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Inverse Design of Nanophotonic Color Router Robust to

Oblique Incidence

Jaehyun Jeon, Chanhyung Park, Doyoung Heo, Haejun Chung, and Min Seok Jang*

With continued pixel miniaturization, conventional micro-lenses and
absorptive color filters in CMOS image sensors suffer from significant
performance degradation and low photon influx as the pixel pitch approaches
the diffraction limit. While numerous studies have explored nanophotonic
color routers as a solution, most lack a systematic analysis of optical efficiency
under broad incident angles, which is critical for practical CIS applications. In
this work, an inverse design framework based on automatic differentiation is
developed to achieve robustness against incident angle variations. The design
maintains a high optical efficiency of 78% on average within a +12° incident
angle range for unpolarized light.The trade-off relation between the
acceptance angle range and the achievable optical efficiency of the device is
also identified. The proposed optimized method is then demonstrated and
can be further extended to design broadband broad-angle color routers. These
findings pave the way for more efficient and versatile CMOS image sensors,
offering substantial improvements over existing methods by ensuring efficient

With continued pixel miniaturization
in CMOS image sensors, pixel sizes of
commercial CIS have reached as small as
0.5 um.’! However, as pixel dimensions en-
ter the subwavelength regime, conventional
optical components encounter fundamen-
tal limitations. This miniaturization has
led to severe performance degradation in
traditional CIS systems, particularly in
the performance of the micro-lens array
as the operating regime shifts from ray
optics to wave optics.'®??] In addition,
absorptive color filters inherently discard
a significant portion of incident light,
limiting the maximum optical efficiency
to 25% for red and blue pixels, and 50%
for green. As the pixel area decreases, the
available photon flux scales down pro-

light utilization under realistic illumination conditions.

1. Introduction

CMOS image sensors (CIS) are core components in modern
imaging systems, converting analog optical signals into digital
information with a spatial resolution approaching the diffrac-
tion limit.[!! These image sensors have been widely used in ap-
plications requiring spectral and spatial light analysis, such as
hyperspectral imaging,[23] spectroscopy,**! and computational
vision.!®] To capture color information, CIS typically consists of
a micro-lens array, a color filter array (CFA), and photodetectors
arranged in a Bayer pattern.l®] The micro-lens array focuses inci-
dent light onto each subpixel, while the CFA absorbs unwanted
wavelengths, allowing only the designated spectral band to reach
each detector.
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portionally, making this intrinsic energy
loss a fundamental limitation to further
downscaling.
To address these challenges, nanopho-
tonic color routers based on optical
metastructures have been proposed as alternatives to conven-
tional microlens arrays and absorptive color filters.l'*2%] These
color routers guide incident light to the appropriate subpixels de-
pending on its wavelength by multiple scattering within a com-
plex subwavelength-scale structure. This approach not only offers
ultracompact designs for subwavelength-scale pixels but also ad-
dresses the inefficiency of conventional CIS systems, where light
directed on nontarget subpixels is wasted.

Significant progress has been made in the design of nanopho-
tonic color routers that effectively route light based on its wave-
length. Among various architectures, freeform nanophotonic
color routers, which are unconstrained by a fixed topology,!?’!
have demonstrated superior performance, including near-perfect
optical efficiency,>1¢] single-layer operation,'*)l and multi-
functional capabilities!!*?] through various design methods.
These high-performance structures typically require a high de-
gree of freedom, and are commonly designed using advanced
optimization methods,?®! including nature-inspired heuristics
such as genetic algorithms (GA)!?22* and particle swarm opti-
mization (PSO),?%! and gradient-based methods using automatic
differentiation (AD)[?!) and adjoint variables.["*¢] In particular,
inverse design frameworks based on AD and adjoint variable
methods have proven effective in exploring large and complex de-
sign spaces, efficiently finding optimal device structures.[1>1629]

