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Abstract. Trapped ions are one of the most advanced platforms for quantum technologies, with applications
ranging from quantum computing to precision timekeeping. A crucial step towards more compact and scalable
systems involves integrating photonic integrated circuits (PICs) into surface ion traps to enable on-chip light
delivery and optical addressing of individual ions. Currently, most implementations rely solely on transverse-
electric (TE) mode grating couplers, where the emitted light is polarized in the plane of the chip. In this work,
we design, fabricate and characterize key silicon nitride (Si3N4) PIC components required for scaling trapped-
ion based quantum systems to multiple operating zones, including incoupling structures, splitters, and grating
couplers that support both TE and transverse-magnetic (TM) modes with comparable optical losses. We
benchmark the PIC at 760 nm, which is a typical wavelength for Yb+-applications. The fabricated grating cou-
plers enable the outcoupling of collimated free-space beams for both polarizations, exhibiting distinct emission
angles. This dual-polarization capability gives more flexibility in polarization control and expands the accessible
optical design space for trapped-ion quantum technologies.

Keywords: Grating coupler, Silicon nitride, Ion traps, Dual-polarization.

1 Introduction

Trapped ions are a leading platform for numerous quantum
applications, including sensing [1, 2], communications [3, 4],
timekeeping [5, 6], and computing [7, 8].

The integration of nanophotonics into surface ion trap
platforms has emerged as a promising route toward scalable
quantum computing architectures and quantum sensors
[9–16]. Monolithically integrated waveguides (WGs) and
grating couplers (GCs) enable stable, well-defined optical
beam delivery with a small footprint, mitigating the align-
ment sensitivity of free-space optical systems. Importantly,
these photonic components are compatible with CMOS
processes, enabling wafer-scale fabrication [17].

Among available material platforms, silicon nitride
(Si3N4) has been developed as a mature and versatile option
for visible and near-infrared operation [18–24]. Si3N4 offers
low propagation loss and high optical-power handling
[18], together with CMOS-compatible fabrication suitable
for both passive and nonlinear photonic devices. Advances
in film-stress control, etch uniformity, and wafer-scale pro-
cessing have improved reproducibility and yield [19, 21, 25],
reinforcing Si3N4 as a leading dielectric platform for visible
integrated quantum technologies.

To date, most Si3N4 photonic implementations in ion
traps are optimized for transverse-electric (TE) polarization
[9–11, 14, 16], where the electric field points parallel to the
chip surface. The polarization of light determines the cou-
pling to atomic transitions. Therefore, TE-optimized opera-
tion provides limited coupling directions, and placement
options of the GC to deliver the correct polarization with* Corresponding author: guochun.du@ptb.de
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respect to the ions quantization axis. Furthermore, TE-
optimized operation limits accessible beam geometries.
More recently, implementing transverse-magnetic (TM)
modes, with the electric field oriented out of plane, have
seen increased attention in integrated quantum and preci-
sion systems, such as Si3N4 resonator platforms for laser sta-
bilization [26], and ion trap applications leveraging GCs for
polarization gradient cooling [27].

We report the design, fabrication, and experimental
characterization of the performance of a Si3N4 photonic
integrated circuit (PIC) consisting of components such as
incoupling structures, splitters, bends, taper sections, and
GCs, that are key components for scaling trapped-ion based
quantum technologies such as quantum computers and
clocks to multiple operating zones. As an example, we use
a wavelength of 760 nm for applications with trapped
Yb+ ions [28, 29]. The Yb+ system underpins a wide range
of state-of-the-art applications, including precision optical
clocks [28, 29], trapped-ion quantum information processing
[30, 31], and tests of fundamental physics [32–35]. We char-
acterize the PIC with TE and TM modes and discuss how
the observed polarization dependence may be leveraged to
extend the photonic toolbox for ion trap quantum technol-
ogy applications by offering additional design flexibility and
enabling dual-polarization architectures.

