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for subwavelength pixelated image sensors

Sanmun Kim,1,4 Chanhyung Park,1,4 Shinho Kim,1 Haejun Chung,2,3 and Min Seok Jang1,5,*

SUMMARY

Metasurface-based color splitters are emerging as next-generation optical components for image sen-
sors, replacing classical color filters and microlens arrays. In this work, we report how the design param-
eters such as the device dimensions and refractive indices of the dielectrics affect the optical efficiency of
the color splitters. Also, we report how the design grid resolution parameters affect the optical efficiency
and discover that the fabrication of a color splitter is possible even in legacy fabrication facilities with low
structure resolutions.

INTRODUCTION

The major optical components in classical image sensors are a microlens array and color filter. A microlens focuses the incident light on the

photodiode and the color filter blocks the light of unwanted wavelength (Figure 1A). However, such geometric optics–based configuration is

limited to image sensors with pixel sizes relatively large compared to the wavelength.1,2 Recent developments in image sensors brought the

subpixel size down to 0.56 mm,3 reaching down to the boundary of the geometric optics and wave optics. Further miniaturization will likely

cause a failure in design approaches based on geometric optics. Furthermore, a decrease in the subpixel size has led to a reduction of light

energy per subpixel leading to poor image quality. Metasurface-based color splitters are being investigated as a candidate for substituting

microlenses and color filters due to their high optical efficiency. Instead of filtering out lights of unwantedwavelength, the color splitter guides

the incoming light to the corresponding subpixels, thus opening theway to utilize light incident on the entire image sensor area. Compared to

the conventional image sensors whose subpixels only utilize either a quarter (red and blue) or half (green) of the incident light, the color split-

ters can, in principle, exhibit 2 to 4 times higher optical efficiencies.

Metasurface-based color splitter is configured by allocating dielectrics of different refractive indices inside the design region. This is a

typical freeform optimization problem involving high degrees of freedom (DoF). There have been many attempts to solve such optimization

problems. The first measurement data in the visible range was reported byMiyata et al.4 The authors used a conventional library-basedmeta-

atom method to design a single-layer color splitter. Although a library-based method has a significantly constrained design space, the fabri-

cated device already showed superior performance compared to the classical color filter. Similar work was followed by Zou et al. who de-

signed a single-layer freeform color splitter using the genetic algorithm and measured its performance in the visible range.5 Investigation

on multilayer devices has also been reported. Although a multilayer device tends to show higher performance, the design optimization of

a multilayer device is much harder than that of a single-layer device due to the large DoF. A typical approach to handle this large DoF is

to utilize local figure-of-merit gradients on design variables obtained through auto-gradient calculation6 or the adjoint method.7,8 Zhao

et al.9 and Catrysse et al.10 optimized high-complexity color splitters in 2D and 3D space using auto-gradient calculations. The design space

is meshedwith ultra-fine grids, and the authors were able to obtain a device design with near-perfect efficiency. Another pioneering work was

done by Camayd-Muñoz et al. where an adjoint-based method was applied to design a 3D device with a higher fabricability. Despite the

rapidly growing field,11–20 there has not been any systematic investigation into the choice of device design parameters. The choice of design

parameters, such as the device height or selection of refractive index, has a critical effect on the final optimized devices. Until now, the choice

of such parameters was based on simple deductions such as Fabry-Perot resonance conditions or even worse, based on the computational

resource availability.16

In this work, we outline the effect of design parameters on the optimized optical efficiency of a color splitter. The result shows that there

exist optimal ranges of both structural parameters and the optical index contrast of constituting materials, and more interestingly, their

optimal ranges are correlated with each other. We also investigate how the spatial grid size and the number of grid layers affect the optical

efficiency and demonstrate that a sufficiently high-performing device can be obtained even with a large cell size if a sufficient number of layers

are deposited. This highlights the important role that the choice of design parameters plays in determining the device’s performance.
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RESULTS

