ARTICLES
PUBLISHED ONLINE: 29 JUNE 2014 | DOI: 10.1038/NPHOTON.2014.138

Integrated ﬂexible chalcogenide glass
photonic devices
Lan Li1†, Hongtao Lin1†, Shutao Qiao2†, Yi Zou1, Sylvain Danto3, Kathleen Richardson3,4,
J. David Musgraves4, Nanshu Lu2 and Juejun Hu1 *
Photonic integration on thin ﬂexible plastic substrates is important for emerging applications ranging from the realization of
ﬂexible interconnects to conformal sensors applied to the skin. Such devices are traditionally fabricated using pattern
transfer, which is complicated and has limited integration capacity. Here, we report a convenient monolithic approach to
realize ﬂexible, integrated high-index-contrast chalcogenide glass photonic devices. By developing local neutral axis designs
and suitable fabrication techniques, we realize a suite of photonic devices including waveguides, microdisk resonators,
add–drop ﬁlters and photonic crystals that have excellent optical performance and mechanical ﬂexibility, enabling repeated
bending down to sub-millimetre radii without measurable performance degradation. The approach offers a facile fabrication
route for three-dimensional high-index-contrast photonics that are difﬁcult to create using traditional methods.

C

onventional on-chip photonic devices are fabricated almost
exclusively on rigid substrates with little mechanical ﬂexibility, but integration on deformable polymer substrates has
given birth to ﬂexible photonics, a ﬁeld that has emerged rapidly
in recent years to become the forefront of photonics research. By
imparting mechanical ﬂexibility to planar photonic structures, the
technology has enormous application potential for aberration-free
optical imaging1, epidermal sensing2, chip-to-chip interconnects3
and broadband photonic tuning4. Free-space-coupled optical components including photodetectors5, light-emitting diodes6 and Fano
reﬂectors7 are among the ﬁrst ﬂexible semiconductor photonic
devices to have been demonstrated. Planar integrated photonic
structures such as microresonators and other waveguide-integrated
devices potentially offer signiﬁcantly improved performance characteristics compared to their free-space counterparts, because of their
tight optical conﬁnement and the facilitation of essential components for integrated photonic circuits. To date, ﬂexible planar
photonic devices have been fabricated almost exclusively using polymeric materials, which do not have the high refractive indices
necessary for strong optical conﬁnement. Silicon-based, highindex-contrast ﬂexible waveguide devices were ﬁrst demonstrated
using a transfer printing approach8. However, this hybrid approach
involves multiple pattern transfer steps between different substrates
and has limited throughput, yield and integration capacity9,10. More
recently, amorphous silicon devices have been fabricated via direct
deposition and patterning11. However, the optical quality of the
silicon material was severely compromised by the low deposition
temperature dictated by the polymer substrate’s thermal budget.
Silicon nitride is another material candidate that does not require
epitaxial growth on single-crystal substrates. However, polymer
substrates cannot withstand the high deposition temperature of
low-loss nitride in the low-pressure chemical vapour deposition
process (>500 °C)12, and silicon nitride deposited by sputtering or
plasma-enhanced chemical vapour deposition (PECVD) generally
exhibits high optical losses13,14. Oxynitride deposited via PECVD
or sputtering may offer a viable route for ﬂexible photonic device