Despite these advances, most prior works have focused ex-
clusively on normal incidence of light, neglecting the angular
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variation that arises in commercial CIS. In practical CIS appli-
cations, the incident angle of incoming light cannot be assumed
to be perfectly normal, as they are used for imaging systems with
finite f-numbers. Previous studies report that acceptance angles
of typical commercial sensors often range from 8° to 11° for f/2.4
to f/1.7 lenses in Si0, 3% and can further increase as the numer-
ical aperture (NA) of the imaging system increases,*'*?] depend-
ing on the pixel pitch, lens type, and stacking architecture. As a
result, the performance of many existing designs degrades sig-
nificantly under off-normal illumination, revealing a critical gap
in achieving angular robustness. Addressing this limitation re-
quires optimization strategies that explicitly incorporate oblique
incidence conditions into the design process.

In this study, we present an angle-tolerant nanophotonic
color router designed with a gradient-based optimization method
based on rigorous coupled-wave analysis (RCWA). By incorporat-
ing oblique incidence into the objective function and leveraging
a diagonal symmetry, we achieve over 78% average optical effi-
ciency within a +12° incident angle range with minimal inter-
subpixel crosstalk of 12% for unpolarized illumination. We fur-
ther investigate how the performance varies with the acceptance
angle range and the number of layers (N;) composing the color
router, highlighting the role of structural degrees of freedom in
setting angular performance limits. Finally, we show that our de-
vice optimization scheme can be extended to design angle-robust
color routers for broadband operation. Unlike previous works
that partly discussed the issue of non-normal incidence,"*1%] our
work constitutes a design framework that enforces the robust-
ness against incidence angle variation and thereby provides a
systematic analysis on how the angle-robustness depends on the
design parameters, exploring the intrinsic performance limit by
employing freeform structures with high degrees of freedom.

2. Design Strategy

Nanophotonic color routers replace the traditional roles of micro-
lenses and dye-absorptive filters by simultaneously redirecting
the incident light into its corresponding subpixel depending on
wavelength. This functionality is achieved through multiple scat-
tering and propagation phase variations dictated by the spatial
distribution of refractive indices. To this end, we structure the
design region above a Si photodetector into a large number of
nanoscale voxels in the form of square pillars, as illustrated in
Figure 1a. The design region is configured as a square column
with a lateral dimension of 1 ym and a height of 2 um. This col-
umn is discretized into a pixelated array, where each layer con-
sists of 50 x 50 independent voxels. Vertically, the structure is
composed of N; = 100 layers, forming a highly resolved 3D grid.
Each voxel within this grid is filled with either of the two distinct
CMOS-compatible materials, silicon nitride (Si;N,) and silicon
dioxide (SiO,).

To ensure consistent optical efficiency for azimuthal angles of
both 0° and 90°, a diagonal symmetry condition of n(x, y) = n(y,
x) is imposed on the refractive index distribution as illustrated
in Figure 1b. This condition not only enhances performance at
these specific azimuthal angles but also guarantees identical op-
tical responses under TE and TM polarizations at normal inci-
dence, which is crucial for polarization-independent operation.
Additionally, the symmetry ensures that the two green subpixels
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Figure 1. Nanophotonic color router robust to oblique incidence. a) Illus-
tration of nanophotonic color routing under oblique incidence. The T um
X Tum X 2 um design region is divided into 50 X 50 X 100 voxels, which
are filled with either SiO, (light gray) or SisN, (dark gray). The structure is
optimized for incident angles within + 12°. b) Top view of the design re-
gion, where the dashed line indicates the symmetry plane for n(x, y) = n(y,
x) ) Cross-sectional view of the pixelated photodetectors with the Bayer
arrangement indicated by colors. The Si photosensitive areas are 0.42 pm
wide and surrounded by 0.08 pm wide SiO, deep trench isolation.

in the Bayer pattern exhibit similar efficiency, preserving spatial
color balance. Figure 1c shows the photodetector positioned di-
rectly beneath the design region, consisting of four photosensi-
tive silicon subpixels arranged in a Bayer pattern within a square
configuration, surrounded by deep trench isolation walls with
SiO,. The active region of each subpixel has a width of 0.42 um,
which is similar to or shorter than the wavelength of visible light.