As schematically shown in Figures 1B and 1A, the color splitter deflects the incident light to its corresponding subpixel area. Instead of form-

ing a lens-like structure, the design area is gridded into rectangular cells, and each cell is filled with a selection of two different dielectrics. The

design parameters for the 2D color splitters can be classified into two categories: physical parameters and spatial resolution parameters. The

physical parameters include color splitter period (P), thickness (t), the position of the focal plane (h), and the refractive indices of the two

composing dielectrics (n1 and n2). The spatial resolution, determined by the number of grid layerNL and the grid elements in a layerNC, de-

fines how the design area is gridded into cells of equal shape. Consequently, the design problem possessesNL 3NC DoF and thus the num-

ber of possible structures is 2NLNC . The default values of each design parameter are given in Table 1. As the transition fromgeometric optics to

wave optics occurs for geometries with characteristic lengths comparable to or smaller than the wavelength, the color splitter configured with

the default design parameters lies within the wave optics regime.

In this work, we define the optical efficiency h(l) using the electric field intensity at the focal plane (denoted by the dashed line in

Figures 2A–2C).

hR;G;BðlÞ =
1

2

X
i = TE;TM

Zx2

x1

jEðl; iÞj2dx

ZP

0

jEðl; iÞj2dx
3Tðl; iÞ

Here,E is theelectric field at the focal plane, andT is the transmittance.Electric fielddistribution and the total transmittance are calculatedwith

RETICOLO, a rigorous coupled-waveanalysis package.21 x˛ ðx1; x2Þdefines the areaof the subpixel of interest. For simplicity,weassume that the

wavelength range required for red (R), green (G), and blue (B) subpixels are 600 nm–700nm, 500–600 nm, and 400 nm–500 nm, respectively.

Throughout the work, a normally incident light is assumed, and the optical efficiency is averagedbetween both transverse electric (TE) and trans-

verse magnetic (TM) polarizations. Figures 2A–2C show the electric field intensity distribution inside an optimized color splitter with the default

design parameters listed in Table 1. Figure 2D shows the electric field intensity distribution on the surface of the photodetectors. The optical ef-

ficiency hR;G;BðlÞ of the same device is shown as red, green, and blue curves in Figure 2E. The peak optical efficiencies within red (600–700 nm),

green (500–600 nm), and blue (400–500 nm) regions are 70.12% (669 nm), 57.15% (554 nm), and 77.39% (422 nm), respectively, which are compa-

rable to those reported in other relatedworks (see Table S1 for comparison).5,7,9,10,16,18 Both the field distributions and the optical efficiency plots

clearly show that the intensity of light is concentrated at the corresponding subpixel area on the focal plane. The optimized device possesses an

optical crosstalkof16.8% (seeFigureS1 fordetailedanalysis).Theoptical efficiencydrops rapidlyas theangleof incidence (q) deviates fromnormal

to the surface. The color splitting effect still remains for q% 7� but the efficiency becomes as low as 45.6% at q = 5� as discussed in Figure S2.

In a conventional Bayer-type image sensor, a pixel consists of two green subpixels and one subpixel for red and blue, respectively. In

order to account for such a subpixel ratio, we include two green subpixels in one period of a 1D image sensor. The default arrangement of

the subpixels in this paper was set to RGBG as the design is periodic and the wavelength of the green light is in between red and blue

(Figure 1B). In Figure S3, we compare the optical efficiency between the RGBG subpixel arrangement and the RGGB subpixel

Figure 1. Schematic of the working principle

(A) A simplified diagram of a conventional image sensor consisting of a microlens array and color filter.

(B) A schematic diagram of a color splitter. The design area (P3 t) is gridded into a grid ofNC 3NL, and refractive indices n1 and n2 are allocated to each cell for

color splitting. Two and four arrows at the focal plane of the color splitter imply that an ideal color splitter can have a two-fold, four-fold increase in optical

efficiency compared to the conventional design.
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arrangement. As Figure S3 suggests, the arrangement of subpixels has a marginal effect on the device performance in terms of optical

efficiency and crosstalk.