fabrication, although oxygen plasma damage to polymer substrates
presents a challenge yet to be mitigated.
As well as these multimaterial integration challenges, planar integrated photonics stipulate a distinctively different set of requirements in their conﬁgurational design to achieve structural
ﬂexibility. For example, the neutral plane design widely adopted
for ﬂexible electronics15,16 dictates that the device layer should be
embedded inside the ﬂexible substrate near the neutral plane to
minimize strain exerted on the devices when the structure is
deformed. However, encapsulation of the various photonic components deep within a thick top cladding layer prohibits effective
heat dissipation as well as evanescent wave interactions with the
external environment, an essential condition for biochemical
sensing and evanescent optical coupling. To achieve efﬁcient
optical coupling, current ﬂexible photonic devices are placed on
the surface of polymer substrates. As a consequence, the devices
are subjected to large strains upon bending and exhibit only moderate ﬂexibility with a bending radius typically no less than 5 mm (refs
3,5,11). This mechanical performance severely limits the range of
degrees of freedom available for deployment.
In this Article, we demonstrate monolithic photonic integration
on plastic substrates using high-refractive-index chalcogenide glass
(ChG) materials. This process yields high-index-contrast photonic
devices with record optical performance and beneﬁts signiﬁcantly
from improved processing protocols based on simple, low-cost
contact lithography. We show that this versatile process can be
readily adapted to different glass compositions with tailored
optical properties to meet different candidate applications. A
novel local-neutral-axis design is implemented to render the structure highly mechanically ﬂexible, enabling repeated bending of the
devices down to sub-millimetre bending radii without a measurable
degradation in optical performance. We note that classical multilayer beam bending theory fails in our design due to the large
modulus contrast among the different layers. For this reason, a
new analytical model was developed to take into account the multiple neutral axes in a multilayer stack so as to successfully
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Figure 1 | Flexible glass photonic device fabrication and mechanical reliability tests. a, Schematic overview of the monolithic 3D ﬂexible photonic device
fabrication process. b, Photograph of a ﬂexible photonic chip showing a linear array of microdisk resonators. c, University of Delaware logo on
polydimethylsiloxane ﬂexible substrates made of Ge23Sb7S70 , As2Se3 and As2S3 glasses (from left to right). d, Photograph of the ﬁbre end-ﬁre testing set-up
used for in situ measurement of optical transmission characteristics during mechanical bending of the ﬂexible devices. e, Intrinsic Q-factor distribution
measured in ﬂexible microdisk resonators. Inset: example of resonator transmission spectrum. f, Loaded Q-factors and extinction ratios of the resonator after
multiple bending cycles at a bending radius of 0.5 mm.

capture the strain–optical coupling behaviour in our devices. We
also further exploited the monolithic integration approach for
three-dimensional (3D) multilayer fabrication. Compared to conventional 3D stacking methods involving wafer bonding17, nanomanipulation18, ion implantation19, or multi-step chemical mechanical
polishing20, our approach offers a more simple and robust alternative route for novel 3D photonic structure processing.

Device fabrication and mechanical reliability test
Figure 1a schematically illustrates our device fabrication process
ﬂow. The process begins by spin-coating epoxy (SU-8) onto a
rigid handler (for example, an oxide coated Si wafer), followed by
ChG evaporation deposition and liftoff patterning using ultraviolet
644

