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Visible-light photonic integrated circuits (PICs) are rapidly
emerging as a crucial technology to overcome the scaling
challenges in quantum information processing and biosens-
ing. Titanium dioxide (TiO,), with its high transparency in
the visible range, is regarded as a promising material for
facilitating the development of high-performance visible-
light integrated systems. In this paper, we introduce a series
of passive TiO, integrated devices, which include waveg-
uides, multimode interferometers (MMIs), and thermo-optic
switches (TOSs), monolithically integrated for the first time
to our knowledge at a working wavelength of 589 nm. A
propagation loss of 5.46 +£0.17 dB/cm demonstrates a sig-
nificant improvement over previous reports on yellow-light
TiO, waveguides. This study marks the first fabrication of a
TOS operating at 589 nm, featuring a TiO, core and polymer
cladding. Notably, it achieves a power consumption (P, ) of
8.24 mW, which represents a threefold reduction compared
to silicon nitride-based TOSs operating in the visible spec-
trum. These results offer new insight into the design and
fabrication of visible waveguide-integrated devices, paving
the way for future emerging applications, such as quan-
tum information, sensors, and biomedical science. © 2025
Optica Publishing Group. All rights, including for text and data mining
(TDM), Artificial Intelligence (Al) training, and similar technologies,
are reserved.
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Silicon photonics utilizes microelectronics manufacturing tech-
nologies, enabling the large-scale production of dense and
complex photonic integrated circuits (PICs) in foundries.
Extending silicon photonics to the visible spectrum opens up
new opportunities for emerging applications. Visible-light inte-
grated photonics represents a promising frontier, encompassing
a diverse array of applications, including quantum information
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processing [1-3], nonlinear optics [4], underwater communi-
cation [5], scanning displays [6,7], optical sensors [8], flow
cytometry [9], and optogenetics [10-15].

In visible-wavelength silicon photonics, optical waveguides
are commonly constructed using silicon nitride (SiN, 1.2 dB/cm
at 488 nm [16]) or aluminum oxide (Al,O;, 0.8 dB/cm at 450 nm
[17]) layers with silicon dioxide (SiO,) cladding, built on silicon
or silicon-on-insulator (SOI) substrates. Currently, visible-light
photonic platforms based on SiN [2,11], [18-21] or Al,O;
[22] materials have been successfully developed on 100 mm,
200 mm, and 300 mm diameter silicon wafers. These platforms
integrate various components, including waveguides, gratings,
power splitters, interferometers, and detectors. Furthermore,
large-scale integrated chip-level systems operating in the vis-
ible spectrum demand micron-scale phase modulators with
low-power consumption or low driving voltage. Meeting these
requirements presents significant challenges for visible-light
integrated photonics. While materials such as SiN [10], alu-
minum nitride (AIN) [23], and SiO, [24] are compatible with
complementary metal-oxide—semiconductor (CMOS) fabrica-
tion processes, they exhibit inherently weak thermo-optic (TO)
and electro-optic (EO) effects. For instance, the TO coeflicient
(TOC) of SiN is significantly smaller than that of silicon. In the
visible-wavelength range, TO phase modulators utilizing SiN
waveguides typically require device lengths on the order of hun-
dreds of micrometers and power consumption in the tens of
milliwatts to achieve 7t-phase modulation [6,10]. Lithium nio-
bate (LN) [25-27], as a novel material platform for integrated
photonics, offers ultra-low propagation loss, though it is not
compatible with CMOS. Given its large EO coefficient (EOC),
state-of-the-art visible-light LN waveguide phase modulators
require a half-wave voltage-length product (VL) of 1.6 V-cm,
which means the device length driven by CMOS-level voltages
is approximately 1 cm [26]. Liquid crystal cladding provides a
modulation mechanism with a smaller VL, but it is inherently
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limited in supporting high-speed modulation [28]. In recent
years, TO modulators and switches integrated with polymer
waveguides have achieved low-power operation due to the larger
TOC of the polymer. However, the relatively low refractive index
of the polymers necessitates larger device dimensions, typically
on the scale of tens of millimeters, which poses challenges for
miniaturization [29].

