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Abstract—We demonstrate the use of inverse design to achieve
high-efficiency, compact 90◦ bends with radii as small as 6µm
with silicon nitride waveguides. These bends are designed for the
TE polarization of single-mode waveguides with a cross-section of
850 nm × 400 nm, optimized for the C-band. Both simulations
and experimental results confirm that the freeform bends obtained
through inverse design outperform conventional circular and Euler
bends across four footprint sizes ranging from 6 × 6µm2 to 21
× 21µm2. All inverse-designed bends were fabricated using an
e-beam lithography process and designed with a minimum feature
size of 160 nm, ensuring maximum compatibility with commercial
optical lithography processes and viability for large-scale produc-
tion. Simulations for the 6µm radius bends show that the best
freeform bend exhibits an average loss of 1.62 dB across the entire
C-band, compared to 2.88 dB for circular bends and 3.46 dB
for Euler bends. Experimental results align well with simulations,
with measured losses of 1.89 dB, 2.86 dB, and 3.44 dB for the
freeform, circular, and Euler bends, respectively. For the 11µm
bending radius, one of the freeform structures demonstrated low
losses of 0.18 dB, representing reductions by factors of up to 6.6
and 1.8 times compared to Euler and circular bends, respectively.
For the 16µm and 21µm radii, the best freeform bends achieved
average losses of 0.08 dB and 0.11 dB per 90◦ bend across the
1530 nm to 1565 nm wavelength range. These results highlight
the potential of inverse design to enable significantly more compact
routing in silicon nitride photonic chips, facilitating the develop-
ment of high-density photonic circuits.

Index Terms—Bends, inverse design, silicon nitride, silicon
photonics, topology optimization.

I. INTRODUCTION

S ILICON photonics has been widely adopted by both indus-
try and academia as one of the most efficient platforms for

integrated photonics [1], [2]. Two of the main reasons for its
success are its compatibility with complementary metal-oxide-
semiconductor (CMOS) fabrication processes, which enables
mass production, and the high refractive index contrast between
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silicon and silicon dioxide, allowing for highly compact de-
signs [3]. However, silicon nitride has emerged as a strong al-
ternative due to material availability and a broader transparency
window, extending from the visible to the mid-infrared [4]. This
feature enables applications such as visible-range spectroscopy,
which are beyond the capabilities of the silicon platform. Ad-
ditionally, silicon nitride waveguides typically exhibit signifi-
cantly lower propagation losses—often an order of magnitude
lower than those of silicon in the near-infrared range [5], [6],
where silicon waveguide losses generally range from 1 to 2
dB per centimeter. However, a notable drawback is the lower
refractive index contrast between silicon nitride and silicon
dioxide, which leads to larger device dimensions. For example,
while silicon with a 220 nm thickness allows for a minimum
bend radius of around 5µm to avoid significant losses in 90◦

bends [7], silicon nitride with a thickness of 400 nm requires
a much larger bend radius of approximately 50µm [8]. This
increased bend radius enlarges the device and routing footprint,
directly impacting fabrication costs.

Several methods, primarily developed on silicon platforms,
have been proposed to reduce losses in small routing bends.
These include techniques such as spline curves [9], [10], cor-
ner bends [11], Euler and partial Euler bends [12], [13], [14],
Bezier bends [15], [16], [17], subwavelength grating bends [18],
[19], [20], advanced waveguide bends [21], [22], n-adjustable
bends [23], [24], asymmetric coupler waveguides [25], inverse-
designed bends [26], [27], [28], [29], and even combinations of
these approaches [30]. On silicon nitride platforms, Vogelbacher
et al. demonstrated 90◦ partial Euler bends with a bending
radius of 50µm in waveguides with a cross-section of 700 nm
× 150 nm at 850 nm, achieving a low loss of 0.01 dB for the
TE mode [14]. Similarly, at the same wavelength, Song et al.
demonstrated advanced waveguide bends with radii as small
as 5µm, achieving losses of 1.81 dB per 90◦ bend. For 20µm
bends, they achieved losses as low as 0.01 dB per 90◦, using
waveguides with a 600 nm width and 300 nm thickness [21]. In
the C-band at 1550 nm, Gao et al. demonstrated 30µm advanced
bends with a loss of 0.037 dB per 90◦ in waveguides measuring
1µm in width and 400 nm in thickness [22]. Additionally, Sun et
al. demonstrated compact silicon nitride Bezier bends with radii
as small as 8µm, achieving a loss of 0.95 dB per 90◦ bend using
waveguides with a cross-section of 1220 nm × 400 nm [17]. It
is important to note that both demonstrations at 1550 nm used
waveguides capable of supporting higher-order modes.

