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Mechanically flexible photonic devices are critical compo-
nents of novel bio-integrated optoelectronic and high-end
wearable systems, in which thermo-optic switches (TOSs) as
optical signal control devices are crucial. In this paper, flex-
ible titanium oxide (TiO2) TOSs based on a Mach–Zehnder
interferometer (MZI) structure were demonstrated around
1310 nm for, it is believed, the first time. The insertion loss
of flexible passive TiO2 2× 2 multi-mode interferometers
(MMIs) is −3.1 dB per MMI. The demonstrated flexible
TOS achieves power consumption (Pπ) of 0.83 mW, com-
pared with its rigid counterpart, for which Pπ is decreased
by a factor of 18. The proposed device could withstand 100
consecutive bending operations without noticeable degrada-
tion in TOS performance, indicating excellent mechanical
stability. These results provide a new perspective for design-
ing and fabricating flexible TOSs for flexible optoelectronic
systems in future emerging applications. © 2023 Optica Pub-
lishing Group

https://doi.org/10.1364/OL.484113

Compared with traditional optoelectronics, flexible optoelec-
tronic devices are more adaptable to various working environ-
ments. Emerging applications of mechanically flexible photonic
systems have blossomed in such fields as optical interconnects
[1,2], strain sensing [3,4], temperature sensing [5], implantable
optogenetic probes [6,7], brain–computer interfaces [8], and
optical tuning [9]. Flexible thermo-optic switches (TOSs) are
a basic component of such systems and have received great
attention and research efforts in academia and the industry.
For a flexible TOS design to succeed, high-density integration
capability and superior mechanical robustness and optical prop-
erties, such as low power consumption and low insertion loss,
are necessary to meet the requirements of the aforementioned
applications.

At present, TOSs have been successfully produced on many
material platforms, including silicon (Si) [10,11], silicon nitride
(SiN) [12], lithium niobate [13], chalcogenide glass [14], and

polymer [15–17]. However, in research on flexible TOSs,
few material platforms can simultaneously satisfy the afore-
mentioned requirements. For instance, owing to their natural
flexibility, large negative thermo-optic coefficient (TOC), and
ease of machining [16], polymers are the preferred choice for
fabricating flexible TOSs with low power consumption. How-
ever, the relatively low refractive index and poor electronic and
thermal properties of polymers limit their potential for high-
density integration and long-term device stability. In addition,
though a high-index-contrast (HIC) structure can be achieved by
combining inorganic materials, such as Si or SiN, with a polymer
substrate, it is very complicated to prepare flexible waveguide
integrated devices [18,19] because these materials cannot be
directly deposited on the flexible substrate. Amorphous silicon
[20] and chalcogenide glass [21] can be deposited directly on
polymer substrates at a lower temperature. However, the TOC of
the silicon-based materials and chalcogenide glass is positive,
which is opposite to the negative TOC of the flexible substrate,
leading to a decrease in thermal modulation performance, fun-
damentally limiting the application of most optical materials in
the development of flexible TOS devices. Therefore, it is nec-
essary to develop a material that has a high refractive index, is
easy to process, and holds a large negative TOC consistent with
polymer substrates to realize compact TOSs with low power
consumption.

Titanium oxide (TiO2) has a large negative TOC (−0.5 to
−2.4× 10−4 K−1) and can be prepared near room temperature
[22,23], which means that it can be directly deposited on most
substrates. Both TiO2 and the polymer have a negative TOC, and
the synergistic effect of two negative TOC materials can further
enhance the thermo-optic (TO) modulation performance [23].
Moreover, the high refractive index (n= 2.32 @ 1310 nm) of
TiO2 combined with the flexible substrate to form the HIC struc-
ture provides strong optical confinement and additional freedom
in the design and optimization of the modulation and routing of
multi-channel signals [24–26]. However, there are only a few
reports on thermal-insensitive silicon-based modulators using
TiO2 as the top cladding [27,28] and the TiO2 waveguide TO
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Fig. 1. (a) Cross section of TiO2 waveguide with microheater. (b)
Fundamental TE mode of TiO2 waveguide at 1310 nm. (c) Simulated
waveguide propagation loss as a function of the gap between the
waveguide and the heater. (d) Effective refractive index of TiO2
waveguide versus heating power. (e), (f) Calculated temperature
distribution at individual heating power of Pπ : (e) rigid device
(12 mW); (f) flexible device (0.45 mW).

modulation [23,29]; research on flexible TiO2 TOSs is rarely
reported.