The enormous degrees of design freedom, N = 50 x 50 X 100
/ 2 = 125,000, are beyond the capacity of classical global opti-
mization methods such as GAP? or PSO.34 Here, we employ a
gradient-based local optimization framework integrated with AD,
which enables efficient model refinement by iteratively updat-
ing parameters using AD-computed gradients.[*>3°] AD operates
by recording the computational path during the forward simula-
tion and subsequently applying the chain rule to efficiently com-
pute gradients during the backward pass.”38] Unlike the con-
ventional finite-difference method, whose gradient computation
time scales with the number of design variables, AD allows for
obtaining the figure of merit (FoM) gradient on an arbitrary num-
ber of variables in a short time.

The detailed optimization procedure is illustrated in Figure 2.
In the optimization process, the design parameters py,, which
determine the refractive indices n, of each voxel in the 3D struc-
ture are used to construct the device geometry. To enforce struc-
tural symmetry across the y = x plane, only one half of the sym-
metric region is independently parameterized, while the other
half is mirrored such that p;; = py,, as indicated in Figure 2.
The initial values of p;; are randomly assigned within (- oo, o),
and then normalized to values between 0 and 1 with a sigmoid
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Figure 2. Optimization flow chart for nanophotonic color router design. The optimization process involves calculating the figure of merit through the
black arrows and performing backpropagation based on partial derivatives, following red arrows, to refine the latent matrix. Normalization is applied
to the latent matrix to adjust each voxel’s refractive index between those of silicon nitride and silicon oxide. The electromagnetic field is evaluated with
differentiable rigorous coupled wave analysis, with the condition of the incident angle within + 6,.

function. These normalized values are mapped to the refractive
index range [n,, n,], where values near 0 and 1 correspond to SiO,
and Si;N,, respectively. Intermediate values represent effective
media between the two. We note that n,(4) and n,(4) take into
account for the realistic wavelength dependence of refractive in-
dices across the RGB spectral bands.[3%40]

For a given refractive index distribution, the electromagnetic
field of the nanophotonic color router is computed through a rig-
orous coupled-wave analysis (RCWA) using MEENT, a PyTorch-
based RCWA library that supports AD.[*!l The optical efficiency
(OE) is defined as the ratio of the z-directional Poynting vec-
tor, S,, integrated over the target photodetector region to the to-
tal incident power, where (x;, x;,) and (y;;, y,) define the spa-
tial boundaries of the subpixel corresponding to the target color
i € {R, G, B}. The total incident power is calculated by integrat-
ing the incident S, over the entire unit cell area of size L X L,
where L = 1 um denotes the periodicity of the structure.

/yyiz /;‘;Z S, (A) | =am dody
OE (6, 1) = 21
fo ,/0 Sz (A) |inc dxdy

1)

The optical crosstalk (OX) is defined as the ratio of power flux
misrouted to nontarget photodetector regions j # i as follows:

s S [ S, () Ly ey
./OL ./OL Sz (A) |inc dxdy

0X (0, 1) = 2)
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The monochromatic performance (F) is evaluated as a
weighted sum of optical efficiency and optical crosstalk under a
specific incident angle (6) and wavelength, multiplied by 1 — R(9,
) to account for the reflectance (R) loss!!2*! as follows:

F(0,4) = (0.9 OE (6, 1) — 0.1 OX (8, 4)) X (1 — R (6, 4)) (3)

FoM is completed by incorporating the minimum value of F
among the three wavelengths, which correspond to the center
wavelength of R, G, and B: 650, 550, and 450 nm, respectively.
This minimax algorithm optimizes for the worst-performing
wavelength, ensuring uniform optical efficiency across a broad
wavelength range. During the optimization process, each voxel’s
refractive index continuously varies within the range defined by
the refractive indices of Si;N, and SiO,. During the optimization,
the refractive index distribution gradually converges to the target
material values (Si;N, and SiO,). However, for practical fabrica-
tion, each voxel should be rounded to either Si;N, or SiO,, as in-
termediate values are not physically realizable. However, for prac-
tical fabrication, each voxel must be rounded to either Si;N, or
Si0,, as intermediate values are not physically realizable. There-
fore, a final binarization step is applied after the optimization is
complete. In this step, all remaining voxels with intermediate re-
fractive indices are rounded to the nearest material value.