To understand how the design parameters of a color splitter affect its performance, we optimize the device geometry for various choices of

design parameters. For given device design parameters, a conventional genetic algorithm with elitism is performed to obtain the optimal

dielectric distribution in the grids.22,23 The optimization is configured with a population size of 200, and 100 epochs. The genotype of the

individuals in the gene pool is represented by a binary array with array dimensions equal to NC and NL. The goal of the optimization is to

maximize the average optical efficiency, h = ðhR + hG +hBÞ=3, where hR;G;B are the wavelength-averaged optical efficiencies obtained by

averaging hR;G;BðlÞ over the wavelength range corresponding to the subpixel type. During the optimization process, the optical efficiencies

Table 1. The default design parameters used in this work

Design parameter Value

Pixel period, P 1 mm (equivalent to subpixel size of 0.25 mm)

Thickness of the color splitter, t 1.5 mm

Refractive index of dielectric 1, n1 1.5

Refractive index of dielectric 2, n2 2.0

Position of the focal plane, h 0.5 mm

Number of grid layers (NL) 4

Number of cells in a layer (NC) 32

Figure 2. Performance of the optimized device

(A–C) The electric field intensity profile inside the optimized device is given in Figure 1B for a normally incident light of (a) l = 650 nm, (b) l = 550 nm, (c) l =

450 nm.

The depicted field distribution is the average of transverse electric and transverse magnetic polarized light.

(D) The electric field intensity profile of red, green, and blue normally incident light on the surface of the photodetector.

(E) Optical efficiency spectra of the same device. The default design parameters in Table 1 are used. The average optical efficiency is 58.29%. The device sorts red,

green, and blue normal incident light with peak efficiencies of up to 70.12%, 57.15%, and 77.39% at 669 nm, 554 nm, and 422 nm wavelengths, respectively.
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were averaged over thirty wavelength points (405 nm, 415 nm,. 695 nm) to reduce the computational cost, but the reported hwere averaged

over with much finer wavelength points (400 nm, 401 nm,. 700 nm). As shown in Figure S4, the difference between 30 and 301 wavelength-

point averaging is not significant (around 0.02 for (NL, NC) = (8, 64) and 0.01 for (NL, NC) = (4, 32)).

The advantage of substituting microlens and color filters with metasurface-based color splitters becomes clear for sub-micron image sen-

sors. Hence, we first investigate the effect of the physical dimensions of devices on the optical efficiency of the splitter. It should be noted that

the subpixel size of the 2D color splitter is a quarter of the device period, P. In comparison to a Bayer-type image sensor array, a 2D color

splitter extends infinitely in the y-direction so the pixel size is defined as the width of each subpixel in the x-direction. The pixel size of the

color splitter with the default design parameter is 0.25 mm, which is less than half the size of the smallest commercially available image sensor

of�0.56 mm.3 Figure 3 shows how the optimized h varies depending on the period P and the thickness twhile all the other design parameters

including DoF and refractive indices are fixed to their default values. For the devices with a deep subwavelength period of p = 0.25 mm, the

optimized average optical efficiencies are around the trivial value of 33%, which can be achieved with a simple antireflection layer. When pR

0.5 mm, the color splitters start to showmeaningful performance. At a given P, the device performancemonotonically increases and saturates

as the thickness t increases. The saturation point of t for 0.75mm% p% 2 mm is around 1.5 mm, and thus we set t = 1.5 mmas the default value.

We note that, however, the saturation point of t can vary as a function of the other design parameters. At a fixed t, the optimized h does not

monotonically increase with P but has a specific optimal value. This result is reasonable since it becomes increasingly difficult to split incident

light over a longer lateral distance within a given thickness.