Despite significant advancements in reducing bending losses
on silicon nitride platforms, small bends remain little explored.
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Even the inverse design technique, which has been successfully
applied to compact silicon devices in recent years [31], has
rarely been used with silicon nitride, with only a few exceptions
such as polarizers [32], switches [33], and reflectors [34]. In
this article, we demonstrate eight topology-optimized bends in
silicon nitride with footprints ranging from 6 × 6µm2 to 21
× 21µm2 for use in the C-band. For each bend radius, we
fabricated two inverse-designed prototypes (ID1 and ID2): ID1,
where the entire design region is filled with silicon dioxide or
silicon nitride as the initial condition, and ID2, where a circular
bend is used as the initial condition. Our results show that the
freeform structures outperform both Euler and circular bends
with a comparable footprint. Simulations predict average losses
across the entire C-band of around 0.04 dB per 90◦ bend for the
16µm and 21µm freeform bends, and up to 0.17 dB per 90◦

for the 11µm bend. For the inverse-designed bend with a 6µm
radius, we observe up to a 2.14 × reduction in losses compared
to circular and Euler bends. Notably, experimental results show
good agreement with simulations, with average measured losses
in the C-band of 1.86 dB, 0.18 dB, 0.08 dB, and 0.11 dB for
optimization regions of 6× 6µm2, 11× 11µm2, 16× 16µm2,
and 21 × 21µm2, respectively.

II. DESIGN AND SIMULATION

The devices were designed on a platform consisting of a
400 nm thick silicon nitride layer with silicon dioxide bottom
and top claddings of 4.5µm and 3µm, respectively. The 90◦

bends were optimized using topology optimization via the Lu-
mopt, a Python-based continuous adjoint optimization wrapper
that employs 3D FDTD to solve the direct and adjoint problems.
Four square optimization regions, ranging from 6 × 6µm2

to 21 × 21µm2 in size, with increments of 5µm, were em-
ployed to compare the performance of the resulting freeform
structures against conventional bends with the same radius as
the side length of the optimization regions. The devices were
designed for the TE mode, with input and output waveguides
featuring cross-sections of 850 nm× 400 nm. The optimization
process targeted the C-band, aiming to maximize coupling effi-
ciency at the output waveguide over five wavelengths between
1530 nm and 1565 nm. To enhance compatibility with commer-
cial CMOS foundries, the minimum feature size was constrained
to160 nm, and a smoothing filter with a radius of160 nmwas ap-
plied during the optimization process to eliminate small islands
and sharp corners. As initial conditions for the optimization,
we explored two different scenarios: one with the entire design
space filled with silicon nitride or silicon dioxide (ID1), and the
other with circular bends (ID2). Notably, positioning the input
and output waveguides at the corners of each optimization region
did not yield optimal performance. Instead, consistently better
results were obtained by placing the waveguides about 1.4µm
away from the corner of the optimization regions. Nevertheless,
the dimensions of the optimization regions were kept the same.
As a results, you can see features below the input waveguides
in Fig. 2 for the inverse designs, but note that there are none
on the top part. Hence, the area occupied by the bends is

Fig. 1. Optimization trajectory for inverse-designed 11µm × 11µm bends.
(a) optimization process with silicon dioxide filling the entire design space as the
initial condition and (b) optimization process using a circular bend as the initial
condition. Each figure is accompanied by three insets depicting the refractive
index distribution at each stage of the optimization process.

shifted to the bottom right with respect to the conventional
designs.