In this work, we first demonstrated a simple strategy to imple-
ment flexible TOSs based on the Mach–Zehnder interferometer
(MZI) structure using magnetron-sputtering TiO2. As a result,
the insertion loss of the proposed flexible passive TiO2 2× 2
platforms with multi-mode interferometers (MMIs) is −3.1 dB
per MMI, which satisfies the requirement of a low insertion
loss for flexible TOSs. Because both the polymer substrate and
TiO2 have a negative TOC, theπ phase-shift power consumption
(Pπ ) of the rigid TOSs (before peeling to give flexible TOSs)
is 15.1 mW, which is even smaller than that of some SiN [12]
and Si TOSs [30]. Taken together with the advantages of the
HIC structure, the size of TiO2 TOSs is two orders of magnitude
smaller than that of the polymer TOSs. Furthermore, removing
the silicon substrate beneath the TiO2 TOSs makes the device
flexible, with the corresponding Pπ being 0.83 mW, 18 times
lower than that of rigid TOSs. After 100 bending cycles, flexi-
ble TiO2 TOSs showed no obvious attenuation in device optical
performance, proving the excellent mechanical stability of the
device. This method demonstrates a new perspective on the
design and fabrication of efficient flexible TOSs and can also be
applied to a broad range of flexible optoelectronic devices, such
as implantable probes, integrated modulators, and on-chip light
sources, and finally realize fully integrated flexible photonic
integrated circuits.

We first carried out TO simulation of TOS devices by finite-
element modeling (FEM) analysis. The device cross section
is shown schematically in Fig. 1(a). The TiO2 waveguide is
a ridge waveguide with 1.2 µm width and a sidewall angle of
67° [23], supporting the fundamental TE mode [Fig. 1(b)]. The
heater thickness and width are 100 nm and 5 µm, respectively. In

Fig. 2. (a) TiO2 device preparation process. (b) Flexible TiO2
TOSs based on MZI. (c) Flexible TiO2 passive or active devices
under test.

addition, the spacing between the heater and the waveguide was
optimized and chosen as 1.2 µm to minimize the loss caused
by the heater and ensure heating efficiency at the same time
[Fig. 1(c)]. When a voltage is applied to the heater, the tem-
perature of the waveguide will be altered by joule heating. With
a negative TOC in TiO2 material, the phase tuning ∆φ of the
waveguide is proportional to the temperature change ∆T, being
expressed as [23]

∆φ =
2πL
λ0

(︃
dn
dT

)︃
∆T , (1)

where λ0 is the working wavelength, L is the heater length, and
dn/dT is the TOC of TiO2. Figure 1(d) shows the simulation
results of the effective refractive index of the TiO2 waveguide
versus the heating power. When the effective refractive index
of TiO2 changes by 0.0033, the theoretically calculated Pπ of
the TOS on the rigid substrate is 12 mW. Conversely, when
the rigid substrate at the bottom of the device is removed, the
device becomes free-standing and flexible, and the air acts as
a poor thermal conductive medium between the device and
the environment, resulting in better heat accumulation. Fig-
ures 1(e) and 1(f) show the temperature distribution of the
devices at individual heating power Pπ . In flexible TOSs,
the heat energy is much more localized within the device;
thus, only a Pπ of 0.45 mW is required to achieve π phase
change.

