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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.

Conventional on-chip photonic devices are fabricated almost
exclusively on rigid substrates with little mechanical flexi-
bility, 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 com-
ponents 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 charac-
teristics compared to their free-space counterparts, because of their
tight optical confinement and the facilitation of essential com-
ponents for integrated photonic circuits. To date, flexible planar
photonic devices have been fabricated almost exclusively using poly-
meric materials, which do not have the high refractive indices
necessary for strong optical confinement. Silicon-based, high-
index-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 inte-
grated photonics stipulate a distinctively different set of require-
ments 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 com-
ponents 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 moder-
ate 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 struc-
ture 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 multi-
layer 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 mul-
tiple neutral axes in a multilayer stack so as to successfully
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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 con-
ventional 3D stacking methods involving wafer bonding17, nanoma-
nipulation18, ion implantation19, or multi-step chemical mechanical
polishing20, our approach offers a more simple and robust alterna-
tive 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

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 sub-
strate 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 ther-
moplastic polymer amenable to thermal reflow treatments and the
creation of a smooth surface finish, even on substrates with
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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.
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multilevel patterned structures. After thermal or ultraviolet cross-
linking 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 con-
sists of two layers, a silicone adhesive layer and a polyimide sub-
strate, 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 (dis-
cussed 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 band-
gaps) 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 30-
µm-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 oper-
ated 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 Q-
factor 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 follow-
ing 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 multi-
layer 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 dis-
cussed in the tension case29. As a result, each stiff layer has its
own neutral axis and bending centre, and the stack thus demon-
strates multiple neutral axes. We validated this postulate using

both finite-element modelling (FEM) and an analytical multi-
neutral 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 wave-
lengths of glass microdisk resonators were monitored in situ while
the samples were bent. A block diagram of the home-built measure-
ment set-up is illustrated in Supplementary Fig. 7a. Light from a
tunable laser was coupled into the bus waveguides via fibre end-
fire coupling, and the transmittance through the chip was moni-
tored in situ as the samples were bent using linear motion stages.
Figure 1d shows a flexible chip under testing. Further details regard-
ing 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:
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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 micro-
disk 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 coeffi-
cients measured using the protocols outlined in Supplementary
Section IV were used in the calculations. It is apparent that the clas-
sical 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 cur-
vature 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 photo-
nic tuning or strain sensing.

NATURE PHOTONICS DOI: 10.1038/NPHOTON.2014.138 ARTICLES

NATURE PHOTONICS | VOL 8 | AUGUST 2014 | www.nature.com/naturephotonics 645

© 2014 Macmillan Publishers Limited. All rights reserved. 

 

http://www.nature.com/doifinder/10.1038/nphoton.2014.138
http://www.nature.com/naturephotonics


The local neutral axis design imparts extreme mechanical flexi-
bility 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, con-
sisting 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%

decrease in the resonator intrinsic Q-factor (Supplementary Section
III). Optical microscopy further revealed no crack formation or
interface delamination in the layers after 5,000 bending cycles
(Supplementary Fig. 4).

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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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 alterna-
tive to conventional methods involving ion implantation19, wafer
bonding17 or pick-and-place nanomanipulation18. Here, we demon-
strate 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 adia-
batic 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 phase-
matched 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 align-
ment accuracy of contact lithography and the waveguide sidewall
roughness scattering loss (Fig. 3d).

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 con-
sists of a microdisk resonator co-planar with the add waveguide,
and a through-port waveguide in a second layer separated from

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 exhib-
ited 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 formal-
ism32 (Supplementary Section IX).
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3D woodpile photonic crystals
In addition to being used to fabricate two-layer devices such as
interlayer couplers and vertically coupled resonator filters, our tech-
nique can be readily extended to the fabrication of multilayer struc-
tures 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 diffrac-
tion 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 dra-
matically improved device performance, processing throughput and
yield. A new mechanical theory was developed and experimentally
validated to accurately predict and control the strain–optical coup-
ling 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-convention-
al plastic substrates, is expected to open up new application venues
such as high-bandwidth-density optical interconnects33, conformal
wearable sensors and ultrasensitive strain gauges.

Methods
Material and device fabrication. Device fabrication was carried out at the
University of Delaware Nanofabrication Facility. An SU-8 epoxy layer was first spin-
coated 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 single-
mode Ge23Sb7S70 glass waveguide.
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In this Supplementary Information, we provide further details on the device fabrication, 

characterization, and simulation results. 

I. Ultra-thin SU-8 planarization tests 

II. Propagating loss in Ge23Sb7S70 glass micro-resonators fabricated on flexible substrates 

and the impact of bending 

III. Fatigue test on flexible photonic devices 

IV. Measurements of material mechanical and optical properties 

V. FEM simulation and analytical modeling accounting for multiple neutral axes in the 

multilayer stack 

VI. In-situ strain-optical coupling characterization method 

VII. Strain-optical coupling theory 

VIII. Optimized 3-D photonic device design parameters 

IX. Scattering matrix formalism for calculating the transfer function of vertically coupled 

add-drop filters 

X. Woodpile photonic crystal diffraction experiment configuration 
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I. Ultra-thin SU-8 planarization tests 

Planarization is the key to our multilayer 3-D fabrication process. We choose SU-8, an epoxy-

based negative photoresist, as the planarizing agent. Unexposed SU-8 is a thermoplastic with a 

glass transition temperature (Tg) of 50 °C 1, which is amenable to thermal reflow processing at a 

relatively low temperature to create a smooth surface finish through the action of surface tension. 