2 TE and TM light guiding

2.1 Chip design and fabrication

The chip layout (Fig. 1a) comprises several functional sec-
tions, including WG cutback structures for the characteri-
zation of propagation losses, bend and bend-shift test
structures, taper test structures, GC studies, and splitter
test structures designed to operate at 760 nm. Together,
these sections enable a comprehensive evaluation of polar-
ization dependence, coupling efficiency, and loss mecha-
nisms across the PIC. Each section is highlighted in a
different color, corresponding to distinct device groups used
to characterize optical performance and assess design
variations.

The targeted multilayer trap stack comprises both
dielectric and metallic layers, as depicted in Figure 1b.
Starting from the silicon (Si) substrate, a thermally grown
3 lm thick buried oxide (BOX) silicon dioxide (SiO2) layer
acts as the lower cladding (L-1). The thickness of this bot-
tom oxide layer is chosen to suppress optical leakage into
the silicon substrate. On top of this, a 200 nm thick low-
pressure chemical vapor deposition (LPCVD) Si3N4 layer
(L-2) is deposited. An intermediate 1.25 lm thick low-tem-
perature oxide (LTO) SiO2 spacer (L-3) separates this layer
from a 15 nm thick LPCVD Si3N4 layer (L-4). Owing to its
larger optical mode, this thin Si3N4 layer is positioned at the
top of the stack to maximize the separation from the silicon
substrate and thereby minimize substrate leakage. An addi-
tional 3 lm thick LTO SiO2 layer (L-5) forms the upper
cladding of the PIC and is designed to be sufficiently thick
to prevent optical leakage of the guided modes into the
metallic layers introduced above. The targeted stack is com-
pleted by a 100 nm thick gold ground plane (L-6) intro-
duced to provide electrical isolation and shielding,
followed by a 3 lm thick SiO2 buffer layer (L-7). A top gold
layer forming the ion trap electrodes completes the envi-
sioned ion trap architecture, with a thin indium tin oxide
(ITO) layer included as a transparent conductive material
covering holes in the electrodes that could otherwise affect
the trapped ion [36].

For the fabrication of the PIC, a mix-and-match lithog-
raphy approach was employed. Features larger than
500 nm, such as WGs and splitters, were realized using opti-
cal lithography (OL), whereas smaller features, such as
incoupling tapers, were patterned with electron-beam
lithography (EBL). Consequently, the Si3N4 GCs were fab-
ricated in two sequential lithographic steps, the taper region
defined by OL and the grating teeth subsequently pat-
terned by EBL to achieve the required submicrometer peri-
odicity and duty-cycle precision. The Si3N4 layer thickness
of 200 nm was chosen as a compromise between compatibil-
ity with OL-based waveguide fabrication, GC coupling effi-
ciency, and the minimum feature sizes achievable by EBL.

All photonic designs and simulations presented in this
work are carried out with the full target layer stack in mind.

Fig. 1. a) Optical micrograph of the fabricated Si3N4 PIC, showing different functional regions: WG cutback structures (purple),
bend and bend-shift loss structures (cyan), EBL–OL taper structures (yellow), grating coupler (green) and splitter test structures
(orange). b) Targeted multilayer stack. From bottom to top: Si substrate, SiO2 BOX (L-1), Si3N4 WG-GC (L-2) and WG for light
incoupling layers (L-4) separated by a 1.25 lm thick SiO2 buffer layer (L-3). Above these, an additional SiO2 buffer layer is followed
by a gold ground plane, 3 lm thick SiO2 spacer, and a top gold layer used as the electrodes. Holes in the electrodes are covered with an
ITO layer. The red cone illustrates the beam emitted by the GC.
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The experimental characterization reported here is per-
formed on representative photonic test structures fabri-
cated only up to layer L-5, before the deposition of the
metallic layers.

