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Abstract: We present a high index vertical-waveguide based optical device which offers polarization and color routing 
with sub-micron spatial resolution over the visible spectrum (400-700 nm). The device exploits a polarization, 
color splitting principle to effectively separate orthogonal linear polarization states, colors of the incident light 
beam respectively. Finite difference time domain simulations are performed to optimize the design parameters 
and analyse the device performance under different illumination conditions. The unique ability to 
simultaneously manipulate polarization and color with remarkable efficiency can allow a new era for high-
resolution optical imaging devices.

1 INTRODUCTION 

Image sensors are the backbone of modern imaging 
systems, which convert light into electrical signals, 
enabling the formation of a digital image equivalent. 
The pursuit of ultra-high resolution and high-quality 
imaging has driven significant advancements in 
image sensor technology, catering to a surging 
demand in an array of consumer and industrial 
applications such as smartphones, automotive 
systems, robotics, and surveillance (Park et al., 2022; 
Theuwissen A., 2021; Takahashi et al., 2017).  

Conventional image sensors are comprised of a 
Bayer pattern color filter array to render color 
information for color images. These sensors generally 
detect only the intensity of the light but lack the 
ability to capture polarization data which can convey 
information about important characteristics and 
properties of the imaged scene. Nonetheless, 
incorporation of a polarization filter array into the 
image sensor allows for the realization of 
polarization-sensitive imaging, enabling a more 
comprehensive understanding of the captured scene 
(Gruev et al., 2010; Chen et al., 2016; Wu et al., 
2023).  

The functionality of these image sensors relies 
heavily on the filtering process, which unfortunately 
discards a substantial amount of light and reduces the 

signal-to-noise ratio, posing a major limitation to the 
pixel downsizing trend and thus hindering the 
continued miniaturization of imaging technology 
(Arbabi et al., 2018; Lee et al., 2023; Scott-Thomas 
J., 2023). To overcome this limitation, researchers 
have proposed several color and polarization routing 
devices, which split and direct the incident light into 
designated pixels based on spectral content and 
polarization state, without significant losses 
(Nishiwaki et al., 2013; Yun et al., 2021; Kang et al., 
2023; Khorasaninejad et al., 2015; Rubin et al. 2019; 
Nesic et al., 2023). Although these approaches have 
successfully addressed the inherent efficiency 
limitations of filter-based image sensors, none of 
them have been able to integrate polarization and 
color splitting functionalities into a single device for 
highly-efficient polarization-dependent imaging.   

In this paper, we demonstrate a design for 
simultaneous polarization and color routing to 
achieve a highly efficient polarization-sensitive 
image sensor. The proposed device comprises of 
vertical-waveguides and employs a splitting principle 
to achieve its intended functionality. Numerical 
simulations reveal that the device yields a total 
transmission efficiency of over 95%. Our design 
overcomes the long-standing efficiency limitations of 
traditional sensor designs, and boasts a compact 
footprint, with sub-micron pixel sizes making it a 
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suitable candidate for advanced optical imaging 
applications.  

2 DESIGN AND SIMULATION  

Figure 1 shows a schematic representation of the 
proposed polarization color router (PCR). A sketch of 
the unit cell design with a pitch P is depicted in Figure 
1a. The PCR is composed of two optical components 
with distinct functionalities: a polarization splitter 
(PS) unit on top and color splitter (CS-X, CS-Y) unit 
below. Both units are composed of high index 
vertical-waveguides with TiO2 as a core and a SiO2 
cladding. The corresponding geometric parameters 
and cross-sectional views are presented at multiple 
planes (A–D) along the propagation direction.  

The primary function of the top PS is to route the 
input light beam to distinct output channels according 
to its polarization state. It comprises of two segments: 
a top square-shaped input waveguide (plane A) with 
thickness H2 and width W1, which tapers down 
asymmetrically to two partially overlapping 
orthogonal waveguides of dimension W1×W2 
forming an L-shaped cross section at plane B. The 
bottom segment consists of an L-shaped waveguide 
of thickness H3, which gradually tapers down to two 
orthogonal square-shaped waveguides of width W2 
(at plane C). The input waveguide adiabatically 
transmits the light beam to the L-shaped waveguide 
at plane B. Then, the beam is routed towards either of 
the square-shaped waveguides X or Y at exit plane of 
the PS (plane C), based on the incident polarization 
vector's orientation (horizontal or vertical 
polarization: indicated by green arrows).     

 
Figure 1: Schematic of the Polarization Color Router: (a) A 
unit cell design comprising vertical-waveguides with cross-
sectional views at different planes. (b) A configuration for 
the pixel design at the detector plane for a unit cell with a 
pitch P = 1 µm. 

