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Abstract: Incorporating the thermal dependency of silicon permittivity into topological inverse
design methodologies opens the design space for generating novel compact optical devices with
temperature actuation for dense photonic integrated circuitry. In this work, a thermo-optic-enabled
topological optimization methodology for integrated photonic device design is proposed and
experimentally validated through an ultra-compact optical switch. With a footprint of 10 µm by
6∼µm, a tenth of the size of conventionally designed MZI-based switches, the device operates in
the C-band region with comparable insertion loss (<2 dB) and ON/OFF extinction ratio (<14
dB) performance. At intermediate temperatures, the device operates as a tunable power splitter
with an insertion loss below 2 dB over the wavelength range from 1532 to 1555 nm. The tunable
splitter achieves various splitting ratios from 0:100 to 100:0 at 1543 nm with a 50:50 splitting
ratio that can be maintained over a wavelength range of 23 nm with temperature changes.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

As global data consumption increases with the rise of cloud computing, video streaming and
artificial intelligence [1], designing highly compact interconnects for modern computing platforms
to support larger throughput with low latency has become essential in meeting the insatiable
demand for data processing. While electronics reach a performance bottleneck at higher data rates,
silicon-on-insulator photonic (SOI) technology, with its large refractive index contrast, offers high
bandwidth density enabling large interconnect capacity and is compatible with well-established
complementary metal-oxide semiconductor (CMOS) fabrication processes [2,3]. Key devices
such as optical switches and splitters are integral in the development of optical interconnects as
well as next generation photonic circuits for optical computing [4,5], phased arrays [6,7], and
quantum information processing [8]. Despite high modal confinement, conventionally designed
SOI-based devices have relatively large circuit footprint areas as light diffraction inherently limits
the miniaturization that has benefited transistors, preventing further scaling required for greater
bandwidth density. Mach-Zehnder interferometers (MZI) switches, as an example, require 50:50
optical splitting to two waveguides after which the phase difference is introduced before the two
optical signals are then recombined. As fabrication process variations can have significant impact
on performance, multimode interferometers (MMIs) for power splitting/combining are often
chosen over directional couplers (DCs) due to their higher tolerance to fabrication variability
and lower wavelength dependency. However, their design robustness still comes with significant
footprint (e.g., 150 µm2 in [9]). Further, the required π-phase shift, induced through the
thermo-optic effect, is often generated using a metal layer heater increasing the overall device
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footprint (e.g., 2 405 to 6 000 µm2 in [10,11]). Micro-ring resonator based switches, where the
optical signal propagates to the output drop port at the resonant wavelength, can have a smaller
footprint on the scale of a few microns, but do not have the required optical bandwidth and
required extensive control [12].

Recently, various computational methodologies, such as iterative optimization processes
and deep neural networks, have been employed to explore and expand passive device design
parameters in compact footprints while optimizing device performance [13]. Iterative inverse
design optimization relies on the gradient of a specified objective function with respect to
parameters defined by the device geometry [14]. More computationally efficient, the adjoint
method computes the gradient of the objective function by leveraging only two electro-magnetic
(EM) simulations: 1) a forward propagation simulation driven by the defined source, and 2)
a backward propagation simulation driven by an adjoint source defined using an optical field
pattern of the desired output. This gradient information is used to adjust the parameters iteratively
in the direction of improvement of the objective function [15]. This process is repeated until
convergence.

In density-based topological inverse design, the material permittivity values in the design space
are initially mathematically relaxed to be continuous between the upper (core) and lower (cladding)
permittivity bounds, with each mesh element treated as an independent variable. This creates
a vast design space that allows efficient convergence at the expense of generating nonphysical
designs containing hypothetical intermediate materials. As such, a gradual binarization process
is introduced during the final optimization stages forcing each mesh point to eventually take on
only realizable material permittivity values. In the last few years, density topological inverse
design has enabled numerous compact designs with promising optical performance results
including 90-degree bends [16], vertical grating couplers [17], dual-mode power splitters [18],
and 1405/1600 nm multiplexer systems [19].