2.2 Photonic component design

2.2.1 Alignment-tolerant incoupling

The incoupling region consists of three functional parts
employing two vertically separated Si3N4 layers. The thin-
ner upper layer serves for mode matching to the input fiber
(see Fig. 2a), providing an expanded optical mode compara-
ble to the fiber mode field diameter, while the thick-core
lower layer serves as the routing layer for on-chip propaga-
tion. Light is transferred adiabatically between the two lay-
ers by a vertically tapered section (see Fig. 2b), which
minimizes mode conversion loss through gradual effective
index evolution [37]. Such dual-layer and vertically adia-
batic coupling concepts are widely adopted in Si3N4 and
Si-based photonic platforms to achieve efficient fiber-to-
chip coupling, sub-dB loss, and relaxed alignment toler-
ances [38–46]. Finally, a second taper region is introduced
to compensate for potential lateral misalignment between
the EBL and OL process levels, ensuring robust and effi-
cient coupling (see Fig. 2c).

The designs were carried out using Ansys Lumerical,
employing the Finite Difference Eigenmode (FDE) solver
for mode-overlap simulations to optimize fiber-to-chip cou-
pling and eigenmode expansion (EME) simulations were
used to analyze adiabatic transitions and lithography over-
lap sections. The simulated total incoupling loss is 1.95 dB
for TE and 1.65 dB for TM, assuming perfect alignment
across all fabrication steps. When considering a 500 nm lat-
eral misalignment at each coupling stage, the total incou-
pling loss increases to 2.26 dB (TE) and 2.03 dB (TM),
demonstrating the alignment-tolerance of the incoupling
design. Resulting design parameters, coupling efficiencies,
and simulations are summarized in the Supplementary
material.

2.2.2 Routing

To deliver light to the ions, it is routed across the chip via
WGs, bends, and splitters before being directed into the
GC.

2.2.2.1 Waveguides
WG modes were simulated using the FDE solver and the
final waveguide geometry was then fixed to
200 nm � 520 nm (height � width) to secure single-mode
operation and avoid higher-order contributions in the GC
emission (see Supplementary material).

2.2.2.2 Bends
Bend structures with radii of 10, 20, 40, and 60 lm were
designed, along with bend-shift structures optimized for
TE mode matching inbetween bent and straight WGs using
the FDE solver [47]. Bend shifts K of 30, 10, 10 nm were
implemented for the 10, 20, 40 lm bends, respectively. They
offer a promising approach to lowering mode-mismatch

losses in compact bends, which in turn increases the flexibil-
ity of the photonic design [47].

2.2.2.3 Splitter
multimode interference (MMI) splitters are common on-
chip components used for optical power splitting based on
self-imaging effects in multimode waveguides [48]. The
MMI splitters were designed using EME simulations for
TE-polarized light (see Supplementary material). Each
splitter features a core length of 38 lm, a core width of
6 lm, taper sections of 10 lm length with 1.6 lm width,
and an output channel separation of 3.14 lm.

2.3 Experimental comparison of TE and TM losses

2.3.1 Setup

A fiber-coupled 760 nm distributed Bragg reflector (DBR)
laser1 was used as the light source for the characteriza-
tion of the PIC. The input polarization was adjusted, and

Fig. 2. Schematics of vertical fiber-to-chip coupling scheme.
(a) Illustration of the fiber-to-chip edge coupling into the PIC.
(b) Geometry of the two-layer adiabatic taper for efficient mode
conversion between L-4 and L-2 waveguides. (c) Schematic of
the EBL-to-OL coupling stage. The red arrows depict the light
propagation through the structures.

1Thorlabs DBR760PN.
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coupling was achieved using a single-mode (SM) polariza-
tion-maintaining (PM)2 fiber aligned with a nanopositioner3.
A powermeter was used to measure the optical power, while
a pick-off on a photodiode was measured to monitor laser
power fluctuations during the measurements. The polariza-
tion state was set using a polarimeter4 (see Fig. 3a).