Once cured or UV cross-linked, SU-8 transforms to a thermosetting polymer with a high Tg > 

200 °C and stable thermal/mechanical/chemical properties. To validate the planarization 

behaviour of SU-8 on glass devices, a layer of 460 nm thick SU-8 epoxy was spin coated on 

gratings patterned in a 360 nm thick Ge23Sb7S70 film (i.e. 100 nm overcoating layer thickness). Fig. 

S1a shows top-view optical micrographs of the grating patterns after SU-8 spin coating. The 

gratings have a fixed duty cycle of 0.5 and their periods are varied from 1.2 µm to 120 µm. The 

SU-8 layer topography after heat treatment was examined using cross-sectional SEM, and Fig. 

S1b (bottom) shows an exemplary SEM image of the grating structure after planarization. 

Transfer function of the planarization process was plotted as a function of spatial frequency 

(reciprocal of grating pitch) in Fig. S1c. Top panel of Fig. S1b schematically illustrated the 

definition of degree of planarization (DOP) and planarization angle (θ). The degree of 

planarization (DOP) is given by: 𝐷𝐷𝐷𝐷𝐷𝐷 = 100% ∗ 𝑡𝑡1−𝑡𝑡2
𝑡𝑡2

, and the planarization angle (θ) by θ =

arctan⁡(𝑡𝑡1−𝑡𝑡2𝑊𝑊 ), where W is width of the grating line (i.e. half of the grating pitch). The ultra-thin 

(100 nm thickness) SU-8 overcoating layer produces DOP consistently larger than 98% for 

patterns with micron-sized pitch. Such planarization performance is considerably better than 

previous reports using BCB, PMMA or polyimide as the planarization agent, as shown by the 

comparison in Table S1. 

 

© 2014 Macmillan Publishers Limited. All rights reserved. 
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Figure S1 | Ultra-thin SU-8 planarization characterizations. a, Optical microscope images of glass 

grating patterns after single-layer SU-8 planarization. b, SEM cross-sectional image of planarized 

gratings; the top inset illustrates the definition of DOP and planarization angle. c, Plot of degree 

of planarization and planarization angle as functions of spatial frequency. The SU-8 planarization 

process consistently shows a DOP above 98% over micron-sized features and a small 

planarization angle < 1°. 

  

© 2014 Macmillan Publishers Limited. All rights reserved. 
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Table S1 | Degree of planarization (DOP) of thin SU-8 compared to literature values using 

Polybenzocyclobutene (PBCB), Poly(methyl methacrylate) (PMMA) and polyimide (PI). The 

overcoating layer thickness is defined as the thickness of the planarization coating minus that of 

the underlying features to be planarized. 

Materials 
Overcoating 

thickness 
(µm) 

Planarized 
topography 

DOP 

SU-8 
(this report) 

0.1 
5 µm pitch grating 

(duty cycle 0.5) 99% 

0.1 
20 µm pitch grating 

(duty cycle 0.5) 95% 

BCB2 

0.3 
10 µm wide 

trenches  
on a pitch of 30 µm 

90% 

0.3 
10 µm wide 

trenches on a pitch 
of 120 µm 

70% 

PBCB3 4.5 
20 µm pitch grating 

(duty cycle 0.5) 85% 

PI25553 1 
20 µm pitch grating 

(duty cycle 0.5) 50% 

PMMA3 0.5 
20 µm pitch grating 

(duty cycle 0.5) 18% 

  

© 2014 Macmillan Publishers Limited. All rights reserved. 
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II. Propagating loss in Ge23Sb7S70 glass micro-resonators fabricated on flexible substrates and 

the impact of bending 

Since the flexible substrates are not amenable to cleavage, it is difficult to use the cut-back 

method to measure waveguide propagating loss. The non-planar nature of the devices also 

makes scattered light streak imaging unreliable. Therefore, we choose to evaluate the 

propagation loss in the flexible photonic devices using optical resonator measurements. The 

linear propagation loss  in a traveling-wave optical resonator is related to its intrinsic Q-factor 

Qin through: 

𝛼𝛼 = 2𝜋𝜋𝑛𝑛𝑔𝑔 𝑄𝑄𝑖𝑖𝑖𝑖𝜆𝜆⁄  (S1) 

where ng denotes the group index of the resonant mode and  is the resonant wavelength. The 

intrinsic quality factor can be deduced from the loaded Q-factor and resonant peak extinction 

ratio following protocols outlined in literature4. This method is particular suitable for flexible 

device characterization as it directly probes the modal attenuation in resonators and does not 

require reproducible facet quality. It is worth noting that since we used micro-disk resonators in 

our experiments, the loss figures cited in this section refer to the linear propagation loss of micro-

disk modes. 

