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Abstract: Flexible integrated photonics is a rapidly emerging technology with a wide range
of possible applications in the fields of flexible optical interconnects, conformal multiplexing
sensing, health monitoring, and biotechnology. One major challenge in developing mechanically
flexible integrated photonics is the functional component within an integrated photonic circuit
with superior performance. In this work, several essential flexible passive devices for such a circuit
were designed and fabricated based on a multi-neutral-axis mechanical design and a monolithic
integration technique. The propagation loss of the waveguide is calculated to be 4.2 dB/cm. In
addition, we demonstrate a microring resonator, waveguide crossing, multimode interferometer
(MMI), and Mach—Zehnder interferometer (MZI) for use at 1.55 um, each exhibiting superior
optical and mechanical performance. These results represent a significant step towards further
exploring a complete flexible photonic integrated circuit.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Integrated photonic devices have attracted extensive research attention in optical communication
[1,2], sensing [3-5], 3D imaging [6], and life science applications [7,8] due to their large
bandwidth and multiplexing capability, large integration capacity, strong optical confinement for
enhanced light-matter interactions, and excellent immunity to electromagnetic interference. With
the development of integrated photonics and nanofabrication technologies on flexible substrates,
flexible integrated photonics has become a new frontier research field, showing great potential in a
broader range of applications [9], including chip-to-chip optical interconnects [10,11], conformal
and implantable sensing [12—19], broadband photonic tuning [20,21], and optogenetic stimulation
and phototherapy [19,22].

A complete flexible integrated photonic circuit consists of various functional components,
including active devices such as light sources [23], amplifiers, modulators, and detectors [24], as
well as passive devices such as propagating waveguides, resonators, crossings, and interferometers.
Previous studies have focused on mechanically flexible passive waveguides and resonators, but
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the research on the active components integrated onto flexible platforms has been seldomly
reported [24—30]. One scheme for manufacturing flexible photonic devices was developed based
on polymeric materials with excellent intrinsic flexibility and stretchability [23,29-32]. However,
the low refractive index contrast between the polymer waveguide core and cladding layers does
not offer freedom in designing and fabricating compact optical structures for strong optical
confinement [32,33]. Silicon-based inorganic materials, conventionally deposited under high-
temperature plasma gas, present challenges towards achieving high-performance photonic devices
directly on soft polymer substrates [25]. Recently, flexible and stretchable low-loss waveguides
and microresonators have been demonstrated based on chalcogenide glasses (ChGs), which
are amorphous optical materials exhibiting wide infrared transparency ranges, high refractive
indices, and strong nonlinearities [14,15,24]. Their amorphous nature and compatibility with
low-temperature film deposition methods allow monolithic integration on a flexible polymer
substrate, making ChGs a promising material platform for flexible photonic devices.

In this work, we demonstrate a series of flexible passive ChG photonic devices at 1.55 um
using a combination of the monolithic integration technique and multi-neutral-axis mechanical
design, including waveguide crossings, multimode interferometers (MMI), and Mach—Zehnder
interferometers (MZI), which have not been investigated based on a high-index contrast material
platform. Despite conventional fabrication techniques for flexible devices, including photo-
lithography [15], nanoimprinting [34], and ink-jet printing [35,36], we choose to use electron-beam
lithography (EBL) [14,37] for flexible photonic device fabrication, considering EBL’s advantages
in high resolution and alignment accuracy. The finite element method (FEM) software was used
to calculate the strain distribution between layers and determine the position of the neutral axis. A
transmission loss of 4.2 dB/cm for waveguides (800 nm width and 450 nm height) was calculated
from measurements on microring resonators (MRRs) with an intrinsic quality factor of around
1.0 x 10°. The obtained waveguide crossing at 1.55 um showed an insertion loss of 0.11 dB. We
also designed, fabricated, and characterized other passive devices, including the MMI and MZIL.
These passive devices were repeatedly bent down to a sub-millimeter radius without measurable
degradation in optical performance and could be potentially used for constructing a complete
flexible photonic integrated circuit.

