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Inverse-Designed Tellurite Devices for
Polarization Control

Julian L. Pita", Jorge Diego Marconi"”,

Abstract—Tellurite glasses are of high interest in integrated
photonics for sensing and, in particular, telecommunications
applications, where they serve as key materials for amplification
and mid-IR light sources due to their wide transparent window,
thermal and mechanical stability, and high optical nonlinearity.
In this work, we present two inverse-designed devices for polar-
ization management on a tellurium dioxide platform: a TM-pass
polarizer and a polarization beam splitter. The TM-pass polarizer
achieves an average simulated transmission efficiency of —0.6 dB
and an polarization crosstalk below —20.9 dB across the entire
C-band, with a footprint of only 24 ym X 6 um. The polarization
beam splitter has an ultra-compact footprint of 28 ym X 6 ym
and achieves average TE and TM transmission efficiencies of
approximately —0.4 dB, with crosstalk below -18.3 dB and
—27.2 dB, respectively. These are the first freeform devices
demonstrated on a tellurium dioxide platform, exhibiting strong
robustness to fabrication variations and showcasing the versatility
of the platform beyond nonlinear applications.

Index Terms—Tellurite photonics, integrated optics, polariza-
tion control.

I. INTRODUCTION

OR centuries, glasses have been widely used in vari-

ous scientific and technical applications [1]. In recent
decades, glasses with high transparency in the visible and
infrared spectral regions—from approximately 0.4 um to
20 um—including chalcogenides, oxides, and nitrides, have
attracted significant attention for their potential in photonic
devices [2], [3], [4], particularly those related to data trans-
mission applications. Among these, tellurium oxide composite
glasses (tellurite or TeO, glasses) stand out as a particularly
promising option. Beyond their wide spectral transparency,
they offer several advantageous properties, including high
nonlinear refractive indices, low material dispersion, good
thermal and mechanical stability, corrosion resistance, and a
low melting point [4], [5].
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Tellurite glasses are well known for their high solubility
of rare earth ions. When doped or co-doped with ions such
as Err+, Ho’+, Pr’+, and Yb*+, they demonstrate excellent
performance in active devices, including optical amplifiers and
lasers [6], [7]. In addition, the high nonlinear refractive index
of TeO, can be exploited for all-optical switching [8], as well
as for nonlinear optical devices based on tellurite glass fibers,
including optical parametric amplifiers, wavelength converters,
and supercontinuum generators [9], [10], [11].

High-quality, low-loss tellurite glasses have been achieved
by minimizing impurity sources during the fabrication process,
reaching losses as low as 0.001 dB/cm in bulk samples [12].
Thin films have also been demonstrated, exhibiting very low
losses with an imaginary refractive index of k < 10™* at 1550
nm [13]. These properties make tellurite an attractive material
for integrated photonic devices, particularly when embedded
in or surrounded by silicon dioxide, enabling potential com-
patibility with silicon-on-insulator (SOI) and silicon nitride
platforms [5], [14]. Over the past two decades, numerous
successful demonstrations were reported on the design and
fabrication of low-loss waveguides based on tellurite glasses
[14], [15], [16], [17], [18].

TeO, glasses have a refractive index roughly around 2
@1550 nm [18], resulting in a relatively low index contrast
when surrounded by silicon dioxide (n = 1.45 at 1550 nm).
This index contrast imposes limitations on the compactness of
photonic devices fabricated on this platform. For example, in
silicon nitride (n ~ 2 at 1500 nm), bend radii of around 50 ym
are typically required for 90° turns to minimize waveguide
routing losses [19]. Inverse design has recently begun to
transform the development of integrated photonic devices,
enabling more compact and efficient components. Although
most demonstrations of inverse design to date have focused
on the SOI platform, recent work has extended its application
to other materials, such as lithium niobate [20], silicon carbide
[21], and silicon nitride [22], [23], [24], [25], demonstrating
that inverse design is also effective for medium- to low-index
contrast platforms.

In this work, we present two free-form devices designed for
a 695 nm-thick tellurium dioxide glass platform (71% TeO, —
22.5% WO3 — 5% Na,O — 1.5% Nb,Os): a TM-pass polarizer
(TMPP) and a polarization beam splitter (PBS). Simulation
results show an average transmission efficiency of —0.6 dB and
an average polarization crosstalk of —24.3 dB for the TMPP
across the C-band. For the PBS, the average efficiencies for the
TE and TM modes are approximately —0.4 dB, with average
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Fig. 1.