The position of the focal plane from the color splitter, h, is a similar physical design parameter to P and t, which also defines the physical

dimension of the device. The dependence of the focal plane position on the optical efficiency is shown in Figure S5. In a periodic grating, the

modes with a high lateral wavenumber cannot be extracted in the far field. Hence, as the focal plane of the color splitter is located further from

the meshed region, the device is expected to have a lower efficiency due to the loss of near field. The sharp drop in optical efficiency for

h > 1 mm in Figure S5 agrees with this expectation.

The refractive indices of the composing dielectric materials are another critical factor determining optimal efficiency. In previous

works, the selection of a color splitter was based on simple relations such as the Fabry-Perot resonance condition.16 Those relations

only provide order-of-magnitude estimates. In this work, we tune the design parameters (t, n1, n2) to find the global trend in opti-

mized optical efficiency. For the sake of simplicity, we assume that the dielectrics filling each grid are dispersionless and have refrac-

tive indices of n1 and n2, where n1 % n2 is assumed throughout the work. The default values of (n1, n2) are (1.5, 2.0), which is similar to

the refractive indices of silica and silicon nitride. Our analyses reveal that, unlike other nanophotonic devices such as metalens whose

device performance monotonically increases with the refractive index contrast,24–26 color splitters have a distinct relation between

Figure 3. Dependency of design parameters: Period and thickness

Effect of device period (P) and color splitter thickness (t) on the optical efficiency of a color splitter.

NL and NC are fixed to (4, 32). The design parameters stated in Table 1 are used except for P, and t.

Figure 4. Dependency of design parameters: Refractive indices and thickness

Effect of refractive indices on the optical efficiency for different device thicknesses, t.

(A–C) Optimization based on a genetic algorithmwas carried out for color splitters with thickness (a) t= 0.1 mm, (b) t= 0.5 mm, and (c) t= 1.5 mm. In each color plot,

the lower refractive index n1 is changed from 1 to 2 with a step size of 0.25, and n2 is swept from 2 to 4 with the same step size, 0.25. Each square represents the

optimized efficiency obtained with the genetic algorithm. The maximum efficiency in each case is (a) 46.86%, (b) 54.98%, (c) 58.25%. Except for t, n1, and n2, the

design parameters given in Table 1 are used.
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the optimal refractive index contrast and the thickness of the device. When all the other parameters are fixed to their default values,

the optimal index contrast values, n1 - n2, are found to be 2.25, 1, and 0.5 for t = 0.1, 0.5, and 1.5 mm, respectively, as illustrated in

Figure 4. We speculate that the trend could be attributed to the fact that the maximum achievable vertical optical path length dif-

ference is determined by the product of optical index contrast and the thickness of the device.

The choice of DoF is important in both computational and experimental aspects. On the computational side, the design space

grows exponentially with the DoF, and the computational load required for optimization grows accordingly. Popular approaches

for tackling high DoF problems are through the adjoint gradient, which provides the gradient of FoM with respect to change in

the refractive index of every element in the design space,23,27–34 or through machine learning methods.35–43 In our work, we limit

the DoF to the order of hundreds so that the optimization problem is solvable using the classical genetic algorithm.22,44–47 On

the other hand, the DoF is directly related to the fabrication feasibility of the device. The number of layers, NL, determines the num-

ber of deposition steps, and the number of cells in a layer, NC, affects the minimum feature size. Despite its importance, previous

works on metasurface-based color splitters mostly lack investigations on DoF. In this work, we fix the values of the other design pa-

rameters including the device thickness, and change NL and NC to isolate the effect arising from the device dimension change. NL

and NC are chosen to be integer powers of 2. This implies the existence of trivial monotonicity. For example, a set of every possible

combination with (NL = 1, NC = 8) is a subset of (NL = 4, NC = 16) so the optical efficiency of the latter must be equal to or greater

than the previous one if the optimization converges to the global optimum. Since the number of possible combinations is sufficiently

low for device designs with DoF %16, an exhaustive search was carried out for the corresponding conditions. For device designs with

DoF R32, the previously-described genetic algorithm was carried out.

