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Testing and improving integrated photonic components and systems requires rapid prototyping of various
design variations. Electron beam lithography enables such rapid prototyping, allowing adjustments on a run-to-
run basis with minimum linewidths on the order of 10 nm. Process variations arising from focusing, stitching,
and proximity effects can impact the fidelity of fabricated designs. These variations can be minimized by
applying design-based or dose-based proximity correction schemes. In this work, both correction methods are
applied to integrated photonic systems containing a microring resonator and uniform and apodized grating
couplers fabricated on deposited silicon test samples. Their transmission spectra are experimentally measured

and compared to theoretical predictions to evaluate the effectiveness of the proximity correction schemes.

1. Introduction

The combination of a high index contrast and the compatibility of
silicon-on-insulator (SOI) photonics with integrated electronics has led
to the rapid growth of silicon photonics. An unprecedented reduction in
footprint and an increase in complexity and quality have been realized
in passive and active SOI photonic circuits such as wavelength division
multiplexers (WDMs) for telecommunication applications [1,2], optical
neural network implementations for machine learning [3,4], and large-
scale re-routing networks for universal quantum computing [5,6]. The
use of numerous waveguides, microring resonators (MRRs), and Mach-
Zehnder interferometers (MZIs) is crucial for the functionality of such
circuits.

For testing and improving designs of photonic components, a large
number of variations in design parameters must be considered. Rapid
prototyping of test samples on SOI and other crystalline and deposited
material platforms effectively reduces the design space in a short time
and enables benchmarking of theoretical models against fabricated
samples. Electron beam lithography (EBL) is an ideal method for rapid
prototyping of photonic systems as it can generate device patterns with
linewidths on the order of 10 nm without the need for photomasks,

allowing design adjustments on a run-to-run basis [7,8]. Additionally,
EBL is widely used for creating masters for nanoimprint lithography
and for direct exposure in high-end applications requiring photonic
nanostructures [9]. For passive photonic systems, EBL can be com-
bined with direct laser writing of microheater structures to efficiently
fabricate active photonic devices.

For fabricated photonic devices that correspond to the intended
designs, the process deviations must be taken into account during
the design phase. For example, the channel spacing of a wavelength
division multiplexer can be stabilized by considering variations in
waveguide height, widths of the two coupled waveguides, coupling
gap and ring radius in designing the microresonator devices [10].
While height variations primarily result from polishing or deposition
steps, width and shape variations mainly originate from lithography
and etching processes [11]. For EBL, process variations and related
performance issues arise due to several factors, including blanking
errors, dose errors, leveling and focusing offsets, proximity effects
caused by backscattering, stitching errors, charging effects, electron
beam drift over time, system contaminations (fogging, outgassing) and
sample contaminations (particles) [12-14]. Charging effects can be
mitigated by depositing a chromium layer on top of the photoresist
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before exposure, while effects of focusing, proximity, and stitching can
be addressed during the design phase.

Proximity effect correction (PEC) has been a topic of extensive
research since the 1970s, with numerous design-based and dose-based
correction schemes developed to compensate for electron scattering and
improve pattern fidelity [15-18]. Initial approaches involved trial-and-
error adjustments, but modern PEC employs computational models to
predict and correct dose distributions systematically.

In this work, we investigate the influence of a design-based and
a dose-based proximity correction approach for integrated photonic
systems and address the effects of focusing and stitching. A microring
resonator device in the all-pass configuration is used as test design and
uniform and apodized grating coupler configurations are utilized for
fiber-to-chip and chip-to-fiber coupling. Design variations are modeled
and the designs are fabricated on an amorphous silicon on insula-
tor (aSOI) platform. The systems are characterized and compared to
theoretical computations to determine the influence of the proximity
correction schemes.

Section 2 presents the employed methods, subdivided in the follow-
ing parts: fabrication, layout, photonic system design, proximity effect,
design-based proximity correction, dose-based proximity correction,
comparison of proximity correction methods, optical characterization
and analysis procedure. The results and discussion are reported in
Section 3. Section 4 comprises the conclusions.