Fig. 1 presents the optimization trajectory of the inverse-
designed bend, comparable to a 11µm radius bend, with the
entire design region filled with silicon dioxide as the initial
condition (Fig. 1(a)) and with a circular bend as the initial
condition (Fig. 1(b)). The trajectory encompasses the three
stages of the optimization process: the greyscale stage (set
to 30 iterations), followed by the binarization and design-for-
manufacturing (DFM) stages. Notably, throughout all three
stages, there was no significant drop in coupling efficiency,
indicating an effective binarization and a successful imposition
of the fabrication constraints. Both optimization trajectories
converge to a similar coupling efficiency value of approximately
−0.17 dB. However, the optimization starting with the circular
bend begins at around −0.9 dB, whereas the optimization start-
ing with silicon dioxide begins below −40 dB. Importantly, in
both cases, the objective converges rapidly during the greyscale
stage and maintains this value throughout the subsequent stages,
underscoring the efficiency of the optimization process. Addi-
tionally, Fig. 1(a) and (b) include three insets showing the refrac-
tive index distribution at the different stages of the optimization
process. In both cases, it is apparent that the final geometry fea-
tures a wider, non-uniform bent waveguide, possibly indicating
that the structure is attempting to reduce losses caused by mode
mismatch. Moreover, a non-uniform 1D photonic crystal-like
structure adjacent to the bent waveguide is also observed, which
seems to be aimed at mitigating radiation losses due to the
bend. Although the solutions can be considered local optima,
they demonstrate consistency, as we obtained similar results
multiple times and achieved nearly symmetric structures without
explicitly enforcing symmetry.
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Fig. 2. Simulation results for all inverse-designed bends compared with circular and Euler bends of comparable footprints. (a) Coupling efficiency of the bends
across a wavelength range from 1500 nm to 1600nm for each footprint size. (b) Magnitude of the electric field at 1550nm, superimposed over a contour of the
geometry for all bends for each footprint size. The ID2 figures for the 16µm and 21µm bends include insets zooming in on intricate features at the input and
output waveguide interfaces, respectively.

Fig. 2(a) shows the losses of the ID1 and ID2 bends, along
with a circular and Euler bend, across a wavelength range from
1500 nm to 1600 nm for all four footprint sizes. There are two
main takeaways from the simulation results. First, the average
losses across the simulated wavelength range are lower for all
inverse-designed bends compared to the corresponding circular
and Euler bends. Secondly, the variation in losses over the
wavelength range is also smaller for the inverse-designed bends.
For instance, in the smallest simulated bends, we observe a
variation in losses of 1.1 dB for the circular bend, whereas the
ID2 bend exhibits only a 0.5 dB variation. Additionally, in the
16× 16µm2 freeform bends, ID1 performs significantly worse
than ID2. This difference in performance is attributed to the
positioning of the input and output waveguides during the opti-
mization setup—ID1 has the waveguides placed at the corner of
the optimization region, whereas ID2 has the waveguides offset
by about1.4µm from the corner, resulting in better performance.
Furthermore, as the bend size increases, losses decrease, with

the ID2 bend for the 21× 21µm2 footprint achieving the lowest
loss of just 0.042 dB, outperforming all other bends. In addition,
although the bends were optimized for the TE polarization, the
design also helps reduce the bend losses of the TM mode. For
instance, for the 6µm bends, the losses are 6.2 dB, 7.01 dB,
3.39 dB, and 3.96 dB for the circular, Euler, ID1, and ID2 bends,
respectively.