To achieve a color router with enhanced robustness against
oblique incidence, we optimized the structure by iteratively
varying the incident angle during the design process. In each
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Figure 3. Performance of optimized color router. a) Comparison of the performance between structures considering and not considering oblique in-
cidence. The field distributions of the z-direction Poynting vector at the top of the photodetector are shown for each wavelength and incident angle
condition. The left and right sides represent the structure optimized with 8, of 0° and 12°, respectively. b) The average of the RGB optical efficiencies
of optimized structures for different 6,. c) The Pareto front of the optimized structure’s performance, showing the trade-off between HWHM and mean
optical efficiency. The x-axis indicates the target acceptance angle (6,) used during optimization. The mean optical efficiency is represented by the black

line, and the HWHM value is represented by the red dashed line.

iteration, a single incident angle is selected from the target inci-
dence angles spanning from —6, to 6, in 2° increments and used
in the simulation. We set the target acceptance angle 6, to 12°,
which is compatible with a wide range of practical applications
while avoiding excessive trade-offs in device performance. This
range strikes a balance between practical relevance and design
feasibility, ensuring angular robustness under realistic illumina-
tion scenarios. To ensure polarization insensitivity under oblique
incidence, both TE and TM polarizations are simulated at each se-
lected angle, and the resulting optical efficiencies are averaged.
Since all these computations are AD-compatible, the gradients
of the FoM with respect to the design parameters of each voxel in
the structure can be efficiently obtained through AD. These gradi-
ents are then propagated backward, as indicated by the red arrows
in Figure 2, enabling iterative parameter updates. We employ a
stochastic gradient ascent (SGA) to update the design parameters
and progressively enhance the structure’s performance. The evo-
lution of the structure across iterations is explored in Figure S1
(Supporting Information), providing further insights into the op-
timization process. Both optimization and verification are based
on the RCWA with a Fourier truncation order of.(®/ Additionally,
as shown in Figure S2 (Supporting Information), the structure
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is further validated using higher truncation orders up to,!’! con-

firming that the results are identical.

3. Result

Figure 1 presents the fully binarized optimized structure, along
with its cross-section, which is optimized for 6, = 12° and N; =
100 layers. The dark cubes represent Si,N,, while the light cubes
represent SiO,. To compare the proposed broad-angle optimiza-
tion (6, = 12°) with the optimization only at a normal incidence,
we analyzed the S, distributions of the resulting devices from the
two optimizations, as shown in Figure 3a. At normal incidence,
both optimized structures exhibit a clear Bayer-shaped RGB field
distribution. However, the performance of the normal-incidence-
optimized design collapses entirely under +12° incident angles,
failing to maintain the color routing functionality. In contrast,
the broad-angle-optimized structure maintains a distinct Bayer-
patterned RGB field even at +12°, demonstrating high color rout-
ing efficiency and angular robustness.

To further investigate the influence of the 6, on the pro-
posed design method beyond the specific comparison shown
in Figure 3a, we conducted various optimizations, each under
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Figure 4. Impact of the number of layers. a) The average of RGB optical efficiencies of optimized structures for different N,. b) The mean optical

efficiency within the +0, range of the incident angle.