 

Figure S2 | Propagation loss in flexible optical resonators. a, Optical loss distribution measured 

in flexible micro-disk resonators. b, Optical loss in a flexible resonator as a function of bending 

radius measured when the device was in the mechanically deformed state. 

 

The statistical distribution of propagation loss in the resonator devices we measured is 

presented in Fig. S2a (calculated from Fig. 1e). The average loss is (1.6 ± 0.4) dB/cm. Our prior 

© 2014 Macmillan Publishers Limited. All rights reserved. 
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measurement showed that the intrinsic material loss in thermally evaporated Ge23Sb7S70 films 

was well below 0.5 dB/cm5,  and thus sidewall roughness scattering is the primary loss 

mechanism in our devices. We further note that optical loss in the devices is largely independent 

of the bending radius when they are mechanically deformed: as an example, Fig. S2b plots the 

propagation loss in a flexible resonator measured when the device was bent. The change 

imparted by the bending deformation is insignificant considering the measurement error. This 

observation can be readily explained by the tight optical confinement in our high-index-contrast 

photonic devices, which effectively suppresses radiative loss in bent guided wave structures. Fig. 

S3b shows the quasi-TE mode radiative loss due to bending in a Ge23Sb7S70 waveguide of 800 nm 

width and 450 nm height, simulated using the full-vectorial waveguide mode solver package 

FIMMWAVE (Photon Design). It is apparent that radiative bending loss remains negligible down 

to 50 m radius. Therefore, it is anticipated that no radiative loss was experimentally observed 

when we mechanically deform our flexible chip. 

 

 

Figure S3 | Bending loss simulations. a,  Quasi-TE mode intensity profile for a 0.8 μm × 0.45 μm 

waveguide with a bending radius of 500 μm; the inset illustrates the waveguide bending direction 

in our mechanical tests. b, Radiative bending losses at different bending radii fitted to an 

exponential model. 

  

© 2014 Macmillan Publishers Limited. All rights reserved. 
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III. Fatigue test on flexible photonic devices 

 

 

Figure S4 | Fatigue test of the flexible photonic chip. a, Photos of the fatigue testing setup. The 

red arrow points to the metal chuck spacer. b, Normalized optical transmission spectra of a 

flexible waveguide after multiple bending cycles at 0.8 mm bending radius. The shaded regions 

denote the measurement error bar, which was defined as the standard deviation of optical 

transmittance collected in multiple transmission measurements. c, Spectrum-averaged (1510-

1580 nm wavelengths) waveguide propagation loss change due to repeated bending cycles. d, 

Loaded Q-factors, intrinsic Q-factors and extinction ratios of a flexible Ge23Sb7S70 micro-disk 

© 2014 Macmillan Publishers Limited. All rights reserved. 
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resonator after multiple bending cycles at 0.8 mm bending radius. e, Top-view optical microscope 

image of flexible resonators prior to the fatigue test. f, Optical microscope image of the same set 

of resonators after 5,000 bending cycles at 0.8 mm bending radius, revealing structural integrity 

of the devices free of cracks. The scattered spots are dust particles deposited on the chip surface 

during the mechanical tests, which were carried out in a non-cleanroom environment. 

 

Fatigue tests of flexible electronic or optoelectronic devices evaluate the mechanical durability of 

the devices as they undergo repetitive bending for a large number (> 1,000) of cycles. Fig. S4a 

shows the experimental setup we used for the fatigue test. Two edges of a flexible chip was 

attached to two sample holders, and the holders were mounted on a sliding track. Linear 

translational motion of the holders thus resulted in bending of the chip. To reproducibly control 

the bending radius, metal chucks of different thicknesses were glued to one of the holders as 

spacers to define the translational distance and hence bending radius. Optical transmission 

spectra of waveguides and resonators were repeatedly measured in a “flat” state of the chip 

using fiber end-fire coupling before and after multiple bending cycles at 0.8 mm bending radius. 

It is worth pointing out that the flexible chip we used for the fatigue tests was a different one 

from the sample used to obtain the data in Fig. 1f. 

Fig. S4b plots the insertion loss of a flexible Ge23Sb7S70 waveguide before and after up to 

5,000 bending cycles: the same waveguide was used throughout the measurement to ensure 

consistent facet quality. The intensity fluctuations were partially attributed to excitation of higher 

order modes at the 2 m wide input/output waveguide taper sections. The changes of waveguide 

propagation loss deduced from the measurement were plotted in Fig. S4c. The results indicate a 

(0.5 ± 0.3) dB/cm waveguide loss increase after 5,000 cycles at a frequency of 1.5 Hz. The same 

fatigue tests were performed on Ge23Sb7S70 micro-disk resonators. After 5,000 bending cycles, we 

observed a 23% decrease of the device intrinsic Q-factor. We inspected the flexible chip under 

optical microscope (up to 50x magnification) before and after 5,000 bending cycles and no micro-

cracks were observed across the chip. Therefore, we conclude that the loss increase (~ 0.5 dB/cm) 

likely stems from layer delamination or sub-micron cracks that cannot be resolved with an optical 

microscope, although further study is required to elucidate the loss mechanism. The superior 

mechanical durability of our devices can be seen from a comparison with state-of-the-art flexible 

© 2014 Macmillan Publishers Limited. All rights reserved. 
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electronic devices shown in Table S2. To the best of our knowledge, our study also represents the 

first report of fatigue analysis on flexible micro-electronic or micro-photonic devices that can 

sustain sub-millimetre bending.  