Fig. 2(b) illustrates the magnitude of the electric field at
1550 nm, superimposed over the contour geometry of each
bend design. Optical losses in waveguide bends generally arise
from material absorption, scattering due to undesired surface
roughness, radiation losses caused by waveguide curvature, and
mode mismatch [35]. In these simulations, material absorption
and roughness-induced scattering were excluded, as they depend
heavily on fabrication conditions, for which we lack data to
model accurately. Therefore, our focus is on losses due to
curvature and mode mismatch. For smaller bend radii, mode
mismatch and radiation losses dominate. This is evident in the
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Fig. 3. Simulation results for the 11× 11µm2 optimized bend, including the
effects of fabrication variations. The shaded grey region highlights the C-band.

electric field profiles of Fig. 2(b), especially for the smallest
bends, where more significant field leakage indicates higher
losses.

The ID1 designs feature bent waveguides with non-uniform
widths and intricate geometries, including the presence of holes,
particularly in the 11× 11µm2 and 16× 16µm2 configurations.
Additionally, a non-uniform 1D photonic crystal-like structure
emerges adjacent to the bent waveguide, likely playing a crit-
ical role in minimizing curvature-related radiation losses. For
instance, for 11µm radius bends, removing this 1D photonic
crystal-like structure in the ID1 design increases the losses by
1.9 times, as shown by the green dotted line in Fig. 2(a). It is
also important to note that this structure helps equalize the losses
across the entire range. On the other hand, in the ID2 structures,
this non-uniform 1D photonic crystal-like structure is absent in
larger designs (e.g., the 21µm × 21µm footprint). However,
some intricate roughness is observed at the interfaces between
the bent waveguides and the straight input/output waveguides,
as highlighted in the insets. This roughness likely helps reduce
losses by improving mode matching at the waveguide transi-
tions. It is also worth noting that for the 6µm and 11µm radius
bends, the circular bends demonstrate better performance than
the Euler bends across the entire simulated wavelength range.

To assess the robustness of the devices against fabrication
variations, we simulated two scenarios for the 11 × 11µm2

optimized bend: one with lateral over-etching of approximately
30 nm and vertical over-etching of 10 nm, and another with
under-etching of approximately 30 nm. Fig. 3 presents the losses
for these variations compared to the ideal design across the S, C,
and L bands. The results indicate that simulated over-etching has
minimal impact on losses in the C band but significantly affects
the L band. In contrast, simulated under-etching increases the
average losses across the entire C band by a factor of 1.46×,
while having a smaller impact on the regions most affected
by over-etching. These findings highlight the robustness of the
design to over-etching variations, a characteristic that is further
validated by experimental results.

III. RESULTS

The devices were fabricated in a Multi-Project Wafer run
at ANT where the silicon nitride is fully etched. The process

utilized silicon wafers with thickness of 525µm, along with a
bottom thermal oxide layer of 4.5µm and a top cladding oxide
layer of 3µm, deposited using plasma-enhanced chemical vapor
deposition (PECVD). Patterning was performed using 100 keV
electron beam lithography, employing a proximity effect cor-
rection algorithm to mitigate electron scattering effects. This
was done on a silicon nitride layer with a thickness of 400 nm.
The structures were subsequently etched using an anisotropic
ICP-RIE process, resulting in features with sidewall angles
of approximately 83.5◦. The fabrication process supported a
minimum feature size of 120 nm and a minimum feature spacing
of 120 nm, yielding TE optical losses of around 1 dB/cm for
waveguides with a width of 850 nm at a wavelength of 1550 nm.
Fig. 4 presents scanning electron microscopy (SEM) images
of the fabricated inverse-designed bends for all four footprints.
The majority of the design features are visible in these images,
including the intricate roughness and non-uniform 1D photonic
crystal-like structures seen in all ID1 designs. Specifically, for
the ID1 bends with 11 × 11µm2 and 16 × 16µm2 footprints,
all the small holes appearing during the optimization are clearly
present. Additionally, the insets highlight the intricate roughness
at the interfaces between the bends and the straight waveguides,
as shown in the inset of Fig. 4. The fabricated devices exhibit
good agreement with the designed structures, suggesting that
their performance should be close to what was predicted in
simulations.