contact lithography (see Methods). We chose ChGs as the photonic
materials for several reasons, including their amorphous nature and
low deposition temperature (allowing direct monolithic ﬂexible substrate integration21–24), their high refractive indices (2–3, compatible
with high-index-contrast photonic integration), and their almost
inﬁnite capacity for composition alloying (allowing ﬁne-tuning of
optical as well as thermomechanical properties over a broad
range), making them suitable for diverse applications. SU-8 epoxy
was used as the cladding polymer because of its proven chemical
stability, excellent optical transparency and superior planarization
capacity. Before ultraviolet exposure SU-8 epoxy behaves as a thermoplastic polymer amenable to thermal reﬂow treatments and the
creation of a smooth surface ﬁnish, even on substrates with
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multilevel patterned structures. After thermal or ultraviolet crosslinking the epoxy becomes a thermosetting resin and is robust
against mechanical deformation, humidity and subsequent
thermal processing. Capitalizing on this unique property of SU-8,
we developed an ultrathin epoxy planarization process with the
high degree of planarization critical to 3D photonic integration.
Details of the planarization process are described in
Supplementary Section I. The deposition/patterning/planarization
steps were repeated multiple times for 3D fabrication and no loss
of degree of planarization was observed. Finally, the ﬂexible
samples were delaminated from the handler wafer using Kapton
tape to form free-standing ﬂexible structures. The Kapton tape consists of two layers, a silicone adhesive layer and a polyimide substrate, and has dual purposes: (1) it facilitates the delamination
process and (2) the low-modulus silicone adhesive serves as an
effective strain-relieving agent in our local-neutral-axis design (discussed in the following). Figure 1b presents a photograph of a ﬁnal
free-standing ﬂexible photonic circuit chip. We have also tested the
fabrication process with several different ChG compositions with
vastly different optical properties (indices and Tauc optical bandgaps) to demonstrate the material compatibility of the process.
Figure 1c shows University of Delaware logos patterned on ﬂexible
substrates with three different glass compositions: Ge23Sb7S70 (n =
2.1, Eg = 2.2 eV)25, As2Se3 (n = 2.8, Eg = 1.8 eV)26 and As2S3 (n =
2.4, Eg = 2.1 eV)27, all of which exhibit good adhesion to the SU-8
substrate. The inset in Fig. 1d shows a microscope image of a 30µm-radius and 450-nm-thick Ge23Sb7S70 microdisk resonator
pulley coupled to an 800-nm-wide channel bus waveguide28. This
simple fabrication route offers extremely high device yields; we
have tested over 100 resonator devices randomly selected from
samples fabricated in several different batches and all of them operated as designed after going through the entire fabrication process.
Figure 1e plots the intrinsic Q-factor distribution of the devices
measured near a wavelength of 1,550 nm, showing an average Qfactor of (2.7 ± 0.7) × 105, corresponding to an equivalent optical
propagation loss of 1.6 ± 0.4 dB cm−1 (Supplementary Fig. 2a). An
example of a normalized resonator transmission spectrum is
shown in the inset to Fig. 1e. Our best device exhibited an intrinsic
Q-factor as high as 460,000, the highest value ever reported in
photonic devices on plastic substrates.
A schematic illustration of the thickness proﬁle of a fabricated
ﬂexible photonic chip is provided in Supplementary Fig. 6a. This
photonic chip is composed of (top to bottom) a polyimide substrate,
the silicone adhesive and the SU-8 cladding layer in which the
devices are encapsulated. The notations are labelled in
Supplementary Fig. 6a and tabulated in Supplementary Table 4.
We experimentally measured the Young’s moduli of the thin-ﬁlm
polyimide, silicone and SU-8 to be E1 = 2.5 GPa, E2 = 1.5 MPa and
E3 = 2 GPa, respectively (Supplementary Section IV). In the following we derive an analytical formula to predict the strain–optical
coupling behaviour in the devices.
Classical beam bending theory predicts that when a multilayer
structure is subject to pure bending, cross-sectional planes before
bending are assumed to remain planar after bending and a unique
neutral axis exists in the laminated structure (Supplementary
Section V). However, the classical theory is only applicable to multilayer stacks where the layers have similar elastic stiffnesses. For the
three-layer structure shown in Supplementary Fig. 6a, the Young’s
modulus of the silicone interlayer is three orders of magnitude
smaller than that of the SU-8 or polyimide. When this sandwiched
‘Oreo’ structure is bent, the soft middle layer undergoes large shear
deformation, which essentially decouples the deformation of the top
and bottom stiff layers, similar to the strain decoupling effect discussed in the tension case29. As a result, each stiff layer has its
own neutral axis and bending centre, and the stack thus demonstrates multiple neutral axes. We validated this postulate using

both ﬁnite-element modelling (FEM) and an analytical multineutral axis theory, as discussed in Supplementary Section V.
Because of the soft silicone interlayer, the location of the neutral
axis can be shifted away from near the centre of the multilayer
stack to within SU-8, a salient feature that enables photonic
designs capitalizing on and enabling evanescent interactions while
demonstrating extraordinary mechanical ﬂexibility.
To experimentally validate the new theory, we performed strain–
optical coupling measurements, where the optical resonant wavelengths of glass microdisk resonators were monitored in situ while
the samples were bent. A block diagram of the home-built measurement set-up is illustrated in Supplementary Fig. 7a. Light from a
tunable laser was coupled into the bus waveguides via ﬁbre endﬁre coupling, and the transmittance through the chip was monitored in situ as the samples were bent using linear motion stages.
Figure 1d shows a ﬂexible chip under testing. Further details regarding the measurement are provided in Supplementary Section VI.
The resonant wavelength shift dλ can be expressed as a function
of the local strain at the resonator, dε:

 
dλ  λ
dn
n
λ dL λ dn
· Γi ·
+ eff · · + · eff
=
ng L dε ng dε
dε
ng
dε i
i

(1)