 

Table S2 | Summary of reported fatigue testing results of flexible micro-electronic and photonic 

devices. 

  

Device type Bending 
radius (mm) 

Bending 
cycles Performance metric 

Percentage 
change after 

tests 
Chalcogenide glass 

resonator 
( this report) 

0.8 5000 Quality factor 23% 

OLED with 
transparent contacts1 10.5 1000 Electroluminesence 

intensity 50% 

PDMS flat-panel solar 
cell concentrator2 20 1000 Efficiency Insignificant 

Flexible molecular-
scale electronics3 5 1000 Decay coefficient 17% 

Flexible a-IGZO TFT 
amplifier4 5 1000 Gain Insignificant 

Flexible grapheme 
based capacitor5 5 10000 Capacitance 3.5% 

Flexible silicon thin 
film transistor6 3 2000 Threshold voltage < 20% 

© 2014 Macmillan Publishers Limited. All rights reserved. 
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IV. Measurements of material mechanical and optical properties 

The Young’s moduli of the constituent materials were experimentally extracted from uniaxial 

tensile tests performed on an RSA3 dynamic mechanical analyser (TA instruments) with a Hencky 

strain rate of 0.01 s-1. The layer thicknesses were measured by optical microscopy (Fig. S5a). The 

uniaxial strain-stress characteristics of the silicone adhesive layer and the polyimide layer were 

measured on the Kapton tapes. Specifically, two sets of experiments were performed: a double-

layer Kapton tape was stretched in-plane to determine the modulus of polyimide, and a stack of 

Kapton tapes (Fig. S5a) underwent out-of-plane tensile tests to extract the strain-stress behaviour 

of the silicone adhesive layer. In the former case, since the modulus of polyimide is over three 

orders of magnitude higher than that of silicone, the in-plane stress is pre-dominantly sustained 

by the polyimide layer. In the latter case, the strain primarily occurred in the silicone layer given 

its much lower modulus. The two measurements are analogous to the parallel and series 

connection of two elastic springs with vastly different spring constants (inset of Fig. S5a). Both 

types of experiments were repeated on multiple (> 6) samples for statistical averaging. The 

statistically averaged strain-stress curves of polyimide and silicone calculated from the 

measurement results are plotted in Fig. S5b-c. 

In addition to elastic moduli, the strain-optical coefficients are also essential parameters for 

calculating the strain-optical coupling strength in the flexible resonators, as suggested by Eq. 1. 

However, measuring strain-optical coefficients, in particular those of thin films (which can be 

significantly different from those of bulk amorphous glasses), was regarded as extremely 

challenging task. Here we leverage the flexible resonator devices as a new measurement platform 

for accurate quantification of strain-optical coefficients of thin film materials. For resonators 

made of the same material and of the identical dimensions, Eq. 1 suggests the same d/d 

coefficient regardless of the flexible device configuration. This conclusion is supported by our 

experimental results: if we re-plot the strain-induced resonant wavelength shift data (Fig. 2a) as a 

function of local strain at the resonators, it is clear that all data points fall on a single straight line 

(Fig. 2b), indicating the same d/d coefficient (i.e. slope of the line). Since the second and third 

terms in Eq. 1 (resonator geometry change) can be readily inferred from mechanical simulations, 

the material strain-optical response can be calculated by subtracting the contributions from the 

two terms. The calculation was used to generate the theoretical results in Fig. 2a. 

© 2014 Macmillan Publishers Limited. All rights reserved. 
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Table S3 | Materials parameters used in our FEM simulations 

Materials Young’s 
Modulus (MPa) 

Density 
( g/cc) 

Poisson 
ratio 

Polyimide Fig. S3b 1.42 0.34 
Silicone Fig. S3c 0.97 0.49 

SU-8 2000 1.12 0.22 

 

Figure S5 | Mechanical tests of materials used in the flexible photonic device fabrication. a, 

Cross-sectional optical microscope image of a Kapton tape stack. b, Typical stress-strain curve of 

the silicone layer. c, Typical stress-strain curve of the polyimide layer. 