Titanium dioxide (TiO,), as an emerging integrated photonic
material, has garnered much attention in recent years. TiO,
exhibits a wideband transparency ranging from visible to the
near-infrared wavelengths (0.4—10 um), along with biocompat-
ibility [30], nonlinearity [31,32], and a higher refractive index
[30] and TOC (=0.5 to —=2.4 x 10*K™") [33] compared to AIN
and SiN. Additionally, it is compatible with CMOS processes
and can be fabricated at near-room-temperature conditions [34],
enabling more compact integration. These attributes have posi-
tioned TiO, as a promising material for applications in sensing
devices [35], thermal insulation devices [36,37], and PICs
[38,39]. Furthermore, the integration of TiO, with polymers,
leveraging their mutually negative TOCs, has demonstrated a
synergistic effect, facilitating the development of highly efficient
thermo-optic switches (TOSs) [34] and modulators [38] oper-
ating within the telecommunication wavelength range. However,
research on TiO,-based devices in the visible-wavelength range
remains scarce. Existing studies indicate that propagation loss
in TiO,-based waveguides at visible wavelengths remains rel-
atively high [40—42], underscoring a critical area for further
exploration and optimization.

In this work, we demonstrate a yellow-light TiO, platform
integrated with passive components, including waveguides,
1 X2 multimode interferometers (MMIs), 2x2 MMIs, and
yellow-light TOSs (VTOSs) based on Mach—Zehnder interfer-
ometer MMIs (MZI-MMIs). These components feature a TiO,
waveguide core and polymer cladding. The propagation loss of
the waveguide at a working wavelength of 589 nm is measured to
be 5.46 +0.17 dB/cm. The insertion loss of the 1 x 2 MMIs and
2x 2 MMIs are 3.34 + 0.04 dB and 3.29 + 0.21 dB, respectively,
meeting the low insertion loss requirements for VTOSs. Lever-
aging the negative TOCs of both the polymer substrate and TiO,,
the 7t phase-shift power consumption (P ) of the TiO, VTOS is
8.24 mW, which is lower than that of certain SiN-based VTOSs.
The VTOS exhibits rise and fall times of 68.2 us and 57.4 ps,
respectively. Additionally, the higher refractive index of TiO,
enables the VTOS to achieve a footprint two orders of magnitude
smaller than polymer-based VTOS. This approach demonstrates
the potential for large-scale, monolithic integration of photonic
devices at visible wavelengths.

A schematic of the yellow-light device preparation process
is shown in Fig. 1. Firstly, a 3 um layer of colorless poly-
imide (CPI), a 30 nm layer of alumina (Al,Os), and a 120 nm
sputtered TiO, thin film were sequentially deposited on the
Si/SiO, substrates. Secondly, the TiO, waveguide-integrated
device patterns were defined using electron-beam lithography
and inductively coupled plasma reactive ion etching, followed
by 500 nm SU-8 coating on the TiO, device with 105°C bak-
ing for 1 min and 175°C baking for 5 min, obtaining the passive
device. For VTOS fabrication, heater electrodes consisting of
100 nm Ti/5 nm Au and contact pads comprising 5 nm Ti/100 nm
Au were sequentially deposited onto the pre-fabricated devices.
Thirdly, a second 2.5 pm SU-8 layer was applied, followed by the
photolithographic patterning to open the pad window for probe
contact and the same annealing process as mentioned above.

Letter

l cPI Tio2 '
coating  deposition

— — — =
Al20s su-8 Metal
deposition coating patterning
— — —— — —
QY sisio: substrate cPl Al203 Qy To: W sus TilAu

Fig. 1. Diagram of the fabrication process for TiO, waveguide-
integrated devices operating at visible wavelengths.

The refractive index of CPI, SU-8, and TiO, at a wavelength of
589 nm is 1.72, 1.60, and 2.43, respectively. For the characteri-
zation of the passive devices, the device was coupled to input and
output fibers (3 pm, OZ Optics) using grating couplers inclined
at 10° to enhance coupling efficiency. A supercontinuum laser
system (SC-PRO-ADTF) was employed as the light source,
and the optical transmission spectrum was recorded using a
spectrometer (ANDO AQ6315A). For testing the VTOSs, a
semiconductor laser (MXL-W-589) served as the light source,
while a sourcemeter (Keithley 2450) supplied the voltage to heat
the waveguide. The emitted optical signal was measured with a
powermeter. An arbitrary waveform generator (AWG, UGT932)
provided the modulation voltage for dynamic characterization.
The optical output was connected to a photodetector (Thorlabs
PDAO15A), and an oscilloscope (Siglent SDS5104X) captured
the modulation signals to evaluate the device’s response time.