Our work further unlocks unexplored thermo-optic design opportunities, enabled by non-
conventional computational methodologies, for a compactness which is otherwise not possible
through conventional physics-based approaches. Leveraging a novel temperature-aware topo-
logical optimization methodology, we confirm significantly decreased footprint size with a
thermally-tunable silicon photonic switch/splitter. Here the temperature dependency of the
material refractive indices is simultaneously used within the figure of merit reflecting distinct
optimization goals at different temperatures. This novel temperature-aware optimization process
expands the realm of functionalities that can be achieved in density-based topology optimization.
We employ our temperature-aware topological optimization methodology to realize an ultra-
compact (10 µm by 6 µm) optical switch, which is furthered through experimentally validation.
The switch device guides an optical input signal to one output port at high temperature (405 K)
and to the other output port at room temperature (300 K), with 14 dB ON/OFF switching ratio
and an insertion loss (IL) of 2.5 dB. These experimental performance results are comparable to
state-of-the-art conventionally designed SOI-based optical switches [20–22], yet with just 10%
of their smallest footprint. Remarkably, the same proposed design acts as a tunable optical power
splitter with a thermally-tuned 50:50 wavelength maintainable over more than 20 nm optical
bandwidth (1532 nm to 1555 nm) and an insertion loss of at most 2 dB. Significantly, as a splitter,
the device is 90% shorter when compared to physics-based design approaches [23,24] . The
following section presents the detailed temperature-aware topological optimization methodology
accompanied with intuitive interpretation. The performance of the designed optical switch and
power splitter is confirmed through full 3D Finite Difference Time-Domain (FDTD) simulation
in section 3, followed by the experimental validation in section 4. We then summarize the results
in section 5, the conclusion.
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2. Temperature-dependent topological optimization methodology

The objective function, the design space and the initial conditions of the density topological
optimization must first be selected to drive the optimizer to a device solution. The design has
a 550-nm wide silicon input waveguide, injected with a fundamental transverse electric mode
(TE0) source , and two waveguides of the same width as the output ports. We impose a minimum
feature size of 40 nm for the design region, which represents a compromise between the 60
nm fabrication limit specified by our chosen foundry Applied Nanotools (ANT) and smaller
dimensions that expand the optimization design space while still enabling efficient convergence.
The defined design area is small, 10 × 6 µm2, comprised of either silicon or silica material.
The key component of the objective function is the optical transmission at the output port by
calculating the electrical field at that port, Eout, overlapping with the targeted output modal
field, eout, at the specified output port. This quantify, defined as (|e†outEout |) with the superscript
†ger indicating a conjugate transpose, is spatially integrated. The figure of merit (FOM) at the
specified output port, (b − |e†outEout |)

2, includes the transmission ratio b. By minimizing the
FOM, the optimizer seeks a solution for the targeted transmission, maximized when this ratio is 1
or minimized when it is 0. When multiple output ports are present with discrete objectives, the
aforementioned FOM can be computed per individual output port and summed together to reflect
a single joint objective.

In this work, as typically done in density-based topological optimization, the design area’s
optimization parameters, defined by variable ρ, are directly mapped to the physical material
permittivity values (ε) within the design region. Concurrently, as the optimizer iteratively
modifies the values of the design parameters, the material permittivity values change. The
temperature-aware optimization also registers the effect of temperature on these permittivity
values, rather than assuming a constant temperature. Therefore, the field observed at the output
ports, Eout(T), will also change as a function of temperature T. This allows the optimizer to
converge on a permittivity distribution arrangement in the defined design area that provides the
desired temperature-dependent optical response and performance.