different 6, conditions, keeping all other design parameters con-
stant while gradually increasing 0, from 0° to 20° in 4° incre-
ments. Figure 3b provides a quantitative analysis of the aver-
age RGB optical efficiencies of the optimized color routers for
each 6,. The structure designed only for normal incidence (i.e.,
0, = 0°) achieves near-perfect optical efficiency under that condi-
tion. However, the performance drastically drops to ~#29% at 12°
oblique incidence, clearly demonstrating its limitation. A simi-
lar trend can be found for the other 6, values. Although the opti-
cal efficiency at normal incidence of broad-angle-optimized struc-
ture (87%) is slightly lower compared to that of normal-incidence-
optimized design (99%), it maintains a minimum of 68% of op-
tical efficiency with significantly reduced degradation across the
optimized angular range. A similar trend is observed in optical
crosstalk, as shown in Figure S6 (Supporting Information). At
0, = 0° case, the crosstalk is almost negligible at normal inci-
dence, but it increases significantly as the angle of incidence in-
creases. Specifically, for the normal-incidence design, the average
crosstalk within the —12° to 12° range is ~26.8%. However, for
the design optimized at §, = 12°, the crosstalk is significantly
reduced, with an average value of only 12%, demonstrating the
optimization’s ability to reduce crosstalk even at oblique angles.
These results emphasize that the methodology proposed in this
study is essential to ensure consistently high performance across
a broad angular range. The expanded analysis for a broader range
of 6 is provided in Section S7 (Supporting Information). To en-
sure robust performance across general incident light conditions,
we further evaluated the response at intermediate azimuthal an-
gles (¢ = 15°, 30°, and 45°), confirming that the associated opti-
cal performance degradation is as low as 9.3% on average at ¢ =
45°. This validation is provided in Section S5 (Supporting Infor-
mation) for further details.

We note that as the 6, increases, a trade-off emerges between
the angular tolerance and the optical efficiency of the optimized
structures. Figure 3c presents the trade-off behavior based on
the data shown in Figure 3b, demonstrating that as 6, increases,
the half width at half maximum (HWHM) angle increases, while
the mean optical efficiency within the + 6, range decreases. As
0, increases from 0° to 20°, the mean optical efficiency within
0 €[-0,,+0,] decreases from 99% to 67%, while the HWHM in-
creases from 5° to 20°. Figure S3 (Supporting Information) offers
further insight into the mechanism behind broad-angle function-
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ality by presenting the electric field intensity distributions across
the design region. The optimized structures for each 6, are pre-
sented in Figure S4 (Supporting Information).

These angular performance trade-offs inherently depend on
the structural degrees of freedom. In particular, the number of
layers (N;) plays a key role in achieving angular robustness. The
impact of N; is examined by optimizing structures with N, rang-
ing from 5 to 125, while keeping the 6, and the design height fixed
at 12° and 2 um, respectively. As shown in Figure 4a, increasing
N; leads to a consistent enhancement in optical efficiency within
the incident angle range of +12°, with the angular response be-
coming more balanced between positive and negative angles.
When N; is 5, the optimized structure fails to achieve a meaning-
ful color routing functionality in the full angle range. However,
performance improves rapidly as N; reaches 10, at which point
the structure achieves over 60% mean optical efficiency as shown
in Figure 4b. The mean optical efficiency saturates at #78% when
the N, reaches 75, with no noticeable improvement observed at
higher N;. Figure S7 (Supporting Information) shows that the
optical crosstalk exhibits a similar trend. When N; =5, the mean
optical crosstalk within the incident angle range of +12° is 30.4%,
butit rapidly decreases as N increases and eventually saturates at
~12% when N, exceeds 75. This indicates that the performance
of the router has a limit when increasing the N; while maintain-
ing the total height of the design region.