2. Methods
2.1. Fabrication

An amorphous silicon layer was deposited on top of a 4 inch
wafer, which was used for the fabrication of exemplary integrated
photonic test systems. The amorphous silicon layer was deposited using
PECVD [19] and patterned using electron beam lithography. The inte-
grated photonic structures were transferred into the amorphous silicon
core layer using ICP-RIE (Oxford Cobra 100) and protected from dust
by a TEOS-based silicon dioxide layer deposited using PECVD [20].

The CSAR AR-P 6200.13 positive tone resist was spun on the wafer
(60 s/4000 rpm) and soft baked (60 s/150 °Celsius) to reach a thickness
of 400 nm. After exposure, the sample was developed (AR 600-546,
60 s) and the development was abruptly stopped (AR 600-60, 30 s)
followed by a DI water rinse.

The Raith Voyager machine was used for electron beam lithography
(EBL), equipped with a 50 keV thermal field emission source, automatic
focusing, write field calibration, and astigmatism correction. The wafer
was loaded on the sample holder and fixed with three spring-clamp-
based screws to hold the sample in place using minimal pressure,
minimizing substrate bending. The sample was placed in the machine,
evacuated, and initial focusing and astigmatism correction were per-
formed. The beam column creates a focus depth of about 5pum and
uses a 2 nA beam current for the 60 pm aperture to reach a critical
dimension of 12 nm. The maximum write field of 500 - 500 um? is used
and an automatic stitching correction scheme is employed to reduce the
stitching error to less than 15 nm. The sample was leveled by focusing
at three edges of the sample and using piezo-motors to correct the
sample height in order to have an identical local focus height. The
position list containing all to-be-exposed design files was loaded and
an automatic laser focusing routine was employed during writing. The
machine refocused at those locations specified in the position list such
that all following design files were exposed using a focus height within
an area where the focusing offset was less than 5 pm. Edge markers were
used for larger design files to fix the write field boundaries independent
of the included systems. System designs were placed in the design file
such that only wider waveguides crossed the write field boundaries to
minimize propagation losses and functionality problems.
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2.2. Layout

A microring resonator (MRR) in the all-pass (AP) configuration is
used as test device in this work. Several other design files were included
in the position list for other tests. Fig. 1 shows the layout for four
subchips as well as zoom-ins of the design file layout for the AP MRR
systems considered in this work. The layout is a negative of the designs
(i.e. the blue areas are exposed) due to our use of a positive EBL
resist and is created using a code-based design approach where the
actual design (Object A) and a pattern surrounding the design with an
additional 2 pm width to all sides (Object B) are XOR-ed in a step by-
step approach to retain control over the design compartmentalization.
The negative of the designs (i.e. the blue areas are exposed due to
our use of a positive EBL resist) is created using a code-based design
approach where the actual design (Object A) and a pattern surrounding
the design with an additional 2 pm width to all sides (Object B) are
XOR-ed in a step-by-step approach to retain control over the design
compartmentalization.

In addition to the AP MRR test systems included in subchips 1 and 2,
partial systems for exposure tests (subchip 3) and simple transmission
systems for GC tests (subchip 4), including or excluding MRRs, were
also utilized.

2.3. Photonic system design

The functionality of spectral components such as microresonators
is based on the guided optical mode interfering with itself after a
round trip of propagation through the resonator. The phase difference
follows from the velocity of the optical wave, which can be described by
the effective index of the waveguide n.s, while the coupling between
the bus and self-enclosed waveguide described by the coupled field
coefficient k determines the quality of filtering at resonance. The AP
MRR is schematically shown in Fig. 2(a) with the effective index
(waveguide) and coupled field coefficient (directional coupler) com-
putation regimes indicated. Computations of spectral characteristics
of the MRR were performed using a simulation-based semi-analytical
modeling framework (to be published elsewhere).