In the proposed thermal-based optical spatial switch, the switch operation changes between
two defined temperatures, T1 and T2. At temperature T1, the optical signal propagates with
maximum optical transmission at one output port (O1) and minimum optical transmission at the
other output port (O2). At temperature T2, the propagation paths are spatially switched leading
to maximized optical transmission at output port 2 (O2) with minimized optical transmission at
output port 1 (O1). The optimization accounts for temperature change only impacting the defined
design region, while the effects on the output waveguides’ mode profile are ignored. The unified
FOM incorporates this temperature-dependence and is expressed as:

FOM =
(︂
1 − |e†O1EO1(T1)|

)︂2
+
(︂
0 − |e†O2EO2(T1)|

)︂2⏞ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄⏟⏟ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄⏞
FOM for temperature T1

+

(︂
0 − |e†O1EO1(T2))|

)︂2
+
(︂
1 − |e†O2EO2(T2)|

)︂2⏞ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ⏟⏟ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ⏞
FOM for temperature T2

(1)

This optimization objective provides a nonnegative score identifying how far the design is
from the desired functionality, illustrated in Fig. 1(a). That is, the lower the score value the better
the solution is, with the value of zero representing an ideal lossless thermal switch. Without any
further changes to the converged structure, the resulting structure also operates as a wavelength
tunable optical beam splitter at intermediate temperature (Fig. 1(b)). This functionality arises
naturally from the transmission spectral response shape and wavelength sensitivity to temperature,
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which we further discuss through simulation (Section 3) and later experimentally validated
(Section 4).

Fig. 1. Illustration of the 1 × 2 compact SOI-based device operating as (a) a thermal-based
optical switch at temperature T1 and T2 and as (b) a wavelength tunable optical 3-dB power
splitter at intermediate temperature T50/50.

We integrate the thermo-optic effect into a topological optimization design methodology using
the open-source SPINS-B optimizer developed by Stanford Nanoscale and Quantum Photonics
Lab [25], which employs a three-dimensional finite difference frequency domain (3D FDFD)
approach. The design space for the topology optimization is represented as a 2D array of values
ρ ∈ [0, 1]m×n, where each spatial component, referred to as a pixel, is mapped to a corresponding
permittivity values. For the given optimization, each pixel represents a 40 nm × 40 nm region
resulting in a design space size of ρ ∈ [0, 1]250×150.

In a conventional fixed-temperature topological optimization framework within the SOI
material platform, the permittivity at each pixel is defined as:

ε(ρ) = εSiO2 + ρ · (εSi − εSiO2 ), (2)

where εSiO2 and εSi represent the permittivity values of silica (the cladding material) and silicon
(the waveguide material), respectively. Therefore, ρ = 0 corresponds to silica, ρ = 1 corresponds
to silicon, and intermediate ρ values yield intermediate permittivity values of the two materials.
To incorporate the temperature dependence, we expand Eq. (2) as follows:

ε(ρ, T) = εSiO2 (T) + ρ · [εSi(T) − εSiO2 (T)], (3)

To evaluate the above equation, we determine the temperature-dependent permittivity for
dielectric materials using the following relation [26]:

ε(T + ∆T) = ε(T) + τ∆T (4)

where ε(T) is the reference permittivity, ∆T is the temperature difference, and τ is the material
thermo-optic coefficient. For silicon and silica at 1550 nm, the temperature coefficients are
τSi = 1.86 × 10−4 K−1 and τSiO2 = 1.50 × 10−5 K−1, respectively [27]. At a given temperature,
Eq. (3) reduces to Eq. (2), preserving the characteristic linear relationship between the parameter
space ρ and material permittivity values. For a fixed ρ, the permittivity varies as function of
temperature. This temperature dependence can be expressed in the same form as Eq. (4), with
the temperature coefficient τ interpolated as τ(ρ) = τSiO2 + ρ · (τSi − τSiO2 ). This formulation
ensures a smooth transition of the temperature-dependent permittivity across the design space,
maintaining consistency with the optimization framework and aligns well with the intuition that
intermediate materials will have intermediate temperature coefficients.

For illustrative purposes, the resulting change in the silicon’s relative permittivity between
the two temperatures is color-marked in Fig. 2. As heat diffusion is uniform over the design
region, the binarized temperature set up used in optimization is valid even at material interfaces,
further described in subsection 3.3. At T1 = 300 K, the silicon permittivity is 12.0409, which
increases by 1.2% to 12.1833 at T2 = 405 K, corresponding to refractive indices of 3.4700 and
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3.4904, respectively. In contrast, silica exhibits a much smaller permittivity change of only 0.21%
with values of 2.0736 at T1 and 2.0784 at T2, corresponding to refractive indices of 1.4400 and
1.4417, respectively. It is this subtle but key 1.2% increase in silicon’s, the guiding material,
refractive index that drives the device’s switching operation, effectively redirecting the electric
field propagation within the design space to the targeted output ports.