Experiments were performed with either a custom-made
fiber array with PM fibers in a U-configuration, aligned to
dedicated reference structures at the outer waveguide chan-
nels, or by coupling light through a single PM fiber of the
array and collecting the output with a SM fiber5 positioned
behind the chip using a three-axis alignment system6.

Optical measurements and characterization of the GC
emission were performed using a commercial microscope
system7 equipped with a high-NA objective8 (0.95 NA)
and a CMOS camera9. The PIC is mounted on a tip, tilt
and rotation stage10 to minimize tilt-induced angle errors.
In addition, the grating efficiency was determined by sum-
ming the pixel intensities of the outcoupled light on the
CMOS camera and converting them to optical power using
a pre-established calibration factor. Prior to these measure-
ments, a reference calibration was performed using a fiber-
coupled source to evaluate the objective transmission and
to determine the conversion coefficient relating pixel inten-
sity to optical power per exposure time.

2.3.2 Measurements

2.3.2.1 Propagation losses
Propagation losses were determined by measuring the
transmitted power through waveguides of varying lengths
arranged in a U-configuration. The exponential decay of
transmitted power with length was fitted to extract the loss
parameters, where the slope corresponds to the propagation
loss and the intercept represents twice the combined incou-
pling and bend losses (see Fig. 3b). Measured propagation
losses are (2.91 ± 0.33) dB/cm for the TE mode and
(2.05 ± 0.18) dB/cm for the TM mode.

2.3.2.2 Taper losses
Ol-EBL taper losses have been characterized to be
(1.17 ± 0.07) dB per taper for TE and (1.48 ± 0.04) dB
per taper for TM by fitting the decay of the power transmis-
sion through waveguides with a different number of taper
sections (see Fig. 3c). The OL-EBL taper losses are con-
tributing to the total incoupling loss since they directly cap-
ture the loss introduced by the mix-and-match lithography
approach.

2.3.2.3 Bend and bend-shift losses
Bend losses were determined by comparing waveguides con-
taining bends with varying radii to a straight reference

waveguide. The extracted values include the intrinsic prop-
agation loss within the curved sections. The total excess loss
was then divided by the number of bends (200) to obtain
the bend loss per bend.

The corresponding bend-loss measurements are shown
in Figures 4a and 4b for TE- and TM-polarized light,
respectively. For both polarizations, the bend loss strongly
depends on the bend radius and is significantly reduced by
the bend-shift design. For TE polarization (Fig. 4a), bends
with radii of 20, 40, and 60 lm exhibit losses below 0.06 dB
per 90� bend. The lowest loss is observed for the 20 lm
bend, with approximately 0.04 dB, while the corresponding
bend-shift design further reduces the loss to below 0.03 dB.
At larger radii, the loss remains nearly constant, indicating
that radiation and mode mismatch losses are already well

2PM780-HP.
3PI P-616 NanoCube� XYZ-Nanopositionierer.
4SK010PA-NIR.

Fig. 3. a) Schematic illustration of the optical characterization
setup. The red cone illustrates the beam emitted from the PIC.
b) Cutback measurement to deduce the coupling and propaga-
tion losses for the TE and TM modes at a wavelength of 760 nm.
Data points shown with reduced opacity were excluded from the
fit. c) Characterization of the EBL–OL transition taper, showing
the extracted taper loss. The inset displays the cascaded taper
section.

5SM 780HP.
6NanoTrak� Auto-Alignment Controller.
7Olympus BXFM.
8Olympus MPLAPON50X.
9Hamamatsu ORCA-spark C11440-36U.
10Thorlabs TTR001.
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suppressed in this regime. For TM polarization (Fig. 4b), a
similar trend is observed. For bend radii of 20 lm and
above, losses remain low, with values of approximately
0.04 dB for a 40 lm bend and as low as 0.02 dB for the
20 lm bend-shift design. As for TE polarization, the
bend-shift geometry consistently outperforms the standard
bend, confirming its effectiveness in reducing mode mis-
match loss for both polarizations. At a bend radius of
10 lm, a pronounced increase in loss is observed for both
polarizations, exceeding 0.10 dB per bend. In this regime,
TE losses increase to approximately 0.11 dB, while TM
losses reach about 0.16 dB, indicating the onset of radiation
and mode mismatch losses due to insufficient mode confine-
ment at tight bend radii.