Bottom color splitting elements (CS-X, CS-Y) 
separate the incident light signal into its constituent 
wavelengths or colors at sub-micron spatial 
resolution. To achieve this functionality multimode 
vertical-waveguides are employed, a technology 
previously validated in our earlier research (Kang et 
al., 2023). The color splitting segment consists of two 
identical rectangular waveguides with dimension W3 
× W4 × H4, connected to the two orthogonal output 
channels of the top PS unit at plane C. The PS exit 
waveguide (X or Y) injects light asymmetrically into 
the color splitting element (CS-X or CS-Y), exciting 
both fundamental and second-order modes within the 
waveguide. As these modes propagate, their speeds 
vary with frequency causing spatial separation of 
colors at the waveguide exit (plane D). It is worth to 
mention, a subtle tuning of the waveguide’s 
geometric parameters enables a precise control over 
the optimal color spectrum, demonstrating the 
versatility of our device. Finally, the separated colors 
(polarization dependent) are captured by 
corresponding pixels in the detector plane.  

The device also features an H1 thick anti-
reflection coating (ARC) layer on waveguide 
entrances to effectively reduce the back reflections 
and enhance device efficiency. When illuminated 
with a focused light beam from the top, device splits 
the beam into constituent color bands according to its 
polarization state, subsequently recorded in the 
relevant pixel. Here, the visible spectrum is divided 
into two bands (Blue/Red), with the potential to 
expand to three bands (RGB) by adjusting the 
waveguide’s dimension. The proposed pixel design is 
composed of four pixels in a compact layout at the 
detector plane, labelled X1, X2, Y1, and Y2, with 
dimensions W5 W6, as shown in Figure 1b. The 
pixel pairs (X1, X2) and (Y1, Y2) are designed to 
capture blue and red spectral bands for X-polarized 
and Y-polarized light, respectively.  

Finite difference time domain simulations in a 
commercial solver, were employed to perform a 
comprehensive optimization of design parameters 
and analyse the optical performance of PCR (Ansys 
Lumerical FDTD). A broadband Gaussian beam of 
numerical aperture (NA) 0.8 was used to excite the 
proposed device across the visible spectrum 400-700 
nm. Unit cell simulations were performed with Bloch 
boundary conditions in X and Y directions, while 
perfectly matched layer (PML) boundary conditions 
were set for the Z axis (propagation direction). The 
optical constants of SiO2 and TiO2 used for 
simulations were taken from in-house measurements 
and presented in the Figure 2.  
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The optimal device parameters were determined 
through a two-stage nested sweeps simulation 
process, targeting maximum efficiency and low pixel 
cross-talk as main figure of merit. Initially, the top PS 
unit was optimized for maximum polarization routing 
efficiency, yielding optimal design parameters: P =1 
μm, W1 = 550 nm, W2 = 200 nm, H2 = 2.8 μm, and 
H3 = 3.7 μm. Subsequently, optimization of color 
splitting elements enabled the separation of the 
polarization-routed beam into two spectral bands, 
leading to corresponding parameters: W3 = 200 nm, 
W4 = 400 nm, and H4 = 3.1 μm. ARC design 
principle and numerical optimization led to the 
selection of a 90 nm thick (H1) SiO2 layer as the 
optimal anti-reflective coating. Meanwhile, 
subwavelength pixel dimensions of W5 = 225 nm and 
W6 = 500 nm were employed, yielding high spatial 
resolution. 

 

Figure 2: Material Optical Constants: Refractive Index (n, 
k) of SiO2 and TiO2. 

3 RESULTS AND DISCUSSION 

Figure 3 shows the simulated optical performance of 
the proposed device under broadband visible 
illumination (400-700 nm). The simulated electric-
field intensity distribution at the detector plane is 
presented in Figure 3a, showing the device’s response 
to blue (450 nm) and red (650 nm) wavelengths for 
both X and Y polarization states. For X-polarization, 
the incident light is primarily directed to the X output 
channel at the PS exit (plane C: Figure 1a), then 
routed to the CS-X splitting element where blue and 
red wavelengths propagate at different speeds and are 
separated into X1 and X2 pixels as evident from the 
top row of Figure 3a. In contrast, Y1 and Y2 capture 
the aforementioned colors for the orthogonal (Y) 
polarization state (bottom row). Meanwhile, it is 
worth to mention that for all four possible 
configurations, the field is highly localized in the 
designated pixels ensuring high efficiency with 
minimal polarization and color crosstalk. 