Fig. 2. Color-scaled variation of the silicon and silica permittivity in the optimized device
for a 105 K temperature increase, from 300 K (T1) to 405 K (T2). The gradient color shown
in logarithmic scale represents the magnitude of the permittivity variation (∆ε) between the
two temperatures.

The operating temperature, T2, balances heater limitations (maximum current capacity and
footprint dimensions) with computational resources. Lower operating temperatures yield smaller
permittivity changes requiring larger design spaces leading to higher computational cost. Higher
operating temperatures enable convergence to smaller devices but exceed the heater’s current
capacity. Intermediate temperatures used for the splitter/combiner operation were not included in
the FOM of the optimization process

The temperature coefficient of silicon is approximately ten times greater than that of silica such
that a larger fraction of silicon in the defined design space cause a greater average effective index
change further enhancing the thermo-optic device performance. At the initialization step, the
permittivity value of each pixel is intentionally biased towards silicon by setting ρ = 0.8 instead
of the typical average value of ρ = 0.5. This bias leads the optimizer to converge to a device with
a larger amount of silicon features, as observed in Fig. 2. The resulting temperature-induced
index changes maximize the required phase shifts in strategic locations to spatially change the
optical signal propagation direction for a compact design space area.

The 3D-FDTD simulation outcome of the resulting optimized thermal-based switch is shown in
the top row of Fig. 3, illustrating the electric-field intensity propagating to the bottom output port
at 300 K (T1) and to the top output port at 405 K (T2). With a temperature change halfway between
the two (T50/50), the input electrical field is equally split at the two output ports. Noticeably, the
optical switching operation relies on less than 5% of silica in the design region. These small silica
features reflect fractions of the optical signal as strategically placed light scatterers, sufficient to
spatially maximizes the interference to obtain the targeted propagation at O1 at T1 and at O2
at T2. For comparison purpose, removing the 5% silica from the compact design space area
destroys both the expected switching and power splitter functionality, as shown in the bottom
row of Fig. 3. A 1 × 2 multimode interferometer (MMI) with the same width would need to
drastically increase the beating length to approximately 108 µm, leading to a length five times
longer for an optical 3-dB power splitter, without the added capability of thermal switching.

3. Topologically optimized structures – simulation results

For validation of this methodology, we design a compact switch with the goal of optical
performances similar to that of physics-based design approaches and test it in simulation. The 1
× 2 thermal optical switch is optimized at a wavelength of 1550 nm converges in a 3D-FDFD
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Fig. 3. 3D-FDTD simulation results at 1550 nm. Electric field intensity distribution at the
three operating temperatures T1, T50/50, and T2, with the normalized transmission (dB)
indicated at the output ports. The top row corresponds to the resulting optimized structure
with less than 5% silica while the bottom row corresponds to an all-silicon structure of the
same dimension, for comparison purpose.

optimization process after approximately 300 iterations. For computation efficiency, however, the
first 50 iterations are completed through two-dimensional (2D) FDFD simulation. The outcome
of the 2D FDFD optimization is then set as an initial point for the 3D optimization, where the
process begins to gradually binarize the parameter space starting with the sigmoid factor β = 2
[28]. At every 30 iteration intervals, the sigmoid factor further increases exponentially. This
takes the nonphysical gray-scale device with intermediate values (ρ) closer to its boundary values
- one and zero - physically representing silica and silicon materials. By gradually increasing the
binarization sigmoid factor, the optimizer converges to a design that can be fabricated. Once
converged, the device permittivity matrix is exported to a layout file which is then imported into
ANSYS/Lumerical FDTD [29] for simulation to validate the optical transmission response over a
wavelength range from 1538 nm to 1550 nm at 300 K (T1) and 405 K (T2) for the switch and at
T50/50 for the tunable splitter.