where Γi and (dn/dε)i are the optical conﬁnement factor and strain–
optic coefﬁcient in the ith cavity material, L is the cavity length, and
ng and neff denote the group and effective indices, respectively. In
equation (1), the ﬁrst term on the right-hand side represents the
optoelastic (that is, strain–optic) material response, the second
term manifests the cavity length change, and the third term
results from the cavity cross-sectional geometry modiﬁcation.
Derivation of the equation follows ref. 11 and is elaborated in
Supplementary Section VII. Because the resonant wavelength of a
high-Q resonator can be measured accurately down to the picometre
level, strain–optical coupling provides a sensitive measure of local
strain in the multilayer structure. A series of ﬂexible Ge23Sb7S70
glass microdisk resonator samples with different SU-8 top and
bottom cladding layer thickness combinations were fabricated and
tested. By varying the cladding thickness, local strain at the microdisk resonators is modiﬁed when the samples are bent. This is
apparent from Fig. 2a, where the resonant wavelength shift as a
function of chip bending curvature is plotted for ﬁve different
samples. The resonant wavelength shift was highly repeatable after
several bending cycles, and little hysteresis was observed.
Theoretical predictions based on classical multilayer bending
theory as well as those made using our new multi-neutral-axis
analysis are plotted in the same ﬁgure for comparison.
Experimentally measured material moduli and strain–optic coefﬁcients measured using the protocols outlined in Supplementary
Section IV were used in the calculations. It is apparent that the classical theory fails to reproduce the experimentally observed trend,
whereas our new theory successfully accounts for the strain–
optical coupling behaviour. When we apply Supplementary
equation (14) to convert the horizontal axis from the bending curvature in Fig. 2a to the bending-induced strain in Fig. 2b, all of
the experimental data collapse onto one straight line, which veriﬁes
the linear dependence of the resonance peak shift on mechanical
strain (equation (1)). The dramatic change of both the magnitude
and sign of the resonance shift in different samples provides an
effective method to control strain–optical coupling in ﬂexible
photonic devices and also has important practical implications.
For applications where strain–optical coupling is undesirable, such
as resonator refractometry sensing, the coupling can be nulliﬁed
by strategically placing the device at the zero strain points. On the
other hand, the coupling can be maximized when applied to photonic tuning or strain sensing.
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Figure 2 | Strain–optical coupling in ﬂexible photonic devices. a, Resonance wavelength shift plotted as a function of bending curvature: each colour
represents an SU-8 top/bottom cladding thickness combination. h3t and h3b denote the SU-8 top and bottom cladding thicknesses, as labelled in
Supplementary Fig. 6a. Symbols are experimentally measured data, solid lines are predictions made using our analytical theory, and dashed lines are classical
bending theory results. b, Resonance wavelength shift plotted as a function of bending strain, which can be calculated from the bending curvature using
Supplementary equation (14). All data in Fig. 2b collapse to one curve, as predicted by equation (1).

The local neutral axis design imparts extreme mechanical ﬂexibility to our devices. To test the mechanical reliability of the ﬂexible
devices, microdisk resonators were fabricated and their optical
characteristics were measured after repeated bending cycles with a
bending radius of 0.5 mm. As shown in Fig. 1f, there were
minimal variations in both the quality factor and the extinction
ratio after multiple bending cycles, demonstrating the superior
mechanical robustness of the ﬂexible devices. Our fatigue test, consisting of up to 5,000 bending cycles at a radius of 0.8 mm, resulted
in a 0.5 dB cm−1 increase in waveguide propagation loss and a 23%

Adiabatic interlayer waveguide couplers
As our technology makes use of high-index ChGs as the backbone
photonic materials, their amorphous nature further enables us to
scale the fabrication method to 3D monolithic photonic integration
on plastic substrates using multilayer deposition and patterning.
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III). Optical microscopy further revealed no crack formation or
interface delamination in the layers after 5,000 bending cycles
(Supplementary Fig. 4).
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intensity distribution in the coupler, showing adiabatic power transfer from the top waveguide to the bottom waveguide. c, Top (red curve) and bottom (blue
curve) waveguide widths and simulated supermode effective indices (green curves) in the taper section of the interlayer coupler. Insets: cross-sectional even
supermode intensity proﬁle evolution along the taper. d, FDTD simulated (green line) and measured (red and blue lines) transmission spectra of the
interlayer coupler(s).
646

