Supporting Information: Suppressing Stitching Errors in
Full-Sensor-Plane Color Routers via Optical Structural Similarity

Donghyun Kim', Junseo Han?, Seunghyun Lee', Min Seok Jang*, Haejun Chung'>>"

'Department of Electronic Engineering, Hanyang University, Seoul 04763, Republic of Korea

’Department of Artificial Intelligence Semiconductor Engineering, Hanyang University, Seoul 04763, Republic of
Korea

3Department of Artificial Intelligence, Hanyang University, Seoul 04763, Republic of Korea

4School of Electrical Engineering, Korea Advanced Institute of Science and Technology, Daejeon 34141, Republic of
Korea

This supplementary document provides additional analysis, derivations, optimization details, iso-
lated performance of each unit-cell library, and stitched-supercell validation results that support

the main manuscript.



Note S1. Angular sensitivity of a color router optimized exclusively for normal incidence

To assess how rapidly performance degrades when the color router is optimized only for normal
incidence, we evaluated the resulting device under oblique illumination while sweeping the polar
angle from 10 to 10 . As shown in Figure S1, the red, green, and blue optical efficiencies all
exhibit a pronounced maximum at = 0 , indicating that the device performs best at the design
angle.

As j ] increases, the efficiencies of all three channels decrease rapidly. The average optical

efficiency,

R+ g+ B,

shows a narrow on-axis peak and falls to approximately one-half of its maximum valuebyj j 6 .
The angular response is also nearly symmetric with respect to positive and negative tilt, indicating
that the dominant degradation is governed primarily by the magnitude of the deviation from the
design angle rather than by its sign. These results directly motivate the angle-specific color-routing

strategy developed in the main text.



Note S2. Optimization Implementation and Approximation Validation
S2.1. Adjoint-based topology optimization

The 3D freeform color router consists of a 1:2  1:2  2:0 m?3 design region placed above a2 2
Bayer-pattern photodetector array. Each photodetector has a lateral footprint of 0:48  0:48 m?,
and adjacent photodetectors are separated by 0:12 m-wide deep-trench-isolation regions, result-
ing in a unit-cell pitch of 1:2 m. The design region is discretized into (20 nm)? cubic voxels,
corresponding to approximately 3:6 ~ 10° degrees of freedom. In this work, the color-router de-
signs are represented by two lossless dielectric materials, silica and silicon nitride, with dielectric
constants "joy = 2:10 and "high = 4:41, respectively.

The design region is parameterized by a continuous variable (X) 2 [0; 1], where X denotes the
spatial coordinate. To impose a minimum feature size, the raw design variable is first smoothed by

a conic filter:!
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where 1(X) is the filter kernel and denotes convolution. The filtered variable is then projected

toward binary values using a hyperbolic-tangent mapping:>
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where is the projection sharpness and = 0:5 is the threshold. During optimization, is
gradually increased so that the final design approaches a binary distribution. The permittivity

used in the electromagnetic simulation is obtained by linear interpolation between the two design



materials:

"(X) = "|0W + (X) "high "Iow : (S3)

At convergence, this filtering/projection schedule yields binarized final silica/silicon-nitride struc-
tures.

For a sampled incident angle pair ( m; m), the optical figure of merit used in the main text is

> 2
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where each OE; is the band-averaged optical efficiency of the corresponding color channel and the
penalty term enforces balanced power delivery between the two green pixels. Once the objective
is specified, the adjoint source is defined from the functional derivative of Fog with respect to the

field on the measurement plane:
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where X' denotes the measurement-plane coordinate and Foe:i is the channel-wise contribution to
the objective.
For each color channel, the forward simulation gives the field EMY(X; 1; m) inside the de-

sign region, and the corresponding adjoint simulation gives E?dj(x; m; m)- The channel-wise

permittivity gradient is then obtained from the forward—adjoint field overlap:
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and the total optical gradient is the sum over the three color channels:

0Foe _ < @Fog;
(X @"(x)

; (S7)

>
~

i2fR;G;Bg

The gradient with respect to the underlying design variable (X) is obtained by backpropa-
gating the permittivity gradient through the material interpolation, hyperbolic-tangent projection,
and conic-filter operations via the chain rule. When OSS regularization is included, its analyti-
cal gradient is added to @Fog=@"(X) before this backpropagation. The resulting gradient is then
used to update (X) with the Adam optimizer.? For each selected incident angle, one forward and
one adjoint simulation are carried out independently for each of the three color channels, so each

optimization iteration involves six full-wave simulations in total.

S2.2. Effective incident-angle deviation under Bloch boundary conditions

Under lateral Bloch boundary conditions, the in-plane wavevector is fixed during a given simu-
lation. For a target plane wave specified by azimuthal angle o, polar angle o, and reference

wavelength (, the imposed in-plane wavevector is
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If the same wavevector is reused at another wavelength , the direction of Ky is unchanged, so the

effective azimuthal angle remains = o, whereas the effective polar angle becomes wavelength
dependent: '
i@~
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The resulting polar-angle deviation is therefore

(s 000=ce() o (S10)

Equation (S10) shows that the mismatch vanishes at normal incidence and increases with both
the spectral detuning j oj and the target polar angle . Table S1 first reports the deviation
obtained when a single broadband source centered at 550 nm is used over the visible range. In that
case, the mismatch becomes substantial near the spectral edges and reaches 5:59 at o =22 .

To reduce this mismatch inside the optimization loop, we divide the visible band into three
sub-bands and use separate simulations centered at o = 650 nm (red), 550 nm (green), and
450 nm (blue). Table S2 summarizes the resulting deviations at wavelengths 30 nm from each
band center. For g 20 , the maximum deviation remains within approximately 1:4 , and
even at o = 22 it is limited to about 1:55 . This comparison justifies the three-source ap-
proximation used during optimization. We emphasize that this approximation is used only within
the optimization loop; all final device performances reported in the main text are evaluated using

wavelength-resolved simulations in which K is recalculated for each ( ; ; ).