3.1. Thermal spatial 1 × 2 optical switch

The device optical transmission exhibits switching operation over the temperature change of 105
K for an optical signal at a wavelength of 1543 nm, as shown in Fig. 4. The blue-shift to shorter
wavelength of the transmission peak wavelength from the targeted 1550 nm originates from
imperfectly binarized pixels at the silicon/silica interfaces, leaving a few pixels at intermediate
edge permittivity values. To eliminate these values for a fabrication-friendly device, the matrix of
permittivity pixels exported to the layout file is put in a binarization threshold set midway between
the silicon and silica permittivity leading to slight edge variations between the converged upon
solution and the final layout ready for fabrication. We can imposed a bias to longer wavelength by
setting the threshold slightly lower which would lead to more silicon pixels. In doing so, however,
we observed higher device insertion loss. In future works, recent optimization methodologies can
improve the impact of edge variation such as the usage of energy constrain [28] and edge-guided
inverse design [30] .

The insertion loss of the device is approximately 1 dB for both optical output ports through
simulation, likely due to imperfect field confinement and mode conversion as the signal propagates
through the structure. At output port 1 (O1), the ON/OFF switching ratio, or extinction ratio
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Fig. 4. 3D-FDTD simulation results of the thermal 1 × 2 optical switch operation.
Normalized optical transmission at both output ports O1 and O2 at T1 = 300 K and T2 =
405 K) (IL: Insertion Loss; ER: Extinction Ratio).

(ER), is 17 dB while it is 14 dB at output port 2 (O2), at 1543 nm. We define wavelength crosstalk
(XT) here as the transmission ratio of the peak transmission at the target port over the leaked
optical power at the other port at a given temperature. As such, the crosstalk at 1543 nm is 17 dB
at 300 K and 14 dB at 405 K.

3.2. Tunable broadband optical power splitter

As mentioned, the converged device structure naturally operates as a tunable 1 × 2 3-dB optical
power splitter over a range of fixed temperatures and wavelengths. As temperature increases,
the 3-dB splitter wavelength shifts to longer wavelengths enabling practical thermal tuning of
either the splitting ratio or wavelength. Further, this allows for the mitigation of operating
wavelength shifts due to fabrication process variations. In the simulation results obtained at 1543
nm (Fig. 5(c)), the 50/50 splitting ratio occurs at approximately 355 K. By tuning the intermediate
temperature, the operational bandwidth of the splitter/coupler as a 50:50 splitter obtained through
simulation is from 1538 nm to 1550 nm (Fig. 5(a)). We confirm through simulation that the
wavelength at which this ratio occurs increases with temperature at a rate of approximately 80
pm/K, aligned with the reported empirical model of temperature dependence of silicon [27] Sub
Figs. 5(b)-(d) illustrate the achievable splitting ratios at 1538 nm, 1543 nm, and 1550 nm, as a
function of the tuning temperature. At 1538 nm, the device supports continuous tuning from a
balanced 50:50 splitting ratio to a 0:100 splitting ratio where all the light propagates in O1. At
1543 nm, we access the entire tunability range, from 0:100 to 100:0, with the 50:50 splitting
achievable at 355 K. At 1550 nm, the upper bound of the operational bandwidth, the device
tunability ranges from 100:0 splitting with all light at output O2, to a 50:50 splitting at 445 K.