NATURE PHOTONICS | VOL 8 | AUGUST 2014 | www.nature.com/naturephotonics

© 2014 Macmillan Publishers Limited. All rights reserved.

a
Drop

Bottom
layer

Through

30 µm

Normalized transmittance

b
Top
layer

ARTICLES

DOI: 10.1038/NPHOTON.2014.138

c
1.0

1.0
Normalized transmittance

NATURE PHOTONICS

0.8
0.6
0.4
0.2
0.0
1,550

0.8
0.6
0.4
0.2
0.0

1,555

1,560

1,565

1,570

1,565.8

1,575

1,566.0

1,566.2

1,566.4

1,566.6

Wavelength (nm)

Wavelength (nm)
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Vertically coupled add–drop resonator ﬁlter

Vertically coupled resonator add–drop ﬁlters were fabricated using
the same approach on plastic substrates (Fig. 4a). The device consists of a microdisk resonator co-planar with the add waveguide,
and a through-port waveguide in a second layer separated from
NATURE PHOTONICS | VOL 8 | AUGUST 2014 | www.nature.com/naturephotonics

the microdisk by a 550-nm-thick SU-8 layer. Unlike co-planar
add–drop ﬁlters where the coupling strength has to be adjusted by
changing the narrow gap width between the bus waveguides and
the resonator, the critical coupling regime in vertical resonators is
readily achieved by ﬁne-tuning the thickness of the SU-8 separation
layer. Figure 4c shows the normalized transmission spectrum of a
resonator designed for critical coupling operation. The ﬁlter exhibited an insertion loss of 1.2 dB and a loaded Q-factor of 2.5 × 104 at
both its through port and its drop port. These results agree well with
our theoretical predictions made using a scattering matrix formalism32 (Supplementary Section IX).
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The excellent planarization capability of ultrathin SU-8 resin
ensures pattern ﬁdelity in the multilayer process. This approach to
3D photonic structure fabrication offers a facile and simple alternative to conventional methods involving ion implantation19, wafer
bonding17 or pick-and-place nanomanipulation18. Here, we demonstrate the fabrication of several important device building blocks,
including broadband interlayer waveguide couplers, vertically
coupled resonators and woodpile photonic crystals, using our
approach. It is worth noting that all devices presented in this
Article were fabricated using simple, low-cost ultraviolet contact
lithography, without resorting to ﬁne-line patterning tools such as
electron-beam lithography or deep-ultraviolet lithography, and we
expect signiﬁcant device performance improvement through
further optimization of the processing steps.
Figure 3a schematically shows the structure of an interlayer adiabatic waveguide coupler. The coupler consists of a pair of vertically
overlapping inverse taper structures made of Ge23Sb7S70 glass. The
non-tapered waveguide sections are 0.9 µm wide and 0.4 µm high,
designed for single quasi-transverse-electric mode operation at a
wavelength of 1,550 nm. The device operates on the supermode
adiabatic transformation principle30,31, where light entering the
coupler predominantly remains in the coupled waveguide system’s
fundamental mode. The simulated ﬁeld mode intensity proﬁles of
the coupled waveguides in the taper section are plotted in the
insets to Fig. 4c. The effective indices of the even and odd modes
were also plotted along the taper length. As shown in the ﬁgure,
the even supermode, which is the fundamental mode of the
coupled waveguide system, transitions adiabatically from the top
waveguide to the bottom waveguide as the waveguide width
changes in the taper section. Figure 3b shows a side view of the
ﬁnite-difference time-domain (FDTD) simulated steady-state
optical ﬁeld intensity distribution in the coupler, which illustrates
the power transfer process from the top waveguide to the bottom
waveguide. Unlike traditional directional couplers based on phasematched evanescent coupling, the adiabatic mode transformer
coupler design is robust against fabrication error and wavelength
dispersion. The adiabatic interlayer coupler exhibited broadband
operation with 1.1 dB (single coupler) and 2.0 dB (double couplers)
insertion loss (both averaged over a 50 nm band), comparable to the
simulation results (0.5 dB loss per coupler) given the limited alignment accuracy of contact lithography and the waveguide sidewall
roughness scattering loss (Fig. 3d).
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Figure 5 | 3D woodpile photonic crystals. a, Tilted focused ion beamscanning electron microscopy view of a 3D woodpile photonic crystal
(before delamination from the silicon handler substrate) showing excellent
structural integrity. b, Diffraction patterns of a collimated 532 nm green laser
beam from the photonic crystal. Red dots are diffraction patterns simulated