2.3.2.4 MMI splitter
The splitter losses were evaluated using an MMI splitter
tree terminated by grating couplers, each configuration con-
taining a different number of MMIs. The total transmitted
optical power was obtained from the summed pixel inten-
sity pxsum per exposure time sexp monitored by the CMOS
camera and plotted logarithmically as a function of the
number of MMIs. The extracted slope represents the com-
bined loss per MMI arm of one MMI, two bends, and a
150 lm straight waveguide section. From this, the individ-
ual MMI insertion loss was determined to be (1.88 ± 0.16)
dB for TE and (0.62 ± 0.30) dB for TM (see Fig. 4c).

2.3.2.5 Incoupling
The incoupling loss was estimated in two ways: (i) from
propagation-loss measurements by subtracting the contri-
butions from bends and EBL–OL taper sections from the
y-intercept, and (ii) from direct transmission measurements
through a straight waveguide across the chip, with propa-
gation losses subtracted. Method (i) yields single-sided
incoupling losses of (13.0 ± 1.5) dB for TE and
(14.08 ± 0.81) dB for TM, while method (ii) gives
(13.89 ± 0.43) dB for TE and (14.71 ± 0.43) dB for TM
(see Fig. 3b). These incoupling loss values correspond to
the sum of the fiber-to-chip edge-coupling loss and the loss
introduced by the two-layer adiabatic coupler. The total

incoupling loss per facet is given by these contributions,
including additional EBL-OL taper loss. The measured
losses are significantly higher than those predicted by sim-
ulation, which may be attributed to fabrication-induced
deviations in the taper-tip widths.

3 Design and characterization of the grating
couplers

The operational principle of the structure is illustrated
schematically in Figure 5a. Two beams corresponding to
orthogonal TE and TM polarizations are emitted from a
single GC and through an opening in the gold electrode
layer. An optical microscope image of the fabricated device
is presented in Figure 5b.

3.1 Design

The design optimization was performed using a combina-
tion of 2D and 3D finite-difference time-domain (FDTD)
simulations via Ansys Lumerical. In the 2D model, the grat-
ing periods and duty cycles were varied to control the emis-
sion angle and far-field beam shape for the TE polarization
[49–51]. To finalize the design, a 3D FDTD simulation was
used to define the grating taper geometry and grating taper
width and to extract the far-field intensity profile from the
resulting structure. The GC design is primarily optimized
for TE operation, resulting in a 30 lm-long grating section
for efficient TE outcoupling, while simultaneously support-
ing a well-defined TM-polarized response, enabling a com-
prehensive assessment of polarization selectivity, angular
separation of the emitted beams, efficiency and their
quality.

3.2 Measurement

The outcoupled intensity distribution was recorded slice by
slice in the xy-plane by translating the microscope system
along the z-direction with a step size of 0.5 lm. At each z-
slice, the intensity profile of the emitted beam was

Fig. 4. Per-bend loss for the TE a) and TM b) polarization, comparing standard bends to laterally shifted bend geometries across
different bend radii. In the shifted designs, K denotes the lateral offset, as illustrated in the inset of a). c) Measured attenuation of
cascaded MMI splitters for the TE and TM modes. The linear fits provide the attenuation per MMI device and include additional
contributions from bend and propagation losses.
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analyzed by determining the position of maximum intensity.
This maximum was taken as the beam position in the trans-
verse plane. By repeating this procedure for all measured z-
slices, we obtained a set of beam-center coordinates along
the propagation direction. The emission angle was then
extracted by performing a linear fit to these beam-center
positions. The resulting angles for both polarizations were
then compared with simulations, as shown in Figures 5c–
5f. The measured emission angle of (�52.0 ± 0.4)� for TE
polarization, agrees well with the simulated value of
�52.0�.For TM polarization, the measured angle of
(�62.8 ± 0.4)� shows a larger deviation from the simulated
value of �58.8�. This discrepancy may be attributed to the
increased sensitivity of steeper emission angles to fabrication
tolerances. The measurement uncertainty accounts for the
individual angle fit error per measurement (±0.1� for both
TE and TM), the uncertainty in the z-translation calibra-
tion of the microscope system (±0.3� for both TE and
TM) and the chip-tilt uncertainty (±0.2�). Angles are
reported with respect to the surface normal to ensure consis-
tency between simulations and the experimental analysis.
Negative angles correspond to a backward-emitting GC.