  

© 2014 Macmillan Publishers Limited. All rights reserved. 
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V. FEM simulation and analytical modelling accounting for multiple neutral axes in the 

multilayer stack 

When a multilayer structure is subject to pure bending, cross-sectional planes before bending are 

assumed to remain planar after bending in the classical bending theory. Under this assumption, a 

unique neutral axis of the laminated structure characterized by the distance b from the top 

surface of PI can be written as: 

 



 



  




















 3

1

3

1 1 2

i
ii

i

i
i

j
jii

hE

hhhE

b  (S2) 

where  21/ iii EE   represents the plane strain Young’s modulus with i being the Poisson’s 

ratio. Bending-induced tensile strain can be calculated analytically using: 

𝜀𝜀 = 𝑦𝑦
𝜌𝜌 (S3) 

where y is the distance from the point of interest to the neutral axis and  represents the radius 

of the neutral axis. Strain along the neutral axis is exactly zero and strains on different sides of the 

neutral axis have opposite signs. 

Eq. S2 is only applicable to multilayer stacks with similar elastic stiffness. In our design, the PI 

and SU-8 layers are much stiffer than the silicon adhesive layer and thus Eq. S2 no longer applies. 

Fig. S6b shows the strain distribution in a bent flexible photonic chip simulated using FEM: when 

the multilayer is subject to concave bending, FEM results clearly show that the strain distribution 

is not monotonic across the stack thickness. Both compressive and tensile strains are present in 

the PI and SU-8 layers, which is contradictory to Eq. S2 where only one neutral axis exists in the 

structure. 

© 2014 Macmillan Publishers Limited. All rights reserved. 
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Figure S6 | Multi-neutral-axis theory. a, Cross-sectional schematic of the flexible photonic chip, 

with a PI-silicone-SU8 three-layer structure (not drawn to scale), thickness and plane strain 

Young’s modulus are as labelled, and the local coordinate originates from the median plane of 

each layer. b, Contour plot of bending strain distribution obtained from FEM when the structure 

in Fig. S6a is bent. c, Through-stack strain distribution in the flexible chip with an SU-8 layer 

thickness of 18.9 µm when bent to a radius of 1 mm: the green line represents results calculated 

using the conventional theory (Eq. S3), the black curve is derived using our multiple neutral-axes 

theory (Eq. S14), and the red curve are FEM simulations. d, the position of SU-8 neutral axis from 

SU-8 surface as a function of SU-8 thickness. The blue curve comes from Eq. S13 and the solid 

markers are FEM results. Dash line denotes the boundary of SU-8. When the h3 is smaller than 

the critical value of 8.28 m, the neutral axis will shift outside SU-8 to the left hand side of the 

dash line and hence is not accessible to the device. 

 

To accurately predict the strain distribution in each layer, we assume that the cross-sectional 

planes in PI and those in SU-8 remain planar during bending. Therefore, linear relation between 

strain and curvature (Eq. S3) is still valid.  

The coordinate system we adopt is depicted in Fig. S6a, with notations given in Table S4. 
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Table S4 | Notations used in the mechanical modelling 

Layer Young’s 
Modulus Thickness Strain 

distribution 

Distance from 
neutral axis to 
median plane 

Distance from 
neutral axis to 
bending centre 

PI 𝐸̅𝐸1 ℎ1 𝜖𝜖1(𝑦𝑦1) 𝑑𝑑1 𝜌𝜌1 
silicone 𝐸̅𝐸2 ℎ2 𝜖𝜖2(𝑦𝑦2) -- -- 

SU-8 𝐸̅𝐸3 ℎ3 𝜖𝜖3(𝑦𝑦3) 𝑑𝑑3 𝜌𝜌3 
 

Our goal is to find an analytical solution for 𝑑𝑑3 so that we know where to place the photonic 

devices for minimum strain. 

Using the local coordinate systems, strain in PI can be written as: 

 𝜖𝜖1(𝑦𝑦1) =
𝑦𝑦1−𝑑𝑑1
𝜌𝜌1

⁡(− ℎ1
2 < 𝑦𝑦1 <

ℎ1
2 )⁡  (S4) 

Strain in the SU-8 layer is  

 𝜖𝜖3(𝑦𝑦3) =
𝑦𝑦3−𝑑𝑑3
𝜌𝜌3

⁡(− ℎ3
2 < 𝑦𝑦3 <

ℎ3
2 )  (S5) 

We suppose that strain in silicone layer is a linear function of 𝑦𝑦2 as inspired by our FEM results: 

 𝜖𝜖2(𝑦𝑦2) = 𝑎𝑎𝑦𝑦2 + 𝑏𝑏⁡(−ℎ2
2 < 𝑦𝑦2 <

ℎ2
2 )  (S6) 

where a and b are coefficients to be determined by continuity conditions at PI/silicone and 

silicone/SU-8 interfaces. 