To measure the efficiency of each 90◦ inverse-designed bend,
as well as the circular and Euler bends, we fabricated sets of
90◦ bends connected in series for each bend design, spanning all
footprints. For the 6µm bend radii, we fabricated configurations
with 2, 4, and 8 bends; for the 11µm bend radii, we used 8, 12,
and 16 bends; for the 16µm bend radii, we included 12, 16, and
20 bends; and finally, for the 21µm bend radii, we arranged 20,
28, and 36 bends in series. Each series of bends was connected to
a grating coupler at both the input and output ends. The grating
coupler used for the experiments was designed using the Spins-B
software [36], with a minimum feature size of 400 nm. Under
ideal conditions (i.e., with no gap between the fiber and the chip),
it exhibits a simulated coupling efficiency of 3.25 dB and has a
3-dB bandwidth of178 nm. For the measurements, we employed
a straightforward optical setup consisting of a TC100S-HP laser
from EXFO, a TE-polarization-maintaining 30◦ fiber array, and
an EXFO CT440 tester. We maintained consistent experimental
conditions across all measurements, particularly with respect to
the coupling distance which was set to 50µm. Additionally,
we positioned the sets of bends with the same footprint as
close as possible to one another on the chip to minimize po-
tential fabrication variations due to the device placement on the
die.

Fig. 5(a) and (c) present the experimental results for the
inverse-designed bends in comparison with circular and Euler
bends across the four evaluated footprints. In Fig. 5(a), the scatter
plot shows the average transmission for each test structure,
which consists of a series of bends connected with corresponding
input and output grating couplers. Each data set is accompanied
by a fitted linear equation derived from the average transmission
across the entire C-band, facilitating the extraction of two key
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Fig. 4. SEM images of the fabricated silicon nitride inverse-designed bends. The images show bends with varying footprints: (a) 6µm × 6µm, (b) 11µm ×
11µm, (c) 16µm× 16µm, and (d) 21µm× 21µm. The labels ID1 and ID2 indicate two inverse-designed bends obtained using different initial conditions: ID1
uses silicon oxide as the starting geometry, whereas ID2 starts from a circular bend. Insets in (c) and (d) highlight the intricate roughness present at the interfaces
between the bend and the input/output waveguides, which may contribute to improved mode matching.

Fig. 5. Measurement results for the fabricated silicon nitride bends. (a) Measured average losses in the C-band and their corresponding linear fits, with the
resulting fitted equations included in the legend for each bend type, evaluated for radii of 6µm, 11µm, 16µm, and 21µm. The slope of each fit line represents
the loss per 90◦ bend, whereas the y-intercept relates to the grating losses. (b) Raw measurements for the ID2 bend with a 16µm × 16µm footprint over a
wavelength range of 1500nm to 1600 nm, alongside an inset showing an image of the tested devices. (c) Extracted losses for the inverse-designed bends (ID1
and ID2) compared to traditional circular and Euler bends across different footprint sizes.
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parameters: the insertion loss per 90◦ bend and the grating loss.
From the linear fit, the slope of each line represents the loss per
individual bend structure, whereas the y-intercept indicates the
combined loss of the input and output grating couplers. Notably,
the inverse-designed bends, labeled as ID1 and ID2, consistently
demonstrate lower losses compared to the circular and Euler
bends with a comparable footprint. For example, for the 6µm
radius bends, the measured losses are 2.93 dB for the Euler bend
and 3.44 dB for the circular bend. In contrast, the losses for the
inverse-designed ID1 and ID2 bends are significantly lower, at
1.89 dB and 1.86 dB, respectively. This represents a reduction
in loss by up to 1.8 times when comparing the inverse-designed
bends with the conventional bends.