A detailed comparison between the simulated and mea-
sured far-field beam profiles presented in Figure 6, where all
data sets were analyzed using the elliptical contour method
and 1D Gaussian fits along the principal axes. The ellipse-
based method provides a geometric estimate of the beam
diameters along the principal axes of the far-field spot, while
the Gaussian model fitting yields beam waists with one-
standard-deviation uncertainties. The TE beam exhibits
simulated waists of (7.96 ± 0.01) lm (13.09 ± 0.01) lm,

compared to measured values of (9.07 ± 0.24) lm
(10.79 ± 0.24) lm. For the TM polarization, the simulated
beam waists are (12.29 ± 0.01) lm (19.17 ± 0.01) lm and
the measured waists of (15.47 ± 0.24) lm (17.59 ± 0.24)
lm. The simulated grating-coupler efficiencies are
�3.61 dB for TE polarization and �8.79 dB for TM polar-
ization. These values are in good agreement with the exper-
imentally measured efficiencies of (�3.55 ± 0.58) dB for TE
and (�9.02 ± 0.69) dB for TM, which were obtained by
measuring the emitted free-space power relative to the
power after the fiber array and subtracting the losses of
the remaining PIC components.

4 Discussion

4.1 Propagation losses

Both TE- and TM-polarized light were guided in the fabri-
cated Si3N4 waveguides. The measured propagation loss is
0.86 ± 0.38 dB/cm higher for the TE polarization than
for the TM polarization. This behavior indicates that the
propagation loss is dominated by sidewall roughness, as
the TE mode exhibits a larger modal overlap with etched
sidewalls. The measured losses remain higher than state-
of-the-art Si3N4 waveguides of similar thickness, where val-
ues as low as 2 dB at 729 nm have been demonstrated [10].
This indicates that further optimization of the fabrication
process is required. The TM propagation loss may be attrib-
uted to leakage into the ground plane or substrate, since
their larger vertical mode extent demands sufficiently thick

Fig. 5. a) Schematic illustration of the two beams emitted from the GC, corresponding to orthogonal TE and TM polarizations. b)
Top-view optical microscope image of the fabricated Si3N4/SiO2 GC. (c, e) Simulated far-field intensity distributions as a function of
emission angle, evaluated in a plane 100 lm above the chip surface, for TE and TM polarizations, respectively. (d, f) Experimental
intensity maps acquired from 25 lm to 150 lm above the chip surface were fitted to reconstruct the emission profiles of the GC for TE
and TM polarizations, respectively.
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oxide layers to suppress. Transitioning to fused silica sub-
strates would further mitigate substrate-related losses [52].

4.2 Incoupling

Incoupling losses of around 14 dB exceed the simulated val-
ues, yet both evaluation methods yielded similar absolute
coupling efficiencies, with TE coupling slightly lower than
TM. For comparison, visible-wavelength dual-layer Si3N4
couplers have been reported with losses of about 4 dB/facet
[38], while single-layer couplers typically reach around 7.5–
8.5 dB/facet [20]. The values obtained here are higher than
those reported, suggesting that additional loss mechanisms
are present in the fabricated devices. This behavior is plau-
sibly linked to the two-layer edge-coupler architecture,
which is highly sensitive to the taper-tip width of the
thick-core Si3N4 layer [38]. A taper-tip wider than the opti-
mized target value reduces the adiabaticity of the local
index transition near the taper entrance and diminishes
modal overlap (see Supplementary material). This indicates
that future designs require an improved fabrication of the
taper tip, or a thinner thick-core Si3N4 layer to reduce sen-
sitivity to the taper-tip width. Measurements with the fiber
array yielded coupling efficiencies comparable to the single-
fiber configuration, indicating that alignment constraints
introduce no significant additional penalty.