Continuity at layer interfaces imposes: 

 {
𝜖𝜖2 (−

ℎ2
2 ) = 𝜖𝜖1 (

ℎ1
2 )

𝜖𝜖2 (
ℎ2
2 ) = 𝜖𝜖3 (−

ℎ3
2 )
⁡⁡ (S7) 

Force equilibrium in x direction imposes: 

 𝐸̅𝐸1 ∫
𝑦𝑦1−𝑑𝑑1
𝜌𝜌1

𝑑𝑑𝑑𝑑
ℎ1
2
−ℎ1

2
+ 𝐸̅𝐸3 ∫

𝑦𝑦3−𝑑𝑑3
𝜌𝜌3

𝑑𝑑𝑦𝑦3
ℎ3
2
−ℎ3

2
+ 𝐸̅𝐸2 ∫ (𝑎𝑎𝑦𝑦2 + 𝑏𝑏)𝑑𝑑𝑦𝑦2

ℎ2
2
−ℎ2

2
= 0⁡⁡⁡  (S8), 

Combing Eqs. S7 and S8 yields a relation between 𝑑𝑑1 and 𝑑𝑑3: 

 2 (𝐸̅𝐸1ℎ1𝑑𝑑1𝜌𝜌1
+ 𝐸̅𝐸3ℎ3𝑑𝑑3

𝜌𝜌3
) = 𝐸̅𝐸2ℎ2 (

ℎ1
2 −𝑑𝑑1
𝜌𝜌1

−
ℎ3
2 +𝑑𝑑3
𝜌𝜌3

)⁡ (S9) 

which satisfies the following two extreme cases: (i) When 𝐸𝐸2=0, i.e. there is no material layer 

between PI and SU-8, both 𝑑𝑑1 and 𝑑𝑑3 should go to zero. (ii) When 𝐸̅𝐸1 = 𝐸̅𝐸2 = 𝐸̅𝐸3, i.e. the composite 

beam decays to a beam of uniform material, there should be only one neutral axis, i.e. 𝑑𝑑1 =

ℎ2+ℎ3
2  and 𝑑𝑑3 = −ℎ1+ℎ2

2 . 

Assuming PI and SU-8 have the same original length and the same bending angle, the 

© 2014 Macmillan Publishers Limited. All rights reserved. 
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bending radius from each layer’s neutral axis to its bending centre should also be the same, 

which means 

 𝜌𝜌1 = 𝜌𝜌3  (S10) 

Substituting Eq. S10 into Eq. S9 yields: 

 2(𝐸̅𝐸1ℎ1𝑑𝑑1 + 𝐸̅𝐸3ℎ3𝑑𝑑3) = 𝐸̅𝐸2ℎ2 ((
ℎ1
2 − 𝑑𝑑1) − (

ℎ3
2 + 𝑑𝑑3))  (S11) 

As shown in Table S4, 𝐸̅𝐸2 ≪ 𝐸̅𝐸1 and⁡𝐸̅𝐸2 ≪ 𝐸̅𝐸3, which implies that the right hand side of Eq. 

S11 is much smaller than the left hand side and can be approximated as zero, hence 

 𝑑𝑑3 = −𝑑𝑑1
𝐸̅𝐸1ℎ1
𝐸̅𝐸3ℎ3

  (S12) 

For a constant PI thickness, our FEM results have validated a hypothesis that due to the soft 

silicone interlayer, the thickness of SU-8 has little effect on the position of the neutral axis of PI 

layer as long as SU-8 is thinner or of comparable thickness to the PI. We may then take 𝑑𝑑1 as a 

constant and by fitting the FEM results, we obtain 𝑑𝑑1 = 0.836⁡μm. 

The distance from SU-8 surface to SU-8 neutral axis h3n is thus given by: 

 ℎ3n =
ℎ3
2 + 𝑑𝑑1

𝐸̅𝐸1ℎ1
𝐸̅𝐸3ℎ3

  (S13) 

where d1 = 0.836 m is the distance from the PI neutral axis to the PI median plane, which is 

found to be a constant when silicone thickness is fixed. In a single free-standing SU-8 layer, ℎ3n =

ℎ3 2⁄ . When SU-8 is bonded to PI via silicone adhesive, the effect of PI is captured by the second 

term in Eq. S13: the thicker the PI layer (i.e. the larger h1), the further away the neutral axis of SU-

8 from its median plane. 

Once the neutral axes are determined, strain distribution across the stack thickness is given 

by 

𝜀𝜀 =

{
 
 

 
 
𝑦𝑦1−𝑑𝑑1
𝜌𝜌 (− ℎ1

2 ≤ 𝑦𝑦1 <
ℎ1
2 ) ⁡

(ℎ22 −𝑦𝑦1)(
ℎ1
2 −𝑑𝑑1)−(

ℎ2
2 +𝑦𝑦1)(

ℎ3
2 +𝑑𝑑3)

𝜌𝜌ℎ2
(− ℎ2

2 ≤ 𝑦𝑦2 <
ℎ2
2 )

𝑦𝑦3−𝑑𝑑3
𝜌𝜌 (− ℎ3

2 ≤ 𝑦𝑦3 ≤
ℎ3
2 ) ⁡

                                   (S14) 

where  represents the average radius of the multilayer. Results from the conventional bending 

theory (Eq. S3), FEM, and our new multi-neutral-axis model (Eq. S14) are compared in Fig. S6c. 