S2.3. Fixed-azimuth sampling approximation

The optimization loop in the main text fixes the sampled azimuth at ., = ( and sweeps only the
polar angle , within the angular zone Z . ;. To assess the validity of this approximation for the
final 3D freeform library, we evaluated the azimuthal-angle dependence of representative unit cells
using post-optimization wavelength-resolved simulations. We chose the same high-polar-angle

representative cells used in the isolated-spectrum validation of Grid 1 and Grid 2, namely UCy -5



and UCsp .50 from Grid 1 and UCj 50 and UCys 0 from Grid 2. All simulations in this note
were performed at the zone-center polar angle = ¢ = 20 , where any residual angular sensitivity
is expected to be most visible.

Figure S2 shows the optical-efficiency spectra of these four unit cells as the azimuth is varied

about the zone center. For Grid 1, we sweep = o+ with 2F 5; 4 ;:::;5 g, consistent
with the = 10 angular discretization. For Grid 2, we use 2 F 25; 2;:::;250,
corresponding to representative azimuthal offsets within the finer = 5 discretization. In all

four cases, the red-, green-, and blue-channel spectra remain largely unchanged as  varies around

The overlap is especially tight for the Grid 2 examples, consistent with the narrower azimuthal
span of the finer angular sampling. These results support the reduced angular sampling strategy
adopted in the optimization loop: within a given angular zone, the device response is substantially
more sensitive to variations in  than to the comparatively small variations in . Fixing m = o
therefore reduces the computational cost of each optimization sweep without materially changing

the target angle-robust behavior of the final unit-cell library.

S2.4. Polarization study

In natural-scene imaging, light incident on a CIS is generally unpolarized. A rigorous assessment
of polarization-independent operation would thus require separate simulations for TE- and TM-
polarized illumination and incoherent averaging of the resulting responses, which approximately
doubles the computational cost of each optimization iteration. To improve efficiency, we use a
single excitation condition throughout the main text: a plane wave linearly polarized at 45 with

respect to the TE/TM basis. While this choice contains equal TE and TM amplitudes, it is a coher-



ent superposition and therefore not strictly equivalent to unpolarized illumination. The reported
results should therefore be interpreted as responses to 45 linearly polarized incidence.

To assess the role of polarization, we examine the color-router response at three levels. First,
representative unit cells from the main-text libraries are re-evaluated under separate TE- and TM-
polarized illumination to quantify the polarization dependence of the designs used in the main
text. Second, an auxiliary dual-polarization optimization is performed for the innermost angu-
lar zone to examine whether high-efficiency color routing can be obtained when TE and TM re-
sponses are explicitly included in the objective. Third, an additional polarization-insensitive, OSS-
constrained Grid 2 library subset is constructed and evaluated at both the isolated-unit-cell and
stitched-supercell levels, thereby testing whether polarization-resolved operation can be combined
with the OSS-based stitching-error suppression strategy.

To examine the polarization dependence of the unit-cell libraries used in the main text, we
performed polarization-resolved simulations for representative unit cells under separate TE- and
TM-polarized illumination. Figure S3 summarizes the optical-efficiency spectra of five representa-
tive unit cells from the freeform Grid 2 and five-layered Grid 2 libraries. In addition, the freeform
Grid 1 library was evaluated quantitatively under the same polarization-resolved conditions. For
each architecture, the responses were analyzed separately for TE- and TM-polarized incidence,
and the red, green, and blue target spectral bands are shaded in Fig. S3 for clarity.

For the freeform libraries, the representative unit cells preserve the intended color-routing be-
havior under both TE- and TM-polarized illumination. For the freeform Grid 2 library, this be-
havior is shown in Figs. S3(a) and S3(b): the red-targeting designs exhibit high optical efficiency
in the red spectral band, while the green- and blue-targeting designs maintain their corresponding

band-selective responses. Quantitatively, the average optical efficiency of the examined freeform



Grid 1 unit cells decreases from 85.1% under the 45 linearly polarized excitation used in the main
text to 70.0% and 68.8% under TE- and TM-polarized illumination, respectively. Similarly, the av-
erage optical efficiency of the examined freeform Grid 2 unit cells decreases from 85.3% to 69.9%
and 68.0% under TE- and TM-polarized illumination, respectively. The corresponding TE-TM
efficiency differences are 1.2 and 1.9 percentage points for Grid 1 and Grid 2, respectively, indi-
cating that the two polarization states lead to similar averaged efficiencies for the representative
sets, although the absolute efficiency is reduced under the polarization-resolved oblique-incidence
conditions.

A similar trend is observed for the five-layered Grid 2 library. As shown in Figs. S3(c) and
S3(d), the five-layered unit cells also retain their wavelength-selective routing characteristics for
both TE and TM incidence. The average optical efficiency decreases from 71.1% under the 45
linearly polarized excitation to 59.4% and 59.5% under TE- and TM-polarized illumination, re-
spectively. The nearly identical TE and TM efficiencies indicate that the five-layered designs
exhibit only a small polarization imbalance for the representative unit cells considered here.

These results clarify the role of polarization in the main-text libraries. The main-text libraries
were primarily constructed to satisfy the OSS constraint and suppress stitching-error-induced per-
formance degradation, rather than to explicitly optimize polarization-insensitive operation. Conse-
quently, a reduction in absolute optical efficiency is observed when the designs are evaluated under
separate TE- and TM-polarized oblique incidence. Nevertheless, the representative unit cells main-
tain their target spectral selectivity, and the averaged TE-TM efficiency differences remain small.
These observations motivate the polarization-explicit optimizations described below.

As a first step toward polarization-explicit design, a separate auxiliary optimization was per-

formed for the innermost angular zone by explicitly including both TE- and TM-polarized illu-
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mination cases in the objective. Here, UC, refers to the newly optimized dual-polarization unit
cell for the innermost angular zone, and should be distinguished from the UC, design used in the
main-text library.

The auxiliary UC, was assigned to the polar-angle range 2 [ 2 ; 2 ]. In this optimization,
the TE and TM responses were weighted equally so that the structure was required to maintain high
color-routing performance for both orthogonal polarization states across the full assigned angular
range. Since this design corresponds to the innermost angular zone and is optimized without OSS
constraints from neighboring cells, it provides a direct assessment of the intrinsic polarization
dependence of the angle-specific color-routing mechanism.