Interestingly, the lowest measured losses of 0.08 dB were
observed for the structure with a footprint of 16× 16µm2, rather
than the 21 × 21µm2 footprint, which exhibited losses around
0.11 dB. This finding contradicts the simulation results, which
predicted losses of 0.043 dB and 0.042 dB for both footprints,
respectively. The discrepancy between the simulated and mea-
sured results could be attributed to fabrication defects, poten-
tially impacting the performance of the larger footprint designs.
The losses obtained per grating range between 7.45 dB and
8.56 dB, which is considerably higher than the values predicted
by simulations under ideal conditions. However, it is crucial
to note that these measurements were taken with a 50µm gap
between the fiber and the chip, which adds approximately 2.6 dB
of loss per grating. After adjusting for this gap-induced loss,
the estimated grating losses fall between 4.5 dB and 5.96 dB,
aligning more closely with the simulated results. The remaining
discrepancies could be attributed to fabrication variations, and
the differences in grating losses across devices may also be
influenced by the specific position of the devices on the die.
Fig. 5(b) displays the raw measurements for the ID1 design
with a 16µm × 16µm footprint over a wavelength range from
1500 nm to 1600 nm, taken for configurations with 12, 16, and
20 bends. This data yielded a fitted loss of 0.34 dB per 90◦ bend,
with a combined loss of 16.77 dB attributed to the two grating
couplers. Fig. 5(c) summarizes the extracted per-bend losses
obtained from the linear fitting process across all evaluated
footprint sizes. It is evident that the inverse-designed bends (ID1
and ID2) exhibit lower losses compared to the circular and Euler
bends, especially for footprint sizes up to 16µm bend radii.
Although the performance advantage of the inverse-designed
bends diminishes for larger bend radii, such as 21µm, ID2 still
achieves a loss of 0.11 dB, which is lower than the 0.19 dB
loss observed for the Euler bend, demonstrating the continued
efficacy of inverse design even at larger bend sizes.

IV. DISCUSSION AND CONCLUSION

In this work, we introduced eight freeform, compact inverse-
designed bends implemented on a silicon nitride platform. Both
simulation and experimental results confirm that the inverse-
designed structures outperform conventional circular and Euler
bends with comparable footprints. Although inverse design has
been widely explored in silicon photonics, leading to com-
pact devices with efficiencies comparable to larger structures

developed through traditional methods, it has seen less applica-
tion in medium index contrast platforms such as silicon nitride,
where it nevertheless has significant potential.

Traditional photonic design approaches rely heavily on deep
physical insight, intuition, and iterative simulations to optimize
device performance. Although inverse design also requires a pro-
found understanding of physics, it facilitates the exploration of
unconventional geometries that extend beyond traditional intu-
ition, yielding enhanced performance. Successful inverse design
relies on a careful selection of the initial conditions, optimization
region size, and appropriate fabrication constraints to ensure
robustness. In some cases, the problem must be decomposed
into smaller parts to achieve optimal results. For instance, the
inverse-designed bends with a 16× 16µm2 footprint, designed
with a minimum feature size of 160 nm (readily achievable in
commercial foundries), resulted in structures featuring wide,
non-uniform bent waveguides. At the interface between the bend
and the straight waveguide, we observed an offset similar to
techniques used previously to improve compact bend efficiency.
Additionally, the design yielded a non-uniform 1D photonic
crystal structure adjacent to the bent waveguide, effectively
reducing bend losses. This structural approach could potentially
inspire improvements in conventional circular and Euler bend
designs.

The inverse-designed bends demonstrated high performance
in silicon nitride, achieving losses as low as 0.08 dB per 90◦ bend
for TE polarization, with bend radii comparable to 16µm. These
results surpass those of traditional bend designs and exhibit a
high degree of robustness to fabrication variations, particularly
to over-etching scenarios. Overall, inverse design proves to be
a powerful tool for creating non-intuitive, high-efficiency pho-
tonic structures, pushing the boundaries of what is achievable
with conventional methods. This work highlights the potential
of inverse design to unlock new possibilities in photonic device
engineering, particularly for platforms with moderate index
contrast such as silicon nitride.
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