Conventional bending theory predicts monotonic linear strain distribution whereas both FEM and 

Eq. S14 capture non-monotonic strain distribution in the multilayer stack. Linear strain 

© 2014 Macmillan Publishers Limited. All rights reserved. 
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distribution in each layer obtained from FEM further corroborates our basic assumptions. The 

locations of zero strain plane for different SU-8 thicknesses calculated using Eq. S13 are plotted in 

Fig. S6d. The dashed curve in Fig. S6d represents the equation ℎ3n = ℎ3. When h3 < 8.28 m, the 

neutral axis will locate outside the SU-8 layer and hence no longer accessible for device 

placement. 
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VI. In-situ strain-optical coupling characterization method 

Fig. S7a schematically illustrates the flexible chip testing setup. To facilitate optical coupling into 

the single-mode waveguides, the 0.8 m wide bus waveguides are tapered to a width of 2 m 

near their end facets. The fibre-to-waveguide coupling loss is not optimized in this work and is 

estimated to be approximately 4 dB per facet. Fig. S7b shows a far-field image of quasi-TE guided 

mode output from a single-mode Ge23Sb7S70 glass waveguide on a plastic substrate and Fig. S7c 

shows a photo of a flexible chip under bending test. The chip was glued onto the linear motion 

sample stages using double-sided sticky tapes. Bending radius of the flexible chip was measured 

from the image using an imaging processing software (Image J). 

 

Figure S7 | a, Schematic diagram of the testing setup.  b, Far-field image of TE guided mode 

output from a single-mode flexible Ge23Sb7S70 glass waveguide. c, Photo of a flexible waveguide 

chip under bending test: an imaging processing software was used to extract the bending radius 

of the chip from the image. 
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VII. Strain-optical coupling theory 

This Part of Supplementary Material aims to derive Eq. 1, which governs the strain-optical 

coupling properties in flexible photonic resonant cavity devices. 

The resonant condition of a resonant cavity device can be generally given by: 

 𝑁𝑁𝑁𝑁 = 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝐿𝐿 (S15) 

when strain introduces a perturbation to the resonant wavelength , we have: 

 𝑁𝑁(𝜆𝜆 + 𝑑𝑑𝑑𝑑) = 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝐿𝐿 + 𝑑𝑑(𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝐿𝐿) = 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝐿𝐿 + 𝐿𝐿𝐿𝐿𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑 (S16) 

The effective index change dneff originates from two mechanisms: the strain-optical material 

response, as well as the cross-sectional geometry change of the resonator due to strain: 

 𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒 = ∑ Γ𝑖𝑖 (
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑)𝑖𝑖 𝑑𝑑𝑑𝑑𝑖𝑖 + 𝑑𝑑𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒

𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑 + 𝑑𝑑𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒
𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑 (S17) 

Here the first term corresponds to the material contribution, and the second term only takes 

into account the geometric change. The coefficient dneff/d can be calculated once the local strain 

at the resonator is known using the perturbation theory involving shifting material boundaries12. 

The third term results from effective index dispersion in the resonator: as the resonant 

wavelength shifts, the corresponding effective index also changes. Combining the two equations 

leads to Eq. 1. Note that the group index in Eq. 1 is defined as: 

 𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑑𝑑𝑑𝑑 𝑑𝑑𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒
𝑑𝑑𝑑𝑑  (S18) 
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VIII. Optimized 3-D photonic device design parameters 

 

 

 
Figure S8 | Schematic structures of 3-D photonic devices. a, a two-layer vertically coupled 

resonator. b, An interlayer waveguide couplers. c, A woodpile photonic crystal. The key geometric 

parameters are labelled in the figures. 
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Table S5 | Optimized 3-D photonic device geometric parameters. 

Fig. S8a W H R0 R1 R2 G 

(µm) 0.8 0.4 30 30.8 29.4 0.9 

Fig. S8b W1 W2 L H G  

(µm) 0.9 0.6 40 0.4 0.55  

Fig. S8c W P H G   

(µm) 1.5 3 0.36 0.8   

 

A set of 3-D photonic devices with varied design parameters were fabricated and tested. 

Table S5 summarizes the experimentally determined geometric parameter combinations that 

yield the optimized performance presented in this study. 
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IX. Scattering matrix formalism for calculating the transfer function of vertically coupled add-

drop filters 

The vertically coupled add-drop filter can be treated using a circuit model13 shown in Fig. S9. The 

power coupling coefficients between the resonator and the add and drop port waveguides are 

given by K1 and K2, respectively. Power loss due to coupling is neglected in the calculation. L is the 

resonator circumference and α is the optical loss in the micro-disk resonator. Using the scattering 

matrix method, loaded quality factor Qload, maximum power at the drop port and minimum 

power at the through port at resonance can be obtained by the equations: 

                                                       𝑄𝑄𝑙𝑙𝑜𝑜𝑜𝑜𝑜𝑜 =
2⁡𝜋𝜋𝑛𝑛𝑔𝑔𝐿𝐿⁡

𝜆𝜆𝑟𝑟(𝐾𝐾1+𝐾𝐾2+(1−𝜎𝜎2))
                                              (S19) 