using the Bragg diffraction equation.
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In addition to being used to fabricate two-layer devices such as
interlayer couplers and vertically coupled resonator ﬁlters, our technique can be readily extended to the fabrication of multilayer structures that often present major challenges to conventional fabrication
methods. As an example, Fig. 5a shows a tilted anatomy view of a
four-layer woodpile photonic crystal fabricated using the method
shown in Fig. 1a, before delamination from the handler substrate.
The integrity and pattern ﬁdelity of the photonic crystal structure
were examined using optical diffraction. Figure 5b shows the diffraction spots from a collimated 532 nm green laser beam. The red dots
in Fig. 5b represent the diffraction pattern calculated using Bragg
equations (calculation details are presented in Supplementary
Section IX), which matches nicely with the experimental results.
The well-deﬁned diffraction pattern indicates excellent long-range
structural order of the photonic crystal.
In conclusion, we have experimentally demonstrated a simple
and versatile method to fabricate high-index-contrast 3D photonic
devices on ﬂexible substrates. The method leverages the amorphous
nature and low deposition temperature of novel ChG alloys to
pioneer a 3D multilayer monolithic integration approach with dramatically improved device performance, processing throughput and
yield. A new mechanical theory was developed and experimentally
validated to accurately predict and control the strain–optical coupling mechanisms in the device. Guided by the multi-neutral axis
theory, we have demonstrated mechanically robust devices with
extreme ﬂexibility, despite the inherent mechanical fragility of the
glass ﬁlm, and the devices can be twisted and bent to sub-millimetre
radii without compromising their optical performance. The 3D
monolithic integration technique, which is applicable to photonic
integration on both traditional rigid substrates and non-conventional plastic substrates, is expected to open up new application venues
such as high-bandwidth-density optical interconnects33, conformal
wearable sensors and ultrasensitive strain gauges.
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Methods
Material and device fabrication. Device fabrication was carried out at the
University of Delaware Nanofabrication Facility. An SU-8 epoxy layer was ﬁrst spincoated onto the handler wafer, and a negative photoresist (NR9-1000PY, Futurrex)
pattern was then lithographically deﬁned on the SU-8 layer using contact
lithography on an ABM Mask Aligner. ChG ﬁlms were thermally evaporated onto
the substrates from bulk glasses synthesized using a melt-quenching technique.
Deposition was performed using a custom-designed system (PVD Products). The
deposition rate was monitored in real time using a quartz crystal microbalance and
was stabilized at 20 Å s−1. After deposition, the sample was sonicated in acetone to
dissolve the resist layer, leaving a glass pattern the reverse of the photoresist. The
procedure was repeated several times to fabricate 3D structures. The fabricated glass
devices were ﬂood-exposed using a halogen lamp before optical testing to nullify the
glass ﬁlm’s photosensitivity.
Finite-element simulations. Finite-element simulations were applied by ABAQUS
6.10 using plane strain elements (CPE4R) for the multilayer structure. In the
experiment, the concave bending of the polyimide–silicone–SU-8 three-layer
structure was induced through the buckling mode (Fig. 1d) instead of pure bending.
With this concave bending the polyimide layer, which has a larger bending rigidity
than the other two layers, is subject to the largest part of the bending moment, so the
bending of the other two layers can be considered as being forced by the polyimide
layer. To simulate this buckling-induced bending we applied rotation boundary
conditions on the two ends of the polyimide layer, thereby generating curvatures the
same as in the experiments at the middle point of the structure.
Optical transmission measurements. The optical transmission spectra of
waveguides and resonators in the C and L bands were collected using a ﬁbre end-ﬁre
coupling approach as shown in Supplementary Fig. 7a. Tapered lens-tip ﬁbres were
used to couple light from an external cavity tunable laser (Agilent 81682A) into and
out of the waveguides through end facets formed by cleaving the samples before
delamination from the silicon handler substrates. Supplementary Fig. 7b presents a
far-ﬁeld image of a quasi-transverse-electric guided mode output from a singlemode Ge23Sb7S70 glass waveguide.
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