Figure S4 summarizes the performance of the resulting design. Panels (a) and (b) show the
optical-efficiency spectra under TE- and TM-polarized illumination, respectively, evaluated at the
five sampled incident angles = 2; 1,;0;1,and?2 . For both polarization states, the red,
green, and blue responses remain clearly separated and retain high efficiency in their respective
target channels over the entire assigned angular range. Moreover, within each color channel, the
spectra obtained at the five sampled angles are closely grouped, indicating that the device per-
formance varies only weakly across 2 [ 2 ;2 ]. Panel (¢) further shows the field-intensity
distributions at the photodetector-array plane under normal incidence for TE- and TM-polarized
illumination. In both cases, the optical energy is routed predominantly to the intended photodetec-
tor region: red light to the red pixel, green light to the two green pixels, and blue light to the blue
pixel. The close similarity of the detector-plane intensity profiles for the two polarization states
confirms that the underlying routing behavior is preserved under both TE and TM excitation.

Taken together, these results show that angle-specific color routing can also be achieved us-
ing a design obtained from a full dual-polarization optimization. Thus, although the main text
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focuses on 45 linearly polarized incidence for computational efficiency, the auxiliary optimiza-
tion demonstrates that polarization-robust color-router designs can be obtained when both TE- and
TM-polarized illumination are explicitly considered.

While the auxiliary single-zone design confirms the intrinsic feasibility of dual-polarization
color routing, it does not address whether such polarization-explicit optimization remains com-
patible with the OSS-constrained library construction used to suppress stitching errors. To exam-
ine this point, the dual-polarization treatment was extended to the OSS-constrained library level.
Specifically, an additional polarization-insensitive, OSS-constrained Grid 2 library subset was con-
structed by including both TE- and TM-polarized responses during the unit-cell optimization. Un-
like the auxiliary single-zone design discussed above, this library subset was generated under the
same angle-discretized and OSS-constrained framework used in the main text. This subset covers

=0 and5 with =2 ;4 ;6 ;8 ,and 10 , including the four boundary-adjacent unit cells used
for the representative Q-type stitched-supercell analysis. Therefore, this analysis tests whether
TE/TM polarization robustness can be added to the library construction without sacrificing the
OSS-enforced structural similarity between neighboring angular zones that is needed to suppress
stitching errors.

Figure S5 summarizes the resulting polarization-insensitive, OSS-constrained Grid 2 library
subset and its stitched-supercell response. Figure S5(a) shows representative unit cells from the
newly constructed library subset, covering =0 and 5 with =2 ;4 ;6 ;8 , and 10 . This
subset retains the same angle-discretized structure as the original OSS-constrained Grid 2 library,
while the optimization objective explicitly includes both TE and TM illumination.

Figure S5(b) shows the isolated optical-efficiency spectra for four representative boundary-
adjacent unit cells, UCq .3 , UCq .19 , UCs .5 , and UCs .1 , evaluated under separate TE- and
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TM-polarized illumination. These four unit cells correspond to the angular zones forming the
representative Q-type boundary used for the stitched-supercell analysis. For each unit cell, the
spectra are shown at the center polar angle and at the two neighboring sampled angles, o 1, o,
and o+ 1, while keeping the corresponding azimuthal angle fixed.

To quantify the angular robustness of these isolated unit cells, we computed the target-band-
averaged optical efficiencies over all incidence conditions plotted in Fig. S5(b). Across the four
representative unit cells and the three sampled polar angles for each unit cell, the RGB target-band
mean efficiencies are 77.9% for TE-polarized incidence and 82.7% for TM-polarized incidence,
corresponding to a TE/TM-averaged value of 80.3%. The corresponding channel-resolved TE/TM-
averaged efficiencies are 88.4%, 75.2%, and 77.2% for the red, green, and blue target bands,
respectively. The RGB target-band mean efficiency ranges from 75.2% to 79.5% for TE incidence
and from 80.9% to 84.0% for TM incidence over the plotted angle set. These results indicate
that the isolated boundary-adjacent unit cells maintain wavelength-selective color-routing behavior
over the local angular range shown in Fig. S5(b).

For quantitative comparison with the stitched-supercell calculation, the representative bound-
ary cells were also evaluated at the common boundary incidence condition ( ; ) = (2:5;9).
At this incidence condition, the target-band-averaged optical efficiencies remain high for both
polarization states. Averaged over the four representative unit cells, the RGB mean efficiencies
are 77.6% for TE-polarized incidence and 82.1% for TM-polarized incidence, corresponding to a
TE/TM-averaged value of 79.8%. The channel-resolved TE/TM-averaged efficiencies are 88.0%,
74.6%, and 77.0% for the red, green, and blue target bands, respectively. Thus, although a small
TE-TM difference remains, both polarization states preserve high wavelength-selective routing

performance in the representative boundary-adjacent cells.
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We then evaluated whether the same polarization-insensitive library subset remains compatible
after stitching neighboring angular zones. Figures S5(c) and S5(d) compare the isolated-unit-cell
spectra with the corresponding spectra extracted from a stitched 6 6 Q-type supercell under TE-
and TM-polarized illumination, respectively. The Q-type supercell consists of UCs .15 , UCs g,
UCy .5 , and UCy .1p assigned to the four quadrants Q1-Q4. The stitched-supercell spectra were
evaluated at the boundary incidence condition ( ; ) = (2:5 ;9 ) and compared against the corre-
sponding isolated-unit-cell spectra under the same incidence condition.

The stitched-supercell analysis shows that the spectral response is largely preserved after stitch-
ing. Using the RGB-concatenated relative L, difference between the isolated and stitched spec-
tra as the stitching-error metric, the average stitching errors are 6.15% for TE polarization and
5.59% for TM polarization, corresponding to a TE/TM-averaged stitching error of 5.87%. These
results indicate that the polarization-insensitive unit cells can be stitched into the representative
OSS-constrained Q-type supercell with only moderate spectral deviation from the isolated-unit-
cell references.

These results extend the conclusions of the polarization study in two ways. First, they show
that wavelength-selective color routing with high target-band efficiency can be maintained when
both TE- and TM-polarized illumination are explicitly included in the optimization objective. Sec-
ond, they demonstrate that the resulting polarization-insensitive unit cells can still be stitched into a
representative OSS-constrained supercell with only moderate spectral deviation from the isolated-
unit-cell references. Therefore, while the main text uses a45 linearly polarized excitation for com-
putational efficiency, the present analysis demonstrates, for a representative oblique-angle library
subset and stitched Q-type boundary, that the proposed OSS-constrained color-router framework
can be extended toward polarization-insensitive library construction by explicitly incorporating
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both TE and TM responses into the optimization objective.