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑−𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐼𝐼𝑖𝑖𝑖𝑖
𝐾𝐾1𝐾𝐾2𝜎𝜎2

(1−𝜎𝜎√1−𝐾𝐾1√1−𝐾𝐾2)2
                                             (S20) 

                                     ⁡𝐼𝐼𝑡𝑡ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ−𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐼𝐼𝑖𝑖𝑖𝑖
(√1−𝐾𝐾1−𝜎𝜎√1−𝐾𝐾2)2
(1−𝜎𝜎√1−𝐾𝐾1√1−𝐾𝐾2)2

                                               (S21) 

where λ is the resonant wavelength, Iin is the input power, σ is the intrinsic amplitude loss in one 

round trip and is expressed as 

                                                     σ = exp⁡(−1/2⁡αL)                                                              (S22) 

ng is the group index of the resonator and can be defined as follows: 

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑛𝑛𝑔𝑔 = 𝑐𝑐0/(𝐹𝐹𝐹𝐹𝐹𝐹 ∙ 𝐿𝐿)                                                                 (S23) 

Here, c0 is the light speed in vacuum, and FSR is the free spectral range (FSR) of the resonator in 

the frequency domain. Based on the measured transmission spectrum (Fig. 4b) and the 

equations above, the coupling coefficients can be fitted, which in turn allows the prediction of 

the resonator transmission spectrum. The parameters used in the calculation are listed in Table 

S6. 

The intrinsic quality factor (Qin) of the micro-disk resonator is 1.9 × 105 calculated using14 

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑄𝑄𝑖𝑖𝑖𝑖 =
⁡2𝜋𝜋𝑛𝑛𝑔𝑔⁡
𝛼𝛼𝛼𝛼                                                                      (S24) 

which is consistent with that of all-pass resonators we fabricated using the same method. 
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Figure S9 | Schematic illustration of a circuit model of the vertically coupled add/drop filter. 

 

Table S6 | Parameters used to calculate the transmission spectrum of the vertically coupled 

add/drop resonator filter shown in Fig. 4c. 

 
L(um) λr(nm) Iin (nW) I0 (nW) Ithmin (nW) Idrmax (nW) Qload 
188.5 1566.228 87.7 3.2 4.4 67.3 2.2 × 104 

FSR(GHZ) ng K1 K2 σ α(dB/cm) Qin 
757 2.10 0.041 0.024 0.996 2.0 1.9 × 105 
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X. Woodpile photonic crystal diffraction experiment configurations 

Fig. S10 illustrates the diffraction experiment setup. Monochromatic green light from a 

collimated 532 nm diode-pumped solid state green laser was incident at an angle θ = 45 degrees 

upon the surface of the PhC sample, and the diffraction patterns were projected onto a white 

board perpendicular to the (0 0) specular order reflection. To calculate the projected positions of 

different diffraction orders, the wave vector can be decomposed in the coordinate system shown 

in Fig. S10, where the x and z axes are in-plane with the woodpile PhC structure while the y axis is 

perpendicular to the PhC sample surface. For the (0 0) specular order, the wave vector is: 

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑘⃖𝑘 (0⁡0) = (𝑘𝑘𝑥𝑥0, 𝑘𝑘𝑦𝑦0, 0) = (𝑘𝑘0𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, 𝑘𝑘0𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, 0)⁡⁡⁡                                             (S25) 

where k0 is the wave vector in vacuum. For a diffraction spot of the (n m) order, its wave vector is: 

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑘⃖𝑘 (𝑛𝑛⁡𝑚𝑚) = (𝑘𝑘𝑥𝑥, 𝑘𝑘𝑦𝑦, 𝑘𝑘𝑧𝑧) = (𝑘𝑘𝑥𝑥0 + n⁡𝐺𝐺𝑥𝑥, √𝑘𝑘0
2 − 𝑘𝑘𝑥𝑥2 − 𝑘𝑘𝑧𝑧2, m⁡𝐺𝐺𝑧𝑧⁡)                        (S26) 

according to the Bragg diffraction equation, where Gx, Gz are the PhC in-plane reciprocal lattice 

vectors. Thus the diffraction angle of the (n m) order light with respect to the (0 0) order can be 

calculated using: 

                                                           α = arctan (𝑘𝑘𝑥𝑥
𝑘𝑘𝑦𝑦

) − θ                                                        (S27) 

                                                           β = arctan⁡( 𝑘𝑘𝑧𝑧

√𝑘𝑘𝑥𝑥
2+𝑘𝑘𝑦𝑦

2
)                                                       (S28) 

 

and the position of the (n m) order pattern in the x’-y’ plane (on the white board) is written as: 

(D tan 𝛼𝛼⁡ , D⁡ tan 𝛽𝛽⁡ cos 𝛼𝛼⁄ ) 

Diffraction patterns predicted using the approach agree well with the experimental results, 

as shown in Fig. 5b. 
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Figure S10 | Schematic diagram illustrating the experimental setup used to map the diffracting 

patterns from the woodpile photonic crystal structure. 
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