2. Structure and design

Device structures have been optimized to achieve extreme mechanical robustness by employing a
multi-neutral-axis mechanical design. Figure 1(a) shows the cross-sectional layer structure of our
flexible passive integrated photonic devices. Due to its excellent mechanical property, chemical
resistance, optical transparency and biocompatibility, a negative photoresist (SU-8) was used
as the polymer bottom and top cladding layers [38]. The core layer of the device was made of
Ge3Sb7S79 (GSS), which is one type of ChG with superior oxidation resistance, a low optical
loss, and a large refractive index (around 2.26 at 1550 nm) [39]. To release the device from its
rigid handler substrate while preserving its integrity, we use a double-layer tape consisting of
25-pm-thick silicone and 20-pm-thick polyimide as the mechanical supporting layer. When the
multilayer structure is subject to pure bending, there is a neutral plane where the strain remains
zero in the SU-8 layer. Figure 1(b) shows the neutral axis position within different SU-8 layer
thicknesses calculated by the Finite element method (FEM). The area on the right of the dashed
line represents the position of the neutral axis within the SU-8 layer. To ensure the integrity of
the passive device during the transfer process, we choose the SU-8 thickness of 20 um, and the
red pentacle in Fig. 1(b) indicates the position of the device’s neutral axis. Figure 1(c) shows
the simulated strain distribution using FEM when the bending radius is 1 mm. The simulation
results reveal that the peak strain inside the passive device layer is no more than 1%, and the
device placed close to the neutral plane possesses even less strain upon different bending radii
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(Fig. 1(d)). Thus, the optical performance of our fabricated passive photonic devices should
remain almost unchanged with a sub-millimeter bending radius.
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Fig. 1. (a) Laminated structure of the flexible passive device. (b) Neutral axis position
from SU-8 layer surface as a function of the SU-8 thickness. The dashed line denotes the
boundary of the SU-8 layer. (c) Contour plot of the FEM strain distribution in the device
under a bent condition (bending radius: 1 mm). The black dashed line denotes the boundary
of different layers. The Red dashed line indicates the position of the devices. (d) Strain
distribution in the flexible passive device with a SU-8 layer thickness of 20 um at different
bending radii.

3. Fabrication and measurement

The fabrication process employed for our passive devices is shown in Fig. 2. Firstly, a commercial
silicon wafer with 500 nm thermal oxide was used as a handler substrate. Then SU-8 photoresist
was spin-coated onto the substrate as the bottom cladding of the photonic device. The following
450 nm GSS film was deposited by thermal evaporation at a relatively low temperature, which
could avoid damaging the organic substrate. Then a 50 nm silicon oxide layer was sputtered
onto the sample to prevent the etching of GSS by an alkaline developer. Next, we patterned
the device by EBL (Raith VOYAGER, Dortmund, Germany) using the EBL photoresist (maN
2403). We etched the sample by inductively coupled plasma (Leuven Inc., Xuzhou, China) using
a fluorine-based atmosphere (CF4: CHF; = 1:3), whose selective etching ratio is 1:4. The sample
was then cladded by another 7 um SU-8. Finally, the sample was immersed in Hydrogen Fluoride
solution (HF, 40%) to etch the silicon oxide sacrificial layer before a layer of double-sided tape
was applied to support the free-standing film structures.

A home-built setup illustrated in Fig. 3(a) was used to characterize the optical performance of
the fabricated devices. The light launched from the tunable laser (Santec Inc., Komaki, Japan, 1
pm resolution in the range of 1260—-1620 nm) was first adjusted by the polarization controller
before being coupled into the device under test (DUT) through a vertical coupling system. The
two ends of the flexible device were mounted to a couple of linear motion stages, as shown in
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Fig. 2. Fabrication process flow of the flexible passive photonic devices.

Fig. 3(b). The compression strain applied to the membrane was controlled by changing the
distance between the two motion stages. The inset of Fig. 3(b) shows the optical microscope
image of the grating coupler (GC). The DUT, connected with focusing grating couplers by two
straight waveguides, was placed in the middle of the two stages. A polynomial fit method was
used to fit the side view of the curved flexible device to attain the bending radius. The device’s
transmission spectrum was obtained under different bending radii and bending cycles to validate
their optical and mechanical performance.
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Fig. 3. (a) Schematic diagram of the device characterization setup. (b) Photo of a flexible
sample during the measurement; the inset is the microscope photo of the focusing grating
coupler).

