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Abstract: Thermo-optic (TO) modulators play an increasingly important role in wavelength
routers, lidar, optical computing, and other reconfigurable photonic systems. Highly efficient TO
tunable microring resonators (MRRs) were first demonstrated based on a sol-gel TiO2 platform in
the 1310-nm waveband owing to the synergistic effect between the TiO2 core and SU-8 cladding
with both the negative thermo-optical coefficients. The MRR modulator with SU-8 polymer
as the top cladding layer exhibits a thermal tuning efficiency of 33.0 pm/mW, which is more
than 14 times higher than that with silica top cladding. Its rise/fall times of 9.4 us/24 us and a
Pπ power of 7.22 mW were achieved, indicating a relatively high TO modulator figure of merit
among noncrystalline material platforms allowing monolithic integration on different substrates.
These results yield a strong promise for applying the sol-gel TiO2 platform in photonic integrated
circuits and suggest a new angle of view to design compact and efficient TO modulators in
wearable devices, visible/infrared communication, and biophotonic applications.

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

1. Introduction

The emergence of integrated photonic devices has recently received increasing attention in
optical filters [1,2], visible/infrared communication [3,4], parallel optical computing [5,6],
sensing [7,8], and biophotonics fields [9,10]. Thermo-optic (TO) modulators, one of the active
components in integrated photonics devices, play an essential role due to their low power
consumption and compact footprint [11]. The thermo-optic coefficients (TOCs) are among the
most important parameters to obtain high-performance TO modulators, commonly requiring
a large number. Conventional materials such as single crystal silicon (Si) (TOC: 1.86× 10−4

K−1) [1,12] and LiNbO3 (TOC: 3.34× 10−5 K−1) [13] have been studied a lot and showed
excellent TO performance. However, they can not be deposited and monolithically integrated
on the flexible substrates for tunable photonics [14,15], strain laser [16,17], wearable sensing
[18–21], and biophotonic applications [22–24]. Although silicon nitride SiN (TOC: 2.0× 10−5

K−1) [12] and amorphous silicon (3.25× 10−4 K−1) [25] can be directly patterned on the flexible
substrate, there is a compromise between the film quality and deposition temperature on polymer
substrates. Amorphous chalcogenide glasses [4] enable the monolithic integration of photonic
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devices on rigid or flexible [18,19,26] substrates at near room temperature, yet they possess a low
TOC (2.5× 10−5 K−1) [11]. Polymers (TOC: ∼ 10−4 K−1) [11] with intrinsic good mechanical
flexibility and low processing temperature show advantages in fabricating photonic devices
[27–31]. However, the low refractive index and thermal conductivity of polymer materials lead
to both the larger size and slower TO response time of the polymer modulator [26,32,33], which
is undesirable in most applications, such as implantable photonic probes [22,23,34–37] requiring
small wound size and fast modulation. Therefore, selecting a suitable high-index-contrast
inorganic material platform is necessary for compact and efficient optical modulators.

TiO2 has recently attracted much more attention as a promising nanophotonic material due to
its low optical loss, wide operating wavelength range, high refractive index, and large negative
TOC ranging between -0.5 ∼ -2.4 ×10−4 K−1 [12,38,39]. Amorphous TiO2 thin film can be
prepared by different low-temperature processing techniques, such as the sol-gel method [40]
and atomic layer deposition (ALD) [39], indicating its potential to be monolithically integrated
on various substrates, which is an advantage for fabricating mechanically flexible integrated
photonic devices [40]. Compared with the polymer waveguide, the size of the device could be
much smaller when using the high-index-contrast structure consisting of a waveguide core of
inorganic components, such as TiO2 (n>2, TOC: -5.0× 10−5 [38]), and a polymer cladding, such
as SU-8 (n≈1.58, TOC: -1.87× 10−4 [41]). Besides the device size, the high-index-contrast
architecture can provide additional freedom in designing and optimizing multichannel signal
modulating and routing with strong optical confinement. However, in addition to some reports
about silicon-based temperature-insensitive devices using TiO2 as the upper coating [12,42–44],
TiO2 waveguide TO modulation has rarely been reported.