The preparation process following the optimization of the
device is shown in Fig. 2(a). First, on the bare silicon, 300 nm sil-
icon oxide (SiO2; plasma-enhanced chemical vapor deposition,
PECVD), colorless polyimide (CPI; spin-coating, 2000 rpm,
1 min, followed by 80°C for 30 min, 150°C for 30 min, 200°C
for 30 min, 280°C for 30 min in sequence in a vacuum oven), and
30 nm alumina (Al2O3; atomic layer deposition, ALD) were suc-
cessively deposited. 200 nm TiO2 thin film was then deposited
on Al2O3 by reactive sputtering (400 W). The 30 nm Al2O3 can
shield the CPI from bombardment by oxygen plasma during
the sputtering process [31]. After the electron beam lithog-
raphy (EBL) (Raith Voyager, 30 kV) and inductively coupled
plasma reactive ion etching (ICP-RIE) process, the device pat-
tern was transferred onto TiO2. A layer of SU-8 with a thickness
of 1.2 µm was then deposited on the TiO2 device to produce the
passive device. For TOS fabrication, heater electrodes (100 nm
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Fig. 3. (a) Micrograph of TiO2 device based on cascade of 2× 2
MMIs. (b) Simulated electric field distribution of optimized TiO2
2× 2 MMI. (c) Insertion loss measurements of flexible TiO2 2× 2
MMI at bending radius R=∞. Inset: Measured transmission of
cascaded TiO2 2× 2 MMI tree as a function of number of 2× 2
MMIs. (d) Insertion loss measurements of flexible TiO2 2× 2 MMI
at bending radii R= 0.85 mm and R=∞ after 100 bendings.

Ti/5 nm Au) and contact pads (5 nm Ti/100 nm Au) were pat-
terned using lithography and deposited by e-beam evaporation
on the as-prepared devices, followed by another 1.8 µm SU-8
coating and opening of the pad window for probe contact via
lithography. The total thickness of SU-8 is about 3 µm, balanced
with the CPI thickness (3 µm) to allow the TiO2 structures to
be located at the neutral axis, achieving an almost stress-free
effect on TiO2 when the device is bending [21]. To prepare flex-
ible TOSs, we performed deep reactive ion etching (DRIE) on
the backside of the device, and the SiO2 serves as the reaction
stop layer. Finally, the SiO2 was corroded with diluted HF (HF:
deionized water, 1: 20), so the local working device became
free-standing and flexible. Figure 2(b) is a three-dimensional
(3D) schematic of the MZI–MMI flexible TOS. As opposed to
a completely free-standing device, this method not only realizes
the flexibility of the device, but also greatly facilitates the test-
ing of the flexible active waveguide integrated devices [32], as
shown in Fig. 2(c). The device was coupled to the input and out-
put fibers by focusing grating couplers inclined by 8° to achieve
efficient coupling, where the optical transmission spectrum was
collected using a broadband tunable laser system (Santec full-
band TSL-550). For the flexible device test, the bending of the
device was controlled by the spacing between movable stages
below the chip. For the static thermally tuned measurements, a
voltage was applied using a source meter to heat the waveguide.
A power meter was used to read the emitted optical signal. The
modulation voltage was applied to an arbitrary waveform gener-
ator (AWG, Siglent SDG6032X-E) for the purpose of dynamic
characterization. A photodetector was attached to the optical
output of the device. An oscilloscope (Siglent SDS5104X) was
used to record the modulation signals and obtain the device
response time.

As an integral component of flexible TOSs, the flexible pas-
sive TiO2 2× 2 MMI was first fabricated and characterized. A
cascade of a 2× 2 MMI device is shown in Fig. 3(a). The length
and width of the design-optimized TiO2 2× 2 MMI region are
100.3 µm and 10.2 µm, respectively. The width of the waveguide

Fig. 4. (a) Normalized transmission of cross and bar ports of
rigid TOS at 1310 nm under different applied heating powers. Insert:
micrograph of TOS. (b) Time response of MZI-based TiO2 TOS on
silicon.

is 1.2 µm. The taper length is 10 µm. Figure 3(b) shows the
simulated electric field distribution of the mode profile for the
optimized 2× 2 MMI, indicating low cross talk at the input and
uniform power splitting at the output. As shown in Fig. 3(c),
at the bending radius R=∞, the insertion loss of a TiO2 2× 2
MMI is approximately−3.1 dB per MMI measured from input to
outputs 1–5 [Fig. 3(a)]. We also carried out mechanical fatigue
tests [Fig. 3(d)]. The device under a bending radius of 0.85 mm
indicates an insertion loss of −3.08± 0.03 dB per MMI. We
repeatedly folded the flexible 2× 2 MMI device from R=∞
to R= 0.85 mm, and the insertion loss was −3.11± 0.06 dB per
MMI after 100 bending cycles, demonstrating robust mechanical
and optical performance.