The waveguide width was chosen as 800 nm to maintain the single-mode condition. We
designed and fabricated the 450 nm fully etched focusing GC with a coupling angle of 8 deg.
The GC has a period of 1.01 um and a duty cycle of 0.5 and presents a coupling loss of 6.3 dB at
1600 nm.

4. Results and discussion

The scanning electron microscopy (SEM) image of the MRR is shown in the inset of Fig. 4(a).
The ring diameter is 50 um, and the gap between the coupling waveguide and the ring is 450 nm.
The transmission spectrum of MRR is shown in Fig. 4(b). The ring was operated in the under
coupling regime, and their free spectral range (FSR) is about 3.194 nm. The intrinsic quality
factor (Q;) is as high as 1.3x 10°. And an average Q;, of (1+0.2) 10° was demonstrated,
corresponding to an equivalent optical propagation loss of 4.2 dB/cm, compatible with previously
published results [15,39—-46].

Since the MRRs were placed close to the neutral plane, the shifts in the resonance dips in
the transmission spectra were not easily detected with decreasing bending radius, as shown in
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Fig. 4. (a) SEM image of the MRR (Top-view); inset shows the magnified area of the gap
between the bus waveguide and the MRR. (b) Transmission spectrum of an MRR and its
Lorentzian fitting curve. (c¢) Transmission spectrum of the MRR at different bending radii,
inset shows the transmission spectrum at a wavelength of around 1525 nm under different
bending radii. (d) Q-factors and extinction ratios of the MRR after multiple bending cycles
at a radius of 0.5 mm.

Fig. 4(c). When the MRR is under a bending radius of 0.5 mm, the resonance wavelength shift is
50 pm at 1525 nm, corresponding to a strain of —0.16%. The MRR’s optical characteristics are
measured after repeated bending cycles, as shown in Fig. 4(d). the bending radius is down to
0.5 mm. The quality factors and the extinction ratios of MRR remain minimal variations after
multiple bending cycles.

However, an MRR alone is not enough to construct a complete flexible photonic circuit; there
are a number of other indispensable passive components that have not been demonstrated based
on a high-index contrast material platform, including waveguide crossings, MMIs, and MZlIs.

Waveguide crossings play an essential role in routing and splitting optical power in a photonic
network [47,48]. We designed and fabricated the flexible waveguide crossing with low insertion
loss and high mechanical stability for the first time. The crossing is composed of two orthogonal
1 x 1 MMIs with a total size of 9.4 um x 2.0 um (length x width). As shown in Fig. 5(a), several
critical parameters, including L, Ly, and Wy were optimized to be 2.2 um, 3.6 um, and 2.0 um,
respectively. The transmission spectra and spatial mode field distribution are shown in Fig. 5(b),
indicating a small crosstalk without obvious reflection and radiation at the intersection region.
And the insertion loss of waveguide crossings was calculated to be 0.11 +£0.01 dB (Fig. 5(c))
for a single waveguide crossing at 1550 nm via testing different numbers of the cascading units
(Fig. 5(a)). We also recorded the transmission spectra of the waveguide crossing before and after
100 cycles of bending at a radius of 0.5 mm. As shown in Fig. 5(d), the acceptable variations in
the insertion loss of the single waveguide crossing indicate the device’s superior mechanical
stability.
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Fig. 5. (a) Optical and SEM images of the fabricated waveguide crossing. (b) Simulated
insertion loss and electric field distribution of the optimized device excited with a quasi-
TE mode polarization. (c) Insertion loss measurements of the waveguide crossing. (d)
Transmission spectrum of the waveguide crossing before and after 100 cycles of bending
at a radius of 0.5 mm. The solid lines correspond to average transmittance through the
waveguide crossing. The shaded regions denote the standard deviation of the transmittance
due to coupling variation.