In this work, we firstly demonstrated a facile strategy to construct a tunable TO MRR modulator
based on a sol-gel TiO2 platform. By introducing SU-8 as the top cladding, the TiO2 MRR
modulator exhibited remarkably enhanced TO performance (rise/fall times of 9.4 us/24 us, Pπ
power of 7.22 mW, thermal tuning efficiency of 33.0 pm/mW, a figure-of-merit (FOM) of 0.006
mW−1µs−1), owing to the synergistic effect of between TiO2 and SU-8 with the same negative
TOC. Furthermore, the desired TiO2 MRR TO modulator also outperformed most polymer-based
TO modulators as well as some silicon, SiN and LiNbO3 TO modulators, which can be attributed
to the higher index contrast, and higher TOC of TiO2, respectively, thereby proving that polymeric
and amorphous materials with both negative TOC may be monolithically integrated on arbitrary
substrates for high-performance TO modulators.

2. Structure design and thermal simulation

The schematic cross-section and the key structural parameters of the TiO2 modulator are shown
in Fig. 1(a). The TiO2 waveguide is a ridge waveguide with s= 100 nm, h= 150 nm, wg = 900
nm, and a sidewall angle of 67◦, which supports fundamental TE-polarized mode, as shown
in Fig. 1(b). The thickness t and width we of the heater are selected as 100 nm and 3 µm,
respectively. The separation between the heater and waveguide g is selected as 1 µm to suppress
the absorption loss (Supplement 1 (Fig. (S1)). Applying a voltage on the heater, the temperature
of the waveguide will change by joule heat conduction. Supplement 1, Figure (S2) shows the
effective refractive index change under the different heating power. With a negative TOC in TiO2
material, the phase tuning

a
φ of the waveguide is proportional to the variation in temperaturea

T, which can be expressed as [45]:

∆φ =
2πL
λ0

(︃
dn
dT

)︃
∆T (1)

where λ0 is the free-space wavelength of the MRR, L is the length of the heater, and dn/dT is the
TOC of TiO2.
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https://doi.org/10.6084/m9.figshare.21091324


Research Article Vol. 12, No. 10 / 1 Oct 2022 / Optical Materials Express 4063

Fig. 1. (a) The schematic cross-section of the TiO2 waveguide. (b) Fundamental TE-
polarized mode of sol-gel TiO2 waveguide at 1270 nm. Simulated temperature distribution
of the TiO2 modulator with different top/bottom cladding layers of (c) SU-8/ SiO2 (heating
power: 27.3 mW 330 K), (d) SiO2/SiO2 (heating power: 27.3 mW), respectively.

To study the influence of cladding materials on the temperature distribution and modulation
efficiency of the TiO2 modulator, we built a multi-physics model to analyze the TO effect for
TiO2 MRRs with different combinations of SU-8 and SiO2 as cladding layers. The convective
heat flux boundary condition was applied to conduct the thermal simulation of our devices.
Figure 1(c)–1(d) show the steady-state thermal distribution in the cross-section of the devices
at the same heating power of 27.3 mW. The waveguide is heated by the heater on top of the
cladding. And the red mark in the center of the waveguide in Fig. 1(c) indicates the temperature
sensing point. Due to the poor and superior heat conduction of the polymer and silicon substrate,
respectively, the modulator suffers from local accumulated heat in the SU-8 layer and rapid
heat transfer to the substrate, resulting in a slight 3K temperature increase in the center of the
waveguide (330 K) with SU-8 top cladding compared with that using the silicon oxide as the top
cladding.

3. Device fabrication

To verify the loss of the sol-gel TiO2 thin film, we fabricated passive integrated optical devices
consisting of grating couplers, waveguides and MRRs, as shown in Fig. 2(a). We first deposited
250 nm sol-gel TiO2 films [40] on oxidized silicon (∼2 µm) substrate. Then we coated ∼400
nm thick negative electron-beam (e-beam) resist layer on the TiO2 films and exposed the device
pattern using an e-beam lithography system. The resist pattern was thermal reflowed at 120
°C for 10 s on the hotplate to remove the roughness of the pattern edge. Subsequently, the
device pattern was transferred onto TiO2 by inductively coupled plasma reactive ion etching
(ICP-RIE). Finally, we deposited ∼1 µm SU-8 or SiO2 on the device as the top cladding. The
as-prepared passive device is shown in Fig. 2(b). The MRR was designed to couple with a 200
µm long waveguide with a coupling gap of 400 nm and a ring resonator diameter of 80 µm. The
waveguide cross-section shape is a trapezoid with a width of 900 nm on the top side, 1035 nm at
the bottom edge, a height of 150 nm and a sidewall slope of approximately 67° (Fig. 2(d)) This
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waveguide structure can support the fundamental TE mode in the wavelength range of 1260-1360
nm (Fig. 1(b)).