3.3. Heater layer design

With the operation confirmed through simulation, the final design specifications closely depends
on the chosen fabrication process, specifically the heater design, key in enabling efficient
thermal-based optical operations. In this work, where the validating prototype is fabricated at
ANT [31], the heater consists of a titanium-tungsten alloy (TiW) metal layer of high resistivity
[32] located 2.2 µm above the device region separated by an oxide cladding layer (Fig. 6(a)). The
TiW metal has a specified sheet resistance of 3.04 Ω/sq. For a sheet of 4 µm wide by 25 µm
long, the metal layer resistance is calculated to be approximately 19.1 Ω and used to estimate
the heater power dissipation. In practice, the fabricated TiW heater can withstand 300 mW in



Research Article Vol. 33, No. 17 / 25 Aug 2025 / Optics Express 35543

Fig. 5. 3D-FDTD simulation results of the 1 × 2 tunable optical splitter/coupler at (a) 3-dB
splitting at corresponding wavelength as a function of simulated temperature. The splitting
ratios with optical performance are shown corresponding to their colored circle with (b)
1550 nm, (c) 1543 nm, and (d) 1538 nm.

power dissipation without failure, corresponding to a total current of 50 mA consistent with a
current density of 70 mA/µm2. The 105 K temperature change at the silicon layer 2.2 µm below
the metal layer is achieved with approximately 17 mW power dissipating as diffused heat through
the oxide cladding layer, corresponding to a total current of 29.8 mA. Through simulation using
ANSYS/Lumerical HEAT, we confirm that the 4 × 25 µm2 designed heater achieves uniform
heating over the design area. In Fig. 6, the heat diffuses from the metal layer through the silica top
cladding and reaches the design with a uniform temperature change from the room temperature
(300 K).

Fig. 6. Heat distribution simulation results for the designed 4 µm wide and 25 µm long TiW
metal heater with the corresponding power dissipation (P) for (a) T2 = 405 K, (b) T50/50 =
355 K, and (c) T50/50 = 300 K. The rectangle shown in the right column figures correspond
to the defined design area.

While effective for a proof-of-concept for the optical switch, two primary limitations of the
metal heater configuration should be addressed in future work: 1) energy consumption and 2)
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switching time. Although thermal-based Mach-Zehnder interferometer (MZI) optical switches
can consume less than our reported power dissipation, 15 mW reported in the review of design
approaches in [33], this lower reported power dissipation is achieved by extending the MZI arms
to 4 mm, i.e. at the cost of significantly larger device footprint. We prioritized footprint reduction
for scalability, and obtained power dissipation up to 17 mW for the 105 K temperature change.
The 3-dB splitter operation at 1543 nm consumes 13 mW. The energy efficiency of the heaters
can be improved through various other design approaches for example exploring different metals,
such as nickel [34] and titanium [35], for heating, reducing the heater length from 25 µm while
maintaining acceptable current density, and adding deep trenches for mitigating sideways heat
diffusion [31]. The compact device footprint area can also be relaxed for operation at lower
temperature changes leading to improved energy efficiencies. Metal-based thermal switches
also exhibit a limited response time of 10 to 20 µs [36,37] limiting their use in high-speed
applications. Doped-based resistive heaters improve switching speed to approximately 3 µs with
a power consumption of 25 mW [38], but would require a redefined topological optimization
methodology to include doped-silicon in the design space. However, more work is required to
explore these possibilities in the context of inverse designed devices.

4. Experimental validation and discussion

The device is fabricated and experimentally verified to further validate that an ultra-compact
switching device can be enabled through thermal topological optimization processes. The thermal
1 × 2 optical switch is fabricated through Applied Nanotools Inc. (ANT) which uses a 100
keV electron beam lithography system with a 2 µm buried oxide layer and 220 nm silicon layer
beneath a 2.2 µm top oxide cladding. Using the on-chip vertical grating coupler designs provided
by the ANT process design kit (PDK), light from a C-band tuneable continuous wave (CW) laser
source is coupled to the input waveguide. A polarization controller aligns the light to obtain
the required transverse-electric (TE) polarization supported by the on-chip optical single-mode
waveguide. The optical signal at the output waveguides is detected off-chip using an optical power
meter. A loop-back structure added to the layout consisting of a waveguide between two grating
couplers provides the experimental coupling loss over the operating wavelength range used to
normalize the optical transmission spectral measurements of the device. The fabricated device is
probed with a multi-contact wedge (MCW) to supply the current to the TiW heater. We tune
the electrical power supply with current control at a fixed voltage to compare the experimental
current measurements to the power versus temperature simulation results discussed earlier. The
experimental testbed to validate the topologically optimized structure is illustrated in Fig. 7.