S2.5. Photodetector model study

Throughout this work, the photodetector array beneath the color-router design region is modeled
using a constant dielectric permittivity corresponding to silicon nitride ("', = 4:41), rather than a
dispersive and absorptive silicon medium. This approximation is primarily introduced to reduce
computational cost. In particular, the high refractive index of silicon (N 3:8-5:6 over the 400—
700 nm wavelength range) requires a significantly finer spatial discretization in finite-difference
simulations, thereby substantially increasing the computational burden.

To assess the impact of this approximation, we re-evaluated representative unit cells using a
Lorentzian model for silicon that captures the dispersive refractive index and non-negligible extinc-
tion coefficient across the visible range, as shown in Figure S6(a). The silicon photodetector model
includes a dispersive silicon photodetector array with deep-trench isolation (DTI) between neigh-
boring photodetector regions. The optical-efficiency spectra obtained using the SiN-equivalent
photodetector model and the silicon photodetector array are compared in Figure S6(b)—(d).

For the innermost unit cell UC; under normal incidence, the spectral shapes of all three
color channels are well preserved under the silicon photodetector model. The band-averaged op-
tical efficiency decreases from 91.9% to 82.4%, corresponding to an absolute reduction of 9.5
percentage points. We also evaluate representative oblique-incidence cases. For UCj o un-
der ( ; ) = (0 ;20 ) incidence, the band-averaged optical efficiency decreases from 85.9% to
77.8%, corresponding to an absolute reduction of 8.1 percentage points. For UCys .50 under
( ; ) = (45 ;20 ) incidence, the efficiency decreases from 84.6% to 76.2%, corresponding to an

absolute reduction of 8.4 percentage points.
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Although the silicon photodetector model leads to a moderate reduction in the absolute optical
efficiency, the spectral selectivity and color-routing behavior of the red, green, and blue channels
are retained for both normal and oblique incidence. The efficiency reduction is mainly attributed to
the high refractive index and absorption of silicon in the visible range. In practical CIS stacks, how-
ever, the photodetector region is typically accompanied by additional optical layers such as anti-
reflection coatings and passivation layers, which can reduce the reflection penalty associated with
the high refractive index of silicon. Similar anti-reflection treatments are also generally known to
be incorporated in commercial nanophotonic color-router or nanoprism-type image-sensor stacks.
Therefore, the efficiency reduction observed here should be interpreted as a conservative estimate
based on a simplified silicon photodetector model, rather than as a fundamental limitation of the
proposed color-router design. These results confirm that the lower-permittivity approximation for

the photodetector array preserves the essential color-routing functionality of the optimized designs.
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Note S3. Two-dimensional angle-specific color routers

The 2D model is used as a numerically transparent proof-of-concept for isolating stitching-induced
degradation before treating the full 3D problem. Each 2D unit cell consistsof a1l:5 m 2:0 m
design region above three laterally arranged photodetector regions. Independent optimizations
were carried out for multiple target polar angles, and the resulting designs were subsequently

stitched into long 2D supercells to separate genuine interface effects from finite-domain artifacts.

S3.1. Isolated unit-cell performance

Figures S7 and S8 show representative optimization histories and isolated optical responses for
UCg and UCy; , respectively. In both cases, the color-channel figures of merit rise rapidly during
the early stage of the optimization, while the projection schedule steadily drives the design toward
a binary silica/silicon-nitride distribution. The final spectra remain well separated over the sampled
incident-angle range assigned to each unit cell, confirming that the isolated 2D designs achieve the

intended angle-specific color-routing behavior before stitching.

S3.2. Long-supercell validation of stitching error

To verify that the spectral degradation observed after stitching originates from the structural discon-
tinuity at the interface rather than from finite-supercell artifacts, we constructed elongated 40-cell
supercells consisting of 20 copies of one unit cell and 20 copies of its neighboring unit cell. Cells
far from the stitched interface remain surrounded by a nearly periodic local environment under the
applied Bloch boundary conditions, so their responses closely reproduce the isolated references
(e.g., L10 and R10 cells). By contrast, cells immediately adjacent to the interface experience a

mismatched neighborhood and exhibit pronounced spectral distortion (e.g., L19, L20, R1, and R2
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cells). The degradation is therefore localized to the stitched boundary itself and cannot be attributed
to the nite supercell length.
Figure S9 shows the long-supercell analysis for thes UWDC,, pair at the boundary angle
= 10 . A similar interface-localized degradation trend is observed for the = d&se, as

shown in Figure S10.
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Note S4. Three-dimensional freeform angle-speci c color routers

This note collects additional information for the 3D freeform libraries. Unless otherwise stated,
dashed curves denote isolated unit-cell spectra under Bloch boundary conditions and solid curves
denote spectra extracted from the corresponding boundary-adjacent cells in stitched supercells.
For convenience, we classify the two representative four-zone stitched-boundary layouts into
Q-type and H-type con gurations (Figure S11). The Q-type boundary denotes the quadrant-like
arrangement in which the four angular regions meet in the usual four-quadrant form. The H-type
boundary denotes a staggered, step-like four-zone junction, named as a shorthand description of
its distinct local topology. These labels are introduced only as compact descriptors of the stitched-

boundary geometries used in the supercell validation.

S4.1. Independently optimized unit cells (Grid 1)

We rst consider a Grid 1 library built without OSS, with ( ; )= (10 ;4 ). The representa-

tive unit cells selected for stitched-supercell validation span both low- and high-azimuth branches
so that Q-type and H-type four-zone junctions can be examined. As shown in Figure S12, the inde-
pendently optimized geometries vary substantially from one angular zone to the next. The isolated
optical performance of these cells is summarized in Figure S13. Although the isolated designs
exhibit strong angle-speci ¢ color routing, Figure S14 shows that the stitched spectra near the
junctions deviate markedly from the isolated references in all four tested boundary con gurations.

These results support the large stitching error discussed in the main text.
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S4.2. Sequential construction and validation of OSS-constrained unit cells (Grid 1, OSS

= 0:90)

The construction of the angle-speci c library follows a systematic sequential optimization pro-
cedure to ensure structural continuity across the entire angular space. The process starts with
UC, , which is optimized without an OSS constraint and serves as the reference for subsequent
steps. From this initial cell, the rst branch is generated alopg 0 , yielding UG .4 , UCy 5 ,

UCo .12, UCp .16, and UG 0 . Each newly introduced unit cell is optimized under an OSS
constraint with respect to the nearest previously optimized neighbor along , thereby enforcing
gradual structural evolution along the branch.