Fig. 2. TiO2 TO MRR modulator preparation. (a) Schematic of the device fabrication
process. (b) Optical microscope image of a TiO2 MRR device. (c) Optical microscope image
of a TiO2 MRR with microheaters. (d) Cross-sectional SEM image of the TiO2 waveguide.

To prepare the thermal-tuning MRR (Fig. 2(c)), 100 nm titanium (Ti) and 5 nm gold (Au)
were first deposited above the as-prepared MRR as the metal heater by e-beam evaporation. Ti
is chosen as the heating metal because of its relatively high resistivity (4.20× 10−7 Ω•m) [46].
The 5 nm Au on 100 nm Ti is deposited to prevent Ti from oxidizing during thermal tuning.
Finally, another 5 nm Ti and 100 nm Au (resistivity: 2.24× 10−8 Ω•m) [46] were deposited as
the connecting wires and probe pads.

4. Results and discussion

We characterized the optical loss of the passive sol-gel TiO2 MRR before its thermal tunning
performance was investigated. The MRRs were coupled to the input/output fibers via a pair
of focusing grating couplers with 8° tilt for efficient coupling (Fig. 2(b)), in which the optical
transmission spectra were collected by a broadband tunable laser system (Santec full-band
TSL-550). Figure 3(a) presents a typical transmission spectrum of the TiO2 MRR with a ring
diameter of 80 µm and a coupling gap of 400 nm, showing the measured free spectral range (FSR)
of 3.24 nm. The effective index of TE-polarized mode is simulated to be neff = 1.78 at 1273 nm,
as indicated in the inset of Fig. 3(a). And Fig. 3(b) shows that the full width at half-maximum
(FWHM) of sol-gel TiO2 MRR peak at 1272.98 nm is 0.034 nm by Lorentz fit, giving the loaded
Q factor of 3.74× 104. The MRR is over coupled. The intrinsic Q factor and the propagation
loss can be obtained by [42,47]:

Qint =
2Q

1 −
√

T
(2)

α =
λ0

Qint · R · FSR
(3)

where λ0 is the wavelength of the resonance peak, T is the fraction of transmitted optical power
at λ0, R is the radius of the ring and FSR is the free spectral range, respectively. Therefore, using
the MRR with a radius of 40 µm, FSR of 3.24 nm and T of 0.1 at λ0 = 1272.98 nm, the intrinsic
Q factor is 1.09× 105 and the propagation loss is 3.9 dB/cm, comparable to the results published
earlier. In our previous report, the slab sol-gel TiO2 showed a propagation loss of 3-4 dB/cm due
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to the absorption of the remaining hydroxyl and amino groups [40]. Therefore, the additional
optical loss of 0-1 dB/cm could be attributed to the roughness of the waveguide sidewall, which
can be mitigated by further optimization by lithography and the etching process.

Fig. 3. (a) Normalized transmission spectrum of sol-gel TiO2 TO MRR with an 80-µm
diameter and 400-nm gap. The insert in Fig. 3(a) is the TE-polarized guided mode field at
1273 nm. (b) Close-up normalized transmission spectrum of the resonance dip at 1272.98 nm.