The fiber-chip coupling of light is performed using grating couplers
(GCs), as shown in Fig. 2(b). The GC redirects the wave and reshapes
the mode profile to overlap with that of a slab waveguide around a
center wavelength A specified by the Bragg condition:

. A
grating = Nelad * SN (0) + mz, (€8]

where n,q is the cladding refractive index, A is the grating period, m is
the order of diffraction and n,y,, is the effective index of the grating
structure. For a fully etched structure this is given by:

Rgrating = F- Meff,g +(1-F)- Neff b> )

with F = [,/ A the fill-factor or duty cycle (and A = I, +1,) for the
grating bar and etched gap lengths /;, and /,, respectively, and with
neprp and ngpp, the corresponding effective indices. A uniform GC uses
a constant period and duty cycle, while for the apodized GC the period
and duty cycle vary with location (A(z) and F(z)).

GC computations were performed in COMSOL Multiphysics using a
2D model. Although neglecting the third dimensions results in over-
exaggerated coupling efficiencies, the expected relation between the
center wavelength and the period and duty cycle largely remains
the same for an assumed slab with a width (in the out-of-plane x-
direction) of 12 um. The angle was set to § = 8° and the fiber location,
BOX thickness and cladding thickness were optimized prior to further
parameter investigations. While for the uniform design the period and
duty cycle were varied in simulations and in the design layouts, for
apodized grating couplers a proven design was taken and only the duty
cycle was varied by adding a constant proximity value p to each bar
length and subtracting it from each gap length [21].
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Fig. 1. Photonics EBL layout of (a) subchip 1 (left) and 2 (right) including some parameter variations, (b) subchip 3 containing exposure dose test systems and
(c) subchip 4 containing either uniform grating coupler (UGC) design variations or apodized grating coupler (AGC) proximity variations. (d) Zoom-in of the AP
MRR system. The negative of the photonic system core, i.e. the 2 pm wide grooves, is exposed (blue). The system is subdivided in zoom-ins of the (e) grating
coupler and (f) microring and directional coupler segment. The four bend waveguide design blocks for a 10 um ring are indicated in (g), where Object A (blue)

and Object B (gray) are shown.
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Fig. 2. Schematic of (a) a microring resonator (MRR) in the all-pass configuration, with the In and Through ports indicated, as well as the resonator radius R,
the resonator waveguide (red box), the directional coupler (black box) and the direction of light propagation (gray arrow), (b) a grating coupler (GC) with the
period A, bar length /, and gap length /, indicated, (c) intershape proximity (top) and intrashape proximity (bottom) and (d) shape deformation due to proximity

for the directional coupler section of an MRR (black box in (a) rotated by 90°).

2.4. Proximity effect

The required exposure dose varies across the wafer in case of
leveling and focusing issues, but was found to be relatively stable
for the utilized automatic focusing and design file grouping. In case
a single focusing point is chosen for lithography of the entire wafer,
defocusing > 5 um (i.e. more than the voxel size) results in an increase
in the stitching error, a larger achievable minimum feature size and
an increase in the required dose hence the writing time. Furthermore,
the required exposure dose depends on the feature size and the feature
spacing. The combined effect of forward scattering, the secondary
electron traveling range and back-scattering results in resist exposure
outside of the desired exposure area, which is called the proximity effect.
For EBL this means that the exposure of a pixel also slightly exposes
neighboring pixels.

The proximity effect can be observed in the pattern in two ways,
intrashape and intershape proximity, as shown in Fig. 2(c). Intrashape
proximity causes smaller design shapes to be underexposed compared

to larger shapes, due to the smaller amount of exposed neighboring
pixels. For positive resists this results in a narrowing of such small
design shapes. Intershape proximity results in the accidental exposure
of small spaces in-between larger design shapes, since the exposed areas
cooperatively expose these not-to-be-exposed gaps. This results in the
narrowing of smaller unexposed areas in densely packed design regions
for positive-tone resists.