Overview of the TMPP and PBS inverse design process. (a) and (e) Device schematics of the TMPP and PBS, showing the input and output

waveguides and critical dimensions. Black regions represent tellurium dioxide (TeO,), white regions represent silicon dioxide (SiO,), and grey regions
indicate an intermediate refractive indices corresponding to the average of these two materials. (b) and (f) Optimization trajectories for both devices, with
insets showing intermediate geometries. (c) and (g) Simulated electromagnetic energy density at 1550 nm, overlaid with the final geometry for the TMPP and
PBS, for the TE and TM modes in each device. (d) Electric field distributions of the modes used as input and output in the inverse design process.

crosstalk values of —19.4 dB and —31.2 dB across the entire C-
and L-bands. Both devices play a crucial role in polarization
control, as achieving pure TE or TM input/output modes is
challenging on platforms with low refractive index contrast.

II. DESIGN

During the design process, we employed the inverse design
technique—specifically, a density-based topology optimiza-
tion approach using the Python-based wrapper LumOpt.
All devices feature a 695 nm-thick tellurium dioxide core,
clad in silicon dioxide, with no intermediate etching steps,
enabling a straightforward single-etch fabrication process.
Thick waveguides are required for most tellurite-based non-
linear applications, as they are essential for accurately
engineering dispersion and enhancing optical confinement.
LumOpt leverages Ansys Lumerical 3D finite-difference time-
domain (FDTD) to solve both the forward and adjoint
problems for sensitivity analysis and employs gradient-based
optimization algorithms from SciPy to drive the design evo-
lIution. The general inverse design problem, with the design
variable p, is formulated as follows:

minimize f(E(p)) (D
P
subject to  V X ( V x E) - a)ieoer(p)E = —iw,J, (2)
HoMr
0<p<l ©)
g(p) <0, kefl,2,..,K} 4)

Eq. (1) defines f as the objective function to be minimized.
Eq. (2) governs the physics of the optimization, derived from
Maxwell’s equations. The material properties are determined

by the density field p—the design variable—bounded between
0 and 1 (Eq. (3)). Additionally, Eq. (4) introduces gi(p),
representing fabrication-oriented inequality constraints on the
material distribution. These constraints allow the definition
of a minimum feature size, enabling the design of devices
robust against fabrication variations. For complete mathe-
matical details of the inverse design algorithms, including
the topology optimization framework and sensitivity analysis
methods, we refer readers to [26], [27], [28], and [29].

Fig. 1 presents the inverse design process of the TMPP
and PBS. Figs. la and le show the main dimensions and
initial conditions—the optimization region and refractive index
distribution—of the inverse design process for both devices.
Figs. 1b and 1f show the optimization trajectories, with two
insets displaying intermediate geometries. Figs. 1c and 1g
present the simulated energy density overlaid with the contour
of the final geometry for both the TMPP and the PBS, whereas
Fig. 1d displays the field distributions for the modes used
in the design process. For both designs, we use the TMyg
and TEy modes of a 990 nm-wide input waveguide. In the
case of the TMPP, the outputs are the transmitted TMgg
mode of a waveguide with the same width, and the reflected
TE(; mode in the 3.366 um-wide output of a taper. For this
device, in addition to reflecting the input TE mode, we convert
it to a higher-order mode to minimize reflections into the
input waveguide, and use the taper to further suppress the
reflected TE mode. Optimization over the entire C-band was
performed within a 24 um x 6 um design region, initialized
with only TeO, material, as shown in Fig. la. The PBS was
designed with the TMyy and TEq, input modes directed to
separate 990 nm-wide output waveguides (channels 1 and
2, respectively). The spacing between the output waveguides
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Fig. 2. Simulated transmission spectra of the devices with the ideal geometry and with fabrication variations of £15 nm. (a) TM-pass polarizer and (b)
polarization beam splitter. The right subfigure shows the transmission in Channel 1, while the left subfigure corresponds to Channel 2.

was set to 4.995 um after running several optimizations with
spacings ranging from 4.5 ym to 5.5 um. The PBS inverse
design was carried out in a 28 ym x 6 um region (Fig. le),
targeting broadband operation from 1520 nm to 1630 nm. A
minimum feature size of 120 nm was enforced during both
optimization processes.

