with 250 nm single-crystal silicon
device layer, 3 μmburied oxide layer, and 675 μmsilicon handle.
The wafer is cleaved into 2 cm � 2 cm chips, and the chips are
cleaned through a piranha bath. Hexamethyldisilazane is spin-
coated at 4000 rpm for 35 s to enhance the adhesion between
the electron beam resist and silicon. Electron beam resist
ZEP520a is spin-coated at 6000 rpm for 35 s, giving a resist of
350 nm thickness. The pattern is transferred onto the resist by
JBL 6000 and then to the silicon layer through reactive ion
etching (HBr/Cl2). The resist is stripped off by PG remover and a
piranha bath.

Measurements. The bending tests are carried out by mount-
ing the samples between the jaws of a Vernier caliper,29 as
illustrated in Figure 3 and its insets. The specimen is bent to a
sinusoidal shape under a uniaxial compressive displacement
applied by the movable jaw. Both ends of the specimen are
linked to the jaws via Scotch tape but allowed to rotate almost
freely in the vertical direction. This configuration can be
approximated by the mechanical model of simply supported
beams.30 When the film is bent upward, it is defined as face-out
bending and the silicon nanomembrane is subjected to a tensile
stress. In contrast, as the film is bent downward, it is defined as
face-in bending and the silicon nanomembrane is subjected to
a compressive stress.31 The study is performed on the specimen
with an initial length of L. After applying a compressive dis-
placement ΔL by the movable jaw, the specimen buckles and
bends to an end-to-end length of L � ΔL. ΔL can be measured
by a caliper with an accuracy of 0.01 mm.

Light is coupled into devices through SWGs. A detailed
discussion on SWGs is available in the Supporting Information.
To characterize the devices, light from a broad-band source is
polarized by a free space polarizer anddelivered by a polarization
maintaining fiber. The light from the output grating is harvested
by a conventional single-mode fiber (SMF28) and analyzed by an
OSA. Both the input and output fibers are held by copper tubes,
which are mounted on 10� wedges sitting on xyz stages.
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