4.1. Thermal 1 × 2 optical switch

The device is first measured with the heater disabled (0 mA, off), where the optical signal should
propagate through to output port O1. The room temperature surrounding the experimental testbed
and the device is approximately 295 K (T1). In the optical transmission spectrum measured
(Fig. 8), the wavelength peak transmission at output port O1 (blue solid line) is at 1536 nm
while optical transmission at output port O2 (red faded line) is at a minimum. The supplied
heater current is then increased to obtained maximum transmission at output port O2 at that
same wavelength while the optical transmission reaches a minimum at the output port O1. The
resulting current of 30 mA approximately corresponds to a 105 K temperature increase from
295 K (T2) confirming the thermal switching operation. The highest insertion loss of 2 dB for
the device is at output port O1 at T1. Additional insertion loss after fabrication seen at the
output ports, most notably at output port O1, is likely due to sidewall roughness [39]. The
wavelength crosstalk is 16 dB at T1 and 15 dB at T2 with a ON/OFF switch extinction ratio (ER)
of approximately 14 dB for switching at output port O1 (T1) and 16 dB for output port O2 (T2).
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Fig. 7. Schematic of the experimental testbed used to validate the thermal spatial optical
switch and tunable 3-dB splitter. The layout of the device with the routing of the heater is
shown.

Compared to the simulation results of Fig. 4, there is a spectral blue shift of approximately 7 nm
in the peak transmission. This spectral shift to shorter wavelength is likely due to over-etching
of silicon features by the fabrication process, which was later confirmed using a deep learning
nanophotonic fabrication prediction model, known as PreFab [40].

Fig. 8. Measured optical normalized transmission spectra at output ports O1 and O2 of the
thermal switch operation at 0 mA (T1) and 30 mA (T2) (IL: Insertion Loss; ER: Extinction
Ratio).

Experimentally, a peak transmission at 1543 nm can be obtained by thermally aligning
the experimental and simulation results. A thermally induced red shift is used to move the
experimental optical peak transmission wavelength to 1543 nm as shown in Fig. 9. Matching the
output port O1 measured transmission to the FDTD simulation results, we generate a wavelength
spectral change of 7 nm by increasing the heater current to 25 mA from 0 mA. This wavelength
correction is achieved by heating the devices leading to higher refractive index. At a current of
38 mA, the switching operation occurs at 1543 nm with an optical peak transmission obtained
at output port O2. A current change from 25 mA to 38 mA, corresponding to 12.5 mW and
28.9 mW of power dissipation, respectively, translates into a temperature change from 345 K to
445 K in the device structure. Under those conditions, the transmission spectra closely match
the ones obtained through 3D-FDTD simulation as overlapped in Fig. 9, suggesting that the
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fabrication variations mainly impacts the wavelength and not the transmission signature. The
switch insertion loss is 2 dB. The modal crosstalk is 16 dB for output port O1 at T1, and 15 dB
for output port O2 at T2. Finally, the extinction ratio is 14 dB for switching at T1 and 16 dB at T2.

Fig. 9. Measured optical normalized transmission spectra at output ports O1 and O2 for
optical switching operation at 1543 nm at 25 mA (T1) and 38 mA (T2) compared to the
transmission of the device through 3D-FDTD simulation at 300 K and 405 K (dashed lines),
with the experimental wavelength shift obtained.

When compared to other optical switches in literature, as summarized in Table 1, the optical
performance of the thermal 1 × 2 optical switch performs similarly in terms of insertion loss,
crosstalk, and extinction ratio. The key advantage to our device is the drastically reduced footprint
size, which is approximately a third of the size of the smallest MZI enabled switch structure.

Table 1. Experimental results comparison of reported tunable switches in SOI platforma

Device Device area
[µm2]

Wavelength
[nm]

Power
consumption

[mW]

Insertion loss
(IL) [dB]

Modal
crosstalk

(XT) [dB]

Minimum
extinction ratio

(ER) [dB]

MZI [41] 24 × 240 1500 - 1600 1.1 0.5 11.5 n.r.