The MMI is another commonly used basic building block as an optical splitter, filter, coupler,
and combiner in a flexible photonic system attributed to its advantages of compact size, large
bandwidth and large fabrication tolerance [49,50]. We optimized the flexible 2 x 2 MMI with a
total size of 76.2 yum x 7.2 pm (length X width) based on the self-imaging theory and a 3D Finite
Difference Time Domain (Lumerical FDTD software) simulation method. As shown in Fig. 6(a),
several critical parameters, including W, Wy, Wy, Ly and Ty were determined to be 4.5 pm,
2.1 ym, 7.2 pm, 46.2 ym, and 15 um, respectively. The simulated electric field distribution of
the mode profile for the optimized MMI is shown in Fig. 6(b)., indicating a low crosstalk at the
input and uniform power splitting at the output. And the insertion loss was calculated to be
3.42 +0.07 dB for an MMI at 1550 nm (Fig. 6(c)) via measuring the cascaded structures from
port O to ports 1-6 (Fig. 6(a)).We also measured the optical performance of the MMI after 100
bending cycles at a radius of 0.5 mm as shown in Fig. 6(d). There were minimal variations in
the insertion loss of a single MMI over a broad wavelength range, demonstrating the similarly
excellent mechanical performance.

We also designed and fabricated the imbalanced flexible MZI. They are usually used to vary
the relative phase shift between two beams, which is an important function applied in passive
filters and routers, and active devices such as modulators, detectors and isolators [S1-53]. As
shown in Fig. 7(a), the imbalanced MZI consists of two 2 X2 MMIs connected by two bent
waveguide arms with a bending radius of 50 um to avoid radiation loss. And the relative phase
delay is induced by the 200 um length difference between the two arms of the MZI. As a result,
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Fig. 6. (a) Optical and SEM images of the fabricated MMI. (b) Simulated electric field
distribution of the optimized device excited with a quasi-TE mode polarization. (c) Insertion
loss measurements of the MMI. (d) Transmission spectrum of the MMI before and after 100
cycles of bending at a radius of 0.5 mm. The solid lines correspond to average transmittance

through the MMI. The shaded regions denote the standard deviation of the transmittance
due to coupling variation.
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Fig. 7. (a) Optical image of the fabricated MZI. (b) Insertion loss of the MZI circuit
measured at its two output ports. (c) The shift of the interference fringes in the output of the
MZI at different bending radii. (d) Transmission spectra of the MZI before and after 100
cycles of bending at a radius of 0.5 mm.
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an insertion loss of less than 1 dB and extinction ratios of over 20 dB was achieved in Fig. 7(b).
The obtained transmission spectra also exhibit equal power splitting between the two output ports.
To validate the mechanical performance of the MZIs, the flexible MZI’s optical characteristics
were measured upon different bending radii (Fig. 7(c)) and after repeated bending cycles with a
bending radius of 0.5 mm (Fig. 7(d)). The thickness variation in the SU-8 layers might shift the
position of the neutral-axis plane, resulting in a slight shift in the resonance dips with decreasing
bending radius.

5. Conclusion

We have designed, fabricated, and characterized flexible passive photonic devices by combining
a multi-neutral-axis mechanical design and a monolithic integration technique, including several
basic photonic units, including MRRs, waveguide crossing, MMIs and MZIs. The equivalent
propagation loss of the flexible waveguide inferred from a ring resonator was 4.2 dB/cm. For the
first time, flexible high-index contrast waveguide crossings, MMIs and MZIs were demonstrated
with an insertion loss of less than 0.11 dB, 3.42 dB, and 1 dB, respectively. The imbalanced MZI
exhibits an extinction ratio greater than 20 dB. Guided by the multi-neutral axis theory, we have
achieved passive photonic devices allowing efficient flexibility, despite the inherent mechanical
fragility of the glass film. The devices can withstand significant bending upon sub-millimeter
radii without compromising their optical performance. These passive devices could be critical
functional units for a complete flexible photonic circuit, showing great potential in some emerging
fields for flexible optical interconnect and epidermal sensing applications.
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