Once this initial branch is established, additional branches are introduced at increadtog
example, along they = 10 branch shown in Figure S15(c), each new unit cell is optimized
under OSS constraints with respect to the nearest previously optimized neighbors along both
and . Repeating this outward-expansion rule progressively extends the library to larger azimuthal
angles, as illustrated in Figure S15(d), up to= 50 .

Following this procedure, we construct the complete 30-cell Grid 1 library. Figure S17 shows
the resulting library (except UL), where unit cells evolve smoothly from one angular zone to the
next. The optimization stability during this process is con rmed in Figure S16, which shows that
the optical objective converges while strictly satisfying the imposed OSS constraints.

The isolated performance of these cells is evaluated in Figure S18, where representative spectra
demonstrate that strong angle-speci c color routing is maintained despite the structural constraints.
Finally, Figure S19 provides the two additional Grid 1 stitched-boundary cases at ;#ddether

with the = 10 cases reported in Figure 5 of the main text, these results complete the four-
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boundary Grid 1 validation. In all cases, the stitched spectra remain much closer to the isolated
references than in the independently optimized library, consistent with the reduced stitching error

reported in the main text.

S4.3. OSS-constrained unit cells (Grid 2, OSS = 0:95)

Grid 2 uses ner angular step sizes, ( ; )=(5 ;2), together with a stricter OSS threshold of

= 0:95. The resulting 100-cell library (except UQ) is shown in Figure S21. The optimization
histories of representative unit cells are provided in Figure S20, con rming stable convergence
under the stricter OSS requirement. Figure S22 con rms that representative unit cells maintain
clear angle-speci c color routing over their assigned angular zones. Figure S23 provides the two
additional Grid 2 stitched-boundary cases at = #ogether with the = 19 cases reported in
Figure 6 of the main text, these results complete the four-boundary Grid 2 validation. The close
overlap between isolated and stitched spectra con rms that ner angular sampling and tighter OSS

enforcement further suppress stitching-induced perturbations.

S4.4. Extension to Full 36@Azimuthal Coverage: Circular Branch and Wrap-around Closure

The freeform Grid 2 library reported in this work explicitly optimizes a 100-cell core sector span-

cell UC, . To examine whether the same OSS-constrained construction can be continued over
a full azimuthal circle, we additionally extend the library ig for the four smallest polar zones,

0o 212 ;4;6;8(g. This choice targets the low-polar-angle region, where azimuthal variation

is most frequent near the sensor center, while avoiding the substantially increased computational

cost that would result from explicit full-360optimization for every polar zone. The azimuthal
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extension adds 248 optimized unit cells beyond the core sector, yielding 348 optimized unit cells
in total, excluding the innermost cell.

Figure S25 summarizes this construction. Panel (a) shows the previously reported core sector.
Panel (b) shows the circular branch obtained by continuing the sequential OSS-constrained opti-
mization from UGs . , through increasing, up to 350 for ¢ 2 f2 ;4 ;6 ;8 g. Panel (c) high-
lights the nal closure step aty = 355 . At this wrap-around seam, the terminal cell §€. | is
simultaneously adjacent to two azimuthal neighborsgddC, and UG . , as well as to the polar
neighbor UGss . , . The closure optimization therefore requires simultaneous OSS matching
to three reference cells, extending the single- and dual-reference construction used elsewhere in
the library.

The resulting closure cells remain well behaved. For all four low-polar-angle branches, the
optimized UGss . , cells and their respective pairs satisfy OSS 95%, indicating that the three-
reference closure converges without introducing an obvious structural discontinuity at the wrap-
around seam. Their isolated optical responses are shown in Figure S26. The red, green, and
blue target-channel spectra remain clearly separated over the assigned angular setgsfer UC
UCsss 4 , UCss5 6 , and UGss .5 . Averaged over the four closure cells, the mean optical ef-
ciency is 84.5% and the mean optical crosstalk is 1.88%. These results con rm that the OSS
framework can be extended to full azimuthal wrap-around while preserving strong angle-speci c
color routing in the closure branch.

Direct stitched-supercell validation of the wrap-around seam is provided in Figure S27. For all
four polar zonesy 2 f2 ;4 ;6 ;8 g, the optical-ef ciency spectra of the boundary-adjacent cells
(Q1-Q4) in the stitched supercells closely track their isolated references across the red, green, and

blue channels, con rming that the OSS framework maintains stitching robustness at the azimuthal
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wrap-arou nd seam.

S4.5. Computational cost and scalability

To quantify the computational cost associated with the angle-speci c library construction, we mea-
sured the wall-clock time required for unit-cell optimization in the present implementation. All
unit-cell optimizations in this work were performed on a single workstation equipped with two
AMD EPYC 9554 64-core processors, corresponding to 128 physical CPU cores and 256 hard-
ware threads in total. One unit-cell optimization required approximately 3.5 h of wall-clock time
when executed on the full CPU node. Based on the 128 physical CPU cores, this corresponds to
approximately 448 core-hours per unit cell.

Using this estimate, the coarser Grid 1 sector library, which contains 30 optimized unit cells ex-
cluding the normal-incidence seed cell, corresponds to approximately 105 h of cumulative single-
node wall-clock time, or 13,440 core-hours, under strictly sequential full-node execution. The ner
Grid 2 sector library contains 100 optimized unit cells and therefore corresponds to approximately
350 h of cumulative single-node wall-clock time, or 44,800 core-hours. Thus, reducing the angular
stepsizesfrom(; )=(10 ;4)inGrid1to (5;2)in Grid 2 increases the number of op-
timized sector-library cells by a factor of approximately 3.3 in the demonstrated angular domain,
with a proportional increase in cumulative optimization cost.