MZI [22] 30 × 60 1500 - 1600 22.6 1.0 41.7 n.r.

MZI [21] 1.15 × 150 1530 - 1610 5.4 15.0 n.r. 3.8 (bar state) -
15.6 (cross state)

This work 6 × 10 1532 - 1555 17.0 2.0 15.0 14.0

an.r.: not reported

4.2. Tunable optical power splitter

The 50/50 optical power splitting ratio is experimentally achieved over a wavelength range from
1532 nm to 1555 nm by increasing the current from 0 mA to 41 mA, as reported in Fig. 10(a). The
optical broadband capacity arises from its thermal tunability with the 3-dB splitting operation.
The achievable splitting ratios at different wavelengths are measured as a function of the heater
current in Figs. 10(b)-(d). Similar to the simulation results, the achievable splitting ratios vary
with wavelength with the full range achievable at 1543 nm. At 1543 nm, the insertion loss is
approximately 2 dB at the 50:50 splitting point achieved with a heater current of 30 mA.

The ultra-compact thermal optical tunable splitter results are compared to similarly functioning
devices reported in the literature. While the insertion loss up to 1.6 dB higher than other
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Fig. 10. 3-dB splitting at corresponding wavelength as a function of heater current. The
splitting ratios with optical performance are shown corresponding to their colored circle
with (a) 1532 nm, (b) 1543 nm, and (c) 1555 nm.

comparable tunable splitters referenced in Table 2, the topologically optimized device offers
splitting tunability that is much greater than other reported devices, and at a much smaller device
footprint as shown in 1. Splitter designs with comparable footprint, seen in [42], do not offer
tunability in their splitting ratio nor the dual functionality of optical switch. As the splitter
functionality is simply a by-product of the switching function, it is not taken into the optimization
process leading to lower optical performance.

Table 2. Experimental results comparison of reported tunable splitters in SOI platforma

Device Device
area

[µm2]

Wavelength
[nm]

Power
consumption

[mW]

Insertion loss
(IL) [dB]

Modal
crosstalk

(XT) [dB]

Minimum
extinction
ratio (ER)

[dB]

Tuneability
range [%]

MZI [43] 58 × 3.5 1350 - 1750 n.r. 0.40 n.r. n.r. 50/50 - 85/15

MZI [44] 650 × 25 1550 30 0.5 40 50.4 40/60 - 60/40

DC [42] 20 × 3 1520 - 1620 n.r. 1.00 n.r. n.r. 50/50

This work 6 × 10 1543 nm 30 2.00 15.0 14.0 100/0 - 0/100

an.r.: not reported

5. Conclusion

Generating compact optical devices as building blocks for photonic integrated circuits is crucial
for scaling photonic integrated circuits to increase the capacity of optical interconnects in data
communication systems. In recent years, topological optimization methodology has shown
great promises in this context. In this paper, we report on the framework incorporating material
thermo-optic effect into topological optimization process, unlocking further optical functions
within ultra-compact footprints. We experimentally validate comparable performance of an
optical switch with drastically reduced footprint area of 60 µm2, a 90% reduction in size from
conventionally designed tunable switches. The topologically optimized structure in this work is
not only compact, but enables the use of the device for an additional key optical operations in
photonic integrated circuits: the splitting of light. It is conceivable with future work that the
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optimization process including the splitter functionality in the figure of merit (FOM) may yield
better performance. The thermal optical switching functionality is confirmed with an insertion
loss of 2 dB and a crosstalk of at most 15 dB at high and low temperatures. The spectral tunability
derived from temperature changes gives rise to straightforward fabrication variation correction,
correcting for a 7 nm blue shift from fabrication variations. Additionally, the 50/50 splitting ratio
is maintained over an optical bandwidth of 23 nm by tuning the heater current over a range of 40
mA, offering both fabrication error correction for splitting ratios and wavelength tunability. With
these results, footprint efficiency greatly increases towards densely integrated silicon-on-insulator
(SOI) interconnects for data centers and more on-chip optical functions.
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