Figure 3b shows the spectral response of the PCR 
for orthogonal polarization states of the incident light 
beam. It can be observed that for X-polarization, the 
majority (≈50%) of light in the blue band (400-550 

nm) is collected by the X1 pixel, meanwhile X2 
captures the red band (550-700 nm) with a similar 
efficiency. The geometric symmetry induces a similar 
response for the orthogonal polarization state (on the 
right side of Figure 3b but now with Y1 and Y2 active 
pixels. Average cross-talk between the active pixels 
across the two spectral bands is 35-40%, which can 
be further supressed by introducing deep trench 
isolation (DTI) between the pixels. The device 
achieves remarkable efficiency, featuring high 
(>95%) total transmission and low (<5%) reflection. 
Moreover, the device exhibits a low power leakage, 
with under 5% of power directed to pixel-free region.  

 
Figure 3: Optical performance of the PCR: (a) Normalized 
electric-field intensity distribution profiles at the detector 
plane for orthogonal polarization states (X and Y) at 450 nm 
and 650 nm. The white (solid) and yellow (dashed) 
rectangles define the four pixel and bottom color splitters 
perimeters.  (b) Transmission and reflection efficiency for X 
and Y-polarized incident light over the visible spectrum. 

Next, we demonstrate the device's versatility by 
tuning the short-axis width (W3) of color splitting 
units (CS-X, CS-Y) to support multiple color 
compositions. For this purpose, simulations were 
performed by sweeping W3 from 150 nm to 250 nm, 
using an X-polarized Gaussian beam (NA = 0.8). 
Figure 4 illustrates the dependance of pixel (X1, X2) 
transmission efficiency over incident beam’s 
wavelength and waveguide’s short-axis width. These 
transmission maps indicate a gradual shift of the 
crossing point (identified by black arrows) of two 
separated spectral bands, defining the color 
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information in the relevant pixel. With a short-axis 
width of 150 nm, wavelengths between 400-500 nm 
were directed to pixel X1 and X2 received 500-700 
nm, whereas the 250nm width split the spectrum into 
400-570 nm (X1) and 570-700 nm (X2), without any 
significant loss in the routing efficiency. Thus, by 
precise control over short-axis width, the desired 
color composition can be achieved. Furthermore, 
tailoring thickness (H4) and long-axis width (W4) can 
offer additional degree of freedom to achieve 
customized spectral splitting. 

 
Figure 4: Variation of pixel’s spectral composition: Power 
transmission to the X1 and X2 pixel as a function of 
wavelength and short axis width of bottom color splitting 
unit. 

To analyze the device’s capability to operate 
under different illumination conditions, it was excited 
with an X-polarized Gaussian beam by varying the 
numerical aperture between 0.1-0.9. Figure 5 depicts 
the power routed to the corresponding pixels (X1, X2) 
as a function of wavelength and numerical aperture. 
It is evident that the device performs as intended and 
separates the two wavelength bands (blue and red) for 
all illumination numerical apertures, albeit with 
changes in efficiency. Although, pixel’s transmission 
efficiency drops as NA decrease, yet remains ≈25% 
for the lowest designed NA of 0.1. Nonetheless, we 
anticipate that by following the optimization process, 
the device can be tailored to operate at desired NA 
with high routing efficiencies.  

Further investigation will focus on expanding the 
device's capabilities to separate polarization-
dependent visible light into red, green, and blue 
(RGB) spectral bands by tailoring the color splitting 
waveguide's geometric dimensions. While the bottom 
color splitters have already been successfully 
fabricated using standard backend processing 
techniques on 300 mm wafers (Kang et al., 2023), we 
will explore advanced lithography and fabrication 
techniques to develop top polarization splitting 
waveguides to realize complete device stack. 
Ultimately, optical characterization will be performed 
to determine the device's true efficiency and validate 
its performance.  

 
Figure 5: Device performance under a wide range of 
illumination numerical aperture (NA) settings: Power 
transmitted to the X1 and X2 pixel as a function of designed 
numerical aperture and wavelength. 

4 CONCLUSION 

In conclusion, a novel high index vertical-waveguide 
based polarization color routing device at visible 
wavelengths is proposed and investigated through 
numerical simulations. The key innovation lies in 
simultaneously splitting the polarization and color at 
sub-micron spatial resolution with near unity 
transmission and a high pixel routing efficiency of 
50%. The design’s versatility enables a tuneable color 
composition via geometric parameter modulation and 
adoptability to perform well over a wide range of 
numerical aperture settings. We firmly believe this 
device shows great promise to be implemented for 
high NA polarization-sensitive image sensors with 
possible applications in high-end professional 
cameras, smartphones, and machine vision devices.  
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