4.3 Bend and bend-shift losses

The measured bend losses of around 0.04 dB per 20-lm-
radius bend match results reported in visible-wavelength
Si3N4 experiments [20]. TM-polarized light exhibited notice-
ably higher loss for small-radius bends, a consequence of the
200 nm Si3N4 thickness, which was optimized for TE oper-
ation and provides insufficient confinement for TM, thereby
increasing curvature-induced radiation loss. Such polariza-
tion-dependent bend performance aligns with earlier analy-
ses of thin-core Si3N4 waveguides [19]. The shift of the bend-
loss minima to larger radii – from 20 lm for TE to 40 lm for
TM modes – is consistent with the lower propagation loss
observed for TM.

Introducing bend-shift structures proved particularly
beneficial for tight bends, where they reduced excess loss
associated with mode mismatch at straight-to-bend transi-
tions. This strategy is valuable for compact photonic-circuit
layouts or applications requiring minimal stray light and
crosstalk, as it enables dense routing without compromising
optical efficiency.

4.4 MMI splitter

Significant deviations from simulated values were observed
for TE MMI splitter insertion losses, while TM performance
remained close to predictions. Enhanced TE losses can be
attributed to stronger sensitivity to sidewall scattering
within the multimode region, which perturbs the self-ima-
ging condition. This observation is consistent with the
higher TE propagation losses across the platform. TM
modes, with weaker confinement, are less susceptible to
such imperfections. Further optimization of the MMI length
would likely reduce the residual insertion loss (see Supple-
mentary material).

4.5 Taper losses

The OL-EBL taper transitions show good agreement with
simulations for the TE polarization, while larger deviations
are observed for the TM mode. These deviations may arise
from lateral and longitudinal misalignment, as well as prop-
agation losses, which are not accounted for in the simula-
tions. Additionally, the observed behavior can be
attributed to polarization-dependent changes in the modal
field distribution induced by the taper. For the TE mode,
tapering reduces the overlap with the etched sidewalls,
thereby lowering sidewall-scattering loss. In contrast, for
the TM mode, tapering may enhance propagation loss by
increasing the overlap of the modal field with horizontal
layer interfaces, thereby amplifying interface-related loss
mechanisms. Extending the taper length or employing
higher-order polynomial or spline profiles could further
improve adiabaticity and reduce insertion loss.

4.6 Grating coupler

The measured grating emission profiles closely match the
simulated far-field profiles in both overall shape and diver-
gence. When quantified using Gaussian beam waists along
the fitted principal axes, the average absolute deviation
between simulated and measured data is 17–18% for both
polarization regimes. The TM profiles exhibit a side lobe
originating from the substrate back-reflected beam, which
becomes visible because the lateral offset between the
upward- and downward-reflected beams increases at larger
angles. The measured emission angles are likewise consis-
tent with the simulated values: for TE polarization, the
emission angle matches the simulated value and agrees
within experimental uncertainty, whereas for TM polariza-
tion, a deviation of approximately 4� is observed. These

Fig. 6. Simulated (a, c) and measured (b, d) far-field intensity distributions of the laser-beam waist at 100 lm above the chip surface
for TE (a, b) and TM polarization (c, d).
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differences may be attributed to fabrication tolerances, such
as slight variations in the etch depth of the grating and the
duty cycle of the non-uniform grating design. They may
also be attributed to deviations from the targeted layer
stack, which arose from the omission of the upper metallic
and dielectric layers in the devices that were characterized
experimentally. The more pronounced deviation observed
for the TM mode is consistent with the increased sensitivity
of grating couplers emitting at larger angles, where small
angular variations within the SiO2 cladding translate into
larger deviations in free space. Additional contributions
may arise from the finite numerical aperture of the collec-
tion optics, minor phase-front distortions, and aberrations
in the imaging system. Overall, the beammorphology, emis-
sion direction, and polarization-dependent divergence
remain in good agreement, confirming that the fabricated
grating accurately reproduces the simulated optical
performance.