Intrashape proximity effects are generally applicable to all photonic
systems created using positive resists. The exposed areas are relatively
small to minimize overexposure of smaller feature sizes and reduce the
writing time. For this reason, the dose-to-clear of larger circles is not
directly applicable to the smaller photonic pattern and feature sizes
and the practical exposure dose has to be determined for the design
shapes under consideration. Intershape proximity is important for the
grating coupler and directional coupler region. For the GC a larger area
of roughly 4 - 16 um? is exposed to terminate the light path. This area
results in overexposure of the grating coupler area and thus widening
of the gaps and slimming of the bars. In the directional coupler region,
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the small gap is overexposed by the neighboring patterns at both sides
of the waveguide (east and west, see Figs. 1(f) and 2(c)) and by the
comparatively large pattern area where the ring and bus waveguide
come near to each other (north and south). Deviations in the severity of
the proximity effects cause a deformation of the intended design shape
(see Fig. 2(c)).

2.5. Design-based proximity correction

In the design-based proximity correction approach the size of each
critical design element is adjusted by a corresponding proximity con-
stant so as to obtain a result close to the intended design value. For
example, as shown in Fig. 2(c), the resulting waveguide width w,
is expected to decrease as compared to the design width wy while
the resulting coupling gap g,(z) is enlarged compared to the design
(84(2)). To compensate for this, we use wy = w; + w, and gping =
&min,i —&p With subscripts 1, d, i and p denoting the result, design layout,
intended design and proximity values of the respective parameter. For
the grating coupler we use I g = ly; + I, and l,4 = l,; — I,, with
lyp = lgp, = I, the GC proximity. This procedure approximates the
intended design dimensions but does not fully compensate for more
complex shape distortions induced by proximity effects (see Fig. 2(c)).

The proximity values wj, g,, and /, are determined experimentally
by fabricating arrays with varied parameters and analyzing transmis-
sion measurements relative to theoretical expectations. Once estab-
lished, this correction requires a single exposure dose for all adjusted
designs, simplifying lithography.

2.6. Dose-based proximity correction

To correct for the proximity effect using variations of the exposure
dose across the design, the energy density profile in the resist layer
should be known. Several functions can be employed [22,23], where
one of the most complete variants is the exponentially modified 3-term
Gaussian form of the equation given by:

L (|2 mep|-2
f(’)'n(1+m+nz+v)<azexp[ a2]+ﬂ$exp[ ﬂf]

m 2 \ [r
+—=exp|-—=|+-—5exp|[-—]| ), 3)
I3 p[ﬂé] 227" V)

where parameters a, f;, $,, v, 11;, 1, and v characterize forward scatter-
ing, back-scattering, and decay effects. Variations of the equation with
2 or 3 Gaussians (G) and 0 or 1 exponentials (e) were utilized.

The energy density distribution was obtained from Monte Carlo
simulations in the Raith NanoPECS software suite, where one mil-
lion electrons were launched into the material stack using a 50 keV
beam with a 1 nm diameter. Their trajectory was computed for the
incorporated SOI material stack (400 nm resist/200 nm Si/1 pm SiO2/Si
substrate). The material characteristics were pre-determined by the
manufacturer [24]. The proximity function was extracted by fitting Eq.
(3) to the lateral deposited energy density distribution in the middle of
the resist layer. The results are shown in Fig. 3(a) and (b).

The design was partitioned into smaller design segments and the
proximity function was utilized to correct the exposure dose of each in-
dividual design segment of the complete system layout with a segment-
dependent correction factor f,. The exposed energy at a segment i is
computed for an by adding the dose contribution of all surrounding
segments j up to a maximum lateral distance r;; between the segments
of 20 pym [7]:

N

E =V Y fr,)D, 4)
j=1

The correction factor f, for each segment i is the inverse of E; normal-

ized with respect to the computation dose D,. In practice, D = D, - f,

with f, > 1 where D is the exposure dose and D, is a design-file
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specific base dose. A more accurate dose map is obtained with more
(smaller) dose-correction segments, but this significantly increases the
dose-correction computation time. The partitioned design layouts of the
resonator and GC, the dose-corrected design of the AP MRR system and
the expected resist profile after exposure using the corrected dose map
and development are shown in Fig. 3(c)—(f).