Before verifying the performance of flexible TOSs, we first
characterized their rigid counterparts. Figure 4(a) shows the
normalized transmission of the bar and cross ports at 1310 nm
under different heating powers on one arm. The switch indi-
cates a cross talk of −24.5 dB, an extinction ratio of 24.9 dB and
an insertion loss of ∼1 dB. Under a bias of 2.5 V, the device
achieves π phase shift and consumes a power of 15.1 mW.
(The simulated Pπ is 12 mW). We further characterized the
dynamic response of the sputtering TiO2 2× 2 MMI TOSs. As
shown in Fig. 4(b), the rise and fall times measured at 2.5 V
are 107.3 µs and 125.6 µs, respectively, which could meet the
requirements of such applications as upconversion optogenetics
[33] for a sub-millisecond response and on-chip spectrometer
[34]. Meanwhile, the Pπ of 15.1 mW is much less than the
power consumption of some Si [30] or SiN TOSs [12], illustrat-
ing the synergistic effect between TiO2 and polymer substrates
with negative TOC. Compared with TOSs based on polymer
waveguides, our device is two orders of magnitude smaller
than polymer devices [16], showing an advantage of the HIC
platform.

Furthermore, to achieve flexible TOSs, the rigid substrate at
the bottom of the TOSs was removed by DRIE. The entire TOS
is free-standing; thus, air is the contact medium between the
device and the environment. Since the thermal conductivity of
air is much lower than that of silicon wafers, it can be seen in
Fig. 5(a) that, for a bending radius of R=∞, under a bias voltage
of 0.65 V, the cross talk of the flexible TiO2 TOS is −22.5 dB
and Pπ is only 0.83 mW. A possible cause for the deviation
between the experimentally measured Pπ of 0.83 mW and the
corresponding simulation result of 0.45 mW could be differ-
ences between the simulated material parameters and the actual
material parameters, as well as the potential omission of testing
and coupling factors in the simulation. The corresponding rise
and fall times are 1.15 ms and 1.62 ms, respectively [Fig. 5(b)].
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Fig. 5. (a) Normalized transmission of cross and bar ports of
flexible TOS at 1310 nm as a function of applied heating power. (b)
Time response of MZI-based flexible TiO2 TOS. (c), (d) Analysis
of device at bending radii R= 1.12 mm and R=∞ after 100 bends:
(c) Pπ and cross talk; (d) rise and fall times. Inset of (d): Cross
section of device.

We also tested the TOS performance of the device at bend-
ing radii of R= 1.12 mm and R=∞ after 100 times of bending
from R=∞ to R= 1.12 mm. The Pπ of the device is 0.88 mW
and 0.94 mW, the cross talk is −22.7 dB and −21.8 dB, and the
response times are 1.77 ms and 2.67 ms, respectively, as shown
in Figs. 5(c) and 5(d). The device’s optical performance is stable
on bending, proving the mechanical robustness of the device. To
date, the Pπ of 0.83 mW is the lowest among flexible TOSs, to
our knowledge, and the flexible TiO2 TOS is also two orders
of magnitude smaller than polymer-based TOSs [16]. Although
the response time is in milliseconds, it can still be implemented
in wearable devices to treat neurological diseases, such as for
hearing recovery [35].

In conclusion, we have successfully prepared flexible TiO2

TOSs with low power consumption. The insertion loss of the
passive flexible 2× 2 MMI is 0.1 dB. The resulting flexible TOS
exhibits a Pπ of 0.83 mW, which is 18 times lower than the
rigid TOS, mainly attributed to the poor thermal conductivity
of the air. In addition, the device still shows comparable per-
formance to the original device after 100 consecutive bendings.
Our schemes provide a new route for developing and prepar-
ing flexible TOSs and pave the way for many applications,
including conformal sensing, implantable devices, and optical
communication.
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