The same estimate also clari es the cost of extending the angular library in azimuth. The ex-
plicit Grid 2 library including the low-polar-angle full-36@zimuthal extension contains 348 op-
timized unit cells, corresponding to approximately 1,218 h of cumulative single-node wall-clock

time, or 155,904 core-hours. If the same Grid 2 angular discretization were explicitly extended
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would contain 720 angle-speci c unit cells, excluding the normal-incidence seed cell. This hypo-
thetical complete Grid 2 angular library would require approximately 2,520 h, or about 105 days,
of cumulative single-node wall-clock time under strictly sequential execution, corresponding to
approximately 322,560 core-hours.

These estimates should be interpreted as cumulative CPU costs for the present CPU-only im-
plementation, rather than as a fundamental scalability limit of the OSS framework. The OSS-
constrained library construction contains local sequential dependencies because neighboring ref-
erence cells must be available before optimizing a new unit cell. However, once the required
reference cells are speci ed, different angular branches or available optimization frontiers can be
distributed across independent compute nodes. Therefore, the elapsed calendar time can be sub-
stantially reduced by parallel execution, even though the cumulative core-hour count remains a
useful measure of total computational effort.

In addition, the computational cost of unit-cell optimization can be signi cantly reduced by us-
ing server-scale CPU resources or GPU-accelerated FDTD solvers. Recent GPU-based FDTD im-
plementations have reported speedups of one to two orders of magnitude over conventional CPU-
based FDTD simulations. Such acceleration is directly relevant to the present adjoint-optimization
work ow because each iteration is dominated by repeated forward and adjoint time-domain sim-
ulations. Therefore, larger angular libraries can be constructed more ef ciently by combining
parallel library generation with accelerated electromagnetic solvers.

Finally, we emphasize that practical full-sensor deployment does not require a separate in-
verse design for every physical pixel. Instead, the optimized library is indexed by chief-ray-angle
conditions and can be reused across sensor regions with similar angular incidence. The relevant
computational task is therefore the construction of a nite angular library, rather than full-pixel-
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scale inverse design over the entire sensor plane. The angular discretization should be selected
according to the desired trade-off among optical ef ciency, stitching-error suppression, angular

coverage, and computational budget.

S4.6. Sensitivity to the OSS threshold

The OSS threshold de nes the minimum structural similarity enforced between neighboring
angular zones during the sequential construction of the unit-cell library. To examine how this
parameter affects the optical response and stitching behavior, we performed a sensitivity study on
a representative subset of the Grid 1 library. Speci cally, we considered the four-zone Q-type
junctionat (; ) = (5 ;10), corresponding to the boundary con guration shown in Figure 5 of
the main text. The four boundary-adjacent unit cells,\uC, UCy .12 , UCyp 5, and UGp 12 ,
labeled Q1-Q4, were optimized using = 0:85, 0:90, and 0:95, while all other optimization
parameters were kept xed. For each threshold, we evaluated two averaged metrics: the average
isolated optical ef ciency of the four unit cells at their respective design angles and the average
stitching error of the assembled 6 6 supercell, computed using the same spectrally normalized
L, metric used throughout the main text. Figures S24(a) and (b) compare the isolated unit-cell
spectra and stitched-supercell spectrafor =0:85and = 0:95, respectively, while Figure S24(c)
summarizes the two averaged metrics as functions of . The = 0:90 case is the Grid 1 design
used in the main-text analysis.

As increases from 0:85 to 0:90 and 0:95, the average isolated optical ef ciency decreases
from 92:96% to 91:10% and 88:31%, whereas the average stitching error decreases from 12:83%
to 10:91% and 9:19%. For comparison, the same boundary assembled from independently opti-

mized unit cells without the OSS constraint exhibits a substantially larger stitching error of 27:6%.
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Thus, the tested thresholds exhibit a smooth and monotonic trade-off between isolated-cell perfor-
mance and stitching-error suppression, without any abrupt transition. Over the full interval from

= 0:85to0 = 0:95, the stitching error decreases by 3:64 percentage points, while the isolated
optical ef ciency decreases by 4:65 percentage points. Importantly, all OSS-constrained cases
reduce the stitching error to less than half of the unconstrained value, indicating that stitching-
error suppression is a robust consequence of the OSS constraint rather than an effect that depends
sensitively on a particular threshold value.

These results clarify the underlying design trade-off associated with the OSS threshold. A
larger enforces stronger structural similarity between neighboring angular zones, thereby reduc-
ing the permittivity discontinuity at the stitching interface and suppressing the stitching error. At
the same time, the stronger similarity constraint restricts the design space available to each unit
cell and can therefore reduce the isolated optical ef ciency. The appropriate threshold should thus
be selected in conjunction with the angular grid resolution. In the coarser Grid 1 library, neighbor-
ing angular zones correspond to more widely separated incidence conditions, so an overly strict
similarity requirement can unnecessarily penalize isolated-cell performance, as observed for the

= 0:95 case. The value = 0:90 therefore provides a balanced choice for Grid 1, achieving
substantial stitching-error suppression while preserving high isolated-cell ef ciency. In the ner
Grid 2 library, neighboring zones are intrinsically more similar in their target incidence conditions,
allowing the stricter threshold = 0:95 to be imposed with a smaller ef ciency penalty while
further suppressing stitching error. This trend is consistent with the improved stitching behavior of

Grid 2 shown in the main text.
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Note S5. Five-layer angle-speci c color routers

This note provides additional results for the ve-layer OSS-constrained design introduced in Sec-
tion 3.3 of the main text, including representative optimization histories, the complete unit-cell
library, isolated spectra, and complementary stitched-boundary validations. Compared with the
freeform Grid 2 library, the ve-layer designs exhibit somewhat lower isolated ef ciencies, re ect-

ing the reduced geometric degrees of freedom of the layered parameterization. Nevertheless, the
stitched responses remain close to the isolated references, indicating that strong stitching robust-
ness is preserved.