2.7. Comparison of proximity correction methods

Unlike the design-based correction approach, the dose-based correc-
tion method enables compensation for more complex design
geometries — such as ring-bus or ring-ring coupling regions — without
introducing deformations. However, this flexibility comes at the cost
of requiring individual correction for each design, which can lead to
significantly longer overall correction times depending on the extent of
segment exposure overlap. For instance, in our implementation, dose-
correction for subchip 4 took approximately 8 min, whereas designs
with more overlapping features could require up to 10 h per write field.

An additional advantage of the dose-based approach is that correc-
tion and compartmentalization can be performed prior to exposure,
thereby minimizing computational overhead during electron beam
lithography (EBL). This pre-processing led to a reduction in exposure
time from about 20 min to 10 min per design file when processing 96
systems. Conversely, design-based correction relies on uniform design
offsets and a single exposure dose, resulting in negligible computational
overhead.

In summary, while dose-based correction does not increase the
actual write times for the systems we implemented, it becomes consid-
erably more time-consuming than design-based correction for shapes of
higher complexity.

2.8. Optical characterization

The optical characterization set-up contains an xy-alignment sample
stage software-controlled by piezo-motors (PM) and a single fiber array
unit (FAU) attached to a manually controllable z-axis arm. The FAU is
fixed at an angle of 8° with respect to the surface to minimize GC back-
reflections. A camera system (CCD) is mounted from above for vision
and initial alignment of the FAU to the photonic systems. A Keithly
tunable laser source (TLS) with manual 3-paddle polarization controller
(PP) is connected to the input fiber of the FAU, while the output fiber is
directly connected to the photodiode detector (PD). The FAU contains
16 outputs with a 127 um spacing, which allows for the simultaneous
alignment of input and output GC. A schematic of the measurement
set-up is shown in Fig. 4(a).

In the semi-automatic measurement procedure employed for the
optical characterization of integrated photonic components an xy-raster
scan around the initial user-set location is performed. At the location
with the maximum power, a wavelength sweep is performed and the
measurement spectrum is stored. The system automatically moves to
the next system according to a position list and the procedure is
repeated.

2.9. Analysis procedure

The influence of the GC on the transmission spectrum of each system
is first determined. The optical power (in dB) of the spectrum is fitted
using a quadratic equation of the form y = ay +a, (x — x0)2 within the
3 dB bandwidth around the maximum power, resulting in an analytical
approximation of the GC envelope (the GC fit). The center wavelength
and maximum power of the GC are extracted from the GC fit.

The actual GC envelope (i.e. the smoothed maximum) over the
entire spectral bandwidth is also extracted (the GC envelope). The data
is subtracted from the GC envelope to obtain a normalized and leveled
transmission spectrum. The characteristics of each resonance within
the spectrum are extracted as follows. First, the minimum transmission
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Fig. 5. (left) Test structures on aSOI exposed using several doses (uC cm~2) and (right) the focus height variation across a standard SOI wafer normalized to the

minimal measured value (at 16 locations on the wafer in a 16 by 16 mm raster).

value is determined within a bandwidth given by a user-defined FSR;
the resonance is fitted on a linear scale (power in mW) within an FSR/6
bandwidth around this minimum value using a Lorentzian function:

a9
y_a0+(x—x0)2+az. )

The Lorentzian fit parameters for the resonance are stored and the
data one FSR higher is analyzed next. The procedure is repeated up
to the maximum measured wavelength. The fit parameters are used to
compute the resonance characteristics as follows: 4., = x;, FWHM =
24/a3, O = Ares/FWHM and FSR = A, = Ares uy1 With m the resonance
peak number or mode order, while the ER is extracted from the unfitted
normalized and leveled data since this parameter is strongly influenced
by over- and under-fitting of the resonance peak. The FSR data for MRR
groups is fitted using a linear function of the form y = a, + a, (x — x;)
with x, = 1550nm to accurately determine the waveguide dispersion
and radius-dependence.