The inverse design process consists of three stages. In the
first stage, the refractive index is allowed to vary continuously
between that of TeO, and SiO,. In the second stage, the
optimizer improves the figure of merit (FOM) while gradually
driving the geometry toward a binarized refractive index
distribution. In the third stage, design for the manufacturing
(DFM) constraints are imposed to ensure compliance with
fabrication limitations, enforcing a minimum feature size of
120 nm. Throughout all stages, a circular convolution filter
with a radius of 120 nm and a projection function are applied
to smooth the design region. For both the TMPP and the
PBS, we used 30 iterations for the continuous stage. The
binarization stage required 171 iterations for the TMPP and
166 iterations for the PBS, whereas the DFM stage took 19
and 26 iterations, respectively, as shown in Fig. 1b and If.
The insets represent geometries from the first and third stages.
It is worth noting that for the PBS, a slight drop in the
optimization trajectory is observed in the third stage when
the fabrication constraints are imposed. This could be because
the stepwise increases of the binarization factor may not be
sufficiently smooth. However, the FOM recovers to nearly its
previous value by the end of the trajectory. Figures Ic and
1g show the simulated energy density distributions for both
devices and both polarizations at 1550 nm. For the TMPP, the
TMyp mode passes through the device, while the TEy, mode
is converted to the TE(, mode and reflected, then filtered out
by the taper. In the case of the PBS, the polarization paths are
clearly separated and directed to their corresponding output
channels.

III. RESULTS

In this section, we present the simulation results for each
ultra-compact freeform device, along with an analysis of their
robustness to fabrication variations. Specifically, we examine
two cases: lateral over-etching (shrinking) and lateral under-
etching (expansion). The freeform TMPP and PBS devices
function as subwavelength optical systems that precisely engi-
neer light-matter interactions. Their non-intuitive geometries
enable spatial control of the effective refractive index distribu-
tion, creating tailored patterns of constructive and destructive
interference. These patterns are optimized for specific wave-
lengths, modes, and polarization states, demonstrating the
power of inverse design in nanophotonics—particularly for
platforms with moderate to low refractive-index contrast.

Fig. 2a shows the performance of the TMPP across the
C-band, whereas Fig. 2b presents the performance of the
PBS across both C- and L-bands. For the TMPP with the
ideal design, the simulated average transmission efficiency
over the C-band is approximately —0.6 dB for the TMyg
mode and —24.9 dB for the TEy, mode. Notably, below 1530
nm, the TMy transmission drops to around —6.1 dB, while
the TE( transmission decreases to approximately —29.9 dB,
maintaining a polarization crosstalk below —23.8 dB. For
the PBS, Channel 2 shows an average TE(, transmission
efficiency of —0.4 dB with undesired TMy, transmission of
approximately —19.8 dB across the entire spectral range for the
ideal design. Channel 1 exhibits an average TM efficiency of
—0.4 dB with undesired TEgq transmission of approximately
—31.6 dB. While the undesired transmission in Channel 2
remains relatively constant over the full simulated band, in
Channel 1 it decreases with increasing wavelength.

We further investigated the robustness of both devices to
fabrication variations, considering lateral over-etching and
under-etching of approximately 15 nm. For the TMPP, the
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modeled over-etching shifts the TM( transmission spectrum
toward shorter wavelengths, improving the average TMyo
transmission to —0.4 dB and eliminating the efficiency drop
below 1530 nm observed in the ideal case. The polarization
crosstalk remains below —21.8 dB across the entire C-band.
Since the design outcome is nearly, but not perfectly, binary,
the over-etched device exhibits slightly improved performance
in the C-band, as the geometry can be fine-tuned to enhance
robustness against fabrication variations, with only a marginal
trade-off in nominal performance. In contrast, under-etching
shifts the TMy spectrum toward longer wavelengths, reducing
the TMyo transmission to approximately —11.3 dB at shorter
wavelengths, while the TE(, transmission decreases to about
—32.2 dB. The average TMPP efficiency drops to —0.9 dB,
while maintaining crosstalk below —20.2 dB. For the PBS,
over-etching keeps the average TEyy transmission in Channel
2 nearly unchanged, while decreasing the TMqy transmission
in Channel 1 to —0.5 dB, with crosstalk remaining below
—17.9 dB and -26.9 dB for Channels 2 and 1, respectively,
in the C-band. Under-etching improves the average TMyg
transmission in Channel 1 to —0.3 dB, while other performance
metrics remain similar to those of the ideal geometry. Overall,
the devices demonstrate superior robustness to over-etching
compared to under-etching scenarios, confirming the structural
resilience of the designs against fabrication tolerances up to
15 nm. Moreover, when compared to their silicon nitride
counterparts [24], the presented devices exhibit improved
polarization crosstalk, achieving values even below —30 dB.

IV. CONCLUSION

In summary, we demonstrated, through numerical simula-
tions, two ultra-compact freeform devices—a TMPP and a
PBS—in tellurium oxide using inverse design methods. These
optimized structures achieve record performance metrics in
TeO, platforms across the C- and L-bands while maintaining
insertion losses below 1 dB. Tolerance analysis confirms
strong robustness to fabrication variations, preserving target
performance across £15 nm lateral etching deviations. This
work paves the way for high-density integration in photonic
circuits and establishes tellurite glass as a versatile platform
for passive devices beyond conventional active components.
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