We provide an extended analysis of fabrication constraints in
Section S8 (Supporting Information). We first analyze the impact
of the minimum feature size (MFS) under the condition of N;
=100 and 0, = 12°. As shown in Figure S10 (Supporting Infor-
mation), the design maintains its angular robustness and color
routing functionality up to MFS = 50 nm, sustaining an aver-
age optical efficiency of 67.8% within the incident angle range of
+12°, while losing its functionality at MFS = 100 nm. Separately,
to explore the trade-off between structural simplicity and opti-
cal performance, we apply Gaussian filters with different stan-
dard deviation (o) values to the optimized structure with MFS =

20 nm, N; = 100, and 0, = 12°. Figure S11 (Supporting Infor-
mation) shows that the structure achieves an average efficiency
of #59% within angular range of +12°, even with ¢ = 60 nm. In
addition, fabrication tolerance is further examined by modeling
probabilistic layer misalignments. Figure S13 (Supporting Infor-
mation) shows that our design remains robust under random
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Figure 5. Performance of the color router optimized with broadband conditions. Performance of the color router optimized with single wavelength
and broadband conditions, for each R, G, and B spectral range. Each heatmap maps the optical efficiency values of the R, G, and B subpixels to their
respective color channels using a normalized colormap with RGB values defined in the [0, 1] range.

lateral displacements, where each layer is independently shifted
in the +x and +y directions with equal probability. Figure
S14 (Supporting Information) illustrates the case of Gaussian-
distributed probabilistic shifts, confirming that the design main-
tains robustness up to 6 = 60 nm. Moreover, Figure S12 (Support-
ing Information) shows that a simplified two-layer color router
filtered with ¢ = 15 nm achieves an average efficiency of 43.7%
within +12°, outperforming conventional absorptive color filters.

While the previous analysis focused on angular performance
at the RGB center wavelengths, real-world applications require
stability across broader spectral ranges. To address this, the opti-
mization process is extended to include additional wavelengths
around each RGB center. Specifically, the minimax algorithm
is modified to incorporate +10 and +20 nm offsets in each it-
eration. Here, 0, is fixed at 12°, and N; is set to 100. Figure 5
presents the performance of the optimized structure as a func-
tion of wavelength and incident angle, where the RGB optical
efficiencies are mapped to image source values corresponding to
each incident condition. The structure optimized under a single-
wavelength condition exhibits high performance at each center
wavelength but quickly degrades as the wavelength shifts. In con-
trast, the structure optimized under a multiwavelength condi-
tion maintains relatively lower optical efficiency across a broader
wavelength-incident angle pair range, demonstrating a trade-off’
between two variables. The trade-off arising from maintaining
high performance across a broad spectral range is particularly evi-
dentas the incident angle increases, as shown in Figure S15 (Sup-
porting Information). We also compare the optical crosstalk of
the color routers optimized under single-wavelength and broad-
band conditions, as shown in Figure S16 (Supporting Informa-
tion). Both the center-wavelength and spectrally averaged results
exhibit only minor differences between the two cases, indicat-
ing that the two optimization approach has a minor impact on
crosstalk.

4, Conclusion

In conclusion, we propose color routers that are robust to oblique
incidence, achieving a balanced trade-off between peak efficiency

Adv. Optical Mater. 2026, 14, €01697

01697 (6 of 7)

and angular robustness. The optimized structure maintains a
mean optical efficiency of 78% within a +12° incident angle range
and achieves 87% efficiency under normal incidence, compared
to 99% for a normal-only design. While this represents a reduc-
tion in peak performance, it is a necessary and acceptable com-
promise to achieve angular stability, which is essential for real-
world imaging conditions. Additionally, we analyze the impact
of the target acceptance angle and the number of layers on de-
vice performance, thereby outlining the empirical performance
boundary of the proposed design strategy. Importantly, we begin
by demonstrating that the normal-incidence-optimized structure
suffers from severe angular performance degradation, highlight-
ing the necessity of the present study. Finally, by introducing a
color router that maintains angular robustness over a broad spec-
tral range, we take a step toward realizing nanophotonic color
routers that operate reliably under general incident light condi-
tions. To further assess the practical applicability of the proposed
approach, experimental validation through device fabrication is
necessary. In addition, accounting for inter-pixel crosstalk be-
tween adjacent pixels can further improve the imaging quality of
integrated systems. Recently, Lee et al. suggested that thin metal-
lic walls or air trenches could effectively suppress the inter-pixel
crosstalk.[*?]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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