The GC efficiencies also align well with simulated pre-
dictions (see Tab. 1). Small deviations may originate from
small fabrication-induced variations. The lower coupling
efficiency observed for the TM grating coupler is attributed
to its weaker grating coupling strength. This behavior of
TM GCs may be beneficial in the design of highly focusing
GCs or GCs that emit large beams, where precise control
over the outcoupling strength is essential. The observed
8–10� angular separation between the TE and TM beams
enables two distinct operation regimes: (i) individual
addressing of ions or emitters at spatially separated loca-
tions when the beam waist is small, or (ii) polarization-state
discrimination by monitoring the relative output intensity
at the TE- and TM-specific emission angles. The angular
separation corresponds to a spacing of roughly 14–18 lm
at an ion height of 100 lm. This separation can be tuned
through the waveguide geometry and grating duty cycle,
which set the offset in effective index between the modes
and thus control the resulting beam spacing. Accordingly,
this effect is more pronounced in high-index platforms. This
effect is fundamentally limited by the requirement that
both modes satisfy the Bragg condition; consequently, at
large backward emission angles, the other polarization
may not yet be present.

5 Conclusion

We designed key Si3N4 PIC components and experimen-
tally characterized their polarization-dependent perfor-

mance for ion trap applications. The fabricated GCs
support outcoupling for both polarizations and exhibit dis-
tinct emission angles.

This dual-polarization capability expands the accessible
optical design space and may be used for multi-ion address-
ing through angular multiplexing, enabling more compact
and versatile on-chip architectures while reducing the num-
ber of required GCs in integrated ion trap platforms. At the
same time, the ability to excite both modes highlights the
importance of robust polarization management, as inadver-
tent TM excitation can generate parasitic beams and
increase stray light in the trapping region. Robust solutions
such as TE–TM splitters or polarization converters can help
to ensure a well-defined input state [53, 54]. The weaker
coupling strength of the TM mode is promising for the
design of highly focusing GCs for single-ion addressing in
trapped-ion quantum processors or GCs that emit large
beams for multi-ion addressing in multi-ion clocks.

Furthermore, since TM modes exhibit stronger sensitiv-
ity to substrate leakage, transitioning to fused-silica sub-
strates [52] or employing thicker SiO2 BOX cladding
layers may be advantageous in future implementations.
Taken together, TE–TM operation introduces a useful form
of polarization diversity that complements spatial-multi-
plexing strategies explored in multimode photonics [55]
and provides a promising pathway toward densely inte-
grated, flexible, and scalable photonic interfaces for next-
generation multi-zone trapped-ion quantum technologies.
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Table 1. Comparison between simulated and measured losses for different PIC components for TE- and TM-polarized
modes at 760 nm.

Component TE loss TM loss

Simulated Measured Simulated Measured

Waveguide 2.91 ± 0.33 dB/cm 2.05 ± 0.18 dB/cm
Incoupling 1.95 dB 13.89 ± 0.43 dB 1.65 dB 14.71 ± 0.43 dB
EBL-OL taper 1.09 dB 1.17 ± 0.07 dB 0.92 dB 1.48 ± 0.04 dB
MMI splitter 0.77 dB 1.88 ± 0.16 dB 0.42 dB 0.62 ± 0.30 dB
GC 3.61 dB 3.55 ± 0.58 dB 8.79 dB 9.02 ± 0.69 dB
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