We designed and prepared the TiO2 MRR TO modulators with metal heaters on top of the
waveguide to verify its thermal tuning performance. The devices with the SU-8 and SiO2 as the
top cladding have been studied. For static thermal tuning measurement, a source meter was used
to apply the voltage to heat the waveguide. As shown in Fig 4(a), the transmission spectrum of
the TiO2 MRR with SU-8 as the top cladding exhibits a blueshift with increasing heating power.
The thermal tuning range attains 0.9 nm under a heating power of 27.3 mW (voltage of 3.0
V). Meanwhile, the thermal tuning efficiency of 33.0± 0.90 pm/mW was calculated by linearly
fitting peak shifts with heating power (Fig. 4(b)). The FWHMs of the TiO2 MRR dips remain
unchanged, illustrating that the TiO2 MRR has a stable optical performance, which has rarely
been influenced by thermal tuning. However, the device with SiO2 as the top cladding suffered
from a higher power consumption (27.6 mW) for a small tuning range of ∼ 65 pm (Fig. 4(c)),
while the FWHMs of the resonance dips showed similarily negligible change (Fig. 4(d)). One
reason for the higher power consumption is that the thermal conductivity of silicon oxide is an
order of magnitude higher than that of SU-8; thus, more heat is localized in SU-8. Another
reason is that the TOC of silicon oxide is positive while that of SU-8 and TiO2 is negative, where
a synergistic effect exists between the TiO2 core and SU-8 cladding, resulting in reduced power
consumption and increased modulation efficiency. As shown in Fig. 4(b) and Fig. 4(d), the
thermal tuning efficiency of the device with SU-8 top cladding is 14 times higher than that of the
device with silicon oxide top cladding (2.35± 0.27 pm/mW).

We further investigated the dynamic response of the sol-gel TiO2 TO MRR modulator. A
square-wave voltage of 2.0 V and 3.0 V was applied to the device with SU-8 and SiO2 claddings,
respectively. As shown in Fig. 6, the rise (10%-90%) and fall (90%-10%) times are 9.4 µs and 24
µs for the device with SU-8 cladding (Fig. 5(a)), and 14 µs and 10.7 µs for the one with SiO2 as
top cladding (Fig. 5(b)). Although the thermal conductivity of silicon oxide is higher than that of
SU-8, both of them use silicon as the substrate, leading to a slight difference in thermal coupling
between the two devices and the environment. Therefore, we consider that the difference in
response time mainly comes from the small thermal conductivity of SU-8. Furthermore, we
calculate the π-phase-shift power consumption Pπ of 7.22 mW and 80.1 mW for SU8 and SiO2
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Fig. 4. Normalized optical transmission spectra of the sol-gel TiO2 TO MRR modulator
upon different heating power, with SU-8 (a) and SiO2 (c) as the top cladding, respectively.
Resonant wavelength shift and FWHM of the sol-gel TiO2 TO MRR modulator as a function
of the heating power, with SU-8 (b) and SiO2 (d) as the top cladding, respectively. The error
bar represents the standard deviation error of multiple tests.

as top cladding, respectively, according to Pπ = FWHM×π/η [45]. In addition, a FOM of 0.006
mW−1µs−1 was obtained by FOM= 1/(Pπ×τ) [45], where τ is the response time.

We compared the performance of our proposed sol-gel TiO2 TO MRR modulators with other
reported TO modulation devices, as shown in Table 1. This indicates that our strategy has
advantages in achieving TO modulators with a higher FOM than polymer MZI switches and
inorganic modulators such as SiN, TiO2 and LiNbO3. TiO2, SiN and LiNbO3 possess a wide
transmission window from visible to infrared regions, showing that they have similar applications
in some fields. However, due to the relatively low TOC, SiN and LiNbO3 TO modulators have a
Pπ of ∼20-30 mW. Though the power consumption can be reduced by adding air trench structures,
this is at the expense of dynamic response speed. Polymer materials usually have higher TOCs,
but lower refractive index and slower response. Compared with TO modulators using polymeric
waveguides and air trench, our device exhibits a smaller footprint and faster response speed,
mainly attributed to the high index contrast and larger thermal conductive coefficient of inorganic
components. And the performance can even be comparable to that of some silicon-based TO
devices [48,49].

As mentioned above, sol-gel TiO2 can be directly deposited on the flexible substrate, indicating
the possibility of fabricating flexible TO modulators. Therefore, we have conducted a further
simulation based on Fig. 1(c) and Fig. 1(d). As shown in Fig. 6(a), when replacing silicon
oxide with SU-8 as the bottom cladding, only 6.3 mW of heating power is required to achieve
330 K (the same target temperature in Fig. 1(c)) in the TiO2 waveguide. The main reason is
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Fig. 5. The input waveform of an electrical signal applied to the sol-gel TiO2 TO MRR
modulator with (a) SU-8 and (b) SiO2 as the cladding.Time response of sol-gel TiO2 TO
MRR modulator with (c) SU-8 and (d) SiO2 as the cladding.