Figure 5 shows the optimized results for each NL and NC pair. In the figure, the trivial monotonic relation in the optimized efficiency is

observed. Regardless of the number of layers, the optimal h almost saturates when NC R 32, which corresponds to the minimum feature

size of �31 nm. The optimal h asymptotically approaches �60% for the default physical parameters. It is important to note that, the number

of layersNL plays a pivotal role in determining the device performance. For example, even withNC = 4 (minimum feature size of 250 nm), it is

possible to achieve the average optical efficiency of �54% (about 90% of the highest efficiency achieved in this work) by having 8 layers. A

similar trend was found when NL is increased while keeping the thickness of each layer to be 375 nm as shown in Figure S6. The designs

of color splitters for different DoF conditions are displayed in Figure S7. For low-efficiency devices, a line of reflection symmetry exists at

the center of the red and blue subpixel. This line of reflection symmetry originates from RGBG subpixel arrangement which is also symmetric

with respect to that line. However, such reflection symmetry isn’t observed in the optimized devices. The lack of symmetry in the optimized

devices implies that the enforcement of trivial symmetry conditions on the device design does not always lead to better performance. Finally,

we note that the optical efficiency of a color splitting device can surpass what has been reported in this work and even reach near unity when

the device is optimized with significantly higher DoF.9

DISCUSSION

In conclusion, we systematically analyze the dependence of color splitter performance on various design parameters by leveraging numerical

device optimization methods based on a genetic algorithm. We discover that the average optical efficiency of a color splitter with a micron-

scale form factor can be up to�60%, whereas the classical microlens and color filter configuration can have optical efficiency of up to 25% for

red and blue and 50% for green.We show that it is not always beneficial to have a larger pixel if the thickness of the device is limited and there

exist optimal refractive index pairs for composing dielectrics for a given device thickness. Unlike the case of metalens, the optical efficiency

drops when the refractive index contrast becomes greater than the optimal value. We also report that the device performance can be greatly

increased while maintaining a relatively large feature size by having multiple layers in the design scheme. We anticipate that the qualitative

trend seen in the 2D color splitter design parameter tuning would be repeated for Bayer-type 3D color splitters, although the optimal values

may differ due to the introduction of the additional dimension. Our results will serve as a design guideline for the future development of free-

form metasurface-based color splitters for deep sub-micron image sensors.

Figure 5. Dependency of design parameters: Degree of freedom

Optimized optical efficiency calculated for multiple DoF configurations.

The optical efficiency saturates to �60%. Except for NL and NC, the design parameters given in Table 1 are

used.
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Limitations of the study

In this research, we computed the optical efficiency based on the electric field distribution at the focal plane. However, for the practical uti-

lization of the device as a color router in image sensors, a more appropriate measure of optical efficiency would involve considering the ab-

sorption at the photodiode region beneath the color router. Incorporating such structures into the simulation domain introduces complex-

ities, as the electric field distribution is influenced by reflections from these intricate elements. In our study, we simplified the situation by

excluding the photodiode and electric circuits beneath the color router, substituting them with infinitely deep dielectrics. This approach al-

lowed us to focus on the impact of the device design parameters on color sorting efficiency while sidestepping the added intricacies stem-

ming from the inclusion of these additional elements.
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Min Seok Jang

(jang.minseok@kaist.ac.kr).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� Data reported in this paper will be shared by the lead contact upon request.
� The optimization code can be accessed openly on GitHub (https://github.com/chocopi2718/colorRouter2D).

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The MATLAB software has been employed to optimize the optical efficiency of the color splitter.

METHOD DETAILS

The simulation is conducted with the MATLAB software.

QUANTITATION AND STATISTICAL ANALYSIS

The simulation data is produced byMATLAB software. Figures shown in themain text were produced byMATLAB and Adobe illustrator from

the raw data.

ADDITIONAL RESOURCES

Any additional information about the simulation and data reported in this paper is available from the lead contact on request.
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Software and algorithms

MATLAB MathWorks Co., LTD. https://www.mathworks.com/products/matlab.html
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