We first characterized the propagation loss of the TiO, wave-
guide at a wavelength of 589 nm. Figure 2(a) shows a top-view
image of the waveguide propagating light. The single-mode
condition of the TiO, waveguide at 589 nm is achieved with a
height of 100 nm and a width of 370 nm (the inset of Fig. 2(a)).
To further minimize the propagation loss, the width of the
straight waveguide was increased to 1 um, while the curved sec-
tions employed single-mode waveguides with Euler geometric
bends to reduce bending loss. A 30 um adiabatic tapered wave-
guide was used to seamlessly connect the straight and curved
sections. Using the cut-back method, the propagation loss at
589 nm was measured to be 5.46 + 0.17 dB/cm, which represents
a significant improvement compared to the previously reported
visible-light TiO, waveguides (Table S1 in Supplement 1, Sec-
tion 1). The detailed discussions of the propagation loss are
described in Supplement 1, Section 1. As demonstrated in our
previous work [38], waveguide roughness results in a propaga-
tion loss of approximately 1 dB at 1310 nm. This loss is expected
to increase in the visible spectrum due to the enhanced interac-
tion of shorter wavelengths with the waveguide sidewalls [16].
To further minimize propagation loss, optimization of the etch-
ing process is essential, which can be achieved by replacing the
fluorine-based atmosphere with a halogen-based atmosphere,
such as Cl, and BCl; [32]. Additionally, improvements in the pat-
terning process, such as substituting the photoresist mask with
a hard mask, such as chromium (Cr) [31], could significantly
enhance waveguide performance.

As indispensable components in cascading integrated pho-
tonic devices, the yellow-light TiO, 1 X2 and 2 x 2 MMI were
fabricated and characterized. The cascade of 1x2 and 2x2
MMI devices are shown in Figs. 3(a) and 3(c), respectively. The
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Fig. 2. (a) Top-view optical image of the waveguide propagating
light at 589 nm. The inset is the simulated electric field magnitude
|E| shown for the TE polarization of the waveguide at 589 nm. (b)
Measured transmission of waveguides as a function of the length of
waveguides at 589 nm.
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Fig. 3. (a) and (c) Microscope images of the yellow-light TiO,
waveguide device based on a cascade of 1x2 and 2x2 MMIs,
respectively. The inserts are the simulated electric field distributions
of the optimized yellow-light TiO, 1 X2 and 2x2 MMI, respec-
tively. (b) and (d) Measured transmission of cascaded TiO, 1x2
and 2x2 MMI trees as a function of number of 1 X2 and 2x2
MMLI, respectively.

length and width of the design-optimized TiO, 1 x 2 MMI region
are 10.5 um and 2.4 um, respectively, with a waveguide width
of 0.37 um. For the 2x2 MMI region, the length and width
are 53.4 um and 4.8 um, respectively, with the same waveguide
width of 0.37 um. The insets of Figs. 3(a) and 3(c) display the
simulated electric field distribution of the mode profiles for the
optimized 1 X 2 and 2 X 2 MMI, demonstrating low cross talk at
the input and uniform power splitting at the output. As depicted
in Figs. 3(b) and 3(d), the measured insertion loss of TiO,
1x2 and 2x2 MMI are approximately —3.34 +0.04dB and
—3.29+£0.21 dB per MMI, respectively, measured from inputs
to outputs.

The TOS is another crucial component in cascade-integrated
photonic systems. Following the verification of waveguide prop-
agation loss and optical splitter’s performance, a TiO, TOS for
yellow-light routing was fabricated for the first time. The process
began with finite element modeling (FEM) analysis to simu-
late VTOS devices. Figure 4(a) illustrates the fundamental TE
mode of the TiO, waveguide cross section featuring a width
of 370 nm, a height of 100nm, and a sidewall angle of 67°.
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Fig. 4. (a) Fundamental electric field magnitude |E| shown for
the TE polarization of the sputtered TiO, waveguide at 589 nm.
(b) Simulated propagation loss of the waveguide as a function of
the verticle distance between the heater electrode and the TiO,
waveguide. (c) Calculated temperature distribution at a simulated
heating power of P, (7.5mW). (d) Simulated effective refractive
index of the TiO, waveguide versus heating power.