Fig. 6. Simulated temperature distribution of the TiO2 modulator with different top/bottom
cladding layers of (e) SU-8/SU-8 (heating power: 6.3 mW) on a silicon substrate and (f)
SU-8/SU-8 without underlying silicon substrate (heating power: 0.55 mW), respectively.



Research Article Vol. 12, No. 10 / 1 Oct 2022 / Optical Materials Express 4068

Table 1. Performance Comparison of Some Reported TO Modulation Devices.

Device (Device layer/Top
cladding layer/Heating

electrode)

Operation
Wavelength

(nm)

Rise/Fall
time τ (µs)

Footprint
(mm2)

Pπ
power
(mW)

FOM
(mW−1µs−1)

Year

TiO2 MRR / SU-8 / Ti 1272 9.4/24 0.005 7.2 0.006 this work

TiO2 MRR / SiO2 / Ti 1271 14.0/10.7 0.005 80.1 0.001 this work

TiO2 MRR / air / Ti 1550 112.8/77.9 0.071 7.8 0.001 2022 [50]

LiNbO3 MRR / air / NiCr 1550 60/53 0.1256 23.2 0.001 2020 [13]

SiN multi-pass waveguide /
SiO2 / TiN

561 34.5/33.5 0.82 23.0 0.001 2022 [51]

SiN multi-pass waveguide
with air trench / SiO2 / TiN

561 570/590 0.82 1.2 0.001 2022 [51]

SiN MMI / SiO2 / Pt 488 20 - 30.0 0.002 2020 [52]

SiN MMI / SiO2 / Pt 473 20 - 30.0 0.002 2020 [9]

SU-8 MZI / PMMA / Al 532 110/130 0.35 2.2 0.003 2020 [53]

Polymer-silica with air
trench/ PMMA / Al

1550 80/80 0.33 8.9 0.001 2018 [32]

Silicon MZI / SiO2 / TiN 2000 15/15 0.41 32.3 0.002 2019 [48]

Silicon switch / SiO2 / TiN 2000 9.2/13.2 - 19.2 0.004 2021 [49]

attributed to the fact that the thermal conductivity coefficient of SU-8 (∼ 0.2 WK−1m−1) is one
order of magnitude lower than that of silica (∼ 1.4 WK−1m−1) [33], preventing the heat leakage
to some extent. Furthermore, after removing the silicon substrate, the device is released from
the rigid substrate to become a flexible device. As a result, the same temperature in the TiO2
waveguide (330 K) can be achieved with just 0.55 mW, suggesting a significant reduction in
power consumption (Fig. 6(b)), which is advantageous for flexible TO modulators, especially
in some implantable photonic devices [24,54,55]. For example, the generated heat for regular
operation should be controlled as little as possible to avoid thermal damage to biological tissues.
Although this may reduce the response speed to some extent, it is sufficient for multichannel
biological imaging and nerve stimulation [10,24].

5. Conclusion

In summary, we have successfully demonstrated a highly efficient TO tunable MRR utilizing the
sol-gel TiO2 platform at 1310-nm-waveband. The achieved sol-gel TiO2 TO MRR with SU-8
cladding exhibited a higher FOM than the one with silica top cladding, showing the potential for
highly efficient TO modulation attributed to the synergistic effect between the TiO2 and SU-8,
which have the same negative TOCs. Moreover, both thermal simulation and the experimental
result showed less power consumption when using SU-8 as the bottom cladding due to its poor
heat conduction. Besides, the sol-gel TiO2 enables monolithic integration on arbitrary substrates,
including the flexible substrate at a low temperature and a smaller device size due to its high
material index. Therefore, this work not only demonstrated an efficient and compact TiO2 TO
MRR, but also provided a new route for the modulation design of compact, flexible and scalable
optical devices, which could be constructed by two materials systems with both large and negative
or positive TOCs.
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