Systems containing resonances with an average ER < 3 dB, a
deviation of the GC center wavelength > 20nm or transmitted power
> 10 dB with respect to the average of the analyzed design group
are filtered out and excluded from the analysis, since these systems
suffer from dust particles, linewidth exposure deviations or etching
inconsistencies. An exemplary Lorentzian fit to resonance data is shown
in Fig. 4(b).

3. Results and discussion
3.1. Exposure dose

The influence of the proximity effect on the feature size of various
design test shapes was investigated across a range of doses. An array
of photonic test structures exposed at several selected doses is shown
in Fig. 5 for the aSOI platform. Determining the dose-to-clear is more
complex than initially expected, as it depends on the feature size. For
an aSOI wafer a dose D > 120 uCcm™? is required to fully develop
larger structures with radii » > 10 pm. Features with radii r = 0.5 - 2 um
require a dose D > 130 pCcm~2 and a dose D ~ 140 pCcm™2 is required
for features with radii » = 0.1 - 0.2 pm.

Furthermore, Fig. 5 also illustrates the focus height variations Z
across a standard SOI wafer. These variations exceed the depth of focus,
emphasizing the necessity to adjust the focus locally for each design file
within a chip rather than applying a single focus setting for the entire
wafer or each chip.

3.2. Design-based proximity correction

3.2.1. Uniform grating couplers

The transmission spectrum of uniform grating coupler systems with
varying duty cycles and periods was measured and simulated. The enve-
lope was extracted from the measured spectra for further analysis. The

results were normalized with respect to the spectrum with the highest
transmission and the center wavelength and relative maximum power
were determined. Fig. 6 presents the center wavelength as a function
of duty cycle and period for both measured and simulated data. The
wavelength range within the maximum power window (transmission
> —3 dB) is similar for the simulation and measurement data. Further-
more, the measured center wavelength exhibits a linear dependence on
the duty cycle and period, consistent with theory (see Egs. (1) and (2)).
For a given period, the duty cycle and thus a proximity offset can be
used to tune the center wavelength.

3.2.2. Apodized grating couplers

We measured spectra from 32 apodized microring resonator (AP
MRR) devices. These devices were divided into 4 groups of 8 systems
each, sharing the same AGC design proximity offset. Each group has
a different proximity constant. Fig. 7(a) shows the measured spectra.
Fig. 7(b) presents the relationship between center wavelength and
proximity offset. This plot includes four measurement sets with 4 design
groups each and two additional sets of 32 devices with a proximity
constant /, = 50 nm. A linear fit captures the trend well. This indicates
that the proximity constant can tune the center wavelength while
keeping transmitted power constant.

3.2.3. Microresonators

The coupling gap of microresonators (MRRs) was varied across four
groups, each containing eight systems with a radius of R = 10pm.
The free spectral range (FSR) was well approximated by a linear fit
(see Fig. 8). This indicates waveguide dispersion with wavelength. As
expected, the FSR showed a negligible dependence on the coupling
gap. Data at wavelengths less than 1480 nm and extinction ratio
(ER) below 5 dB should be considered noise. These data correspond
to GC design 1 in Fig. 7(a) and should be excluded from analysis.
The remaining data show that smaller coupling gaps are optimal at
shorter wavelengths. Larger gaps are required at longer wavelengths
to maximize the extinction ratio. The theoretically required coupling
gap to achieve critical coupling is approximately 160 nm. The practical
optimal range of 140-150 nm suggest a desired proximity offset of
10-20 nm.