Representative optimization histories are shown in Figure S28, con rming that the optical ob-
jective converges stably while the structural-similarity constraint is maintained despite the reduced
degrees of freedom. The complete 100-cell library is shown in Figure S29, where the design re-
gion retains the same overall footprint as the freeform case but is partitioned into ve vertically
stacked layers. The isolated optical-ef ciency spectra of representative unit cells are provided in
Figure S30; relative to the freeform Grid 2 cases, the ve-layer spectra exhibit broader transitions
and somewhat lower peak ef ciencies, while still maintaining clear color-channel separation within
the assigned angular ranges. Finally, Figure S31 provides the complementary stitched-boundary
validations, where the stitched spectra remain close to the isolated references, con rming that the
OSS framework preserves strong stitching robustness even in the reduced-complexity layered ar-

chitecture.
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Note S6. Supercell-size convergence

S6.1. Optical-ef ciency spectra convergence

The stitched-supercell evaluations in this work are performed using a local 6 6 supercell, which
provides a practical compromise between computational cost and suf cient spatial isolation of the
stitched boundary under investigation. In a nite supercell calculation, the extracted response of
a boundary-adjacent unit cell can in principle be affected not only by the local structural disconti-
nuity at the intended stitching boundary, but also by the nite lateral extent of the computational
domain and by interactions with periodically repeated copies of the supercell. Therefore, we ex-
amined whether the 6 6 domain used throughout this work is suf ciently large to provide a
converged estimate of the local stitching response.

We compared optical-ef ciency spectra obtained from otherwise identical 6 6 and 10 10
stitched-supercell con gurations. The comparison was performed for representative boundary con-
gurations covering the main cases considered in this work: a Freeform Grid 1 stitched boundary,
a Freeform Grid 2 stitched boundary, and a 5-layer Grid 2 stitched boundary. For each represen-
tative case, the 6 6 and 10 10 simulations used the same local boundary geometry and the
same incidence condition speci c to that case. Speci cally, the Freeform Grid 1 case was evalu-
ated at (; ) = (5 ;10), whereas the Freeform Grid 2 and 5-layer Grid 2 cases were evaluated
at (; ) = (25 ;9). The optical ef ciencies were extracted from the four boundary-adjacent
cells labeled Q1-Q4. The larger 10 10 supercell increases the separation between the analyzed
boundary region and its periodically repeated replicas, and therefore serves as a stricter reference
for assessing nite-domain effects.

For a quantitative comparison, we evaluated the normalizespectral difference between the
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6 6 and 10 10 results for each boundary-adjacent cell and each color channel, expressed in

percentage units:

1] #1:2

(aic) X () (a:c) 2
L, =100 OEgs’( i) OE 1510 ( 1) ; (S11)

1
N

i=1

where g denotes the boundary-adjacent cell index, ¢ denotes the color channel, enth&l
number of sampled wavelengths. This metric is consistent with thype spectral error used

in the main analysis, while being normalized by the number of wavelength samples to facilitate
comparison between spectra. Since the optical ef ciency is de ned on a unitless 0-1 scale, the
factor of 100 converts the resulting spectral difference into percentage units.

The normalized L differences averaged over the four boundary-adjacent cells and the three
color channels are 1.6%, 1.1%, and 0.8% for the Freeform Grid 1, Freeform Grid 2, and 5-layer
Grid 2 cases, respectively. The corresponding maximum normalizetifierences among indi-
vidual cell-channel spectra are 2.7%, 1.4%, and 1.0%, respectively. These values indicate that the
spectral changes caused by increasing the supercell size from 6 6 to 10 10 are small for all
tested boundary con gurations.

The peak positions, passband shapes, and relative channel selectivities of the red, green, and
blue optical-ef ciency spectra are preserved when the supercell size is increased from 6 6 to

10 10. This trend is observed consistently for both Freeform designs and the 5-layer design.

S6.2. Field-pro le convergence

The supercell-size dependence was also evaluated at the eld-pro le level using a normalized

complex electric- eld overlap. For each representative stitched boundary, the local eld pro le of
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a boundary-adjacent cell embedded in the stitched supercell was compared with the corresponding

isolated Bloch-periodic unit-cell eld. The eld overlap is de ned as

jhEiso(d; ); E sc(a; )ij > . (S12)

M) ™ B )V E oo INE @ )1 @)1

where Eg, and E;. denote the complex electric elds obtained from the isolated unit-cell and
stitched-supercell simulations, respectively. The inner products were evaluated over the same unit-

cell design volume. The corresponding eld-overlap error is de ned as

€ad (0; ) =1 M(q; ): (S13)

For each stitched-supercell con guration,£ was evaluated for the four boundary-adjacent cells
Q1-Q4 at the three RGB center wavelengths, resulting in 12 eld-overlap error values. These
values were summarized by their root-mean-square value, consistent with-tiype_optical-

ef ciency stitching-error metric used in the main analysis.

For the Freeform Grid 2 Q-type junction at (; ) = (2:5,9 ), the RMS eld-overlap errors
obtained from the 6 6 and 10 10 supercells were both 5.83%, differing by only 0.005 percentage
points. The corresponding 6 6/10 10 differences were 0.86 percentage points for the Freeform
Grid 1 case and 0.49 percentage points for the 5-layer Grid 2 case. The weak dependepce of e
on the supercell size indicates that the local eld-pro le perturbation is not dominated by the outer
Bloch-periodic boundary or by the nite lateral extent of the computational domain.

Representative XZ cross-sections of Re(E) for the Q1 boundary-adjacent cell are shown in

Figure S33. For each case and wavelength, the isolated Bloch-periodic eld is compared with the
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corresponding local elds extracted fromthe 6 6 and 10 10 stitched supercells. The eld maps
are normalized by the maximum absolute Re(E) value among the isolated, 6 6, and 10 10 elds
for each case and wavelength. The eld pro les obtained from the 6 6 and 10 10 supercells
exhibit close agreement, consistent with the small eld-overlap-error differences quanti ed above.
Taken together, the optical-ef ciency and eld-pro le convergence results con rmthat the 6 6
supercell is suf ciently large to capture the local optical behavior of the stitched boundaries con-
sidered in this study. We therefore use the 6 6 stitched-supercell con guration for the systematic

boundary evaluations reported in this work.
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Fig S1: Angular response of a color router optimized exclusively for normal incidence. Left:
red-, green-, and blue-channel optical ef ciencies as functions of incident angle. Right: optical
ef ciency averaged over the three color channels. All channels exhibit a pronounced on-axis max-
imum, and the average ef ciency decreases to approximately one-half of its peak value by jj 6
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Table S1: Polar-angle deviation = ¢ o for a single broadband source centered at 550 nm,
evaluated at representative wavelengths across the visible range. The deviation increases markedly
toward the spectral edges, showing that a single xed Bloch wavevector is inadequate for broad-
band oblique-incidence optimization.