These waveguides exhibit strong field confinement, ensuring
high dispersion and exceptional sensitivity to minor variations
in material refractive index while maintaining low bending loss.
These attributes are instrumental in designing scalable, reconfig-
urable, and miniaturized multifunctional devices. Considering
the simplicity and cost-effectiveness of the fabrication process,
Ti was chosen as the heater material, with a thickness of 100 nm,
a width of 5 um, and a length of 60 um. Moreover, a verticle
space of 0.6 um was introduced between the heater and the wave-
guide to optimize the balance between waveguide propagation
loss and heating efficiency. Figure 4(c) illustrates the tempera-
ture distribution of the waveguide under a heating power of
7.5 mW. The temperature at the center of the waveguide, indi-
cated by the red point in Fig. 4(c), is approximately 357 K. The
detailed discussions of the SU-8 stability are described in Sup-
plement 1, Section 2. Figure 4(d) shows the relationship between
the effective refractive index of the TiO, waveguide and the
applied heating power. The phase tuning Ag of the waveguide
can be expressed as follows [34]:

2nL (dn
Ap =22 () AT 1
o= 25 (G)ar, 1)

where A, is the working wavelength, L is the heater length,
dn/dT represents the TOC of TiO,, and AT is the change of
temperature. The theoretically calculated P, of the VTOS is
7.5 mW. Compared to TOSs operating at 1310 nm, the shorter
wavelength of visible light allows for a smaller distance between
the heating electrode and the waveguide. This reduced distance
shortens the heat conduction path, thereby lowering the power
consumption required to achieve a 7t phase shift.

Furthermore, we characterized the VTOS based on the
Mach-Zehnder interferometer (MZI)-MMI structures. Fig-
ure 5(a) shows the normalized transmission of the bar and cross
ports at 589 nm under varying heating power applied to one
arm. The VTOS exhibits a cross talk of —17.7dB, an extinc-
tion ratio (ER) of 17.9dB, and an insertion loss of ~0.6dB.
At a bias voltage of 1.76V, the device achieves 7t phase shift
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Fig. 5. (a) Normalized transmission of the cross and bar ports of

the TiO, VTOS at 589 nm under different applied heating power.

The inset is the top-view image of the device. (b) Time response of

the MZI-MMlI-based TiO, VTOS.

with a power consumption of 8.24 mW. The dynamic response
demonstrated rise/fall times of 68.2 pus and 57.4 ps, respectively,
as shown in Fig. 5(b). These performance metrics make the
device suitable for applications in fields such as optogenetics
[13] and PICs [9,43]. Meanwhile, the P of 8.24 mW is signif-
icantly lower than that of some visible-light SiN-based TOSs
(Table S2 in Supplement 1, Section 2), highlighting the supe-
rior TOC of TiO, and the synergistic effect between TiO, and
polymer substrates with negative TOC [34,38]. Additionally, the
device footprint is two orders of magnitude smaller than that of
visible-light polymer-based TOSs (Table S2 in Supplement 1,
Section 2), demonstrating the advantages of the high-index-
contrast platform. This compact design offers promising benefits
for wearable and implantable devices by reducing system size
and minimizing potential damage to biological tissues [12].

In conclusion, we have successfully prepared yellow-light
TiO, integrated passive components using a monolithic integra-
tion approach, achieving significant performance improvements.
The propagation loss was reduced to 5.46 +0.17 dB/cm, while
the insertion loss was 3.34 +0.04dB for the 1 x2 MMI and
3.29+0.21dB for the 2x2 MMI. Additionally, the VTOSs
demonstrated a low P, value of 8.24 mW. Given that TiO, can be
deposited under near-room-temperature conditions, this technol-
ogy shows great potential for applications in three-dimensional
stacked photonic integration [44]. We envisage that this fab-
rication approach for visible-light waveguide integration will
substantially advance and broaden the development and appli-
cation of integrated photonic devices operating in the visible
spectrum.
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