3.3. Dose-based proximity correction

3.3.1. Apodized grating couplers

To test the influence of a dose-based proximity correction scheme
the AGC design was adjusted using 4 proximity functions (see Sec-
tion 2.6) as compared to an unadjusted (default) design for several
design specific doses D,. The results are shown in Fig. 9. The white
space in Fig. 9(a) indicates the split in two design files located 8 mm
apart, which results in an offset due to processing differences. The offset
was corrected for in Fig. 9(b).
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Fig. 6. Center wavelength of uniform grating coupler for the (a) measured systems and (b) simulated systems. The red lines indicate the relative transmission.

The inset in (a) shows an exemplary measured spectrum and the envelope.
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Fig. 8. (a) FSR and (b) ER for fitting all resonances in the transmission spectrum of 32 MRR devices with R = 10 pm.

The main observable difference in the results is the dose offset
for a given center wavelength. The transmission at the center wave-
length was not significantly influenced by the proximity correction
scheme. For an intended 1., = 1520 nm the design specific dose
can be decreased from 120 down to 95 pCcm™2 depending on the
employed proximity function. The correction function f;, adjusts both
the relative dose for the design segments with respect to each other
and the absolute dose depending on the dimensions of the design shape
(i.e. the minimum f,, and the range of f, vary with the proximity
function). The decrease in the required D, for obtaining the same center
wavelength roughly corresponds to the average increase in f;, at the
GC for each proximity function. For example, the default design is
exposed with a constant f,, = 1 and D, = 120 pCcm™2 resulting in

D = 120 pCcem™2, while the 3Ge design is exposed with f, = 1.23
- 1.34 at the GCs and D, = 95 pCcm~2 resulting in D = 116 -
127 pCem~2, such that the average D at the GC is the same. The
shape adjustments resulting from the dose variations at the GC do not
significantly influence the performance in terms of transmitted power
or bandwidth. Dose correction of the GC does not improve over a design
adjustment.

3.3.2. Microresonators

A set of R = 50pm AP MRR systems containing different gap
sizes was fabricated without proximity correction and with the 3Ge
proximity correction scheme. The dose D, was scaled such that the
AGC received the same average dose in both cases. The results are
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shown in Fig. 10. For the 3Ge-corrected AP MRR designs, a clearer
trend in the extinction ratio (ER) variation with wavelength as a
function of coupling gap was observed compared to the uncorrected
designs. Additionally, the optimal design showed a higher ER when
dose correction was applied.

3.4. Comparison of proximity correction methods

A comparison of the methods shows that both design-based and
dose-based proximity correction effectively compensate for proximity
effects. Dose-based correction achieves somewhat higher accuracy in
device performance metrics due to its ability to correct complex shapes
precisely. A simultaneous dose correction of both the resonator and
grating coupler leads to an improved overall system performance and a
single system optimum. Design-based correction offers a practical trade-
off, enabling rapid implementation with a single exposure dose and no
additional computational effort while achieving reasonable accuracy.

4. Conclusions

We investigated the effects of both design-correction and dose-
correction procedures on mitigating proximity effects. The design-
correction approach applies fixed offsets to design parameters, such
as the grating coupler (GC) duty cycle and the resonator coupling
gap, resulting in a general system optimization. A duty cycle offset
for uniform grating couplers (UGCs) or a proximity offset for apodized
grating couplers (AGCs) leads to a linear adjustment of the center
wavelength. For the fabricated systems in this work, a fixed coupling
gap offset of 20 nm was required to achieve critical coupling compared
to theoretical expectations.

Alternatively, proximity correction models using two or three Gaus-
sian (G) functions with zero or one exponential (e) function to modify
the dose distribution across the design were employed. The AGCs
designed with different models operated at similar center wavelengths
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and showed comparable coupled power for the same effective dose.
Moreover, the 3Ge model yielded microresonator systems with overall
higher extinction ratios.

In summary, design-based correction provides a simpler and faster
approach suitable for rapid prototyping, while dose-based correction
better compensates complex proximity effects at the expense of in-
creased computational time. The choice of method should balance
desired accuracy and available processing resources.
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