o(deg)| 420nm 480 nm 520nm 550nm 580nm 620 nm 680 nm

0 +0:00 +0:00 +0:00 +0:00 +0:00 +0:00 +0:00

4 095 051 0:22 +0:00 +0:22 +0:51 +0:95

8 1:90 1.02 0:44 +0:00 +0:44 +1:03 +1.91

12 286 155 066 +0:00 +0:67 +1:55 +2:90

16 3856 2:08 0:89 +0:00 +0:90 +2:10 +3:92

20 4:86 2:63 1:13 +0:00 +1:14 +2:68 +5:02

22 5:38 2:92 1:26 +0:00 +1:27 +2:98 +5:59

Table S2: Polar-angle deviation = o for the three band-centered sources used in the

optimization loop. For each source, the Bloch wavevector is xed at the corresponding band-
center wavelength and the deviation is evaluated at wavelengths 30 nm from the center. Since the
direction of k is unchanged, the azimuthal angle is unaffected and the mismatch is fully described

by .

o (deg) | R source (650 nm) G source (550 nm) B source (450 nm)
620 nm 680 nm| 520 nm 580 nm| 420 nm 480 nm
0 0 0 0 0 0 0

4 0:18 +0:18 0:22 +0:22 0:27 +0:27

8 0:37  +0:37 0:44  +0:44 0:54  +0:54

12 0:56  +0:56 0:66  +0:67 0:81 +0:81

16 0:76 +0:76 0:89 +0:90 1:09 +1:10

20 0:96 +0:97 1:13 +1:14 1:38 +1:40

22 1:06 +1:07 1.26  +1:27 1:54 +1:55
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Fig S2: Azimuthal-angle dependence of representative OSS-constrained 3D freeform unit cells at
the zone-center polar angle = =20 . Rows (a) and (b) correspond to G, and UGy 20

from Grid 1, and rows (c) and (d) correspond to $Jg and UGCs o0 from Grid 2. In each

row, the left, middle, and right panels show the optical ef ciencies delivered to the red, green,
and blue pixels, respectively, as the azimuth is varied aroynd\cross all four cases, the target
spectral responses remain nearly unchanged over the tested azimuthal offsets, indicating weak -
dependence within the angular span of a zone.
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Fig S3: Polarization-resolved optical-ef ciency spectra of representative unit cells from the main-
text libraries. (a) TE-polarized response of ve representative unit cells from the freeform Grid 2
library. (b) TM-polarized response of the same freeform Grid 2 unit cells. (c) TE-polarized re-
sponse of ve representative unit cells from the ve-layered Grid 2 library. (d) TM-polarized re-
sponse of the same ve-layered Grid 2 unit cells. The shaded regions indicate the blue, green, and
red target spectral bands. The representative unit cells preserve their wavelength-selective routing
behavior under both TE- and TM-polarized illumination, although the absolute optical ef ciency
decreases compared with the difearly polarized excitation used in the main text.
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Fig S4: Polarization-resolved performance of the separately optimized auxiliagyddSign. (a)
Optical-ef ciency spectra under TE-polarized illumination, evaluated at = ;21 ;0; 1,

and 2. (b) Corresponding optical-ef ciency spectra under TM-polarized illumination. In both
cases, the red, green, and blue target-channel responses remain clearly separated and maintain
high ef ciency over the full angular range assigned to the innermost zone. (c) Field-intensity
distributions at the photodetector-array plane under normal incidence for TE- and TM-polarized
illumination. In both polarization states, the optical intensity is routed predominantly to the in-
tended photodetector region(s), con rming polarization-robust angle-speci c color routing.
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Fig S5: Polarization-insensitive, OSS-constrained Grid 2 library and stitched-supercell analy-
sis. (a) Representative unit cells from the newly optimized library. (b) Isolated-unit-cell optical-

ef ciency spectra under TE- and TM-polarized illumination. (c,d) Comparison between isolated-

unit-cell and stitched-supercell spectra under (c) TE- and (d) TM-polarized illumination.
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Fig S6: Validation of the lower-permittivity approximation for the photodetector array. (a) Optical
constants of the silicon photodetector model across the visible wavelength range, obtained from a
Lorentzian model. The refractive index n and extinction coef cient k are shown by the dashed and
solid curves, respectively. (b) Optical-ef ciency spectra fordJGnder normal incidence, compar-

ing the SiN-equivalent photodetector model used during optimization with the dispersive silicon
photodetector array including DTI. (c) Optical-ef ciency spectra fordJé under oblique inci-

dence with (; ) = (0 ;20). (d) Optical-ef ciency spectra for UG ,o under oblique incidence

with (; ) = (45 ;20). Red, green, and blue curves correspond to the respective color channels.
The spectral shapes and color selectivity are preserved under the silicon photodetector model for
both normal and oblique incidence, although the absolute ef ciencies are moderately reduced.
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Fig S7: Optimization of the independently designed 2D unit cellgUfor the angular zone
centered ato = 8 with =4 . (a) Iteration-wise evolution of the red-, green-, and blue-
channel gures of merit together with the binarization metric. (b) Final binarized structure in the
1:5 m 2:0 m design region. (c) Optical-ef ciency spectra for the sampled incident angles
within the assigned zone ( = 6-10). Blue, green, and red shaded regions indicate the target
spectral bands.
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Fig S8: Optimization of the independently designed 2D unit celkJ@r the angular zone cen-
teredat o = 12 with =4 . (a) Iteration-wise evolution of the channel-wise gures of merit
together with the binarization metric. (b) Final binarized structure. (c) Optical-ef ciency spectra
for the sampled incident angles within the assigned zone ( =1@ ). The isolated spectra re-
main clearly separated across the red, green, and blue target bands.
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Fig S9: Long-supercell stitching analysis for the independently optimized 2D pair&id UG,

at the boundary angle = 10 (a) Forty-cell supercell composed of 20 copies ofgU(eft) and

20 copies of UG, (right), with the marked positions L10, L15, L19, L20, R1, R2, R5, and
R10 indicating the cells from which spectra are extracted. (b) Comparison of isolated responses
(dashed, before stitching) and stitched-supercell responses (solid, after stitching) at the marked
positions. Cells far from the interface, such as L10 and R10, closely reproduce the isolated Bloch-
periodic responses, whereas cells immediately adjacent to the interface, such as L20, R1, and R2,
exhibit pronounced spectral distortion across all three color channels.
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